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Preface

Number theory is fascinating. Results about numbers often appear magical, both in
their statements and in the elegance of their proofs. Nowhere is this more evident than
in results about the set of prime numbers. The prime number theorem, which gives the
asymptotic density of the prime numbers, is often cited as the most surprising result
in all of mathematics. It certainly is the result that is hardest to justify intuitively.

The prime numbers form the cornerstone of the theory of numbers. Many, if
not most, results in number theory proceed by considering the case of primes and
then pasting the result together for all integers using the fundamental theorem of
arithmetic. The purpose of this book is to give an introduction and overview of
number theory based on the central theme of the sequence of primes. The richness of
this somewhat unique approach becomes clear once one realizes how much number
theory and mathematics in general are needed in order to learn and truly understand the
prime numbers. Our approach provides a solid background in the standard material
as well as presenting an overview of the whole discipline. All the essential topics
are covered: fundamental theorem of arithmetic, theory of congruences, quadratic
reciprocity, arithmetic functions, the distribution of primes. In addition, there are
firm introductions to analytic number theory, primality testing and cryptography, and
algebraic number theory as well as many interesting side topics. Full treatments and
proofs are given to both Dirichlet’s theorem and the prime number theorem. There is
a complete explanation of the new AKS algorithm, which shows that primality testing
is of polynomial time. In algebraic number theory there is a complete presentation
of primes and prime factorizations in algebraic number fields.

The book grew out of notes from several courses given for advanced undergrad-
uates in the United States and for teachers in Germany. The material on the prime
number theorem grew out of seminars also given both at the University of Dortmund
and at Fairfield University. The intended audience is upper-level undergraduates and
beginning graduate students. The notes on which the book was based were used
effectively in such courses in both the United States and Germany. The prerequisites
are a knowledge of calculus and multivariable calculus and some linear algebra. The
necessary ideas from abstract algebra and complex analysis are introduced in the
book. There are many interesting exercises ranging from simple to quite difficult.
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Solutions and hints are provided to selected exercises. We have written the book in
what we feel is a user-friendly style with many discussions of the history of various
topics. It is our opinion that this book is also ideal for self-study.

There are two basic facts concerning the sequence of primes on which this book
is focused and from which much of the theory of numbers is introduced. The first
fact is that there are infinitely many primes. This fact was of course known since
at least the time of Euclid. However, there are a great many proofs of this result
not related to Euclid’s original proof. By considering and presenting many of these
proofs, a wide area of modern number theory is covered. This includes the fact that
the primes are numerous enough so that there are infinitely many in any arithmetic
progression an + b with a, b relatively prime (Dirichlet’s theorem). The proof of
Dirichlet’s theorem allows us to introduce analytic methods.

In contrast to there being infinitely many primes, the density of primes thins
out. We first encounter this fact in the startling (but easily proved) result that there
are arbitrarily large gaps in the sequence of primes. The exact nature of how the
sequence of primes thins out is formalized in the prime number theorem, which as
already mentioned, many people consider the most surprising result in mathematics.
Presenting the proof and the ideas surrounding the proof of the prime number theorem
allows us to introduce and discuss a large portion of analytic number theory.

Algebraic number theory arose originally as an attempt to extend unique factoriza-
tion to algebraic number rings. We use the approach of looking at primes and prime
factorizations to present a fairly comprehensive introduction to algebraic number
theory.

Finally, modern crypotography is intimately tied to number theory. Especially
crucial in this connection is primality testing. We discuss various primality testing
methods, including the recently developed AKS algorithm, and then provide a basic
introduction to cryptography.

There are several ways that this book can be used for courses. Chapters 1 and 2
together with selections from the remaining chapters can be used for a one-semester
course in number theory for undergraduates or beginning graduate students. The only
prerequisites are a basic knowledge of mathematical proofs (induction, etc.) and some
knowledge of calculus. All the rest is self-contained, although we do use algebraic
methods, so that some knowledge of basic abstract algebra would be beneficial. A
year-long course focusing on analytic methods can be done from Chapters 1, 2, 3, and 4
and selections from 5 and 6, while a year-long course focusing on algebraic number
theory can be fashioned from Chapters 1, 2, 3, and 6 and selections from 4 and 5.
There are also possibilities for using the book for one-semester introductory courses
in analytic number theory, centering on Chapter 4, or for a one-semester introductory
course in algebraic number theory, centering on Chapter 6. Some suggested courses:

Basic Introductory One-Semester Number Theory Course:
Chapter One, Chapter Two, Sections 3.1,4.1,4.2,5.1,5.3,5.4, 6.1

Year-Long Course Focusing on Analytic Number Theory:
Chapter 1, Chapter 2, Chapter 3, Chapter 4, Sections 5.1, 5.3, 5.4, 6.1
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Year-Long Course Focusing on Algebraic Number Theory:
Chapter 1, Chapter 2, Chapter 3, Chapter 6, Sections 4.1, 4.2,5.1,5.3,5.4

One-Semester Course Focusing on Analytic Number Theory:
Chapter 1, Chapter 2 (as needed), Sections 3.1, 3.1.5, 3.3, 3.4, 3.5, Chapter 4

One-Semester Course Focusing on Algebraic Number Theory:
Chapter 1, Chapter 2 (as needed), Chapter 6

We would like to thank the many people who have read through other prelimi-
nary versions of these notes and made suggestions. Included among them are Kati
Bencsath and Al Thaler as well as the many students who have taken the courses.
In particular, we would like to thank Peter Ackermann, who read through the whole
manuscript, both proofreading it and making mathematical suggestions. Peter was
also heavily involved in the seminars on the prime number theorem from which much
of the material in Chapter 4 comes. We also thank the editors at Birkhduser, who
did a detailed reading of the manuscript and made many important suggestions and
improvements.

Benjamin Fine—Fairfield, CT, USA
Gerhard Rosenberger—Dortmund, Germany
January, 2006
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1

Introduction and Historical Remarks

The theory of numbers is concerned with the properties of the integers, that is, the
class of whole numbers and zero, 0, =1, +2 . ... The positive integers, 1,2, 3 ..., are
called the natural numbers. The basic additive structure of the integers is relatively
simple. Mathematically itis just aninfinite cyclic group (see Chapter 2). Therefore the
true interest lies in the multiplicative structure and the interplay between the additive
and multiplicative structures. Given the simplicity of the additive structure, one of
the enduring fascinations of the theory of numbers is that there are so many easily
stated and easily understood problems and results whose proofs are either unknown
or incredibly difficult. Perhaps the most famous of these was Fermat’s big theorem,
which was stated about 1650 and only recently proved by A. Wiles. This result said
that the equation a” +b" = ¢"* has no nontrivial (abc # 0) integral solutions if n > 2.
Wiles’s proof ultimately involved the very deep theory of elliptic curves. Another
result in this category is the Goldbach conjecture, first given about 1740 and still
open. This states that any even integer greater than 2 is the sum of two primes. Another
of the fascinations of number theory is that many results seem almost magical. The
prime number theorem, which describes the asymptotic distribution of the prime
numbers has often been touted as the most surprising result in mathematics.

The cornerstone of the multiplicative theory of the integers is the series of primes
together with the fundamental theorem of arithmetic, which states that any integer
can be decomposed, essentially uniquely, as a product of primes. One of the basic
modes of proof in the theory of numbers is to reduce to the case of a prime and then use
the fundamental theorem to patch things back together for all integers. This concept of
a fundamental prime decomposition, which has its origin in the fundamental theorem
of arithmetic, permeates much of mathematics. In many different disciplines one of
the major techniques is to find the indecomposable building blocks (the “primes’ in
that discipline) and then use these as starting points in proving general results. The
idea of a simple group and the Jordan—-Ho6lder decomposition in group theory is one
example (see [R]).

The purpose of this book is to give an introduction and overview of number theory
based on the sequence of primes. It grew out of courses for advanced undergraduates
in the United States and courses for teachers in Germany. There are many approaches
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to presenting this first material on number theory. We felt that this approach through
the sequence of primes gives a solid background in standard material while presenting
a wide overview of the whole discipline.

Modern number theory has essentially three branches, which overlap in many
areas. The first is elementary number theory, which can be quite nonelementary,
and which consists of those results concerning the integers themselves that do not use
analytic methods. This branch has many subbranches: the theory of congruences,
Diophantine analysis, geometric number theory, and quadratic residues, to mention
a few. The second major branch is analytic number theory. This is the branch of
the theory of numbers that studies the integers using methods of real and complex
analysis. The final major branch is algebraic number theory, which extends the
study of the integers to other algebraic number fields. By examining the sequence of
primes, we will touch on all these areas.

In Chapter 2 we will consider the basic material in elementary number theory: the
fundamental theorem of arithmetic, the theory of congruences, quadratic reciprocity,
and related results. One of the most important straightforward results is that there is
an infinite collection of primes. In Chapter 3 we will look at a collection of proofs of
this result. We will also look at Dirichlet’s theorem, which says that there is an infinite
number of primes in any arithmetic progression, and at the twin prime conjecture.
Although there is an infinite number of primes, their density tends to thin out. It was
observed, though, that if 77 (x) denotes the number of primes less than or equal to x,
then this function behaves asymptotically like the function . This result is known
as the prime number theorem. Besides being a startling result, the proof of the prime
number theorem, done independently by Hadamard and de la Vallée Poussin, became
the genesis for analytic number theory. We will discuss the prime number theorem
and its proof as well as the Riemann hypothesis in Chapter 4. For larger integers,
determining whether a number is a prime and determining its factorization becomes
a nontrivial problem. The fact that factorization of large integers is so difficult has
been used extensively in cryptography, especially public key cryptography, that is,
coding messages that cannot be hidden, such as priveleged information sent over
public access computer lines. In Chapter 5 we will discuss primality testing and hint
at the uses in cryptography. The excellent book by Koblitz [Ko] is entirely devoted
to the subject. Finally, in Chapter 6 we discuss primes in algebraic number theory.
We introduce the general idea of unique factorization and primes and prime ideals in
number fields.

The history of number theory has been very well documented. The book by
L. E. Dickson, The History of the Theory of Numbers [D], gives a comprehensive
history until the early part of the twentieth century. The book by O. Orstein, Number
Theory and Its History [O], gives a similar but not as comprehensive account and
includes results up to the mid-twentieth century. Another excellent historical approach
is the book by A. Weil, Number Theory: An Approach Through History. From
Hammurapi to Legendre [W]. The chapter notes in Nathanson’s book Elementary
Methods in Number Theory [N] also provide good historical insights. In this book
we will only touch on the history. For this introduction we give a very brief overview
of some of the major developments.
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Number theory arises from arithmetic and computations with whole numbers.
Every culture and society has some method of counting and number representation.
However, it wasn’t until the development of a place value system that symbolic
computation became truly feasible. The numeration system that we use is called the
Hindu—Arabic numeration system and was developed in India most likely during the
period A.D. 600-800. This system was adopted by Arab cultures and transported to
Europe via Spain. The adoption of this system in Europe and elsewhere was a long
process, and it wasn’t until the Renaissance and thereafter that symbolic computation
widely superseded the use of abaci and other computing devices. We should remark
that although mathematics is theoretical, it often happens that abstract results are
delayed without proper computation. Calculus and analysis could not have developed
without the prior development of the concept of an irrational number.

Much of the beginnings of number theory came from straightforward observa-
tion, and a great deal of number-theoretic information was known to the Babylonians,
Egyptians, Greeks, Hindus, and other ancient cultures. Greek mathematicians, espe-
cially the Pythagoreans (around 450 B.C.), began to think of numbers as abstractions
and deal with purely theoretical questions. The foundational material of number
theory—divisors, primes, greatest common divisors, least common multiples, the
Euclidean algorithm, the fundamental theorem of arithmetic, and the infinitude of
primes—although not always stated in modern terms—are all present in Euclid’s
Elements. Three of Euclid’s books, Book VII, Book VIII, and Book IX, treat the
theory of numbers. It is interesting that Euclid’s treatment of number theory is still
geometric in its motivation and most of its methods. It wasn’t until the Alexandrian
period, several hundred years later, that arithmetic was separated from geometry.
The book Introductio Arithmeticae by Niomachus in the second century A.D. was the
first major treatment of arithmetic and the properties of the whole numbers without
geometric recourse. This work was continued by Diophantus of Alexandria about
A.D. 250. His great work Arithmetica is a collection of problems and solutions in
number theory and algebra. In this work he introduced a great deal of algebraic sym-
bolism as well as the topic of equations with indeterminate quantities. The attempt to
find integral solutions to algebraic equations is now called Diophantine analysis in
his honor. Fermat’s big theorem of solving x" + y" = z" for integers is an example
of a Diophantine problem.

The improvements in computational techniques led mathematicians in the 1500s
and 1600s to look more deeply at number theoretical questions. The giant of this
period was Pierre Fermat, who made enormous contributions to the theory of numbers.
It was Fermat’s work that could be considered the beginnings of number theory as a
modern discipline. Fermat professionally was a lawyer and a judge and essentially
only a mathematical amateur. He published almost nothing and his results and ideas
are found in his own notes and journals as well as in correspondence with other
mathematicians. Yet he had a profound effect on almost all branches of mathematics,
not just number theory. He, as much as Descartes, developed analytic geometry. He
did major work, prior to Newton and Leibniz, on the foundations of calculus. A series
of letters between Fermat and Pascal established the beginnings of probability theory.
In number theory, the work he did on factorization, congruences, and representations
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of integers by quadratic forms determined the direction of number theory until the
nineteenth century. He did not supply proofs for most of his results, but almost all of
his work was subsequently proved (or shown to be false). The most difficult proved
to be his big theorem, which remained unproved until 1996. The attempts to prove
this big theorem led to many advances in number theory including the development
of algebraic number theory.

From the time of Fermat in the mid-seventeenth century through the eighteenth
century a great deal of work was done in number theory, but it was basically a
series of somewhat disconnected, but often brilliant and startling, results. Important
contributions were made by Euler, who proved and extended many of Fermat’s results,
including Fermat’s two-square theorem (see Section 3.2). Euler also hinted at the law
of quadratic reciprocity (see Section 2.6). This important result was eventually stated
in its modern form by Legendre, and the first complete proof was given by Gauss.
During this period, certain problems were either stated or conjectured that became the
basis for what is now known as additive number theory. The Goldbach conjecture
and Waring’s problem are two examples. We will not touch much on this topic in this
book but refer the interested reader to [N].

In 1800 Gauss published a treatise on number theory called Disquitiones Arith-
meticae. This book not only standardized the notation used, but also set the tone and
direction for the theory of numbers up until the present. It is often joked that any new
mathematical result is somehow inherent in the work of Gauss, and in the case of
number theory this is not really that far-fetched. Tremendous ideas and hints of things
to come are present in Gauss’ Disquisitones. Gauss’ work on number theory centered
on three main concepts: the theory of congruences (see Chapter 2), the introduction
of algebraic numbers (see Chapter 5), and the theory of forms, especially quadratic
forms, and how these forms represent integers. Gauss, through his student Dirich-
let, was also important in the infancy of analytic number theory. In 1837 Dirichlet
proved, using analytic methods, that there are infinitely many primes in any arith-
metic progression {a + nb} with a, b relatively prime. We will discuss this result
and its proof in Chapter 3. Euler and Legendre had both conjectured this theorem.
Dirichlet’s use of analysis really marks the beginning of analytic number theory. The
main work in analytic number theory though, centered on the prime number theorem,
also conjectured by Gauss among others, including Euler and Legendre. This result
deals with the asymptotic behavior of the function

7 (x) = number of primes < x.

The actual result says that

. ow(x)
lim =1
x—oo x/Inx

and was proved in 1896 by Hadamard and independently by de la Vallée Poussin.
Both of their proofs used the behavior of the Riemann zeta function

=1
C(Z)an:;n—z,
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where z = x + iy is a complex variable. Using this function, Riemann in 1859
attempted to prove the prime number theorem. In the attempted proof he hypothesized
that all the zeros z = x + iy of {(z) in the strip 0 < x < 1 lie along the line x = %
This conjecture is known as the Riemann hypothesis and is still an open question.

Algebraic number theory also started basically with the work of Gauss. Gauss did
an extensive study of the complex integers, that is, the complex numbers of the form
a + bi with a, b integers. Today these are known as the Gaussian integers. Gauss
proved that they satisfy most of the same properties as the ordinary integers including
unique factorization into primes. In modern parlance he showed that they form a
unique factorization domain. Gauss’ algebraic integers were extended in many
ways in an attempt to prove Fermat’s big theorem, and these extensions eventually
developed into algebraic number theory. Kummer, a student of Gauss and Dirichlet,
introduced in the 1840s a theory of algebraic integers and a set of ideal numbers from
which unique factorization could be obtained. He used this to prove many cases of
the Fermat theorem. Dedekind, in the 1870s, developed a further theory of algebraic
numbers and unique factorization by ideals that extended both Gaussian integers and
Kummer’s algebraic and ideal numbers. Further work in the same area was done by
Kronecker in the 1880s. We will discuss algebraic number theory and prime ideals
in Chapter 6.

Modern number theory extends and uses all these classical ideas, although there
have been many major new innovations. The close ties between number theory,
especially Diophantine analysis, and algebraic geometry led to Wiles’ proof of the
Fermat theorem and to an earlier proof by Faltings of the Mordell conjecture, which
is a related result. The vast areas of mathematics used in both of these proofs is phe-
nomenal. Probabilistic methods were incorporated into number theory by P. Erd6s,
and studies in this area are known as probabilistic number theory. A great deal of
recent work has gone into primality testing and factorization of large integers. These
ideas have been incorporated extensively into cryptography (see [K]).
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Basic Number Theory

2.1 The Ring of Integers

The theory of numbers is concerned with the properties of the integers, that is, the
class of whole numbers and zero, 0, =1, £2.... We will denote the class of integers
by Z. The positive integers, 1,2, 3..., are called the natural numbers, which we
will denote by N. We will assume that the reader is familiar with the basic arithmetic
properties of Z, and in this section we will look at the abstract algebraic properties of
the integers and what makes Z unique as an algebraic structure.

Recall that a ring R is a set with two binary operations, addition, denoted by +,
and multiplication, denoted by - or just by juxtaposition, defined on it satisfying the
following six axioms:

(1) Addition is commutative: a + b = b + a for each pair a, b in R.

(2) Addition is associative: a + (b +c¢) = (a + b) +cfora,b,c € R.

(3) There exists an additive identity, denoted by 0, such that a + 0 = a for each
a€eR.

(4) For each a € R there exists an additive inverse, denoted by —a, such that
a+ (—a)=0.

(5) Multiplication is associative: a(bc) = (ab)c fora, b, c € R.

(6) Multiplication is distributive over addition: a(b + c¢) = ab+ ac and (b + c)a =
ba + cafora,b,c € R.

If in addition R satisfies
(7) multiplication is commutative: ab = ba for each pair a, b in R,
then R is a commutative ring, while if R satisfies

(8) there exists a multiplicative identity, denoted by 1 (not equal to 0), such that
a-1=1-a=aforeachain R,

then R is a ring with identity. A commutative ring with identity satisfies (1)
through (8).
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A ring has two operations. A set G with only one operation, usually denoted -, is
called a group is it satisfies the following three axions:

(1) -1is associative. Thatis, (g1 - g2) - g3 = g1 - (g2 - g3) for g1, g2, 83 € G.

(2) There exists an identity, denoted by 1, for -. Thatis, g-1 =1-g = g for all
g€G.

(3) Each g € G has an inverse relative to -. That is, to each g € G thereis a g~
suchthatg- gl =g~ 1. g=1.

If, in addition, - is commutative, G is called an abelian group. Groups, and in
particular abelian groups, will play a very important role in number theory. We will
say much more about them later in this chapter. Notice that the additive part of any
ring forms an abelian group. When a group is abelian, the operation is usually denoted
by + and the identity by O.

Afield K is a commutative ring with an identity in which every nonzero element
has a multiplicative inverse, that is, for each a € K with a # 0 there exists b € K
such that ab = ba = 1. In this case the set K* = K \ {0} forms an abelian group
with respect to the multiplication in K. The set K* under multiplication is called the
multiplicative group of K.

A ring can be considered as the most basic algebraic structure in which addition,
subtraction, and multiplication can be done. In any ring the equation x + b = ¢
can always be solved. Further, a field can be considered as the most basic algebraic
structure in which addition, subtraction, multiplication, and division can be done.
Hence in any field the equation ax + b = ¢ with a # 0 can always be solved.

Combining this definition with our knowledge of Z we get the following important
statement about the structure of the integers.

1

Lemma 2.1.1. The integers 7 form a commutative ring with identity.

There are many examples of such rings (see the exercises), so to define Z uniquely
we must introduce certain other properties. If two nonzero integers are multiplied
together then the result is nonzero. This is not always true in a ring. For example,
consider the set of functions defined on the interval [0, 1]. Under ordinary multipli-
cation and addition these form a ring (see the exercises) with the zero element being
the function that is identically zero. Now let f (x) be zero on [0, %] and nonzero else-
where and let g(x) be zero on [% O] and nonzero elsewhere. Then f(x) - g(x) =0
but neither f nor g is the zero function. We define an integral domain to be a com-
mutative ring R with an identity and with the property that if ab = 0 witha,b € R
then either a = 0 or b = 0. Two nonzero elements that multiply together to get zero
are called zero divisors, and hence an integral domain is a commutative ring with an
identity and no zero divisors. Therefore Z is an integral domain.

The integers are also ordered, that is, we can compare any two integers. We
abstract this idea in the following manner. We say an integral domain D is an ordered
integral domain if there exists a distinguished set DV, called the set of positive
elements, with the following properties:

(1) The set D7 is closed under addition and multiplication.
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(2) If x € D then exactly one of the following is true:
() x =0,
(b) x € DT,
(c) —x € DT,

In any ordered integral domain D we can order the elements in the standard way.
If x,y € D thenx < y mean that y — x € DT. With this ordering D can clearly
be identified with those x € D such that x > 0. We then get the following result.

Lemma 2.1.2. If D is an ordered integral domain then
(D) x <yandy < zimplies x < z.
(2) If x, y € D then exactly one of the following holds:

X=yorx <yory <x.

We thus have that the integers are an ordered integral domain. Their unique-
ness among such structures depends on two additional properties of Z, which are
equivalent.

The inductive property. Let S be a subset of the natural numbers N. Suppose 1 € S
and S has the property thatifn € Sthenn 4+ 1 € S. Then § = N.

The well-ordering property. Let S be a nonempty subset of the natural numbers N.
Then S has a least element.

Lemma 2.1.3. The inductive property is equivalent to the well-ordering property.

Proof. To prove this we must assume first the inductive property and show that the
well-ordering property holds and then vice versa. Suppose the inductive property
holds and let S be a nonempty subset of N. We must show that S has a least element.
Let T be the set

T={xeN:x<s, Vs € S}.

Now, 1 € T since S C N. If whenever x € T it would follow that x + 1 € T then
by the inductive property T = N, but then S would be empty, contradicting that S is
nonempty. Therefore there exists ana witha € T anda + 1 ¢ T. We claim that a
is the least element of S. Now, a < s forall s € Ssincea € T. If a ¢ S then every
s € S would also satisfy a+1 < s. This would imply thata+1 € T, a contradiction.
Therefore a € S and a < s for all s € S and hence a is the least element. Therefore
the inductive property implies the well-ordering property.

Conversely, suppose the well-ordering property holds and suppose 1 € S and
whenever n € § it follows that n + 1 € S. We must show that § = N. If § # N then
N — § is a nonempty subset of N. Therefore it must have a least element n. Hence
n—1¢€S§.Butthen (n — 1) + 1 = n € § also, which is a contradiction. Therefore
N — Sisempty and S = N. O

The inductive property is of course the basis for inductive proofs, which play a
big role in the theory of numbers. To remind the reader, in an inductive proof we
want to prove statements P (n) that depend on positive integers n. In the induction
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we show that P (1) is true, then show that the truth of P (n + 1) follows from the truth
of P(n). From the inductive property, P(n) is then true for all positive integers 7.
We give an example that has an ancient history in number theory.

Example 2.1.1. Show that 1 +2 + -+ 4 n = @+D

Here forn = 1 we have 1 = % = 1. So the assertion is true for n = 1.
Assume that the statement is true for n = k, that is,
k(k+1
1—|—2+~~+k=%,

and considern = k + 1:

I+24+- - +k+Gk+D=0+24+---+)+(k+1)
_ kk+1) (k+ Dk +2)
= 5 .

Hence if the statement is true for n = k, then it is true for n = k + 1 and hence
true by induction for all n € N.
The sequence of integers

L, 1+2=3,14+2+3=6,1+2+3+4=10, ...

+k+1) =

is called the set of triangular numbers, since they are the sums of dots placed in
triangular form, as in Figure 2.1.1. These numbers were studied by the Pythagoreans
in Greece about 500 B.C.

° ° (]
° ° ° ° (] °
[ ] [ ] [ ] [} [ ] [ ]
[ ] [ ] [ ] [ ]
1+2 1+2+3 1+2+3+4

Figure 2.1.1. Triangular numbers.

The inductive property is enough to characterize the integers among ordered
integral domains up to isomorphism. Recall that if R and S are rings, a function
f : R — §is a homomorphism if it satisfies the following:

(1) f(r1+r2) = f@r1) + f(r2) forry, rp € R.

Q) f(rir2) = f(r) f(r2) for ri,r2 € R.

If f is also a bijection, then f is an isomorphism, and R and S are isomorphic.
Isomorphic algebraic structures are essentially algebraically the same. We have the
following theorem.

Theorem 2.1.1. Let R be an ordered integral domain that satisfies the inductive
property (replacing N by the set of positive elements in R). Then R is isomorphic
to 7.

We outline a proof in the exercises.
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2.2 Divisibility, Primes, and Composites

The starting point for the theory of numbers is divisibility.

Definition 2.2.1. If a, b are integers we say that a divides b, or that a is a factor or
divisor of b, if there exists an integer q such that b = aq. We denote this by a|b.
Then b is a multiple of a. If b > 1 is an integer whose only factors are =1, £b then
b is a prime; otherwise, b > 1 is composite.

The following properties of divisibility are straightforward consequences of the
definition.

Theorem 2.2.1.
(1) alb = albc for any integer c.
(2) a|b and b|c implies ac.
(3) a|b and a|c implies that a|(bx + cy) for any integers x, y.
(4) a|b and b|a implies that a = £b.
S)Ifalbanda > 0,b > 0thena < b.
(6) a|b if and only if ca|cb for any integer ¢ # Q.
(7) a0 for all a € Z and O|a only for a = 0.
(8) a| £ 1 only fora = +1.
(9) a11by and az|by implies that ajaz|b1b;.

Proof. We prove (2) and leave the remaining parts to the exercises.
Suppose a|b and b|c. Then there exist x, y such that » = ax and ¢ = by. But
then ¢ = axy = a(xy) and therefore a|c. ]

If b, c, x, y are integers then an integer bx + cy is called a linear combination of
b, c. Thus part (3) of Theorem 2.2.1 says that if a is a common divisor of b, ¢ then
a divides any linear combination of b and c.

Further, note that if » > 1 is a composite then there exists x > 0 and y > 0 such
that b = xy, and from part (5) we musthave | <x < b,1 <y < b.

In ordinary arithmetic, given a, b we can always attempt to divide a into b. The
next theorem, called the division algorithm, says that if a > 0, either a will divide
b or the remainder of the division of b by a will be less than a.

Theorem 2.2.2 (division algorithm). Given integers a, b with a > 0 then there exist
unique integers q and r such that b = ga + r, where eitherr = 00r0 <r < a.

One may think of ¢ and r as the quotient and remainder, respectively, when
dividing b by a.

Proof. Given a, b with a > 0 consider the set
S={b—-qgqa=>0; qeZ).

If b > Othen b+ a > 0 and the sumis in S. If b < 0 then there exists a g > 0 with
—ga < b. Then b 4 ga > 0 and is in S. Therefore in either case S is nonempty.
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Hence S is a nonempty subset of NU {0} and therefore has a least element r. If r # 0
we must show that 0 < r < a. Suppose r > a, then r = a + x with x > 0 and
x <rsincea > 0. Thenb —ga=r =a+x — b — (q + 1)a = x. This means
that x € S. Since x < r this contradicts the minimality of » which is a contradiction.
Therefore if r # 0 it follows that 0 < r < a.

The only thing left is to show the uniqueness of ¢ and r. Suppose b = g1a + r;
also. By the construction above, r; must also be the minimal element of S. Hence
rip<randr <ry,sor =r;. Now

b—qga=b—-qa = (g1 —q)a=0,

but since a > 0 it follows that g1 — g = 0 so that g = q;. O

The next ideas that are necessary are the concepts of greatest common divisor
and least common multiple.

Definition 2.2.2. Given nonzero integers a, b, their greatest common divisor or
GCD d > 0 is a positive integer that is a common divisor, that is, d|a and d|b, and
if dy is any other common divisor then dy|d. We denote the greatest common divisor
of a, b by either gcd(a, b) or (a, b).

The next result says that for any nonzero integers, they have a greatest common
divisor and it is unique.

Theorem 2.2.2. For nonzero integers a, b, their GCD exists, is unique, and can be
characterized as the least positive linear combination of a and b.

Proof. Given nonzero a, b, consider the set
S={ax+by>0:x,y€Z}.

Now a? + b*> > 0, so S is a nonempty subset of N and hence has a least element
d > 0. We show that d is the GCD.

First we must show that d is a common divisor. Now d = ax + by and is the least
such positive linear combination. By the division algorithm @ = gd + r with 0 <
r <d. Supposer # 0. Thenr =a—qd =a—q(ax+by) = (1—gx)a—qby > 0.
Hence r is a positive linear combination of a and b and therefore is in S. But then
r < d, contradicting the minimality of 4 in S. It follows that » = 0 and so a = gd
and d|a. An identical argument shows that d|b, and so d is a common divisor of a
and b. Let d; be any other common divisor of a and b. Then d; divides any linear
combination of @ and b and so d;|d. Therefore d is the GCD of a and b.

Finally, we must show that d is unique. Suppose d; is another GCD of a and b.
Then d; > 0 and d; is a common divisor of a, b. Then d;|d since d is a GCD.
Identically, d|d; since d; is a GCD. Therefore d = £d; and then d = d since they
are both positive. O

If (a, b) = 1 then we say that a, b are relatively prime. It follows that a and b
are relatively prime if and only if 1 is expressible as a linear combination of a and b.
We need the following three results.
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Lemma 2.2.1. If d = (a, b) then a = a1d and b = b1d with (a1, b)) = 1.
Proof. If d = (a, b) then d|a and d|b. Hence a = a1d and b = b1d. We have

d =ax + by = ajdx + bidy.
Dividing both sides of the equation by d, we obtain
l=a1x+byy.

Therefore (a;, by) = 1. O
Lemma 2.2.2. For any integer ¢ we have that (a, b) = (a, b + ac).

Proof. Suppose (a, b) = d and (a, b + ac) = d|. Now, d is the least positive linear
combination of @ and b. Suppose d = ax 4+ by. Since d is a linear combination of
a, b+ ac, we have

dy =ar+ (b+ac)s =a(cs +r) + bs.

Hence d; is also a linear combination of a and b and therefore d; > d. On the other
hand, dy|a and d;|b + ac, and so d1 |b. Therefore d||d, so d; < d. Combining these,
we must have d; = d. O

The next result, called the Euclidean algorithm, provides a technique for both
finding the GCD of two integers and expressing the GCD as a linear combinations.

Theorem 2.2.3 (the Euclidean algorithm). Given integers b and a > 0 form the
repeated divisions

b=qa+r,0<r <a,
a=qr1+nr,0<r<r,

Tn—2 = qurn—1+1r, 0 <rp <ry_i,

'n—1 = 4n+17n-

The last nonzero remainder, ry,, is the GCD of a, b. Further, r,, can be expressed as a
linear combination of a and b by successively eliminating the r;s in the intermediate
equations.

Proof. In taking the successive divisions as outlined in the statement of the theorem
each remainder r; gets strictly smaller while remaining nonnegative. Hence the
sequence of r;s must finally end with a zero remainder. Therefore is a last nonzero
remainder r,,. We must show that this is the GCD.

Now, from Lemma 2.2.2, gcd(a, b) = (a, b —qi1a) = (a,r1) = (r1,a — qar1) =
(r1, r2). Continuing in this manner, we have then that (a, b) = (r,—1, r,) = rp, since
ry divides r;,_1. This shows that r, is the GCD.
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To express ry, as a linear combination of a and b notice first that

'n =Tn-2 — 4ntn—1-

Substituting this in the immediately preceding division, we get

=rn-2 — Qn(rn—3 - Qn—lrn—Z) =1+ ‘In‘In—l)rn—Z — 4ntn-3-

Doing this successively, we ultimately express r, as a linear combination of a
and b. O

Example 2.2.1. Find the GCD of 270 and 2412 and express it as a linear combination
of 270 and 2412.

We apply the Euclidean algorithm:

2412 = (8)(270) + 252,
270 = (1)(252) + 18,
252 = (14)(18).

Therefore the last nonzero remainder is 18, which is the GCD. We now must express 18
as a linear combination of 270 and 2412.
From the first equation,
252 = 2412 — (8)(270),
which gives in the second equation
270 = (2412 — (8)(270) + 18 = 18 = (—1)(2412) + (9)(270),

which is the desired linear combination.

Now suppose that d = (a, b), where a,b € Z and a # 0, b # 0. Then we note
that given one integer solution of the equation

ax +by =d,

we can easily obtain all solutions.

Suppose without loss of generality that d = 1, that s, a, b are relatively prime. If
not we can divide through by d > 1. Suppose that x, y; and x>, y, are two integer
solutions of the equation ax + by = 1, that is,

axi +by; =1,
axy + by, = 1.
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Then
a(xy —x2) = —b(y1 — ¥2).

Since (a, b) = 1 we get from Lemma 2.2.3 that b|(x; — x) and hence
Xy = x| + bt
for some ¢ € Z. Substituting back into the equations, we then get
axy) + by = a(xy + bt) = by, = by = abt + by, since b # 0.
Therefore y; = y; — at. Hence all solutions are given by
x2 = x1 + bt,
Y2 = y1 —at,

for some t € Z.
The final idea of this section is that of a least common multiple.

Definition 2.2.2. Given nonzero integers a, b their least common multiple or LCM
m > 0 is a positive integer that is a common multiple, that is a|m and b|\m, and if
m1 is any other common multiple then m|m. We denote the least common multiple
of a, b by either lcm(a, b) or [a, b].

As for GCDs given any nonzero integers they do have a least common multiple
and it is unique. First we need the following result known as Euclid’s lemma. In the
next section we will use a special case of this applied to primes. We note that this
special case is traditionally also called Euclid’s lemma.

Lemma 2.2.3 (Euclid’s lemma). Suppose albc and (a, b) = 1. Then alc.

Proof. Suppose (a,b) = 1. Then 1 is expressible as a linear combination of a and
b. That is,
ax + by = 1.

Multiply through by c, so that
acx + bcy = c.
Now, ala and a|bc, so a divides the linear combination acx +bcy, and hencealc. 0O

Theorem 2.2.2. Given nonzero integers a, b, their LCM exists and is unique. Further,
we have

(a, b)la, b] = ab.

Proof. Letd = (a,b) and let m = “d—b. We show that m is the LCM. Now, a = ad,
b = bid with (a;,b1) = 1. Then m = a;bid. Since a = ayd, m = bia, so
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a|m. Identically, b|m, so m is a common multiple. Now let m be another common
multiple so that m; = ax = by. We then get

aidx = bidy — aijx =b1y = a|b1y.
But (a1, b1) = 1, so from Lemma 2.2.3 a1|y. Hence y = a;z. It follows then that
mi = bid(a1z) = aibidz = mz

and hence m|m . Therefore m is an LCM.

The uniqueness follows in the same manner as the uniqueness of GCDs. Suppose
m1 is another LCM. Then m|m and m|m so m = +m1, and since they are both
positive, m = m. O

Example 2.2.2. Find the LCM of 270 and 2412.
From Example 2.2.1 we found that (270, 2412) = 18. Therefore

(270)(2412) _ (270)(2412)

270,2412] = =
[ ] (270, 2412) 18

= 36180.

2.3 The Fundamental Theorem of Arithmetic

In this section we prove the fundamental theorem of arithmetic, which is really the
most basic number-theoretic result. This results says that any integer n > 1 can be
decomposed into prime factors in essentially a unique manner. First we show that
there always exists such a decomposition into prime factors.

Lemma 2.3.1. Any integer n > 1 can be expressed as a product of primes, perhaps
with only one factor.

Proof. The proof is by induction. Since n = 2 is prime, the statement is true at the
lowest level. Suppose that any integer k < n can be decomposed into prime factors.
‘We must show that n then also has a prime factorization.

If n is prime then we are done. Suppose then thatn is composite. Hencen = mm
with 1 < m; < n, 1 < my < n. By the inductive hypothesis both m| and m; can
be expressed as products of primes. Therefore n can also be so expressed using the
primes from m and mj, completing the proof. O

Before we continue to the fundamental theorem, we mention that this result can be
used to prove that the set of primes is infinite. The proof we give goes back to Euclid
and is quite straightforward. In the next chapter we will present a whole collection
of proofs, some quite complicated, that also show that the primes are an infinite set.
Each of these other proofs will shed more light on the nature of the integers.

Theorem 2.3.1. There are infinitely many primes.



2.3 The Fundamental Theorem of Arithmetic 17

Proof. Suppose that there are only finitely many primes py, ..., p,. Each of these
is positive so we can form the positive integer

N=pipr---pn+ 1L

From Lemma 2.3.1, N has a prime decomposition. In particular, there is a prime p
that divides N. Then

plpip2--pn+ 1.

Since the only primes are assumed pj, p2, ..., p, it follows that p = p; for some
i=1,...,n. Butthen p|p1p>--- pi--- pn,so pcannotdivide pi - -- p, + 1, which
is a contradiction. Therefore p is not one of the given primes, showing that the list
of primes must be endless. O

A variation of Euclid’s argument gives the following proof of Theorem 2.3.1.
Suppose there are only finitely many primes pi,..., p,. Certainly n > 2. Let
P = {p1,..., pp}. Divide P into two disjoint nonempty subsets P;, P,. Now
consider the number m = g 4 ¢2, where g; is a product of primes from P; and ¢; is a
product of primes from P>. Let p be a prime divisor of m. Since p € P it follows that
p divides either g; or g, but not both. But then p does not divide m, a contradiction.
Therefore p is not one of the given primes and the number of primes must be infinite.

Although there are infinitely many primes, a glance at a list of primes shows that
they appear to become scarcer as the integers get larger. If we let

m(x) = number of primes < x,

a basic question is, what is the asymptotic behavior of this function? This question
is the basis of the prime number theorem, which will be discussed in Chapter 4.
However it is easy to show that there are arbitrarily large spaces or gaps within the
set of primes.

Theorem 2.3.2. Given any positive integer k there exists k consecutive composite
integers.

Proof. Consider the sequence
G+ +2,(k+D!'+3,...,k+ D! +k+ 1.

Suppose n is an integer with 2 < n < k + 1. Then n|(k 4+ 1)! 4+ n. Hence each of the
integers in the above sequence is composite. O

To show the uniqueness of the prime decomposition we need Euclid’s lemma,
from the previous section, applied to primes.

Lemma 2.3.2 (Euclid’s lemma). If p is a prime and p|ab, then pla or p|b.

Proof. Suppose plab. If p does not divide a then clearly a and p must be relatively
prime, that is, (a, p) = 1. Then from Lemma 2.2.3, p|b. O
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We now state and prove the fundamental theorem of arithmetic.

Theorem 2.3.3 (the fundamental theorem of arithmetic). Given any integern # 0
there is a factorization

n=cpip2--- P

where c = £1 and py, ..., pn are primes. Further, this factorization is unique up to
the ordering of the factors.

Proof. We assume thatn > 1. If n < —1 we use ¢ = —1 and the proof is the same.
The statement certainly holds for » = 1 with k = 0. Now suppose n > 1. From
Lemma 2.3.1, n has a prime decomposition

n:plpz...pm'

We must show that this is unique up to the ordering of the factors. Suppose then that
n has another such factorization n = g1q3 - - - gx with the g; all prime. We must show
that m = k and that the primes are the same. Now, we have

n:plpz.pmqu..qk.
Assume that k > m. From
n:plpz...pmqu...qk

it follows that p1|q1g2 - - - gx. From Lemma 2.3.2, then, we must have that p|g; for
some i. But g; is prime and p; > 1, so it follows that p; = ¢;. Therefore we can
eliminate p; and ¢; from both sides of the factorization to obtain

P2+ Pm =q1°qi-1qi+1" " G-

Continuing in this manner, we can eliminate all the p; from the left side of the
factorization to obtain

1:qm+1 ...qk-
If gm+1, - - -, qr wWere primes, this would be impossible. Therefore m = k and each
prime p; was included in the primes gy, ..., gn. Therefore the factorizations differ
only in the order of the factors, proving the theorem. O

For any positive integer n > 1, we can combine all the same primes in a
factorization of n to write

n:p;"'pgnz'up,’(""withpl <py << pi.

This is called the standard prime decomposition. Note that given any two positive
integers a, b we can always write the prime decomposition with the same primes by
allowing a zero exponent.

There are several easy consequences of the fundamental theorem.
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Theorem 2.3.4. Let a, b be positive integers > 1. Suppose

a:p?...pik’
bzp{l"'p]{k’

where we include zero exponents for noncommon primes. Then
(a,b) = pmnErSD)  pminGerf) | mincew. )
[a,b] = p;naX(el,fn . p;naX(ez»fz) . plrcnaX(ek,fk)_

Corollary 2.3.1. Let a, b be positive integers > 1. Then (a, b)[a, b] = ab.

We leave the proofs to the exercises but give an example.

19

Example 2.3.1. Find the standard prime decompositions of 270 and 2412 and use

them to find the GCD and LCM.

Recall that we found the GCD and LCM of these numbers in the previous section
using the Euclidean algorithm. We note that in general it is very difficult as the size
of an integer gets larger to determine its actual prime decomposition or even whether

it is a prime. We will discuss primality testing in Chapter 5.

To find the prime decomposition we factor and then continue factoring until there

are only prime factors:
270 = 27)(10) =33.25=2.3% .5,
which is the standard prime decomposition of 270. Similarly,
2412=4-603=4-3-201 =4-3-3-67 =2%-32.67,
which is the standard prime decomposition of 2412. Hence we have

270 =2.-3%.5.67",
2412 =2%2.32.59 .67,

from which we conclude that
(a,b)=2-3>.52.67"=2.32=18
and

la, b] =2%-3%.5.67 = 36180.
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Note that the fundamental theorem of arithmetic can be extended to the rational
numbers. Suppose r = ¢ is a positive rational. Then

pel..-pek
1 k — -
r= e =l

Therefore any positive rational has a standard prime decomposition

pil e p]t(k, where 11, ..., 1 are integers.
So, for example,
15
—=2.3.7"2
49

This has the following interesting consequence.

Lemma 2.3.3. If a is an integer that is not a perfect nth power; then the nth root of a
is irrational.

Proof. This result says, for example, that if an integer is not a perfect square then its
square root is irrational. The fact that the square root of 2 is irrational was known to
the ancient Greeks.

Suppose b is an integer with standard prime decomposition

b:pf1~-~pzk.

Then

bn = p;zel e pZLk7
and this must be the standard prime decomposition for 5". It follows that an integer
a is an nth power if and only if it has a standard prime decomposition

a= qlfl ~-~qtf’ with n| f; for all i.

Suppose a is not an nth power. Then

a:qlfl "'qtf”

where n does not divide f; for some i. Taking the nth root, we obtain

filn

fin g hin g

al/n =g tft/n'

But f;/n is not an integer, so a'/" cannot be rational by the extension of the
fundamental theorem to rationals. O

While induction and well-ordering characterize the integers, unique factorization
into primes does not. We close this section with a brief further discussion of unique
factorization.
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The concept of divisor and factor can be extended to any ring. We say that a|b
in a ring R if there is a ¢ € R with b = ac. We will restrict ourselves to integral
domains. A unit in an integral domain is an element e with a multiplicative inverse.
This means that there is an element e; in R with ee; = 1. Thus the only units in Z
are £1. Two elements r, r; of an integral domain are associates if r = er; for some
unit e. A prime in a general integral domain is an element whose only divisors are
associates of itself. With these definitions we can talk about factorization into primes.

We say that an integral domain D is a unique factorization domain or UFD if
for each d € D, either d = 0, d is a unit, or d has a factorization into primes that is
unique up to ordering and unit factors. This means that if

r=Pp1--Pm=4q1- gk

then m = k and each p; is an associate of some g;.

The fundamental theorem of arithmetic in more general algebraic language says
that the integers Z are a unique factorization domain. However, they are far from
being the only one. In the exercises we outline a proof of the following theorem.

Theorem 2.3.5. Let F be a field and F[x] the ring of polynomials in one-variable
over F. Then F|x]is a UFD.

This theorem is actually a special case of something even more general. An
integral domain D is called a Euclidean domain if there exists a function N : D\
{0} - N U {0} satisfying:

Foreacha,b € D,a # 0, there exist g, r € D such that
b=aq +randeitherr =0orr #0and N() < N(a).

Theorem 2.3.6. Any Euclidean domain is a UFD.

The proof of this essentially mimics the proof for the integers. See the exercises.
The Gaussian integers Z[i] are the complex numbers a + bi where a, b are
integers.

Lemma 2.3.4. The integers Z., the Gaussian integers Z[i], and the ring of polynomials
F[x] over a field F are all Euclidean domains.

Corollary 2.3.2. Z[i] and F[x] with F a field are UFDs.

2.4 Congruences and Modular Arithmetic

Gauss based much of his number-theoretical investigations around the theory of con-
gruences. As we will see, a congruence is just a statement about divisibility put into
a more formal framework. In this section and the remainder of the chapter we will
consider congruences and in particular the solution of polynomial congruences. First
we give the basic definitions and properties.
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2.4.1 Basic Theory of Congruences

Definition 2.4.1.1. Suppose m is a positive integer. If x,y are integers such that
m|(x —y) we say that x is congruent to y modulo m and denote this by x = y mod m.
If m does not divide x — y then x and y are incongruent modulo m.

If x = y mod m then y is called a residue of x modulo m. Given x € Z, the set
of integers {y € Z; x = y mod m} is called the residue class for x modulo m. We
denote this by [x]. Notice that x = 0 mod m is equivalent to m|x. We first show
that the residue classes partition Z, that is, that each integer falls in one and only one
residue class.

Theorem 2.4.1.1. Given m > 0, then congruence modulo m is an equivalence
relation on the integers. Therefore the residue classes partition the integers.

Proof. Recall that a relation ~ on a set S is an equivalence relation if it is reflexive,
thatis, s ~ s foralls € S; symmetric, thatis, if s; ~ s>, then s, ~ s1; and transitive,
that is, if s; ~ s and s» ~ s3, then 51 ~ s3. If ~ is an equivalence relation then the
equivalence classes [s] = {s1 € S; s1 ~ s} partition S.

Consider = mod m on Z. Givenx € Z,x —x =0 =0-m som|(x — x) and
x = x mod m. Therefore = mod m is reflexive.

Suppose x = y mod m. Thenm|(x —y) = x—y = am forsomea € Z. Then
y —x = —am,som|(y — x) and y = x mod m. Therefore = mod m is symmetric.

Finally, suppose x = ymodm and y = z mod m. Then x — y = aym and
y—z=aym. Butthenx —z=(x —y)+ (y —2) = aym + aym = (a1 + ax)m.
Therefore m|(x — z) and x = z mod m. Therefore = mod m is transitive, and the
theorem is proved. O

Hence given m > 0, every integer falls into one and only one residue class. We
now show that there are exactly m residue classes modulo m.

Theorem 2.4.1.2. Given m > 0 there exist exactly m residue classes. In particular,
[0], [11, ..., [m — 1] gives a complete set of residue classes.

Proof. We show that given x € Z, x must be congruent modulo m to one of
0,1,2...,m— 1. Further, none of these are congruent modulo m. As a consequence,

[OL 11, ..., [m —1]

gives a complete set of residue classes modulo m and hence there are m of them.
To see these assertions suppose x € Z. By the division algorithm we have

x =gm+r, where0<r <m.

This implies that r = x — gm, or in terms of congruences, that x = r mod m.

Therefore x is congruent to one of the set 0, 1,2, ..., m — 1.
Suppose 0 < r| < rp < m. Thenm t ry —ry, sor; and r; are incongruent modulo
m. Therefore every integer is congruent to one and only one of 0, 1, ..., m — 1, and

hence [0], [1], ..., [m — 1] gives a complete set of residue classes modulo m. O
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There are many sets of complete residue classes modulo m. In particular, a set
of m integers x1, x3, . .., X, Will constitute a complete residue system modulo m
if x; #x; mod m unless i = j. Given one complete residue system it is easy to get
another.

Lemma 2.4.1.1. If {x1,...,x,} form a complete residue system modulo m and
(a,m) =1, then {axy, ..., axy} also forms a complete residue system.

Proof. Suppose ax; = ax; mod m. Then m|a(x; — x;). Since (a, m) = 1 then by
Euclid’s lemma m|x; — x; and hence x; = x; mod m. m]

Finally, we will need the following.
Lemma 2.4.1.2. [f x = y mod m, then (x, m) = (y, m).

Proof. Suppose x —y = am. Then any common divisor of x and m is also a common
divisor of y. From this the result is immediate. O

2.4.2 The Ring of Integers Modulo n

Perhaps the easiest way to handle results on congruences is to place them in the
framework of abstract algebra. To do this we construct, for each n > 0, aring, called
the ring of integers modulo . We will follow this approach. However, we note
that although this approach simplifies and clarifies many of the proofs, historically,
purely number-theoretical proofs were given. Often these purely number-theoretical
proofs inspired the algebraic proofs.

To construct this ring we first need the following.

Lemma 2.4.2.1. [fa = b mod n and ¢ = d mod n, then

(I)a+c=b+dmodn,
(2) ac = bd mod n.

Proof. Supposea =bmodn andc =d modn. Thena —b =gnandc—d = qn
for some integers g1, g». This implies that (a + ¢) — (b + d) = (g1 + g2)n, or that
nl(a + c¢) — (b +d). Therefore a + ¢ = b + d mod n.

We leave the proof of (2) to the exercises. ]

We now define operations on the set of residue classes.

Definition 2.4.2.1. Consider a complete residue system x1, . . ., x, modulo n. On the
set of residue classes [x1], ..., [x,] define

(D) [xi]+ [xj] = [xi +x5],
(2) [xi1lx;]1 = [xix;].

Theorem 2.4.2.1. Given a positive integer n > 0, the set of residue classes forms a
commutative ring with an identity under the operations defined in Definition 2.4.2.1.
This is called the ring of integers modulo n and is denoted by Z,,. The zero element
is [0] and the identity element is [1].
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Proof. Notice that from Lemma 2.4.2.1 it follows that these operations are well-
defined on the set of residue classes, that is, if we take two different representatives
for a residue class, the operations are still the same.

To show that Z,, is a commutative ring with identity, we must show that it satisfies,
relative to the defined operations, all the ring properties. Basically, Z,, inherits these
properties from Z. We show commutativity of addition and leave the other properties
to the exercises.

Suppose [a], [P] € Z,. Then

lal + [b] = [a + b] = [b + a] = [b] + [a],
where [a + b] = [b + a] since addition is commutative in Z. O

This theorem is actually a special case of a general result in abstract algebra. In
the ring of integers Z, the set of multiples of an integer n forms an ideal (see [A] for
terminology), which is usually denoted by nZ. The ring Z, is the quotient ring of Z
modulo the ideal nZ, that is, Z/nZ = Z,.

We usually consider Z, as consisting of 0, 1, ..., n — 1 with addition and multi-
plication modulo n. When there is no confusion, we will denote the element [a] in
Z, by just a. Below we give the addition and multiplication tables modulo 5, that is,
in Zs.

Example 2.4.2.1. Addition and multiplication tables for Zs:

+ 0 1 2 3 4 e 01 2 3 4
0 01 1 3 4 0 00 00O
1 1 2 3 40 1 01 2 3 4
2 23 4 01 2 0 2 41 3
33 401 2 303 1 4 2
4 4 01 2 3 4 0 4 3 2 1

Notice, for example, that modulo 5,3 -4 = 12 = 2 mod 5, so thatin Zs, 3 - 4
= 2. Similarly,4+2=6=1mod 5,s0oin Zs,4+2 = 1.

The question arises as to when the commutative ring Z, is an integral domain and
when Z,, is a field. The answer is when 7 is a prime and only when 7 is a prime.

Theorem 2.4.2.2.
(1) Z,, is an integral domain if and only if n is a prime.
(2) Zy, is a field if and only if n is a prime.

Proof. Since Z,, is a commutative ring with identity for any 7, it will be an integral
domain if and only if it has no zero divisors.
Suppose first that » is a prime and suppose that ab = 0 in Z,,. Then in Z we have

ab=0modn = nlab.
Since n is prime, by Euclid’s lemma n|a or n|b. In terms of congruences, then,
a=0modn = a=0inZ,orb=0modn = b=0inZ%Z,.

Therefore Z,, is an integral domain if n is prime.
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Suppose 7 is not prime. Then n = mymy with 1 <m; < n,1 < my < n. Then
n{my,ntmy, butn|lmym;. Translating this into Z,, we have

mimy = 0 but either m # 0 or my # 0.

Therefore Z,, is not an integral domain if z is not prime. These prove part (1).

Since a field is an integral domain, Z, cannot be a field unless n is prime. To
complete part (2) we must show that if n is prime then Z,, is a field. Suppose #n is
prime. Since Z, is a commutative ring with identity, to show that it is a field we must
show that each nonzero element has a multiplicative inverse.

Suppose a € Z,,a # 0. Then in Z we have n 1 a and hence since n is prime,
(a,n) = 1. Therefore in Z there exists x, y such that ax + ny = 1. In terms of
congruences, this says that

ax = 1 mod n,

orin Zj,
ax = 1.

Therefore a has an inverse in Z, and hence Z,, is a field. O

The proof of the last theorem actually indicates a method to find the multiplicative
inverse of an element modulo a prime. Suppose n is a prime and a # 0 in Z,. Use
the Euclidean algorithm in Z to express 1 as a linear combination of a and n, that is,

ax +ny = 1.
The residue class for x will be the multiplicative inverse of a.

Example 2.4.2.2. Find 6 1in 7.
Using the Euclidean algorithm,

11=1-6+35,
6=1-5+1,
= 1=6—-(1-5=6—-(1-(11-1-6) = 1=2-6-—-1-11.
Therefore the inverse of 6 modulo 11 is 2, that is, in Z;;, 67! = 2.

Example 2.4.2.3. Solve the linear equation

6x+3=1
in le.
Using purely formal field algebra, the solution is
x=6"1.(1-=3).

In Z11 we have
1-3=-2=9 and 6!'=2 = x=2.9=18=7.
Therefore the solution in Z1; is x = 7. A quick check shows that

6-7+3=424+3=45=1inZ.
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Alinear equation in Zj is called a linear congruence modulo 11. We will discuss
solutions of such congruences in Section 2.5.

The fact that Z, is a field for p a prime leads to the following nice result, known
as Wilson’s theorem.

Theorem 2.4.2.3 (Wilson’s theorem). If p is a prime then
(p— D!'=—1mod p.

Proof. Write (p—1)! = (p—1)(p—2)---1. Since Z, is afield, eachx € {1,2, ...,
p — 1} has a multiplicative inverse modulo p. Further, suppose x = x ' inZ p- Then
x2 = 1, which implies (x — 1)(x + 1) = 0 in Z,, and hence either x = 1 or
x = —1 since Z, is an integral domain. Therefore in Z, only 1, —1 are their own
multiplicative inverses. Further, —1 = p — 1, since p — 1 = —1 mod p.

Hence in the product (p —1)(p —2) - - - 1 considered in the field Z ,, each element
is paired up with its distinct multiplicative inverse except 1 and p — 1. Further, the
product of each element with its inverse is 1. Therefore in Z, we have (p — 1)(p —
2)---1 = p — 1. Written as a congruence, then,

(p—D!'=p—-1=—1mod p. O

The converse of Wilson’s theorem is also true, that is, if (n — 1)! = —1 mod n,
then n must be a prime.

Theorem 2.4.2.4. [f n > 1 is a natural number and
(n—1)! = —1modn,
then n is a prime.

Proof. Suppose (n — 1)! = —1 mod n. If n were composite, then n = mk with
l<m<n-—1and1 < k <n — 1. Hence both m and k are included in (n — 1)!. It
follows that (n — 1)! is divisible by #, so that (n — 1)! = 0 mod n, contradicting the
assertion that (n — 1)! = —1 mod n. Therefore n must be prime. O

2.4.3 Units and the Euler Phi Function

In a field F every nonzero element has a multiplicative inverse. If R is a commu-
tative ring with an identity, not necessarily a field, then a unit is any element with
a multiplicative inverse. In this case its inverse is also a unit. For example, in the
integers Z the only units are +1. The set of units in a commutative ring with identity
forms an abelian group under ring multiplication called the unit group of R. Recall
that a group G is a set with one operation that is associative, has an identity for that
operation, and such that each element has an inverse with respect to this operation.
If the operation is also commutative, then G is an abelian group.

Lemma 2.4.3.1. If R is a commutative ring with identity, then the set of units in R
forms an abelian group under ring multiplication. This is called the unit group of
R, denoted by U (R).
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Proof. The commutativity and associativity of U (R) follow from the ring properties.
The identity of U (R) is the multiplicative identity of R, while the ring multiplicative
inverse for each unit is the group inverse. We must show that U (R) is closed under
ring multiplication. If ¢ € R is a unit, we denote its multiplicative inverse by a~!.

Now suppose a, b € U(R). Thena~!, b~ exist. It follows that
@hyb'a Yy =abbMHa ' =aa"' = 1.

Hence ab has an inverse, namely b la=! (=a'p7! in a commutative ring) and
hence ab is also a unit. Therefore U (R) is closed under ring multiplication. O

The proof of Theorem 2.4.2.2 actually provides a method to classify the units in
any Zj,.

Lemma 2.4.3.2. An element a € 7Z,, is a unit if and only if (a,n) = 1.

Proof. Suppose (a, n) = 1. Then there exists x, y € Z such that ax + ny = 1. This
implies that ax = 1 mod n which in turn implies that ax = 1 in Z, and therefore a
is a unit.

Conversely, suppose a is a unit in Z,. Then there is an x € Z, withax = 1. In
terms of congruences, then,

ax=1modn = nlax -1 = ax—1=ny = ax —ny =1.
Therefore 1 is a linear combination of @ and », and so (a, n) = 1. O
If a is a unit in Z,, then a linear equation
ax+b=c

can always be solved with a unique solution given by x = a~!(c — b). Determining
this solution can be accomplished by the same technique as in Z, with p a prime.
If a is not a unit the situation is more complicated. We will consider this case in
Section 2.5.

Example 2.4.3.1. Solve 5x +4 = 2 in Zg.
Since (5, 6) = 1, 5isaunitin Zg, wehave x = 571(2—4). Now2—4 = -2 =4
in Zg. Further, 5 = —1, so 571 = —171 = —1. Then we have

x=5'2-4H=-1@=-4=2.
Thus the unique solution in Zg is x = 2.

Since an element a is a unit in Z,, if and only if (a, n) = 1, it follows that the
number of units in Z, is equal to the number of positive integers less than or equal
to n and relatively prime to n. This number is given by the Euler phi function, our
first look at a number theoretical function.
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Definition 2.4.3.1. For anyn > 0,
¢ (n) = number of integers less than or equal to n and relatively prime to n.

Example 2.4.3.2. ¢(6) = 2, since among 1,2,3,4,5,6 only 1,5 are relatively
prime to 6.

The following is immediate from our characterization of units.

Lemma 2.4.3.3. The number of units in Z,, which is the order of the unit group
U(Zy), is ¢ (n).

Definition 2.4.3.2. Given n > 0, a reduced residue system modulo n is a set of
integers X1, ..., Xk such that each x; is relatively prime to n, x; # x; mod n unless
i = j, and if (x, n) = 1 for some integer x then x = x; mod n for some i.

Hence areduced residue system is a complete collection of representatives of those
residue classes of integers relatively prime to n. Hence it is a complete collection of
units (up to congruence modulo r) in Z,. It follows that any reduced residue system
modulo n has ¢ (n) elements.

Example 2.4.3.3. A reduced residue system modulo 6 is {1, 5}.

We now develop a formula for ¢(n). In accord with the theme of this book we
first determine a formula for prime powers and then paste the results together via the
fundamental theorem of arithmetic.

Lemma 2.4.3.4. For any prime p and m > 0,

p(p™) =p" —p"t=p" (1 - l) :
p
Proof. Recall thatif 1 < a < p then either a = p or (a, p) = 1. It follows that
the positive integers less than p™ that are not relatively prime to p™ are precisely
the multiples of p, that is, p,2p,3p, ..., p"~ !, p. All other positive a < p™ are
relatively prime to p™. Hence the number relatively prime to p” is

m mfl' O

p—p
Lemma 2.4.3.5. If (a, b) = 1, then ¢ (ab) = ¢p(a)¢ (D).

Proof. Let Ry, = {x1, ..., X4} be a reduced residue system modulo a, let R, =
{¥1, ..., Yo} be areduced residue system modulo b, and let

S=fayi+bxj:i=1,....¢0b),j=1,...,¢)}.

We claim that S is a reduced residue system modulo ab. Since S has ¢(a)¢ (b)
elements it will follow that ¢ (ab) = ¢ (a)¢ (b).
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To show that S is a reduced residue system modulo ab we must show three things:
firstthateach x € Sisrelatively prime to ab; second that the elements of S are distinct;
and finally that given any integer n with (n, ab) = 1, then n = s mod ab for some
ses.

Let x = ay; + bx;. Then since (xj,a) = 1 and (a,b) = 1 it follows that
(x,a) = 1. Analogously, (x, b) = 1. Since x is relatively prime to both a and b, we
have (x, ab) = 1. This shows that each element of § is relatively prime to ab.

Next suppose that

ay; + bx; = ayy + bx; mod ab.
Then
ab|(ay; + ij) — (ayr + bx;)) =— ay; = ay mod b.

Since (a, b) = 1 it follows that y; = y; mod b. But then y; = y, since R} is a
reduced residue system. Similarly, x; = x;. This shows that the elements of S are
distinct modulo ab.
Finally, suppose (1, ab) = 1. Since (a, b) = 1 there exist x, y withax + by = 1.
Then
anx + bny = n.

Since (x,b) = 1 and (n, b) = 1 it follows that (nx, b) = 1. Therefore there is an
s; with nx = s; + tb. In the same manner (ny,a) = 1, and so there is an r; with
ny =rj + ua. Then

a(s;i +tb) +b(rj+ua)=n = n=as; +br; + (t +u)ab
= n =ar; +bs; mod ab,

and we are done. O
We now give the general formula for ¢ (n).

Theorem 2.4.3.1. Suppose n = p{' --- p*. Then

o) = (' = p{ )P = P57 (P = o =[] (1= 1/p0).

1

Proof. From the previous lemma we have

¢(n) = ¢(p") - & (p5°) - & (r})
= (P =P )P =P (P = P
=py (L =1/p1) - pF (1 =1/ pe) = pi" - pi - (1= 1/p1) -~ (1= 1/px)

ZnH(l—l/p,-). O

Example 2.4.3.4. Determine ¢ (126). Write
126 =2-32.7 = $(126) = $(2)p 3D (7) = (1)(3% — 3)(6) = 36.

Hence there are 36 units in Zj5¢.
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An interesting result with many generalizations that we will look at later is the
following.
Theorem 2.4.3.2. Forn > 1 and ford > 1,
Yo =n.
d|n

Proof. Asbefore, we first prove the theorem for prime powers and then paste together
via the fundamental theorem of arithmetic.

Suppose that n = p for p a prime. Then the divisors of n are 1, p, p2, ..., p,so
Db d) =p() +6(p) +¢(p>) + -+ ¢ (p°)
d|n

=1+(p-D+@P*=p+-+ @' —pH.

Notice that this sum telescopes, thatis, 1 + (p — 1) = p + (p*> — p) = p?, and
so on. Hence the sum is just p¢, and the result is proved for n a prime power.

We now do an induction on the number of distinct prime factors of n. The above
argument shows that the result is true if » has only one distinct prime factor. Assume
that the result is true whenever an integer has fewer than k distinct prime factors and

_ el Ek . . . _ e _
suppose n = p|' --- p;" has k distinct prime factors. Then n = p®c, where p = py,
e = e1, and ¢ has fewer than k distinct prime factors. By the inductive hypothesis,

Y =c.
d|c

Since (¢, p) = 1 the divisors of n are all of the form p*d;, where di|c and
a=0,1,...,e. It follows that

dodd)=) ¢+ ¢lpd)+-+ Y $(p°d).

din dy|c dylc dile
Since (dy, p*) = 1 for any divisor of ¢, this sum equals
D@+ d(PdE) + -+ D (p(dr)

dilc dilc dilc

=Y @+ (p-DY d@)+ -+ (p°— ) o)

e dile drle
=c+(p—De+ (p*—p)e+-+(p° = p* e
As in the case of prime powers this sum telescopes, giving the final result
> o) =pc=n 5
d|n

Example 2.4.3.5. Considern = 10. The divisorsof 10are 1, 2, 5, 10. Then¢ (1) = 1,
d2)=1,¢(5) =4, $(10) = 4. Then

p(D)+902D)+6G5)+¢(10)=1+1+4+4=10.



2.4 Congruences and Modular Arithmetic 31

2.4.4 Fermat’s Little Theorem and the Order of an Element

For any positive integer n the unit group U (Z,) is a finite abelian group. Recall that
in any group G each element g € G generates a cyclic subgroup consisting of all the
distinct powers of g. If this cyclic subgroup is finite of order m, then m is called the
order of the element g. Equivalently, the order of an element g € G can be described
as the least positive power m such that g” = 1. If no such power exists, then g has
infinite order. We denote the order of the group G by |G| and the order of g € G by
|g|. If the whole group G is finite, then each element clearly has finite order. We will
apply these ideas to the unit group U (Z,), but first we recall some further facts about
finite groups.

Theorem 2.4.4.1 (Lagrange’s theorem). Suppose G is a finite group of order n.
Then the order of any subgroup divides n. In particular, the order of any element
divides the order of the group.

If g € G with |G| = n, then from Lagrange’s theorem above there is an m with
g™ = 1 and m|n. Hence n = mk, and so g" = g"* = (¢")¥ = 1¥ = 1. Hence in
any finite group we have the following.

Corollary 2.4.4.1. If G is a finite group of order n and g € G, then g" = 1.
Theorem 2.4.4.2. Let G be a finite abelian group with |G| = n. Then

(1) If 1. 82 € G with |g1] = a, |82 = b, then (g1g2)'" " = 1.
(2) If g1, 82 € G with |g1] = a, |g2] = b and (a, b) = 1, then |g182| = ab.
(3) Ifn = p}' p5* -+ p* is the prime factorization of n, then

G =H; x Hy x--- x Hg,
where |H;| = p;'.

The second part of the last theorem is part of the fundamental theorem of finitely
generated abelian groups, which plays the same role in abelian group theory as the
fundamental theorem of arithmetic does in number theory.

With these facts in hand, consider a unit a € Z,. Then a € U (Z,) and hence a
has a multiplicative order, that is, there is an integer m with @™ = 1 in Z,,. In terms
of congruences this means that @™ = 1 mod n. If a € Z, is not a unit then there
cannot exist a power m > 1 such that a” = 1 mod n, for if such an m existed, then
a1 would be an inverse for a.

Lemma 2.4.4.1. Given n > 0, then for an integer a there exists an integer m such
that a™ = 1 mod n if and only if (a, n) = 1 or, equivalently, a is a unit in Z,.

Definition 2.4.4.1. If (a, n) = 1, then the order of a modulo n is the least power m
such that a™ = 1 mod n. We will write order(a) or |{(a)| or |a| for the order of a.
Equivalently, the order of a is the order of a considered as an element of the unit
group U (Zy).

Since the order of U (Zy,) equals ¢ (n), we immediately get that the order of any
element modulo n must divide ¢ (n).
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Lemma 2.4.4.2. If (a, n) = 1, then order(a)|¢ (n).

Applying Corollary 2.4.4.1 to the unit group U (Z,) we get the following result,
known as Euler’s theorem.

Theorem 2.4.4.3 (Euler’s theorem). If (a, n) = 1, then
a®™ =1 mod n.

If n = p a prime then any integer a # 0 mod p is a unit in Z,. Further,
¢(p) = p — 1, and hence we obtain the next corollary, which is called Fermat’s
theorem. (This is often called Fermat’s little theorem to distinguish it from the
result on x” + y" = 7))

Corollary 2.4.4.2. If p is a prime and p 1 a, then
aP~' =1 mod p.

If (a, n) = 1 and the order of a is exactly ¢ (n), then a is called a primitive root
modulo n. In this case the unit group is cyclic with a as a generator. Forn = p a
prime there is always a primitive root.

Theorem 2.4.4.4. For a prime p there is always an element a of order ¢ (p) = p—1,
that is, a primitive root. Equivalently, the unit group of Z,, is always cyclic.

Proof. Since every nonzero element in Z, is a unit, the unit group U (Z,,) is precisely
the multiplicative group of the field Z,. The fact that U(Z,) is cyclic follows from
the following more general result, whose proof we also give. O

Theorem 2.4.4.5. Let F be a field. Then any finite subgroup of the multiplicative
group of F must be cyclic.

Proof. Suppose G C F is a finite multiplicative subgroup of the multiplicative group
of F. Suppose |G| = n. As has been our general mode of approaching results we will
prove it for n a power of a prime and then paste the result together via the fundamental
theorem of arithmetic.

Suppose n = p* for some k. Then the order of any element in G is p® with
a < k. Suppose the maximal order is p’ with r < k. Then the LCM of the orders is
p'. It follows that for every g € G we have g”t = 1. Therefore every g € G is a
root of the polynomial equation

P —1=0.

However, over a field a polynomial cannot have more roots than its degree. Since G
has n = p* elements and p’ < pk, this is a contradiction. Therefore the maximal
order must be p¥ = n. Therefore G has an element of order n = p* and hence this
element generates G, and G must be cyclic.

We now do an induction on the number of distinct prime factors in n = |G]|.
The above argument handles the case that there is only one distinct prime factor.
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Assume that the result is true if the order of G has fewer than k distinct prime factors.
Suppose n = pfl e p;k . Thep n = p‘c, .Where ¢ has fewer than k distinct prime
factors. Since G is a finite abelian group with

|G| =n = p°c, itfollowsthat G = H x K with |H| = p°, |K| =c.

By the inductive hypothesis H and K are both cyclic, so H has an element / of order
p¢ and K has an element k of order c¢. Since (p°, ¢) = 1, the element Ak has order
p°c = n, completing the proof. O

Example 2.4.4.1. Determine a primitive root modulo 7.
This is equivalent to finding a generator for the multiplicative group of Z7. The
nonzero elements are 0, 1, 2, 3, 4, 5, 6, and we are looking for an element of order 6.
The table below list these elements and their orders:

x| 1 23456
X[ 1 3 6 3 6 2

Therefore there are two primitive roots, 3 and 5 modulo 7. To see how these were
determined, powers were taken modulo 7 until a value of 1 was obtained. For example,

Example 2.4.4.2. Show that there is no primitive root modulo 15.
The units in Z15 are {1,2,4,7,8, 11, 13, 14}. Since ¢(15) = 8 we must show
that there is no element of order 8. The table below gives the units and their respective

orders:
x| 1 2 4 7 11 13 14

8
1[4 24 42 4 2 2

Therefore there is no element of order 8.

Modulo a prime there is always a primitive root, but other integers can have
primitive roots also. The fundamental result describing when an integer will have a
primitive root is the following. We outline the proof in the exercises.

Theorem 2.4.4.6. An integer n will have a primitive root modulo n if and only if
n=24,p*2p",
where p is an odd prime.

The order of an element, especially Fermat’s theorem, provides a method for
primality testing. Primality testing refers to determining for a given integer n whether
itis prime or composite. The simplest primality test is the following. If n is composite,
then n = mymy with 1 < m; < n,1 < my < n. At least one of these factors must
be < /n. Therefore check all the integers less than or equal to 4/n. If none of these
divides n then # is prime. This can be improved using the fundamental theorem of
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arithmetic. If n has a divisor < /n then it has a prime divisor < /i, so in the above
divisibility check only the primes < 1/n need be checked.

While this method always works, it is often impractical for large n, and other
methods must be employed to see whether a number is prime. By Fermat’s theorem,
if  is prime and a < n, then " ~! = 1 mod . If a number « is found for which this
isn’t true, then a cannot be prime. We give a trivial example.

Example 2.4.4.3. Determine whether 77 is prime.
If 77 were prime, then we would have 276 = 1 mod 77. Now,

276 _ 9382 _ 438

Now we do computations mod 77:

P=64=-13 = 4°=169=15 = 42 =225=71=-6
— 4% = (—6)> = 216 = —62 = 4% =42(—62) = —992 = —68 # 1.

Therefore 77 is not prime.

This method can determine whether a number 7 is not prime. However, it cannot
determine whether it is prime. There are numbers n for which ¢"~! = 1 mod 7 is
true for all (a, n) = 1 but n is not prime. These are called pseudoprimes. We will
discuss primality testing further and in more detail in Chapter 5.

2.4.5 On Cyclic Groups

In the previous sections we used some material from abstract algebra to prove results
in number theory. Here we briefly reverse the procedure to use some number theory
to develop and prove other ideas from algebra. After we do this we will turn the tables
back again and use this algebra to give another proof of Theorem 2.4.3.2 on the Euler
phi function.

Recall that a cyclic group G is a group with a single generator, say g. Then G
consists of all the powers of g, thatis, G = {1, gT!, g*2, ...}. If G is finite of order
n, then g" = 1 and n is the least positive integer x such that g*¥ = 1. It is then clear
that if g” = 1 for some power m, it must follow that m = 0 mod n, and if g& = g/
then k = [ mod n.

Let H = (Zy, +) denote the additive subgroup of Z,. Then H is cyclic of order
n with generator 1. If G = (g) is also cyclic of order n then since multiplication
of group elements is done via addition of exponents, it is fairly straightforward to
show that the homomorphism f : G — (Z,, +) given by g — 1 is actually an
isomorphism (see the exercises). Further, if G = (g) is cyclic of infinite order then
g +— 1 gives an isomorphism from G to the additive group of Z.

Lemma 2.4.5.1.

(1) If G is a finite cyclic group of order n then G is isomorphic to (Zy, +). In
particular, all finite cyclic groups of a given order are isomorphic.

(2) If G is an infinite cyclic group then G is isomorphic to (Z, +).
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Cyclic groups are abelian and hence their subgroups are also abelian. However,
as an almost direct consequence of the division algorithm, we get that any subgroup
of a cyclic group must be cyclic.

Lemma 2.4.5.2. Let G be a cyclic group. Then any subgroup of G is also cyclic.

Proof. Suppose G = (g) and H C G is a subgroup. Since G consists of powers of
g, H also consists of certain powers of g. Let k be the least positive integer such that
gk € H. We show that H = (g), that is, H is the cyclic subgroup generated by g.
This is clearly equivalent to showing that every & € H must be a power of gk.

Suppose g' € H. We may assume that r > 0 and that 7 > k since k is the least
positive integer such that g* € H. If t < 0 work with —z. By the division algorithm
we then have

t=qgk+rwithr=00r0 <r <k.

Ifr #0then0 <r <kandr =t —k. Hence g" = g% = g'g™* Now g’ € H

and g € H and since H is a subgroup it follows that g’ ¥ € H. Butthen g" € H,
which is a contradiction since 0 < r < k and k is the least power of g in H. Therefore
r = 0and t = gk. We then have

g =g =(g"1,
completing the proof. O

Each element of a cyclic group G generates its own cyclic subgroup. The question
is, when does this cyclic subgroup coincide with all of G? In particular, which powers
g are generators of G? The answer is purely number-theoretic.

Lemma 2.4.5.3.

(1) Let G = (g) be a finite cyclic group of order n. Then g* with k > 0 is a
generator of G if and only if (k,n) = 1, that is, k and n are relatively prime.

(2) If G = (g) is an infinite cyclic group, then g, g~ are the only generators.

Proof. Suppose first that G = (g) is finite cyclic of order n and suppose that (k, n) =
1. Then there exist integers x, y such that kx + ny = 1. It follows then that

g=g' =gt =g = (M ("’
But ¢g” = 150 (g")” = 1 and therefore
g =(g".

Therefore g is a power of gk and hence every power of g is also a power of g. The
whole group g then consists of powers of g% and hence g* is a generator for G.

Conversely, suppose that gX is also a generator for G. Then there exists a power
x such that g = (g¥)* = g"*. Hence kx = 1 mod n and so k is a unit mod n, which
implies from the last section that (k, n) = 1.

Suppose next that G = (g) is infinite cyclic. Then there is no power of g that is
the identity. Suppose g* is also a generator with k > 1. Then there exists a power x

such that g = (gk)* = g**. But this implies that g&*~! = 1, contradicting that no
power of g is the identity. Hence k = 1. O
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Recall that ¢ (n) is the number of positive integers less than n that are relatively
prime to n. This is then the number of generators of a cyclic group of order n.

Corollary 2.4.5.1. Let G be a finite cyclic group of order n. Then there are ¢ (n)
generators for G.

By Lagrange’s theorem (Theorem 2.4.4.1), for any finite group the order of a
subgroup divides the order of a group, that is if |G| = n and |H| = d with H a
subgroup of G then d|n. However, the converse in general is not true, that is, if
|G| = n and d|n there need not be a subgroup of order d. Further, if there is a
subgroup of order d there may or may not be other subgroups of order d. For a
finite cyclic group G of order n, however, there is for each d|n a unique subgroup of
order d.

Theorem 2.4.5.1. Let G be a finite cyclic group of order n. Then for each d|n with
d > 1 there exists a unique subgroup H of order d.

Proof. Let G = (g) and |G| = n. Suppose d|n. Then n = kd. Consider the element
g*. Then (g%)? = gk = g" = 1. Furtherif 0 < t < d then 0 < kt < kd, so kt # 0
mod 7 and hence gK' = (g¥)" # 1. Therefore d is the least power of gk that is the
identity and hence g has order d and generates a cyclic subgroup of order d. We
must show that this is unique.

Suppose H = (g') is another cyclic subgroup of order d (recall that all subgroups
of G are also cyclic). We may assume that 7 > 0 and we show that g’ is a power of
g* and hence the subgroups coincide. The proof is essentially the same as the proof
of Lemma 2.4.5.2.

Since H has order d we have g’¢ = 1, which implies that rd = 0 mod n. Since
n = kd it follows that r > k. Apply the division algorithm:

t=qgk+rwithO<r <k.
Ifr #0then0 <r < kandr =t — gk. Then
r=t—qgk = rd =td — gkd =0 mod n.

Hence n|rd, which is impossible since rd < kd = n. Therefore r = 0 and t = gk.
From this, we obtain

g =g" = (g
Therefore g’ is a power of g€ and H = (g*). O

We now use this result to give an alternative proof of Theorem 2.4.3.2.

Theorem 2.4.5.2. Forn > 1 and ford > 1,

> ¢ =n.

d|n
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Proof. Consider a cyclic group G of order n. For each d|n, d > 1, there is a unique
cyclic subgroup H of order d. Then H has ¢(d) generators. Each element in G
generates its own cyclic subgroup Hj, say of order d, and hence must be included in
the ¢ (d) generators of Hj. Therefore

Z ¢ (d) = sum of the numbers of generators of the cyclic subgroups of G.
dln

But this must be the whole group and hence this sum is 7. O

2.5 The Solution of Polynomial Congruences Modulo m

We are interested in solving polynomial congruences mod 7, that is, solving
polynomial equations

f(x) =0mod m,

where f(x) is a nonzero polynomial with coefficients in Z,,, the ring of integers
modulo m. Typical examples are

4x>+3x —2=0mod 12 and 4x +5=0mod7.

Of course, the solution of such congruences is given in terms of residue classes, for
if x = y mod m then f(x) = f(y) mod m. Hence if x is a solution to a polynomial
congruence then so is every integer congruent to it modulo m.

As has been our general procedure, we will reduce the solution of polynomial
congruences to the solution modulo primes and then try to paste general solutions
back together via the fundamental theorem of arithmetic. Suppose then that m has
the prime factorization m = pf] pgz e pzk and that x is a solution of f(x) = 0 mod
m. Then xq is also a solution of f(x) = 0 mod pfi fori =1, ..., k. Then for each
i=1,...,kthereis ay; with xo = y; mod pf" . Conversely, suppose we are given
y; with f(y;) = 0 mod pfi fori =1, ..., k. Then there is a technique based on what
is called the Chinese remainder theorem, which we will discuss shortly, to piece
these y; together to get a solution xg of f(x) = 0 mod m.

As a first step we will describe the solution of linear congruences and the Chinese
remainder theorem and then move on to higher-degree congruences.

2.5.1 Linear Congruences and the Chinese Remainder Theorem

A linear congruence is of the form ax 4+ b = 0 mod m, where a 7% 0 mod m. In this
section we will consider solutions of linear congruences.
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Before proceeding further, we note that solving a polynomial congruence
f(x) =0mod m
is essentially equivalent to solving a polynomial equation

fx)=0

in the modular ring Z,,. The solutions of the congruence are precisely the conguence
classes modulo m. For example, the congruence

2x =4 mod 5

is equivalent to the equation
2x =4

in Zs. The unique solution in Zs is x = 2, so that the solution of the congruence is x =
2 mod 5. We will move freely between the two approaches to solving congruences,
using = for congruence and = for equality in Z,,,

Now we consider the linear congruence ax + b = 0 mod m, where a # 0 mod m.
For m = p a prime, the solution is immediate and it is unique. Since Z, is a field
and a # 0, the element a has an inverse. Therefore the solution in Z, is

x=a"'(=b),
and any solution xo must be of the form x¢ = a! (—=b) mod p.

Example 2.5.1.1. Solve 3x +4 = 0 mod 7.

From the formal field properties the solution is x = 3-1.(—=4). In Z7 we have
—4 = 3 and since 3.5 = 1 mod 7, it follows that 3~! = 5. Therefore the solution is
x=5-3=15=1mod7.

Essentially the same method works if m is not prime but (a, m) = 1. In this case
ais aunit in Z,, and the unique solution is x = a~!(—b). Consider the same equation
as in Example 2.5.1.1 but modulo 8, that is,

3x+4=0mod8 = x =3"""(—4) mod 8

However, modulo 8 we have —4 = 4 and 3~! = 3, so the solutionis x = 4 -3 =
12 = 4 mod 8.

If (a,m) # 1 the situation becomes more complicated. We have the follow-
ing theorem, which describes the solutions and provides a technique for finding all
solutions.

Theorem 2.5.1.1. Consider ax + b = 0 mod m with (a,m) = d > 1. Then the
congruence is solvable if and only if d|b. In this case there are exactly d solutions,
which are given by

t
x=x0+7m, r=0.1,....d—1,

where xq is any solution of the reduced equation
a b m

E.X""E:()modg
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Proof. Letd = (a,m). If x¢ is a solution then b = —axp mod m or, equivalently,
b = —axg + tm for some . Therefore d|b. Hence if d does not divide b, there is no
solution.

Suppose then that d|b. Then (%, %) = 1 and the reduced congruence

a b m
e Z —0mod —
dx—l-d mo p

has a unique solution (rnod %), say xo. But then xq is also a solution mod m of
the original congruence. Any integer x congruent to xo modulo %, and hence of the
form x = xo + ’7’" is also a solution to the reduced congruence. However, only d
of these are incongruent modulo m. It is easy to check that all of x = xo + %’”,
t=0,1,...,d — 1, are incongruent modulo m. O

The problem of solving a linear congruence is then reduced to finding a single
solution of a congruence of the form ax = b mod m with (a, m) = 1. The solution is
then x = a~'b, where a~! is the inverse of @ mod m. As explained in Section 2.4.3,
this can be found using the Euclidean algorithm.

Example 2.5.1.2. Solve 26x + 81 = 0 mod 245.
We apply the Euclidean algorithm both to determine whether (26, 245) = 1 and
if so to find the inverse of 26 mod 245:
245 = (9)(26) + 11,
26 = (2)(11) +4,
1I=2)@4) +3,
4=(1)3) +1.

Therefore (245, 26) = 1. Working backward, we express 1 as a linear combination
of 26 and 245:

l=4-DB)=4-(11-2)@#) =)@ — (H(D)
== (66)(26) — (7)(245).

Hence modulo 245 we have 66 - 26 = 1 and 26~ ! = 66. Therefore the solution is
X = (26_1)(—81) = x = (66)(164) = 10824 = 44 mod 245.

Example 2.5.1.3. Solve 78x + 243 = 0 mod 735.
Using the Euclidean algorithm we find that (78, 735) = 3 and 3|243. The reduced
congruence is
78 243 735

?x 3 OmodT = 26x + 81 = 0 mod 245.

From the previous example, we see that the solution to the reduced congruence
is xo = 44 with d = 3. The solutions mod 735 are then

tm 735t

X0+77 t:O,l,...,d—1:>x:44+T’ t=0,1,2

— x = 44,289, 534 mod 735.
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The methods above provide techniques for solving linear congruences. Systems
of linear congruences are handled by the next result, which is called the Chinese
remainder theorem.

Theorem 2.5.1.2 (Chinese remainder theorem). Suppose that mi, mo, ..., my are
k positive integers that are relatively prime in pairs. If ai, ..., ar are any integers
then the simultaneous congruences

x=aq;modm;, i=1,...,k,
have a common solution that is unique modulo mymy - - - my.

Proof. The proof we give not only provides a verification but also provides a technique
for finding the common solution.

Let m = mymy---mg. Since the m; are relatively prime in pairs we have
(mﬂi, m ,-) = 1. Therefore there is a solution x; to the reduced congruence

m
—x; = 1 mod m;.
mj

Further, for x; we clearly have

—x; =0mod m; ifi # j.
m;

Now let

k
m
X0 = —Xid;.
D,
i=1
We claim that xg is a solution to the simultaneous congruences and that it is unique
modulo m.

Now,

m m
X0 = E —Xxja; = —xjaj mod m;
i=1 "j

since mﬂixi =0modm; ifi # j. It follows then that

m
x0=—xjajmodm; =a; modm;

m

i

since mﬂ/x 7 = 1 modm;j. Therefore x¢ is a common solution. We must prove the
uniqueness part.

If x; is another common solution then x; = xomodm; fori = 1,...,k.
Therefore x; = xg mod m.

We note that if the integers m; are not relatively prime in pairs there may be no
solution to the simultaneous congruences. O
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Example 2.5.1.4. Solve the simultaneous congruences

x = 6 mod 13,
x = 9 mod 45,
x = 12mod 17.

Here mi = 13, my =45, m3 = 17, som = 13 - 45 - 17. We first solve

(17)(45)x = 1 mod 13 = x = 6,
(13)(17)x = 1 mod 45 = x = 11,
(13)(45)x = 1 mod 17 = x = 5.

To see how these solutions are found, let us look at the second one:
(13)(17) = 1mod 45 = 221x =1 mod 45 = 41x = 1 mod 45
since 221 = 41 mod 45. We now use the Euclidean algorithm,

45=1-414+4,41=10-44+1 = 1= (11)(41) — (10)(45)
— 417! = 11 mod 45

Therefore using these solutions, we see that the common solution is

13507 13457 o 134507
=713 45 17

= xp = 27540 4 21879 4 35100 = 84519 = 13 - 45 - 17 mod 9945
= x0 = 4959.

The Chinese remainder theorem can also be used to piece together the solution of
a single linear congruence.

Example 2.5.1.4. Solve 5x + 7 = 0 mod 468.

Now, (468,5) = 1, so the solution is x = 5~ !(=7) mod 468. The prime
decomposition of 468 is 223213. Therefore the solution can be considered as the
simultaneous solution of

x=51(=7)mod2> = x =1mod4,
x=5"(-7)mod3* = x=4mod9,
x=51"=7)mod 13 = x =9 mod 13.

Letting m; = 4, my =9, m3 = 13, and m = 468, as before we first solve

9(U3)x =1mod4 = x =1,
@ (13)x =1mod9 = x =4,
A (9)x =1mod 13 — x =4.
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The common solution is

x0o =AM+ @A3)DE) + D) (9)(9)(4) = 10201 mod 468
= xo = 373.

In the previous sections we noted that for any natural number r, the additive group
of Z,, and the group of units of Z,, are finite abelian groups. As an easy consequence
of the Chinese remainder theorem we have the following result.

Theorem 2.5.1.3. For any natural number m let (Z,,, +) denote the additive group of
Ly and let U (Zy,) be the group of units of Zy,. Letn = ninsy ... ny be a factorization
of n with pairwise relatively prime factors. Then

(Z}’ls +) = (an +) X (anv +) XX (anv +)a
Uz, = U(an) X - X U(an)-

We leave the proof to the exercises.

2.5.2 Higher-Degree Congruences

Now that we have handled linear congruences we turn to the problem of solving
higher degree polynomial congruences

f(x) =0mod m, 2.5.2.1)
where f(x) is a nonconstant integral polynomial of degree k > 1. Suppose that
f(x) =ao+a1x+-~+akxk and g(x) =bo+b1x+-~~+bkxk,

where a; = b; modm fori =1, ..., k. Then f(c) = g(c) mod m for any integer ¢
and hence the roots of f(x) modulo m are the same as those of g(x) modulo m.
Therefore we may assume that in (2.5.2.1) the polynomial f(x) is actually a
polynomial with coefficients in Z,,.

As remarked earlier if m has the prime factorization m = p'fl psz ‘e pzk and xg
is a solution of f(x) = 0 mod m, then xq is also a solution of f(x) = 0 mod pfi
fori = 1,...,k. Then foreachi = 1,...,k there is a y; with xo = y; mod pf’]
Conversely, suppose we are given y; with f(y;) = 0 mod pf" fori =1,..., k. Then
the Chinese remainder theorem can be used to patch these y; together to get a solution
xo of f(x) =0 mod m. Specifically,

k

m
X0=) e

i=1 i

will give a solution where the z; are determined so that “-z; = 1 mod p;".
p.

i
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Example 2.5.2.1. Solve x> + 7x + 4 = 0 mod 33.
Since 33 = 3 - 11 we consider x% + 7x +4 = 0 mod 3 and x% + 7x + 4 mod 11.
First,

X +7x+4=0mod3 = x*+x+1=0mod3 = x =1,

and this is the only solution. Notice that in Z3 we have (x + 22 =x24+x+1. Now
modulo 11 we have

2

W4 Tx44=0 = x?—4dx+4=0 = x—-2)>=0 = x=2

is the only solution. Therefore a solution modulo 33 is given by the solution of the
pair of congruences

x = 1 mod 3,
x =2mod 11.

Now, Ily = 1mod3 = y =2and3y = lmod 1l = y = 4, so by the
Chinese remainder theorem the solution modulo 33 is

x = (1D)2)(1) + 3)(4)(2) = 46 = 13 mod 33.

Hence we have reduced the problem of solving polynomial congruences to the
problem of solving modulo prime powers. From the algorithm using the Chinese
remainder theorem we can further give the total number of solutions. If f(x) is a
polynomial with coefficients in Z,, we let Ny (m) denote the number of solutions of
f(x) = 0 mod m. Then we have the following.

Theorem 2.5.2.1. If m = pi'p5*--- p;* is the prime decomposition of m, then
Nym)=Nr(p' )N (P3) - Ny (pi)-

The simplest case of solving modulo a prime power p® is of course « = 1. Then
we are attempting to find solutions within Z . Recalling thatif p is a prime then Z, is
a field, we can use certain basic properties of equations over fields to further simplify
the problem. First, recalling that in a field a polynomial of degree n can have at most
n distinct roots, we obtain the following theorem.

Theorem 2.5.2.2. The polynomial congruence f(x) = Omod p, p prime, has at
most k solutions if the degree of f(x) is k.

Recall that from Fermat’s theorem, x” = x for any x € Z,. This implies that
every element of Z, is a root of the polynomial x” — x. Suppose that f(x) is
a polynomial of degree higher than p over Z,. Using the division algorithm for
polynomials we then have

J(x) =q)(x? — x) + g(x), where g(x) = 0 or deg(g(x)) < p.

Since every element of Z,, is a solution of x” — x it follows that the solutions of
f(x) = 0 are precisely the solutions of g(x) = 0. Hence we can always reduce a
polynomial congruence modulo p to a congruence of degree less than p.
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Theorem 2.5.2.3. If f(x) has degree higher than p, p prime, then there exists a
polynomial h(x) of degree less than p such that the solutions of f(x) = 0 mod p are
exactly the solutions of h(x) = 0 mod p.

There is no general method to solve a polynomial congruence modulo a prime p.
However, for degree 2 and p an odd prime the quadratic formula holds. First, some
more definitions.

Definition 2.5.2.1. If (a,m) = 1 and x2 = a mod m has a solution then a is called
a quadratic residue mod m. If x> = a mod m has no solution then a is a quadratic
nonresidue.

We will talk more about quadratic residues and nonresidues in the next section.
However, modulo a prime we get something special: x> —a is a quadratic polynomial
and hence in a field it can have at most two solutions. Therefore, we have the
following.

Lemma 2.5.2.1. Given (a, p) = 1 with p a prime, suppose a is a quadratic residue
mod p and xg = amod p. Then —xq is the only other solution and if p is odd, xq
and —xq are distinct.

If a is a quadratic residue mod p, let 4/a denote one of the two solutions to

x? = a mod p. We then obtain the quadratic formula modulo any odd prime.

Theorem 2.5.2.4. If p is an odd prime, then the solutions to the quadratic congruence
ax? + bx + ¢ = 0 mod p with a noncongruent to 0 mod p are given by

_ —b £ v/b% — 4ac
- 2a '

In particular, if b* — 4ac is a quadratic nonresidue mod p then ax* + bx + ¢ =0
has no solutions mod p.

X

Proof. The development of the quadratic formula is dependent solely on the field
properties and so can be carried out purely symbolically in Z,. Suppose

b —
ax>4+bx+c=0. Thenx>+ —x = —c.
a a
Completing the square on the left side in the usual manner gives
2, b N b b
X+ -x+-—=-——--,
a 4a?2 442 a
where % is defined since 4 # 0 and a? # 0 in Zp (since p is odd). Then
< b)z_b2—4ac b Vbr—dac

= — =t
x+2a 2a :>x+2a 2a

where the square root has the meaning described above. Finally,

_ —b+b?—4ac
=

X
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Example 2.5.2.2. Solve 3x? 4+ 5x 4+ 1 = 0 mod 7.
First we divide through by 3. Since 3-5 = 1in Z;l, 31 =5 and so

32 +5x4+1=0 = x2+25x+5=0 = x> +4x+5=0.

Applying the quadratic formula

42 J16—4(DB) 3+v/—4 3£.3
B 2 22

X

Now 3 is a quadratic nonresidue mod 7, so the original congruence has no solutions
modulo 7.

For prime-power moduli p* with o > 1 the general idea is to first find solutions
mod p, if possible, and then move, using the found solutions, iteratively to solutions
mod p?, then solutions mod p3, and so on. There is an algorithm to handle this
iterative procedure. We will not discuss this, but refer the reader to [NZ] or [N] for
more on this topic.

2.6 Quadratic Reciprocity

We close this chapter on basic number theory with a discussion of a famous result
due originally to Gauss, called the law of quadratic reciprocity. There are now
dozens of proofs of this result in print, and the result has far ranging implications
well beyond what might be expected. Further, there are generalizations to algebraic
number theory as well as applications to problems involving sums of squares.

Recall from the last section that if x2 = a mod n has a solution, then a is called
a quadratic residue mod n. If n = p, an odd prime, then there are exactly two
solutions mod p. Suppose that p, g are distinct odd primes. Then p might be, or
might not be, a quadratic residue mod ¢. Similarly, ¢ might be, or might not be,
a quadratic residue mod p. At first glance there might seem to be no relationship
between these two questions. Gauss proved that there is a quite strong relationship,
and this is the quadratic reciprocity law. In particular, if either of p or g is congruent
to 1 mod 4, then either both of x> = p mod g and x> = ¢ mod p are solvable or
neither is. If both p and g are congruent to 3 mod 4 then one is solvable and the
other isn’t. Before we state the theorem precisely we introduce some terminology
and machinery.

First we give a criterion for an integer to be a quadratic residue modulo an odd
prime.

Lemma 2.6.1. If p is an odd prime and (a, p) = 1, then a is a quadratic residue

n—1 —1
mod p if and only ifalT = 1 mod p. If a is a quadratic nonresidue, then a7t =
—1 mod p.

Proof. Suppose (a, p) = 1. We do the computations in the field Z,. Since a # 0,
from Fermat’s theorem we have a?~! = 1inZ p- Thisimplies that (a B 1) (a by +
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1) = 0inZ. Since Z, is a field it has no zero divisors, and this implies that either
n—1 -1 -1 -1
a7 =1lora’T = —1. Hence eithera' 7 = 1 mod p or T = —1mod p. We

show that in the former case and only in the former case is a a quadratic residue.
Suppose that x> = a has a solution, say x, in Z p- Then

p=1 p=1 _
a'T =T =x=1

p—1

= —1 there can be no solution.

It follows further that if a 2 1
-1

Conversely, suppose a 2~ = 1. Since the multiplicative group of Z, is cyclic

(see the last section) it follows that there is a g € Z, that generates this cyclic group,
tp=1)

and a = g’ for some 7. Hence g~ 2 = 1. However, the order of the multiplicative
group of Z, is p — 1, and this implies that

t(p—1

w =0mod p — 1.

2
Therefore t must be even: r = 2k. Hence a = g2 = (g%)? and there is a solution to
2

X =a. O

To express the quadratic reciprocity law in a succint manner we introduce the
Legendre symbol.

Definition 2.6.1. If p is an odd prime and (a, p) = 1, then the Legendre symbol
(a/p) is defined by

(1) (a/p) = 1 ifa is a quadratic residue mod p,
(2) (a/p) = —1 if a is a quadratic nonresidue mod p.

Thus the value of the Legendre symbol distinguishes quadratic residues from
quadratic nonresidues. The next lemma establishes the basic properties of (a/p).

Lemma 2.6.2. If p is an odd prime and (a, p) = (b, p) = 1, then

(1) @®/p) =1,

(2) ifa = b mod p, then (a/p) = (b/p),
3) (a/p) = a"T mod p,

4) (ab/p) = (a/p)(b/p).

Proof. Parts (1) and (2) are immediate from the definition of the Legendre symbol.
Part (3) is a direct consequence of Lemma 2.6.1.

To see part (4) notice that (ab)% = a%b%l and use part (3). O

From part (4) of this last lemma we see that to compute (a/p) we can use the
prime factorization of @ and then restrict to (¢ / p), where ¢ is a prime distinct from p.
The quadratic reciprocity law will allow us to compute (g/p) for odd primes g and
we will give a separate result for (2/p). After proving the quadratic reciprocity law
we will give examples of how to do this. We now give the theorem.
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Theorem 2.6.1 (law of quadratic reciprocity). If p, g are distinct odd primes, then

—1

(wia)a/p) =~

Alternatively, if p, q are distinct odd primes, then we have the following:
(1) If at least one of p, q is congruent to 1 mod 4, then

2

xzzqmodp and x° = pmodgq

are either both solvable or both unsolvable.
(2) If both p and q are congruent to 3 mod 4, then one of

2

xzzqmodp and x“ = p modgq

is solvable and the other is unsolvable.

Proof. The proof we give is based on two lemmas due to Gauss and then a nice
geometric argument due to Eisenstein.

Let p, g be distinct odd primes and set 7 = pr1. Consider the set
R={-h,...,-2,-1,1,2,...,h}.

This is a reduced residue system mod p and hence every integer a relatively prime
to p, that is, with (a, p) = 1, is congruent to exactly one element of R. Let

S=1{q,2q,...,hq}.

Since (p, g) = 1 any two elements of § are incongruent mod p and therefore each
element of S is congruent to exactly one element of R. We first need the following
lemma. O

Lemma 2.6.3. If n is the number of elements of S congruent mod p to negative
elements of R, then (q/p) = (—1)".

Proof of Lemma 2.6.3. Supposeay, ..., a, are the negative elements of R congruent
to elements of S and by, ..., by, with m +n = h are the positive elements congruent
to the remaining elements of S. The product of the elements of S is h!g", so

h!qh =ay---ayby---by mod p.

Since any two elements of S are incongruent modulo p, we cannot have
—a; = bj for some i, j, for if so, then a; + b; = 0 = mqg + nqg mod p, which
would imply that p|(m + n)g, which is impossible since m,n < pT_l. Therefore
—ai, ..., —an, by, ..., by give h distinct positive integers all less than or equal to .
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Hence
{—ay,...,—a,,b1,....,by} ={1,...,h}.

It follows that
(=1)"ay ---apby by =h! = (=1)"hlg" = h! mod p.
However, (h!, p) = 1, so then
(-1)'¢"=1mod p = ¢" = quil = (—1)" mod p.
From Lemma 2.6.2, we have

(q/p) Eq%l mod p = (¢/p) = (—1)" mod p.

We are now going to calculate (¢ / p) in a different way. Let [x] denote the greatest
integer less than or equal to x. Notice thatifa, b € Zanda = gb+r withO <r < b
then [%] =gandsoa = [%]b + r. Consider now the sum

ho.
lq
w=y|2].
i=1 p
called a Gauss sum. The next lemma ties this Gauss sum to (g/p). O

Lemma 2.6.4. Let p, g be distinct odd primes and let M be defined as above. Then
(/p)=(=D".

Proof of Lemma 2.6.4. As explained above, for each i we have
o= 5]
ig=|—|p+r, O<ri<p.
p

Let R be as in Lemma 2.6.3. If ig is congruent to a negative element a; of R, then
ri = p + a;, while if iq is congruent to a positive element b;, then r; = b;. Then

h h . n m
Sig=p). [ﬂ +3 @+ p)+ Y b
i=1 i=1 i=1 i=1

Further,

i .
8

i=1

Let P = %, and plugging back into our sum over {iq}, we get

h n m
Ziq:Pq:pM +np+Za,-+Zb,-.
i=1 i=1 i=1
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However, as we saw in the proof of Lemma 2.6.3,
n m
{—ar.....—awbr.....bpy}={1.....h} = =Y aj+» bi=P.
i=1 i=1
Then

n n
Pq =pM —|—np+P~|—22ai = P(q—l):(M—I—n)p—i—ZZa,-.

i=1 i=1
Since g is odd ¢ — 1 = 0 mod 2, if we take the last sum mod 2, we get that
M +n =0mod?2,

which implies that M, n are both even or both odd. It follows that (=DM = (=)™
From Lemma 2.6.3 we have (¢/p) = (—1)" and hence (¢/p) = (—1)™, proving the

second lemma.

We now interchange the roles of p and g. Let k = % and let N be the Gauss

sum for ¢,
k .
N=Y [?} .
i -4
Therefore from Lemma 2.6.4 applied to g we have (p/q) = (—1)". Hence

(»/D@q/p) = (=DM (DN = (—HMFN,

We will show that

. _ p—1 qg—1
M+N—hk_<—2 )(—2 ) 2.6.1)

which will prove the quadratic reciprocity law.
To prove (2.6.1) we will use a lovely geometric argument. Consider the lattice
points (points with integer coordinates) within the rectangle with corners at

00.(20).(2.4).(09)

as pictured in Figure 2.6.1.

Let T be the total number of lattice points within the rectangle. We will compute
T in two different ways. First notice that T = hk since [§] = h and [£] = k.

Now consider the number below the diagonal. Since the equation of the diagonal
isy = L there are no lattice points on the diagonal. For an integer i, the vertical

line x = i hits the diagonal at the point (i, %i) and hence the number of lattice points
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y
(0A/2) (P/27 (1/2)
y=(plg)x
(@, ig/p)
0,0) i (p12,0) "
Figure 2.6.1.

along the line x = i and below the diagonal is [%q]. It follows that the total number
of lattice points below the diagonal is

g[iﬁ]} =M.

An analogous argument shows that the total number of lattice points above the
diagonal is N. Therefore T = M + N. Hence

M + N = hk,
and the quadratic reciprocity law is proved. O
Before giving some examples we note that by modifying slightly the proof of

Lemma 2.6.3, we get the following which allows us to compute (2/p) for any odd
prime p.

2
Lemma 2.6.5. If p is an odd prime, then (2/p) = (—l)pTl.

Proof. Although we assumed that ¢ was an odd prime in both Lemmas 2.6.3 and
2.6.4, the construction of the sets R and S and the Gauss sum M required only that
(g, p) = 1. Now let ¢ = 2. Then from the definition of the Gauss sum, M = 0.

2_
Hence 21 = n'mod p. Then (2/p) = (—1)" = (—1)*%". o

With the quadratic reciprocity law and Lemma 2.6.5 it is relatively easy to compute
(a/p) for any a.

Example 2.6.1. Determine (870/7).
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The prime factorization of 870is 870 =2 -3 -5-29. Then

®870/7) = 2/D(3/D(5/T)29/T).

First,
-1 6

Q=8 =D’ =1,

(3/7) = —(7/3) since both are congruent to 3 mod 4,

@/3)=1/3))=1 = 3/7) =-1,

(5/7) = (7/5) since 5 = 1 mod 4,

(7/5) = 2/5) = (=DF =~1 = (5/7) = 1.
Finally,

29/7) = (1/7) = 1.

Putting these all together, we obtain

®870/7) = 2/DB/DHG/NDR2I/T) = (D(=D(=D() =1,

and hence 870 is a quadratic residue mod 7.
This was just an illustration. For a small prime like 7 it would be easier to reduce
mod 7 and do it directly:

870 =2mod 7 = (870/7) = (2/7) = 1.

EXERCISES

2.1. Verify that the following are rings. Indicate which are commutative and which
have identities. Which are integral domains?
(a) The set of rational numbers.
(b) The set of continuous functions on a closed interval [a, b] under ordinary
addition and multiplication of functions.
(c) The set of 2 x 2 matrices with integral entries.
(d) The setnZ consisting of all integers that are multiples of the fixed integer n.

2.2. (a) Show that in an ordered ring squares must be positive. Conclude that in

an ordered ring with identity the multiplicative identity must be positive.

(b) Show that the complex numbers under the ordinary operations cannot be
ordered.

2.3. Show that any ordered ring must be infinite. (Hint: Suppose a > 0. Then
a—+a > 0,a+a+ a > 0and continue).

2.4. Prove by induction that there are 2" subsets of a finite set with n elements.
2.5. Provethat 12 4+22+ ... 4+n? = —"(”+1)6,(2n+1).
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2.6.

2.7.
2.8.

2.9.

2.10.
2.11.

2.12.
2.13.

2.14.

2.15.

2.16.

2 Basic Number Theory

Let R be an ordered integral domain that satisfies the inductive property. Prove
that R is isomorphic to Z.

(Hint: Let 1 be the multiplicative identity in R. Define 2 -1 = 1+ 1 and
inductivelyn - 1 = (n — 1) - 1 + 1 in R. Define

R={n-1eR;nel)

andlet f : Z — Rby f(n) =n-1. Show first that f is an isomorphism from
Z to R. Then use the inductive property in R to show that R is all of R.)

Prove the remaining parts of Theorem 2.2.1.

Find the GCD and LCM of the following pairs of integers and then express the
GCD as a linear combination:

(a) 78 and 30.

(b) 175 and 35.

(c) 380 and 127.

Prove that if a = gb + r then (a, b) = (b, r).
Prove that if d = (a, b) then § and 3 are relatively prime.

Show that if (a, b) = ¢ then (a2, b%) = ¢2. (Hint: The easiest method is to use
the fundamental theorem of arithmetic.)

Redo Exercise 2.8 using the prime decomposition of each integer.

Show that an integer is divisible by 3 if and only if the sum of its digits (in
decimal expansion) is divisible by 3. (Hint: Write out the decimal expansion
and take everything modulo 3.)

Let F be a field and let F[x] denote the ring of polynomials over F. Prove
that if f(x), g(x) € F[x] with g(x) # 0, then there exist unique polynomials
q(x),r(x) € F[x] such that

fx) =qgx)gx) +rx), r(x) =0or deg(r(x)) < deg(g(x)).

This is the division algorithm for polynomials. (Hint: Model the proof on the
proof for the integers.)

Suppose p(x) is a polynomial over F and p(r) = 0. Show that p(x) =
(x — r)h(x), where h(x) is another polynomial of degree one less than that of
p(x). (Use the division algorithm.)

Let g(x), f(x) € F[x]. Then their greatest common divisor or GCD is the
monic polynomial d (x) (leading coefficient 1) such that d (x) divides both f(x)
and g(x) and if d; (x) is any other common divisor of g(x) and f(x), then d;(x)
divides d(x). Show that the GCD of two polynomials exists and is the monic
polynomial of least degree that can be expressed as a linear combination of
f(x) and g(x). That is,

d(x) = h(x) f(x) + k(x)g(x)

and d(x) has the least degree of any linear combination of this form. (Hint:
again model the proof on the proof for the integers.)



2.17.

2.18.

2.19.

2.20.

2.21.

2.22.

2.23.

2.24.

2.25.

2.26.

2.27.

2.28.
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Prove Euclid’s lemma for polynomials, that is, if d(x) divides f(x)g(x) and
(d(x), g(x)) = 1 then d(x) divides f(x).

A polynomial p(x) of positive degree over a field F is a prime polynomial or
irreducible polynomial if it cannot be expressed as a product of two poly-
nomials of positive degree over F. Prove: Any nonconstant polynomial
f(x) € F[x] where F is a field can be decomposed as a product of prime
polynomials. Further, this decomposition is unique except for ordering and
unit factors. This is the unique factorization theorem for polynomial rings
over fields. (Hint: Again model the proof on the proof of the fundamental
theorem of arithmetic.)

Suppose p(x) is a polynomial over F and the degree of p(x) is n. Prove that
p(x) can have at most n distinct roots over F'.

Mimic the results in Exercises 2.14-2.18 for general Euclidean domains (see
the definition in Section 2.3) and then use this to prove Theorem 2.3.6.

Show that the Gaussian integers Z[i] are a Euclidean domain with
N(a + bi) = a® + b%. This shows that the Gaussian integers are a unique
factorization domain.

Prove part (c) of Lemma 2.4.2.1: If a = b mod n and ¢ = d mod n, then
ac = bd mod n.

Verify the remaining ring properties to show that for any positive integer n, Z,
is a commutative ring with identity.

Find the multiplicative inverse if it exists of

(a) 131in Z47;

(b) 17 in Zzz;

(C) 6in Z3().

Solve the linear congruences

(a) 4x +6 =2inZy;

() 5x +9 =12 in Zyy;

(¢) 3x + 18 = 27 in Zg4o;

Find ¢ (n) for

(@ n=17,

(b) n =526;

(c) n=138.

Determine the units and write down the group table for the unit group U (Z,,) for
(@) Zo;

(b) Zog.

Verify Theorem 2.4.3.2 for

(a) n=26;

(b) n=288.
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2.29.

2.30.

2.31.

2.32.

2.33.
2.34.

2.35.
2.36.
2.37.
2.38.

2.39.

2 Basic Number Theory

Prove Theorem 2.5.1.3, that is, for any natural number m let (Z,,, +) denote
the additive group of Z,, and let U(Z,,) be the group of units of Z,,. Let
n = niny - - - ng be a factorization of n with pairwise relatively prime factors.
Then

(Zm +) = (anv +) X (ana +) X X (ana +)7
U(Zy) = U(Zy)) X - X U(Zn,).

Prove that if an integer is congruent to 2 modulo 3 then it must have a prime
factor congruent to 2 modulo 3.

Prove that if p is an odd prime then there exist positive integers x, y such that
p=x>—y%

Prove that if bc is a perfect square for integers b, ¢ and (b, ¢) = 1, then both b
and c are perfect squares.

Determine a primitive root modulo 11.

We outline a proof of Theorem 2.4.4.6: An integer n will have a primitive root
modulo # if and only if
n=24,p"2p",

where p is an odd prime.

(a) Show thatif (m, n) = 1 withm > 2, n > 2, then there is no primitive root
modulo mn.

(b) Show that there is no primitive root modulo 2k for k > 2.

(c) Prove: If p is an odd prime then there exists a primitive root ¢ mod p such
that a?~! is not congruent to 1 modulo p2. (Hint: Let a be a primitive
root mod p. Then a + p is also a primitive root. Show that either a or
(a + p) satisfies the result.)

(d) Prove: There exists a primitive root modulo pk for any k > 2. (Hint: Let
a be the primitive root mod p from part (c). Then this is a primitive root
mod pk forany k > 2.)

(e) Prove: If a is a primitive root mod pk, then if @ is odd, a is also a primitive
root mod 2p¥. If a is even then a + p is a primitive root modulo 2 p*.

Use the primality test based on Fermat’s theorem to show that 1051 is not prime.
If m > 2 show that ¢ (m) is even.

Prove that ¢ (n?) = n¢ (n) for any positive integer n.

Prove that if n > 2 then

Z = n¢2(n)'

(m,n)=1,0<m<n

Prove that if n has k distinct odd factors, then 2%|¢ (n).
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The Infinitude of Primes

3.1 The Infinitude of Primes

The two most striking characteristics of the sequence of primes is that there are many
of them but that their density is rather slim. From Euclid’s theorem (Theorem 2.3.1)
there are infinitely many primes; in fact, there are infinitely many in any nontrivial
arithmetic sequence of integers. This latter fact was proved by Dirichlet and is
known as Dirichlet’s theorem. As mentioned before, if x is a natural number and
7 (x) represents the number of primes less than or equal to x, then asymptotically this
function behaves like the function 7. This result is known as the prime number
theorem. Besides being a startling result, the proof of the prime number theorem,
done independently by Hadamard and de la Vallée Poussin, became the genesis for
analytic number theory. In this chapter we will discuss various aspects of the infinitude
of primes. The prime number theorem will be introduced in the next chapter.

As a starting point we will give an array of proofs of the infinitude of primes:
some are direct, some involve analysis, and some come from quite different directions.
Hopefully, seeing these proofs will both shed some light on the nature of the sequence
of primes and at the same time show the complexity of this rather straightforward
result. Included among these will be several simple cases of Dirichlet’s theorem,
which we will prove in its entirety in Section 3.3.

3.1.1 Some Direct Proofs and Variations

The purpose of this chapter is to present a wide array of proofs that the set of primes is
infinite. Each of these other proofs will shed further light on the nature of the primes
and the nature of the integers. We first restate the basic theorem that was given in the
last chapter as Theorem 2.3.1.

Theorem 3.1.1. There are infinitely many primes.

In the last chapter we gave two proofs of this result, the first of which goes back
to Euclid. Recall that Euclid’s argument went like this: suppose that there are only
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finitely many primes p1, ..., p,. Each of these is positive so we can form the positive
integer

N=pip2---pa+ 1L

Since N has a prime decomposition, in particular there is a prime p that divides N.
Then

plpip2-- pn+ 1L

Since the only primes are assumed to be p1, pa, ..., pu, it follows that p = p; for
somei =1,...,n. Butthen p|p1p>--- pi--- pn, so p cannot divide p; --- p, + 1,
which is a contradiction. Therefore p is not one of the given primes, showing that the
list of primes must be endless. Notice that in this argument we could just as easily
have worked with N = py--- p, — 1.

We also presented the following variation of Euclid’s argument. Again suppose
that there are only finitely many primes py, ..., p,. Certainly n > 2. Let P =
{p1,..., pn}. Divide P into two disjoint nonempty subsets Pi, P,. Now consider
the number m = g1 + g2, where g; is the product of all the primes from P; and ¢ is
the product of all the primes from P,. Let p be a prime divisor of m. Since p € P
it follows that p divides either g; or ¢g> but not both. But then p does not divide m,
giving a contradiction. Therefore p is not one of the given primes, and the number
of primes must be infinite.

We now give some further variations of Euclid’s basic proof. None of these proofs
uses analysis. In the next section we prove Theorem 3.1.1 with some analytic ideas.
These are precursors to both the proof of the prime number theorem and the proof of
Dirichlet’s theorem.

Proof 1a (using factorials). Again suppose that p1, ..., p, are the only primes and
let N = pp--- py. Certainly p; < N for each i. Let g be the smallest prime divisor
of N!+1. Ifg < N then ¢ certainly divides N!, so ¢ cannot divide N!+ 1. Therefore
g > N and hence ¢ > p; fori = 1,...,n. Hence ¢ is not one of the p; and the
sequence of primes is infinite.

Notice that the fact that the smallest prime divisor of N! + 1 is greater than N
did not depend on N being a product of primes. Hence this proof can be varied as
follows. O

Proof 1b (again using factorials). Foreachn > 1letg,, be the smallest prime divisor
of n! 4+ 1. Exactly as in the previous proof we must have g, > n and hence there
cannot be finitely many primes. O

We get another simple variation using the sum »_ » % and assuming that the set
of primes is finite. In the next section we show that this sum actually diverges, which
also shows that the primes are infinite. More importantly, it shows that the density of
primes is not too thin. We will return to this idea shortly.
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Proof 2 (using sums). As before, suppose that py, ..., p, are the only primes and
let N = py--- pn. Set
n n
1 N
a= —, sothataN:Z—.
i=1 P i=1 Pi

Now, aN is an integer so it has a prime divisor, which by assumption must be some
pj- Then pjlaN and p; g fori # j. Since N is a sum it follows that pj|%, which
E J
is a contradiction. O
The next proof involves the use of the Euler phi function. Recall from Section 2.5
that for a positive integer n,

¢ (n) = number of positive integers x < n with (x,n) = 1.
For a prime p we have ¢ (p) = p — 1 and if (a, b) = 1 then ¢ (a, b) = ¢p(a)¢p (b).

Proof 3 (using the Euler phi function). Suppose that py, ..., p, are the only primes
and let N = py --- p,. Notice thatif p; > 2then ¢(p;) = pi — 1 > 1.

If 1 < n < N thenn must have a prime divisor, say p;, and hence p; is acommon
divisor of n and N. It follows that (n, N) # 1, thatis, n and N are not relatively
prime. By definition, then, we must have ¢ (N) = 1. On the other hand,

dN)=¢(p1--pn) =¢(p1) - ¢(p2)---¢(Pn) =(p1 — -+~ (pn — 1) > 1,
a contradiction. O

The final proof of this first section is somewhat different from the others and
involves integral polynomials. Let Z[x] denote the set of polynomials with integral
coefficients and let Ng = N U {0}.

Lemma 3.1.1. For each nonconstant polynomial f(x) € Z[x], the set of prime divi-
sors of the integers {f (k); k € No} is infinite. In particular, the total number of
primes is infinite.

Proof. Suppose that
fx)=ap+aix+---+apx"

and assume that for the set { f (k); k € Np} the number of prime divisors that occur
for some f (k) is finite. Let U = {py, ..., pn} be this set of prime divisors and let
D = py --- p,. Without loss of generality, suppose ag 7 0. Choose an integer ¢ such
that p! does not divide f(0) = ap for any i. Since the p; are the only primes we must
have ag|D?, that is, D' = agb for some b € Z. For k > 1 we have

m m
f(kD2t)=Zajij2’j+ao=ao Zajkjsza§]71+1 =M.
j=1 j=1
For k large enough the integer M must have a prime divisor p that does not divide
aob and hence p ¢ U, a contradiction. m}
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3.1.2 Some Analytic Proofs and Variations

Both the proof of the prime number theorem and the proof of Dirichlet’s theorem
depend heavily on the use of analysis, both real and complex. The introduction of
analytic methods into number theory can be traced back basically to the following
two results of Euler, which also imply that the sequence of primes is infinite.

Theorem 3.1.2.1. The sum ) _ p prime % diverges. Inparticular, the sequence of primes

is infinite.
Proof. Clearly, if the series ) p prime % diverges, then there must be infinitely many
primes, for otherwise this would be a finite sum.

We present two proofs that this sum diverges. The first is direct, while the second
introduces the Riemann zeta function, which will be crucial in investigations of the
density of primes.

Let p1, ..., pk, ... be the sequence of primes in increasing order, which at this
point may or may not be infinite. We first need the following fact.

Lemma 3.1.2.1. If py, ..., pk, - . . is the sequence of primes in increasing order then
pn <227 foralln and py <2 foralln > 1.

Proof of the lemma. By induction: p; = 2 < 2! so the assertion is true for n = 1.

Further, no other prime is even, so py # 22 ifk > 1. Suppose then that p; < 22!
and consider pgy1. Now, as in Euclid’s proof of the infinitude of primes, K =
p1 -+ pr + 1 must have a prime divisor that is not one of py, ..., pr. Hence

Disl <K = pro-pet1 <2222 027 1y 202
Therefore the assumption is true for all n by induction. O
Now we continue the proof of Theorem 3.1.2.1. Assume that
s 1o i L
p prime P - i Pi
converges. Note that we are not assuming here that there are infinitely many primes.

If there are only finitely many then this is a finite sum. Since the series converges
and the p; are increasing ,there must be an N such that

Fix this value N and let Qx(x) for any natural number x be the number of
positive integers less than or equal to x that are not divisible by any of the primes
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PN+1, PN+2, - ... For a given prime p the number of integers n < x and divisible
by p is smaller than %. It follows then that for any integer x,

X

+

+... < i,
PN+1  DN+2 2

x—0nx) <

since we assumed that
o0

1 1
> <3
i=n+1 P
Therefore % < Qn(x). On the other hand, if n < x and #n is not divisible by any of
PN+1, PN+2, ... thenn = n%m where m is square-free. Hence m = 2¢13¢2. .. pf\?’,

where each ¢; = 0 or 1. Hence there are at most 2%V choices for m. Further, there are
at most /x choices for n1. It follows then that

X
5 < On(x) <2V x.
Since N is fixed this, is a contradiction for x large enough and hence ) p prime %

diverges. O

We now give a second proof of Theorem 3.1.2.1 which introduces the ideas of
the Riemann zeta function and Euler products, which are fundamental in some of our
further discussions.

Proof of Theorem 3.1.2.1. For a real variable s > 1 we define the Riemann zeta
function by
o0

1
{(s) = pre
n=1
From the classical p-series test this will converge if s > 1 and hence will define a
function. When we discuss the prime number theorem in the next chapter we will
extend this function to complex variables. Since Y oo, }l diverges, it follows that as
s — 17 the sum ¢ (s) will diverge. From the fundamental theorem of arithmetic each
n can be expressed as a product of primes, and hence the zeta function can be written

as the following product:

t =[] (1+%+%+~-->.

p prime
However, the geometric series converges, so that

1 1 1 1
1+E+F+F+'“=—l_p P

Therefore .
e =[] (—1 _ p_s> .
p prime
These last two products are called Euler products after Euler, who first used them in
his investigations.
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Now if the sequence of primes were finite, then the Euler product would be a
finite number and hence ¢ (s) would always converge. However, as we pointed out,
£ (s) diverges as s — 17 and hence the sequence of primes is infinite.

To prove Theorem 3.1.2.1 consider the inequality

1 2 x" > X
1 = — n_
n<1—x> Zn <’;x 1—x’

n=1

which holds if 0 < x < 1 (see the exercises). It follows that for 0 < x < %

1
ln( ><2x.
1—x

Then using the Euler product representation of ¢ (s) and taking logarithms, we obtain

1
()= Y ln<l—%> <2 ) p

p prime p prime

1 - -1
If >, prime 7 Were convergent, then we would have 23 p™* <23, p~ forall
s > 1 and it would follow that ¢ (s) would not diverge as s — 17, a contradiction.
Therefore the sum diverges. O

Notice that this result actually infers that the density of the sequence of primes is
not too thin. For example, they are, in a sense, denser than the sequence of squares
{1,4,9,16,...}. Recall that ZZO:I n]—z converges by the p-series test, whereas we

have just proved that ) » % diverges.
The final results in this section give lower bounds on 7 (x), the number of primes
less than or equal to x. These lower bounds further imply the infinitude of primes.

Theorem 3.1.2.2. For any natural number x > 2 we have
7(x) > Inlnx.

Proof. Let p1, ..., pk, ... bethe sequence of primes in increasing order. Recall that
Pn < 22"_1 for all n > 1. For a given x, choose k such that

22](71 <x< 22k.
Therefore, since py < 22k_1 , we have
k< 71(22k_1) < m(x).
From x < 22° < ¢¢ it follows that

Inlnx < k < w(x). O
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Using the fundamental theorem of arithmetic, we can arrive at a separate but
similar lower bound.

Theorem 3.1.2.3. For any natural number x > 21, we have

Inx

x> 2Inlnx’

Proof. For fixed x let p; run over all the primes less than or equal to x. Then from the
fundamental theorem of arithmetic, the number of integral solutions to the inequality

s =
i

for e; > 0 1is precisely x. On the other hand, the number of solutions is the product

of the number of choices for each ¢;. Since for a solution pfi < x we have

Inx Inx 5
<l+-— < (nx)
In p; In2

e <1+

for x > 20, it follows that

x < l_[ (1 + In x ) < ((lnx)z)n(x),
Di

In Di

Inx
O

which implies that 7 (x) > .
2Inlnx

Corollary 3.1.2.1. 7(x) — 00 as x — o0o. In particular, the sequence of primes is
infinite.

Proof. From Theorem 3.1.2.2 we have (x) > Inlnx for x > 2. The latter sequence
becomes infinite with x. Similarly, from Theorem 3.1.2.3 we have 7 (x) > %
for x > 21, and this latter sequence also becomes infinite with x. O

3.1.3 The Fermat and Mersenne Numbers

In the next several subsections we will examine primes in relation to certain special
sequences of integers. Although not directly related to it, this path will lead ultimately
to Dirichlet’s theorem.

The first such sequence we consider is called the set of Fermat numbers.

Definition 3.1.3.1. The Fermat numbers are the sequence (Fy,) of positive integers
defined by
F,=2"41, n=1,23,....

If a particular Fy, is prime, it is called a Fermat prime.
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Fermat conjectured that all the the numbers in this sequence were primes. In
fact, F1, F», F3, F4 are all prime, but F5 is composite and divisible by 641 (see
the exercises). It is still an open question whether there are infinitely many Fermat
primes. It has been conjectured that there are only finitely many. On the other hand,
if a number of the form 2”7 + 1 is a prime for some integer n, then it must be a Fermat
prime.

Theorem 3.1.3.1. Ifa > 2 and a” + 1 is a prime, then a is even and n = 2™ for some
nonnegative integer m. In particular, if p = 2K + 1 is a prime then k = 2" for some
n, and p is a Fermat prime.

Proof. If a is odd then a” 4 1 is even and hence not a prime. Suppose then that a is
even and n = k[ with k odd and k > 3. Then

kl 1
N (S VN (-
a+1

Therefore a’ + 1 divides ak! + 1if k > 3. Hence if " + 1 is a prime, we must have
n=2" O

We now use the Fermat numbers to get another proof of the infinitude of primes.
We first need the following.

Lemma 3.1.3.1. Let (F,) be the sequence of Fermat numbers. Then if m # n we
have (F,, F,,) = 1.

Proof. Suppose that n > m and suppose that d|F;,, d|F;,. Then
F,—2 2% -1

_ _ 22m on—m__1 . 22m on—m_1o L 1.
== @) ") +
Therefore F,|F,, — 2 and hence d|F,, — 2. Since d| F,, it follows that d|2. Butd # 2
since both F,, and F,, are odd. O

This now yields another proof of the infinitude of primes. Since the members of
the infinite sequence (F},) are pairwise coprime and each F, must have at least one
prime divisor, it follows directly that the number of primes must be infinite.

We can also get the following variation of this method. Suppose a € N. Define
the sequence A, = a% + 1. Then it can be proved that (see the exercises)

(D Ifn > m > 1thena?" + 1|a®" — 1.

2)(A,, Ay) =1lifaisevenand (A,, A,;) = 2 if a is odd.

Then the same proof as used with the Fermat numbers goes through. In fact, any
infinite integer sequence (a,) with (a;,a;) = 1 fori # j will yield a similar proof.
As an example start with (m, n) = 1 and let ag = m + n. Then define inductively

2
a1 = aj, —mag +m.

Then it can be proved that (a;, aj) = 1if i # j, and this sequence can be used in the
same proof.
The second sequence we consider is called the sequence of Mersenne numbers.
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Definition 3.1.3.2. The Mersenne numbers are the sequence (M,) of positive
integers defined by
M,=2"-1, n=1,2,3,....

If a particular My, is prime it is called a Mersenne prime.

The Mersenne numbers were introduced by the French clergyman and mathe-
matician M. Mersenne, who showed that if M}, is a prime, then n must be a prime and
claimed then that M,, is a prime forn = 2,3,5,7, 13,17, 19, 31, 67, 127, 257 and
composite for all others. It is now known that Mg; and M>57 are not primes, while
Mg and Mgg are primes. Further, M), is prime for several large exponents, and the
search for larger and larger primes generally revolves around Mersenne primes. As
in the case of the Fermat primes it is still an open question as to whether there are
infinitely many Mersenne primes. However, for the Mersenne primes it is conjec-
tured that there are infinitely many. As of May 2005 there were 43 known Mersenne
primes, the largest of which is M30402457. Further information on the search for larger
Mersenne primes can be found at the Internet site www.mersenne.org.

Theorem 3.1.3.2. Suppose a, n are positive integers. If a — 1 is prime then a = 2
and n is prime. In particular, if a Mersenne number M,, is a Mersenne prime, then n
is prime.

Proof. Assume a > 3. Then a — 1|a" — 1. Therefore if a”” — 1 is prime we must
havea = 2. If n = kl with2 < k, [ < n then

k12— 1.
Hence if 2" — 1 is prime, n must be prime. O

In accord with the theme of this chapter we will now use the Mersenne numbers
to derive the infinitude of primes.

Lemma 3.1.3.2. For any pair of Mersenne numbers M, M,, we have
(Myy, M) = (2" —1,2" — 1) =207 — 1.

Proof. This is certainly correct if m = norn = 1 or m = 1. Assume then that
n > m > 1. From the Euclidean algorithm applied to m, n we have

n=riqi+r,
Fs—2 =TFs—1¢9s—1 + s,
I's—1 = Fsqs,

and ry = (m, n).
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It follows then that

2" — 1 =210t ] =211 — 1) + (27 — 1),
2" —1=2720Q0" — 1)+ (272 - 1),

Ms—1 _ | = (er _ 1)(2’.?(%71) 4. 4+ ])

This yields

(25 =1)|(2*"=1) and (2" —1)[(2"2-1)
since also

2qs=17s-1 _ | = (2”5—1 _ 1)(2r.§—|(qs—1_1) RS 1).
Finally,

(2" = 1)](2"=1) and (2" —1)|(2" —1).
Suppose now that d = (2" — 1,2™ — 1). It follows that d|(2"" — 1) fori =1, ..., s.

Therefore d|(2"s — 1) = 20m") — 1, 0
Nowlet P = {p, ..., py} beafinite setof primes with2 = p; < p» < --- < py.
Then

QP —1,2P0 — 1) = QWPiP) — 1) =1 ifi # j.

Fori = 1,...,n each 2P — 1 is odd and hence no two of them have an odd prime
divisor in common. Since there are only n — 1 odd primes in P it follows that there
must be a prime number not in P.

The Mersenne numbers are closely tied to what are called the perfect numbers.
A natural number # is a perfect number if it is equal to the sum of its proper divisors.
That is,

n= Z d.
din,d>1,d#n

For example, the number 6 is perfect since its proper divisors are 1, 2, 3, which add
up to 6.

If we denote by o (n) the sum of all positive divisors of n, that is,

o(n) = Z d,
dn,d>1

then o (n) = 2n if and only if n is perfect. The following result, the first part of
which appears in Euclid and the second part of which due to Euler, gives the relation
between perfect numbers and Mersenne primes.

Theorem 3.1.3.3. Let (M},) be the sequence of Mersenne numbers. Then we have the
following:
(1) (Euclid) If M, = 2P — 1 is a Mersenne prime, then

n=2r"102r -1

is a perfect number.
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(2) (Euler) If n = 2 is a perfect number and even, then n = 212 — 1) and
M, = 2P — 1 is a Mersenne prime.

Proof.
(1) Suppose 27 — 1 = g is a prime and let n = 2P~! (27 — 1). Then

g(n)z]+2+...+21’—1+q+2q+...+2[7—1q
=@+ DU +2+---+27" =2702F — 1) =227 (2" — 1)) = 2n.

Therefore o (n) = 2n and hence 7 is a perfect number.

(2) Suppose 7 is a perfect number. Let n = 2'u with u odd. The divisors of n are
of the form 2*m with 0 < s < ¢ and m|u. Consider s fixed and consider the divisors
m. Their contribution to the sum o (n) is equal to 2°c (u). It follows that

om)=10+2+---+2NHo ) = (2t+1 — l)o(u).
Since n is perfect we have o (n) = 2n and hence
20y = (2”rl — 1)o(u).
Since u is odd, from Euclid’s lemma we get
o) =2""a and u= (2" ~1)a

for some natural number a. The number u has two different divisors a and
(2"*!'—1)a > a. Theirsumis 2'"'a = o (u). This is possible only if u = 2!+ —1)a
has no other divisors, that is, if @ = 1 and 2/7! — 1 is prime. It follows that ¢ 4 1
must be a prime, 2/*! — 1 is a Mersenne prime, and n has the required form. O

This completely characterizes in terms of Mersenne primes the even perfect
numbers. It is still an open question whether there is an odd perfect number.

Finally we mention a result called the Lucas—Lehmer test, which is useful in
testing for large Mersenne primes. We will give this result again, as well as its proof,
in Chapter 5, on primality testing.

Theorem 3.1.3.4. Let p be an odd prime and define the sequence (S,) inductively by
Si=4 and S, =52, —2.

Then the Mersenne number M,, = 2P — 1 is a Mersenne prime if and only if M
divides Sp_1.

3.1.4 The Fibonacci Numbers and the Golden Section

The next sequence of integers that we consider is called the Fibonacci numbers.
This sequence has many remarkable properties, some of which we will explore in this
section. The interest in this sequence, both by professional mathematicians and by
amateurs, has been almost mystical and there is a whole journal, The Fibonacci
Quarterly, devoted to results surrounding these numbers. In addition, this sequence
has an intricate tie to a number called the golden section or golden ratio, which has
tremendous and varied applications in geometry.
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Definition 3.1.4.1. The Fibonacci numbers are the sequence ( f,,) defined recursively
by fi =1, fo =1, and then

fn = fnfl + fn72~
Hence the first few terms of the sequence are
1,1,2,3,5,8,13,21,....

This sequence was introduced by the Italian mathematician Leonardo Pisano, also
called Leonardo of Pisa (and given the moniker Fibonacci—son of Bonaccio—by a
nineteenth-century author), via a problem in his book Liber Abaci, published in 1202.
In this problem he asked the following question:

How many pairs of rabbits will be produced in a year, beginning with a single
pair, if in every month each pair bears a new pair, which becomes productive from
the second month on.

This leads to the scheme depicted in Figure 3.1.1, with A being a productive pair
and B a nonproductive pair.

N
N\
/ .
A
\

\\
B
\
\
\
\\
A B A
\
\ AN
/\ \ /\
\ N\

A B A A B

Figure 3.1.1. Scheme for Leonardo’s rabbit problem.

Computing, we then get the following table:

No.of A No. of B Total number
1 0 1

1 1 2
2 1 3
3 2 5

and so on, which produces the recursive formula giving the Fibonacci numbers.
An alternative formulation of the Fibonacci numbers can be given by the next
theorem.

Theorem 3.1.4.1. Let Py = 1 and for n > 2 let P, be the number of 0-1 sequences
of length n — 2 with no repeating 1s. Then P, = f, for all n.
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Proof. For P, there is just the sequence (0), so P, = f> = 1. Forn > 2 let g, be
the number of 0-1 sequences of length n — 2 with no repeating 1s and ending in 0
and let s, be the number of 0-1 sequences of length n — 2 with no repeating 1s and
ending in 1. For each such sequence of length n — 2 ending in 0, there are two new
sequences of length n — 1, while there is only one new sequence for those ending
in 1. Therefore
Gn =qn-1+h,—1 and h, =g,
and
Py =gqy+ hy.

The result follows easily from this. O

The properties of the Fibonacci numbers are intricately tied to the number

14+45

o = .

2

This number is called the golden section or golden ratio and arises naturally in many
geometric applications. Before continuing with the Fibonacci numbers, we digress
and discuss the golden section and its ties to geometry.

To define «, consider a line segment AB, and let the point P be located so that it
divides the line segment in extreme to mean ratio. By this we mean that

|AP| _ |AB
|PB|  |AP|

If we let PB have length 1, as in Figure 3.1.2, then length of AP is the golden section «.

Y
~
> e

Figure 3.1.2. Extreme to mean ratio.

To see that the value of « is 1+2*/§, we have the ratio

o o+ 1
1 o

This then gives the quadratic equation

o> —a—1=0.

The two solutions are thﬁ, and since the golden ratio is positive, we get that ¢ =
1+T‘6 as desired.
If we have a rectangle ABCD with |BC| = « and |CD| = 1 as in Figure 3.1.3,

then this is a golden rectangle.
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B o C

A D

Figure 3.1.3. Golden rectangle.

The classical Greeks regarded the golden rectangle as the most pleasing
rectangular shape and built many of their temple fronts with this format.

If we begin with a golden rectangle ABCD as in Figure 3.1.4 and remove the
square ABEF, the remaining rectangle ECDF is again a golden rectangle. To see this
suppose that |BC| = @ and |CD| = 1. Then

ECl=a—1 = |CH|=a —1

and then
IDC|  |DC]| 1 1 14+4/5
= = = = = .
|EC| |CH | a—1 1+2\/§_1 2
B E C
G I H
A F J D

Figure 3.1.4. Golden spiral.

This process of removing squares can be continued and each time we get a smaller
golden rectangle, as in Figure 3.1.4. If the corners are connected by circular arcs with
radius the side of the given square, we get a spiral called the golden spiral. Its
equation in polar coordinates is r = aerH.

The golden section is of course an irrational number. However, it can be con-
structed very easily with ruler and compass. To do this, start with a line segment AB of
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length 1, and a line segment AE of length % and orthogonal to AB. Then the segment

EBhaslength /1 + }‘ = g Adjoin to EB aline segment BC of length % and EC has
length .

The golden section arises naturally in many geometric applications. We describe
several of these. First, consider a square inscribed in a semicircle of radius R, as
pictured in Figure 3.1.5.

X X

R—x/2 B
A C x B

Figure 3.1.5. Golden section relative to an inscribed square.

Suppose |AB| = r and let x be the length of the side of the inscribed square. Then
r = R + 7. We then have

X sin 0 sin 0
tand = — = = .
x/2  cosé 1 —sin0
This implies that
2
sin29=é—L=—, andso x = —R.
5 R? V5
But then
|AB| R<l+ 1) d R(l 1)
=r = — and r —x = - — .
NG NG
Since
1 2
(+%) &
2 - 1LY
SRR
we have
rox
x r—x’

that is, the point C divides the line segment AB by the golden ratio.
Next consider a regular decagon inscribed in a circle of radius R. A side Sy, as
shown in Figure 3.1.6, has length 2R sin({’—o).
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‘ S10

Figure 3.1.6. Regular decagon inscribed in a circle.

Using the trigonometric identities

. (27 LT g
sinf — ) =2 sm(—) cos(—) ,
10 10 10
2 Lo T
cos| — ) =1—2sin (—)
10 10
we get that
4sin(£) (1 - 2sin2(£)) = 1.
10 10
Therefore the value of sin({;) is a solution of the polynomial equation
4x(l—2x%) = 1.

Since sin(%) > 0 and sin(7%) # 1, we obtain

. V5-1 1
Sm(%) T4 T 2e-1)

where « is the golden section. Therefore

R
a—1

1S10] = 2R sin<£> =
10

Hence the side of a regular decagon inscribed in a circle is the bigger section of the
radius divided by the golden section.

Using this connection it is easy to construct regular decagons and regular
pentagons with ruler and compass.

Next consider a regular pentagon. Its diagonals describe a regular starlike penta-
gram, as in Figure 3.1.7.
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Figure 3.1.7. Regular pentagon.

The angle ZAFD is 87 while the angle ZADF is 21—76. From the law of sines

10°

we have
AD|  sin(8% 2
|AF| _ (213) 22C05<%) _
IAF|  sin(3%)

since

2 2 1
2 cos i =2 — 4sin? il =2—-— —=aq.
10 5 a?

Because |[AF| = |AC| we have % = «, and hence the point C divides the line
segment AD by the golden ratio.

Finally consider a rectangle as in Figure 3.1.8.

A k Oy B
w
w+2Z
P
Z
D Tty C

Figure 3.1.8. Rectangle.

We wish to find the points P and Q such that the triangles APAQ, AQBC, and
ACDP all have equal areas.
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If the triangles do have equal areas, we have the identities
xw=yw+z)=z(x+y) = xw=yw+yz=xz+yz

This implies that

wooXx
yIU=XZ=>—=—.
Z y
Then from xw = y(w + z) we get
X w+z Z 1 1
- = =l+—=1+45=1++.

This means that

Hence the solution to the equal area problem is precisely the points P and Q that
divide the sides AB and AD in the golden ratio.
We now return to the Fibonacci numbers and first show the tie to the golden

section.

S

Theorem 3.1.4.2 (Binet formula). Let ( f,,) be the Fibonacci sequence, let « = 1+

be the golden section, and let B = —a = I_T‘fs Then forn > 1,

N‘

a — ﬁn
a—-B

Proof. The golden section « and S as defined in the statement of the theorem are the

zeros of the polynomial

fn=

—x—1=0.
It follows that

an+2 — an—H + Ol",

gt =gt 4 g for n>1.

Further, « — B = +/5 # 0. We then have

_e-p
fl—a_ﬂ,

_=p _
fa= a_p =a+p=1,

and

forn > 3. O
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Corollary 3.1.4.1. If f,, and o are as above, then

1
fim P g — 1y

n—00 f 1+;"

n

Proof. From the Binet formula,

+1
farr ottt 1 ()"

fo @B o1 (B))

o

Since |g| < 1, the ratio
it is easily seen that

fn+1
S

n

clearly goes to « as n — oo. Further, by rearranging,

1
@:1_’_— ]

fl’l 1 + fni]

We now list a collection of properties of the Fibonacci numbers. In addition to
showing the rich theory of these numbers, they will lead us to two more proofs of
the infinitude of primes. Throughout all the remainder of this section, (f;) are the
Fibonacci numbers and « is the golden section.

Lemma3.14.1. fi+ fo+ -+ fu=fur2a—1,n>1.

Proof. This is correct forn = 1 and n = 2. For n > 3 we have

fitt ottt fo=forr =1+ fu = fupo — 1. o

The next two results are again straightforward inductions, the first on n directly
and the second fixing 7 and inducting on m. We leave the details to the exercises.

Lemma 3.14.2. f, fur1 = f2+ f3+-+ f2n> 1.
Lemma 3.1.4.3. f, 1 = fu—1fm + foSfm+1, 0 > 1.

Lemma 3.1.4.4.

(a) If r, s are positive integers then r dividing s implies that f, divides f.
Conversely, if m > 2, then if f,| fm, it follows that n|m.

(b) (fu, fm) = fun,n)- That is, the GCD of f, and fy, is the GCD of the (m, n)
term in the Fibonacci sequence. In particular, f, and f,, are relatively prime if m
and n are relatively prime.

Proof.
(a) Recall that 8 = —1 and o + B = 1. We then have
o' — 'Brs
frs =
a—p
o — ﬂs

— —— /3 (a(r—l)s + O[(r—2)s,3s 4t O[SIB(r—Z)s + ,B(r—l)s).
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Hence if r|s then f;|fs.
We need part (b) in order to prove the converse. Suppose that m > n. Then by
the Euclidean algorithm we have r;, = (m, n), where

m=nqg,+r with 0<r <n,

n=riq1+r, with 0<r <rq,

T2 =rti—1qi—1+r with 0=<r <r_y,

re—1 =Ttq;.

Then applying this to the corresponding Fibonacci numbers, we have

(fnv fm) = (fnq()—ﬁ—rla fn) = (fnqo—lfrl + fnqofrl—H, fn)
= (fnqoflfrl’ fn) = (frlv fn)
because f;| fug, from the first part of part (a) and (fygy, frgo—1) = 1. (Clearly, two

neighboring Fibonacci numbers are relatively prime.)
Analogously

(frlv fn) = (frz’ frl) == (fr,s fr,,l) = fr,

since f;,| fr,_,. This completes the proof of part (b).
We now consider the second half of part (a). Suppose that m > 2 and that f,| f;;,.
Then

fn = (fns fm) = f(m,n)

from part (b). It follows then n|m sincem > 2 and f, < f;if2 <r <. O

Lemma 3.1.4.5.
@ fax = fi(firr + fic) = fE — fEy
®) for = Zf:o (lf) fi, where (1;) is the binomial coefficient.
©) fur1 = Z,[i]) (".7’.), where [x] is the greatest integer function.

1

Proof. These are all applications of the Binet formula. For part (a) we have

k=1 _ gk=1 4 k+1 _ gh+1
f2k:fk(05k+/3k)=fk<a £ ai; : )

= filfi1 + fig1) = fh+ 12— f2 .

For part (b) apply the Binet formula to obtain

()= 5 (5 (e )

1 - oo 1
—a_ﬂ((1+a) (1+ﬂ))——a_ﬂ

<a2k _ ﬂzk) — fou.
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Finally, for part (c), the assertion clearly holds for 0 < n < 2. Suppose now that
n > 2 and we proceed by induction. Then

[%] n—1—i [%] n—2-—i
fn+1=fn‘|‘fn7] = ; < i )+ ot ( i )

We first consider the case n = 2m with m > 1. Then [%] =m—-1= [M] and
hence from above,

m—1 . m—1 .
_ 2m —1—1 2m —2— (i +1)
f”“_z< i >+§0( (+1)—1 >

i=0

O3 )BT )

completing the even case.
Now suppose 7 is odd, so n = 2m + 1 with m > 1. Then [%5}] = m, [252] =
m — 1, [%] = m, and hence

m . m—1 .
=2 (") 2 (70 )

i i=0

()

i=1

m<m+1 )
(=0

finishing the odd case and part (c). O

1

The next result and corollary deal with the relationship between the Fibonacci
numbers and the primes. This will lead directly to another proof that there are infinitely
many primes.

Theorem 3.1.4.3. Let p be a prime. Then

(D plfpifp=>5and plfp—1 or plfp+1if p #5.
@) plfp+1ifp=2.

(3) plfp—1if p is congruent to &1 modulo 10.

4) plfp+1if p is congruent to £3 modulo 10.
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Proof. If p = 2 then f3 = 2 and hence p|fp+1. If p = 3 then f4 = 3 and p| fp41.
If p = 5then f5 =5 and p|f,. Now let p > 7. By Binet’s formula,

11+ 1 ([1-v3)"
o= — - — , n>1,
V5 2 J5 2
and by the binomial expansion,
A£V5)" =1+ <’11>\/§+ (’;)5 + (’;)(ﬁ)S oot ()W)

If n is odd then

n—1 _L n _ _ ny _ n )52 %
2 fn_zﬁ((1+~/§) a ﬁ))_n+(3>5+<5>5+ +57.

Now let n = p be prime. Since p|(’i’) if 1 <i < p, we must have

p—1

fp =57 modp
and hence

fg = 1 mod p
by Fermat’s theorem. Since
fr = fo-ifpr=(=DP =1,
we get
0= f, — 1= fp-1fpr1 mod p.

Therefore p|fp+1 or p|fp—1 since (fp—1, fp+1) = fp—1,p+1) = f2 = 1. More
concretely, we can use the above identities to show that

plfp—1if p is congruent to =1 modulo 10
and

plfp+1if p is congruent to £3 modulo 10 (see the exercises). O

Corollary 3.1.4.2. Let p be a prime greater than 1. Then each prime divisor of f, is
greater than p.

Proof. Let g be a prime divisor of f, with p > 7 a prime. Assume g < p. If g = p
then ¢ = p = 5 and hence we may assume that g < p. We then have
(fpv fq) = f(p,q) = fl =1,
(fp» fg-1) = fpg- = f1 =1,
(fps fg+D) = fipg+n = fi= 1.
Then from Lemma 3.1.4.5, either g | f, orq| f;—1 or q| f4+1. This gives a contradiction

because ¢| f}, and ¢q| f, implies that ¢| fi = 1 and ¢q| f}, and q| f;+1 or q| f;—1 also
implies that g|1. Therefore we must have that g > p. O
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Based on the Fibonacci numbers, we can now give two more proofs of the fact
that there are infinitely many primes.

Proof one. Let M = {py, ..., py} be a finite set of distinct prime numbers and
suppose that py < p2 < --- < p, with p, > 7. Let p be a prime divisor of fp, .
Then from Corollary 3.1.4.2 we must have p > p, and hence p ¢ M.

Proof two. Suppose {p1, ..., pn} with p; = 2 are all the prime numbers. We have
Sfpy > 1fori =2,...,n. Thenat most one of the f, fori =2, ..., n has two prime
divisors, for otherwise, since (fp,, fp;) = f(p;,p;) fori # j, we would already have
n + 1 primes. This contradicts, for example, that

f1o = @37)(113) and f53 = (557)(2417).

We note that many of the ideas concerning the Fibonacci numbers can be greatly
generalized. For example suppose K is an arbitrary field and x, y € K. Then we
define

To(x,y) =0, Ti(x,y) =1

and then

To(x,y) =xT—1(x,y) — yT,—2(x, y).

This sequence in K will satisfy many of the same properties as the Fibonacci
numbers. If A isa?2 x 2 invertible matrix over K withtr(A) = x and det(A) = y, then

A" =T, (x, A+ yT1(x, Y,

where [ is the identity matrix. In particular,

Tn(x, Y)? = o1 (6, W1 (x, y) =y, n>1.

Ifx=1and y = —1, then T, (x, y) = f, forn > 0.

These generalized Fibonacci numbers are also related to the Chebychev polyno-
mials, which play a role in the general approximation of functions. If y = 1 and
n > 1, then

T,(x, 1) = Sy(x),

where S, (x) is the nth Chebychev polynomial of the second kind. We have
Sntm () = S (X)Sp41(x) — S (x)Sp—1(x)

and

Sam (X)) = S (Sp1(x) — Sp—1(x)) - Sp(x)
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for all natural numbers n, m. As polynomials in x, these Chebychev polynomials
satisfy

Sm.ny () = (Sp(x), S (x)).

For positive real values, these Chebychev polynomials have a particularly simple
form. If K =R and x > 0, thenlet x = 2cosf < 2. Then

S, (1) = sin(nG).
sin(60)
If x =2cosh6 > 2, then
S, (x) = 2 sinh(nf)
sinh(0)
while if x = 2, then
Sp(x) =n.

3.1.5 Some Simple Cases of Dirichlet’s Theorem

Recall that Dirichlet’s theorem, which we will state and prove formally in Section 3.3,
says that if a, b are positive integers with (a, b) = 1 then there are infinitely many
primes of the form an 4 b. In this section we prove certain special cases of this
result that can be handled by elementary methods. Most of these proofs depend on
the following easy idea. Suppose x € Z has the prime factorization

€] €k
x:pl pk

Then if each p; = 1 mod m then x = 1 mod m. This fact follows directly from the
multiplicative property of congruences.
We first handle the case modulo 4.

Lemma 3.1.5.1. There exist infinitely many primes of the form 4n + 3 and infinitely
many of the form 4n + 1.

Proof. Suppose there are only finitely many primes of the form 4n4-3, say py, ..., pk,
with py the largest. Letqy, .. ., g; be all the primes of the form 4n + 1 less then py. Let

Then x = —1 = 3 mod 4 and hence x must be divisible by a prime p = 3 mod 4. But
then p|4-3-7--- prq1 - - - q; S0 p cannot divide x and thus we have a contradiction.
Therefore there are infinitely many primes of the form 4n + 3.

To handle the case 4n + 1, we must recall some facts about quadratic residues.
From Section 2.6 it follows that if p is a prime greater than or equal to 3, then

p2-1
(=1/p)=(=D +.

Hence —1 is a quadratic residue mod p only if p = 1 mod 4. Equivalently, if x is any
positive integer then if p|x2 4 1 it follows that p = 1 mod 4. Now suppose that there
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are only finitely many primes of the form 4n + 1, say q1, ..., qx. Letx = q1--- gk
and let p be a prime divisor of x> 4+ 1. Then p = 1 mod 4. But p|x, so p|x? and
hence p cannot divide x> + 1. Therefore we have obtained a contradiction and there
must exist infinitely many primes of the Sform 4n + 1. O

Essentially the same methods handle the situation modulo 8.

Lemma 3.1.5.2. There exist infinitely many primes of each of the forms 8n + 1,
8n+3,8n+5,and8n + 7.

2
Proof. From the fact that (2/p) = (—l)pT7l if p > 3 is prime (see Section 2.6), we
can obtain the following results, whose proofs we leave to the exercises. If x is any
positive integer and p > 3 is a prime, then

(1) If p|x* + 1, then p = 1 mod 8.

(2) If p|x* — 2, then either p = 1 mod 8 or p = 7 mod 8.

(3) If p|x? + 2, then either p = 1 mod 8 or p = 3 mod 8.

Now suppose that there exist only finitely many primes of the form 8n + 1,
say pi,..., pk. and let x = py--- pr. Let p be a prime divisor of x* + 1. Then
from above, p = 1 mod 8, but p is not one of py, ..., pr, and hence we have a
contradiction. Therefore there exist infinitely many primes of the form 8n + 1.

Suppose next that there exist only finitely many primes of the form 8n + 7. As
before, call them pq, ..., pr and let x = p; --- px. Now, each p; = —1 mod 8 and
so x = 41 mod 8 and so x> = 1 mod 8. Let p be a prime divisor of x> — 2. It must
be congruent to either 1 or 7 modulo 8. If each prime divisor of x> — 2 is congruent
to 1 mod 8 then x2 — 2 is also congruent to 1 modulo 8. However, x? is congruent
to 1 modulo 8 and so x2 — 2 is not congruent to 1 modulo 8. Therefore there must
exist a prime divisor p of x> — 2 congruent to 7 modulo 8. This p cannot be one of

P1, - - ., pr and hence we have obtained a contradiction.
The case of the form 8n 4 3 is handled in an analogous manner (see the
exercises). O

To handle the case 8n + 5, we first show the following.

Lemma 3.1.5.3. Let a, b be nonzero integers with (a, b) = 1. Then each odd prime
divisor of a> + b* is of the form 4n + 1.

Proof of Lemma 3.1.5.3. Let p be an odd prime divisor of a® + b2. Then there exists
an n with
n*=—1+kp

for some k € Z. Hence —1 is a quadratic residue mod p and therefore p = 1
mod 4. O

Now let p be the largest prime of the form 8z + 5 and let
x=3%52... p% + 4,

where 3,5, ..., p are all the primes up to p and p > 7. From Lemma 3.1.5.3, any
prime divisor of x is congruent to 1 modulo 4, so then is congruent to either 1 modulo
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8 or 5 modulo 8. Since (2m + 1)? +4 = 4m(m + 1) + 5 it follows that x is congruent
to 5 modulo 8. Therefore x must have a prime divisor of the form 8z + 5 that is larger
then p.

A slight modification and the use of quadratic reciprocity allows us to handle
primes modulo 3.

Lemma 3.1.5.4. There exist infinitely many primes of the form 3n + 1 and infinitely
many of the form 3n + 2.

Proof. The case 3n+-2 is handled directly. Suppose that p1, ..., px are all the primes
congruent to 2 modulo 3 and let x = pypa...pr. If x = 1mod3thenx +1=2
mod 3. Hence there must be a prime congruent to 2 mod 3 dividing x 4+ 1. But as
before, p|p1 - - - pk, so p cannot divide x + 1.

Ifx = 2mod 3, then x+3 = 2mod 3. Then as before, there mustbe a prime p = 2
mod 3 dividing x + 3. But p|x so p cannot divide x 4 3. These two contradictions
then imply that there are infinitely many primes of the form 3n 4 2.

To handle 3n + 1, we must use quadratic reciprocity. Consider for an odd prime p,

(=3/p) = (=1/p)3/p).

Now, (—1/p) = (—=1)’2" and (3/p) = (—=1)’T (p/3) by quadratic reciprocity.
Therefore
(=3/p) = (=1)'T (=17 (p/3) = (p/3).
Directly, then,
1 if p =1 mod 3,

3) =
PRY= 1 i )= —1mod 3,

Therefore —3 is a quadratic residue mod p only if p = 1 mod 3. Equivalently, for
any integer x any odd prime divisor of x> 4 3 must be congruent to 1 mod 3.

Now suppose that there are only finitely many primes of the form 3n + 1, say
Pls--., pk. Letx = 2py--- py and let p be a prime divisor of x2 + 3. Then p =
1 mod 3, but as before, p cannot be one of the p;. Hence there are infinitely many
primes of the form 3n + 1. O

The methods used in the preceding lemmas can handle many other special situa-
tions of Dirichlet’s theorem, for example, 6n + 5. However, they cannot be extended
to the whole result. We close this section with one general result that can be proved
with the same kinds of elementary methods. The proof of this result, which is a
modification of a result in [NP], is taken from [NZ].

Theorem 3.1.5.1. Let m be a positive integer. Then there exist infinitely many primes
of the form mn + 1.

Proof. The theorem is actually a consequence of the next lemma, which is interesting
in its own right. ]
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Lemma 3.1.5.5. Given a positive integer m, there exists a prime divisor of m™ — 1
that is congruent to 1 modulo m.

Proof of Lemma 3.1.5.5. Suppose that given m > 0 there is no prime p = 1 mod m
such that p|m™ — 1. For any prime factor ¢ of m™ — 1, let h be the order of m
modulo g, that is, & is the smallest positive integer such that m" =1 mod q. Since
the nonzero elements in Z, form a multiplicative group, it follows that i|g — 1 and
h|im (see Chapter 2). If h = m then m|qg — 1 and ¢ = 1 mod m, contrary to the
assumption above. Therefore i # m and m = hc with ¢ > 1. This holds, under the
assumption, for possibly different z and ¢ for any prime divisor of m™ — 1.
Suppose ¢ is the highest power of ¢ dividing m™ — 1. Then

Since m" = 1 mod ¢, we have
mhh ph 2 et =14 14 4 1 =cmod g.

But ¢ is a divisor of m"™ — 1, so ¢ is not a divisor of m or ¢ and hence not of
mh=" 4 =2k ... m" 4 1. Therefore ¢ is also the highest power of ¢ dividing
m" — 1. Further, the same argument shows that if s|m then ¢ is also the highest
power of ¢ dividing m*® — 1.

Given a prime divisor g of m, let i, ¢ be defined as above and then let the distinct
prime divisors of ¢ and m be

Pls--->» bk and  pi1,..., Pk, Pk+1, - - - Pn, rEspectively,

with 1 <k < n. Then & is not a divisor of any of the integers

m m m

L

Pk+1  Pk+2 Pn

Consider the integers of the form

m
PiPir - Pi,
where 1 < iy < iy < --- < i;. Let T be the set of integers of this form with # odd
and U the set with 7 even. Define
0- [Ler(m® — 1
[Tyepy@m® = 1)

We show that 0 = m™ — 1 and then show that this is impossible, leading to a
contradiction, and hence there must be a prime divisor congruent to 1 mod m.

To show first that 0 = m™ — 1, we show that the prime power factors are the
same. Each exponent s appearing in Q divides m and hence we need only consider
prime factors of m™ — 1. If for a prime divisor ¢ of m™ — 1 the corresponding i, is
greater than k, then A does not divide s. On the other hand if i; < k then the highest



82 3 The Infinitude of Primes

power of g dividing m* — 1 is ¢" also, as shown above. Therefore ¢ is a divisor of
any term m® — 1 in Q if and only if 4|s and this is true if and only if i; < k. The
number of factors of m® — 1 in the numerator of Q having i, < k is

(Gl oo

Similarly, the number of factors of m*® — 1 in the denominator of Q having i, < k is

() () (o) a5y

If we subtract (3.1.5.1) from (3.1.5.2) we get the binomial expansion of 1 — (1 — l)k,
which clearly has value 1. It follows that O must be an integer, and the highest power
of ¢ dividing Q is ¢”. Since this holds for every prime divisor g of m™ — 1, it must
be the case that Q = m™ — 1.

We now show that this is impossible. Rewriting Q as m™ — 1, we get

(m™ —1) ]_[(m“ -1 = ]‘[(ms -1.

seU seT
m

Piy Pin Dy

modulo m?*!. Every factor m® — 1 is congruent to —1 modulo m?+

Therefore the above equation reduces to

Let b be the smallest integer of the form and consider the above equation

except m? — 1.

+(m? — 1) = £1 mod m**'.
This then implies that
m? =0mod m’*' or m’ = —2mod m"*!.

Both of these congruences are impossible, since b is positive and m > 2. This
contradiction establishes Lemma 3.1.5.5. O

We now prove Theorem 3.1.5.1.

We want to show that for a given m there are infinitely many primes of the form
mn + 1. From Lemma 3.1.5.5 we know that in any progression of the form 1 + m,
1+ 2m, ... there is a prime that is a divisor of m" — 1. Since this holds for any m it
follows that in any arithmetic progression 1+ M, 1+2M, ... there must be a prime.
Suppose then that for some m there are only finitely many primes of the form mn + 1
and let P be the product of these primes. From the observation above with M = mP
there is a prime ¢ in the arithmetic progression 1 +mP, 1 +2mP, ..., 1 +nmP, ....
This prime is congruent to 1 modulo m but is not a divisor of the product P. Therefore
we have obtained a contradiction and hence there must be infinitely many primes of
the form nm + 1.

We note that the proof can be modified also to show that there infinitely many
primes of the form nm — 1.
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3.1.6 A Topological Proof and a Proof Using Codes

We close this section on elementary proofs of the infinitude of primes by presenting
several more; one topological, one using codes and two more elementary analytic
proofs.

We first look at the topological proof, which is due to H. Fiirstenberg [Fu].

Proof (using topology). We introduce a topology on the integers Z. As a basis for
the topology we take all arithmetic progressions from —oo to co. Each arithmetic
progression is then open but also closed since its complement is a union of these
arithmetic progressions. Hence each finite union of arithmetic progressions is closed.
Now let A, be those arithmetic progressions consisting of multiples of a prime p,
that is,
Ap={..,-np,....,—p,0,p,....np,...} forneN.

Now let A = U, A, where this union is taken over all primes p. The complement of
Ais {—1, 1}. Since {—1, 1} is not open, A is not closed. Hence A cannot be a finite
union of closed sets. Therefore the number of primes must be infinite. O

A variation of this was given by S. Golomb [Go]. As a basis for the topology take
the arithmetic progressions an 4 b. The progression {np} with p a prime is closed
and X = Up{np} is not closed. Then in the same manner as above the number of
primes must be infinite.

We next give a proof using codes that is due to I. Stewart. We first need the
following theorem.

Theorem 3.1.6.1. If we have a finite set of 2V elements and map it bijectively onto a
set of binary strings, then at least one string has length > N.

Proof. There are only 2V — 1 binary strings of length < N, the empty string, two of
length 1, four of length 2, ..., 2¥ ! of length N — 1. O

Now we can give our proof using codes.

Proof (using codes). Assume that the set of primes is finite, say {py,...pr}. We
introduce a code via strings for each natural number together with zero. For 0 we
choose the symbol 0. For each natural number n we write it as a product of primes and
for each prime divisor we write down the multiplicity in the product. For the listing
of these multiplicities we use brackets to start and end a listing. Suppose r = 5. Then
the primes are 2, 3, 5, 7, 11. Then we get the following codes for the first few natural
numbers:

0«0
1 < [00000]
2 <> [[00000]0000]
3 < [0[00000]000]
4 < [[[00000]0000]0000]
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5 < [00[00000]00]
6 < [[00000][00000]000]

To analyze these codes we shorten each representation by canceling the closing
brackets and take 1 for the starting bracket. Hence we have the following:

0+ 0
1 < 100000
2 <> 11000000000
3 < 10100000000
4 < 1110000000000000
5 < 100100000100
6 <> 1100000100000000

We next need the following lemma.

Lemma 3.1.6.1. Assume that the first N nonnegative integers are coded all by strings
of length less than t. Then the first 2V nonnegative integers are coded by strings of
length less than rt.

Proof. In their prime factorization the first 2"V natural numbers have the factor 2
fewer than N times. Analogously, all » multiplicities in the decomposition are less
than N. By assumption all the prime numbers p1, ..., p, have codes of length less
then ¢, giving the result. O

We now show that r finite leads to a contradiction. If N = 0 then we can choose
t = 2 since the length of the string 0 is 1, which is less than 2. Using the above
lemma, we obtain by induction that the first 22 the power being taken ¢ times,
natural numbers are coded all with strings less than 2(r’). Choose t = # large
enough so that

10g2(22‘“2) =22 > 2rf,

taken (fp—1) times

It follows that for
No = 22 ’

taken (f9—1) times

the first 20 natural numbers can be coded by strings with length less than Ny. This
contradicts Theorem 3.1.6.1, showing that there must be infinitely many primes. 0O

The next proof is analytic and uses Stirling’s approximation along with a formula
due to Legendre. This proof appears in the book by Apostol [A].
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Proof (using Stirling’s approximation). Stirling’s approximation for n! is given by

(see [A])
n
n! = (z) v2mn forlarge n.
e

It follows then that

1
lim (n!)» = oo.
n— oo

n' = 1_[ pap(n!)’

p<n

For n > 1 we have

where p runs over all the primes less than or equal to n. From a formula of Legendre

(see [A]),
apnh) =3 [ik} .

k>0 p
Now (see Cohen [C])

Goy= Y Y=t

P
(k>0)[p ]<n
It follows that o 1
wyr=[]p " <[]p7
p=<n p=<n

. . L 1, .
If the number of primes is finite, it follows from the above that (n!)# is finite
contradicting the Stirling approximation. O

Proof (another analytic proof). This appears in the book of P. Ribenboim [Ri].
Assume that there are only finitely many prime numbers

pL<p2<-<py.
Suppose ¢ € Nand let N = pl. Eachm < N in N can be written as
m = p{'p3* - pd witha; >0
and the sequence (¢, ..., o) unique. We then have
pi' <m<N=p,.

Let E = i2r. Theno; < (E.
On the other hand, N is at most equal to the number of sequences (¢, ..., &).
Hence
pPL=N<(GE+1) <t"(E+1).

This gives a contradiction for ¢ sufficiently large, showing that there must be infinitely
many primes. O
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3.2 Sums of Squares

As we described in our historical overview, much of the outline of the formal study
of number theory was laid out in Gauss’s work Disquitiones Arithmeticae. He rested
the study of number theory on three pillars: the theory of congruences, which we
discussed in Chapter 2; the theory of algebraic integers, which we will discuss in
Chapter 6; and the theory of forms. In particular, relative to this last topic, Gauss
considered the question of when an integer n can be represented by a quadratic form
in other integers.
An (integral) quadratic form in n variables is a polynomial

n
fOr, .o x) = Z aijXixj,

i,j=1

where each g;; is an integer. A form is a positive form if the substitution of any
integers other than (0, O, ..., 0) leads to a positive value. It is a negative form if the
substitution of any integers other than (0, O, ..., 0) leads to a negative value. Itis a
definite form if it is either positive or negative. For example f(x, y) = x>+ y?isa
positive definite form.

In particular, in two variables a quadratic form has the representation

flx,y)= ax? + bxy + cyz,

where a, b, ¢ are integers. The following lemma describes when such forms are
positive definite.

Lemma 3.2.1. The quadratic form f(x,y) = ax? + bxy + cy? is positive definite if
and only if the discriminant b* — 4ac is negative and a > 0, ¢ > 0.

Proof. Suppose first that f(x, y) is positive definite. Then f(1,0) = a > 0 and
f(0,1) = ¢ > 0. To show that the discriminant must be negative, notice that f (x, y)
may be rewritten as

1
faey = ((2ax +by)? + (dac — b2)y2) .

Using this rewritten form we see that f(—b, 2a) = (4ac — b?)a. Since this must be
positive and a > 0, it follows that (4ac — b?) > 0, and hence the discriminant is
negative.

Conversely, suppose that the discriminant is negative and @ > 0, ¢ > 0. From
the rewritten form for f(x, y) above it is clear that f(x, y) > O for all integral pairs
(x,y). If f(x,y) = 0 it follows that 2ax + by = 0 and (4ac — b*)y?> = 0, from
which one easily obtains that x = y = 0. Therefore f (x, y) is positive. O

A quadratic form f(xp, ..., x,) represents an integer m if there exist integers
(b1, ...,by) suchthat f(b1,...,b,) =m.

In this section we will look at the quadratic form question. Specifically we will
consider the question of when an integer is represented as a sum of squares.



3.2 Sums of Squares 87

3.2.1 Pythagorean Triples

The oldest occurrence of questions about sums of squares arises from integral solu-
tions of the Pythagorean theorem. Recall that a right triangle can have integral sides,
for example (3, 4, 5) or (5, 12, 13). The question naturally arises as to finding, if
possible, all such integer right triangles.

Definition 3.2.1.1. A Pythagorean triple is a triple (a,b,c) of integers with
a’? + b* = 2. We consider c fixed and consider the triple (a, b, ¢) equivalent to
the triple (b, a, c). A Pythagorean triple (a, b, c¢) is called primitive if (a, b, ¢) are
coprime.

Now if a®> + b*> = ¢? then (da)?® + (db)> = (dc)? for any integer d. Clearly
then for the classification of Pythagorean triples it is enough to consider primitive
triples. The following theorem, which in essence appeared in Diophantus’s book
Arithmetica, written about 250 A.D., gives a complete classification of primitive
Pythagorean triples.

Theorem 3.2.1.1. If n and m are two relatively prime integers withn —m > 0 and
n —m odd then 2mn, n> —m?, n* +m?) is a primitive Pythagorean triple. Further,
any primitive Pythagorean triple can be obtained in this way.

Proof. Straightforward calculations show that if ¢ = 2nm, b = n> —m?, and ¢ =

n? 4+ m? with (n,m) = 1 and n —m = 2k + 1 > 0 then (a, b, ¢) forms a primitive
Pythagorean triple (see the exercises).

Conversely, we must show that any primitive Pythagorean triple is obtained in this
manner. Let (a, b, ¢) be a primitive Pythagorean triple. Since (a, b, ¢) are coprime
and a® + b% = ¢, it is easy to see that these integers must also be pairwise coprime.
Hence no two can be even. Further, suppose that both a and b are odd, so that
a=2m+1,b=2n+ 1. Then

C=d®>+b=C2m+ 1%+ 2n+ D> =22m> + 20> +2m + 2n + 1).

Then ¢? is even but ¢? is not divisible by 4, which is impossible. Hence a and b
cannot both be odd. It follows that in (a, b, ¢) one of (a, b) must be even, the other
odd, and then c is odd.
Now suppose a is even and b and ¢ are both odd. Then ¢ 4 b and ¢ — b are both
even. Let
c+b=2u and c¢—b=2v.

This implies directly that
b=u—v and c=u+v.
Further, (u, v) = 1, for otherwise, (b, ¢) # 1. We now have
at=c*—-b = (c +b)(c — b) = 4uv.

Since a is even, a = 2w, which implies from the above that w? = uv and hence
uv is a perfect square. Since (#,v) = 1 it is then an easy consequence of the
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fundamental theorem of arithmetic that both # and v must also be perfect squares (see
Exercise 2.31). Hence u = n2, v = m?2. Therefore we have

a =2mn, b:nz—m2, c=n%+m

Thus (a, b, c) has the required from and we must show that n, m have the required
properties.

Since (u, v) = 1, it follows that (m, n) = 1. Since b > 0, it follows that u > v,
which implies that n> > m?, which gives n > m since both are positive. Observe
that m and n cannot both be even, and from the same argument as before, they cannot
both be odd. Therefore n — m is odd, completing the proof. O

There are many other questions concerning Pythagorean triples that have been
considered. For example, we may ask when the (3,4, 5) or (5, 12, 13) situation
arises, that is, when does the hypotenuse differ from one of the legs by 1 or some
fixed number d? (See the exercises.) Further, as a corollary of the classification, we
get the following, which is a special case of Fermat’s big theorem and illustrates what
has been called Fermat’s method of infinite descent. Fermat had a proof of his big
theorem for exponent 4 using this technique. It is believed that Fermat’s supposed
proof of the big theorem was also based on this technique.

Corollary 3.2.1.1. The equation x* + y* = z% has no solutions in natural numbers.
In particular, the equation x* + y* = z* has no solutions in natural numbers.

Proof. Assume that there is a solution to x*+y* = z2 for natural numbers (xo, o, z0)-
We then construct a further solution (x1, y1, z1) with 71 < zg. As in the classification
theorem, we may assume that xq, yg, zo are coprime, and then (xg, yg, z0) is a prim-
itive Pythagorean triple. As in the proof of the classification, one of (xg, yp) must be
even, the other odd, and zg is then odd. Suppose then that yg is even. Then from the
classification theorem there exist natural numbers a, b with (a, b) = 1 and

xg — —bz, yé =2ab, 2o =a® + b

Now, a cannot be even because then » would be odd, and it would follow that
xg = 3 mod 4. Hence a is odd and b is even and xg + b*> = 4?. This implies that
(xo0, b, a) is a primitive Pythagorean triple with b even. It follows again from the
classification theorem that

xozcz—dz, b = 2cd, a=c*+d*

for coprime positive integers c, d with ¢ > d and ¢ 4 d odd.
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Since (a, b) = 1 we obtain that ¢, d, and 2 +d?are pairwise coprime, that is,
(c.d)=(c.c*+d) =W, +d*) = 1.
From
1 2
<5y0> = cd(c2 + d2)
we get a pairwise coprime triple (x1, y1, z1) with

2 2 2_ 2, 2
xp=c¢, Yy =d, zy=c" +d".

This in turn implies that

Crd=xt+yl =2

and hence this triple gives another solution to the original equation. From

n<g=c+d*=a<a*+b* =z
it follows that z; < zg. Therefore if we assume that there is a solution (xo, yo, o) €
N3 of the equation x*+ y4 = 72 then we can construct an infinite sequence (Xk, Yk, Zk)»
k=0,1,2..., of solutions with zop > z; > zo > --- > 0. However, by the well-
ordering of the natural numbers, this sequence must have a minimal element and
hence this is impossible, and therefore we have a contradiction. O

3.2.2 Fermat’s Two-Square Theorem

We have completely classified Pythagorean triples (a, b, ¢) with ¢ = a? + b*>. We
now consider the question of when an integer n, not necessarily a square, can be
written as a sum of squares. That is, given n, when is n = a? + b? for integers a, b.
In the language of forms we are asking when an integer n can be represented by the
quadratic form f(x, y) = x%+ y2. The basic result is the following, generally called
Fermat’s two-square theorem.

Theorem 3.2.2.1 (Fermat’s two-square theorem). Let n > 0 be a natural number.
Then n = a® + b with (a, b) = 1 if and only if —1 is a quadratic residue modulo n.

In this section we lay out a purely number-theoretic proof of this theorem. In
the course of developing this proof we will give several equivalent formulations of
the theorem. In the next section we give a separate proof using the structure of the
modular group M = PSL,(Z) (see the next section for an explanation). This second
proof is interesting since it is in some sense independent of number theory.

We first consider the case of primes.

Lemma 3.2.2.1. —1 is a quadratic residue modulo a prime p if and only if p = 2 or
p = 1 mod 4.
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Proof. If p = 2, then —1 = 1 = 1> mod 2 and so —1 is a quadratic residue mod 2.
Consider p now to be an odd prime. By Wilson’s theorem (Theorem 2.4.2.3), we have

(p—1l=—1mod p —> (I-ZPT_1>-(pT—H)H-(p—l))E—lmodp.

Now, each number in the product (pTH - (p — 1)) is the negative modulo p of
1

a number in the product (1 22 p% . For example, modulo p, —1 = p — 1,
—2 = p — 2, and so on. Therefore we can rewrite Wilson’s theorem as

(222 ()5 o) wormms

But this implies

p=t p—1Y’
(-2 1.2...T = —1 mod p.

Letx = 1-2--- 2  mod p. If p = 1 mod 4 then 25! is even and (—1)’T = 1.
Hence
xZE—lmodp

and —1 is a quadratic residue mod p.
Conversely, suppose x> = —1 mod p has a solution xg. Then

pP— p—1

2 1
xp=—1modp = x; > =(=1)*7 mod p.

p—1

But xoT =x""'=1mod p by Fermat’s theorem. It follows that (—1)2% =1
mod p. Since p is an odd prime, —1 is not congruent to 1 mod p, so the above implies
that pT_l is even and p = 1 mod 4, completing the proof. O

We now tie this result to sums of squares.
Lemma 3.2.2.2. If p = 1 mod 4, then p = a® + b* with (a, b) = 1.

Proof. Note first that if p = a®+b? then a, b must be relatively prime, for otherwise,
a common divisor of a and b would divide p.

Now suppose p = 1 mod 4. Then from the previous lemma, —1 is a quadratic
residue mod p. Let xg then be a solution to x2 = —1 mod p.

Let K = [,/p] be the greatest integer less than or equal to ,/p. Clearly then

K< p<K+1 = K’<p<(K+1)>2
Consider the set of integers
S={u+xv;0<u<K,0<v <K}

There are K + 1 choices for each of u and v and hence S has (K + 1)2 elements. Since
p < (K + 1)? and there are only p residue classes mod p we must have two distinct
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elements of S that are congruent modulo p. Hence there exist uy, vy, uz, vo with
Ui + xov1 = up + xov2 mod p.

Now if u; = up we have xgv; = xgvz mod p. But xq is a unit mod p, so then
v] = v mod p. Since both vy, v, are less than p it follows that v| = v,. Similarly,
if v; = vy, it follows that u; = uy. Since u; + xgv; is distinct from uy + xgvy it
follows that u; # us and vy # vs.

We may rewrite the above congruence involving u 1, vy, u2, v3 as

U1 — uz = xo(va — vy) mod p.

Leta =u; —uz, b =vy —vy. Thena # 0, b # 0, and a = xob mod p. Therefore

azzxgbz = d’=-b = az—}—bzzOmodp.

Hence p|a2 + b2. We show that p = a2+ b% Since0 <u; < Kand0<up < K it
follows that — K < u; —us < K. Then (u; —u2)? = a? < K? < p. Hence a2 < p.
Analogously b*> < p. Therefore 0 < a® + b> < 2p. However, the only multiple of
p within the range 0 to 2p is p itself. Therefore p = a* + b?. o

Lemma 3.2.2.3. Suppose n = a* + b* and q is a prime divisor of n. If ¢ = 3 mod 4,
then q*|n.

Proof. Suppose g|a®> + b* with ¢ a prime congruent to 3 mod 4. If ¢ { a then a is a
unit mod ¢g. Then

2

A+ =0 = b =-a> = (ba")>=—-1modyg.

Hence —1 is a quadratic residue mod ¢, contradicting ¢ = 3 mod 4. Hence gla.
Similarly ¢|b. But then g2|a® + b* = n. O

Theorem 3.2.2.2. Suppose n > 2 has the prime decomposition

]1:2“1)'{51...p]}?qul...gtyl7

where p; = 1 mod4 fori = 1,...,kandq; =3 mod4 for j =1,...,t. Thenn
can be expressed as the sum of two squares if and only if all the exponents y; of the
primes congruent to 3 mod 4 are even.

We note that this theorem is also called Fermat’s two-square theorem.
Proof. Notice first that for integers a, b, ¢, d we have
(@ + b*)(c* +d*) = (ac — bd)* + (bc + ad)*.

Therefore if m = uv and u is a sum of two squares and v is a sum of two squares
then m is also a sum of two squares.
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Now, 2 = 1+ 1 = 12 + 12, so any power of 2 is a sum of two squares. Similarly
if p = 1 mod 4, then from Lemma 3.2.2.2, p is the sum of two squares and hence
any power of p is the sum of two squares. If y = 2k is even and ¢ = 3 mod 4 then
q” = ¢** = (¢%)?> + 0% and ¢ is a sum of two squares. Putting these all together
we have that if each exponent of a prime congruent to 3 mod 4 is even in the prime
decomposition of n then n is the sum of two squares.

Conversely, if n = a’+b? and q|n with ¢ = 3 mod 4, then from Lemma 3.2.2.3,
g*|n and thus the exponent of ¢ in n must be even. O

We now prove Theorem 3.2.2.1.

Proof of Theorem 3.2.2.1. Suppose n = a® + b* with (a, b) = 1. Then (n,b) = 1,
for otherwise, a common divisor of n and b would divide a. Hence b is a unit mod n
and so b~! exists mod n. Then

n=a’+b> = a>+0*=0 = (@b’ =—-1modn.

Therefore —1 is a quadratic residue mod n.

Conversely, suppose —1 is a quadratic residue mod n. We show that n = a® + b>
with (a, b) = 1 by using a modification of the proof of Lemma 3.2.2.2. Let x( be a
solution of x2 = —1 mod n. Then there exist integers (v, b) = 1 with0 < b < /n
such that 1
n b ‘ S bn

-2

(see the exercises). Now let
a = xob +ny.
Then a = xob mod n and hence a” 4+ b*> = 0 mod n. Now, |a| < /i, so

0<a2+b2<2n,

and as in the proof of Lemma 3.2.2.2, the only multiple of » in this range is n itself
and therefore n = a® + b%. Further, (a, b) = 1. To see this, notice that we have

n = (xob + ny)2 +p2 =01+ )cg)b2 + 2xonby + n2y2.
It follows that

{ 1+x§

b’ + xoby + xoby + ny2 =ub + y(xob + ny) = ub + ya. O

Theorem 3.2.2.2 gives a criterion given n to determine whether # is representable
as a sum of two squares. Arepresentationn = a>+b? with (a, b) = 1 is called a prim-
itive representation. Combining the two form for Fermat’s two-square theorem, we
get the following corollary.

Corollary 3.2.2.1. Aninteger n has a primitive representation as a sum of two squares
if and only if n = 2€p‘1)[l o -p,f", where € = 0 or € = 1 and each p; = 1 mod 4.
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Proof. From Fermat’s two-square theorem, » has a primitive representation if and
only if —1 is a quadratic residue mod n. Then —1 must be a quadratic residue mod p
for any prime divisor of n. Therefore any odd prime divisor of n must be congruent
to 1 mod 4. Further, —1 is not a quadratic residue mod 2% if « > 1. Therefore the
highest power of 2 that can divide n is 1. O

Theorems 3.2.2.1 and 3.2.2.2 characterize those integers n for which there is a
representation as a sum of two squares. The question can then be asked, how many
different representations can there be? If we let

r(n) = the number of pairs (a, b) € Z* with n = a* + b2,

then the following can be proved (see [Za] or [NZ]). We leave the proof as an exercise
(see Exercise 3.35).

Theorem 3.2.2.3. Let r(n) be defined as above. Then
(D rn) = 4Zd‘n x (d), where

1 ifn =1 mod4,
x(d)=1-1 ifn=—1mod 4,
0 ifn=0mod?2;

(2) 322, M0 — 4¢(5)L(s), where

|
c<s>=n§;,

Ls)=)_ X0 it Re(s) > 1;
n=1

nS

(3) tr(mn) = Lr(n)gr(m) if (n,m) = 1.
If p = 1 mod 4 is a prime, then
r(p) = 42 x(d) =4(x 1) + x(p) = 8.
dlp

For p = 3 mod 4 then r(p) = 0. For example, for p = 5, the eight pairs are
2,D,1,2),(-1,2),2,-1), (1, =2), (=2, 1), (=1, =2), (=2, —1).

The function ¢ (s) in the theorem is the Riemann zeta function, which we intro-
duced earlier and which will play a crucial role in the proof of the prime number
theorem. The function x (n) is called a Dirichlet character, and the function L(s) a
Dirichlet series. These will play a role in the proof of Dirichlet’s theorem.
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3.2.3 The Modular Group

If R is any ring with identity, then the set of invertible n x n matrices with entries from
R forms a group under matrix multiplication called the n-dimensional general linear
group over R (see [Ro]). This group is denoted by GL,,(R). Since det(A) det(B) =
det(AB) for square matrices A, B, it follows that the subset of GL,, (R) consisting of
those matrices of determinant 1 forms a subgroup. This subgroup is called the special
linear group over R and is denoted by SL, (R). In this section we concentrate on
SLy(Z) or, more specifically, a quotient of it, PSL,(Z), and use properties of this
group to give another, more direct, proof of Fermat’s two-square theorem.
The group SL>(Z) then consists of 2 x 2 integral matrices of determinant one:

d

SL,(Z) is called the homogeneous modular group, and an element of SL,(Z) is
called a unimodular matrix.

If G is any group, its center, denoted by Z(G), consists of those elements of G
that commute with all elements of G:

Z(G) ={g € G; gh = hg,Vh € G}.

SLZ(Z)={<i b);a,b,c,deZ,ad—bc:l}.

Itis easy to see that Z(G) is a normal subgroup of G (see the exercises) and hence we
can form the factor group G/Z(G). For G = SL,(Z) the only unimodular matrices
that commute with all others are £/ = :I:((l) ?). Therefore Z(SLo(Z)) = {I, —1}.

The quotient

SLa(Z)/ Z(SLa(Z)) = SLo(Z) /{1, —1}
is denoted by PSL;(Z) and is called the projective special linear group or inho-
mogeneous modular group. More commonly, PSL;(Z) is just called the modular
group and denoted by M.

The group M arises in many different areas of mathematics including number
theory, complex analysis and Riemann surface theory, and the theory of automorphic
forms and functions. The group M is perhaps the most widely studied single finitely
presented group. Complete discussions of M and its structure can be found in the
books Integral Matrices by M. Newman [New 2] and Algebraic Theory of the Bianchi
Groups by B. Fine [F].

Since M = PSL,(Z) = SLo(Z) /{1, —1}, it follows that each element of M can
be considered as A, where A is a unimodular matrix. A projective unimodular
matrix is then

i(" b), a,b,c.d €7, ad —bec = 1.
c d

The elements of M can also be considered as linear fractional transformations over
the complex numbers:
, az+b
7 =
cz+d

Thought of in this way, M forms a Fuchsian group, which is a discrete group of
isometries of the non-Euclidean hyperbolic plane. The book by Katok [K] gives

,a,b,c,d eZ, ad — bc = 1.
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a solid and clear introduction to such groups. This material can also be found in
condensed form in [FR].

We will shortly describe the abstract structure of the group M. First, though, we
use it to give a direct proof of Fermat’s two-square theorem. We need the following
lemma. Recall that the trace of a matrix A is the sum of its diagonal elements. Trace
is preserved under conjugation, so that tr(A) = tr(T~'AT) for any square matrices
A and invertible 7. Recall also that in a group G two elements g, g are conjugate if
there exists an & € G such that h~!gh = g;. Conjugation is an equivalence relation
on a group and the equivalence classes are called conjugacy classes.

Lemma 3.2.3.1. Let A be a projective unimodular matrix with tr(A) = 0. Then A is
conjugate within M to X = :I:(fo1 5). That is, there exists T € M withT~'XT = A.

Proof. Let A = :I:(j _ﬁa ). Let S be the set of conjugates of A within M, so that

S={T'AT; T € M}.

Since conjugation preserves trace, S consists of matrices of trace zero. Let

Y:j:(a b)
c —a

be an element of S with |a| minimal. This exists from the well-ordering of Z. We
show that ¢ must equal zero.
Suppose a # 0. Then

—a’—bc=1 = —bc=da’+1 = |b||c|:a2+1.

It follows then that b # 0, ¢ # 0 and either |b| < |a| or |c| < |a|. Assume first that
|c| < |a|]. We may assume that a > 0 and ¢ > 0. Then

O<a—c<a.

Now Conjugate Y by T = :E((l) i) Then T71 = :l:(é _11) and

1 _ 1 -1 a b I 1)\ a—c 2a+b-—c
T YT_ZE(O 1><C —a)(O 1>_:|:< c c—a )

But then 0 < a — ¢ < a, contradicting the minimality of |a|.
If b < a assuming a > 0, b > 0, conjugate ¥ by T = =£( jl (1)). Then

(10
P

TlYT=:|:< a=b b )

and

2a+c—b b—a

Again 0 < a — b < a, contradicting the minimality of |a|.



96 3 The Infinitude of Primes

Therefore in a minimal conjugate of A we must have a = 0 and hence —bc = 1.
It follows that » = *1 and ¢ as well, and therefore

0 1
ren( 1) e

completing the proof. O

Now consider conjugates of X within M. Let T = £({ Z). Then

.- :i< d —b)
—C a
and

1, fa b 0 1 d -b\ _ —(bd + ac) a*+b?
Xt _i(c d><—l O)(—c a>_i<—(c2+d2) bd~|—ac>'
(3.2.1)

Therefore any conjugate of X must have the form (3.2.1).
We now re-prove Fermat’s two-square theorem.

Theorem 3.2.3.1 (Fermat’s two-square theorem). Let n > 0 be a natural number.
Then n = a® + b with (a, b) = 1 if and only if —1 is a quadratic residue modulo n.

Proof. Suppose —1 is a quadratic residue mod 7. Then there exists an x with x> = —
mod 7 or x2 = —1 + mn. This implies that —x2 — mn = 1, so that there must exist

a projective unimodular matrix

A:j:<x " )
m —X

The trace of A is zero, so by Lemma 3.2.3.1, A is conjugate within M to X and
therefore A must have the form (3.2.1). Therefore n = a? + b?*. Further, (a,b) =1
since in finding the form (3.2.1) we had ad — bc = 1.

Conversely, suppose . = a® +b” with (a, b) = 1. Then there exist ¢, d € Z with
ad — bc = 1 and hence there exists a projective unimodular matrix

a b
res(® 1),

2 2
TXT_lzj:<a “+b>=i<“ ”>
y —a y —a

This then has determinant one, so

Then

2 2

—a"—ny=1 = a"=—-1—ny = o’

= —1 mod n.

Therefore —1 is a quadratic residue mod n. O
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This type of group theoretical proof can be extended in several directions. Kern-
Isberner and Rosenberger [KR 1] considered groups of matrices of the form

a b/ N
U <C«/ﬁ d ),a,b,c,d,Ne , ad — Nbc

or
U= (“‘iﬁ d%), a.b,c.,d,N € Z, Nad —bc = 1.
They then proved that if

N e{1,2,4,5,6,8,9,10, 12, 13, 16, 18, 22, 25, 28, 37, 58}

and n € N with (n, N) = 1, then we have the following:

(1) If —N is a quadratic residue mod n and »n is a quadratic residue mod N then n
can be written as n = x> + Ny? with x, y € Z.

(2) Conversely,ifn = x2+Ny?withx, y € Zand (x, y) = 1 then —N is aquadratic
residue mod » and n is a quadratic residue mod N.

The proof of the above results depends on the class number of Q(+/—N) (see
[KR 1]).

In another direction, Fine [F 1, F 2] showed that the Fermat two-square property
is actually a property satisfied by many rings R. These are called sum of squares
rings. For example, if p = 3 mod 4 then Zp» for n > 1 is a sum of squares ring.

We close this subsection by describing the group-theoretical structure of both
SLy(Z) and M = PSLy(Z). This structure can be developed with only minimal
number theory.

Theorem 3.2.3.2. The group SLo(Z) is generated by the elements

0 -1 0 1
X_<1 0 ) and Y_(—l _1).
Further, a complete set of defining relations for the group in terms of these
generators is given by

X*=v3i=vx?v'x2=1

In the language of combinatorial group theory we say that SLo(Z) has the
presentation

(X, ;X =v3=vx*v"'x?2=1).

Proof. We first show that SL,(Z) is generated by X and Y, that is, every matrix A in
the group can be written as a product of powers of X and Y.
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Let

-3 1)

Then a direct multiplication shows that U = XY and we show that SL, (Z) is generated
by X and U, which implies that it is also generated by X and Y. Further,

U=
so that U has infinite order.
Let A = (LCI Z) € SLy(Z). Then we have

xa— (¢ —d and UMA — a+kc b+kd
a b c d

for any k € Z. We may assume that |c| < |a|. Otherwise, start with XA rather than A.
If c = 0then A = £U? for some q. If A = UY then certainly A is in the group
generated by X and U. If A = —UY then A = X?U¥ since X*> = —I. It follows
that here also A is in the group generated by X and U.

Now suppose ¢ # 0. Apply the Euclidean algorithm to a and c in the following
modified way:

a =qoc+ri,
—c=q1r; +ry,
ry =qary +r3,

(_l)nrn—l = gutn +0,
where r,, = %1 since (a, ¢) = 1. Then

XU ... XU PA =LUP with gu4 € Z.

Then
A= Xm U‘"’XU‘“ .. -XUq"XUq”“

withm =0,1,2,3; q0,91,..-,9n+1 € Z,and qg - - - g, # 0. Therefore X and U
and hence X and Y generate SL,(Z).
We must now show that

X=yY=vx’vy"'x?=1 (3.2.2)
are a complete set of defining relations for SLy(Z), or that every relation on these

generators is derivable from these (see [Ro] or [J] for a description of group presen-
tations). It is straightforward to see that X and Y do satisfy these relations. Assume
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then that we have a relation
S = Xel YD”XGZY"‘Z e Ya’lXSIH»I =7
with all ;, a; € Z. Using the relations (3.2.2) we may transform S so that
S = XEly% ...y%m Xém+l

with €1,€,41 = 0,1,2, or3ando; = lor2fori = 1,...,m and m > 0.
Multiplying by a suitable power of X we obtain

YUX...v"X =X%=5)

withm > 0and o =0, 1, 2, or 3. Assume that m > 1 and let
a —b
sl_<_c d).

a,b,c,d>0, b+c>0,

We show by induction that

or
a,b,c,d <0, b+c<O.

This claim for the entries of S; is true for

(1 0 2v (=1 1
YX_(_l 1) and YX-(O _1).

Suppose it is correct for S, = (_“CI1 :Jbl' ). Then

ay —by
YXS, =
52 <—(01+C1) b1+d1>

and

¥Y2XS, = <—al —c1 b1+d1>.

c1 d

Therefore the claim is correct for all §1 with m > 1. This gives a contradiction, for
the entries of X* with « = 0, 1, 2 or 3 do not satisfy the claim. Hence m = 0 and S
can be reduced to a trivial relation by the given set of relations. Therefore they are a
complete set of defining relations and the theorem is proved. O

Corollary 3.2.3.1. The modular group M = PSLy(Z) has the presentation
M = ()c,y;)c2 :y3 =1).
Further, x, y can be taken as the linear fractional transformations

1
72+ 1

x:7=—> and y:7 =—
z
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Proof. The center of SLy(Z) is 1. Since X> = —1, setting X> = I in the presen-
tation for SL,(Z) gives the presentation for M. Writing the projective matrices as
linear fractional transformations gives the second statement. O

In group theoretical language this corollary says that M is the free product of a
cyclic group of order 2 and a cyclic group of order 3 (see [Ro]). From this structure
it is easy to show that any element of M of order 2 must be conjugate within M to x.
Further, a straightforward calculation shows that projective unimodular matrix has
order 2 if and only if its trace is zero. Combining these two facts gives an easy proof
of Lemma 3.2.3.1, which was the crux of the proof of Fermat’s two-square theorem.

3.2.4 Lagrange’s Four-Square Theorem

In the last section we considered when a natural number can be expressed as a sum
of two squares. Here we prove the following theorem of Lagrange, which shows that
any natural number can be expressed as the sum of four squares. In the language of
forms this says that any natural number is represented by the form f(x, y, z, w) =
x> + y?> 4 72 + w?. The Lagrange four-square theorem is actually a special case
of Waring’s problem. In 1770 Edward Waring stated, but did not prove, that every
positive integer is a sum of nine cubes and also a sum of nineteen fourth powers.
Waring’s problem then became whether for each positive integer k there is an integer
s (k) such that every natural number is the sum of at most s(k) kth powers. In this
formulation, Lagrange’s theorem says that s(2) = 4. Wieferich proved Waring’s
assertion about cubes, that is, every natural number can be written as a sum of nine
cubes. D. Hilbert in 1909 proved Waring’s problem for all exponents k. Subsequently
there have been several other proofs given of this same result including ones by Hardy
and Littlewood [HL], Vinogradov [V], and Linnik [Li]. Linnik’s proof of the general
result can be found in the book of Nathanson [N]. We give a proof of the four-square
result.

Theorem 3.2.4.1 (Lagrange). Every natural number n can be represented as the sum
of four squares,
n=a*+b*+c*+d*

witha, b, c,d € 7.

Proof. Now 1 = 124+ 0% + 024 0% and 2 = 12 + 12 4+ 0% + 02, so the theorem is
clearly true for n = 1, 2. Further, the product of two sums of four squares is again a
sum of four squares. That is,

@+ b+ +dH?+ Y2+ 22+ w?) = A2+ B2+ C* + D?,
where

A=ax+by+cz+dw, B=ay—bx—cw+dz,
C=az+bw—cx—dy, D=aw—bz+cy—dx.
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This implies then that we need only prove the theorem for primes. Therefore let p be
a prime p > 3.
We need the following lemma.

Lemma 3.2.4.1. Let p be a prime. Then there exist x,y € 7 with x> + y> = —1
mod p.

Proof of Lemma 3.2.4.1. This is clear for p = 2 so assume p > 3. Consider the
squares modulo p. That is, consider the set

S =1{1%2% ..., (p — 1)?} modulo p.

Since a?> = b% mod p implies that @ = 4b mod p it follows that there are prl
elements of S that are incongruent mod p. Therefore if we consider the integers

—x2—1 forx =0,1,...,p—1

we must get some x € {0, 1,2,..., p— 1} such that —x2—-1= y2 mod p for some
ye{0,1,2,...,p—1}. O

From the lemma there is a natural number m and integers x, y such that
mp =x>+y>+124+0%

We may assume that |x|, |y| < %p, so that m < %p. If m = 1 then the theorem
holds. Suppose then that m > 1.
From the above we have that for each prime p > 3, there is an m with m < % p
and
mp:x2+y2+zz+w2, X,y,Z,w € Z.

We will show that there is then a choice withm = 1.
Let a, b, c, d be the positive residues of x, y, z, w, respectively, mod m with the
smallest absolute values. Then |a|, |b|, |c|, |d]| are all < % Then

pm :x2+y2+12+w25a2+b2+c2+d2 = 0 mod m.
Hence
A+ b0+ +d>=mm'.
It follows then that
pmPm’ = (% + Y2+ 2+ w @ + b+ P +d?) = A2+ B+ C? + D?,

where A, B, C, D are described as in the beginning of the proof. From these expres-
sions, since
a=x, b=y, c=z, d=wmodm

it follows that
A=B=C=D=0modm.
Dividing through A%, B%, C?, D* by m* we can then represent pm’ as a sum of
four squares.
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Now, from

2 2 2 2
b d
m = LT nd Jal. bl Jel 1] <
m

(SIS

)

we get that m’ < m. If m" < m then we have a smaller multiple m’ of p such that
m’ p is a sum of four squares. Assume then that m" = m. We show that in this case
p is a sum of four squares. The relation m = m’ implies that

lal =1bl = lc| = ld| = 7.

Then
2a =2b=2c=2d =2x =2y =2z =2w = 0 mod m.

It then follows that

4pm = 4x? + 4y2 + 422 + 4w? = vm?
for some v € Z,v # 0. Hence m|4p. From (m, p) = 1 we get that m|4. Recall
furtherthat 1 < m < % p.

If m’" = m = 4 then x, y, z, w are all even, so from above we get that

X\ 2 y\2 7\ 2 wh 2
SORCRIGRO
If m = m’ = 2 then
4p = (1+140402p = (1+14+0+0) (x> +y* + 2 +w?) = A+ B>+ C* + D?

withA=x+y,B=y—x,C=z+w,and D = w — z. Since A, B, C, D are all
even we get a representation for p as a sum of four squares as above.

Therefore for each pm, m > 1, that is a sum of four squares we can find a pm’
with m" < m that is also a sum of four squares. Therefore the minimal m must be 1,
and p itself is a sum of four squares, proving the theorem. O

We note that we can further show that if a natural number n is not of the form
4%(8n + 7) then n can be expressed as a sum of three squares. However if n =
4% (8n + 7) then four squares are necessary. This is related to the following extension
of Waring’s problem. Hilbert’s solution showed that given k there exists an s(k)
such that every natural number can be represented as a sum of s(k), kth powers. The
extension asks to find the minimal value of s (k). More details on this are in the book
of Ribenboim [Ri].

3.2.5 The Infinitude of Primes Through Continued Fractions

In this final part of Section 3.2 we give a proof of the infinitude of primes using
continued fractions. A complete discussion of the theory of continued fractions can
be found in [NZM]. We just touch on what we need for this proof.
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Definition 3.2.5.1. Let ag, ay, ..., a, be a finite sequence of integers all positive
except possibly ag. Then a finite simple continued fraction is the rational number

defined by

1
ap +

ay + 1

ar+
e

an
If ap, ay, ..., ay, ... is an infinite sequence of integers all positive except possibly
ao, then an infinite simple continued fraction is determined by the limit of the finite
simple continued fractions formed up to a,. Each of the finite simple continued
fractions is called a convergent of the infinite simple continued fraction.

The following can be proved (see [NZM]).

Theorem 3.2.5.1. Ifag, a1, ..., an, ... is an infinite sequence of integers all positive
except possibly ay, then they determine a unique infinite simple continued fraction,
that is, the limit of convergents exists. Further, this value is always an irrational
number.

If the sequence defining a continued fraction becomes a periodic sequence after a
certain point, the resulting continued fraction is called a periodic continued fraction.
Consider an infinite continued fraction with sequence ag, ay, ... and let A,,, B), be
the numerator and denominator, respectively, for the mth convergent. We need the
following results, the first being a theorem of Lagrange (see [P]).

Theorem 3.2.5.2. A real irrational number that is a solution of the quadratic equation
ax> +bx+c=0

with a,b,c,d € 7 and not all zero has a development as a periodic continued
fraction.

As a special case of the above theorem we have that if

p+ypr+4

xzf, with p 20, p € Z,
then
1
x=p+—— -
P+ o

Lemma 3.2.5.1 ([P]). Suppose d is a positive square-free integer. If the development
of N/d as a periodic regular continued fraction has a period of length m then the
equation x> — dy*> = —1 has an integral solution and each positive solution x, y is
of the form x = A;, y = B; fori = qm — 1 with q odd.

Using Theorem 3.2.5.2 and Lemma 3.2.5.1, we get the following proof of the
infinitude of primes due to Barnes [B].
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Proof (the sequence of primes is infinite). As always, assume that there are only
finitely many prime numbers

pr=2<pr=3<---<pr.

LetPZPI"'Prandq=P2~~pr=%.Nowlet

p+Vp?+4
X =
2
Then
Xx=q++q*+1.
Since p; does not divide g2 + 1 for i = 2,...,r it follows that ¢g> + 1 must be a

power of 2. Further, this power must be odd since x is irrational. Hence
> +1=2% teN.
This gives
¢* =22 = —1,
and hence the Diophantine equation

x2—2y? =1

has a solution x = ¢, y = 2'. From Lemma 3.2.5.1, then, g—, is an even convergent
value of

1
V2=1+—r
It can be shown that

Byu+1 =anm1By + By, m=> 1,

where as before By is the denominator of the kth convergent. From this it follows
that for m > 1, By, is a positive odd integer > 1. Since 2! is even we then must have
m = 0 and hence

g Ay 1

20 By 1
Then from (g,2") = 1 we get ¢ = 1, which is a contradiction since ¢ = pj - -
p2 > 1. O

3.3 Dirichlet’s Theorem

If (a, b) = 1 for natural numbers a and b, then Dirichlet’s theorem states that there
are infinitely many primes in the arithmetic progression {an + b}. On the one hand,
given the many proofs that we have exhibited of the infinitude of primes, this may
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not seem surprising. However, when looked at in light of the prime number theorem,
which says that the density of primes gets scarcer and scarcer as x gets larger, it
is quite surprising. Since an + b is linear in n, the distribution of numbers in this
sequence is uniform or regular on the integers. However, since 7 (x) ~ -~ we have

that @ ~ ﬁ We can interpret this as that the probability of randomly choosing a
prime < x goes to zero as x goes to 0o. On the other hand, if the primes are randomly
distributed, it is not surprising that the densities in arithmetic sequences are equal,
that is, that there are infinitely many in each arithmetic progression. This dichotomy
again points out the fascination in the sequence of primes.

Earlier in this chapter we presented several special cases of Dirichlet’s theorem.
Specifically, we showed that there are infinitely many primes of the form 3n + 1,
3n+2,4n+1,4n+3,8n + 1, 8n + 3, 8n + 5, and 8n + 7. Many other specific
situations, such as 6n + 5, can be proved by the same techniques. The most general
case that we proved was Theorem 3.1.5.1, which showed that there are infinitely many
primes of the form mn + 1 for any positive integer m. A complete proof of the full
Dirichlet theorem involves analysis, and we present it in this section.

Theorem 3.3.1 (Dirichlet’s theorem). Let a,b be natural numbers with (a, b) = 1.
Then there are infinitely many primes of the form an + b.

Dirichlet’s proof rests on two concepts; Dirichlet characters and Dirichlet series.
The basic idea is to build, for each integer a, a series that would converge if there
were only finitely many primes congruent to » mod a and then show that this series
actually diverges. We discuss characters first.

Definition 3.3.1. For any integer k, a Dirichlet character modulo k is a complex
valued function on the integers x : 7. — C satisfying

(1) x(a) =01if (a, k) > 1,

(2) x(1) #0,

(3) x(a1a2) = x(a1)x(az) forall ay, az € Z,
(@) x(a1) = x(a2) whenever a; = ap mod k.

From (3) and (4) it is clear that a Dirichlet character can be considered as a mul-
tiplicative complex function on the set of residue classes modulo k. We will shorten
the notation and use the word character to mean a Dirichlet character modulo k.

From a group-theoretical point of view a Dirichlet character is just a character of
a finite complex representation of the unit group U (Zx). We will say more about this
after our discussion of characters.

As an example consider the function

0 if(a,k)>1,

X@W= 0 b = 1,

It is easy to verify that this is a character. Thus, modulo k, there is always at least
one character. The character above is called the principal character and exists as
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defined for each k. We will presently show that there are ¢ (k) characters, where ¢ is
the Euler phi function, for each positive integer k.

We now describe some necessary properties of characters. In each of the following
results, when we say character we mean character modulo &, with k fixed.

Lemma 3.3.1.

(1) For every character, x (1) = 1.

(2) For every character, if (a, k) = 1 then |x(a)|*® = 1. Hence |x(a)| = 1
and x(a) is a ¢ (k)th root of unity.

Proof.

(1) Since yx is multiplicative we have x (1) = x(1)x(1). Since x(1) # 0, it
follows that x (1) = 1.

(2) From Euler’s theorem (Theorem 2.4.4.3) we have that if (a, k) = 1, then

a®® =1 mod k.
Since a character is multiplicative this implies

x@?® = [x(@*©)| = IxI = 1. O
Lemma 3.3.2. For every k there exist only finitely many characters mod k.

Proof. Given k there are only finitely many different residue classes mod k. If a is
a positive residue mod k then from the previous lemma y (a) is a kth root of unity.
Hence there are only finitely many choices. O

For the time being we will let ¢ denote the finite number of characters modulo %.
After we prove certain orthogonality relations we will show that ¢ = ¢ (k).

Lemma 3.3.3.
(1) If x1 and 7 are characters, then so is x1 x2, where (x1x2)(a) = x1(a) x2(a).
(2) If x is a character, so is its complex conjugate ¥. Further, x(a)™' = x(a).
(3) If x1 is a fixed character and x runs over all characters, then so does x1X.

Proof. The proofs of (1) and (2) are straightforward verifications of the four properties
in the definition of a character, and we leave these to the exercises.

For part (3) suppose that (a, k) = 1 and x;(a)x2(a) = x1(a)x3(a). Then since
x1(a) # 0 it follows that x>(a) = x3(a). Hence if x is a fixed character and we
let x; run over all ¢ distinct characters, then x x; are again c distinct characters and
hence must be all of them. O

We need to prove certain orthogonality relations among the characters. The next
lemma is crucial for this and contains much of the work in proving these results.

Lemma 3.34. Ifd > 0 and (d, k) = 1 with d not congruent to 1 mod k, then there
exists a character for which x(d) # 1.
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Proof. Since x(a) = 0if (a,k) > 1 it follows that to determine a character for
which x (d) # 1 we must only find a function satisfying properties (2), (3), (4) of the
definition of a character for (a, k) = 1.

Let k = p{'--- p* be the prime decomposition of k. Since d # 1 mod k it
follows that for one of the prime divisors p of k we have d # 1 mod p’ for some
t > 0. Suppose first that p is an odd prime divisor of k satisfying this, thatis, d # 1
mod p’, where p’|k. Then p does not divide d since (d, k) = 1.

Recall that the unit group modulo p’ is cyclic, that is, there is a primitive root g
modulo p’. There are ¢ (p") primitive roots so choose g # d. (See Theorem 2.4.4.5
and Section 2.4.4.) If (a, k) = 1 then a is a unit modulo k and hence a power of g
modulo k. That is,

a=g"mod p' withb > 0.
Let o be the root of unity given by

2mi
o = edWh)

and define for each a with (a, k) = 1 witha = gb as above,
x(a)=o".

Further, if (a, k) > 1 define x (a) = 0. This defines a function on the residue classes
mod k. We must show that x is a character and that x (d) # 1.

Property (1) of the definition of a character is clear from the definition of x. Now,
x(1) = 6% = 1 since g = 1. Hence x(1) # 0. Further if (a1, k) = (az,k) = 1
then a; = g and a» = g” mod p’. This implies that x (a;) = o1, x(a2) = 2.
But ajas = g” 2 mod p’ and hence

b1+by — O_bl

x(@a) =0 o = y(anx(a).

Therefore x is multiplicative.

Finally, if a; = a; mod p’ then ¢ = g = a, and hence x(a;) = x(a2).
Therefore ¥ is a character. Since d # 1 mod p’ then d = g"mod p! for some r with
¢ (p") not dividing r. Therefore

x(d)=o" #1.

The above proof works whenever we have an odd prime divisor of k£ with d not
congruent to 1 mod p’. This leaves only the prime 2. Now suppose thatd % 1 mod 2!,
where 2'|k. If t = 1 then k = 2¢q with ¢ odd and then d = 1 mod 2. Therefore if
d # 1 mod k there must exist an odd prime divisor of k with d % 1 mod p*®, and we
are back to the first case. Hence we may assume that k = 2'q with¢ > 1 and d # 1
mod 2.

Now d = 1 mod 2 and hence d = 1 mod 4 or d = 3 mod 4. We consider each of
these cases separately.
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Ifd = 1 mod 4 thent > 2. If (a, k) = 1 then clearly (a, 2) = 1. Then it can be
shown that (see the exercises)
a= (—1)‘%151’ mod 2! for some b > 0.

Now let

27i
o =e27?

and define x(a) = 2°. Since b is determined mod 2/~2 it follows that x is well-
defined on the residue classes mod k. As in the odd case if we define x (a) = O for
(a, k) > 1thenitis straightforward to verify that x is a character. Again as in the odd
case since d # 1 mod 2! and d = 1 mod 4, then d = 5" mod 2! with r not divisible
by 2/72. Hence x(d) = o” # 1.

If d = 3 mod 4 then d = —1 mod 4. For (a, k) = 1 define

x@ = (1.

As in the other cases it is straightforward to verify that x is a character. Here x (d) =
—1 # 1. This completes the proof of Lemma 3.3.4. O

The next two theorems are called the orthogonality relations for Dirichlet char-
acters. They are special cases of general results on characters of representations of
finite groups.

Theorem 3.3.1 (orthogonality relations I).
(1) If x is a fixed character and a runs over a complete set of residue classes

mod k, then
et ifx = o,
> x@ = )
P 0 if x # Xo.
(2) If a > 0 is an integer, then if x runs over the set of all ¢ characters,

Z (@) = ¢ ifa=1modk,
— Y0 ifa#1modk.

Proof.
({) Let o be the principal character as defined immediately after Definition 3.3.1.
That is,
0 if(a,k) > 1,
1 if(a,k)=1.

If a runs over a complete set of k positive residue classes mod k, then
> xo(@)
a

has ¢ (k) terms each with value 1, and (k — ¢ (k)) terms each with value 0. Hence
> xol@) = ¢ (k).
a

xo(a) = {

If x # xo choose d withd > 0, (d, k) = 1 and x(d) # 1. This exists since it is
not the principal character. Then as a runs over a complete residue system mod k so
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does da. Then

Y x@ =) x(da.

But x is multiplicative, so
Y ox@ =Y xda)=>) x(dx(@ =xd) Y x(@).

Since x (d) # 1it follows that ), x (a) = 0.

(2) Fora = 1 mod k the sum ) ¥ X (a) runs over ¢ characters. From Lemma 3.3.1
each of these has value 1 and the sum has value c.

If (a, k) > 1 then each of the terms in the series is zero, so the sum vanishes.
If (a,k) = 1 buta # 1 mod k then there exists a character (by Lemma 3.3.6) with
x1(a) # 1. Now as x runs over all ¢ characters, then by Lemma 3.3.3 so does yix.

Hence
D ox@ =) xi@x(@ = xi@ ) x(.
X X X

Since yi(a) # 1 it follows that Zx x(a) = 0. O
We can now prove that ¢, the number of distinct characters mod k, is exactly ¢ (k).
Corollary 3.3.1. There exist exactly ¢ (k) characters modulo k.

Proof. There are exactly ¢ (k) positive residues a with (a, k) = 1. If we sum over
all ¢ characters and ¢ (k) residues we get using the orthogonality results above that

Zx(a)=ZZX(a) =c+0+---+0=c.
a, x a X
On the other hand,

Yox@ =) > x@=pk) +0+---+0=g(k).
a, x X a

Therefore ¢ = ¢ (k). m]

Theorem 3.3.2 (orthogonality relations II).
(1) If x1 and yx» are characters mod k and a runs over a complete set of residue
classes mod k, then

0 i x1 # xa

(2) If a > 0 is an integer and (a, k) = 1, then if x runs over the set of all ¢ (k)

characters,
—— |#k) ifa=1tmodk,
;X(I)X(a)_ {0 ifa#1tmodk.

- O = o
ZXI(Q)Xz(a)z{d’() ifx1=x2
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Proof.
(1) From Lemma 3.3.3 we have that for any character, x ~
X1 = X2, then

' — 5. Hence if

x1(a)x2(a) = x1(a) x1(a) = xo(a),

where yq is the principal character. Therefore from Theorem 3.3.1,

Y @@ =Y xo0@) = ¢ (k).

If x1 # xo, then Xfl # %2 and hence x1x2 # xo. Then again from Theo-
rem 3.3.1,
Y xi@xa(a) = 0.
a
(2) The proof of the second part of the theorem follows in an analogous manner
from Theorem 3.3.1. We leave the details to the exercises. O

Before moving on to Dirichlet series we mention that Theorems 3.3.1 and 3.3.2
are special cases of general results in group representation theory. If G is a finite
group then a (matrix) representation of G is a homomorphism p : G — GL,(R)
(see Section 3.2) for some n and some ring R. Hence p(g) is an invertible n x n matrix
for g € G. The character of the representation p is the function x, : G — R given
by x,(g) = tr(p(g)). For any finite group G there are orthogonality relations on
the set of characters that specialize in the case of finite abelian groups (for complex
representations) to the theorems on Dirichlet characters. The book by Curtis and
Reiner [CR] is a standard reference on representations of finite groups. A more
elementary treatment can be found in the book by M. Newman [New 1].

The next ingredient in the proof of Dirichlet’s theorem is Dirichlet series.

Definition 3.3.2. If x is a character mod k then the Dirichlet L-series is defined for

complex values s by
oo

Lso=)

S
n=1
A rough outline of the way these series lead to a proof of Dirichlet’s theorem is
as follows. Consider (a, b) = 1 and consider Dirichlet characters mod a. It can be
shown that for s > 1 the series L(s, x) is an analytic function of s and further, for
s > 1, satisfies an analogue of the Euler product (see Section 3.1.2 and [N]), that is,

-1
L(s, %) =]_[(1 _ X;ﬁ”) .

p

Then by logarithmic differentiation,

L'(s, x) ) x(p)Inp

L0 S )
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If we introduce the function A on N by

Inp ifn=pc=>1,

An) =
0 for all other a > 0,

then the above can be rewritten as

L'(s.x) < xmA®)
L(s, x) =2 '

n=1

The function A (n) is called the von Mangoldt function and will also play a role in
the proof of the prime number theorem. Multiplying by x (») and then summing over
all other characters x* we get by the orthogonality relations

An) 1 ——L'(s, x
=— N o —=2 2
L ¢(a)§x O T

n=b mod a

As s — 17 the left-hand side becomes approximately
> =
p=b mod a p

What must be shown is that the right-hand side becomes infinite. This would then
imply that the number of primes congruent to » mod a must be infinite.

/(¢
It can be shown that for the principal character we have —% — 00 as
s — 17, It follows that to show that the right-hand side above becomes infinite we

li/((ss ))(()) remains bounded for any nonprincipal character. To show this

we must show that L(1, x) # 0 for any nonprincipal character. We now outline a
series of results that prove all these assertions.

must show that

Theorem 3.3.3. For any character x mod k the Dirichlet L-series is an analytic
function for s > 1. Further, it has an Euler product representation

-1
L(s, x) = 1—[ (1 . X(P))

s
» p

The proof of this theorem follows from the following sequence of lemmas.
Lemma 3.3.5. L(s, x) is absolutely convergent for s > 1.

Proof. From Lemma 3.3.3 we know that |x (n)| < 1and hence X Lx (")‘ < nT' Therefore
> A =3[

n=1
which converges for s > 1. Hence L(s, x) is absolutely convergent for s > 1. O

1

5’
n=1

x(n)

ILGs, )| =
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Lemma 3.3.6. The series
o0
x(m)Inn
>
n=1

converges absolutely for s > 1 and, further, in this range
o0
, _ x(m)Inn
Vs = - 3o K
n=1
Proof. Fors > 1+ € we have

Inn
- plte’

' x(®)Inn
nS

However, > 02 | ’:ﬂ% converges by the integral test. Thus the given series converges

oo x(n)
n=1 ns °

uniformly for s > 1+ € and hence absolutely for s > 1. Now L(s, x) = >
so by uniform convergence we can differentiate termwise, and therefore

o0

L'(s. x) = _Z X(n)lnn.

ns
n=1

(Recall that if y = n~ then y = —n"* Inn.) O
Let u be the Mdobius function defined for natural numbers n by

1 ifn=1,
um) = (=1" ifn=pipr---pr with py,..., p, distinct primes,
0 otherwise.

Then the following is true.

Lemma 3.3.7. The series
o
x (m)p(n)
Y
n=1

converges absolutely for s > 1 and, further, in this range

Lis 0y K

n=1
It follows that L(s, x) # 0 fors > 1.

Proof. As before, 755 SO the absolute convergence follows from the

convergence of the series Y o0 | & fors > 1.

xop) | 1
n® -
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Now it can be shown that for the M6bius function w(n) we have
1 ifn=1
d) = ’
ZM( ) {O ifn > 1.
din

(See Theorem 2.4.3.2 for a similar result and Section 3.6 for a proof.)
Using this above fact, we then have

i i X1l i 3 X(m)ﬁf,ff“(n) _ Z O 5y = 1,

t=1 mn=t nlt
Therefore
o0
x (m)p(n)
( ) X) Z ns == 1. O
n=1

We can now obtain the indicated Euler product representation for L(s, x).
Lemma 3.3.8. For s > 1 we have the Euler product representation

-1
on-T1(1-2)

p

Proof. Form > 1 let S be the set of all positive integers n not divisible by any prime

p > m. Then we have
x(P)\ > x(m)un)
1_[ <1 - X ) - Z ns ’

s
p=m p nes

All n < m are included in the set S and therefore
x(p) x(m)p(n) x(n)u(n')
[1(1-%7)= ¥ X 3 aeen,
p=m 1<n<m n'>m

where the second sum runs over those n’ > m that are not divisible by any prime
p > m. Now as m — oo the first sum on the right goes to

Z X(n)u(n) 1
© O L(s, x)

n=1

by Lemma 3.3.7. The second sum on the right approaches O since its absolute value

isless than ), _ . ’% Combining these, we obtain
-1
x(p)> 1 x(p)
1 - = = L(s, x) = 1 — —— . O
1 < p’ L(s, x) [ p*

p p
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Recall that the von Mangoldt function A (n) was defined for positive integers by

An) = Inp ifn=p c>1,
0 for all other n > 0.
We then get the following result.

Theorem 3.3.4.
(1) Fors > 1 we have

L'(s, ) °°x<n>A(n)
L(s, x) =2

n=1
(2) As s — 17 we have for the principal character xo,
L'(s, x0)
_
L(s, xo)
Proof. Since |x(n)A(n)| < Inn it follows that the series Zoo M converges

absolutely for s > 1.
Now it can be shown, in a similar manner as for the Mobius function, that

> A@d)=Inn

dln
(see the exercises). Hence for s > 1,

Z X(H)A(n) Z X(m) Z X(n)A(n)

n=1 m=1

_ZX(I)ZA()_ZX(Z)IUI —L(s, x).

nlt

For the principal character xo we have xo(n) = 1if (n, k) = 1 and O otherwise.
Therefore from the first part of the theorem, it follows that

_L(s, x0) _ 3 A(n) i A(n)
N
L(s.x0) =1 w1 ik
DI L
n=1 plk p’
As s — 1 the second term on the right is finite. Hence to prove that — LL,((g’ ))(((‘)’)) —

oo as s — 1Twe must only show that the first term in the expression above diverges.
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From Euler’s proof of the infinitude of primes, we know that Z d1verges

Since Tp > - 1t follows that ) , pp diverges and hence so does Y o A(") . Hence
for every t > O there exists an m = m(t) for which
— A
>h .,
n
n=1
For1l < s < 1+ €(¢) we then have
m o
An) An)
IECEVE) SISy
n=1 n=1
From this last inequality it follows clearly that the sum diverges. O

We now have one big brick of Dirichlet’s proof in place, that is, that for the
principal character
—L'(s, x0)
— 5>
L(s, xo)
As explained above we now need to show that L(1, x) does not vanish for any
nonprincipal character. This is the most difficult part of the proof.
First three more preliminary results are needed.

Lemma 3.3.9. Ift > m > 1 and x is not the principal character, then

¢()

Proof. By the orthogonality relations the sum > x (a) over a complete set of residues
is zero. Hence in the given sum we may assume that there are at most k — 1 terms. In
a complete set of residues exactly ¢ (k) terms have |x (a)| = 1 and all the remaining
terms have |y (a)] = 0. If between m and ¢ there are at most @ terms with

|x(a)| = 1, then
Zx(n)

n=m

¢k
< Z|x<n>| <20

If there are more than ‘P( ) such terms then

t m-+k—1 m—+k—1
dDoxml=] > xm— Y xm
n=m n=m n=t+1
m+k—1 m+k—1
=Y x|z ) |x(n)|<%k). D
n=t+1 n=t+1
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Lemma 3.3.10. For any character x and s > 1, we have the inequality
(LG, x0)’I1LGs. 0P ILGs, XD = 1.

Proof. For real numbers x, y with 0 < x < 1 we have the inequality
A= x)31 = xe¥) 1 —xe?¥ )2 < 1

(see the exercises).
If p is a prime that does not divide k let x (p) = €'Y and let x = #. Applying

the above inequality then gives
3 2 2
(1_)(0(17)) (l_x(p)> (1_)( (p))’ <1
pS pS pS

Multiplying over all primes and using the Euler product representation of the L-series
then gives the stated inequality. O

4

Lemma 3.3.11. For any nonprincipal character x we have |L'(s, x)| < ¢ (k)
fors > 1.

Proof. From Lemma 3.3.6 we have

e¢]

x(n)Inn
2

n=1

IL' (s, )| =

for s > 1 and so we work with the right-hand sum.
It is straightforward to show that the function f (¢) = I;I—J is a decreasing function
for t > 3. Therefore from Lemma 3.3.9 we have for r > m > 3 the inequality

t

x(n)Inn
> T

n=m

_o®im _gwnm
-2 mt T 2 m

Hence the series for L'(s, x) converges uniformly for s > 1. In this range, taking
m = 3 and letting t — o0, it follows that

o]

x(n)Inn
2

n=1

In2  ¢k)ln3 1 k)
=72 "3 tat T =0 °

Theorem 3.3.5. L(1, x) # O for any nonprincipal character and, further, for any
L'(s,x)
L(s, x0)

nonprincipal character, is bounded for s > 1.

Proof. We break the proof into two pieces. The first for nonreal characters, that
is, characters that take complex values, and the second for real, but not principal,
characters. This second part is the more difficult.
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From Lemma 3.3.9 we have for any nonprincipal character

¢()

Therefore for any nonprincipal character with s > 1, we see that

ILGs, 0l < ¢ (k),
by letting m = 1 and ¢ — oo in the above inequality and using that

|x ()]
nS

<Ixml

Assume first that x is a nonreal character. Then 2 is not the principal character
for if it were, x would have to be real. Then from the remark above, we have for
s > 1 that |L(s, x2)| < ¢ (k). On the other hand, if 1 < s < 2, we have

> [ | ® dz
L(s, x0) = Z ;Szn—s<l+/l Z_s
n=1,(n,k)=1 n=1
1+ i 2
= = <
s—1 s—1 s—1
Applying Lemma 3.3.10 we have
3 3
1 s—D* 1 (s—1)2

L(s, > .
o Tk 21 BB 2e®

If L(1, x) =0, then fors > 1,

ILGs, )01 = [LGs, ) = L(1, )| = M L'(t, Y)dt| < p(k)(s = 1).

Hence for 1 < s < 2 we would have

(s — )3 > .
2¢(k)2

However, this inequality is false for s = 1 +

. Therefore L(1, x) # 0 for x
166 (k) 2
any nonreal character.

Now assume that y is a real character but not the principal character. As remarked
earlier, this is the more difficult part. To begin we define the function f(n) on the

positive integers n by
f)y =Y x(@).

din

Then we can prove that (see the exercises) f(n) > Oforalln > 1 and f(n) > 1 if

n = ¢?, a square.
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Letm = (4¢ (k))6 and 7 = anzl 2(m — n) f(n). Applying the definition of
f(n), we have

7= Z 2(m — uv) x (v).

uv<m

Since f(n) > 0and f(c?) > 1, we have

I= —(4¢<k>)9

M-
[\®)
—~

3

|
A~ 3
N—"

I
-lklw

Ji i

m 2

2z ) 2m—vH) =) 2m—vh) =
v=1 v=1

I
-

v

Let

1
m3
=Z Z 2(m — uv) x (v),

u=1 3
m2<

u

2
m3
= Z Z 2(m — uv) x (v).

v=10<u<?

. . 1 2 2 .. .
Then it follows from uv < m that either u < m3, v > m3, or v < m3. This implies
then that

=21+ 2.

Suppose that z(r) is a complex valued function on the natural numbers. Let ¢ be
a natural number and forz > c let r(t) = Zﬁzzcz(n). Letr(u —1) =0. Ford > ¢
let v = max.<;<q |r(t)| and let €, > €.41 > --- > €4 > 0. Then

d d d—1
D enzn) =Y e(r(n) —rin—1) =Y r(n)(e, — enr1) + r(d)ea.

This then implies that

d—1
<v (Z(en —€nyl) + 6,1) = vee. (3.3.1)

n=c

From Lemma 3.3.9,

¢()

Applying the above remarks to this inequality with €, = an we get

¢ 1 _ok)

(3.3.2)
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Now applying the inequality (3.3.1) to the definition of z; gives us

m3

m3
Z 2(m — uv)x (v)| < Zme_mw)(k)

Now as defined

2
m3
= Z Z 2(m — uv)x (v).

v=10<u<?

119

Let6 = 2 — [2], where [ ]is the greatest integer function. Then 0 < 6 < 1 and

Len 2w =20y 1=l (3] )
zzm(g_e)_v((g_9)2+g_9)

2m? m? m y m
=— -2m0—v|——-20—+6"+——0
v

2
= m——m+v(0—02).
v
Since 0 < 6 < 1 we have |0 — 92| < 1 and hence

2

2 2
o= Y K Y @+ Y e - 6%
v=1 v=1 v=I

2
o0 m§
=m*|LU.0- ) lef) +m%")+m%zl.

2
v=m3+1

Applying the inequality

< o) 1 _ o)

2 ¢S~ 2

d
X (n)
275

n=c

. 2 .
and letting c = m3 + 1, v — oo, we obtain

2@%%%%@

- +mipk)

72 < m2L(1, X)+m

m3

= m2L(L 1) +m3 (0 (% bo 1)

— m2L(1, x) 4 2m>3 ¢ (k).
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It follows then, summarizing all these inequalities, that
3 9 2 4 2 8
@0 =z <m L, x) +3m3g k) =m L1, x) + 344 (k) ¢ (k)
3
=m?L(1, ) + 7 (49 (k).

This then clearly implies that m2L(1, x) > 0 and therefore L(1, x) > 0. Hence
L(1, x) # Ofor x areal nonprincipal character, completing the proof that L(1, x) #
0 for any nonprincipal character.

We must now show that Ii/((ss;()) remains bounded for s > 1. Since L(1, x) # 0

it follows that ﬁx) is bounded for s > 1. From Lemma 3.3.11 L/(s, x) is also
bounded for s > 1 completing the proof. O

The final piece is the next theorem.
Theorem 3.3.6. Suppose (t,k) = 1, t > 0. Then for s > 1 we have

—L'(s, x) A(n)
(k)Z ()L(SX) 2 ns

n=t mod k

Proof. For s > 1 we have from Theorem 3.3.4 that

L'(s,x) = x(mAm)
L(s,x) 2 '

n=1

Combining this with the orthogonality relations for characters, we get
7 o
—Z 1 L'(s, X):Z 1 ZX(”)A(n)
x (@) L(s, x) x () ns

X
Sy ANy = T A, o
X

n=t mod k

We can now give the proof of Dirichlet’s theorem.

Proof. We suppose that (a,b) = 1 and we want to show that there are infinitely
many primes of the form an + b or equivalently infinitely many primes congruent
to b mod a. We consider the Dirichlet characters mod a. Apply Theorem 3.3.6 with
a =k and b = t, so that

LG5, ) A)
_ b = .
@ =" T 2

s
n=b mod a

Ass — 17 the left-hand side approaches oo since the term for the principal character
goes to —oo, while the other ¢ (a) — 1 terms remain bounded. Therefore we have as
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s — 17 and with all congruences mod a,

D D

s
p=b p (p,m),p"=b,m>1
Now
00 oo
2Inn Inn Inp
> —_— > —_—
T T e E
— n on=1 == p(p-1
In In
PO Dl
p p
p,m;m>1 p,m;m>1

= Z ln{)’ s > 1.

ms
(p,m),p"=b,m>1 p

Therefore the second sum

p.m,p"=bm=>1
remains bounded as s — 17. It follows that

LA

s

Therefore the number of primes congruent to » mod a must be infinite.

121

m}

Before leaving Dirichlet’s theorem we would like to mention a beautiful new result
of Ben Green and Terence Tao [GT] also related to primes and arithmetic progressions.
It is a classical conjecture that there are arbitrarily long arithmetic progressions of
prime numbers. This conjecture was hinted at in the work of Lagrange and Waring
in the late 1700s (see [D]). In 1939 van der Corput [VC] established that there are
infinitely many triples of primes in arithmetic progression. Green and Tao [GT]

proved the following.

Theorem 3.3.7. The prime numbers contain arithmetic progressions of length k for
all k. That is, for all k € N there exist a, b € N with (a,b) = 1 such that a, a + b,

a+2b,...,a+ (k—1)bare all primes.

Their proof is probabilistic and nonconstructive and quite difficult.

3.4 Twin Prime Conjecture and Related Ideas

Twin primes are prime numbers p and g such that |p — g| = 2. For example {3, 5},
{5, 7}, {11, 13} are all pairs of twin primes. Trivially, 2, 3 is the only pair of primes
that differ by one. It is not known whether there are infinitely many pairs of twin
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primes, but an examination of the list of primes shows an abundance of such pairs
and leads to the following conjecture. Notice that the random distribution of primes
also supports this conjecture.

Twin primes conjecture. There are infinitely many pairs of twin primes.

Despite the twin primes conjecture there is a remarkable theorem of Brun that
says essentially that even if there are infinitely many twin primes the sum of their
reciprocals converges. Recall that Euler proved that the sum p prime % diverges.
This implies that the sequence of primes is infinite. Here let

S = {p; p prime and p + 2 prime}.
That is, S is the set of twin primes. Brun’s theorem is the following.
Theorem 3.4.1 (Brun). Let S be the set of twin primes. Then
=)
es p p+2

converges.

Notice that if S is a finite set, then certainly the sum converges. Brun’s proof
depends on a method known as Brun’s sieve. We will look at this method as well as
the proof of Theorem 3.4.1 in Chapter 5. We mention some elementary facts about
twin primes, leaving the proofs to the exercises.

Lemma 3.4.1. The integer 5 is the only prime appearing in two different twin prime
pairs.

Primes are those natural numbers that have only two possible positive divisors.
The next lemma gives a similar characterization of twin primes.

Lemma 3.4.2. There is a one-to-one correspondence between twin prime pairs and
those integers n for which n*> — 1 has only four possible positive divisors.

Lemma 3.4.3. Suppose p, g are primes. Then pq + 1 is a square if and only if p and
q are twin primes.

Lemma 3.4.4. If p, q are twin primes greater than 3 then p + q is divisible by 12.

3.5 Primes Between x and 2x

In Theorem 2.3.2 we saw that there are arbitrarily large gaps in the sequence of primes.
Despite this fact, the next result, known as Bertrand’s theorem, says that for any
integer x there must be a prime between x and 2x. Bertrand verified this empirically
for a large number of natural numbers and conjectured the result. The theorem was
proved by Chebychev.
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Theorem 3.5.1 (Bertrand’s theorem). For every natural number n > 1 there is a
prime p such thatn < p < 2n.

Chebychev’s proof of Bertrand’s conjecture used techniques that he also used in
obtaining a simple asymptotic bound on 7 (x). This bound was a step on the road to
the prime number theorem. We will give a proof of Chebychev’s theorem in the next
chapter and defer a proof of Bertrand’s theorem until then.

3.6 Arithmetic Functions and the Mobius Inversion Formula

In the course of Chapters 2 and 3, we used several functions, such as the Euler phi
function ¢ (n), the sum of the divisors function o (), the von Mangoldt function A (n)
and the Mobius function w(n), whose domains are the natural numbers and whose
ranges are contained in the complex numbers. Functions such as these are called
arithmetic functions or number-theoretic functions, and they play an extensive
role in number theory. Several other functions of this type will be used in the proof
of the prime number theorem. In this final section of Chapter 3, we take a look at
arithmetic functions in general and a very important result called the Mobius inversion
formula.

Definition 3.6.1. An arithmetic function or number-theoretic function is a func-
tion f : N — C, that is, a function whose domain is the natural numbers and whose
range is a subset of the complex numbers.

Besides the arithmetic functions that we have mentioned already, very important
examples are given by the divisor functions:

7(n) = number of positive divisors of n;
o (n) = sum of the positive divisors of n;

oy (n) = sum of the kth powers of the positive divisors of 7.

These can also be written in the following form.

7(n) :Zl,

d|n
o(n) = Zd,
d|n
or(n) = de.
d|n

We saw in Section 2.4.3 that if ¢ is the Euler phi function and (m, n) = 1, then
¢ (mn) = ¢(m)¢(n). This property is called multiplicativity.

Definition 3.6.2. An arithmetic function f is multiplicative if
f(mn) = f(m)f(n)

whenever (m,n) = 1.
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If n has a prime decomposition n = p‘f‘ .- p¥ and f is a multiplicative arith-

metic function then f(n) = f( pf') - f( pzk). Therefore, multiplicative arithmetic
functions are uniquely determined by their values on prime powers. Further, notice
that for any n we have f(n) = f(n)f(1). Hence if there is any n with f(n) # 0, we
must have f(1) = 1.

Multiplicativity is preserved under summing over divisors. More precisely, we
have the following theorem.

Theorem 3.6.1. Suppose that f(n) is a multiplicative arithmetic function and

Fm) =) f(@).

d|n
Then F (n) is also multiplicative.

Proof. Suppose that n = nyny with (n1,n2) = 1. If d|n then since n; and n»
are relatively prime it follows that d = d1d> with dy|n1, d2|n2, and (dy,dr) = 1.
Conversely, if d = dyd, with dy|n| and d>|nj, then d|n. This establishes a one-to-
one correspondence between the positive divisors of n and pairs of divisors dy, d; of
ni, na, respectively. It follows that

fy =) fd)y=Y " f(didy).

dln di|ny dy|na

The function f is assumed to be multiplicative and hence f(d1d2) = f(d1) f(d>).
Therefore

Fny= Y f(d) ) f(d2) = F(m)F(n2),

dilny da|ny
proving the theorem. O
This theorem can be used immediately to show that the divisor functions are mul-

tiplicative. It is clear from the fundamental theorem of arithmetic and the definition
that t(n) is mulitplicative. From the expressions

o) = Zd,

d|n

or(n) =) _d",

d|n
it follows from the theorem that these are also multiplicative.
Lemma 3.6.1. The divisor functions t(n), o (n), or(n) are all multiplicative.

The multiplicativity of ¢ (n) was used in Section 2.4.3 to derive a closed-form
formula for ¢ (n) in terms of the standard prime decompositions. The same can be
done for 7 (n) and o (n).
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Theorem 3.6.2. Suppose that n = p{' --- p;*. Then
tn)=(e1+ 1) (e + 1),
e;+1 er+1 ex+1
—1 —1
o) = P Py ce P .
p1—1 p2—1 pr—1

Proof. We will exhibit the proof for t(n) and leave the derivation of o (n) for the
exercises.

As in the derivation of the formula for ¢ (n) we establish the formula first for
prime powers. The general result then follows from multiplicativity.

Suppose then that n = p® and consider

T(n) =Zl.

d|n
The divisors of p¢ are 1, p, pz, ..., p¢ and hence
e
) =t(p) =) 1=(e+D).
i=0

This proves the first part of the theorem. O

Example 3.6.1. Compute 7(250) and o (250).
We have

1(250) = 1(2-5°) = 1(2)T(5°) =2 -4 = 8.
Hence 250 has 8 positive divisors, namely 1,2, 5,5%,5%,2-5,2-52,2 .53, Next,

22 _15%—1
2-15-1

0 (250) = — (3)(156) = 468.

An extremely important arithmetic function is the Mobius function that we intro-
duced in Section 3.3 and used in the proof of Dirichlet’s theorem. Recall that the
Mbobius function is defined for natural numbers n by

1 ifn=1,
um) = (=1" ifn=pipr---p, with py,..., p, distinct primes,
0 otherwise.

Lemma 3.6.2. The Mobius function (n) is multiplicative.
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Proof. Suppose that (n, m) = 1. If either n or m is not square-free, then mn is not
square-free. Hence in this case w(mn) = 0 and either u(m) = 0 or w(n) = 0, so that

u(mn) = u(n)u(m).
Hence we may assume that both n and m are square-free. Assume
n=pip---pk and m=gqi---qs,

with each having distinct sets of prime factors. Then pu(n) = (=¥ and pu(n) =
(—1)". Since the sets of prime factors are disjoint the prime decomposition for nm is

nm = pi---prq1---4r-
Therefore
p(nm) = (=D = (=D D" = pum). O
Using multiplicativity we obtain the following theorem.
Theorem 3.6.3. For the Mobius function u(n),

U ifn=1,
dilnj'u(d)_ 0 ifn>1.

Proof. Clearly, ifn =1,

> ud) =1.

dln

Since p(n) is multiplicative, from Theorem 3.6.1 we have that

F(n) =) u(d)

din

is also multiplicative. Therefore we need only prove the result for prime powers.

Let n = p® with e > 0. Then the positive divisors of n are 1, p, ..., p® and
hence
e
> o)=Y uph.
din i=1

However, u(p') = 0ifi > 1, and so

D ) =p) + pu(p) =1+ (=1) =0,
d|n

completing the proof. O

This result allows us to prove the following very important theorem, which has
far-ranging applications.
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Theorem 3.6.4 (Mdobius inversion formula). Suppose that f(n) is an arithmetic
function and

Fm) =) f(@.
din
Then "
f =Y n@F (%)
d|n

Conversely, if F (n) is an arithmetic function and

fo =Y n@F (%)

dln

then

Fin)=Y_ f().

d|n
Proof. Consider

Su@F (Z) =23 rt0 = Y n@ f .

din din k% dkln

This last sum is taken over all ordered pairs (d, k) with dk|n. This is symmetric in
(d, k), so we can reverse the roles of d and k to obtain

Y @F (5) =Y fl Y n@.

d|n k|n d|}

From Theorem 3.6.3,

Zp.(d):O unless %:1,
djn

which would imply that k = n and hence the sum on the right-hand side would reduce
to f(n), completing the first part.

Retracing the steps exactly in the opposite direction will prove the converse (see
the exercises) O.

The Mobius inversion formula is a special case of an inversion formula in math-
ematics. These arise in many different areas. An important continuous example is
the Fourier inversion theorem. Suppose that f(x) is an integrable function over
the whole real line. Its Fourier transform is defined as the complex-valued function
given by

fw) = / fe ™ du.

Then
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Theorem 3.6.5 (the Fourier inversion theorem). If f (x) is an integrable function
and f(w) is its Fourier transform, then

1 o :
fx) = 2—/ Fw)e™ du.
T J 00

This inversion theorem is used in the solution of partial differential equations and
also can be used in a proof of the famous central limit theorem from mathematical
statistics (see [Gr]). The Fourier transform is an example of an integral transform.
We will see and use another such transform, the Mellin transform, in the proof of the
prime number theorem.

EXERCISES

3.1. Show that for any real number x with 0 < x < 1, we have

1 2, x" > X
1 =) — "= )
()= <X =it

n=1

(Hint: For the first part consider the Taylor series for In(1 — x). Start with the
sum of a geometric series ﬁ =14 x+ x% +--- and integrate.)

3.2. Show that the Fermat numbers F1, F», F3 are all prime but that Fj is composite
(divisible by 641).

3.3. Prove: Suppose {a,} is any sequence of integers with (a,, a,) = 1 if n # m.
Then there exist infinitely many primes.

34. IfA, =da* + 1then prove the following:
(@) If n > m > 1, then (4,, — D|(A, — 1).
) (An, Ap) = 1ifn # m and a is even.
() (A, Ap) =2ifn # m and a is odd.

3.5. Determine using the same types of methods used to find the value of the golden

section the value of
\/1+\/1+«/1+---.

3.6. Recall from Section 3.2.5 that a continued fraction is defined in the follow-

ing way: Let ag, ay, . . ., a, be a finite sequence of integers all positive except
possibly ag. Then a finite simple continued fraction is the rational number
defined by
1
ap + ———.
ar+ o
If ap, a1, ...,a,,... is an infinite sequence of integers all positive except

possibly ag, then an infinite simple continued fraction is determined by the
limit of the finite simple continued fractions formed up to a,. Each of the



3.7.

3.8.

3.9.

3.10.

3.11.
3.12.

3.13.
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finite simple continued fractions is called a convergent of the infinite simple
continued fraction.
Find the values of the following infinite continued fractions:

(a) a, =3 for all n.
) (@) =(01,2,1,2,1,2,...).

Prove Lemma 3.1.4.2, that is, prove that

fafori =i+ fi+-+ 2 n=>1,

where f;, are the Fibonacci numbers.
Prove Lemma 3.1.4.3, that is, prove that

fn+m = fnflfm + fnfm+1, n>1,

where f;, are the Fibonacci numbers.

Prove:

(@) plfp+1 if p==£3 mod 10 with p prime.

(b) plfp—1 if p =241 mod 10 with p prime.

(Hint: Use the identities in the proof of Theorem 3.1.4.2.)

The real Chebychev polynomials of the second kind can be defined by

So(x) =0, S1(0) =1, Spp1(x) =x8,(x) = Sp—1(x).

Prove the following:
(@) If x >0,x =2cosf < 2, then

sin(nf)
Sn (x) = N .
sin 6
(b) If x >0,x =2coshf > 2, then
sinh(n6)
S = —.
n(x) sinh 6
(c) If x =2, then
Sy (x) = n.

(Hint: Use induction and trigonometric identities.)
Prove directly that there exist infinitely many primes of the form 8n + 3.

Classify the Pythagorean triples for which the hypotenuse differs by one from
one of the legs.

Show that given integers xq, n with x(% = —1 mod n, then there exist integers
v, b with (y,b) =1,0 < b < \/n, and
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3.14.

3.15.

3.16.

3.17.

3.18.

3.19.

3.20.

3.21.

3.22.
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Show that the number of representations of m > 1 as a sum m = a? + b*> with
(a, b) = 1 is equal to the number of solutions of

x2 = —1mod m.

Determine the set of integers represented by the quadratic forms

@ f(x,y)=2x>+2y?

() flx,y) =227 =22

Show that a projective matrix (see Section 3.2.3) X € PSL(2, Z) has order 2
if and only if its trace is zero.

If G is any group, its center, denoted by Z(G), consists of those elements of
G that commute with all elements of G;

Z(G) ={g € G;gh=hg,Vh € G}.

Prove that Z(G) is a normal subgroup of G.

Prove parts (1) and (2) of Lemma 3.3.5. That is, prove the following:

(a) If x1 and yx, are characters, then sois x1 x2 where (x1 x2)(a) = x1(a)x2(a).
(b) If x is a character, so is its complex conjugate ¥. Further, x (a)~' = x (a).

Prove that if a is an odd integer and ¢ > 2, then
a= (—1)%517 mod 2’ for some b > 0.

(Hint: Separate into two cases, a = 1 mod 4 and @ = 3 mod 4. Then use the
facts that 5” represents exactly 2/~2 numbers incongruent mod 2! and that 5°
is periodic mod 2/ with period 2/72.)

Fill in the details of the proof of the second part of Theorem 3.3.2. Thatis, prove
that if a > 0 is an integer and x runs over the set of all ¢ (k) characters, then

——  |¢k) ifa=rmodk,
XX:X(’)X(“) - {o if a % ¢ mod k.

Consider the von Mangoldt function A (n) defined for positive integers by

Inp ifn=p c>1,

An) =
0 for all other n > 0.

Prove that

ZA(d) =Inn.

d|n

Let x be a real character mod k and define f(n) = ) din X (d). Prove that
f(n)>0foralln > 1and f(n) > 1ifn = c2, a square.
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3.28.

3.29.
3.30.

3.31.

3.32.

3.33.
3.34.

3.35.
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Prove Lemma 3.4.1; that is, prove that the integer 5 is the only prime appearing
in two different twin prime pairs.

Prove Lemma 3.4.2; that is, prove that there is a one-to-one correspondence
between twin prime pairs and those integers n for which n%> — 1 has only four
possible positive divisors.

Prove Lemma 3.4.3; that is, prove that if p, g are primes, pg + 1 is a square if
and only if p and ¢ are twin primes.

Prove Lemma 3.4.4, that is, prove that if p, g are twin primes greater than 3,
then p + ¢ is divisible by 12.

Prove that the divisor functions t(n), o (n), ox(n) are all multiplicative. (Fill
in the details of the proof of Lemma 3.6.1.)

Prove that if o(n) is the sum of the positive divisors of n and n =
pi' -+ pt, then

e1+1 er+1 ex+1
-1 -1
o(n) = Py P o Px
p1—1 p2—1 pr—1

(see Theorem 3.6.2).
Compute 7(n) and o (n) for n = 105, 72, 788.

Prove that if F(n) is an arithmetic function and

f =Y n@F (%)

d|n

then

Fm) =) f(@).

d|n

Prove that for real numbers x, y with 0 < x < 1, we have the inequality
¢! —x)3|1 — xeiy|4|1 —)cez’-y|2 < 1.

Suppose that f(n) and g(n) are mutliplicative arithmetic functions. Show that
F(n) = f(n)g(n) is also multiplicative.

Show that a natural number p is a prime if and only if o (p) = p + 1.

Use mulitplicativity to derive a formula for oy (n) the sum of the kth powers of
the positive divisors of n.

Prove Theorem 3.2.2.3 using the M6bius inversion formula. (Hint: First prove
part (3) directly.) A group theoretic proof is in [KR 2].
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The Density of Primes

4.1 The Prime Number Theorem: Estimates and History

As we have seen, and proved in many different ways, there are infinitely many primes.
Infact, as Dirichlet’s theorem shows, there are infinitely many primes in any arithmetic
progression an + b with (a, b) = 1. However, an examination of the list of positive
integers shows that the primes become scarcer as the integers increase. This statement
was quantified in Theorem 2.3.2, where we proved that there are arbitrarily large
spaces or gaps within the sequence of primes. As a result of these observations the
question arises concerning the distribution or density of the primes. The interest
centers here on the prime number function 7 (x) defined for positive integers x by

7 (x) = number of primes < x.

Clearly w(x) — oo as x — 00, so the appropriate question on the distribution of
primes is, what is the rate of growth of this function? The prime number theorem
asserts that asymptotically, 77 (x) is given by 7. Asymptotically means as x goes
to co. It has been touted as one of the most surprising results in mathematics given that
it ties together the primes and the natural logarithm function in a simple way that is
most unexpected. The proof of the prime number theorem, or more precisely the
attempted proof by Riemann, is really considered the beginnings of modern analytic
number theory. This refers to the use of analytic methods, especially complex
analysis, in the study of number theory. However, as we saw relative to Dirichlet’s
theorem, the use of hard analysis actually precedes Riemann’s work.

The prime number theorem was originally conjectured by both Gauss and
Legendre, although Euler also surmised the result. Gauss looked at the list of primes
less than 3,000,000 and noticed that the prime number function is given very closely
by the function Li(x) which is defined by the integral

Yo
Li = —dt.
1) /2 Int

Gauss’s observation was then that

7(x) ~ Li(x).
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If integration by parts is used on the integral defining Li(x) and we take the limit as
x — 00, itis clear that this integral is asymptotically 7~ . Hence Gauss’s observation

is then that
. om(x)
lim =1
x—o0 x/Inx

This is the prime number theorem, which we now state formally.
Theorem 4.1.1 (prime number theorem). If 7w (x) is the prime number function, then

w(x)

x—o00 x/Inx

Legendre (actually published a bit earlier than Gauss), by looking at the list of
primes up to 1,000,000, came up with a slightly different formula:

X

Tx)~—"
Inx — 1.08366

Again Legendre’s estimate is asymptotically 5. Neither Gauss nor Legendre gave
a proof of the prime number theorem nor an indication of how they arrived at their
estimates. However, in hindsight a possible explanation is as follows. Looking at
tables of (10") it is observed that as n changes by 2 the ratio ﬁ changes by an

almost constant amount 4.6, which is 2In(10). This would suggest that %&,) ~
In(10"). The figures are as below:
x | 102 10 106 108 10'° 102
7 (x) 25 1229 78498 5761455 455052512 37607912018
ﬁ 4.000 8.137 12.739 17.357 21.975 26.590
In(x) | 4.605 9.210 13.816 18.421 23.026 27.361
Sls | 1151 1132 1.085  1.061 1.048 1.039

The first real attempt to prove the prime number theorem was done by Chebychev
in 1848. He proved that there exist constants A; and A with .922 < A} < 1 and
1 < Ay < 1.105 such that

(x)
<
x/In(x)

<A2

Further, he proved that if xjj(lfl)x had a limit it would have to be 1. However, he could
not prove that the function in the middle actually tends to a limit. In proving this

result Chebychev used the Riemann zeta function

> 1
“S)Z’;n_s’

where s > 1 is areal variable. This function was introduced originally by Euler, who
used it to give a proof of the infinitude of primes (see Section 3.1.2). This was really
the first use of analysis in number theory.
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Chebychev’s inequality has been improved upon many times. Sylvester in 1882
improved it to A} = .95695 and A, = 1.04423 for sufficiently large x. It can now
be shown that for all x > 10, A; = 1 can be used.

In 1859 Riemann attempted to give a complete proof of the prime number theorem
using the zeta function for a complex variable s. Although he was not successful
in proving the prime number theorem, he established many properties of the zeta
function and showed that the prime number theorem depended on the zeros of the
zeta function. He conjectured that all the zeros of ¢ (s) in the strip 0 < Re(s) < 1
lie along the line Re(s) = % This is known as the Riemann hypothesis and is still
an open problem. We will discuss both the Riemann zeta function and the Riemann
hypothesis is Section 4.4. In 1896, building on the work of Riemann, Hadamard,
and, independently, C. de la Vallée Poussin proved the prime number theorem. Their
proofs relied heavily on complex analysis. It was felt for a long time that the prime
number theorem was at least as complicated as the theory of complex variables. Most
mathematicians doubted that a proof that did not heavily rely on the theory of analytic
functions could be found. However, in 1949 Selberg and later Erd6s came up with
an elementary proof of the prime number theorem. This proof is actually harder than
the analytic proof but is elementary in that it doesn’t use any complex analysis.

Although the proof of the prime number theorem is really considered the begin-
nings of analytic number theory, we have seen that the use of analysis in proving
results in number theory was done earlier. Euler introduced the zeta function in giv-
ing a proof that there are infinitely many primes. We presented this proof in Chapter 3.
In his proof, though, the analysis was relatively easy. The first hard use of analysis
was used by Dirichlet to prove Dirichlet’s theorem. As we exhibited in Chapter 3,
there are many special cases of this result that can be proved by very elementary
methods. However, no proof of the complete result is known without analysis.

Given that the prime number theorem has been established, many other questions
concerning it can be raised. First of all, notice that if a is any constant then

X

—_— =

Inx Inx —a

if x is large.

Hence the prime number theorem is equivalent to

. 7 (x)
lim ———— =1
x—oox/Inx —a
for any constant a. The question arises as to whether there is an optimal value for a.
Empirical evidence is that @ = 1 is an optimal choice and generally better for large
x than Legendre’s 1.08366 and better than Gauss’s Li(x). The table below compares
the estimates:

X 7(x) T Li(x) T 1 0R368 T
103 168 145 178 172 169
10* 1229 1086 1246 1231 1218
10° 9592 8686 9630 9588 9512

10 | 78498 72382 78628 78534 78030
107 | 664579 620420 664918 665138 661459
108 | 5761455 5428681 5762209 5769341 5740304
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Observing the table above, it is noticed that Li(x) > m(x). The question arises
as to whether this is always true. Littlewood in 1914 [Li] proved that 7 (x) — Li(x)
assumes both positive and negative values infinitely often. Te Riele in 1986 [Re]
showed that there are more than 10!39 consecutive integers for which 7 (x) > Li(x)
in the range 6.62 x 107 < x < 6.69 x 10370,

The prime number function 7 (x) and the prime number theorem answer the basic
questions concerning the density of primes. A related question concerns the function

p(n) = py,

where p,, is the nth prime. That is the question whether there is a closed-form function
that estimates the nth prime. The answer to this is yes and turns out to be equivalent
to the prime number theorem. We state it below.

Theorem 4.1.2. The nth prime p,, is given asymptotically by
pn ~ nlnn.

Proof. From the prime number theorem we have that 7 (x) ~ . Let

X
YT nx

which implies that

Iny=Inx —Inlnx.
But InIn x is asymptotically small compared to In x, and hence
Iny ~Inx.

Now
x=ylnx ~ylny.

This shows that the inverse function to 2~ is asymptotically x In x. But by the prime
number theorem this is asymptotically the inverse function of 7 (x). O

Notice that if we had started with Theorem 4.1.2, we could have recovered the
prime number theorem.

4.2 Chebychev’s Estimate and Some Consequences

The first significant progress in developing a proof of the prime number theorem was
obtained by Chebychev in 1848. He proved that the functions 77 (x) and .~ are of

the same order of magnitude, a concept we will explain in detail below, and that if
limy_, o0 x’;(l—fl)x existed then the limit would have to be 1. At first glance it appeared

that he was quite close to a proof of the prime number theorem. However, it would take
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another fifty years and the development of some completely new ideas from complex
analysis to actually accomplish this. A proof, along the lines of Chebychev’s methods,
without recourse to complex analysis, would not be done until the work of Selberg
and Erd6s in the late 1940s (see [N]).

Chebychev proved the following result, now known as Chebychev’s estimate.

Theorem 4.2.1. There exist positive constants A and Ay such that

Al < 7(x) < Ay
Inx Inx

forall x > 2.

The proof we will give is somewhat simpler than that of Chebychev. The constants
we arrive at in the proof given below are sufficient but nowhere near best possible.
We will say more about this at the conclusion of the proof.

The proof depends on some properties and inequalities involving the binomial
coefficients (Z) We have used these numbers in several instances in previous sections
but here we begin by formally defining them and then reviewing some of their basic

properties.

Definition 4.2.1. Given nonnegative integers n, k withn > 1 andn > k, the binomial
coefficient (}) is defined as
n n!
(k) T kln— k)

Note that by convention 0! = 1.

The first several results outline standard properties of the binomial coefficients
and proofs can be found in any book on probability and statistics. We also outline
proofs in the exercises.

Lemma 4.2.1. (Z) represents the number of ways of choosing k objects out of n
without replacement and without considering order.

Clearly the number of ways of choosing k objects out of n objects also counts the
number of possible subsets of size k in a finite set with n elements.

Corollary 4.2.1. (Z) = the number of subsets of size k in a finite set with n elements.
Lemma 4.2.2 (the binomial theorem). For any real numbers a,b and natural

number n, we have
n

n
b)Yt = kbnfk.
@+b)"=>y" <k>a
k=0
Letting @ = b = 1 in the binomial theorem, we get the following corollary.

Corollary 4.2.2. (1 + )" =2" =Y} _, (Z) In particular, (',Z) < 2" for all k with
0<k<n.
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Combining Corollaries 4.2.1 and 4.2.2, we obtain the well known result that the
number of subsets of a set with n element is 2". Consider a set with n elements. Then

total number of subsets = number of subsets of size 0 + - - -

+ number of subsets of size n

() + (1) ++()

Lemma 4.2.3. (',Z) + (kfl) = (”Zl)~

This last lemma is the basis of Pascal’s triangle in which each row consists of
the set of binomial coefficients for that numbered row:

Each subsequent row is formed by placing a one on the outside, and each subse-
quent number is placed between two numbers in the previous row and is their sum.
For example,

1 4 6 4 1

since
1+3=4, 3+3=6, 3+1=4.

The final standard idea we will need is that of Stirling’s approximation, which
we state without proof.
n

Stirling’s approximation. n! ~ «/27n (%)

For Chebychev’s estimate we need the following results, which are deeper and
use number theory. Here 7 (n) is the prime number function.

Lemma 4.2.4.
@) pT@m)—m(m) _ (Znn) < (2}’1)”(2”).
(i) 2" < (%) < 2%
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Proof. If p is a prime let e, be the highest power such that p®»|n!. Then by an easy
induction (see the exercises) we have

e,,z’i[i],

i
i=1 p

where [ ]is the greatest integer function and ¢, is the first integer such that pirtl > n.
Clearly such a t, exists for each prime p. Now consider

2n _(2n)!_(2n)(2n—1)-~-(n+1)_1i[ n+j
<n>_n!n! o n! _j=1< )

J

Givenaprime p, letm , be the highest power such that p™» | (Zn" ) . From the observation

above,
kp 5
n n
m = —_— —2 — N
=2(F]-25)

where here k), is the first integer such that prrtl > 2p,
If1 <i <kp,then

2n n 2n n
p

Since [i—’f] and 2[ £ ] are integers, it follows that

p
2
BEER
p p
if 1 <i < kp. This then implies that
kp ey kp
n n
; P ;
i=1 =

Therefore

and hence

2n kp _ 7(2n)
<n>s [T7r" < []en=cen®,

p=<2n p=<2n

giving one side of the first inequality.
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On the other hand, if n < p < 2n then p|(2n)! but p doesn’t divide n!. It follows

that ) )
n n
/() = T =)
n<p<2n n<p<2n
Now
1_[ p> 1_[ n= nn(2n)7n(n)
n<p<2n n<p<2n

since there are (2n) — m(n) primes in the range p < n < 2n. Therefore

2
nn(Zn)—n(n) < n i
n

establishing the other side of the first inequality.
For the second inequality we have

<2n> < (1 + 1)2;1 — 22n’
n

and from above,

Therefore

2" < (2"> <2,
n
establishing the second inequality. O

We now give the proof of Chebychev’s estimate.

Proof of Theorem 4.2.1. We have to show that there exist positive constants A; and
A such that

X X
Al— <m(x) < Ap—
Inx Inx

for all x > 2.
From the previous lemma we have the inequalities

pTCen - _ <2”) < (zn)n(Zn)’
n

" < <2n> <22,
n

eI 22— (7 (2n) — w(n))Inn < 2nln2

2nln2
=— 7(2n) —nw(n) < .
Inn

Hence
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On the other hand,

niln2
In(2n)”

(zn)n(Zn) > 2n — 7_[(2”) >
For a real variable x > 2 let 2n be the greatest even integer not exceeding x, so
that x > 2n,n > 1,and x < 2n + 2. Then

nin2 nln2 (2n+2)In2 In2 x
7(x) > w(2n) > > >
In(2n)

>
Inx — 41Inx 4 lnx

Therefore N
w(x) > Aj—
In x
forall x > 2 with A| =
To establish the existence of A, let 2n = 2! with ¢+ > 3. Then

In2
12,

1 2'In2 2!
27 < .
_(t—l)ln2 t—1

72" — 7 (

Consider the telescoping sum

J
> @@) =@ =72¥) - x(4).

Since 7(4) <4 = 5~ and 72" — 72"~ < 2 we obtain using the telescoping
sum that
2j J
. 2! 2! ot
2% = .
T@N <) = ~ -1
t= =2 t=j+1
Now
-2 ! +1
t_9J
IR SR
t= t=2
and
2j 2j
3 2! <Zg:lzzj+l'
1 —1 |
t=j t=j

It follows that
722y < 2/t 4 122j+1.
J
22j+1
J

Since j < 27 we have 2/t < and therefore for j > 2,

22j+1
n@”)<2< ).
J




142 4 The Density of Primes

This implies that _
7 (2%)
22j

< —forall j > 2.
J

Let x > 2 be a real variable. Then there exists an integer j > 1 such that
22/=2 < x < 2%, Hence

T(x) _ m(2%)  4x(2%)

x T2y 22
Further,
. Inx 4 8In2
2j>2— = = < .
In2 J In x
Employing the inequality for ”(222_2/.j) gives
7%y 4 7(x) 16 32In2
- - = — < — =<
22J Jj X j Inx

— 7(x) < (32In2)——
In x

for all x > 2. Therefore

X
w(x) < Ap—
Inx

for all x > 2 with Ay = 321n 2, establishing Chebychev’s estimates. O

We mention again that the proof is somewhat simpler than that originally given by
Chebychev and arrives at weaker constants. We obtained A| = % and A, =32In2,
which were sufficient for the theorem but nowhere near best possible. Chebychev
showed that A; = .922 and A, = 1.105 could be used. His proof actually involved
a careful analysis of a form of Stirling’s approximation. The values in the constants
in Chebychev’s inequality have been improved upon many times. Sylvester in 1882
improved the values to A1 = .95695 and A, = 1.04423 for sufficiently large x. It
can now be shown that for all x > 10, A; = 1 can be used.

This following is an immediate corollary of the estimate, independent of the values

of A and Aj.
Corollary 4.2.3. @ — O asx — oo.

Proof. From Chebychev’s estimate we have

A
0<m(0) < Ar = < T _ A2
Inx X Inx

(x)

Since A, is a constant, % — 0 as x — 00, so clearly = - 0 also. O

This corollary says that the primes become relatively scarcer as x gets larger. In
probabilistic terms it says that the probability of randomly choosing a prime less than
or equal to x goes to zero as x goes to infinity. What is perhaps of more interest in this
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probabilisic sense is that the probability of randomly choosing a prime is relatively
not that small. For any x the probability of randomly choosing a prime less than x is
@. For large x this is approximately equal to ﬁ Even for very large real numbers
x, this is not that small. The number ¢>*° has 86 decimal digits, yet the probability of
randomly choosing a prime less than this value is about .005. This argument shows
that the primes, although scarce, are still rather dense in the integers. As we have
already remarked, the primes are asymptotically denser in the sequence of squares
{1,4,9, 16, ...}. This relatively high probability of locating a prime will play a role
in cryptography (see Chapter 5).

Before continuing and presenting some consequences of Chebychev’s result we
introduce a convenient notation for describing the order of magnitude of a function.

Definition 4.2.2. Suppose f(x), g(x) are positive real valued functions. Then we
have the following:

(1) f(x) = O(g(x)) (read f(x) is big O of g(x)) if there exists a constant A
independent of x and a real number xq such that

f(x) < Ag(x) forall x > xg.

(2) f(x) = 0(g(x)) (read f(x) is little 0 of g(x)) if

f®)

—0asx —> ©
g(x)

In other words, g(x) is of a higher order of magnitude than f(x).

B Iff(x) = 0(g(x))and g(x) = O(f(x)), that is, there exist constants A1, A
independent of x and xq such that

A18(x) < f(x) < Arg(x) forall x = xg,
then we say that f(x) and g(x) are of the same order of magnitude and write
fx) = gx).

@ If
Sfx)
g(x)

— lasx — oo,

then we say that f(x) and g(x) are asymptotically equal and we write
fx) ~gx).

In general, we write O (g) or o(g) to signify an unspecified function f such that
; = 0(g) or f = o(g). Hence, for example, writing f = g + o(x) means that

%g — 0 and saying that f is o(1) means that f(x) — 0 as x — oo.
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It is clear that being o(g) implies being O(g) but not necessarily the other way
around. Further, it is easy to see that

f ~ gisequivalentto f = g+ o0(g) = g(1 + o(1)).

In terms of the notation above, Chebychev’s estimate can be expressed as
T(x) = —.

Inx

Further, the prime number theorem can be expressed by

T(x) ~ ——
Inx

or equivalently
X
w(x) = — (1 +o(D)).
Inx

We will use this notation freely as we develop the proof of the prime number theorem.

We now present some consequences of Chebychev’s estimate. It was mentioned
at the end of the previous section that the prime number theorem is equivalent to
Pn ~ nlnn, where p, denotes the nth prime (Theorem 4.1.1). Chebychev’s estimate
gives immediately that p, and n Inn are of the same order of magnitude.

Theorem 4.2.2. There exist positive constants By, By such that
Binlnn < p, < Bynlnn.

Equivalently,
pn = nlnn.

Proof. Let p, be the nth prime. Then clearly m(p,) = n. From Chebychev’s

estimate,
Pn

0 pn

foralln > 2.

n = m(pn) SAZI

This implies

1
—nlnp, <p, foralln > 2.
2

However, p, > n, so

1 1
—nlnn < —nlnp, <p, foralln>2.
2 A

Therefore
Binlnn < p,

for all n > 2 with By = ALZ
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In the other direction we have

Pn
Inp,

n=m(pn) > A

Since p, > n it follows that % — 0 as n — oo. Therefore there exists a constant

k such that

1
= Dn < Ay ifn>k.
A/ Pn
Hence
1 1
nnpn > A1 > 1 P ifn > k.

Pn ~ Pn

It follows that n > . /p,, andsoln p, <2Innifn > k. Let

2 p»  p3 Pk—1
By = max | —, , e, .
A1’ 2In2 3In3 (k—1DIntk—1)

Then

pn < Bynlnn foralln > 2. O

Note that we could have proved Theorem 4.2.2 and then deduced Chebychev’s
estimate from it. This result also provides a very simple proof of Euler’s theorem
given in Chapter 3 that the series ) » % diverges.

prime % diverges.

Corollary 4.2.4. 3,

— Binln
> L_ diverges by the integral test. O

n=1 nlnn

Proof. Forn > 2 we have pl < 1 m from the last theorem. However, the series
n

Although there are infinitely many primes and ) p% diverges, it still diverges
very slowly. Using the methods applied in the proof of Chebychev’s estimate we can
actually bound the growth of the series of reciprocals of the primes.

Theorem 4.2.3. There exists a constant k such that

1
Z — <klnlnx ifx > 3.

2<p=<x
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Proof. From Theorem 4.2.2 we have

pn = Binlnn.

Therefore
7 (x) 7 (x) 1 [x] 1
Z Z ZBnlnn<B_ nlnn’
2<p<x n=2 ! ln:2
However,
1 /" dt /” dt
= < _—
nlnn n_1hlnn = J,_; tint
smcem}m < tll —1,n]if n > 3. Then
[x] [x]
1 1 1 1 1 nodr
2 < Em S2312+B_Z/ 1
2<p§x17 1n=2n nn 11In 1n=3 n—1 tint
1 1 [* dt
< + JR— R
~ 2B1In2 5 tlnt
1
= +—lnlnx——1nln2
" 2B In2 B
1
= —Inlnx+C <klnlnx
B
if we take k large enough. O

In a similar vein we get the following result, which bounds the product of all the
primes p less than some given x.

Theorem 4.2.4. If x > 2, then [, p < 4".
Proof. The theorem is clear for 2 < x < 3. Suppose the theorem is true for an odd

integer n with n > 3. Then it is true forn < x < n 4+ 2 since

Hp:l_[p<4”<4x.

p=x p=n

Therefore it is sufficient to prove the theorem for odd integers n. We do an induction
on the odd integers. The theorem is true for n = 3 and so we assume that it is true for
all odd integers less than or equal ton > 5. Let k = ”erl or k = 5L chosen so that
k is also odd. Then k > 3 andn — k iseven. Further,n —k =2k +1 -k <k + 1.
If p is a prime with k < p < n then p|n! but p does not divide either k! or (n — k)!.

Therefore p|(Z) = #Lk), It follows that the product of all such primes divides (Z)
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I ps(';).

k<p<n

and hence

Since (}) = (,",) and both are in the binomial expansion of (1 + 1)" it follows that

(}) < 2"~!. Therefore using that k < n and the inductive hypothesis, we obtain

1_[ p — l_lp 1_[ p < 4k2n—1 — 2n+2k—1 S 2211 — 4}1. 0
p=n p<k k<p=<n

Finally, based on many of these estimates we can provide a proof of Bertrand’s
theorem (actually proved by Chebychev), which we introduced in the last chapter.
Recall that this theorem says that given any natural number # there is always a prime
between n and 2n. The proof actually shows that given any real number x > 1 there
exists a prime between x and 2x.

Theorem 4.2.5 (Bertrand’s theorem). For every natural number n > 1 there is a
prime p such thatn < p < 2n.

Proof. By direct computation the theorem is easily established for n < 128. Now
suppose that for some n > 128 there is no prime between n and 2n. For a prime p let
my, be the highest power of p dividing (*"), and k, the first power such that p*»*! > 2n
as in the proof of Chebychev’s estimate. Then as in the proof of Chebychev’s estimate,
since we assume no primes in the range n to 2n, we have

(2:) =[[pr=T1r"m=<k.

p=<2n p=n

Now if 2?" < p <nwethenhave p >3 and 2 < 27” < 3 and therefore

ezl

Ifv2n < p < 27" then we have p?> > 2n and hence kp = land som, < 1.
Finally, if p < +/2n, we have p"» < pkﬁ < 2n. Therefore

(2:): [Te II v IT »=Tlen 1 »

P=v2n V2"<P527n %THSP<I1 pP=<v2n «/2n<p§27"

For a real number x > 128 we have 7 (x) < "—JZFI since there are at most X—JZFI odd

integers less than x, so certainly no more than that number of primes. Further, since

x > 128, we have at least two odd nonprimes less than x, so 7 (x) < % -2 < ’EC —1.
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It follows that 7 (+/2n) < \/g — 1 and hence
[T r<envi.
p<v2n

Further, from Theorem 4.2.4 we have

1_[ p<4%.

p<
Therefore

(2”> < Vi 1%,
n

Now,

2n 2n 2n
=1+ D" =1+ ot TR +1.
1 n 2n — 1

There are 2n + 1 terms in this expansion and (Zn" ) is the largest. Combining the two
outside terms (1 + 1 = 2), we have 2n terms each of which is at most (2,1"), and

therefore ) )
22 < (2n)< ") — ( ”) > (n)~ 122,
n n

Combining these two inequalities gives
Q=127 < enViT4F = 2% < en)Vi.

Taking logarithms then yields

2
n51n2<\/§ln(2n) =— V8nIn2 —-3In(2n) < O.

We show that this is a contradiction.
Let F(x) = +/8xIn2 — 31In(2x). Then F(128) = 8In2 > 0. Further,

1 2 —
Py =ma¥8 L 3 Y23
2 Jx  x X

This last expression is positive for x > 128 and hence F (x) is an increasing function
for x > 128. Since F'(128) > 0 it follows that F(x) > 0 for all x > 128. Therefore

2
nZn2 < | Zin@n),
3 V2

V8nln2 —31In(2n) < 0.

For n > 128 this is impossible and hence a contradiction. Therefore there must be a
prime between n and 2n for any integer n. O

which implies that
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4.3 Equivalent Formulations of the Prime Number Theorem

The proof of the prime number theorem rests on the analysis of three additional
functions besides the prime number function 7 (x). The first and most important of
these is the Riemann zeta function ¢ (s). As was discussed in the previous chapter
this function was introduced for real s > 1 by Euler in proving that there are infinitely
many primes and that ) % diverges (see Section 3.3). The function was then modified
by Dirichlet and used in proving that there are infinitely many primes of the form
an + b with (a, b) = 1. Riemann extended the definition to allow the variable s to be
complex and showed how knowledge of the location of the zeros of the now complex
function ¢ (s) in the complex plane would imply the prime number theorem. We will
discuss the zeta function and describe its ties to the prime number theorem in the next
section. The other two functions that must be analyzed are known as the Chebychev
functions. The first, denoted by 6 (x), is defined for a real variable x by

0(x) = Z In p with p prime, 4.3.1)

p=x

while the second, denoted by ¥ (x), is defined, again for a real variable x, by

Y(x)= Y Inp with p prime. (4.3.2)

pr<x;k>1

These functions count, respectively, the number of primes p < x and the number
of prime powers pX < x weighted by In p. Recall that the von Mangoldt function
A(n) is defined for positive integers by

Inp ifn=p° c>1,

A(n) =
0 for all other n > 0.

Hence the Chebychev function 1/ (x) is actually the summation function of A(n).
That is,

Yx) =Y A).

n<x

Further, for a given prime p < x the number of times In p is counted in the sum
for ¢ (x) is [}g—;] Hence v/ (x) can also be expressed as

1
yE =y [12—’6} In p.
p=x L P

In the type of notation we have used in defining the Chebychev functions the
prime number function can be expressed as

T(x) = Z 1 with p prime. (4.3.3)

p=x



150 4 The Density of Primes

There are certain immediate relationships between these three functions. First, if
pk < x, then p < x, so clearly

0(x) < ¥ (x).
Further, since 1 < In p for p > 3 we have
m(x) <6(x)forx > 5.

Now if pk <xthenk < [112—;], where [ ] is the greatest integer function. It follows
that

Y= Y Inp
pr<xk>1
=Z Z 1np<2|: :|lnp<Zlnx
pP=x ka)C;k>1 p=x pP=x
=m(x)Inx.
Therefore

Y(x) <m(x)Inx.

Now, 6(x) = >
have [ |

p<xMp =1In (]_[pfx p). However, from Theorem 4.2.4 we
p < 4*. Therefore

p=<x
6(x) <x(n4)

and consequently
0(x) = O(x).

We will need the following lemma, which says that relative to x, 6(x) and ¥ (x)
have the same order of magnitude.

Lemma 4.3.1. ¥ (x) = 0(x) + O(x2(Inx)?).

Proof. ¥(x) = Zpkfx;kzl In p. Foragiven prime p < x let p’ be the highest power
of p such that p’ < x. Then

1
p<x,p’<x,....pl<x = p<x,p<x2,...,p

IA
=

It follows that 1 1
Y(x) =0(x) +0(x?) 4+ +0(xn),

where m is the first integer such that m 4+ 1 > 11?1—)2“ We have

O(x)=Y Inp<> Inx <xlnx ifx>2

p=x p=x
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It follows that
G(x%) < x% Inx < x%lnx if x > 2.
In the sum
m
> 6(xt)
k=2

there are O(In x) terms sincem — 1 < }E—; This coupled with the fact that G(x%) <

1 .
x2 Inx gives that

Therefore

Y(x) =0(x) + O(x?(Inx)?). 0

It follows immediately from this lemma and the fact that x% (Inx)? = o(x) that
if there exists a constant A with 8(x) < Ax then there exists a constant B such that
¥ (x) < Bx, and if there exists a constant C with Cx < ¥ (x) then there exists a
constant D with Dx < 6(x).

We extend these observations to show that 6(x) and ¥ (x) both have order of
magnitude x.

Theorem 4.3.1. There exist positive constants A1, Az, By, By such that

Apx <6(x) < Aox,
Bix < ¥ (x) < Box.

In particular, 6(x) = x and ¥ (x) = x.

Proof. In light of the comments made preceding the theorem it suffices to bound
0(x) above and v (x) below. From Theorem 4.2.4 we have that ]—[pr p < 4*. This
implies that 6(x) = >, _ . In p < xIn4 and hence 6(x) < Bx with B = In4. This
bounds 6 (x) above.

p=x

We now show that we can bound v (x) below. This is similar to the proof given
for Chebychev’s estimate. As in that proof, if p is a prime, let m, be the highest

power of p such that p™| (2:) and let k;, be the first exponent such that pkl’“‘l > 2n.
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Then as before,

&)1

p=2n
- In2n

m .
P=|Inp

<> Zm,,lnp<2[ }mp v (2n).

p=<2n p=<2n

and

It follows that

Further, from before,
2n
>2" = Y(2n) >nln2.
n
Ifx >2letn = [’7‘] > 1 and then
1
Y(x)>vQ2n) >nln2 > lenZ.

Therefore ¥ (x) > Cx with C = %, completing the proof. O

Considering again the result of Lemma 4.3.1 that
Y () =0(x) + O(x? (Inx)?)

coupled with the fact that x% (In x)2 = o(x) we obtain that

X 0(x
b _ 00
X
In particular, this implies that
lim v =1 ifandonlyif lim Q =1.
X—>00 X X—>00 X

In the notation we introduced earlier this says that
Y(x) ~x ifandonlyif 6(x) ~ x.

We show now that each of these statements is equivalent to the prime number
theorem.

Theorem 4.3.2. The following are all equivalent formulations of the prime number
theorem:

(@) T(x) ~ g5
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(b) 6(x) ~ x;
© ¥x) ~x.

Proof. From the remarks immediately preceding the theorem we have that 6 (x) ~ x
if and only if ¥ (x) ~ x. Therefore it is sufficient to show that w(x) ~ ﬁ is
equivalent to 6(x) ~ x.

We have that 6(x) < 7 (x) In x and, further, that Ax < 6(x) for some constant A.
Therefore

For any real € with 0 < € < 1 we have

)= Y hp=(l-ehx Y 1

xl—€<p<x xl—€<p<x

=(1- e)lnx(n(x) - n(xlfg)) > (- e)lnx(rr(x) - xlfe)

since x!17¢ > 7 (x!7€).

It follows that

_ 0(x)
< 1—¢ 7
T =2
Combining these inequalities gives
ﬂfﬁfn(x)fxl_e—i—&,
In x Inx (1—¢e)lnx
from which it follows that
@) Inx  x'"€lnx 1
< < + .
- 0x) T ) 1—¢

Now 0(x) > Ax, so
x!€lnx Inx

< .
0(x) Ax¢€
Since € is arbitrary in (0, 1) the value ﬁ can be made arbitrarily close to 1. Further,
for a fixed €, the value ,lfx)i can be made arbitrarily small by choosing a large x.
Therefore
x!"€Inx n 1 -
< €
0(x) 1—e !
for x large enough and €; arbitrarily small. Hence we have
1
w(x)Inx clie
0(x)
and thus
mw(x)Inx

x—oo  O(x)
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By definition, then,

A Inx ~ 0(x) — Z0x 0

X
From this it is straightforward to show that as x — oo,
0
ﬁ — 1 if and only if 7 (x) -1,
X x/Inx

or

O(x) ~ x if and only if 7w (x) ~ IL
nx

In the proof we will present for the prime number theorem we will actually show

that ¥ (x) ~ x and then invoke the above result.

As we remarked in the last section, Chebychev also proved that if lim,_, oo =~
existed then the limit would have to be one. Thus he seemed very close to the prime
number theorem. However, he couldn’t actually prove that this limit existed. We
close this section by giving a proof of this result of Chebychev. We need first the
following result due to Mertens. This is one of several results in the area due to
Mertens and known collectively as Mertens’ theorems (see [N]).

Theorem 4.3.3. If A (n) is the von Mangoldt function then
A
Aw) =Inx + O(1).
n
n<x
Proof. Consider the sum

Y i (%)

n<x

Since In x is an increasing function, we have for n > 2,

o)< ()

From this it follows that

[x] X X X *Inu
Y i (-) <[ (—)dt:x —ldu < x
e I 1 ! 1 u 1

However, the infinite integral floo 12—2”01u is convergent, so it has finite value A.

Therefore
[x] [x]

gln (%) < Ax = Zln (%) = 0(x).

n=2
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Hence
Zlnn =[x]lnx + O(x) =xInx + O(x).

n<x

As in the proof of Chebychev’s estimate let

ePZi[ﬂ],

m
m=1 p

so that

Lat=T]p"
p

Then taking logarithms we get

In([x]!) =

( n=<x pP=x
2 i|lnp—n<x|:n]A(n),
where A(n) is the von Mangoldt function. Further,
; (5)am < ; 2] am+ ; A(n)
= n;: [g] INOERZOEDY [;—C] An) + O(x)

n<x

];[ ) = Y Inn=) enp
e

since ¥ (x) = O(x). Combining these inequalities gives us
3 (f) A =Y lnn+0@) =xlnx + 0®).
n
n<x n=<x
Removing the factor x yields finally

A x4 0(1).
n

n<x
As an immediate corollary we obtain the following.

Corollary 4.3.1. Y 1“1’ =Inx+ O().

p=x

Proof. By definition

P

n<x pr<x

This implies that

A(n) In p _ ln_p 1
I I |

n=<x pP=x m>2 p"m<x P

155
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In p 2. Inn
Z 2; n(n — 1)'

pp—1 —

This last infinite series converges to some value S. Hence

ZA(n)_Zlnp

n=<x pP=<x

A(n)
n<x n

for some value A. Since from the previous theorem )
follows that
1
3 22 x4 0q1).
p

p=x

Theorem 4.3.4. If lim, _, x/(ln)x exists, then limy _, oo ;;(T?x =1.

Proof. Recall that ¥ (x) = »_, . A(n). Then

Aln) 1 ¥ (x)
Z n 2:lp()<__n—i-l)+[x]’

n=x n<x—1

which follows easily since A(n) = ¥(n) — ¥(n — 1). Since ¥ (x)
n<x <n++1, wehave

1 n+1 w(t)
vor ()= [ S

Summing then yields

1ﬂ(t)
= vo(bph)- [

n<x—1
since (1) = 0. Hence
ZA,(,n) _Y@ Yo,

2
n=<x X 2 t

Since

Z% =1Inx + O(l) and @ = 0(1),

it follows that

mart_l x+ 0.
2 12

Now suppose that lim inf @ =1+ € withe > 0. Then

v(x) > (1 + %6))6

=1Inx + O(1), it

= ¥ if
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for x sufficiently large, say x > xo. Then

T Y) YY) YY) 1
s t—zdlI/Z t_zdt+ xot—zdt><1+§e)lnx—A

for some constant A. However this contradicts that

' %dl =Inx+ 0().

2
¥y

X

On the other hand, if lim sup
contradiction. Therefore

= 1 — € with ¢ > 0 we obtain an analogous

fimsup 2 > 1 and fiminf Y& <4
x x
and therefore if the limit wix) exists as x — oo the value has to be one. Further,
since
)1 ifandontyif Y <
x/Inx X
this shows that if xj;(lfl)x has a limit its value must be one also. m]

4.4 The Riemann Zeta Function and the Riemann Hypothesis

From Chebychev’s estimate and its consequences it seemed that a proof of the prime
number theorem was close at hand. In 1860 G.B. Riemann attempted to prove this
main result. Riemann eventually wrote only one paper in number theory, and although
he failed in his primary goal of proving the prime number theorem, this paper had
a profound effect on both number theory in particular and mathematics in general.
Much as Gauss’s Disquisitiones Arithmeticae set the direction for elementary and
algebraic number theory, Riemann’s work set the direction for analytic number theory.
Riemann’s basic new (and brilliant) idea was to extend the zeta function of Euler ¢ (s)
(see Section 3.1.2) to allow complex arguments, that is, to allow s to be a complex
number. This idea of Riemann initiated the use of complex analysis, specifically, the
theory of analytic functions and complex integration, into number theory and laid the
groundwork for modern analytic number theory. Recall that use of analysis begins
with the Euler zeta function and continues through the work of Dirichlet. However,
it is in this paper of Riemann and the introduction of complex analytic methods that
really marks the beginning of analytic number theory.

Euler had introduced ¢ (s) for real s in giving a proof that the primes are infinite
and that the series ) % diverges. Dirichlet used a variation of this function, still for
real s, in building the Dirichlet series used in the proof of his theorem on primes in
arithmetic progressions (see Section 3.3). Riemann, in allowing complex s, showed
that the resulting function ¢ (s) is an analytic function for Re(s) > 1 and, further, can
be continued analytically (see the next section) to a function, which we will also
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denote by ¢ (s), that is analytic in all of C except at s = 1. Further, s = 1 is a simple
pole with residue 1, that is,

1
¢(s) = —1+H(S)

where H(s) is an entire function. Riemann then showed that knowledge of the
location of the complex zeros of ¢ (s) describes the density of primes. In particular, if
there are no zeros along the line Re(s) = 1, this would then imply the prime number
theorem. This was precisely the main step in the proofs of Hadamard and de la Vallée
Poussin (given independently) of the prime number theorem given thirty-six years
after Riemann’s paper.

4.4.1 The Real Zeta Function of Euler

Recall that the Euler zeta function was defined for real s > 1 by

1
(=3 —.
n=1

From the classical p-series test this series converges absolutely for s > 1 and hence
defines a real C* function in this range. Further, as s — 1, {(s) — o0, which
implies through the Euler product representation that there are infinitely many primes
(see Section 3.1.3).

As a direct consequence of the fundamental theorem of arithmetic, Euler derived
the following product decomposition (see Section 3.1.2):

co=11 <1—1p‘5>'

p prime

This product decomposition will remain valid for complex s with Re(s) > 1 and
hence it is clear that there are no real zeros of ¢(s) if s > 1.

There are ties between the zeta function and several of the other arithmetical
functions with which we have worked in this chapter. First, from the Euler product
decomposition we obtain by logarithmic differentiation

lnp
;m_;z

Recall again that the von Mangoldt function A (n) is defined for positive integers by

Inp ifn=p° c>1,

A(n) =
0 for all other n > 0.

Therefore
/

“Mmg o A(n)
E ;w ZnW

n=1

PR

p
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Next, again from the Euler product decomposition, we have for s > 1,
o) =[Ja-p
P
Expanding the infinite product yields
() =1=) "+ (p) = Y (par) Tt +
p P9

p.q.r

with p, g, r, ... primes. In this summation only square-free integers appear. Further,
for a square-free integer n, the coefficient of n ¥ in the above product is +1, depending
on whether the number of prime factors of 7 is odd or even. This is precisely w(n),
where w(n) is the Mobius function (see Sections 3.3 and 3.6). Therefore

(=
.

n=1

Lemma 4.4.1.1. For s > 1 we have the following relationships:

n=1

(2) — (3) =YY% AW \here A(n) is the von Mangoldt function.

n=1 ns

(¢ t=3% ”’g’), where j1(n) is the Mébius function.

Euler further determined the exact value of ¢(2) and showed that it is Z- Orlg—
inally this was done by a clever use of certain trigonometric identities (see [NZM])
Subsequently, Euler developed a method to determine the values of ¢ (s) at all positive
even integers. We first give a proof of the basic result that £ (2) = %2 using a different
approach. Some basic ideas from the theory of Fourier series are needed.

Recall that a real or complex function f (x) is periodic of period L if f(x + L) =
f(x) forall x. In the early 1800s Fourier attempted to prove that any periodic function
can be expressed as a trigonometric series that is a sum of sine functions and cosine
functions. If f(x) is periodic of period 2L, then its Fourier series is

nmwTx nmwx
f—a0+Z<ancos< 7 )—i—bnsm( 7 ))
n=1

Using certain orthogonality relations between sines and cosines, Fourier showed that
if f(x) = f(x) then the coefficients ag, a,, b, must be given by

1 L

—/ Sf(x)dx,
4y = — f £(x) cos T> n=12 ...,
bn= f(x)sm %) n=12 ...
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The numbers a,,, b, are called the Fourier coefficients.

Fourier assumed that f(x) = f(x) but the situation was not definitively proved
until the theory of Lebesgue integration was developed. What was then obtained is
called the Fourier convergence theorem.

Theorem 4.4.1.1 (Fourier convergence theorem; see [Gr]). Let f(x) be periodic
of period 2L. Then we have the following:

(1) If both f(x) and f'(x) are piecewise continuous on (—L, L) then the Fourier
series converges pointwise to the mean value w

(ii) If both f(x) and f'(x) are continuous on (—L, L) then the Fourier series
converges uniformly to f(x).

Therefore a C! periodic function is everywhere represented by its Fourier series,
realizing Fourier’s original idea. We now prove Euler’s result using Fourier series.

Theorem 4.4.1.2. {(2) = %2.

Proof. Let f(x) = x%, —w < x < =, and let f(x) then be continued period-
ically with period 2. This function is continuous everywhere and differentiable
everywhere except at integer multiples of 7. Therefore by the Fourier convergence
theorem it is everywhere represented by its Fourier series.

We apply the formulas. First f(x) is an even function, so there are only cosine
terms and hence b,, = O for all n. Then

1 T 2
ay = — x2dx = T
27 J_, 3
and
b4
ap = — x2 cos(nx)dx = (—l)”—z,
n

—7T
using integration by parts and the fact that cos(nw) = (—1)". Therefore the Fourier
series for f(x) is given by

2 oo

_1y
x2:%+42(n2) cosnx, —mT <X <.

n=1
Now let x = 7 and place this value into the Fourier expansion. Then
2 oo

1"
7t = % +4Z ( n2) cos(nm).

n=1

But cos(nm) = (—1)", so

2 St n
JE S Gl
b —?—}—4 1 n2 (—l)n
n=
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= 7 i +4§: ! 4¢(2)
- = — _——=
3 n=1 n2

72
= ¢(2) = T O
Euler’s method to find ¢(2) involved a detailed look at certain trigonometric
identities (see [NZM] or [Na]). Subsequently he developed a technique to determine
the value of ¢(s) for s an even positive integer. In particular, he tied the values of
£(2n) to the Bernoulli numbers B,. These numbers are defined in terms of the
coefficients of the Taylor series expansion about x = 0 of the function f(x) = &

e¥—1
with f(0) = 1. Specifically,
o
X B, ,
e —1 Z Fx
n=0
Euler proved the following.
_1\yn—1
Theorem 4.4.1.3. ¢ (2n) = S0P (2m) ™.
Substitution in this formula using that By = %, By = —31—0 yields ¢(2) = ’%2
and ¢(4) = ’9’—3. Euler himself determined such values up to ¢{(26) for even n.

From Euler’s formula and the fact that 7 is transcendental it follows that £(2n) is
transcendental for any even positive integer 2n. On the other hand, very little is
known about the arithmetic nature of ¢ (s) for s = 2n + 1 an odd positive integer. It
was shown by R. Apéry (also by de Branges) that ¢(3) is irrational and Apéry also
gave the following formula:

o0

1
() = 32:@.

k=1 k

The number ¢(3) is called Apéry’s constant and has an approximate value of
1.202057. Euler’s result has also been recovered using Fourier series methods along
the lines of the proof we gave for {(2) = %-.

There are several equivalent analytic expressions for ¢(s) for real s > 1. We
mention one such expression here because of the ties to the analytic continuation
of the complex Riemann zeta function. This will be discussed shortly. In order to
introduce this expression we must first describe the Gamma function.

Definition 4.4.1.1. If s > 0, the Gamma function is given by
oo
[(s) = / X le ™ dx.
0

By a straightforward integration by parts (see exercises) we obtain the following.
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Lemma 4.4.1.1. I'(s + 1) = sT'(s).
It is easy to determine that I'(1) = 1. Hence
rey=1r(h=1, r@ =2r2)=2, r4=3r3 =3,....
An easy induction then gives the following result.
Corollary 4.4.1.1. T'(n) = (n — ! foranyn > 1, n € N.

The Gamma function is then the extended factorial function.

The functional equation I'(s + 1) = sI'(s) allows us to extend the definition
of I'(s) to all nonpositive real s except for 0 and the negative integers. Further,
limg_, _, I'(s) =00

Another important result whose proof we will outline in the exercises is the
following.

Lemma 4.4.1.2. F(%) =.Jr.
The relation we wish to show for ¢ (s) is given in the next theorem.

Theorem 4.4.1.4. For real s > 1

tsl
C()_F(s)/

t‘—l
G(s) = I‘()/ .

We show that G(s) = ¢(s). Recall that the sum of a geometric series with ratio r is

Proof. Fors > 1 let

given by
o0
k L.
Zr =1_ if |r| < 1.
k=0 -r
It follows then that
1 =
_ —kt
1—et Ze :
k=0
Now,
—1 —t,5—1 1 _ efttsfl iefkt _ tAfl iefkt
-1 l—e !
k=0 k=1
It follows that
-1 - ke s—1
dt = M ).
[ e () eea)

Now let y = kt, so that dt = %d v, and substitute:

- ©
G(s) = F—}{Z(/ e Ky 1dz)
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e¢]

1 o0 yys—l]
- y(Z —
T & (/0 (%) kdy)
L S l * s =y
) (Z ks>f0 Yy e Vdy.

k=1

However, fooo yS~le=Ydy = I'(s) and therefore

o0

1
Gls) =) o5 =) o
k=1

4.4.2 Analytic Functions and Analytic Continuation

Riemann introduced complex analysis, specifically the theory of analytic functions
and the theory of complex integration, into the study of number theory. In this section
we briefly go over the basic necessary ideas.

If w = f(z) is a complex function then the complex derivative is defined in
exactly the same formal manner as the real derivative.

Definition 4.4.2.1. If f(z) is any complex function, then its derivative f'(zq) at
z0 € Cis

A —
F(z0) = Alzirilo fzo+ AZ; f(zo)

whenever this limit exists. If f'(zo) exists, then f(z) is differentiable there. The
function f(z) is differentiable on a whole region if it is differentiable at each point of
the region.

The complex function w = f(z) is analytic or holomorphic at zg if f(z) is
differentiable in a circular neighborhood of zg. The function f(z) is analytic in
a region U if it is analytic at each point of U. If f(z) is analytic throughout C,
then it is called an entire function. Many of the standard functions from analysis:
polynomials, %, sin z, cos z, appropriately defined for complex arguments, are entire.

If f(z) is a complex function defined on a region U containing the curve

y(@) =x@) +iy(®), to=t=mn,

then the complex contour integral | v f(2)dz is defined by

n
/f(z)dz=/ fly @)y (t)dt.
14 0]

Most of complex analysis deals with the properties and implications of complex
integration of analytic functions. One of the cornerstones of this theory is Cauchy’s
theorem.
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Theorem 4.4.2.1 (Cauchy’s theorem). Let f(z) be analytic throughout a simply
connected domain U and suppose y is a simple closed curve entirely contained in U.
Then

/ Flo)dz =0,
Y

As a consequence of Cauchy’s theorem one obtains (via the Cauchy integral
formulas) that analytic functions have the property that they have derivatives of all
possible orders. Thatis, if f(z) is analytic at zg then f'(z0), f” (20, - .., f ™ (z0), . . .
all exist. Further, in a neighborhood of zo the function f(z) is then given by a
convergent Taylor series centered on z¢:

X r(n)
fQ) = Z fﬂ&(z —zo)" for |z —zo| < R.
n=0 ’

The derivatives f (zo) are given by the Cauchy integral formula as

™ (z0) = o f(@)

N ——74z3,
27i J, (2 —zo)"*!

where y is any simple closed curve around zo within a simply connected domain U,
where f(z) is analytic. Recall that a simply connected domain in C is aregion where
every simple closed curve can be continuously shrunk to a point, that is, a region that
has no holes in it (see [Ah]). Hence the values of a complex analytic function and its
derivatives within U are determined by its values on the boundary. Hence the interior
values are a type of average of the boundary values. Although we will not pursue
this further, the idea has been exploited extensively in number theory and analysis.
The next theorem summarizes all these comments.

Theorem 4.4.2.2. Suppose f(z) is analytic in a simply connected domain U
containing zo and y is a simple closed curve within U. Then we have the following:

(1) f(2) has derivatives of all possible orders at 7.
(2) There exists a R > 0 such that f(z) is given by a convergent Taylor series
centered on z(:

S ()
f@o=>)" #(Z —20)" for |z = z0l < R.
n=0 ’

(3) The derivatives are given by the Cauchy integral formulas as

™ (o) = o S,

- 4<%
2mi J, 2= 20!

We note that Theorem 4.4.2.2 is in distinction to the situation for real differentiable
functions. A function y = f(x) with x, y € R can have one derivative but not two,
two derivatives but not three, and so on. Further, there are real functions that are C*°,
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that is, they have infinitely many derivatives, but that are not given by convergent
Taylor series. A real function that has a convergent Taylor series centered on xg is
said to be real analytic at xg.

An extremely important concept in studying the zeta function is that of analytic
continuation. The basic idea is the following: suppose a complex analytic function
f(2) is given by an analytic expression that holds in a region S in C. Suppose that
this is equivalent within S or within a subset of S to another analytic expression that
holds in a larger region 1. Then the second expression can be used to analytically
extend or continue f(z) to the larger region S;. We make this precise.

Suppose that f(z) is analytic on aregion S; and f>(z) is analytic on a region S».
Suppose that S; N S, is a nonempty open set and f1(z) = f2(z) on S N Sp. Then
(f2(2), Sp) is said to be a direct analytic continuation of ( f1(z), S1). The individual
pairs (f1, S1) and ( f, S») are called function elements. A function element (f, §) is
an analytic continuation of (f1, S1) if there is a chain ( f;, S;) of function elements
connecting (f1, S1) to (f, ) and with each neighboring pair a direct analytic con-
tinuation. A global analytic function is a nonempty collection of function elements
F = {(f«, Sa)} such that any two in this collection are analytic continuations of each
other. A global analytic function is complete if it contains all analytic continuations
of any of its function elements.

Finally, analytic continuation is essentially unique in the sense that two ana-
lytic functions which agree on a sufficiently large domain, for example a curve, are
identical.

As an example of a type of analytic continuation, consider the Gamma function

o
I (s) =/ ~le7ds.
0

This integral has meaning only for real s > 0. However, Euler proved that for real
s >0,

e Vs

I'(s) =

]O_o[ (1 n %)_le%, 442.1)

n=1

where y is Euler’s constant, with an approximate value of .57722. The expression in
(4.4.2.1) is valid now for complex s with Re(s) > 0 and can be used for the definition
of the complex Gamma function I'(z). Using the relation

'z+1) =zI(2),

the complex function can be continued to a function that is analytic except at z = 0,
z=—-1,z=-2,....

If f(z) is not analytic at zo but is analytic in a neighborhood of zo then zg is
called an isolated singularity. Isolated singularities are classified as either remov-
able, in which case lim,_,,, f(z) exists and is not infinite; a pole, in which case
lim,_,;, f(z) = oo; or an essential singularity, in which case lim,_,,, f(z) does

not exist. For a pole zg there exists an integer m > 1 such that f(z) = (Zi(f()))m with
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h(z) analytic at zg. The minimal integer m with that property is called the order of
the pole. If m = 1 then zq is a simple pole. The value

1 . d" N z—20"f(2)
lim
(m —1)! z—20 dzn!

is the residue of f(z) at zg. The residue is equal to

1
%fyf(z)dz,

where y is any simple closed curve around zo within a region around zo where f(z)
is analytic.

If f(z) has a simple pole at zg with residue wy then the function % (z) given by
wo

h(z) = f(z) —

Z—20

is analytic at zg.

A function f(z) is meromorphic in a region § if it is analytic except for poles,
which by definition are isolated. We will see in the next section that via analytic
continuation the zeta function ¢ (s) can be considered as a meromorphic function in
the whole complex plane with a simple pole at z = 1 with residue 1. Hence

1
() — —— = H(2),
z—1

where H (z) is an entire function.

4.4.3 The Riemann Zeta Function

The Riemann zeta function starts with the Euler zeta function ¢ (s) and extends it
by allowing complex arguments s. That is,

=1
()= - 4.4.3.1)

n=1
Recall that for real numbers x and ¢t we have

xit = eixInt _ cos(xInt) +isin(xInt).

It follows that |x%f| = 1. Therefore for each natural number n and s = o + it with
o,t € R, we have

1

p

1

= pnotit =

1

no

1

nit

1

no

1
nRe(s)

Consequently by the p-series test the series in (4.4.3.1) converges absolutely for
Re(s) > 1 and hence defines ¢ (s) as an analytic function in this region.
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Since the basic formulas concerning the Euler product decomposition and those
tying ¢ (s) to the von Mangoldt function hold on a connected arc (the part of the real
line s > 1), by analytic continuation they are still valid for complex arguments within
the region of analyticity Re s > 1. Thus we have

Z(s) = l_[< ! ) seC, Res > I;

p prime l_pis
’ oo
A
_{(s) :Z (n)’ seC, Res > 1;
(s) n’
n=1
and
o (1)
t(s)"' = Z“n— seC, Res> 1.
n=1

From the Euler product decomposition it is clear that ¢(s) has no zeros for
Res > 1.

The initial step in studying the zeta function and applying it to the proof of the
prime number theorem is to show that it can be continued analytically to a function,
also denoted by ¢ (s), that is meromorphic in all of C. This is accomplished in several
steps but we next state the whole result.

Theorem 4.4.3.1. The Riemann zeta function ¢(s) can be analytically continued to
a function, also denoted ¢ (s), which is meromorphic in the whole plane. The only
singularity of ¢ (s) is a simple pole at s = 1 with residue 1, that is,

1
¢(s) = ——+ H(s),
s—1

where H (s) is an entire function.

As remarked above, for Res > 1, it follows from the basic definition that ¢ (s)
is analytic. The first step is to analytically continue to a function that is analytic for
Res > 0 except s = 1. To do this, suppose first that Re s > 2. Then

> 1 > n 2 n—1
(=2 5= w2l
n=1 n=1 n=1
> n > n
2 ey

3
I

—-
I

-

n

(i _ ;>
! n® (m+1)

n+1 0 n+1
ns/ x5 ldx =5 Z/ [x]x " ldx
n ’1:1 n

M

3
Il

M

n=1
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oo
= s/ [x]x " ldx.
1

This final integral defines an analytic function of s for Res > 1 and therefore by
the uniqueness of analytic continuation this integral formulation of ¢(s) holds for
Res > 1.

Now consider the integral

o0
. 1
s/ x5 ldx = LR 1+
1

s—1 s—1

Combining this with the integral representation of ¢ (s) gives
1 (e.¢]
C(s) = — 1 —i—s/ (Ix] = x)x " dx. (4.4.3.2)
s = 1

The integral on the right-hand side converges for Re s > 0, and hence for Res > 0
the right-hand side provides a meromorphic function with a simple pole at s = 1
with residue 1. Therefore this provides an analytic continuation of ¢(s) to such a
meromorphic function in the whole half-plane Re s > 0.

To proceed further, we need the following functional relation involving ¢ (s) and
¢ (1 — s), which ties the Riemann zeta function to the complex Gamma function (see
Theorem 4.4.1.4).

Theorem 4.4.3.2. The Riemann zeta function satisfies the functional relation

s (S _ —G+npp (1S _
7 r(z)g(s)_n F( . );(1 5)

or equivalently
£(s) = 27 Lsin (%) T(l—s)(s—1), s#0,1.

Proof. The proof uses certain facts about the complex Gamma function and another
function known as the Jacobi theta function. This latter function is defined as

oy = Y e,

n=—oo

. . . . 2.
Using the theory of Fourier transforms applied to the function f(x) = ¢~ ™" it
can be shown that the Jacobi theta function satisfies the functional relation

0 (i) = Jub(u).

Now recall that o
I'(s) =/ e dx,
0
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so that
s o0
r (5) :/ e g
0

Applying the change of variables y = —, this becomes

JT_S/ZF (%) l’l_s = /OO ys/2—1€—71n2ydy_
0

This will hold for each positive integer n > 1. Summing over all the positive integers,
we get

e (5o |

where 6 (y) = 5(0(y) — 1).

If we make the new change of variable z = % then we have from the functional
relation on 6 that

[e.e]

1 o0
5(9(y)—1>y‘*/2“dy= /0 01y *dy, (4.4.3.3)

0(z)
N

Splitting the integral at y = 1 and using this change of variable gives us

1
o (;) =) = 0() =

1 00
/ 6, (y)yx/zfldy = +/ 61 (z)zf(“r])/zdz.
0 1

1
s(s —1)

Substituting this back into (4.4.3.3), we have

7S/ (%) £(s) = + / 01 () (x~CHD2 4 52 Nax,  (4.43.4)

ss—=1 /i

The integral on the right-hand side of (4.4.3.4) converges and hence defines an analytic
function of s. Hence the whole right-hand side defines a meromorphic function that
is invariant under the transformation s — 1 — 5. Therefore the left-hand side must
also be invariant under this transformation, implying that

—si2p (S _ --spp(L=s _
7 F(2>§(s)—71 F( . );(1 5), (4.43.5)

which is the desired functional relation.

To obtain the equivalent formulation given in the statement of the theorem we use
two properties of the Gamma function. The firstis called the formula of complements
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and is given by
rsra—s) =

sin(s)”

The second is called the duplication formula and is given by

I'(s)I (s + %) = /7275 (2s).

The duplication formula was originally given by Legendre. Using these formulas in
(4.4.3.5), the relation becomes

s

(s) = 2°7° ' sin (7) T —s)s—1), s#£0,1.
We leave the details to the exercises. O

Note that the functional relation has the form
¢(s) = K(s)¢(s = 1),

where
TS

K(s) = 2°7° ' sin (7) rd—s).

The transformation s — 1 — s has s = % as its center of symmetry. Therefore

since ¢ (s) is defined for Res > % the functional equation can be used to continue

Z(s) to a function defined for Res < % and hence defined over the whole complex
plane.

From the analytic continuation of the Gamma function it follows that the function
K (s) has singularities, namely, it becomes infinite at the positive odd integers 2n + 1,
n > 1. However, ¢(2n + 1) is finite for all n > 1. Hence from the functional relation
this is possible only if (1 —s) = 0if s = 2n 4 1. Therefore ¢(s) = 0 at all the
negative even integers —2, —4, . ... These are called the trivial zeros of ¢ (s).

The functional equation also establishes that s = 1 is the only singularity of
£(s) in the whole complex plane. This follows from the fact that {(s) has only a
simple pole at s = 1 for Res > %, and the only singularities of K (s) are at the
positive odd integers. Hence by analytic continuation this is true over the whole
plane. Further, the fact that s = 1 is a simple pole and that the residue is 1 follows
from the integral representation of ¢ (s) (4.4.3.2). These last comments complete the
proof of Theorem 4.4.3.1.

What becomes crucial in applying the zeta function to the proof of the prime
number theorem is the location of its zeros. In particular, we will see in the next
section that the fact that £ (s) has no zeros on the line Res = 1 is equivalent to the
prime number theorem. We have already seen that ¢ (s) has zeros ats = —2, —4, .. ..
These are called the trivial zeros. Riemann in his original paper showed that any
nontrivial zeros must fall in the critical strip 0 < Res < 1. Further, he conjectured
that all the nontrivial zeros lie along the line Res = %, which is called the critical
line. This is called the Riemann hypothesis and is still an open question. It has
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resisted solution for almost a hundred and fifty years and has had tremendous impact
on both number theory and other branches of mathematics. Now that Fermat’s last
theorem has been settled the Riemann hypothesis can be considered the outstanding
open problem in mathematics. We will say more about the Riemann hypothesis after
we show that there are no zeros on the line Re s = 1. This fact was the fundamental
step in the proofs of both Hadamard and de la Vallée Poussin of the prime number
theorem. Their proofs were independent and appear different but are essentially the
same (see [Na]).

Theorem 4.4.3.3. The Riemann zeta function ¢ (s) has no zeros on the line Res = 1.

Proof. The proof we give is a simplification of the proofs of Hadamard and de la
Vallée Poussin and was given by Mertens in 1898. The starting point is the inequality

3+4cosf + cos(20) = 2(1 + cos(29))2 > 0 for all real 6.
Now suppose that {(1 4 it) = 0 for ¢ real and ¢ # 0. Then let
¢ (s) = ()¢ (s +ing (s + 2it).

Since the pole at s = 1 of ;3(s) cannot cancel the zero of ;4(s + it) it would follow
that ¢ (s) is analytic and that

In|p(s)] > —oc0ass — 1.

Now take s to be real with s > 1. By the Euler product decomposition,

Inp(s)| = ~Re (Z In(1 - p“ﬁ)
p
_ —s—it l 2\—s—it l 3\—s—it | ..
—Re(z<p o) ()T ))

p
o0

=Re (Z ann_s_”> with a, > 0.
1

Then

In|p(s)] =Re (Z a3 +4n" 4 n2it)>
1

=Y _aun*(3+4cos(tInn) + cos(2 Inn)).
1

However, this last sum is > 0 by the trigonometric inequality given at the beginning
of the proof, contradicting the fact that the limit must go to —oo. This contradiction
then implies that ¢ (s 4 it) # 0. O
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Theorem 4.4.3.3 will imply the prime number theorem in roughly the following
manner. This will be made precise in the next section. Recall that the prime number
theorem is equivalent to ¥ (x) ~ x, where ¥ (x) is the Chebychev function. Therefore
we want to show that i (x) ~ x. Now,

Y(x) = ZA(n) and [x] = Zl.

n<x n<x

Therefore we want to show that roughly as x — oo the von Mangoldt function A (n)
looks like 1. We have further

o0

' (s) A(n)
¢(s) Z

If Res > 1 we can obtain an integral representation of this:

1/f(x)x =gy,

€() 1

If there are no zeros of ¢(s) on the line Res = 1, then by complex integration this
integral can be handled and in turn used to show that ¥r(x) ~ x.

Before closing this section we make some further comments on the zeros and on
the Riemann hypothesis. Hardy in 1914 proved that ¢ (s) has infinitely many zeros
along the line Re s = % As of 2002 it is known that at least the first billion and a half
nontrivial zeros of ¢ (s) lie along the critical line.

Selberg in 1942 showed that a positive proportion of the nontrivial zeros lie along
the critical line. Levinson in 1974 improved this to show that at least % of the nontrivial
zeros are on the critical line. This has subsequently been improved to at least 40% of
the nontrivial zeros are on the critical line.

There are several quantitative statements that are equivalent to the Riemann
hypothesis. Koch in 1901 showed that the Riemann hypothesis is equivalent to

7(x) = Li(x) + O(W/xInx),

where Li(x) is the logarithmic integral function of Gauss,

X

1
Li(x) = —dt.
1) 5 Int

In a similar manner the Riemann hypothesis can be shown to be equivalent to
. 1
7(1) = Litx) + 0(x3¥¢) Ve > 0.

An entirely elementary formulation of the Riemann hypothesis is the following
(see [P]). Define a positive square-free integer n to be red if it is the product of an
even number of distinct primes and blue if it is the product of an odd number of
distinct primes. Let R(n) be the number of red integers not exceeding n and B(n)
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the number of blue integers not exceeding #n. The Riemann hypothesis is equivalent
to the statement that for any € > 0 there exists an N such that for alln > N,

IR(1) — B(n)| < n2<.

We mention one major extension of the Riemann hypothesis. Recall that for an
integer k a Dirichlet L-series is defined® by

Len=3 22
n=1

n

where y isacharacter mod k and s is acomplex variable (see Chapter 3). Recall further
that Dirichlet L-series also have Euler product representations. The generalized
Riemann hypothesis is that the zeros of any Dirichlet L-series also lie along the
1

critical line Res = 5

4.5 The Prime Number Theorem

We are now ready to prove the prime number theorem.
Theorem 4.5.1. 7 (x) ~ lnTx

As we have already mentioned, the proof is dependent on the fact that ¢(s) has
no zeros on the line Res = 1. The original proofs were given by Hadamard and
de la Vallée Poussin and were quite complicated. An exposition and commentary
on the original proofs can be found in the book of Narkiewicz [Na]. The proof was
somewhat simplified by Wiener and others but still remained quite complicated. In
1980 D. J. Newman found a way to give a proof using only fairly straightforward facts
about complex integration, which allowed a relatively short proof to be presented.
The proof we give is based on Newman’s method.

In another direction, in 1949 Selberg and then Erdgs came up with an “elementary
proof” of the prime number theorem along the lines that Chebychev had begun a
century earlier. This proof is elementary only in the sense that it does not use complex
analysis and is in fact more complex, meaning complicated, than the complex-analytic
proofs. We will say more about the elementary proof in the next section.

Newman’s method is based on the following theorem and the subsequent corollary.
We will state them and then show how they imply the proof of the prime number
theorem. After this we will go back and prove them.

Theorem 4.5.2. Let F(t) be bounded on (0, 00) and integrable over every finite
subinterval and suppose that the Laplace transform

G(s) = /OO F@)e *'dt
0

is well-defined and analytic throughout the open half-plane Res > 0. Suppose
further that G(s) can be continued analytically to a neighborhood of every point of
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the imaginary axis. Then

foo F(t)dt
0

Corollary 4.5.1. Let f(x) be nonnegative, nondecreasing, and O(x) on [1, 00), so
that the function

exists and equals G(0).

g(s) =s f b fx)x s d
1

is well-defined and analytic throughout the half-plane Res > 1 (g(s) is called the
Mellin transform of f (x)). Suppose further that for some constant c the function

c
G(s) = g(s) — :

can be continued analytically to a neighborhood of every point on the line Res = 1.

Then
fx)
x

— C as X — OQ.

The proof of the prime number theorem now follows easily from the corollary.

Proof of Theorem 4.5.1. Recall that the prime number theorem is equivalent to
¥ (x) ~ x, that is, that
¥ (x)

X

—1 as x — oo.

Take f(x) in the corollary to be 1 (x). Since we know that ¥/ (x) is nonnegative,
nondecreasing, and O(x) on [1, co), we must show that the other conditions of the
corollary apply. We have already seen (see Section 4.4) that

7' (s)
HON

gls) =s /OO Y)x " ldx = —
1

Since ¢ (s) has a simple pole with residue 1 at s = 1 the same is then true of g(s). The
analyticity of ¢ (s) at the points of Res = 1, s # 1, and its nonvanishing on this line
then imply that g(s) can be continued analytically to a neighborhood of each point
on this line. Hence

1
G(s) =g(s) — :

has an analytic continuation to the closed half-plane Re s > 1. Therefore the condi-
tions of the corollary are met (with ¢ = 1) and hence

v ()

X

—1 as x — oo. O

We now give the proofs of Theorem 4.5.2 and the corollary.
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Proof of Theorem 4.5.2. We suppose that F(¢) is bounded on (0, co) and that its
Laplace transform

G(s) = /00 F(t)e ™ 'dt
0

is well-defined and analytic throughout Re s > 0. We suppose further that G (s) can
be continued analytically to a neighborhood of every point of the imaginary axis.
Therefore we have an analytic function, which we will also call G (s) that is analytic
on a neighborhood of Res > 0. Hence there is a § > 0, chosen small enough, such
that G (s) is analytic for Res > —§.

Since f () is bounded, without loss of generality, we may assume that | F'(¢)| < 1
fort > 0. For A > 0 let

A
Gi(s) = / F(t)e™*'dt.
0

Since this is a finite integral and F (¢) is bounded, G, (s) is analytic for all s and for
all finite A. We must show that

A
G, (0) =f F@)dt - G@O) as A — oo.
0

For R > 0 choose a § = §(R) so that G(s) is analytic on and within the closed
curve W, where W is given by the arc of the circle |z| = R for Rs > —§ together
with the line segment Re s = —§. We picture this in Figure 4.5.1.

—
Res=-9§
0 R
T w
Figure 4.5.1.

We orient W to go counterclockwise and let W be the part of W for Res > 0
and W_ the part of W for Res < 0.
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Now for each A the function G(s) — G, (s) is analytic at s = 0. Therefore by the
Cauchy integral formula (Theorem 4.4.2.2, part (3)), we have

1 G -G
GO) =~ Gu0) = 5 - fw Mdz. @5.1)

We have the following inequalities, which will be needed to evaluate the final

limit. First, forx = Res > 0,
o0
|G(s) — G;.(s)| = f F(t)e *'dt
X

o0 1
< / e dt = —e .
a x|

Next, forx = Res < 0,

A
1
1G;.(s)] = < / eNdr < Lo,
0

x|

A
/ F(t)e *'dt

Next, if we let H(z) = ¢**G(z) and Hy(z) = €¢*2G,(z), then clearly H(0) =
G(0) and H, (0) = G, (0), so

H(0) — H,.(0) = G(0) — G(0).

(G(5)=G(s))e™s
RZ

Further, within and on W, the function is analytic, so that

dz=0

/ (G(2) — G (2))e*z
w R?

by Cauchy’s theorem. Therefore combining these observations with (4.5.1), we get
1 1 z
GO) = G1(0) = HO) = 1,0 = 5~ [ (6@ - Gt (- T —2) .
2wi Jw z R

On the circle |z] = R we have

and hence on W_,

(G(2) — Gi(2))e (1 + i) < %e—ﬂekx (2—x> _2
Z

R? R? R?
It follows that
1 1 Z 1 2 1
— G(z)—G M4 2 )dzl < ——7R=—
i ./1/V+( (2) 2 (2))e <Z + R2> = 2t R2ﬂ R

Now we consider the integral over W_. Since G, (s) is analytic for all s we may
replace, using Cauchy’s theorem, the W_ path by the corresponding integral over the
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semicircle W* = |z| = R, Rez < 0. Then by Cauchy’s theorem and our previous
inequalities,
1 1 Z 1 1 Z 1
— | G| -+ = )dzl=|— | Gi@e -+ = )dz| < —.
27 /w, w(2e <Z+R2) ¢ Zni/* M(e)e (Z+R2) ‘TR
Now consider
i/ G (L + 2 ) dz (4.5.2)
2wi Jw_ z R? ’ o

Since G (s) is analytic on W_ there exists a constant B depending on § and on R such

that
Gy (242
S p— E—
s R?

‘G(s)e)‘s <l + %)
s R

Therefore on W_ where x < —§ < 0 the integrand in (4.5.2) tends to zero uniformly
as A — 00. On the remaining small part of W_ (take §; < § small) the integrand is
bounded by B. Hence given a fixed W chosen as above, the integral in (4.5.2) tends
to zero as A — oo.

Now we put all of this together. Given € > 0 choose R = é Choose 6 as above
such that G (s) is analytic within and on W. Finally, determine a value A; such that

(4.5.1) is bounded by € for all A > A;. Combining then all the inequalities, we get

< Bon W_.

It follows that

< Be* on W_.

|G(0) — G,(0)] < 3€ for A > Aj.
Therefore
G,(0) - G(0)as L — oo. O
The corollary follows in a relatively straightforward manner from this theorem.

Proof of Corollary 4.5.1. We suppose that f(x) and G(x) satisfy the conditions
given in Corollary 4.5.1. That is, f(x) is nonnegative, nondecreasing, and O (x)
on [1, c0) and

gls) =s /‘00 Fox™ " ldx
1

is well-defined and analytic throughout the half-plane Res > 1. Further, there is a
constant ¢ such that the function

c
G(s) = g(s) — sTl

can be continued analytically to a neighborhood of every point on the line Res = 1.
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Now let x = ¢’ and define
F@t)=e"f(e') —c.

From the conditions on f (x) it follows that F(¢) is bounded on (0, 00). The Laplace
transform of F (¢) is given by

G(s)

/Oo(e_’f(e’))e_”dt = /oo Fox—2dx — &
0 1 s

:ﬁ(g(s—{—l)—g—c).

From the conditions on g(s) it follows that G (s) can be continued analytically to a
neighborhood of every point of the imaginary axis.

Now let t = —Inx and apply Theorem 4.5.2 to G(s). From this it follows that
the improper integrals
00 0o —
/ (™' f(¢)) — o)t = / W, (4.5.4)
0 1 X

exist. Since f(x) is an increasing function, this would imply that @ — c as
X — 00.

To see this last assertion suppose that lim sup @ > c. Then there would exist a
6 > 0 such that for certain arbitrarily large y,

F(y) > (c+2d)y.
Since f(x) is increasing it would then follow that
f(x) > (c+28)y>(c+8xfory <x <oy,

where 0 = 29 Then

(c+9)
ay _ ay 6
/ chxdx > / —dx =d6Ino.
y y X

X

But this is bounded away from zero for arbitrarily large y, contradicting that the
improper integral in (4.5.4) converges. Therefore lim sup @ <c.

Next suppose that lim inf @ < c¢. Then in a similar manner there exists an
interval oy < x < y witho < 1 and f(x) < (c — 8)x on this interval. Applying

this to the integral we obtain

y _ oS
/ chxdx </ ——dx =6Ino.
oy X oy X

This is negative and again bounded away from zero, contradicting the convergence
of the improper integrals. It follows that lim inf @ >c.
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Since lim inf @ < limsup @ it follows that

lim inf = lim su

J(x) fx)
p =
X X

and therefore the limit exists and also equals ¢, completing the proof of the
corollary. O

We have seen that the absence of zeros of ¢(s) on the line Res = 1 implies the
prime number theorem. It was pointed out by Wiener that the converse is also true,
and hence the prime number theorem is equivalent to the fact that there are no zeros
of ¢(s)onRes = 1.

Theorem 4.5.3. The prime number theorem is equivalent to the fact that there are no
zeros of £ (s) on the line Res = 1.

Proof. We have already seen that the absence of zeros implies the prime number
theorem. Suppose now that ¥ (x) ~ x and ¢(1 +it) = O with ¢ real and ¢ = 0. Then
if the order of the zero is m we have the expansion

() =cts—A+i)" +---,

which is valid on a neighborhood of 1 4 iz. Let

¢'(s) i Awm)

gls) =— ) = "

n=1

The expansion above would imply that

lim (s —Dg(s+it)=—

Res—11

Further,

g(s) = f W) -
Then since ¥ (y) ~ v,
1 o0
(s = DIgs) = (s = Dls| <| I f o(y_R“)dy> =o(1)

as Res — 17. This would imply that m = 0, contradicting the existence of a zero
on the line Res = 1. |
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4.6 The Elementary Proof

As we have noted, Chebychev’s theorem (Theorem 4.2.1) appeared to be quite close
to the prime number theorem. It provided the right bounds, and further, Cheby-
chev showed that if lim,_ o 7InX oyvisted then the value of the limit must be one.
Chebychev’s methods were elementary in the sense that they involved no analysis
more complicated than simple real integration and the properties of the logarith-
mic function (although the proofs themselves were complicated). This would seem
appropriate for a proof of a theorem about primes, since primes are in the realm of
arithmetic and should not require deep analytic notions. However, Chebychev could
not establish that the limit existed and then Riemann, ten years or so later, tried a
different approach using the theory of complex analytic functions. As discussed in
the last section, the proof of the prime number theorem was reduced to knowing the
location of the zeros of the complex analytic Riemann zeta function. Still, even with
Riemann’s ideas, the proof resisted solution for another thirty-six years and during
this time many mathematicians began to doubt that the limit lim,_, w existed.
These doubts were put to rest with the proofs of Hadamard and de la Vallée Poussin.
As we have proved (Theorem 4.5.3), the prime number theorem, a result seemingly
arising in arithmetic, is equivalent to the result that there are no zeros of the Riemann
zeta function ¢ (s) along the line Re(s) = 1, a result really in complex analysis. This
raised the question of the actual relationship between the distribution of primes and
complex function theory. This led to the further question of whether there could exist
an elementary proof of the prime number theorem along the lines of Chebychev’s
methods.

The opinion that came to prevail was that it was doubtful that such a proof existed.
The feeling was that complex analysis was somehow deeper than real analysis and in
view of the equivalence mentioned above, it would be unlikely that one could prove
the prime number theorem using just the methods of real analysis. On the other hand
it was felt that if such a proof existed it would open up all sorts of new avenues in
number theory.

The English mathematician G. H. Hardy, who made major contributions to the
study of the relationship between the prime number function 7 (x) and Gauss’s loga-
rithmic integral function Li(x), described the situation this way in a lecture in 1921
(see [N]):

G. H. Hardy. No elementary proof of the prime number theorem is known and one may
ask whether it is reasonable to expect one. Now we know that the theorem is roughly
equivalent to a theorem about an analytic function, the theorem that Riemann’s zeta
function has no roots on a certain line. A proof of such a theorem, not fundamentally
dependent upon the ideas of the theory of functions, seems to me to be extraordinarily
unlikely. It is rash to assert that a mathematical theorem cannot be proved in a
particular way; but one thing seems quite clear. We have certain views about the
logic of the theory; we think that some theorems, as we say “lie deep” and others
nearer to the surface. If anyone produces an elementary proof of the prime number
theorem, he will show that these views are wrong, that the subject does not hang
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together in the way we have supposed, and that it is time for the books to be cast aside
and for the theory to be rewritten.

However, what actually occurred was even more surprising. Selberg and then
Erdd6s and then Erd6s and Selberg together in 1948 developed elementary proofs of the
prime number theorem along the lines of Chebychev’s methods. All of these proofs
depended on asymptotic estimates for an extension of the von Mangoldt function.
These asymptotic estimates are now called Selberg formulas. The discovery of this
elementary proof put to rest the discussion of the relative profoundness of complex
analysis versus real analysis. However, despite the brilliance of the Selberg—Erd6s
approach, it did not produce the startling consequences in understanding both the
distribution of primes and the zeros of the Riemann zeta function that were predicted.
There are now many so-called elementary proofs, and the techniques involved have
become standard in analytic number theory. It may be that in time these methods will
lead to a deeper understanding of the basic questions.

In this section we will state the Selberg formulas (without proof) and then outline
(also without proof) how this formula leads to a proof of the prime number theorem.
A complete exposition of Selberg’s original proof can be found in the book of
Nathanson [N], while a self-contained exposition of another elementary proof is
in the book of Tenenbaum and Mendes-France [TMF]. A slightly different approach
based on Selberg’s methods can also be found in Hardy and Wright [HW].

The Selberg formula from which the elementary proof can be derived is the
following.

Theorem 4.6.1 (Selberg formula). For x > 1,

Y np+ ) Inplng=2xInx+ 0),

p=x P.g=x

where p, g run over all the primes < x.

Several alternative formulations of this result are used in the elementary proof.
First, the formula can be expressed in terms of the von Mangoldt function, which we
used in our other (nonelementary) proof. In particular:

Theorem 4.6.2 (Selberg formula). For x > 1,

Y Amnn+ Y Am)A(m) =2xInx+ O(x),

n<x n,m<x

where A(n) is the von Mangoldt function.

To show that these are equivalent, the two sums are considered separately. We

give a partial demonstration. Consider the firstsum ), <x A(m)Inn. Since A(n) =0
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if n # p* for a prime p and A(p*) = In p, we have

Y Amn=> (np’+ > kinp)

n=x p=x pk=x.k=2

If pX < x with k > 2 then p < /x. Hence

Inx
Inp

2
Y. knpP’= ) (np)’) k< ) (np) (E—;) < Va(nx)*.

ph<x,k>2 pJx k=2 p<Vx

However, clearly

Vx(Inx)? = 0(x)

and therefore it follows that

ZA(n)lnn = Z(lnp)2 + 0 ().

n<x pP=<x

In a similar manner (see the outline in the exercises)

Z A(m)A(n) = Z Inplng + O(x).

n,m<x P:q=x

Hence for x > 1,

ZA(n)lnn—l— Z A(MA() =2xInx + O(x)

n<x n,m=<x

if and only if
Z(ln 2+ Z Inplng =2xInx + O(x).

p=x P.g=x

Therefore the two versions given of Selberg’s formula are equivalent.

If we introduce a generalization of the von Mangoldt function, Selberg’s formula
can be expressed in a very succinct manner. To do this we must introduce some
operations on the set of arithmetic functions.

Recall that a number-theoretic function is any complex-valued function whose
domain is the natural numbers N (see Section 3.6). We have introduced numerous
examples of such functions: the von Mangoldt function, the M&bius function, and
the Euler phi function, to name just a few. On the set of number-theoretic functions
we define addition in the standard way pointwise. That is, if f(n), g(n) are number-
theoretic functions, then

(f+9m) = f(n)+gn).

The function given by 0(n) = O for all n € N is then an additive identity for this
addition.
We define a multiplication in the following manner.
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Definition 4.6.1. If f(n), g(n) are number-theoretic functions, then their Dirichlet
convolution is the number-theoretic function given by

(From = f@dg(3)-

d|n

If we define

1 ifn=1
smy={ "7 "
0 ifn>2,

then 8 (n) is a multiplicative identity for Dirichlet convolution. With these operations
the set of number-theoretic functions becomes a ring.

Theorem 4.6.3. The set of number-theoretic functions with addition defined pointwise
and multiplication given by Dirichlet convolution forms a commutative ring with
identity.

The proof is a straightforward calculation (see the exercises).
We need the idea of Mobius inversion (see Section 3.6). Recall that the Mobius
function p is defined for natural numbers n by

1 ifn=1,
um) =1 (=" ifn=pipr...p with p1, ..., p, distinct primes,
0 otherwise.

For number-theoretic functions, we then have the following formula, known as the
Mbobius inversion formula, which was stated and proved in Section 3.6.

Theorem 4.6.4 (Theorem 3.6.4, Mobius inversion formula). Let f (n) be a number-
theoretic function. Define

g =Y f().
din
Then "
fn) = diju(d)g (5)-

Based on Dirichlet convolution and using Mobius inversion, we define a
generalization of the von Mangoldt function. First define

L(n) =Inn foralln € N.
We then have the following result.

Lemma 4.6.1. A(n) = p x L(n), where w is the Mobius function.
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Proof. Let 1(n) =n foralln € N. Thenif n = p‘f‘ .- -p,fk, we have

1o A =Y dA (%) = Y diA@)
d|n

didr=n
=elnpi+---+eInpr=Inn=L{n).

Therefore 1 « A = L, and so from the Mdbius inversion formula,
nwxL = A. O

Definition 4.6.2. For each r > 1 define the generalized von Mangoldt function
Ay =uxL".

The tie to the Selberg formula is the following.
Lemma 4.6.2. For each natural number n,
Ary(n) = A(n)Inn + A x A(n).
Selberg’s formula can now be expressed concisely as follows.

Theorem 4.6.5 (Selberg formula). Forall x > 1,

ZAz(n) =2xInx + O(x).

n<x

The elementary proof requires two more equivalent formulations, which tie the
Selberg formula to the Chebychev functions 6 (x) and ¥ (x).

Theorem 4.6.3 (Selberg formula). For x > 1,

(1) o) Inx + Y In po (f> = 2xInx + O(x),
P=x p
X

) I//(x)lnx—i-;A(n)w <Z) —2xInx + O(x).

In Theorem 4.3.2 we showed that the prime number theorem is equivalent to
6(x) ~ x and to ¥ (x) ~ x. In our earlier (nonelementary) proof we actually showed
that ¥ (x) ~ x to establish the prime number theorem. In Selberg’s elementary proof
he showed that 6(x) ~ x. In particular, if we let R(x) = 6(x) — x, then the Selberg
proof shows that R(x) = o(x), which clearly implies that 6 (x) ~ x. More precisely,
in the proof it is shown that there exist sequences (a;), (b,) of positive real numbers
such that

|IR(x)] < ay,x forallx > b,

and lim,_, 5 a, = 0.
This is proved via a series of estimates whose proofs all work with, or start with,
the Selberg formula (in one of its formulations), and then use tricky and difficult
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manipulation of series. The lengthy details of a completely elementary (again not
simple but no complex analysis) proof due to Selberg can be found in the book of
Nathanson [N]. A separate proof along the same lines but using some analysis is in the
book of Hardy and Wright [HW]. Finally, a separate elementary proof (again using
some analysis) is in the notes of Tenenbaum and Mendes-France [TMF].

It is an easy consequence of the prime number theorem that if p, is the nth prime

then
. Pn+1
lim

n—oo H’l

=1. 4.6.1)

This fact, however, plays a role in the history of the elementary proof. When Selberg
first gave his formula, Erd6s used it to give an elementary proof of (4.6.1). Selberg
then used his formula along with the methods of Erd6s’s proof to develop the first
elementary proof of the prime number theorem. Erd§s then gave a second elementary
proof. There now exist several elementary proofs of the prime number theorem that
do not depend on Selberg’s formula. A nice survey on the use of elementary methods
in the study of primes was written by Diamond [Di].

4.7 Some Extensions and Comments

In Chapter 3 we looked at a large number of ways to prove that there are infinitely
many primes, and our look led us to a large array of number-theoretical ideas. Basic
congruences and the fundamental theorem of arithmetic handled many of the proofs,
but we used some elementary analysis to show that Y % diverges. We then used some
more difficult analysis to prove that there are infinitely many primes in any arithmetic
progression {an + b} with (a, b) = 1. However, despite the fact that the set of primes
is infinite, it is clear that the density of primes among the natural numbers thins out
as the natural numbers get larger. In fact, we showed (Theorem 2.3.2) that there are
arbitrarily large gaps in the sequence of primes. Hence in this chapter we looked at the
density of the sequence of primes. The major result was the prime number theorem,
which says that w(x) ~ ﬁ as x — 00, where 7 (x) is the number of primes less
than or equal to x. However we have just touched the tip of the iceberg relative to
the study of the distribution of primes. In this final section of Chapter 4 we mention
some further results and conjectures on primes and their distribution that are in the
same spirit as the results and proofs of the last two chapters.

By far the most important open problem surrounding the distribution of primes
and the prime number theorem is the Riemann hypothesis. We introduced this at the
end of Section 4.4, but here we repeat what we said at that point and extend somewhat
our comments and observations. Recall that the Riemann zeta function was defined
forall s > 1 by

— 1
L(s) = pre
n=1
This could be continued analytically to a meromorphic function also denoted by ¢ (s)
that is analytic for all complex s # 1 and that has a simple pole at s = 1. This fact
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follows from the fact that ¢ (s) satisfies a functional relation

g(s) = K(s)¢(s — 1),

where
TS

K(s) = 2°7° ! sin ( . ) r(1—s).

This functional relation also establishes that {(s) = 0 at all the negative even
integers —2, —4, . ... These are called the trivial zeros of ¢{(s). Riemann in his
original paper showed that any nontrivial zeros must fall in the critical strip 0 <
Res < 1. He furthered showed that if ¢(s) has no zeros on the line Res = 1, this
was sufficient to prove the prime number theorem. This final fact was proven by
Hadamard and de la Vallée Poussin. In the course of this investigation Riemann
conjectured that all the nontrivial zeros lie along the line Res = %, which is called
the critical line. This is the common form of the Riemann hypothesis.

Riemann hypothesis. All the nontrivial zeros of the Riemann zeta function lie along
the line Re(s) = %

The Riemann hypothesis has resisted solution for almost a hundred and fifty
years and has had tremendous impact on both number theory and other branches
of mathematics. Now that Fermat’s last theorem has been settled, the Riemann
hypothesis can be considered the outstanding open problem in mathematics. There
are various further results concerning the Riemann hypothesis and the zeros of the
zeta function. Hardy in 1914 proved that ¢ (s) has infinitely many zeros along the
critical line Re s = % As of 2002 it is known that at least the first billion and a half
nontrivial zeros of ¢ (s) lie along the critical line.

Selberg in 1942 showed that a positive proportion of the nontrivial zeros lie along
the critical line. Levinson in 1974 improved this to show that at least % of the nontrivial
zeros are on the critical line. This has subsequently been improved to at least 40% of
the nontrivial zeros are on the critical line.

There are several quantitative statements that are equivalent to the Riemann
hypothesis. Koch in 1901 showed that the Riemann hypothesis is equivalent to

7(x) = Li(x) + O(v/x Inx), 7.1

where Li(x) is the logarithmic integral function of Gauss,

1
Li(x) = —dt.
x) /2 Int
In a similar manner the Riemann hypothesis can be shown to be equivalent to
7(x) = Li(x) + O(x27€) Ve > 0.

The equality (4.7.1) was also conjectured by Riemann in his original paper and is
often called the prime number theorem form of the Riemann hypothesis.
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There are many other computational variations of both the prime number theorem
and the Riemann hypothesis. Many of these are discussed in the excellent book by
Crandall and Pomerance [CP]. Several of these involve the Md&bius function i (7)
and Mertens’s function, defined by

M) =) u).

n<x

Mertens’s function is related to the Riemann zeta function by (see Section 4.4.3)

=S I xs+l

i [ (n) XM

Von Mangoldt proved the following.

Theorem 4.7.1. The prime number theorem is equivalent to the statement

o ()

Further, the following is also known.

Theorem 4.7.2. If M (x) is Mertens’s function, then
(1) the prime number theorem is equivalent to

M(x) = o(x);

(2) the Riemann hypothesis is equivalent to

M(x) = O(X%J“) for any fixed € > 0.

One of the questions that arises from the prime number theorem is which function
exactly is the “best approximation’ to 7 (x). Note that for any positive real numbers

A, B we have that

(1) m(x) ~
@) m(x) ~
(3) m(x) ~
@) 7(x)

ATnxsp 1S asymptotically equal to Li(x). Hence

X
lnx’
fora > 0,

m (Legendre’s estimate),

lnx a

~ Li(x) (Gauss)

are all equivalent to the prime number theorem. The question arises as to whether
there is an optimal value for a in (2) above. Empirical evidence is that a = 1 is an
optimal choice and generally better for large x than Legendre’s 1.08366 and better
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than Gauss’s Li(x). The table below compares the estimates:

X 7 (x) x Li(x)  po—iosse6  macT
103 168 145 178 172 169
10* 1229 1086 1246 1231 1218
10° 9592 8686 9630 9588 9512

10 | 78498 72382 78628 78534 78030
107 | 664579 620420 664918 665138 661459
108 | 5761455 5428681 5762209 5769341 5740304

Observing the table above, it is noticed that Li(x) > m(x). Riemann proposed
that this is true for all sufficiently large x. This turned out to be incorrect. In 1914
Littlewood [Li] proved the following.

Theorem 4.7.3. The difference m(x) — Li(x) assumes both positive and negative
values infinitely often.

Littelwood’s proof was interesting in that it used the following technique, which
has become extremely useful in analytic number theory. First he assumed that the
Riemann hypothesis is true and proved that 77 (x) —Li(x) changes sign infinitely often.
He then showed that the same is true if the Riemann hypothesis is assumed to be false.
A complete but somewhat simplified proof of Littelwood’s result can be found in [P].
More recently Te Riele in 1986 [Re] showed that there are more than 10'39 consecutive
integers for which 7 (x) > Li(x) in the range 6.62 x 10370 < x < 6.69 x 10370,

In light of trying to improve the approximation to 7 (x) afforded by Li(x), Rie-

mann’s work suggested (see Zagier [Za]) that @ would be closer to ﬁ that is, the

probability of choosing a prime randomly less than x would be closer to ﬁ if one

counted not only the primes but also the “weighted powers™ of the primes. That is,
counting a p? as half a prime, p> as a third of a prime, and so on. This would lead to

an approximation for Li(x) given by
. 1 1 1 1
Li(x) ~ 7 (x) + En(xz) + gn(xa) R

Upon inverting this, one obtains
. L. 1 1 . 1
7(x) ~ Li(x) — ELI (xz) — ng (x3) — .

Based on these ideas, Riemann proposed the following explicit formula for 7 (x):

[e¢]

w0 = 3 B i (b, (4.72)

n

n=1

The series on the right side of (4.7.2) can be shown to converge for x > 2 and is
called the Riemann function R(x), that is,

R =Y @Li (xn), x>2.

n=1
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Riemann’s conjecture was then that 7(x) = R(x). The equality given in (4.7.2) is
not true. However, it is asymptotically correct.

Theorem 4.7.4. We have w(x) ~ R(x), where R(x) is the Riemann function.

In fact, this approximation is remarkably close for large x. For x = 400,000,000,
we have

(400,000,000) = 21,336,326 and R (400,000, 000) = 21,355,517,
while for x = 1,000,000,000,
(1,000,000,000) = 50,847,534 and  R(1,000,000,000) = 50,847,455.

Related to Riemann’s explicit formula, it can be shown that the distribution of
the number of zeros of the Riemann zeta function along the critical line can be given
asymptotically by

t t

1
Nt)=—In|—)——,
2 2 2

where N (¢) is the number of zeros z with z = % + is along the critical line with
O<s<t.

There are also some surprising relationships between some physical phenomena
and the location of the zeros of the Riemann zeta function. The article [BK] discusses
some of these that are far afield from our present presentation.

An entirely elementary formulation of the Riemann hypothesis is the following
(see [P]). Define a positive square-free integer n to be red if it is the product of an
even number of distinct primes and blue if it is the product of an odd number of
distinct primes. Let R(n) be the number of red integers not exceeding n and B(n)
the number of blue integers not exceeding n. The Riemann hypothesis is equivalent
to the statement that for any € > 0 there exists an N such that foralln > N

IR(n) — B(n)| < n2<.

As we mentioned in Section 4.1, if p, denotes the nth prime then it is a straight-
forward consequence of the prime number theorem that

pn ~nlnn

and hence
. Pn+l
lim — =1,
Dn

even though there are arbitrarily large gaps in the primes. It was noted in the last sec-
tion that when Selberg first gave his formula, Erdés then used it to give an elementary
proof of the second fact above. Subsequently, Selberg then used his formula along
with the methods of Erd6s’s proof to develop the first elementary proof of the prime
number theorem.
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There are two well-known conjectures concerning the difference p,+1 — p,. The
first is called Cramer’s conjecture.

Cramer’s conjecture. p,+1 — p, < (1 +o(1))(In n)2.

It follows from Koch’s equivalence to the Riemann hypotheis that if the Riemann
hypothesis is true, then

1
Pn+l — Pn = O(p,ere) for any fixed € > 0.

The second conjecture is called Lindelof’s hypothesis.
Lindelof’s hypothesis. }_ , _ (pn+1 — )% < xito),

It can be shown that the Riemann hypothesis implies the Lindelof hypothesis.

Dirichlet’s theorem, giving that there are infinitely many primes in any arithmetic
progression an + b with (a, b) = 1, extended the result that there are infinitely many
primes. Dirichlet’s proof (see Chapter 3) used L-series and then an Euler product
formula. Recall that for an in teger k, a Dirichlet L-series is defined by

Lso=Y 5,
n=1

where y is a character mod &, and s is a complex variable. Hence Dirichlet’s proof was
an extension of the Euler proof of the infinitude of primes using the real zeta series.
Along the same lines both the prime number theorem and the Riemann hypothesis
can be extended to primes in arithmetic progressions.

For (a,b) =1, let

7 (x; a, b) = numbers of primes congruent to » mod @ and < x.

The prime number theorem for arithmetic progressions can then be expressed as
follows.

Theorem 4.7.4 (prime number theorem for arithmetic progressions). For fixed
a,b > 0with (a,b) =1,

1 1 x 1
n(x;a,b) ~ ——m(x) ~

b (a) p@inx ¢

Li(x).

The result can be expressed in probabilistic terms by saying that the primes are
uniformly distributed in the ¢ (a) residue classes relatively prime to a. In fact, much
of the material on the prime number theorem can be rephrased in terms of probability
theory. The prime number theorem itself can be expressed as follows

Theorem 4.7.5 (the prime number theorem). The probability of randomly choosing
a prime less than or equal to x is asymptotically given by ﬁ
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Most of the ideas surrounding the use of probabilistic methods are discussed in
the book Probabilistic Number Theory by Elliott [E].

The extension of the Riemann hypothesis to the case of arithmetic progressions
is called the generalized Riemann hypothesis or the extended Riemann hypothe-
sis. This says that the zeros of any Dirichlet L-series also lie along the critical line
Res = %
Generalized Riemann hypothesis. For an integer k and any character x mod k,
the nontrivial zeros of the L-series

L= X},ff)

n=1

all lie along the critical line Re s = %

We close this chapter with a brief discussion of primes in short intervals [x, x +€],
where € > ( is a positive constant. Bertrand’s theorem (Theorem 4.2.5) showed that
for any real number x there is always a prime in the interval [x, 2x]. Further, the
proof used the same methods as the proof of Chebychev’s estimate. As an immediate
consequence of the prime number theorem we can obtain the following result. We
leave the proof to the exercises.

Theorem 4.7.5. For any € > 0 there exists an xo = xo(€) such that there is always
a prime in the interval [x, (1 4 €)x] for x > xo. Equivalently, m(x + y) > m(x) for
y = €x.

The above theorem and its proof have the following interesting interpretation.
For large x (again see the exercises)

T (2x) — mw(x) ~ mw(x).

Hence for large x there are as many primes asymptotically between x and 2x as there
are less than x, despite the fact that by the prime number theorem the density of
primes tends to thin out. However, it can be shown that

27 (x) —w(2x) — o0

as x — oo.

The result given in Theorem 4.7.5 has been improved upon in various ways.
Huxley in 1972, continuing a long line of research in this direction, showed that there
is always a prime in the interval [x, x +x¢] if ¢ > 17—2 for large enough x. The value of
¢ has subsequently been improved, the most recent being done by Baker and Harman,
who reduced c to .535, again for large enough x. Further, Baker and Harman show
that
5335

20Inx

JT()C —|—x'535) —m(x) >

for large enough x.
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Earlier, Erd6s, using Selberg’s formula, had proved that for each € > 0 there
exists a constant c(¢) such that in the interval [x, (1 + €)x] there are at least %
primes.

Finally, we mention the following remarkable result, which is a consequence of
Bertrand’s theorem. We outline a proof in the exercises.

Theorem 4.7.6. Given any positive integer n, the set of integers {1,2,...,2n} can
be partitioned into n disjoint pairs such that the sum of each pair is a prime.

So for example {1, 2, 3,4, 5, 6,7, 8,9, 10} can be partitioned into {1, 10}, {2, 9},
{3, 4}, {5, 8}, {6, 7}. The result is in the same spirit as the Goldbach conjecture,
which states that any even integer is the sum of two primes.

EXERCISES

4.1. Show that Li(x) = fzx %dt is asymptotically equal to 1. (Hint: Take the
Taylor expansion of Li(x).)

4.2. If p, is the nth prime show that lim,_, % =1.

n

Recall that the binomial coefficient (Z) (see Section 4.2) is defined by

(n) . n!
k)] K=k

4.3. Prove the following facts about (}):

(a) (Z) represents the number of ways of choosing k objects out of n without
replacement and without order (Lemma 4.2.1). This is equivalent to the
number of possible subsets of size k in a finite set with n elements. (Hint:
Consider the number of ways of choosing k out of n with order; this is
n(n—1)---(n—k+1). Then consider how many ways each choice of k
objects can be rearranged.)

® () = (")

© G+ = ("Zl). (This is the basis for Pascal’s triangle.)

4.4. Prove the binomial theorem: for any real numbers a, b and natural number 7,

we have .
@+b'=Y" (Z)akb"_k.

k=0
(Hint: Use induction and part (c) of Exercise 4.3.)

4.5. Prove: For a prime p, (x + y)” = x? 4+ y?” mod p. (Hence the beginning
algebra mistake (x 4+ y)? = x” + y” is true in the field Z,.)

4.6. Ifs > 0 the Gamma function is given by

o
F(s):f e dx.
0

Show the following:
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(@) I'(s+ 1) =s['(s). (Use integration by parts.)
®) I'm)=@m — D! foranyn > 1,n € N.

4.7. (a) Show that fooo e dx = “/Tﬁ (Hint: Let A = fooo ¢~ dx. Then

2 OO —x2 ® R e —(x2+y?)
A° = e “dx e Vdy|= e Ydxdy.
0 0 0 0

Now change to polar coordinates. Recall that dxdy = rdrd6.)
(b) Use part (a) to show that F(%) = /7.

4.8. Recall that Stirling’s approximation is
n
n! = «/2mn (E> .
e

We outline a proof of this result.

(a) From Exercise 4.6, Stirling’s approximation is equivalent to
Cp+1) = pPe ™ 2np.

(b) Write the integral for I'(p + 1) as follows:
o0 o0
Fp+n= [ aretar= [T erna
0 0

Now substitute the variable x = p + y,/p, so that dx = ,/pdy. Show
then that

oo
F'(p+1)= / ePMPHIP=P=IPY [hqy.
—Vr

(c) By looking at the Taylor series for In x, show that for large p

2

y y y
In(p+py)=lnp+In(l+—)=Inp+— — =—.
VP N2 NI

(d) Using part (c) and the integral in part (b), show that

o0
Fp+1) = eplnpfpﬁ/ 67%}'2dy
-JP

o0 1.2 P,
=pPe P /p / e 2Y dy—/ e 2Vdy]).
—0Q —o0



194

4.9.

4.10.
4.11.
4.12.

4.13.

4.14.

4.15.

4.16.

4.17.

4.18.

4 The Density of Primes

(e) Evaluate the twointegrals in part (d) to get Stirling’s approximation. Notice
that from Exercise 4.4, we have

o0 2
/ eV dx =1

—0Q
and so
o0 1.2
/ e 22X dx =~2n
—00
and
-VP 1.2
/ e 2V dy
—0oQ

goes to zero as p goes to infinity.

Use the prime number theorem to give an alternative proof that there are arbi-
trarily large gaps in the sequence of primes. (Hint: Suppose that there is a
bound A such that there is always a prime between x and x + A. Then consider
m(nA) to deduce a contradiction.)

Show that f(x) ~ g(x) is equivalent to f(x) = g(x)(1 4+ o(1)).

Show that f = o(g) implies f = O(g).

Show that

(a) cosx = O(1);

(b) sinx = o(x);

() x =o(x?)ifd > 1;

(d) if P(x)isapolynomial of degree n with leading coefficient a, then P (x) ~

ax™.

(a) Showthatif f = O(1)andg = O(1),then f+g = O(1) or, equivalently,
o)+ 00)=0Q).

(b) Show that O(1) = o(x).

Show that I;‘—BX — 0asx — oo forany § > 0. Equivalently, Inx = o(x?).

Hence In x goes to infinity more slowly than any positive power of x.

Using Bertrand’s theorem show that p,1 < 2p,, where p, is the nth prime.

Prove that for each € > 0 there exists an xg = xo(¢) such that there is always a

primein the interval [x, (14-€)x]forx > x¢. (Hint: Consider 7 (x +€x)—m(x)

and apply the prime number theorem.)

Show that w(2x) — w(x) ~ m(x). Hence asymptotically there are as many

primes between x and 2x as are less than x.

Prove that

R SV ()

where 1 (n) is the Mobius function.
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4.20.

4.21.
4.22.

4.23.

4.24.

4.25.
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Prove that the set of rationals of the form {£; p, g primes } is dense in the set of

positive reals. Recall that a set S is dense in the reals if given any real number
rand € > O thereis an s € S with |[r — 5| < €.

Prove Theorem 4.7.6: Given any positive integer n the set of integers
{1,2,...,2n} can be partitioned into n disjoint pairs so that the sum of each
pair is a prime. (Hint: Use induction and then notice that for n = 2k, by
Bertrand’s theorem there exists an m with 1 < m < 2k such that 2k + m is
prime.)

Prove that the equation n! = m* has no solutions in integers with m, n, k > 1.

Prove that there exist real numbers a, b such that for all n,
n
nin < le_ < nbn’
i=1

with p; the ith prime.
Let A(n) be the von Mangoldt function. Prove that

ZA(d) =1Inn

din

or, equivalently, A = pu x L.

Prove the following orthogonality relations among the trigonometric functions:
T . . .
(a) f_n cos(mx)cos(nx) = 0iftm # n;, =xifm =n # 0;, = 2n if
m=n=0.
T . . . . . _
(b) f—n sin(mx) sin(nx) =0ifm #n;=m if m =n # 0.
(©) /7 cos(mx)sin(nx) = 0 for all m, n.

Use the previous problem to show that if f(x) is a periodic function with period
27 and Fourier series

f=ap+ i (an cos (me> + by, sin (me» ,

n=1

then if f(x) = 7(x), the coefficients a, a,,, b, must be given by

1 L
o = Z/Lf(x)dx,

1 L
anz—/ f(x)cos(nﬂ)C)dx, n=12...,
LJ_p

TX

1k _/n
z/_Lf(x)Sm(T>dX, n=12,....

by
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4.26. Using the formula for complements,

Lsra—s) = m,

and the duplication formula,

1
'(s)l (s + 5) = Jm2'71Q2s),
show that the relation
1-—
_s/2F< );“(s)—n a s)/2r< );(1—s)
can be transformed into
L(s) =27~ 1sm( )F(l—s)g“(s—l) s #0,]1.

4.27. Prove Theorem 4.6.3: The set of number theoretic functions with addition
defined pointwise and multiplication given by Dirichlet convolution forms a
commutative ring with identity.
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Primality Testing: An Overview

5.1 Primality Testing and Factorization

In the previous two chapters we have seen that there are infinitely many primes and
showed that as we move through larger and larger integers the density of primes thins
out. In particular, we proved that

where 7 (x) represents the number of primes less than the positive real number x. This
result, the prime number theorem, could be interpreted as saying that the probability
of randomly choosing a prime number less than or equal to a positive real number
X is approximately ﬁ as x gets large. In this chapter we consider the question of
determining whether a particular given positive integer n is prime or not prime. The
methods concerning this problem are called primality testing and consist of algo-
rithms to determine whether an inputted positive integer is prime. Primality testing
has become extremely important and has been of great interest in recent years due to
its close ties to cryptography and especially public key cryptography. Cryptog-
raphy is the science of encoding and decoding secret messages. Many of the most
powerful and secure encoding methods depend on number theory, especially on the
computational difficulty of factoring large integers. It turns out, somewhat surpris-
ingly, that relative to ease of computation, determining whether a number is prime is
easier than actually factoring it.

Public key cryptography is that part of cryptography that deals with sending secret
(and hopefully secure) messages across public communications systems. The major
algorithm in this area, called the RSA algorithm, depends directly on the difficulty
of factoring large integers. We will briefly introduce cryptography and the RSA
algorithm in Section 5.4. First we take a short overview look at primality testing.

At first glance, the problem of determining whether a positive integer n is prime
seems like an easy one. If n is not prime, it must have a divisor m with 1 < m < n.
Therefore test all integers 2, .. ., % to see whether one of them divides n. If there is
such a divisor, then n is composite. If not, then n is prime. We need only test up to
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5 since if n has a proper divisor less than n, it will have a divisor less than or equal
to 5.

Of course this can be improved in several ways. First of all, if n = mk, then one
of m, k must be < ./n. Hence we need only check integers from 2 to /n rather than
from 2 to % Further, if n has a divisor m with 1 < m < ,/n then n must have a
prime divisor p with 1 < p < \/n. Therefore it is necessary to check only the primes
< /n. Therefore knowing all the primes < +/n allows us to test for primality all
the integers < n. We summarize all these comments to give a general algorithm for
primality testing.

General algorithm for primality testing. Given n > 0, test all primes p with
p < /n. The integer n is prime if and only if none of these primes divides n.

Example 5.1.1. Test whether the integer 83 is prime.

Now, 9 < V83 < 10, so we must test all the primes less than 9. Hence we must
test 2, 3, 5, 7. None of these divides 83 and therefore 83 is prime.

This general algorithm is simple and always works. However, it becomes com-
putationally infeasible for large integers. Therefore other methods become necessary
to determine primality. Most of these methods rely on a number-theoretic property,
such as Fermat’s theorem, which is true for all primes but may not true for all com-
posites. Recall that Fermat’s theorem (see Chapter 2) says that a”~! = 1 mod p for
any prime p and for any a with 1 < a < p. We will return to this in Section 5.3.
In the next section we examine a series of techniques for determining primes called
sieving methods.

5.2 Sieving Methods

In ordinary language a sieve is a device to separate or sift finer particles from coarser
particles. This idea has been applied to number theory via numerical sieving methods.
A sieve in number theory is a method or procedure to find numbers with desired
properties (for example primes) by sifting through all the positive integers up to a
certain bound, successively eliminating invalid candidates until only numbers with the
particular attributes desired are left. Sieving methods are quite effective for obtaining
lists of primes (and numbers with other characteristics) up to a reasonably small limit.

Relative to generating lists of primes, sieving methods originated with the sieve
of Eratosthenes. This is a straightforward method to obtain all the primes less than or
equal to a fixed bound x. It is ascribed (as the name suggests) to Eratosthenes (276—
194 B.C.), who was the chief librarian of the great ancient library in Alexandria.
Besides the sieve method he was an influential scientist and scholar in the ancient
world, developing a chronology of ancient history (up to that point) and helping
to obtain an accurate measure (within the measurement errors of his time) of the
dimensions of the Earth.

The method of the Sieve of Eratosthenes is direct and works as follows. Given
x > 0 list all the positive integers less than or equal to x. Starting with 2, which
is prime, cross out all multiples of 2 on the list. The next number on the list not
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crossed out, which is 3, is prime. Now cross out all the multiples of 3 not already
eliminated. The next number left uneliminated, 5, is prime. Continue in this manner.
As explained for the primality test described in the previous section the elimination
must only be done for numbers < /x. Upon completion of this process, any number
not crossed out must be a prime.

Below we exhibit the sieve of Eratosthenes for numbers < 100. In beginning
each round of elimination, we must consider only numbers < /100 = 10.

1 2 3 A 5 6 71 8 p j0
11 A2 13 A4 A5 A6 17 A8 19 20
21 22 23 p4 25 26 27 28 29 A0
31 A2 B3 B4 35 36 31T A8 A9 A0
41 A2 43 A4 A5 A6 4T A8 A9 5O
5l 52 53 p4 55 56 5T A8 59 60
61 62 63 p4 65 6 61 68 69 0
7072 73 74 75 6 7 78 719 R0
81 82 83 84 B85 86 87 88 89 90
Al 92 P3 P4 PS5 P6 97 P8 B9 100

After completing the sieving operation we obtain the list
{2,3,5,7,11,13,17, 19, 23, 29, 31, 37, 41, 43,53, 61, 67,71, 73,79, 83, 89, 97},

which comprises all the primes less than or equal to 100.

Given positive integers m, x, by a slight modification, the sieve of Eratosthenes
can be used to determine all the positive integers relatively prime to m and less than
or equal to x.

Here suppose we are given m and x. Let pq, ..., px be the distinct prime factors
of m arranged in ascending order, that is, p; < p2 < --- < pg. Next list all the
positive integers less than or equal to x as we did for the ordinary sieve. Start with
p1 and eliminate all multiples of p; on the list. Then successively do the same for p;
through py. The numbers remaining on the list are precisely those relatively prime
to m that are also less than or equal to x. If p; > x, ignore this prime and all higher
primes.

Below we exhibit the sieve applied to finding the numbers less than 50 and
relatively prime to 180.

Since 180 = 22325, we must sieve out multiples of 2, 3, and 5.

12 B2 A 5 6 7T B H A0
11 A2 13 A4 A5 A6 17 A8 19 20
21 22 23 24 25 26 27 28 29 A0

31 32 33 B4 A5 A6 37T B8 39 A0
41 A2 43 A4 A5 A6 4T A8 49 50

The remaining list is

{1,7,11, 13,17, 19, 23,29, 31, 37,41, 43, 47, 49}.



200 5 Primality Testing: An Overview

These are all relatively prime to 180. Recall that these numbers then are all units
modulo 180.

Legendre in 1808, in an attempt to determine the distribution of primes m(x),
derived a computational formula for the sieve of Eratosthenes. Recall (see Chapter 4)
that Legendre had conjectured the prime number theorem in the form

X

Inx —1.08"

T(x) =

We first present a slightly more general form of Legendre’s formula. Given a
positive integer m and a positive x let

N, (x) = number of integers < x and relatively prime to m.

This is precisely the size of the list obtained in the modified sieve of Eratosthenes
derived above. We obtain the following theorem.

Theorem 5.2.1 (Legendre’s formula for the sieve of Eratosthenes). Let m € N,

x > 0. Then B
Nu() = Y@ [ 5],
dlm

where u(d) is the Mobius function and [ ] is the greatest integer function.

Proof. If m = 1 then clearly
Ni(x) = [x].

Now given m > 1let p; < p2 < --+ < pi be the distinct prime factors of m and for
each j,1 <j<kletm;j=pi-p2---pj.

For a given m ; the only integers counted by ij (x) not counted by Nm]. 41 (x) are
those of the form p;n < x, where (n, m;) = 1. It then follows that

Ny (¥) = N, () =Nm,( - )

Pj+1

Applying this repeatedly, we obtain

X X
Ny (x) = Ni(x) — N1<—) =[x]— [—] )
P1 P1

e P N P R R |
P2 p1 P2 pPip2

Continuing in this manner inductively we arrive at

Nu() = 3 (=" [ 2], (52.1)

djm

where m = pip> - - - pr and w(d) is the number of distinct prime factors of d. The
integer m is called the square-free kernel of m. This can then be expressed in terms
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of the Mobius function. Recall (see Chapter 2 and Section 3.6) that the Mobius
function is defined by

() = {(—1)“’(‘” if d is square-free,

0 otherwise.

Substituting this in the form of Legendre’s formula (5.2.1) and realizing that ;(d) = 0
except for the factors of the square-free kernel, we obtain

X
Nu() = Y i@ | 5], (5:22)
dlm
proving the theorem. O
Now given x > 0 let
m= 1_[ D,
(p=+/x)

where p is prime. Then N, (x) counts the number of primes in the interval [/x, x].
It follows that

Np(x) = m(x) —w(/x) + 1.

Substituting Legendre’s formula (5.2.2) into this expression, we obtain the following
as a corollary.

Corollary 5.2.1. For x > 2,
X
gl
7)) =-1+7(/O+ Y u@d |5
v(d)<Jx
where v(d) is the greatest prime factor of d.

Although this gives a formula for 77 (x), it is essentially useless in computing 7 (x)
for large x, or in shedding any light on the prime number theorem. First of all, if we
estimate [2—;] by % + O(1) and substitute in the formula, we have

T —TWD 1= Y u@ (5+00)

v(d)<Jx
=X 1_[ (1_l>+0(2”(«/}))_
Ve P

Hence the error term is exponentially larger than the main term. Further, the number
of steps in the sieve of Eratosthenes and hence in the computation of the formula is

proportional to %. However, it can be shown that

Z X =xInlnx + O(x)
p=<x

(see [CP, p. 113] and [HW, Theorem 427]). Therefore the number of steps is pro-
portional to In In x, which goes to infinity (albeit slowly) with x. In addition, from
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a computer/computational point of view, one of the major computational drawbacks to
implementing the sieve of Eratosthenes (for large x) is the computer space it requires
(see [CP]), which can be substantial. We mention that Brun attempted to make Leg-
endre’s formula computable. As an application he was able to prove the spectacular
result that the sum of the reciprocals of the twin primes

Z ( 1 n 1 )
P, p+2 primes p P+ 2
converges. We will look at Brun’s method and his proof of this result in the next
section. We note that a further slight modification of the sieve of Eratosthenes can be
utilized to obtain a complete prime factorization of a positive integer n.

Meisel in 1870 also gave an improvement to Legendre’s formula and was able to
use this technique to compute 7 (x) correctly up to x = 108.

Theorem 5.2.2 (Meisel’s formula). Let p; < py < --- < p, < --- be the listing of
the primes in increasing order so that p; is the jth prime. Let x > 4, n = w(/x),
andm, = pi...py. Then

1 - by
() = N, ) +m+5)+-sGs =) — 1= 7 ,

2 = Pm+j
where m = n(x%) ands =n —m.
Proof. From the proof of Legendre’s formula we have

X
ij(x)—ij+](x):Nn1j - |-
Pj+1
This holds for 1 < j < n. Summing this equality for j =m + 1, ..., n, we obtain
> X
Niny () = Ninpy () = Y Ny (—) :

=1 Pm+j

The inequalities
1 1 X

2
5

X3 < pmyj <x2 < <x3,

Pm+j
holding for j = 1,2,...,s, then imply that
Np,(x) =14+7m(x) — a(V/x)=nw(x)—n+1

and

X X X .
Nty i1 <—>=1+n< )—n(pm+j1)=n< )—(m+1—2).
Pm+j Pm+j Pm+j

Therefore

N

T(X) = Ny, (X) + 1 — 1 = Ny (x) —Z(n(

j=1

X

)—m—j+2)+n+1
Pm+j
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s

= Nmm(x) - ZT[ (

j=1

s(s+1) _

>—ma+n+ 1,

Pm+j

proving the theorem. O

Note that N, (n) is the total number of integers less than n and relatively prime
to n. Hence

Ny(n) = ¢(n),

the Euler phi function introduced in Chapter 2. Applying Legendre’s formula with
m = n = x, we obtain

1
mmzihuﬁznﬂo—_)
d|n pln p

This recovers the formulas given for ¢ (rn) in Theorems 2.4.3.1 and 2.4.3.2.
A variation of Legendre’s formula can be obtained in the following manner.
Suppose

PL<pr<--<pp<---

are the primes listed in increasing order. Let
D (x, k)
be the number of positive integers < x not divisible by the first k primes. Hence
@ (x, k) = Npu(x)

if the square-free kernel of m is pj - - - px. The same counting arguments applied to
this function lead us to the next result.

Theorem 5.2.3. Let the function ® be defined as above. Then

¢wm=m—ZPq+Zix}_zi x]+

Pi piDj PiDjPk

where each sum is over the set of primes less than or equal to x.
Here ®(x, x) = N, (x), so
D(x,x) =m(x) —7(x)+1

=[x]— Z[x,]—i_ ) [x]_ 3 |:.x. }
REN Pi<pj=Vx PiPj Pi<Pj<Pk<JX PiPjPk
“+ ..

This version of Legendre’s formula satisfies a very nice recurrence relation.
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Corollary 5.2.2. Let the function ® be defined as above. Then
X

P(x, k) =D(x, k—1) —@(—,k— 1).
Pk

There is a very nice visual quadratic sieve that also generates the prime numbers.
Consider the parabola x = y? and consider the points (12, n) lying on the parabola
forn = 2,3, .... Now connect all pairs of such points lying on the two branches of
the parabola above and below the x-axis by straight line segments. The intersection
points of these lines with the positive x-axis correspond to composite numbers. The
integer points remaining are precisely the primes (see exercises). We give the picture
of this in Figure 5.2.1.

Figure 5.2.1.

5.2.1 Brun’s Sieve and Brun’s Theorem

The sieve of Eratosthenes and the extensions of it described in the last section are
really just the tip of the iceberg as far as sieving methods in number theory are
concerned (see [CP] or [N]). In this section we give one beautiful application by
V. Brun of a refinement of Legendre’s formula for the sieve of Eratosthenes.

Recall that the twin primes are the set {(p, p + 2)} where both p and p + 2
are primes. There are two related still open questions concerning this set. Both
are called the twin primes conjecture. The first is that there are infinitely many
twin primes. Empirical evidence and a probabilistic argument suggest that there are
infinitely many such pairs, and most people working in the area feel that this part of
the conjecture is almost certainly true. However, it remains still open. The second
twin prime conjecture deals with the density of the twin primes and is in the same
spirit as the prime number theorem.

If we let

77 (x) = the number of pairs of twin primes (p, p + 2) with p < x,

then the second twin prime conjecture, or strong twin prime conjecture, is that

NC/X dt
72(x) L o2
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The constant C is called the twin primes constant and is given by

C = 2I1,,
where .
M = <1 - _> .
[1 . (p—1?
p>2,p prime

Sometimes I1; is also called the twin primes constant. The value of Il has been
computed to a great many decimal places and has the approximate value

I, ~ .660161815....

Brun proved that there exists an integer N such that

m(x) < forx > N.

1
(In x)2

It has further been proved that

< kI X 140 Inln x
) = 2<(lnx)2>< + (lnx ))

where k is a constant. Hardy and Littlewood proposed the value of 2 in the strong
twin primes conjecture.

The strong twin primes conjecture is actually the smallest case of a general
conjecture called the Hardy-Littlewood conjecture or k-tuple conjecture.

Here suppose 0 < m; < my < --- < my are k odd integers. Then a prime
constellation is a set {p, p +2m1, p +2m>, ..., p + 2my}, where all are primes. If
we let

TTmy, ..., mk(x)

denote the number of such prime constellations (relative to a fixed set {m1, ..., my})
less than or equal to x, then the k-tuple conjecture or Hardy-Littlewood conjecture
is that

where C(my, ..., my) is a constant depending only on my, ..., my. The strong twin
primes conjecture is the special case of this withm; = 1 and k = 1.

Although these conjectures are still open, V. Brun in 1920 was able to prove the
amazing result that the sum of the reciprocals of the twin primes converges. We call
this amazing since this result can be accomplished without even knowing whether
there are infinitely many twin primes. Brun’s theorem is the following.

Theorem 5.2.1.1 (Brun). If S = {(p, p+2)} denotes the set of twin prime pairs then
the series Z(p,p+2)€5 (% + ﬁ) converges. That is,

1 1 1 1

converges.
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Of course, if there are only finitely many twin prime pairs, the series will trivially
converge.
The value of the series

1 1
B= > (— + —2)
(p,p+2)esS p p+

is called Brun’s constant. A great deal of work has gone into determining the exact
value of B. Empirically, the value of B has been computed as (see [CP])

B = 1.902160583104....

Brun’s theorem has been extended to further pairs of primes separated by a con-
stant d > 2. For example, if d = 4 the pairs of primes of the form (p, p + 4) are
called cousin primes. Again it is open whether there are infinitely many of these (for
each d or for any fixed d), but Segal [S] proved that for any given d the sum of the
reciprocals of the pairs is also convergent.

Brun’s proof of Theorem 5.2.1.1 is technical and involves attempting to improve
computationally on Legendre’s formula for the sieve of Eratosthenes. His proof
depends on the following technical results. After giving the proof of Brun’s theorem,
we will give the proofs of the lemmas.

Lemma 5.2.1.1. Ifn > 0 and m > 0 then

-~ i(n mfn—1
g(—n (l.)=(—1) ( N )

In particular, if m is odd then,

m—1 /n
Z(—l)'(.) > 0.
i=0 !

The next lemma depends on symmetric polynomials and symmetric functions.
In Chapter 6 we will look at these in detail. Here we just introduce what is needed
for the next result.

Suppose yi, ..., y, are n distinct real numbers. (Later we will look at a more
general situation.) Form the polynomial

P, Y1, yn) = (x — Y1) - (X — yn).

The ith elementary symmetric polynomial or i th elementary symmetric function
siinyg,...,y, fori = 1,...,nis (—1)"a;, where q; is the coefficient of x" " in

p(xa yl’ sy yn)-
To be more specific, consider yi, y2, y3. Then

P(x, y1, y2, ¥3) = (x — y1)(x — y2)(x — y3)
=27 — (1 + 32+ y3)x% + (132 + V1y3 + ¥203)x — Y1y2s.

Therefore, the three elementary symmetric polynomials in y;, y», y3 are
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(1) s1=y1+y2+y3,
(2) s2=y1y2+y153 + y2)3s
(3) 53 = y1y2y3.

In general, the pattern of the last example holds for yi, ..., y,. That s,

S1=Y1+y2+---+ Y,
2 =y1y2+y1¥3+ -+ Yn—1Yn,
$3=y1y2y3 +y1y2y4a+ -+ Yn—2Yn—1Yn,

We now state the lemma we need.

Lemma 5.2.1.2. If S, is the nth elementary symmetric function of s positive numbers
ap,...,ds, 1 <n <s, then

SnS_

n
1
n!’

Lemma 5.2.1.3. Let d > 0, n > 0. Then the number of positive integers m < n that
belong to any given residue class mod d differs from 5 by less than 1.

The following is the crucial lemma.

Lemma 5.2.1.4. Let P(x) denote the number of primes p < x for which p + 2 is
prime. Then for x > 3 we have

X 2
P(x) < c—(lnx)z (Inlnx)~,

where c is a constant.

We can now give a proof of Brun’s theorem.

Proof of Theorem 5.2.1.1. As in the statement of Lemma 5.2.1.4, let P (x) denote the
number of primes p < x for which p+2is prime. It follows then from Lemma 5.2.1.4
that for x > 3 (see the exercises),

X

Px) <k

3

(Inx)2

where k is a constant. Let (p,, pr + 2) denote the rth twin prime pair. Then for all
r > 1 we have

1 k
Pr <k Pr — .

r=P(p) <k 3 3 _—
(In p)2 (In(r + 1)2 Pr r(n(r +1))2
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Now it follows easily from the integral test for infinite series (see exercises) that the

series
o0

S (e + 1)}

converges. Therefore by the comparison test,

Y223 (5

converges. O

Pr Pr+2)

We now give the proofs of the four technical lemmas. The first three are very
straightforward. The real difficulty lies in Lemma 5.2.1.4.

Proof of Lemma 5.2.1.1. We wish to prove that if n, m > 0 then

m ' 1
Y= (") - (—1)’"<” >
o 1 m

The second assertion that if » is odd then
m—1
n
> (7) =0
iz \!

follows directly from the first.
We prove the first assertion by induction on m. If m = 0 then

= i(m\ _ o™ g pofr— 1 _
g(—n(i)—( ) (0)—1—( 1)( 0 )—1,

so it is true for m = 0. Suppose that

" i(n mfn—1
Sen()-cr()

m+1 m
_ m+1 n 1\ n
Z( 1)() -1 <m+l>+§( ) (,>

_ (_1yntl n _ m(n—1
()

m+1 1>
= (0

(see the exercises). Therefore the first statement is true by induction. O

Then
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Proof of Lemma 5.2.1.2. Here we wish to show that

S"l
Sp< =L,
n!
where S, is the nth elementary symmetric function of s positive numbers ay, . . ., as,

1 < n < s. Notice that S, consists of the sum of all n-fold products taken from
ai, ..., as. Now consider

St = (a1 4+ +a)".

There are (fl) n-fold products a;,, ..., a;, in the binomial expansion and each has
coefficient n!. Hence the result follows. O

Proof of Lemma 5.2.1.3. Letd > 0,n > 0. We wish to show that the number of
positive integers m < n that belong to any given residue class mod d differs from
by less than 1.

On each set of d consecutive integers there is only one number counted for a
given residue class mod d. Up to a given positive n there are [%] complete sets of
residues mod d, and if 5 is not integral, an additional partial set of residues. Hence
the number counted in the statement of the lemma is either [%] or possibly [%] +1
depending on whether 7 is integral or not. Therefore the number m in the lemma
always satisfies

" " 0
——l<m<— .
d d

Proof of Lemma 5.2.1.4. Let P(x) denote the number of primes p < x for which
p + 2 is prime. Then we wish to show that for x > 3,

P(x) < c———(Inlnx)?
X <C(lnx)2 nlnx)-,

where c is a constant. First, suppose that x > 5 and y is chosen such that5 < y < x.
Let Q(x) be the number of integers n in the interval y < n < x for which both n and
n + 2 are primes. Clearly, then,

Px) <y+ Q). (5.2.1)

Let p;1 < p» < --- < p, < --- denote the sequence of primes and suppose that
m(y) = r. Let A(x) denote the number of integers n for which0 < n < x and n is
not congruent to either 0 or —2 mod p; fori =2, ..., r. Then

0(x) < A(x), (5.2.2)

for every n counted in Q(x) is greater than y and therefore greater than pj forh <r
since 7 (y) = r. Combining (5.2.1) and (5.2.2), we get

Px) <y+A®).

Let €2(d) denote the number of distinct prime factors of d > 0. If d is odd and
square-free let B(d, x) be the number of positive integers n < x for which for every
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prime factor p of d either n = O mod p orn = —2 mod p. From Lemma 5.2.1.3
we have N
‘B(d, xX) — 29@5‘ < 20@) (5.2.3)

forif 0 < n < x, then n belongs to 282(d) pesidue classes mod d (two classes for each
of the Q(d) prime factors of d = led D).
We next claim that

A(x) < > w(d)B(d, x), (5.2.4)

d|pypr,Q2(d)<m

where m is an arbitrary positive integer.

Every n with 0 < n < x that is not counted in A(x) satisfies » = 0 mod p;, or
n = —2mod py, for b primes py,, ..., p,, with2 <t < ... <, <r. Hence those
n not counted in A(x) are counted in the sum precisely for those terms B(d, x) for
which d|p> --- p, and d|py, - - - ps, and, further, Q(d) < m.

Since p> - -- p, is square-free it follows that every n with 0 < n < x that is
counted in A(x) is counted exactly once in the sum since u(d) = O unless d = 1 or
d is square-free. Combining these two observations, we get that the complete count
in the sum is then

m—1
> mwm¢m=§}—wc>zo
i=1

d|py--pr,Q(d)<m

by Lemma 5.2.1.3. Hence the inequality (5.2.4) is proved.
Combining this inequality with inequality (5.2.3), we have

Q@ m-l _
Alx) <x Z u(d)2 +Z2’( } )

d|p2--pr;2(d)<m

First we have
mol o1 nl —
2[ <2m <2m i
3L QRD EED N (PR EED 3

i=1
C—s_v—nmu—w<i
i )7 i ="

But this last sum satisfies

since

m—1 Mo
oM Z < oM — < mpm < (zy)m
i=1

sincer —1>2,r <y.
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For the second part of the sum,

r—1

p(d)2%@ <d>29<d> p(d)2%@
D P D D DD D

d
d|py-pr.Q2(d)<m d|pa-pr n=md\py-pr.Q(d)=n
If m > r the last term is zero. But then we have by Euler expansion
-1
w(d)2% @ 2 . 1
Y M (-2)-pewr ¥
n=m

d|py--pr,Q(d)<m 2<p=<pr d|p2--pr,Q(d)=n
2 r—1
= 1 (1 — —) = > (=D"2"s,,
p

2<p<n n=m

where S, is the nth elementary symmetric polynomial in

From Lemma 5.2.1.2 and since n!e"” > n'"* (see the exercises), it follows that

ST (eS)" 3cInlny\"
s < L < ,
"ol T oan = < n )

where c is a constant. Then

r—1
Z (_1)1‘12}’1 Sn
n=m

with ¢ another constant. It follows that if

Z <6clnlny) - 1(c1 lnlny)
m

n=m n=

m > 2cyInlny,

then

1 1
2”Sn < Zz_n = om—1"°

n=m

Combining this with the earlier inequalities, we obtain

w(d)29 @ e 1
Z < 7t ST
d (ny)? = 2m

d|p2-pr,Q2(d)<m

with ¢, another constant. Therefore

P(x) <y+ + @™

2
(In y)2 om— ym—1
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These inequalities are true if 5 < y < x and m > 2c; Inln y. If we choose

1
y =x3%lhxand m =2[c;Inlnx] — 1,

then these conditions are met and so the derived inequalities hold. Therefore

X d 2ciInlnx
P(x) <c4 (y + TISE + ey @) )

for x > ¢5 with c5 another constant.
Each of the terms in the parentheses is less than

C6L)2(ln In x)z,

(Inx

for some constant c¢ holding for all of them. To see this, we have first
y < ki+/x for some constant k.

Further,

X
(lny)2 < (n )2 ——— (k2 1In lnx)

and
X X X

22cInlnx = (lnx)ch In2 < (ln x)2

since ¢c; > 2 and 21In2 > 1. Finally,

3lnx

(Zy)ZCl Inlnx — 6261 lnlnx(Sc 1n1nx+ln2) < c7el

_% Inx+cyInlnx

Il
o
~
=
I

<e

Therefore for x > c¢5, we have

P(x) < cg (Inln x)z.

X
(In x)2

Combining the first terms into a new constant C, we get that for x > 3,

P(x) < C(1 Sy (lnlnx)

proving the lemma. O

5.3 Primality Testing and Prime Records

As we have seen in the previous two sections it is theoretically very straightforward,
using either the direct method of trial division or the sieve of Eratosthenes, to test an
integer for primality. The problem is that for large integers n these methods become
computationally intractable if not almost impossible. Hence direct trial division and
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the sieve of Eratosthenes can be used only for relatively small integers, and therefore
for large integers other methods must be employed. We should note before going
further that the concepts of small and large are very relative in number theory to
the type of computing machinery one is using. Numbers as large as 10,000,000,000
can be tested very easily, even on small computers, using the sieve of Eratosthenes.
In terms of computational asymptotic number theory, 10° is still small. Similarly,
for human computation the total number of atoms in the universe is massive. This
number is estimated as being on the order of 107, However, 79 digit integers are
considered only moderate in asymptotic computational number theory, which may
want to handle integers with hundreds or even thousands of digits. Therefore what is
needed are tests for primality that will handle some of these gigantic integers.

A primality test is then an algorithm that inputs a positive integer n and outputs
whether it is prime or composite. These tests can be subclassified as either deter-
ministic primality tests or probabilistic primality tests. In a deterministic test an
integer n is inputted and the output is, yes the integer is prime, or no the integer is not
prime. Hence both the direct method of trial division and the sieve of Eratosthenes
are deterministic tests.

Anondeterministic primality test takes an inputted integer n and returns either no it
is not prime or it may be a prime. A probabilistic primality test is a nondeterministic
test that returns either that the inputted integer is not a prime or that is probably a
prime to some given degree of likelihood. There are various tests (that we will look
at in the next section) that can give this likelihood to as high a probability as desired.
Numbers that pass a probabilistic primality test are called probable primes. For use
in cryptography, knowing whether an integer is prime to a high probability is often
just as good as knowing if it is definitely prime. For this reason, probable primes with
a high degree of probability are called industrial grade primes, a term originally
coined by M. Cohen.

The majority of nondeterministic tests are based on either Fermat’s theorem or
some variation of it. Recall from Chapter 2, Fermat’s (little) theorem (Corollary
244.2).

Theorem 5.3.1 (Fermat’s theorem). If p is a prime and p 1 a, then
aP~' =1 mod p.

This was a special case of the more general Euler’s theorem, which we will
also need.

Theorem 5.3.2 (Euler’s theorem). If (a, n) = 1, then
a®™ =1 modn.

Hence if 7 is an integer and « is relatively prime to n with a”~! not congruent
to 1 mod n, then n cannot be prime. This is usually called the Fermat probable
prime test and was introduced briefly in Chapter 2. Basically, given n we find an a
with (a, n) = 1 and compute a"~! mod n. If this value is not 1 mod n then n is not
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prime. If it is congruent to 1 mod n then n may be prime. In the latter case, by trying
different values for a we can assign a probability value. We will make this precise
in the next section. For now we will state the basic Fermat probable prime test and
present an example.

The Fermat probable prime test. Suppose n is an inputted integer. Find an a with
(a,n) = 1. Compute a"~' mod n. If this value is not 1 mod n, then n is not prime.
If this value is 1 mod n then n may be prime.

Example 5.3.1. Test whether 11387 is prime.

This integer is relatively small, so even by trial division determining whether it
is prime is easy. We use the Fermat method just to illustrate the technique.
Start with @ = 2 and test 2!'3%¢ mod 11387. The basic idea is to use repeated
squarings to reduce the congruence. All the equivalences are modulo 11387:
21 = 8192 = —3195 = 2%° = 10208025 = 5273
= 272 = 8862 =2525 = 2'™ =10292 = —1095

= 228 =3390 = 2 =2617 = 2%? =5102.
Continuing in this manner, we eventually get
211388 = 8642 — 21137 = 4321.

From Fermat’s theorem, if n is prime we would have a"~! = 1 mod n and therefore
a" = a mod n. Here 4321 is not congruent to 2 mod 11387. Therefore 11387 is
not prime.

For this integer, using trial division it is easy to obtain the factorization

11387 = (59)(193).

However, even with an integer this size at least a calculator is necessary.

In 1891 Lucas gave the following extension of Fermat’s theorem, which actually
makes the Fermat test deterministic.

Theorem 5.3.3 (Lucas). Let n > 1. If for every prime factor p of n — 1 there exists
an integer a such that
(1) a"~!' = 1 mod n and

n—1

(2) a 7 is not congruent to 1 mod n,

then n is prime.

Proof. Suppose n satisfies the conditions of the theorem. To show that n is prime
we will show that ¢ (n) = n — 1, where ¢ is the Euler phi function. Since in general
¢(n) < n — 1, to show equality we will show that under the above conditions n — 1
divides ¢ (n). Suppose not. Then there exists a prime p such that p” divides n — 1 but



5.3 Primality Testing and Prime Records 215

p" does not divide ¢ (n) for some exponent r > 1. For this prime p, there exists an
integer a satisfying the conditions of the theorem. Let m be the order of a modulo 7.
Then m divides n — 1 since the order of an element divides any power that equals
1 (see Chapter 2). However, by the second condition in the theorem and for the
same reason, m does not divide % Therefore p” divides m, which divides ¢ (n),
contradicting our assumption. Hence n — 1 = ¢ (n) and therefore n is prime. O

Although this Lucas test is deterministic, it is, in most cases, no more computa-
tionally feasible than trial division or sieving since it depends on the factorization of
n — 1. In general, factorization is even more difficult than solely testing for primality.
Therefore even here further methods are necessary. We note that the idea in the Lucas
test has been quite effective in developing methods for testing Fermat and Mersenne
numbers for primality. We will return to these in Section 5.3.2.

The majority of probabilistic primality tests are based on the Fermat test or some
variation of it. The basic idea is that if an integer passes the test for a base b (so that
it is a probable prime), then try another base. There is then a technique to attach a
probability tied to the number of bases attempted. We will make this precise in the
next section. For now we would like to look at a brand new (2003) deterministic
algorithm that answered a major open problem in both number theory and computer
science.

Primality testing is essentially a computational problem. Therefore a primality
test raises questions about the accompanying algorithm’s computational speed and
computational complexity. For these types of number-theoretic algorithms the com-
putational complexity is measured in terms of functions of the input length, which
here is roughly the number of digits of the inputted integer. The sieve of Eratosthenes
requires, for an inputted integer n, roughly the same order n of operations. If n has
log ;o n digits, then the sieve requires O (10'°210™) operations to prove primality. We
say that this algorithm is of exponential time in terms of the input length. The big
open question was whether there existed a deterministic algorithm that was of poly-
nomial time in the input length. This means that for this algorithm there is a positive
integer d such that the number of operations in the algorithm to prove primality is
O((Inn)?). Earlier, Miller and Rabin had shown that the Miller—Rabin test, which
we will describe in the next section, can be made deterministic. Further, it is of poly-
nomial time if one accepts as true the extended Riemann hypothesis (see Chapter 4).
However, prior to 2003 it was an open question whether there was a deterministic
algorithm for primality that could be shown to be of polynomial time without using
any unproved conjectures.

In 2003, M. Agrawal and two of his students, N. Kayal and N. Saxena, developed
an algorithm, now called the AKS algorithm, that is deterministic and has been
proved to be of polynomial time. The result was even more spectacular since it was
accomplished with relatively elementary methods. The basic algorithm depends on
two rather straightforward extensions of Fermat’s theorem. This result has of course
generated a great deal of attention and much has already been written about it. We
refer the reader to the articles [Bo] and [Be] for a more complete discussion of the
algorithm and its development. Because of the timeliness and excitement this result
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has generated we will present the basic arguments in the paper of [AKS]. This will
be done in Section 5.5 at the conclusion of this chapter. The first result needed is the
following, which was well known in the theory of finite fields.

Theorem 5.3.4. Suppose (a,n) = 1 withn > 1. Then n is a prime if and only if
x—a)'=x"—amodn
in the ring of polynomials 7Z[x].

Proof. Suppose n is prime. From the binomial theorem,

n

(x _ a)n — Z (Z)xn—k(_a)k'

k=0
If n is prime and k # O, 1, then (Z) = 0 mod n (see the exercises). Therefore
(x—a)"=x" —a" in Z,[x].

But from Fermat’s theorem a” = a mod n, and so the result follows.

Conversely, if n is composite then it has a prime divisor p. Suppose p* is the
highest power of p dividing n. Then p* does not divide (;) Therefore in the binomial
expansion of (x — a)" the coefficient of the x” term is not zero mod n and hence

(x —a)" #x" —amod n. O

This theorem is computationally just as difficult to use as Fermat’s theorem in
proving primality. Agrawal, Kayal, and Saxena then proved the following extension
of the above result which leads to the AKS algorithm. To state the theorem we need
the following notation. If p(x), g(x) are integral polynomials, then we say that

p(x) =¢q(x) mod (x" — 1, n)

if the remainders of p(x) and g (x) after division by x” —1 are equal (equal coefficients)
modulo 7.

Theorem 5.3.5 (AKS). Suppose that n is a natural number and s < n. Suppose

r—1
that q, r are primes satisfying q|(r — 1), n ¢ is not congruent to 0, 1 modulo r, and
(@Y = 02V, Iffor all a with | < a < s,

(1) (@, n) =1,
2)(x—a)*=x" —amod (x" — 1, n),

then n is a prime power.

The proof of this theorem is not difficult but requires some results from the theory
of cyclotomic fields that are outside the scope of this book. Hence at this point we
omit the proof. However, as mentioned, the basic arguments in the paper of [AKS]
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will be presented in Section 5.5. The most difficult part of the proof is showing that
given n there do exist primes g, r satisfying the conditions in the theorem.

From Theorem 5.3.4 we get the following algorithm (the AKS algorithm). It is
deterministic.

The AKS algorithm. Input an integer n > 1.

Step (1): Determine whether n = a® for some integers a,b. If so and b > 1
output composite and done.

Step (2): Choose q, r, s satisfying the hypotheses of Theorem 5.3.1.2.

Step (3): Fora =1,2,...,s — 1 do the following:

If a is a divisor of n output composite and done.

If (x — a)" is not congruent to x" — a mod (x" — 1, n) output composite and
done.

Step (4): Output prime.

Although the algorithm is deterministic, it is not clear that it can be accomplished
in polynomial time. What is necessary is to show that polynomial bounds can be
placed on determining g, r, s. This can be done. The following is a program written
in pseudocode, which can be implemented even on a relatively small computer, that
places the appropriate bounds. It is also necessary to have an algorithm to implement
the first step. This can be done in linear time.

AKS algorithm program. Input an integern > 1.
1: Ifn = a® for some natural numbers a, b with b > 1 then output COMPOSITE.

2:r=2

3: while (r < n) do {

4: if ((n,r) # 1) output COMPOSITE

5: if (r is prime)

6: let q be the largest prime factor of r — 1
7: if (9 > 44/rlogyn) and (n% £ 1) mod r
8: break;

9: r<r+1

10: )
11: fora =110 2/rlogyn

12:  If(x—a)" isnot congruent to x" —a mod (x" — 1, n) output COMPOSITE;
13: output PRIME;

The crucial thing is that determining these bounds makes the algorithm run in
polynomial time.

Theorem 5.3.6 (AKS). The AKS algorithm runs in
O((log, n)'? f (log, log, n)

time. That is, the time to run this algorithm is bounded by a constant times the number
of digits to the 12th power times a polynomial in the log of the number of digits.
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The proof of the AKS algorithm has been refined by several people (see [Be]) and
it has been conjectured that it actually has polynomial running time O ((log2 n)6).

In theory the AKS algorithm should be the fastest running primality tester. How-
ever, computational complexity is only a theoretical statement asn — oo. In practice,
at the present time, several of the existing algorithms actually run faster. However,
the implementation of the AKS algorithm will probably improve. As mentioned, in
Section 5.5 we will give the proof of this theorem. In the next section we introduce
the ideas behind the probabilistic primality tests.

5.3.1 Pseudoprimes and Probabilistic Testing

In this section we present two probabilistic primality tests: the Solovay—Strassen test
and the Miller—Rabin test. The basic idea in both of these is to test, for an inputted
integer n, a sequence of bases in the Fermat test. The hope is that a base will be
located for which the test fails. In this case the number is not prime. If no such base
is found a probability can be assigned, determined by the number of bases tested, that
the number is prime. First we introduce some necessary concepts.

Definition 5.3.1.1. Let n be a composite integer. If b > 1 with (n, b) = 1, then n is
a pseudoprime 70 the base b if "~ = 1 mod n.

Hence n is a pseudoprime to the base b if it passes the Fermat test and hence is a
probable prime.

Example 5.3.1.1. 25 is a pseudoprime to the base 7. To see this notice that
7> = 49 = —1 mod 25.

This implies that 74 = 1 mod 25 and hence 7°* = 1° = 1 mod 25.
Notice that 25 is not a pseuodprime mod 2 or 3.

Theorem 5.3.1.1. For each base b > 1, there exist infinitely many pseudoprimes to
the base b.

Proof. Suppose b > 1. We show that if p is any odd prime not dividing > — 1 then
b1
b2—1

the integer n = is a pseudoprime to the base b. Note that for this n we have

b —1 b —1 bP+1

n = : )
br —1 b—1 b+1

so that n is composite.

Given b from Fermat’s theorem, we have b” = b mod p and hence b2P = p?
2, 2
mod p. Now,n — 1 = bb[;:}l’

follows that p dividesn — 1.

and since p does not divide 5> — 1 by assumption it
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Further,
n—1=0b""24p2P "% 4. 4 p?P

Therefore n — 1 is a sum of an even number of terms of the same parity so n — 1 must
be even. It follows that 2p divides n — 1. Hence b*? — 1 is a divisor of b"~! — 1.
However,

b —1=0modn = b" ' —1=0modn.

Therefore n is a pseudoprime to the base b, proving the theorem. O

Although there are infinitely many pseudoprimes they are not that common. It
has been shown, for example, that there are only 21,853 pseudoprimes to the base 2
among the first 25,000,000,000 integers. Hence there is a good chance that if a
number, especially a large number, passes a test as a pseudoprime, then it is really a
prime. The question becomes how to make this chance or probability precise. Lists
of many pseudoprimes can be found on various Internet websites (see [PP]).

From simple congruences the following is clear.

Lemma 5.3.1.1. If n is a pseudoprime to the base by and also a pseudoprime to the
base by, then it is a pseudoprime to the base b1b;.

Probabilistic methods proceed by testing n to a base by. If it is not a pseudoprime
then it is composite and we are done. If it is a pseudoprime, test a second base by
and so on, in the hope of finding a base for which # is not a pseudoprime. However,
there do exist numbers which are pseudoprimes to every possible base.

Definition 5.3.1.2. A composite integer n is a Carmichael number if n is a
pseudoprime to each base b > 1 with (n, b) = 1.

The Carmichael numbers can be completely classified. Interestingly, this was
done even before the existence of Carmichael numbers was shown. The following is
called the Korselt criterion after A. Korselt.

Theorem 5.3.1.2. An odd composite number n is a Carmichael number if and only if
n is square-free and (p — 1)|(n — 1) for every prime p dividing n.

Proof. We first show that if a number n is not square-free, then it cannot be a
Carmichael number.

Suppose that n is not square-free. Then there exists a prime p with p?|n. From
Theorem 2.4.4.6 the multiplicative group in Z > is cyclic (that is, there exists a
primitive element) and hence there is a multiplicative generator g mod p?. Since
¢ (p?) = p(p — 1) we have g?P~1 = 1 mod p? and this is the least power of g that
is congruent to 1 mod p%. Now let m = py --- px, where p1, ..., px are the other
primes besides p dividing n. Notice that p* is not a Carmichael number so these
primes exist. Choose a solution b to the pair of congruences

b Egmodp2,

b =1modm,
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which exists from the Chinese remainder theorem. Since » = g mod p? it follows
that b also has multiplicative order p(p — 1) mod p®. Suppose n was a Carmichael
number. Then n would be a pseudoprime to the base b and hence

p" ' =1modn.

This implies that p(p — 1)|n from the multiplicative order of 5. However, since p|n
we haven — 1 = —1 mod p. On the other hand, if p(p —1)|n — 1 wehaven —1 =0
mod p, a contradiction. Therefore n cannot be a pseudoprime to the base b and hence
is not a Carmichael number.

Now suppose that n is square-free, so that n = pyps--- pr with k > 2 and the
pi distinct primes. Suppose first that (p; — 1)[(n — 1) fori =1, ..., k and suppose
that (b, n) = 1. Then

Pl =pP Dk =1k =1mod p;, i=1,..., k.

Hence
P '=1mod p; - pr =n.

Therefore n is a pseudoprime to the base b and since b was aribtrary with (b, n) = 1
it follows that n is a Carmichael number.

Conversely, suppose that n = pj - - - px is a Carmichael number. Let p; be one
of these primes and suppose that g is a generator of the multiplicative group of Z, .
Recall as in the proof of the square-free property that this group is cyclic. Hence g has
multiplicative order p; — 1 mod p;. Now let b be a solution to the pair of congruences

b = g mod p;,
n
b=1mod —.
Pi

Then b also has multiplicative order p; — 1 mod p;. Further, since (b, p1) = 1
and (b, %) = 1 it follows that (b, n) = 1. Since n is a Carmichael number it is a
pseudoprime to the base b and hence

P '=1modn = " ! =1mod p;.
It follows that (p1 — 1)|(n — 1), proving the theorem. ]
Corollary 5.3.1.1. A Carmichael number must be divisible by at least three primes.

Proof. Suppose that n is a Carmichael number. Then from the proof of the previous
theorem, n = pq --- px with k > 2 and the p; distinct primes. We must show that
k > 2. Suppose that n = pg with p < g primes. Since n is a Carmichael number,
from the previous theorem (¢ — 1)|(n — 1). However,

n—1l=pg—1=plg—1+1)—1=p—1modg — 1.

Since (g — 1)|(n — 1) this would imply that (g — 1)|(p — 1), which is impossible since
p < q. Therefore if n = pgq it cannot be a Carmicahel number and hence k& > 2, so
that n must be divisible by at least three distinct primes. O
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Using the Korselt criterion, we can present an example of a Carmichael number.

Example 5.3.1.2. The integer n = 561 = 3 - 11 - 17 is a Carmichael number. Here
n — 1 = 560, which is divisible by 2, 10, and 16, and hence by the Korselt criterion it
is a Carmichael number. This is well known as the smallest Carmichael number (see
the exercises).

Carmichael numbers are relatively infrequent. It has been shown, for example,
that there are only 2163 Carmichael numbers among the first 25,000,000,000 integers.
However it has been proved by Alford, Granville, and Pomerance that there exist
infinitely many Carmichael numbers. There is a list of Carmichael numbers up to
1016 (see [CP)).

Theorem 5.3.1.3 (Alford, Granville, Pomerance). There are infinitely many Car-
michael numbers. In particular, if C(x) denotes the number of Carmichael numbers

less than or equal to x then C(x) > x7 for x sufficiently large.

We note that there are conjectured theorems on the distribution of C (x) analogous
to the prime number theorem (see [CP]).

To proceed further we define several stronger types of pseudoprimes. Recall that
if n = p is a prime then Z,, is a field. Hence the polynomial equation

xzzlmodp

has only the solutions x = 1 mod p and x = —1 mod p. Therefore if (a, p) = 1 we
must have 1
=

a?z ==+1mod p. (5.3.1)

Recall that for a prime p the Legendre symbol satisfies (a/p) = £1, depending
on whether or not a is a quadratic residue mod p (see Section 2.6). We need an
extension of the Legendre symbol.

Definition 5.3.1.3. If n is a positive odd integer with prime factorization n =

pfl e p,ik and a is a positive integer then the Jacobi symbol is defined as

(a/n) = (a/p)*" - (a/pi)*.

Several of the results concerning the Legendre symbol, including quadratic
reciprocity, can be extended to the Jacobi symbol.

Theorem 5.3.1.4. If m, n are odd positive integers, then
n2-1

1 2/n) = (=1
(2) (Jacobi quadratic reciprocity)

(m—1)(n—1)

(m/n) =(=1) 4 (n/m).
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The proofs of both of these assertions follow easily from the corresponding results
on the Legendre symbol and we leave them to the exercises.

Note that if p is a prime then the Jacobi symbol and the Legendre symbol are
identical. Hence for any prime p and integer a with (a, p) = 1,

—1
AT = (a/p) mod p,
where on the right-hand side we consider (a/p) as the Jacobi symbol.

Definition 5.3.1.4. An odd composite integer n is an Euler pseudoprime to the
base b if

b"T = (b/n) mod n,
where (b/n) is the Jacobi symbol.

Since (b/n) = %1 it follows easily that an Euler pseudoprime to the base b must
also be a pseudoprime to the base b (see the exercises). However, the converse is
not true: there exist pseudoprimes to a base b that are not Euler pseudoprimes to
that base.

Example 5.3.1.2. 91 is a pseudoprime to the base 3 since 3°° = 1 mod 91. However,
3% =27 mod 91, so 91 is not an Euler pseudoprime to the base 3.

What is crucial in describing our first probabilistic primality test is that there are
no “Carmichael-type’” numbers for Euler pseudoprimes. If fact, if n is composite it
will fail to be an Euler pseudoprime for at least one-half of the bases b with (b, n) = 1.

Theorem 5.3.1.5 (Solovay, Strassen). If n is an odd composite integer, then n is an
Euler pseudoprime for at most one-half of the bases b with 1 < b < nand (b, n) = 1.

Proof. Suppose that n is odd and composite. We first show that in this case if n is
not an Euler pseudoprime for at least one base b then it is not an Euler pseudoprime
for at least half of the bases b with 1 < b < n, (b, n) = 1. We then show that if n is
odd and composite there is a base b for which 7 is not an Euler pseudoprime.

Suppose that n is odd and composite and suppose that n is not an Euler
pseudoprime to the base b. That is,

b"T £ +1 mod n.

If n is not an Euler pseudoprime to any base then certainly it is not an Euler
pseudoprime for at least half of the possible bases. Suppose then that n is an Euler
pseudoprime to the base b1, so that

n—1

b,> =1modn.
Then »
(bb)'T =b"T b7 =b"T £ £1modn.

Hence 7 is not an Euler pseudoprime to the base bb. Therefore for every base b;
for which 7 is an Euler pseudoprime, 7 is not an Euler pseudoprime for the base bb; .
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Further, if b;, b; are distinct (mod n) bases for which 7 is an Euler pseudoprime, then
bb; is not congruent to bb; mod n. It follows thatif {by, ..., b} are the distinct bases
for which » is an Euler pseudoprime then {bb;, . .., bb} are distinct bases for which
n is not an Euler pseudoprime. Therefore there are at least as many bases for which
n is not an Euler pseudoprime as there are bases for which it is. We conclude then
that if there exists at least one base b for which n is an Euler pseudoprime then 7 is
an Euler pseudoprime for at most one-half of the possible bases.

We now show that there must exist a base b for which »n is not an Euler pseu-
doprime. Suppose first that n is not square-free, so that there exists a prime p with
p?|n. Let g be a generator of the multiplicative group of Z p2- Then as in the proof
of the Korselt criterion, g has exact multiplicative order ¢ (p?) = p(p — 1). Let b
solve the pair of congruences

b Egmodpz,

n
b EE]IHOd'—E.
p

Then suppose that b"T = 1 mod n. It follows that p(p — D|(n — 1), which is

impossible since p*|n. Next suppose that b"T = —1 mod n. Then b"~! = 1 mod
n, so b"~! = 1 mod p?. It follows that p(p — 1)|n — 1. But then again p|n — 1
a contradiction. Hence if n is not square-free, then b as chosen above is a base for
which 7 is not an Euler pseudoprime.

Now suppose that n is square-free withn = pj - - - py with p; distinct primes. Let

g be a nonsquare mod p;. Recall that there are only prl squares mod p1, so such

nonsquares exist. Hence (%) = —1. Choose a base b satisfying the simultaneous

congruences

b = gmod py,
b=1mod p;,i =2,...,k,

which exists by the Chinese remainder theorem. We then have for the Jacobi symbol

()= G G- ()

But (%) = —I since b = g mod p; and (%) = (%) = 1. Hence

(3)--

If n were an Euler pseudoprime to the base b then
n b
le = (—) mod n,
n

b% = —1 mod n.

so that
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But then .
b7 = —1mod p;,

which is a contradiction since » = 1 mod p;. Therefore n cannot be an Euler
pseudoprime to the base b. Hence in each case there does exist a base for which 7 is
not an Euler pseudoprime, proving the theorem. O

Theorem 5.3.1.4 is the basis for the Solovay—Strassen primality test. Suppose
that we are given an odd integer n. Choose k integers by, by, ..., by at random with
1 < b; < n. If for some i we have (b;,n) > 1 then n is composite. If all b; are
relatively prime to n, then for each b; compute

(1) bl.(”_l)/2 mod n and
() (bi/n) mod n.

If (1) does not equal (2) for some b; then n is composite. Finally, if
b" "D = (b; /n) mod n

foralli =1, ..., k then the probability that n is not prime is less than (%)k

To see this notice that if n passes the conditions for b; then the probability of
being composite from the Solovay—Strassen result is less than % But b, is chosen
randomly, so the events that n passes the conditions for b and b, are independent.
Hence the probability that n passes the conditions for both b and b, is % . % = %,

and so on.
Solovay-Strassen primality test. Input an odd integer n

1: Choose k random integers b1, ..., b with1 < b; <n
2: Fori=1,...,k
a: Compute (b;, n) (by the Euclidean algorithm)
i: If (bj,n) > 1, then n is composite and stop
b: Compute (1) b" "> mod n and (2) (b;/n) mod n
i: If (1) # (2), then n is composite and stop

3: The probability that n is prime is greater then 1 — L

2k
Miller and Rabin determined an even stronger test than the above by extending
the idea of an Euler pseudoprime.

Definition 5.3.1.3. Let n be a composite integer withn — 1 = 25t witht odd. Ifb > 1
and (n, b) = 1 then n is a strong pseudoprime to the base b if either

(1) ¥' =1 modn or

(2) there exists r with 0 < r < s such that b*' = —1 mod n.

The Miller—Rabin test is based on the following theorem, analogous to the
Solovay—Strassen result. It was proved independently by Monier and Rabin.

Theorem 5.3.1.6. For each composite integer n > 9, the number of bases b with
0 < b < n for which n is a strong pseudoprime is less than 41_1'
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If n is not a strong pseudoprime to the base b we say that b is a witness for n
(a witness that n is composite). Hence if n is composite, Theorem 5.3.1.5 says that
at least % of all the integers in [1, n — 1] are witnesses for n. The Miller—Rabin test
now proceeds exactly as the Solovay—Strassen test, except that the probability now

that n is prime is greater than 1 — ﬁ.

Miller-Rabin primality test. Input an odd integer n and suppose n — 1 = 2°t with
t odd.

1: Choose k random integers by, ..., by with1 < b; <n
2: Fori=1,...,k
a: Compute (b;, n) (by the Euclidean algorithm)
i: If (bj, n) > 1, then n is composite and stop
b: Fori=1,...,k
i: Compute m; = b} mod n
j: If mj = £1, then n is a strong pseudoprime to the base b; and go on to
the next i. Else ,
k: Forj=1,...,s — 1 compute kj = biz'/’ mod n
l: Ifkj = —1 mod n, thenn is a strong pseudoprime to the base b; and go
on to the next i. If not then go to the next j.
m: Ifk; is not congruent to —1 mod n for all j, then n is composite and stop
3: The probability that n is prime is greater then 1 — 4ik

The Miller—Rabin test can be made deterministic under the assumption the the
extended Riemann hypothesis holds (see Chapter 4). In particular, Bach proved the
following.

Theorem 5.3.1.7. Assuming that the extended Riemann hypothesis holds, then for
any odd composite integer n there is a witness less than 2(In n)?.

Hence based on the theorem we would only have to test for witnesses, that is, not
strong pseudoprimes less than 2(In n)?. If there are none, then # is prime. This is
then a deterministic polynomial time algorithm. However, it depends on the unproved
extended Riemann hypothesis.

5.3.2 The Lucas-Lehmer Test and Prime Records

A large portion of primality testing has centered on the Mersenne primes. In fact, most
of the prime records, that is, the determination of a largest known prime, involves
finding larger and larger Mersenne primes.

Recall from Section 3.1.3 that a Mersenne number is a positive integer of the form
M,=2"—-1,n=1,2,.... If M, is prime then M,, is a Mersenne prime. Recall
that it is not known whether there are infinitely many Mersenne primes. However, it
is conjectured, and believed, that there are infinitely many Mersenne primes.

Testing Mersenne numbers for primality has been particularly fruitful because of
the Lucas—Lehmer test. This is a straightforward deterministic primality test specific
to the Mersenne numbers. It is relatively easy to implement on a computer and has
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been quite successful in finding larger and larger Mersenne primes. For the most
part historically, the largest known Mersenne prime has been also the largest known
prime or current prime record. From Theorem 3.1.3.2 (see below) if M,, = 2" — 1 is
prime then n must be prime. Finding Mersenne primes then is often an experimental
procedure with random prime exponents being tested using the Lucas—Lehmer test.
In Table 5.3.1 we list the known Mersenne primes as of the writing of this book.
Note that because the choice of prime exponents to test is random there may be other
Mersenne primes between those on the list.

In looking at this table, it should be mentioned how enormous the recent Mersenne
primes are. In particular, the mostrecent (in 2005) has 9152052 digits. We should also
point out that although there may be intermediate Mersenne primes between those
on the list, as of 2005, all prime exponents less than or equal to 6972593 have been
checked. Thus number 38 on the list above is the 38th Mersenne prime; there are no
intermediate unknown Mersenne primes before this. We note that the last nine on this
list were discovered using software provided by Woltman and Kurowksi as part of
the GIMPS (Great Internet Mersenne Prime Search) Project. It has been conjectured
that there is a prime number—type theorem for Mersenne primes. In particular, it has
been conjectured that if M (x) is the number of primes p < x with M, prime, then
M (x) ~ clInx. Further, ¢ = %, where y is Euler’s constant (see [CP]).

Before giving the Lucas—Lehmer test, we review some facts about the Mersenne
numbers. Recall that the Mersenne numbers are closely tied to the perfect numbers.
A natural number 7 is a perfect number if if it is equal to the sum of its proper divisors.

That is,
n= Z d.
dln,d>1,d#n

For example, the number 6 is perfect since its proper divisors are 1, 2, 3, which add up
to 6. We then have the following concerning Mersenne numbers, Mersenne primes,
and the ties to perfect numbers.

Theorem 5.3.3.1.

(1) If M, = 2" — 1 is prime then n is prime (Theorem 3.1.3.2).

(2) If M, = 2P — 1 is a Mersenne prime then n = 2r=12P — 1) is a perfect
number (due to Euclid and given in Theorem 3.1.3.3.)

(3) Conversely, if n > 2 is a perfect number and even then n = 2P~1(2P — 1)
and M, = 2P — 1 is a Mersenne prime (due to Euler and given in Theorem 3.1.3.3.)

Notice that from the theorem in searching for Mersenne primes only prime expo-
nents must be considered. We now state the Lucas—Lehmer test. (Note that this was
presented also in Section 3.1.3.)

Theorem 5.3.3.2 (Lucas-Lehmer test). Let p be an odd prime and define the
sequence (S,) inductively by

Sy =4 and S,=S>,-2.

Then the Mersenne number M, = 2P — 1 is a Mersenne prime if and only if M,
divides Sp_1.
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5.3 Primality Testing and Prime Records

Table 5.1. The known Mersenne primes M, with p prime.

L W o

7
13
17
19
31
61
89
107
127
521
607
1279
2203
2281
3217
4253
4423
9689
9941
911213
19937
21701
23209
44497
86243
110503
132049
216091
756839
859433
1257787
1398269
2976221
3021377
6972593
13466917
20996011
24036583
25964951
30402457

Discoverer and Year

Unknown — pre-1500
Unknown — pre-1500
Unknown — pre-1500
Unknown — pre-1500
Anonymous — 1461
Cataldi — 1588
Cataldi — 1588
Euler — 1750
Pervushin — 1883
Powers — 1911
Powers — 1914
Lucas — 1876
Robinson — 1952
Robinson — 1952
Robinson — 1952
Robinson — 1952
Robinson — 1952
Riesel — 1957
Hurwitz and Selfridge — 1961
Hurwitz and Selfridge — 1961
Gillies — 1963
Gillies — 1963
Gillies — 1963
Tuckerman — 1971
Noll and Nickel — 1978
Noll - 1979
Slowinski and Nelson — 1979
Slowinski — 1982
Colquitt and Welsh — 1988
Slowinski — 1983
Slowinski — 1985
Slowinski and Gage — 1992
Slowinski and Gage — 1994
Slowinski and Gage — 1996
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Proof. We first show that if M, divides S, then M), is prime. We follow the proof
given in [Br] and redone in [Tu] and [PP].

Letu = 2—\/§,v =2++/3 Thenu+v =4 = S1 and uv = 1. An easy
induction (see the exercises) shows that

on— 2n—1

S, =u : +v
Suppose that M,|S, 1. We show that M, must be a prime. Suppose not and let
g be a prime dividing M, with ¢ < /M,. Since M|S,_1, we also have ¢|S,_;.
Consider the finite field Z,. If 3 is a square mod g, that is, (2) =Llet F =7Z,.
If 3 is not a square mod g let F be the extension field of Z, obtained by adjoining a
square root of 3. Thatis, F = Z,(w), where w? =3 (see Chapter 6). In either case
F is a finite field, of order ¢ in the former case and order ¢ in the latter. Recall that
the multiplicative group of a finite field is cyclic (see Chapter 2). Hence if g € F
with g # 0 then g has multiplicative order d with either d|(g — 1) or d|(g® —1).
Since (g — 1)|(g> — 1) we can assume without loss of generality that d|(g% — 1).
From uv = 1 and the induction, we have

Sp—1= W = uzp_z(l + v2'2p_2).
Since g|S,—1 we then obtain
u? (1 + vz'zp_z) = 0O mod g.
Now u = 2 — /3 is not congruent to 0 mod ¢, for if it were, then we would have
2=+3modg = 4=3modg,

which is possible only if ¢ = 1. Hence mod ¢,

1+ W22 + W =0 = =1
Therefore v2” = 1. It follows that the multiplicative order of v mod ¢ must divide
27 and therefore the multiplicative order of v as an element of F must also divide 27.
This then must be a power of 2, say 2. If m < p — 1, then 2™ |2p_1, from which it
follows that v2”~ = 1 and not —1. Therefore m must equal p and the order of v in
F must be exactly 27.

However, as explained earlier, the order of any nonzero element in F must divide
g% — 1, and so 27|(¢g? — 1) which implies that 27 < ¢? — 1. On the other hand, we
have 27 =M, + landg < W , and so we have the inequality

My4+1=2" <g®>—1<M,—1,
which is a contradiction. Therefore no such g can exist and therefore M, must be

prime, proving the Lucas—Lehmer theorem in one direction.
Conversely, we show that if M, is prime then M, |S,_1.
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Letg = Mpandletu =2 — V3, v =24 +/3 as in the first part of the proof. We
will show that

v = —1 mod q

and hence

p—2 p=2 p=2 2p=2
2 2 — u2 (1 + v2 2 )

Sp-1=u +v = 0O mod g.

This then shows that M, = g[S,_1.

To show that v has this order notice first that g — 1 = 27 —2 =227 — 1). It
follows that % is odd, so that (—1)% = —1, so that —1 is not a square mod q.

Next, notice that since g is prime, 2¢ = 2 mod ¢ from Fermat’s theorem. Hence
29+1 = 4 mod ¢, which implies that 2% = 4 mod ¢. Since p is a prime > 3, it
follows that mod ¢, 2 has both a square root (21/ 2 = 20+l 4) and a fourth root
(21/4 = 2q8j) mod q.

Finally, as a preliminary we show that 3 is not a square mod g. One of the three
consecutive integers ¢ — 1, ¢, ¢ + 1 must be divisible by 3, and g + 1 = 27 is a power
of 2 and g is a prime > 3. Hence 3|(q¢ — 1). Let g be a generator of the multiplicative

group of Z,. It follows that w = qul satisfies w3 = 1 mod ¢ and w # 1 mod q.
Since

w—1=w-DHw>+w+1)

it follows that
w4+ w+ 1 =0 modgq.

Let z = w — w?. Then mod q,

2

z2=(w—w2) =w? 2wt w=w?—2+w=-3.

Therefore —3 is a square mod ¢g. Since —1 is not a square mod ¢ it follows that 3 is
also not a square mod q.

Since 3 is not a square mod g let F be the extension field of Z, obtained by
adjoining a square root of 3. That is, F = Z;(w), where w? = 3. F is then a finite
field of order ¢2.

Letv = 24w = 2++/3in F. Since 3 is not a square mod ¢ Wehave3% = -1
mod ¢g. Hence in F,

V= 2+ w) =27 +w! =2+ (v3) =2+ 3%;
— 1 =2+37 .32 =2-37=2-V3=u

Since 2 is a square mod ¢, 2~ is also a square mod ¢. Here 2~ ! is the multiplica-
1
tive inverse of 2 mod ¢, which exists since ¢ is an odd prime. Let 272 be a square
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root of 27! mod ¢. Let ¢ € F be given by
=01+ w)Z_%.

Then in F we have

P=0+wl2 )Y =0+2w+w)2 ! =d+2w+32 =24 w=0,
Therefore w is a square root of v in F. We show that v does not have a fourth root
" FS:uppose v had a fourth root. Then # would have to be a square and since 277 isa
square this would imply that 1 4+ w would have to be a square also. Hence we show

that 1 4+ w is not a square in F. This is done by computation in F. The elements of
F are of the form a + bw with a, b € Z,. Suppose that (a + bw)?> = 1 + w. Then

a® + 2abw + b*w? = (@® + 3b*) + Qab)w = 1 + w.
This would imply that

a*+3b*=1and2ab=1 = a2+3b2:2abmodq
= a® —2ab+3b> = (a — b)*> +2b* = 0mod g

—b)? —b\?
== (@ ) :<ab ) = —2mod q.

b2

Hence —2 must be a square mod g. However, 2 is a square mod ¢ and —1 is not a
square mod g and therefore —2 cannot be a square. Therefore 1 + w is not a square
in F and hence v has no fourth root in F.

Now v? = u so v?T! = yv = 1 mod q. Since v has no fourth root it follows that
in F the order of 7 is precisely 2(g 4 1). Since this must divide g>—1=(g+D(g-1
it follows that the order of v must be exactly ¢ + 1. But then

g+l p—1
vz =22 = —1mod g,

completing the proof. O

Based on the theorem, the algorithm for testing a Mersenne prime is particularly
simple.

Lucas-Lehmer algorithm.

1: Input a prime p
a: Letu =4
b: Fori =3top
(1): Letu = u?® — 2 mod 2P~!
(a): If u = 0 output prime and finish
(b): else next i
c: output composite
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5.3.3 Some Additional Primality Tests

The Lucas—Lehmer test is called an n+1 test since it requires knowledge of a complete
factorization of n + 1. (Recall M,, = 2" — 1 so M,, + 1 = 2".) Other tests have
been developed to handle the situation in which there is knowledge of a complete
factorization of n — 1. These are known as n-1 tests and handle, in particular, testing
for Fermat primes. Recall (see Chapter 3) that the Fermat numbers are the sequence
(Fy) of positive integers defined by

F,=22"+1, n=1,2,3,....

If F;, is prime it is called a Fermat prime. As discussed in Chapter 3, Fermat
conjectured that all the numbers in this sequence were primes. In fact, Fy, F», F3, Fy
are all prime but Fs is composite. It is still an open question whether there are
infinitely many Fermat primes. However, it has been conjectured that there are only
finitely many. On the other hand, if a number of the form 2" + 1 is a prime for some
integer 7, then it must be a Fermat prime (see Theorem 3.1.3.1). Lucas’s primality
test (Theorem 5.3.2) can be considered an (n — 1) test.
Lucas’s result was strengthened by Pocklington in the following form.

Theorem 5.3.3.1 (Pocklington’s theorem). Suppose n — 1 = fr with (f,r) = 1
and suppose that a complete factorization of f is known. Suppose that there exists
an a such that

n—1
a" "'=1modn and (ai,n> =1
for every prime factor q of f. Then every prime factor of n is congruent to 1 mod f.

Proof. Let p be a prime factor of n. Since a”~! = 1 mod n the multiplicative order d
n—1

of a” in the finite field Z, is a divisor of ”r;l = f. However, from (aT , n) =1it

follows that d cannot be a proper divisor of f and hence d = f. Therefore f|(p —1)

since the multiplicative group in Z, has order p — 1. O

Pocklington’s theorem can then be fashioned into a primality test.

Corollary 5.3.3.1. Suppose n — 1 = fr with (f, r) = 1 and suppose that a complete
Jactorization of f is known. Suppose that there exists an a such that

n—1
a" "'=1modn and (aT,n> =1

for every prime factor q of f. Then if f > \/n, it follows that n is prime.

Proof. From Theorem 5.3.3.1 it follows that each prime factor p of n is congruent
to 1 mod f. Hence p > f. But f > \/n, so each p > /n. Therefore n cannot have
a prime factor <./n, and so n = p and n is prime. O

Pocklington’s theorem, which was proved in 1914, actually extended several
earlier results that were specific to the testing of Fermat numbers for primality. Pepin’s
theorem (Theorem 5.3.3.2) was proved in 1877 and Proth’s theorem in 1878.
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Theorem 5.3.3.2 (Pepin’s theorgm). Let F,, = 22" 4+ 1 be the nth Fermat number:
Then Fy, is prime if and only lf?)lﬂan1 = —1 mod F;,.

Proof. If 3Fn771 = —1 mod F, then the argument used in proving Pocklington’s

theorem with a = 3 can be used to show that F), is prime. Conversely, suppose
F, is prime. Then ?)F”{1 = (Fil) mod F;, where (Fi) is the Jacobi symbol. It is

straightforward to check (see the exercises) that (Fin) =-—1. O

Theorem 5.3.3.3 (Proth’s theorem). Let n = f - 2K + 1 with 2X > f. If there exists

an integer a witha 2 = —1 mod n, then n is prime.

Proof. The same arguments as in the proof of Pocklington’s theorem can be
applied. O

These results, together with the Lucas—Lehmer test, just begin to scratch the
surface of primality testing. A complete discussion of primality testing together
with discussions of computational complexity of both primality testing and factoriza-
tion algorithms can be found in the excellent and comprehensive book by Crandall
and Pomerance [CP]. There are also many suggestions given in [CP] for research
problems.

Recent work, leading eventually to the polynomial-time algorithm (AKS), has
concentrated on improving both the running time and computational complexity of
primality testing algorithms. The major breakthrough from a computational point
of view came with the development in 1983 by Adelman, Pomerance, and Rumely
of a deterministic algorithm (the APR algorithm) based on Jacobi sums (see [CP])
that ran in subexponential time. The fact that this could be done was in essence the
first step toward the eventual polynomial-time algorithm. The approach of the APR
algorithm extended a line of research that considered testing for primality via Gauss
sums (see [CP]).

There have been many additional approaches to primality testing. A very fruitful
approach that has had wide-ranging applications both in number theory and cryptog-
raphy used elliptic curves. If F is a field of characteristic not equal to 2 or 3 then an
elliptic curve over F is the locus of points (x, y) € F' x F satisfying the equation

v} =x>+ax+b withda® 4+ 27b* # 0.
We denote by 0 a single point at infinity and let
E(F)={(x,y) € F x F;y*> = x>+ ax + b} U{0}.

The important thing about elliptic curves from the viewpoint of number theory
and primality testing is that a group structure can be placed on E(F). In particular,
we define the operation + on E (F') by

(1) O+ P =P foranypoint P € E(F);
2) If P=(x,y) then—P = (x,—y)and —0 = 0;
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(3) P+ (—P) =0 foranypoint P € E(F);
@) If P = (x1, y1), P» = (x2, yp) with P; # — P,, then

P+ Py = (x3, 3)
with
x3=m?— (x1+x2), y3=—m(x3—x1) -y
and

3x12+a
2y

Y21 :
S Afxa # X,

m= )
if xo = x1.

This operation has a very nice geometric interpretation if F = R, the real numbers.
It is known as the chord and tangent method. If P; # P, are two points on the curve
then the line through P;, P, intersects the curve at another point P3. If we reflect P3
through the x-axis we get P; + P,. If P, = P, we take the tangent line at P;.

With this operation E(F) becomes an abelian group (due to Cassels) whose
structure can be worked out (see [CP]).

Theorem 5.3.3.4. E(F) together with the operations defined above forms an abelian
group. In F is a finite field of order p* then E(F) is either cyclic or has the structure

E(F) =Zm, X Ly,
with m1|m; andmll(pk —1).

By considering the order of the group E (F) over finite fields, Lenstra developed
a factorization algorithm (ECM) (see [CP]). His method, as well as elliptic curve
primality testing, depends on the concept of an elliptic pseudocurve. This is just the
set of points satisfying an elliptic curve equation over a modular ring not necessarily
a field. In particular, if n is a positive integer with (n, 6) = 1, and a, b € Z, satisfy
4a> + 27b% # 0, then an elliptic pseudocurve over Z, is a set

Eap(Zn) = {(x,y) € Zn X T3 y* = x° + ax + b} U {0}

with 0 a point at infinity.

Using Lenstra’s concept of a pseudocurve, Goldwater and Killian developed an
elliptic curve analogue of Pocklington’s theorem (Theorem 5.3.3.1) which ushered
in elliptic curve primality proving (ECPP) (see [CP]).

Theorem 5.3.3.5 (ECPP). Let n > 1 with (n,6) = 1, E,(Z,) an elliptic pseu-
docurve over Z,, and s, m positive integers with s\m. Let [m] denote the residue
class of m and assume that there exists a point P € E such that [m]P = 0 and
[%]P # 0 for every prime divisor q of s. Then for every prime p dividing n we have

|Eq.p(Zp)| = 0mods.

Further, if s > (n% + 1)2, then n is prime.
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The Goldwater—Killian theorem was improved upon by Atkin and Morain, who
developed a very efficient elliptic curve primality testing algorithm. In practice this
algorithm seems to be at present the fastest computationally. However, it is felt
that ultimately an implementation of the theoretically faster AKS algorithm will be
developed that will be computationally faster.

A comprehensive description and discussion of elliptic curve methods can be
found in Crandall and Pomerance [CP].

5.4 Cryptography and Primes

Cryptography refers to the science and/or art of sending and receiving coded
messages. Coding and hidden ciphering are old endeavors used by governments
and militaries and between private individuals from ancient times. Recently it has
become even more prominent because of the necessity of sending secure and pri-
vate information, such as credit card numbers, over essentially open communication
systems.

In general, both the plaintext message (uncoded message) and the ciphertext
message (coded message) are written in some N-letter alphabet, which is usually the
same for both plaintext and code. The method of coding, or the encoding algorithm,
is then a transformation of the N letters. The most common way to perform this
transformation is to consider the N letters as N integers modulo N and then apply
a number-theoretical function to them. Therefore most encoding algorithms use
modular arithmetic, and hence cryptography is closely tied to number theory. In
this section we give a brief overview of cryptography and some number-theoretic
algorithms used in encryption. The subject is very broad, and as mentioned above,
very current, due to the need for publicly viewed but coded messages. There are many
references to the subject. The book by Koblitz [Ko] gives an outstanding introduction
to the interaction between number theory and cryptography. It also includes many
references to other sources. The book by Stinson [St] describes the whole area.

Modern cryptography is usually separated into classical cryptography and public
key cryptography. In the former, both the encoding and decoding algorithms are
supposedly known only to the sender and receiver, frequently referred to as Bob
and Alice. In the latter, the encryption method is public knowledge but only the
receiver knows how to decode. We make this more precise in Section 5.4.2 when we
introduce public key methods. Here we present first the basic terminology used in
classical cryptography.

The message that one wants to send is written in plaintext and then converted
into code. The coded message is written in ciphertext. The plaintext message and
ciphertext message are written in some alphabets that are usually the same. The
process of putting the plaintext message into code is called enciphering or encryp-
tion, while the reverse process is called deciphering or decryption. Encryption
algorithms break the plaintext and ciphertext message into message units. These are
single letters or pairs of letters or more generally k-vectors of letters. The transfor-
mations are done on these message units and the encryption algorithm is a mapping
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from the set of plaintext message units to the set of ciphertext message units. Putting
this into a mathematical formulation we let

P = set of all plaintext message units and

C = set of all ciphertext message units.
The encryption algorithm is then the application of an invertible function
f:P—C.
The function f is the encryption map. The inverse
flic—»p

is the decryption or deciphering map. The triple {P, C, f}, consisting of a set of
plaintext message units, a set of cipertext message units, and an encryption map, is
called a cryptosystem.

Breaking a code is called cryptanalysis. An attempt to break a code is called an
attack. Most cryptanalysis depends on a statistical frequency analysis of the plaintext
language used (see the exercises). Cryptanalysis depends also on a knowledge of the
form of the code, that is, the type of cryptosystem used.

We now give some examples of cryptosystems and cryptanalysis.

Example 5.4.1. The simplest type of encryption algorithm is a permutation cipher.
Here the letters of the plaintext alphabet are permuted and the plaintext message is
sent in the permuted letters. Mathematically, if the alphabet has N letters and o is a
permutation on 1, ..., N, the letter i in each message unit is replaced by o (7). For
example, suppose the plaintext language is English and the plaintext word is BOB
and the permutation algorithm is

a b ¢c d e f g h i j k I m
b ¢ d f h j

n o p ¢q r s t u v w X Yy 2
s t v w x a e i z m q Yy

then BOB — CTC.

Example 5.4.2. A very straightforward example of a permutation encryption algo-
rithm is a shift algorithm. Here we consider the plaintext alphabet as the integers
0,1,..., N—1mod N. We choose a fixed integer k, and the encryption algorithm is

f:m—>m+kmodN.

This is often known as a Caesar code, after Julius Caesar, who supposedly invented
it. It was used by the Union Army during the American Civil War. For example,
if both the plaintext and ciphertext alphabets were English and each message unit
was a single letter, then N = 26. Suppose k = 5 and we wish to send the message
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ATTACK. If a = 0 then ATTACK is the numerical sequence 0, 20, 20, 0, 2, 11. The
encoded message would then be FZZFIP.

Any permutation encryption algorithm that goes letter to letter is very simple
to attack using a statistical analysis. If enough messages are intercepted and the
plaintext language is guessed, then a frequency analysis of the letters will suffice
to crack the code. For example, in the English language the three most commonly
occurring letters are E, T, and A with a frequency of occurrence of approximately
13%, 9%, and 8%, respectively. By examining the frequency of occurrences of letters
in the ciphertext, the letters corresponding to E, T, and A can be uncovered (see the
exercises).

Example 5.4.3. A variation on the Caesar code is the Vigeneére code. Here message
units are considered as k-vectors of integers mod N from an N letter alphabet. Let B =
(b1, ..., by) be a fixed k-vector in Zﬁ. The Vigenere code then takes a message unit

(ai,...,ar) > (a1 +by,...,ar +br) mod N.

From a cryptanalysis point of view, a Vigenere code is no more secure than a Caesar
code and is susceptible to the same type of statistical attack.

The Alberti code is a polyalphabetic cipher and can be often used to thwart a
statistical frequency attack. We describe it in the next example.

Example 5.4.4. Suppose we have an N-letter alphabet. We then form an N x N matrix
P where each row and column is a distinct permutation of the plaintext alphabet.
Hence P is a permutation matrix on the integers 0, ..., N — 1. Bob and Alice decide
onakeyword. The keyword is placed above the plaintext message and the intersection
of the keyword letter and plaintext letter below it will determine which cipher alphabet
to use. We will make this precise with a 9-letter alphabet A, B, C, D, E, O, S, T, U.
Here for simplicity we will assume that each row is just a shift of the previous row,
but any permutation can be used.

Key Letters

L . RS ~Q

T~NHLOmTU QO™

T -y o a0 T >
QA T~ o Q0 W
QAT ~~@mw o a0
0O Q& v o Ay
QUL O QA T = =w O o Iy
R/ T T = w o Q
QR AU T T = w Uy
L QN AU T T =N
~ L o 0 T T

Suppose the plaintext message is STAB DOC and Bob and Alice have chosen the
keyword BET. We place the keyword repeatedly over the message

B E T B E T B
S T A B D O C
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To encode we look at B, which lies over S. The intersection of the B key letter and
the S alphabet is a ¢, so we encrypt the S with 7. The next key letter is E, which lies
over T. The intersection of the E keyletter with the T alphabet is c. Continuing in
this manner and ignoring the space we get the encryption

STAB DOC — TCTCTDD.

Example 5.4.4. A final example, which is not number theory based, is the so-called
Beale cipher. This has a very interesting history, which is related in the popular
book Archimedes Revenge by P. Hoffman (see [Ho]). Here letters are encrypted by
numbering the first letters of each word in some document like the Declaration of
Independence or the Bible. There will then be several choices for each letter and a
Beale cipher is quite difficult to attack.

5.4.1 Some Number-Theoretic Cryptosystems

Here we describe some basic number-theoretically derived crytosystems. In applying
a cryptosystem to an N-letter alphabet we consider the letters as integers mod N.
The encryption algorithms then apply number-theoretic functions and use modular
arithmetic on these integers. One example of this is the shift or Caesar cipher described
in Example 5.4.2. In this encryption method a fixed integer k is chosen and the
encryption map is given by

f:m—> m+kmodN.

The shift algorithm is a special case of an affine cipher. Recall that an affine
map on aring R is a function f(x) = ax + b witha, b, x € R. We apply such a map
to the ring R = Z,, as the encryption map. Specifically, again suppose we have an
N-letter alphabet and we consider the letters as the integers 0, 1, ..., N — 1 mod N,
that is, in the ring Zy. We choose integers a, b € Zy with (a, N) = 1 and b # 0.
The integers a, b are called the keys of the cryptosystem. The encryption map is then
given by

f:m— am+bmod N.

Example 5.4.1.1. Using an affine cipher with the English language and keys a = 3,
b =5, encode the message EAT AT JOE’S. Ignore spaces and punctuation.

The numerical sequence for the message ignoring the spaces and punctuation is
4,0,19,0,19,9, 14,4, 18.
Applying the map f(m) = 3m + 5 mod 26, we get
17,5,62,5,62,32,47,17,59 — 17,5,10,5,10,6,21,17,7.
Now rewriting these as letters we get

EAT AT JOE’S — RFKFKGVRH.
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Since (a, N) = 1theinteger a has amultiplicative inverse mod N. The decryption
map for an affine cipher with keys a, b is then

f_1 m— a_l(m —b) mod N.

Since an affine cipher, as given above, goes letter to letter, it is easy to attack using
a statistical frequency approach. Further, if an attacker can determine two letters and
knows that it is an affine cipher the keys can be determined and the code broken (see
the exercises). To give better security it is preferable to use k-vectors of letters as
message units. The form then of an affine cipher becomes

f:v— Av+ B,

where here v and B are k-vectors from le‘\, and A is an invertible £ x k matrix with
entries from the ring Zy. The computations are then done modulo N. Since v is a
k-vector and A is a k x k matrix the matrix product Av produces another k-vector
from Z’I‘\,. Adding the k-vector B again produces a k-vector, so the ciphertext message
unit is again a k-vector. The keys for this affine cryptosystem are the enciphering
matrix A and the shift vector B. The matrix A is chosen to be invertible over Zy
(equivalent to the determinant of A being a unit in the ring Zy), so the decryption
map is given by
v— A"'(v - B).

Here A~! is the matrix inverse over Zy and v is a k-vector. The enciphering matrix
A and the shift vector B are now the keys of the cryptosystem.

A statistical frequency attack on such a cryptosystem requires knowledge, within
a given language, of the statistical frequency of k-strings of letters. This is more
difficult to determine than the statistical frequency of single letters. As for a letter to
letter affine cipher, if k + 1 message units, where k is the message block length, are
discovered, then the code can be broken.

Example 5.4.1.2. Using an affine cipher with message units of length 2 in the English

language and keys
51
A_<8 7)7 B_(573)7

encode the message EAT AT JOE’S. Again ignore spaces and punctuation.

Message units of length 2, that is, 2-vectors of letters, are called digraphs. We
first must place the plaintext message in terms of these message units. The numerical
sequence for the message EAT AT JOE’s ignoring the spaces and punctuation is as
before

4,0,19,0,19,9, 14,4, 18.

Therefore the message units are
(4,0),(19,0), (19,9), (14, 4), (18, 13),

repeating the last letter to end the message.
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The enciphering matrix A has determinant 1, which is a unit mod 26, and hence
is invertible, so it is a valid key.
Now we must apply the map f(v) = Av + B mod 26 to each digraph. For

example,
o) 2= G )6 () =)+ (=)
0 8 7/\0 3 32 3 9

Doing this to the other message units, we obtain

(25,9), (22, 25), (5, 10), (1, 13), (9, 13).
Now rewriting these as digraphs of letters, we get

(z, 1), \W,2),(F,K),(B,N), (J,N).
Therefore the coded message is

EAT AT JOE’S — ZJWZFKBNIJN.

Example 5.4.1.3. Suppose we receive the message ZJIWZFKBNIJIN and we wish to
decode it. We know that an affine cipher with message units of length 2 in the English

language and keys
5 1
A = N B == 5, 3
(5 ) #=6

is being used.
The decryption map is given by
v — A_l(v — B),
so we must find the inverse matrix for A. For a 2 x 2 invertible matrix (‘C‘ Z),
a b\ 1 d —b
c d) ad—bc\—c a)’
Therefore in this case, recalling that multiplication is mod 26,
(5 1 o1 (7 —1
A_<8 7) = 4 _<—8 5)'

The message ZJWZFKBNIJN in terms of message units is

we have

(25,9), (22, 25), (5, 10), (1, 13), (9, 13).

We apply the decryption map to each digraph. For example,

(G- G-
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Doing this to each, we obtain
4,0, (19,0, (19,9), (14, 4), (18, 18),
and rewriting in terms of letters,
(E,A),(T,A),(T,J),(0,E),(S,S).

This gives us
ZJWZFKBNIN — EATATJOESS.

5.4.2 Public Key Cryptography and the RSA Algorithm

Presently there are many instances where secure information must be sent over open
communication lines. These include banking and financial transactions, purchasing
items via credit cards over the Internet, and similar things. This led to the development
of public key cryptography. Roughly, in classical cryptography only the sender and
receiver know the encoding and decoding methods. Further, it is a feature of such
cryptosystems, such as the ones that we have looked at, that if the encrypting method
is known the decrypting can be carried out. In public key cryptography the encryp-
tion method is public knowledge but only the receiver knows how to decode. More
precisely, in a classical cryptosystem once the encrypting algorithm is known the
decryption algorithm can be implemented in approximately the same order of magni-
tude of time. In a public key cryptosystem, developed first by Diffie and Hellman, the
decryption algorithm is much more difficult to implement. This difficulty depends on
the type of computing machinery used (much as primality testing), and as computers
get better, new and more secure public key cryptosystems become necessary.

The basic idea in a public key cryptosystem is to have a one-way function, that
is, a function that is easy to implement but very hard to invert. Hence it becomes
simple to encrypt a message but very hard, unless you know the inverse, to decrypt.
The standard model for public key systems is the following. Alice wants to send a
message to Bob. The encrypting map f4 for Alice is public knowledge as well as
the encrypting map fp for Bob. On the other hand, the decryption algorithms f;l
and fp ! are secret and known only to Alice and Bob, respectively. Let P be the
message Alice wants to send to Bob. She sends fp f;] (P). To decode, Bob applies
first £, which only he knows. This gives him f;'(f5fy'(P)) = £,/ (P). He
then looks up f4, which is publicly available, and applies this, fa ( fA_1 (P)) =P, to
obtain the message. Why not just send f5(P)? Bob is the only one who can decode
this. The idea is authentication, that is, being certain from Bob’s point of view that
the message really came from Alice. Suppose P is Alice’s verification: signature,
social security number, etc. If Bob receives fp(P) it could be sent by anyone, since
fB is public. On the other hand, since only Alice supposedly knows fA_l, getting
a reasonable message from fa(fz "' f5f; ' (P)) would verify that it is from Alice.

Applying fg ! alone should result in nonsense.



5.4 Cryptography and Primes 241

Getting a reasonable one-way function can be a formidable task. The most widely
used (at present) public key systems are based on difficult-to-invert number-theoretic
functions. Diffie and Hellman in 1976 developed the original public key idea using
the discrete log problem. In modular arithmetic it is easy to raise an element to a
power but difficult to determine, given an element, whether it is a power of another
element. Specifically, if G is a finite group, such as the cyclic multiplicative group
of Z,, where p is a prime, and & = gk for some k, then the discrete log of & to the
base g is any integer ¢ with # = g’. The rough form of the Diffie-Helman public
key system is as follows. Bob and Alice will use a classical cryptosystem based on a
key k with 1 < k < g — 1, where g is a prime. It is the key k that Alice must send
to Bob. Let g be a multiplicative generator of Z(*]. Alice chooses an a € Z, with

1 <a < g — 1. She makes public g“. Bob chooses a b € Zj and makes public g

The secret key is g*?. Both Bob and Alice, but presumably no one else, can discover
this key. Alice knows her secret power a, and the value g? is public from Bob. Hence
she can compute the key g** = (g%)?. The analogous situation holds for Bob. An
attacker, however, knows only g and g”. Unless the attacker can solve the discrete
log problem, that is finding the base g, the key exchange is secure.

In 1977 Rivest, Adelman, and Shamir developed the RSA algorithm, which is
presently one of the most widely used public key cryptosystems. It is based on the
difficulty of factoring large integers and in particular on the fact that it is easier to
test for primality (hence the inclusion in this chapter) than to factor. It works as
follows. Alice chooses two large primes p4, g4 and an integer e4 relatively prime to
d(paga) = (pa— D)(ga —1). Itis assumed that these integers are chosen randomly
to minimize attack. The primality tests arise in the following manner. Alice first
randomly chooses a large odd integer m and tests it for primality. If it is prime, it is
used. If not, she tests m + 2, m + 4, ..., and so on until she gets her first prime p4.
She then repeats the process to get g4. Similarly, she chooses another odd integer m
and tests until she gets an e4 relatively prime to ¢(paga). The primes she chooses
should be quite large. Originally, RSA used primes of approximately 100 decimal
digits, but as computing and attack have become more sophisticated, larger primes
have had to be utilized. We will say more of this shortly. Once Alice has obtained
PA,qA, €4 sheletsng = paga and computes d4, the multiplicative inverse of e4
modulo ¢ (n4). That is, d4 satisfies eqds = 1 mod (ps — 1)(ga — 1). She makes
public the enciphering key K4 = (n4, e4), and the encryption algorithm known to
all is

fa(P) = P4 mod ny,

where P € Z,, is a message unit. It can be shown that if (e4, (p4a — 1)(ga — 1)) =
land eads = 1 mod (pa — 1)(ga — 1) then P¢4% = P mod n4 (see the exercises).
Therefore the decryption algorithm is

(€)= C% mod ny.

Notice then that f;l (fa(P)) = P4 = P mod n,, so it is the inverse.
Now Bob makes the same type of choices to obtain pp, gp,ep. He lets np =
pBqp and makes public his key Kg = (np, ep).
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If Alice wants to send a message to Bob that can be authenticated to be from Alice
she sends fp( fA_l (P)). An attack then requires factoring n 4 or np, which is much
more difficult than obtaining the primes pa, g4, P, gp. The fact that randomly
finding large primes is easier than factoring is a consequence of the density of primes.
As mentioned earlier, given a large integer n, choosing a random prime less than n
has probability approximately equal to ﬁ Even for very large n, this is not that
small. For example, choosing a prime less than a 200-digit integer is greater than one
in a thousand.

In practice, suppose there is an N -letter alphabet that is to be used for both plaintext
and ciphertext. The plaintext message is to consist of k vectors of letters and the
ciphertext message of [ vectors of letters with k < [. Each of the k plaintext letters
in a message unit P are then considered as integers mod N and the whole plaintext
message is considered as a k-digit integer written to the base N (see example below).
The transformed message is then written as an /-digit integer mod N and then the
digits are considered integers mod N, from which encrypted letters are found. To
ensure that the ranges of plaintext messages and ciphertext messages are the same,
k < I are chosen so that

Nk<nU<Nl

for each user U, that is, ny = pyqu. In this case any plaintext message P is an
integer less than N* considered as an element of Z, y- Since ny < N ! the image
under the power transformation corresponds to an /-digit integer written to the base
N and hence to an [ letter block. We give an example with relatively small primes.
In real-world applications, the primes would be chosen to have over a hundred digits
and the computations and choices must be done using good computing machinery.

Example 5.4.2.1. Suppose N = 26, k = 2, and [ = 3. Suppose further that Alice
chooses pg = 29, g4 = 41, e4 = 13. Here ny = 29 - 41 = 1189, so she makes
public the key K4 = (1189, 13). She then computes the multiplicative inverse d
of 13 mod 1120 = 28 - 40. Now suppose we want to send her the message TABU.
Since k = 2 the message units in plaintext are two vectors of letters, so we separate
the message into TA BU. We show how to send TA. First, the numerical sequence for
the letters TA mod 26 is (19, 0). We then use these as the digits of a 2-digit number
to the base 26. Hence
TA =19-26+0-1=49%.

We now compute the power transformation using Alice’s e4 = 13 to evaluate
£(19,0) = 494'3 mod 1189.

This is evaluated as 320. Now we write 320 to the base 26. By our choices of k, [,
this can be written with a maximum of three digits to this base. Then

320=0-26+12-26+ 8.

The letters in the encoded message then correspond to (0, 12, 8), and therefore the
encryption of TA is AML
To decode the message, Alice knows d4 and applies the inverse transformation.
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Since we have assumed that k < [, this seems to restrict the direction in which
messages can be sent. In practice, to allow messages to go between any two users the
following is done. Suppose Alice is sending an authenticated message to Bob. The
keys k4 = (na,es), kp = (np, ep) are public. If n4 < np Alice sends fol;l(P).
On the other hand, if n4 > np she sends f;] fB(P).

The computations and choices used in real-world implementations of the RSA
algorithm must be done with computers. Similarly, attacks on RSA are done via
computers. As computing machinery gets stronger and factoring algorithms get faster,
RSA becomes less secure, and larger and larger primes must be used. In order to
combat this, other public key methods are in various stages of ongoing development.
RSA and Diffie-Hellman and many related public key cryptosystems use properties
of abelian groups. In recent years a great deal of work has been done to encrypt
and decrypt using certain nonabelian groups such as linear groups and braid groups.
(See [AAG] or [BFX] and the references therein.)

5.5 The AKS Algorithm

The development of the AKS algorithm and the fact that it is of polynomial time is
the major most recent theoretical breakthrough in primality testing. Because of the
timeliness and relative simplicity of the proof we here reproduce the arguments in
the original paper of Agrawal, Kayal, and Saxena [AKS]. There have already been
substantial improvements (see [Bo], [Be]), yet the elegance of the original stands
out. For the most part, this section, with some explanatory material, is taken directly
from their paper. We first need the following notation. If p(x), g(x) are integral
polynomials then we say

p(x) =q(x) mod (x" — 1, n)
if the remainders of p(x) and g (x) after division by x” —1 are equal (equal coefficients)
modulo n. Further, if p is a prime, 0, (r) is the multiplicative order of » mod p. Two

further number-theoretic results are needed.

Lemma 5.5.1 ([Fou85, BH96]). Let P(n) denote the greatest prime divisor of n.
Then there exist constants ¢ > 0 and ng such that for all x > ny,

{p; p prime p < x and P(p — 1) >x%}| >c al .
log, x

Lemma 5.5.2 ([A]). If 7 (x) is the standard prime number function then forn > 1,

<m(@) < .
6log, n log, n

We now restate the AKS algorithm as given in [AKS].
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AKS algorithm program. Input an integer n > 1.
1: Ifn = a® for some natural numbers a, b with b > 1 then output COMPOSITE.

2:r=2

3: while (r < n) do {

4: if (n,r) # 1) output COMPOSITE

5 if (r is prime)

6: let q be the largest prime factor of r — 1

7 if (¢ = 4/rlogyn) and (n% £ 1) mod r
8: break;

9: r<r+1

10: }

11: fora =110 2/rlogyn

12:  If(x —a)" isnot congruent to x* —a mod (x" — 1, n) output COMPOSITE;
13: output PRIME;

The proof by Agrawal, Kayal, and Saxena is in two parts. The first establishes
that the algorithm is deterministic. That is, the algorithm will return PRIME if and
only if the inputted integer is a prime. The second part shows that the algorithm is
polynomial in log, n the number of binary digits of n. The remainder of this section
is taken from the original paper [AKS].

Theorem 5.5.1 ([AKS]). The AKS algorithm returns PRIME if and only if n is prime.

The proof is established by a series of lemmas. The firstlemma bounds the number
of iterations in the while loop. This loop attempts to find a prime r such that » — 1
has a large prime factor ¢ > 4./r log, n and q|o, (n).

Lemma 5.5.3. There exist positive constants c1, ¢ for which there is a prime r in
the interval [c1(log, n)®, c2(log, n)°®] such that r — 1 has a prime factor q with
q > 4/rlog, n and glo, (n).

Proof. Let ¢ and P(n) be as in Lemma 5.5.1. For any cy, c; call the primes r in

2
the interval [c1(10g2 n)°, c2(log, n)6] that satisfy P(r — 1) > (CQ log, n)6) 3> r%
special primes. Then for n large enough the number of special primes is greater than
or equal to

number of special primes in [1, ¢z (log, n)6]—number of primes in [1, ¢y (log, n)6].
Using Lemmas 5.5.1 and 5.5.2, this value is then greater than or equal to

cer(logyn)®  8ci(logym)®  (logym)® (ccr  8cy
7Tlog,logyn  6logylog,n  log,log, n '

7 6

Now choose the constants ¢; > 4° and ¢, so that % — 8% > (. Call this positive

value c3.
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Let x = c3(log, n)6. Consider the product
1
P = (n—l)(n2—1)~-<n[x3] —1).

2
This product has at most x 3 log, n different prime factors. Note that

6
x%k’gz" - c3(log, n) '
log, log, n

It follows that there is at least one special prime, say r that does not divide the product
P. This is the required prime in the lemma. The number r — 1 has a large prime

factor g > r% > 4ﬁ10g2 n since ¢ > 4% and qloy(n). O
Lemma 5.5.4. If n is prime the AKS algorithm returns PRIME.

Proof. Suppose that n is a prime. Then the while loop in the algorithm cannot return
COMPOSITE since (n, r) = 1 for all r < c2(log, n)®, where ¢ is the constant from
Lemma 5.5.3. Since f(x)” = f(x”) mod p for any integral polynomial, the for loop
in the algorithm also cannot return COMPOSITE. Hence the algorithm will identify
n as PRIME. O

It must be shown now that if n is composite then the algorithm will return
COMPOSITE. Suppose that n is composite with the distinct prime factors py, .. ., pk.
Let r be the prime found in the while loop as in Lemma 5.5.3. Then in this case
or(n)|lem(o,(p;)) and hence there exists a prime factor p of n such that glo,(p)
with g the largest prime factor of r — 1. Let p be such a prime factor of n.

The bottom loop in the program uses the value of 7 to do polynomial computations
on the t = 2,/r log, n polynomials x — a for I < a < t. In the finite field Z, the
polynomial x” — 1 has an irreducible factor 4 (x) of degree o, (p). Now

(x—a)"= (" —a)mod (x" !, n)

implies that
(x —a)" = (" —a) mod (h(x), p).

It follows that the polynomial identities on the set of (x —a) hold in the quotient field
Zp(x]/(h(x)). The set of (x — a) form a large cyclic group in this field.

Lemma 5.5.5. In the field F = Zy[x]/(h(x)) the group G generated by the t
polynomials (x — a) with 1 < a <t is cyclic and of size > (‘71)[.

Proof. Recall that the multiplicative group of a finite field is cyclic. Since F is finite
and G is a multiplicative subgroup of F it follows that G is also cyclic. What must

be shown is the size.
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Consider the set

S = H(x—a)““;Zaagd—l, a; >0, Vl<a<t

l<a<t l<a<t

The while loop ensures that the final » when the algorithm halts satisfies r >
q > 4/rlogyn > t. If any of the as are congruent mod p then p < [ < r and
step 4 of the algorithm identifies n as composite. Therefore any two elements of S
are distinct modulo p. This implies that all elements of S are distinct in the field
F = Zp[x]/(h(x)) since the degree of an element of S is less than d the degree of
h(x).

The cardinality of S is then

(t—i—d—l)_ (+d-D(+d=2-@ _ (d)’

' 1! N
Since S is a subset of G this gives the desired result. O

Since d > 21 the size of G is > 2 = n?v". From the previous lemma G is cyclic.
Let g(x) be a generator of G. The order of g(x) in F is then >n2VT Let

Loy = {m; g(0)" = g(x™) mod (x" — 1, p)}.
Lemma 5.5.6. The set I4(y) is closed under multiplication.
Proof. Letmy, my € Ig(yy. Then
g()™ = g(x™) mod (x" — 1, p)

and
g(x)™ = g(x™) mod (x" — 1, p).

Substituting x™! for x in the second congruence we get
g™ = g(x™") mod (x" — 1, p).
From this it follows that
g™ = g(x™"2) mod (x" — 1, p)
and hence mimy € Ig(y). O

Lemma 5.5.7. Let o4 be the order of g(x) in F. Letmy, my € Ig(x). Thenmy = my
mod r implies that my = m3 mod og.

Proof. Since m; = my mod r we have my = mp + kr for some k > 0. Since
my € Iy(x), taking congruences in F' = Zp[x]/(h(x)), we get

g(x)" = g(x™?*) mod (x" — 1, p)
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= g(x)" =g(™)
:> g(x)ml—l-kr Eg(xm1+kr)
— 20" g = g™
— 20" g = g(x)".
Now g(x) not congruent to 0 implies that g(x)™! is not congruent to 0 and hence

it has a multiplicative inverse in F. Canceling it from both sides of the congruence
above gives

g =1
Therefore
kr =0mod o, = m; =my mod og. |
Lemma 5.5.8. If n is composite the AKS algorithm will return COMPOSITE.

Proof. Suppose that n is composite and suppose that the algorithm returns PRIME.
We show a contradiction. The for loop ensures that forall 1 < a < 2./r log, n,

x—a)"=x"—a)mod (x" — 1, p).

The polynomial g(x), the generator of G, is a product of powers of ¢ polynomials
(x —a) with 1 < a <t all of which satisfy the above equation. Thus

gx)' =g(x™ mod (x" — 1, p).

Therefore n € Ig(y). Further, p € Iy(y) and 1 € I4(y). We show that I, () has too
many numbers less than og, contradicting Lemma 5.5.7.
Consider the set

E={np/;0<i,j<[Jrl}.
By Lemma 5.5.6, E C Iy(x). Since |E| = (1 + [\/;7])2 > r, there are two elements
n'lp/t and n'2p’2 in E with i; # iy or j; # jp such that
nip/t = n'2p’2 mod r

by the pigeonhole principle. Then from Lemma 5.5.7,

n''p/t = n2p’2 mod 0g.
This implies

n'172 = p/2=Jt mod 0g.

Since 0 > n?V" and nli=2l < p2V7 and pl2=iil < p2V" the above congruence
becomes an equality. Since p is prime this equality implies n = p* for some k > 1.
However, in step 1 of the algorithm composite numbers of the form p* for k > 2
have already been detected. Therefore n = p, a contradiction. O
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This establishes that the AKS algorithm is deterministic and completes the proof
of Theorem 5.5.1.

The final theorem calculates the time complexity of the algorithm. For further
details see [AKS].

Theorem 5.5.2. The asymptotic time complexity of the AKS algorithm is
O ((log, n)lzf(logz log, n), where f is a polynomial.

Proof. Let 0 (t (n)) stand for O (¢ (n) poly(log,(t(n)))), where ¢ (n) is some function
of n and poly means polynomial in the argument. In this notation the theorem says that
the time complexity is O ((log, n)'2). The first step in the algorithm has asymptotic
time complexity O (log, n)? while the while loop makes O(log, n)% iterations.

The first step in the while loop, the GCD computation, takes poly(log, log, r)
asymptotic time. The next two steps in the while loop would take at most

73 Poly (og210221) iy 4 brute-force implementation. The next three steps take at most
poly(log, log, n) steps. Thus the total asymptotic time taken by the while loop is
5(;’% (logy n)®) = O((log, n)°)

The for loop does modular computation over polynomials. If repeated squar-
ing and fast-Fourier multiplication are used then one iteration of the for loop takes

5(10g2 n-rlog, n) steps. Thus the for loop takes asymptotic time 9] (r% (log, n)3) =
O ((log, n)'?). o

As pointed out in [AKS], in practice the algorithm should actually work much
faster. This is due to the relationship to an older conjecture involving what are called
Sophie Germain primes. If both » and % are primes then % is a Sophie Germain
prime and 7 is a co-Sophie Germain prime. In this case P(r — 1) = % It
has been conjectured that the number of co-Sophie Germain primes is asymptotic to

(log—xx)z, where D is the twin prime constant (see Section 5.2.1). It has been verified
2

for r < 10'°. If the conjecture is true then the while loop exits with an r of size
O ((log, n)?), taking the overall complexity to O (log, n)6).

EXERCISES

5.1. Use trial division to determine which if any of the following integers are prime:
(a) 10387,
(b) 269,
(c) 46411.

5.2. Use the sieve of Eratosthenes to develop a list of primes less than 300. (Note
that this list could be used for Exercise 5.1.)

5.3. Use the modified sieve of Eratosthenes to find the integers less than 100 and
relatively prime to 891.

5.4. Apply Legendre’s formula to evaluate
(a) Ness(200),



5.5.

5.6.

5.7.

5.8.
5.9.

5.10.

5.11.

5.12.

5.13.

5.14.

5.15.
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(b) Ngo1(100).

Let P(x) denote the number of primes p < x for which p + 2 is prime. Then
by Lemma 5.2.1.4 for x > 3 we have

X 2
P(x) < C(lnx)2 (Inlnx)~,

where c is a constant. Show that this implies that for x > 3,

X
P(x) <k

3

(Inx)2
where k is a constant.
Use the integral test for infinite series to show that

o]

1
~ r(n(r + 1))?

converges.
Prove that

_1ym+l1 n _mn_1 _ (_1yn+l n—1
() e () = e (350

Use the Fermat probable prime test to determine whether 42671 is prime or not.
Use the Lucas test to establish that 271 is prime.

Show that if n is prime and &k # 0, 1 then the binomial coefficient (Z) is
congruent to 0 mod 7.

Use problem 5.10 to show that if p is prime, then
(x —a) =xP —ainZ,.

Determine the bases b (if any), 0 < b < 14, for which 14 is a pseudoprime to
the base b.

Prove Lemma 5.3.1.1: If n is a pseudoprime to the base b; and also a
pseudoprime to the base b, then it is a pseudoprime to the base b1b,.

Show that 561 = 3-11-17 is the smallest Carmichael number. (Use the Korselt
criterion together with Corollary 5.3.1.)

Define the sequence (S,) inductively by
Si=4 and S,=52,-2.
Letu =2 —+/3,v =2+ +/3. Show that u + v = 4 = Sy and uv = 1. Then

use induction to show that

on—1

2n71
S, =u +v .
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5.16.

5.17.

5.18.

5.19.

5.20.

5.21.

5.22.

5.23.
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Let F,, = 22" 4+ 1 be the nth Fermat number. Show that (Fi,,) = —1, where
(7) is the Jacobi symbol.

Show that if p, g are primes and e, d are positive integers with (e, (p — 1)
(g—1) =1anded = 1 mod (p — 1)(g — 1) then a®® = a mod pgq for
any integer a. (This is the basis of the decryption function used in the RSA
algorithm.)

The following table gives the approximate statistical frequency of occurrence
of letters in the English language. The passage below is encrypted with a
simple permutation cipher without punctuation. Use a frequency analysis to
try to decode it.

letter frequency letter frequency letter frequency

A .082 B .015 C 028
D .043 E 127 F 022
G .020 H .061 I 070
J .002 K .008 L .040
M .024 N .067 o 075
P .019 0 .001 R .060
S .063 T .091 U 028
Vv .010 w .023 X .001
Y .020 z .001

ZKIRNVMFENY VIRHZKLHRGREVRMGVTVIDSR
XSSZHZHGHLMOBKLHRGREVWRERHLIHLMVZ
MWRGHVOUKIRNVMFENY VIHKOZBZXIFXRZOI
LOVRMMENY VIGSVLIBZMWZIVGSVYZHRHUL
IGHSHVMLGVHGSVIVZIVRMURMRGVOBNZMB
KIRNVHZMWGSVBHVIEVZHYFROWRMTYOLXP
HULIZOOGSVKLHRGREVRMGVTVIH

Encrypt the message NO MORE WAR using an affine cipher with single-letter
keysa =7,b =5.

Encrypt the message NO MORE WAR using an affine cipher on two vectors
of letters and encrypting keys

A—52 B=@3,7
() v-oo

What is the decryption algorithm for the affine cipher given in the previous
problem.

How many different affine enciphering transformations are there on single
letters with an N-letter alphabet.

If we use an affine cipher on single letters with n — an + b show that there is
always a unique fixed letter. (This can be used in cryptanalysis.)
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5.24. Let N € Nwith N > 2 andletn — an+b with (a, N) = 1 be an affine cipher
on an N-letter alphabet. Show that if any two letters ny — my, n, — my with
(n1 —na, N) = 1 are guessed, then the code can be broken.
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Primes and Algebraic Number Theory

6.1 Algebraic Number Theory

The final major area within the theory of numbers is algebraic number theory. In this
last chapter we present an overview of the major ideas in this discipline. In line with
the theme of these notes we will concentrate on primes and prime decompositions.

Algebraic number theory is roughly the study of algebraic number fields, which
are finite extensions of the rationals, and their rings of algebraic integers. We will
define each of these concepts formally in Section 6.3. Algebraic number theory
lies between pure abstract algebra and (elementary) number theory. It originated in
methods to solve classical problems in number theory, such as proving Fermat’s big
theorem, but evolved into an independent discipline. It is a true melding of algebra
and number theory. Whereas in many places in these notes we used abstract algebra to
simplify a proof or clarify an idea in elementary number theory, in algebraic number
theory the algebraic concepts are crucial to what is being studied. In fact, the basic
terminology and format of modern abstract algebra comes from algebraic number
theory. While the concepts of rings and fields were implicit in the work of Galois
and Abel, it was Kronecker and Dedekind, working in number theory, who formally
defined them in the modern manner.

The starting point for algebraic number theory was the observation, first made
by Gauss, that unique factorization into primes is not unique to the integers. That is,
there are other algebraic systems that also permit such unique factorizations. Gauss, in
attempting to extend the quadratic reciprocity law, investigated the complex integers
Z[i]l = {a + bi; a, b € Z}. They are now called the Gaussian integers in his honor.
He discovered that he could define divisibility and primes in Z[i] and that there is
a division algorithm analogous to the division algorithm in the ordinary integers Z.
From this he derived that in Z[i] there is unique factorization into primes, of course,
primes in Z[i]. We will discuss the Gaussian integers in detail in Sections 6.2 and 6.3.

Kummer, who studied with Gauss, extended these investigations to complex
integers, which was Kummer’s terminology, of the form
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ag+aw+---+ ap_1a)p_1,

where a; € Z and w is a primitive pth root of unity where p is a prime. That is, w is
a root of the polynomial equation x” — 1 = 0 with x # 1. His original motivation
was an attempt to prove Fermat’s big theorem for prime exponents. Kummer’s idea
was to take x” + y? and factor it into

Py =@+ ) +oy) - (x+ ol y).

Kummer defined divisibility and primes for the sets of complex integers. However,
it became clear that for some primes p, the corresponding sets of complex integers
Z[w] did not satisfy unique factorization. We will give an example to show this in
the next section. To alleviate this problem, the lack of unique factorization, Kummer
adjoined to his sets of complex integers certain other complex numbers, which he
called ideal numbers. By allowing these ideal numbers, there was unique factor-
ization. This allowed him to actually settle many cases of Fermat’s big theorem for
prime exponents.

Dedekind, another student of Gauss, extended both Gauss’s work on the Gaussian
integers and Kummer’s ideal numbers. Dedekind introduced the idea of an algebraic
integer, which is defined as a complex number that is a root of a monic polynomial
with integral coefficients. That is, 8 € C is an algebraic integer if p(6) = 0, where

p)=x"4a, 1 x" '+ Fay, a €l

Each integer m is, of course, an algebraic integer satisfying the polynomial p(x) =
x —m. In this context the ordinary integers are called the rational integers. Dedekind
introduced the definition of a ring and showed that the set of algebraic integers forms
aring. Further, he showed that the algebraic integers within each algebraic number
field form a ring within that number field. We will discuss algebraic integers in
Section 6.4.

To handle unique factorization, Dedekind worked not with the algebraic integers
themselves, but with special subrings of algebraic integers that he called ideals in
honor of Kummer’s ideal numbers. He then showed that he could define divisibility
and primes for ideals and then that there was unique factorization of ideals. The
concept of an ideal in a ring is now fundamental in abstract algebra. We will dis-
cuss general ideals in the next section and then ideals in algebraic number rings in
Section 6.5.

Finally, Kronecker, a student of Kummer, developed a general theory of fields and
algebraic numbers over a field. By considering polynomial rings over a general field
he showed, given an irreducible polynomial, that it was always possible to construct
a field in which this polynomial has a root. This is done by adjoining the root to the
original field. This is now known as Kronecker’s theorem. It was implied in the
work of Abel and Galois done earlier, but Kronecker’s theorem is now the cornerstone
of Galois theory.

We begin our overview of algebraic number theory by looking at unique
factorization.
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6.2 Unique Factorization Domains

The true beginning point for the theory of numbers was the fundamental theorem of
arithmetic, which states that any rational integer can be factored into primes and that
this factorization is unique up to ordering and unit factors. Algebraic number theory
begins with the observation that this property is not unique to Z but actually holds
in many other integral domains. We start by reviewing some basic concepts from
abstract algebra that were introduced in Chapter 2.

Recall that an integral domain R is a commutative ring R with identity and with
no zero divisors. That is, R has the property that if ab = 0 with a, b € R then either
a = 0or b = 0. It is clear that the integers Z form an integral domain. A unit in
an integral domain is an element u with a multiplicative inverse, that is, there exists
an element u, which we denote by ™!, such that u - u~! = 1. It is easy to show
that the product of two units is again a unit and hence the set of units in an integral
domain forms a group under multiplication (see Chapter 2 and the exercises). A field
F is an integral domain in which every nonzero element is a unit. The rationals Q,
the reals R, and the complex numbers C all form fields.

Two elements rq, r, in an integral domain R are associates if there exists a unit
u such that ri = ur,. We now extend to any integral domain the ideas of divisibility
and primes.

Definition 6.2.1. Let R be an integral domain. If r1,r2 € R then ry divides r,
denoted by r1|ra, if there exists an r3 € R such that rp = rir3. In analogy with the
integers, the elements ry, r3 are factors of ry and rir3 is a factorization of r;. An
element r € R is a prime if r is not a unit and whenever r = riry one factor must be
a unit.

We now use the statement of the fundamental theorem of arithmetic to define a
unique factorization domain.

Definition 6.2.2. An integral domain R is a unique factorization domain or UFD
if for each r € R, either r = 0, r is a unit, or r has a factorization into primes that
is unique up to ordering and unit factors. This means that if

r=pi-Pm=4q1- 4k,

where the p; and q; are primes, then m = k and each p; is an associate of some q
and, conversely, each g; is an associate of some p;.

Hence in this more general algebraic language the fundamental theorem of arith-
metic states that the integers Z are a unique factorization domain. However, they
are far from being the only one. Gauss’s original observation was that the complex
integers are also a UFD. We will look at these in the next section. As a first example
we show that the ring of polynomials over any field ' (which we define below) forms
a UFD.
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If F is afield and #n is a nonnegative integer, then a polynomial of degree n over
F is a formal sum of the form

P(x)=ap+ajx + -+ ax" (6.2.1)

witha; € F fori =0,...,n,a, # 0, and x an indeterminate. A polynomial P (x)
over F is either a polynomial of some degree or the expression P(x) = 0, which
is called the zero polynomial and has no degree. We denote the degree of P(x)
by deg P(x). A polynomial of zero degree has the form P(x) = ag and is called a
constant polynomial and can be identified with the corresponding element of F'. The
elements a@; € F are called the coefficients of P(x); a, is the leading coefficient.
Ifa, = 1, P(x) is called a monic polynomial. Two nonzero polynomials are equal
if and only if they have the same degree and the same coefficients. A polynomial
of degree 1 is called a linear polynomial, while one of degree two is a quadratic
polynomial.

We denote by F[x] the set of all polynomials over F and we will show that
F[x] becomes a unique factorization domain. We first define addition, subtraction,
and multiplication on F[x] by algebraic manipulation. That is, suppose P(x) =
ap+aix+---+ax", Q(x) =bg+bix+---+ byx™. Then

P(x) £ Q(x) = (ao £ bo) + (a1 £ b)x + -,

that is, the coefficient of x’ in P(x) + Q(x) is a; £ b;, where a; = 0 fori > n and
bj = 0for j > m. Multiplication is given by

P(x)Q(x) = (aobo) + (a1bo+aoh1)x + (aoba +a1by +azbo)x* + - - -+ (anby)x" ",

that is, the coefficient of x? in P (x)Q(x) is (agh; + a1bi—1 + - - - + aibg).

Example 6.2.1. Let P(x) = 3x% 4+ 4x — 6 and Q(x) = 2x + 7 be in Q[x]. Then
P(x)+ Q(x) =3x>+6x +1

and
P(x)0(x) = Bx>+4x — 6)(2x +7) = 6x> +29x> + 16x — 42.

From the definitions the following degree relationships are clear. The proofs are
in the exercises.

Lemma 6.2.1. Let P(x) # 0, Q(x) # 0 € F[x]. Then

(1) deg P(x)Q(x) = deg P(x) + deg Q(x).
(2) deg(P(x) = Q(x)) < max(deg P(x), deg Q(x)) if P(x) = Q(x) # 0.

We next obtain the following.

Theorem 6.2.1. If F is afield, then F[x] forms anintegral domain. F canbe naturally
embedded into F[x] by identifying each element of F with the corresponding constant
polynomial. The only units in F[x] are the nonzero elements of F.
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Proof. Verification of the basic ring properties is solely computational and is left to
the exercises. Since deg P(x)Q(x) = deg P(x) +deg Q(x), it follows that if neither
P(x) # Onor Q(x) # 0, then P(x)Q(x) # 0 and therefore F[x] is an integral
domain.

If G(x) is a unit in F[x], then there exists an H(x) € F[x] with G(x)H (x) = 1.
From the degrees we have deg G(x) + deg H(x) = 0 and since deg G(x) > 0,
deg H(x) > 0. This is possible only if deg G(x) = deg H(x) = 0. Therefore
G(x) e F. O

Now that we have F[x] as an integral domain we proceed to show that there is
unique factorization into primes. We first repeat the definition of a prime in F[x].
If0 # f(x) hasno nontrivial, nonunit factors (it cannot be factorized into polynomials
of lower degree) then f(x) is a prime in F[x] or a prime polynomial. A prime
polynomial is also called an irreducible polynomial. Clearly, if deg g(x) = 1 then
g(x) is irreducible.

The fact that F[x] is a UFD follows from the division algorithm for polynomials,
which is entirely analogous to the division algorithm for integers.

Lemma 6.2.2 (division algorithm in F[x]). If0 # f(x),0 # g(x) € F[x], then
there exist unique polynomials q(x), r(x) € F[x]suchthat f(x) = q(x)g(x)+r(x),
wherer(x) = 0ordegr(x) < deg g(x). (The polynomials q(x) and r(x) are called,
respectively, the quotient and remainder.)

This theorem is essentially long division of polynomials. A formal proof is based
on induction on the degree of g(x). We omit this but give some examples from Q[x].

Example 6.2.2.
(a) Let f(x) = 3x* — 6x2 4+ 8x — 6, g(x) = 2x? + 4. Then

3t —6x2+8x -6 3
- 2x2 :—4x =Exz—éwithremainder8x+18,
X

Thus here g(x) = %xz —6,r(x) =8x + 18.
(b) Let f(x) = 2x° 4+ 2x* + 6x3 + 10x2 + 4x, g(x) = x2 + x. Then

20 + 2x* 4 6x3 + 10x2 + 4x

> =2x" +6x + 4.
X<+ x

Thus here g(x) = 2x3 + 6x 4+ 4 and r(x) = 0.

Using the division algorithm, the development of unique factorization follows in
exactly the same manner as in Z. We need the idea of a greatest common divisor,
or ged, and the lemmas following the definition.

Definition 6.2.3.
) If f(x), g(x) € Flx] with g(x) # 0O then a polynomial d(x) € F[x] is a
greatest common divisor, or ged, of f(x), g(x) if d(x) is monic, d(x) divides both
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g(x) and f(x), and if d\(x) divides both g(x) and f(x), then d(x) divides d(x). We
write d(x) = (g(x), f(x)). If (f(x), g(x)) = 1, then we say that f(x) and g(x) are
relatively prime. If f(x) = g(x) = 0 then d(x) = 0 is the gcd of f(x) and g(x).

(2) An expression of the form f (x)h(x)+g(x)k(x) is called alinear combination
of f(x), g(x).

Lemma 6.2.2. Given f(x), g(x) € F[x] with g(x) # O then a gcd exists, is unique,
and equals the monic polynomial of least degree that is expressible as a linear
combination of f(x), g(x).

Finding the gcd of two polynomials can be done in the same manner as finding the
gcd of two integers. That is, we use the Euclidean algorithm. Recall from Chapter 2
that this is done in the following manner. Suppose 0 # f(x), 0 # g(x) € F[x] with
deg f(x) > deg g(x). Use repeated applications of the division algorithm to obtain
the sequence:

f(x) =qx)gx) +rx),
g(x) = q1()r(x) +ri(x),
r(x) = q2(0)r1(x) +r2(x),

Te—1(x) = qr41 (0% (X).

Since each division reduces the degree, and the degree is finite, this process will
ultimately end. Let r¢(x) be the last nonzero remainder polynomial and suppose ¢
is the leading coefficient of r;(x). Then ¢~ !ri(x) is the gcd. If there does not exist
a last nonzero remainder polynomial then r(x) = 0 and g(x) is a divisor of f(x).
In this case (f(x), g(x)) = ¢~ ' g(x), where c is the leading coefficient of g(x). We
give an example.

Example 6.2.3. In Q[x] find the gcd of the polynomials
f(x)=x3—1 and g(x) =x2—2x+1

and express it as a linear combination of the two.
Using the Euclidean algorithm we obtain

P o1=02 =2+ Dx+2)+ Bx —3),

x2—2x+1—(3x—3) lx—l
= 3 3]

Therefore the last nonzero remainder is 3x — 3. Since the gcd must be a monic
polynomial we divide through by 3 and hence the ged is x — 1.
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Working backwards we have
3x=3="=-1) - (x> =2x+ D(x +2),

so
13 1
x—1l=-(x> =1 —=(x>=2x+ D(x +2),

expressing the gcd as a linear combination of the two given polynomials.
The next component is Euclid’s lemma applied to polynomial rings.

Lemma 6.2.3 (Euclid’s lemma). If p(x) is an irreducible polynomial and p(x)
divides f(x)g(x), then p(x) divides f(x) or p(x) divides g(x).

Proof. The proof is identical to the proof in Z. Suppose p(x) does not divide f(x).
Then since p(x) is irreducible, p(x) and f(x) must be relatively prime. Therefore,
there exist 2(x), k(x) such that

J@)h(x) + p(x)k(x) = 1.
Multiply through by g(x) to obtain
g) f(x)h(x) + g(x) p(x)k(x) = g(x).

Now, p(x) divides each term on the left-hand side since p(x)|g(x) f (x) and therefore
px)|g(x). o

Theorem 6.2.2. If 0 # f(x) € F[x] and f(x) is nonconstant, then f(x) has a
factorization into irreducible polynomials that is unique up to ordering and unit
factors. In other words, F|[x] is a UFD.

The proof is almost identical to the proof for Z, and we sketch it. We outlined this
sketch in the exercises to Chapter 2. First we use induction on the degree of f(x) to
obtain a prime factorization. If deg f(x) = 1, then f(x) is irreducible, so suppose
deg f(x) = n > 1. If f(x) is irreducible, then it has such a prime factorization. If
f(x) is not irreducible, then f(x) = h(x)g(x) with deg g(x) < n and deg h(x) < n.
By the inductive hypothesis, both g(x) and A (x) have prime factorizations, and so
f(x) does as well.

Now suppose that f(x) has two prime factorizations

f) =pr)" - )™ = g1 ()™ g ()™,

where p;(x), i = 1,...,n, gj(x), j = 1,...,t, are prime polynomials and
the P;(x) and also the g;(x) are pairwise relatively prime. Consider p;(x). Then
pi(x)q1(x)™ - - g;(x)™, and hence from Euclid’s lemma, p; (x)|g;(x) for some j.
Since both are irreducible, p;(x) = cq;(x) for some unit c. By repeated application
of this argument we get that n; = m ;. Thus we have the same primes with the same
multiplicities but perhaps unit factors, proving the theorem.
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A polynomial P(x) € F[x] can also be considered as a function

P:F—F
via the substitution process. If P(x) = ap+ajx+---+a,x" € F[x]andt € F,then
P(t)=ao+ait+---+ayt" € F

since F is closed under all the operations used in the polynomial. If r € F, P(x) €
F[x], and P(r) = 0 under the substitution process, we say that r is a root of P(x)
or a zero of P(x). Synonymously we say that r satisfies P (x).

Before closing this section we further review some properties of roots of polyno-
mials that will be essential when we deal with algebraic number fields. First we have

an important divisibility property.

Lemma 6.2.4. If P(x) # 0 and c is a root of P(x), then (x — c) divides P(x), that
is, P(x) = (x —¢)Q(x) with deg Q(x) = deg P(x) — 1.

Proof. Suppose P(c) = 0. Then from the division algorithm P(x) = (x —c)Q(x) +
r(x), wherer(x) =0Qorr(x) = f € F,sincedegr(x) < deg(x —c¢) = 1. Therefore

PXx)=x—-0)Q) + f.

Substituting, we have P(c) = 0+ f = 0, and so f = 0. Hence P(x) =
(x — )0 (x). O

Corollary 6.2.1. An irreducible polynomial of degree greater than one over a field
F has no roots in F.

From this we obtain the following result, which bounds the number of roots of a
polynomial over a field.

Lemma 6.2.5. A polynomial of degree n in F[x] can have at most n distinct roots.

Proof. Suppose P (x) has degree n and suppose ci, . . ., ¢, are n distinct roots. From
repeated application of Lemma 6.2.4,

P(x)=k(x—cp)--(x —cp),
where k € F. Let ¢ be aroot of P(x). Then
P(c)=0=k(c—c1)---(c—cn).

Since a field F has no zero divisors, one of these terms must be zero: ¢ — ¢; = 0 for
some i, and hence ¢ = ¢;. O
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Besides having a maximum of # roots (with n the degree), the roots of a polynomial
are uniquely determined by the polynomial. Suppose P (x) has degree n and distinct
roots cy, ..., cx with k < n. Then from the unique factorization in F[x], we have

PX)=@x—c)™ - (x —c)"™Q1(x) - Q1 (x),

where Q;(x),i = 1, ..., t,areirreducible and of degree greater than 1. The exponents
m; are called the multiplicities of the roots c;. Let ¢ be a root. Then as above,

(c—c)™ - (c—cp)"™Q1(c)--- Qs(c) =0.

Now Qi(c) # Ofori =1, ..., tsince Q; (x) areirreducible of degree > 1. Therefore,
(¢ — ¢;j) = 0 for some i, and hence ¢ = ¢;.

Finally, the famous fundamental theorem of algebra (see [FR 2]) says that any
nonconstant complex polynomial must have a root. As a consequence of this and the
divisibility property it follows that a complex polynomial of degree n must have n
roots, counting multiplicities.

Theorem 6.2.3 (fundamental theorem of algebra). If p (x) is a nonconstant complex
polynomial, p(x) € C[x], the p(x) has a complex root.

6.2.1 Euclidean Domains and the Gaussian Integers

In analyzing the proof of unique factorization in both Z and F[x] it is clear that it
depends primarily on the division algorithm. In Z the division algorithm depends on
the fact that the positive integers can be ordered, and in F[x] on the fact the degrees of
nonzero polynomials are nonnegative integers and hence can be ordered. This basic
idea can be generalized in the following way.

Definition 6.2.1.1. Let R be an integral domain. Then R is a Euclidean domain if
there exists a function N from R* = R\{0} to the nonnegative integers such that
(1) N(r1) < N(rirp) foranyri,rp € R%;
(2) forallri,ra € R withry # 0, there exists g, r € R such that
ry=gqri+r,
where eitherr = 0or N(r) < N(r1).
The function N is called a Euclidean norm on R.

Therefore Euclidean domains are precisely those integral domains that allow
division algorithms. In the integers Z define N (z) = |z|. Then N is a Euclidean norm
on Z and hence Z is a Euclidean domain. On F[x] define N(p(x)) = deg(p(x)) if
p(x) # 0. Then N is also a Euclidean norm on F[x], so that F[x]is also a Euclidean

domain. In any Euclidean domain we can mimic the proofs of unique factorization
in both Z and F[x] to obtain the following.

Theorem 6.2.1.1. Every Euclidean domain is a unique factorization domain.
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Before proving this theorem we must develop some results on the number theory
of general Euclidean domains. First some properties of the norm.

Lemma 6.2.1.1. If R is a Euclidean domain, then

(a) N(1) is minimal among {N(r); r € R*};

() N(u) = N(1) if and only if u is a unit;

(¢) N(a) = N(b) fora,b € R* if a, b are associates;
(d) N(a) < N(ab) unless b is a unit.

Proof.
(a) From property (1) of Euclidean norms we have

N1) < N(l-r)=N(r) foranyr € R*.
(b) Suppose u is a unit. Then there exists u~! with u - u~! = 1. Then
N@w < N@u-u™"y=N(Q).

From the minimality of N (1) it follows that N () = N(1).
Conversely, suppose N (u) = N(1). Apply the division algorithm to get

l=qu+r.

Ifr £ 0then N(r) < N(u) = N (1), contradicting the minimality of N (1). Therefore
r = 0and 1 = qu. Then u has a multiplicative inverse and hence is a unit.
(c) Suppose a, b € R* are associates. Then a = ub with u a unit. Then

N(b) < N(ub) = N(a).
On the other hand, b = 1~ 'a so
N(a) < N(u'a) = N(b).

Since N(a) < N(b) and N (b) < N(a) it follows that N(a) = N (b).
(d) Suppose N(a) = N(ab). Apply the division algorithm,

a=q(ab) +r,
where r = 0 or N(r) < N(ab). If r £ 0 then
r=a—qgab=a(l —gb) = N(ab) = N(a) < N(a(l —gb)) = N(r),
contradicting that N(r) < N(ab). Hence r = 0 and a = q(ab) = (gb)a. Then
a=(@bja=1-a = gb=1

since there are no zero divisors in an integral domain. Hence b is a unit. Since
N(a) < N(ab) it follows that if b is not a unit we must have N (a) < N (ab). |
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We next need the concept of a greatest common divisor. We use GCD for the
term and write that the GCD of « and f is ged(a, B).

Definition 6.2.1.2. Let R be a Euclidean domain and let r1,ry € R. If ro # 0 then
d € Risagedforry,ryifd|ry and d|ry, and if di|r1 and dy|ra, then d|dy. If ri =
rp =0, thend = 0 is the gcd of r1, 3.

In Z GCDs are unique if we choose d to be positive. In general they are unique
only up to associates.

Lemma 6.2.1.2. Any two GCDs of r1, 2 € R are associates. Further, an associate
of a GCD of r, r2 is also a GCD.

The proof is straightforward and we leave it to the exercises.

Lemma 6.2.1.3. Suppose R is a Euclidean domain and ri,ry € R withry # 0. Then
a ged d for ry, ry exists and is expressible as a linear combination with minimal norm.
That is, there exist x, y € R with

d=rix+nry

and N(d) < N(dy) for any other linear combination dy = riu + rpv of r1, 2.
Further, if ri # 0,ry # 0 then a ged can be found by the Euclidean algorithm
exactly as in Z and F[x].

The proof of this lemma, except for uniqueness, which from Lemma 6.2.1.2 is
true only up to associates, is identical to the proof in Z and we leave it to the exercises
(see Chapter 2 also).

Unique factorization will follow from the analogue of Euclid’s lemma.

Lemma 6.2.1.4 (Euclid’s lemma). Suppose R is a Euclidean domain and r € R is
a prime. If r|riry then r|ry or r|ra.

Proof. Suppose r|riry. If r does not divide rq then the gcd of r and r; must be a unit
u since the only factors of r are units and associates of . Then from Lemma 6.2.1.2,
1 is also a gecd since 1 is an associate of any unit. Therefore there exist x, y € R with

l=rix+ry.
Multiplying through by r, we obtain
ro = (r1r)x + rary.
Since r|rirp and r|r it follows that r|r,. m]

We can now prove Theorem 6.2.1.1. Suppose that R is a Euclidean domain. We
must show that R is a UFD. First let r € R with » # 0. To show that r either is a
unit or has a prime factorization we use induction on the norm. If N(r) is minimal
then N(r) = N(1) and r is a unit. Suppose that N (r) is the minimal norm greater
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than N (1). We claim that r must be a prime. If » = r;r, and neither r| nor r, were
units from Lemma 6.2.1.1 then both N(r;) < N(r), N(r;) < N(r), contradicting
the minimality of N (r) among nonunits. Therefore r is a prime and the beginning of
the induction is correct. Assume that if N () < k then » has a prime factorization and
suppose then that N (r) = k. If r is prime then it certainly has a prime factorization.
If r is not prime then r = ryrp with both r1, rp nonunits. Then N(r;) < N(r)
and N(r;) < N(r) and from the inductive hypothesis both r; and r, have prime
factorizations and hence so does r.

The uniqueness of the factorization, at least up to units and ordering, follows
almost identically to what was done in Z. Notice that if r, s are both primes in R and
r|s then r, s are associates. Then, as in Z, assume that r has two prime factorizations

F=7T1: Tk =818

withry, ..., 7k, 81..., s all primes in R. We now apply Euclid’s lemma repeatedly
to get that each r; pairs off with an s; as associates and that k = r. We leave the
details to the exercises.

We now apply these ideas to the Gaussian integers

Zlil={a+bi;a,beZ}.

It was first observed by Gauss that this set permits unique factorization. To show this
we need a Euclidean norm on Z[i].

Definition 6.2.1.3. If z = a + bi € Z[i] then its norm N (z) is defined by
N(a + bi) = a® + b2

The basic properties of this norm follow directly from the definition (see
exercises).

Lemma 6.2.1.5. If o, B € Z[i], then

(1) N(w) is an integer for all o« € Z[i],

(2) N(x) = 0 forall « € ZJi],

(3) N(x) =0ifandonly if ¢« = 0,

4) N(@) > 1 forall o # 0,

(5) N(aB) = N(x)N(B), that is, the norm is multiplicative.

From the multiplicativity of the norm we have the following concerning primes
and units in Z[i].

Lemma 6.2.1.6.

(1) u € Z[i] is a unit if and only if N(u) = 1.

) If r € Z[i] and N(zw) = p, where p is an ordinary prime in 7 then 7 is a
prime in Z[i].
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Proof. Certainly u is a unit if and only if N(u) = N(1). But in Z[i] we have
N(1) = 1, so the first part follows.

Suppose next that 7 € Z[i] with N(w) = p for some p € Z. Suppose that
7w = mmp. From the multiplicativity of the norm, we have

N(m) = p = N(@m)N (12).

Since each norm is a positive ordinary integer and p is a prime it follows that either
N(my) = 1 or N(m) = 1. Hence either w1 or m is a unit. Therefore  is a prime
in Z[i]. O

Armed with this norm we can show that Z[i] is a Euclidean domain.
Theorem 6.2.1.3. The Gaussian integers Z\[i] form a Euclidean domain.

Proof. That Z[i] forms a commutative ring with identity can be verified directly and
easily. If 8 = 0 then N(«¢)N(B8) = 0 and since there are no zero divisors in Z we
must have N(a) = 0 or N(8) = 0. But then either « = 0 or 8 = 0 and hence Z[i] is
an integral domain. To complete the proof we show that the norm N is a Euclidean
norm.

From the multiplicativity of the norm, we have that if «, 8 # 0,

N(ap) = N(@)N(B) = N(a) since N(B) = 1.

Therefore property (1) of Euclidean norms is satisfied. We must now show that the
division algorithm holds.

Let o = a + bi and 8 = ¢ + di be Gaussian integers. Recall that for a nonzero
complex number z = x 4+ iy its inverse is

F4 X —1iy

|Z|2 - x2+y2'

1
Z
Therefore as a complex number,

o E ( _’_b,)c—di ac—i—bd_}_ac—bd, Li
—=ua—— = (a 1 = I =U L.
B 1B 2+d* A+d* 2+d?

Now since a, b, ¢, d are integers, u, v must be rationals. The set
{u+iv;u,veQ}

is called the Gaussian rationals.

Ifu,v € Zthen u + iv € Z[i], « = gB with ¢ = u + iv and we are done.
Otherwise choose ordinary integers m, n satisfying |u —m| < % and v —n| < % and
letq = m +in. Then g € Z[i]. Letr = o — gB. We must show that N(r) < N(8).
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Working with complex absolute value we get

o
Irl—la—qﬁl—lﬂl‘E—Q'-

Now
o 1V /1)
‘E —q‘ = w—m)+iv—n) =V @u—m?2+@w—n)?< <§> + <§> <1
Therefore
Irl < 1Bl = Ir|* <|BI* = N(r) < N(B).
completing the proof. O

Since Z[i] forms a Euclidean domain it follows from our previous results that
Z[i] must be a UFD.

Corollary 6.2.1.1. The Gaussian integers are a UFD.

Since we will now be dealing with many kinds of integers we will refer to the
ordinary integers Z as the rational integers and the ordinary primes p as the rational
primes. It is clear that Z can be embedded into Z[i]. However, not every rational
prime is also prime in Z[i]. The primes in Z[i] are called the Gaussian primes. For
example, we can show that both 1 + i and 1 — i are Gaussian primes, that is, primes
in Z[i]. However, (1 +i)(1 — i) = 2 so that the rational prime 2 is not a prime in
Z[i]. Using the multiplicativity of the Euclidean norm in Z[i] we can describe all the
units and primes in Z[i].

Theorem 6.2.1.4.

(1) The only units in Z[i] are 1, +£i.
(2) Suppose m is a Gaussian prime. Then 1 is either
(a) a positive rational prime p = 3 mod 4 or an associate of such a rational
prime,
(b) 1 +1i or an associate of 1 + i,
(¢c) a + bi ora — bi, wherea > 0, b > 0, a is even, and N (i) =a’+0b?= p
with p a rational prime congruent to 1 mod 4 or an associate of a + bi or
a— bi.

Proof.

(1) Suppose u = x + iy € Z[i] is a unit. Then from Lemma 6.2.1.6 we have
N@u) = x> + y?> = 1, implying that (x, y) = (0, £1) or (x, y) = (%1, 0). Hence
u==loru==i.

(2) Now suppose that r is a Gaussian prime. Since N(w) = n7 and 7 € Z[i] it
follows that 7w |N (r). Since N (i) is a rational integer, N() = p;1 - - - pr, where the
pis are rational primes. By Euclid’s lemma 7| p; for some p; and hence a Gaussian
prime must divide at least one rational prime. On the other hand, suppose 7 |p and
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7|q, where p, g are different primes. Then (p, ¢) = 1 and hence there exist x, y € Z
such that 1 = px + ¢gy. It follows that |1, a contradiction. Therefore a Gaussian
prime divides one and only one rational prime.

Let p be the rational prime that 7 divides. Then N (7)|N(p) = pz. Since N ()
is a rational integer it follows that N() = p or N(w) = p®. If = = a + bi then
a’>+b*> = pora®+b>=p’

If p = 2 then a® + b* = 2 or a® + b> = 4. It follows that 7 = +2, +2i or
m = 141 or an associate of 1 4+ i. Since (1 +i)(1 — i) = 2 and neither 1 4 i nor
1 — i is a unit it follows that neither 2 nor any of its associates are primes. Then
m = 14 or an associate of 1 4+ i. To see that 1 4 i is prime suppose 1 +i = «off.
Then N(1 +i) =2 = N(x)N(B). It follows that either N(a) = 1 or N(B) = 1 and
either @ or B is a unit.

If p # 2 then either p = 3 mod 4 or p = 1 mod 4. Suppose first that p = 3
mod 4. Then a® + b*> = p would imply from Fermat’s two-square theorem (see
Chapter 2) that p = 1 mod 4. Therefore from the remarks above, a*> + b> = p? and
N(r) = N(p). Since |p we have 1 = ap witha € Z[i]. From N(7) = N(p) we
get that N(o) = 1 and « is a unit. Therefore 7 and p are associates. Hence in this
case 7 is an associate of a rational prime congruent to 3 mod 4.

Finally suppose p = 1 mod 4. From the remarks above either N(w) = p or
N(m) = p?. If N(r) = p? then a® + b> = p2. Since p = 1 mod 4, from Fermat’s
two-square theorem there exist m, n € Z with m?+n? = p. Letu = m +in. Then
the norm N(u) = p. Since p is a rational prime, it follows from Lemma 6.2.1.6
that u is a Gaussian prime. Similarly, its conjugate u is also a Gaussian prime. Now
ui = p* = N(x). Since w|N(r) it follows that 77 |ui, and from Euclid’s lemma
either m|u or m|u. If w|u they are associates since both are primes. But this is a
contradiction since N () # N (u). The same is true if 7 |u. It follows thatif p = 1
mod 4 then N () # p>. Therefore in this case N(7) = p = a? + b°. An associate
of 7 has both a, b > 0 (see the exercises). Further, since a’+b? = p one of a or
b must be even. If a is odd then b is even, and then i7 is an associate of & with a
even, completing the proof. O

In the proof above we used Fermat’s two-square theorem. Gauss’s original moti-
vation in investigating the complex integers was to prove results in elementary number
theory. As an application of unique factorization in Z[i] we give another proof of the
Fermat two-square theorem in the following form.

Theorem 6.2.1.5. Let p be an odd rational prime. Then p = a*> + b* fora, b € 7 if
and only if p = 1 mod 4.

Proof. Suppose first that p = a® + b2. Since p is odd one of a, b is even and the
other is odd. Suppose a = 2n, b = 2m + 1. Then

p=a2+b2=(2n)2+(2m+1)2=4n2+4m2+4m+1=4(n2+m2+m)+1

and therefore p = 1 mod 4.
Conversely, suppose that p = 1 mod 4. From Chapter 2 we then have that —1 is a
quadratic residue mod p, that is, there exists an integer x such that x> + 1 = 0 mod p.
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Then p|x2 + 1= (x+i)(x —i). If p were prime (we cannot use the characterization
of primes in Z[i] since we used the two-square theorem in that proof), then p|(x + i)
or p|(x —i). If p|(x +i) then x +i = p(a + bi) for some integers a, b. This would
imply that pb = 1, which is impossible. Hence p cannot divide x + i. An identical
argument shows that p cannot divide x —i. Therefore p cannot be a Gaussian prime.

Since p is not a Guassian prime we have a factorization p = (a + bi)(c + di),
where neither factor is a unit. Then

N(p) = p> = (@®> + b*)(c* + d?).

Since p is prime this implies that a®> + b> = p or a®> + b> = p°. If a*> + b*> = p?
then ¢2 + d? = 1 and ¢ + di is a unit, contradicting that it is not a unit. Therefore
a®> + b* = p and we are done. O

Finally, we show that the methods used in Z[i] cannot be applied to all quadratic
integers. Kummer, as mentioned in Section 6.1, considered rings of the form

ZIJ=pl ={a +ib\/p;a,b € Z, p aprime}.

One can then define the norm as N(a +ib.,/p) = a? + pb?. This norm is multiplica-
tive, N(aB) = N(x)N(B). However, not all of these rings are UFDs. We show, for
example, that there is not unique factorization in Z[v/-3].

By using the multiplicativity of the norm in Z[/—5], it can be shown that
3,7,1+ 2i+/5, 1 — 2i/5 are all primes and none an associate of any of the others
(see the exercises). However,

21 =3-7=(1+42iv/5)(1 —2iV5).

Therefore factorization into primes in Z[+/—5] is not unique and hence this set is not
a UFD. We will examine these rings of quadratic integers more closely in Section 6.4
and consider the question of exactly which ones are UFDs.

6.2.2 Principal Ideal Domains

We now take a slightly different approach to UFDs which will eventually lead us to
Dedekind’s theory of ideals. Recall (see Chapter 2) that an integral domain R is a
commutative ring with identity in which there are no zero divisors.

Definition 6.2.2.1. An ideal I in an integral domain R is a subring with the property
that RI C I, thatis, ri € I forallr € Randi € I. Anideal is thus a subring closed
under multiplication by elements from the whole ring.

In the rational integers Z the set nZ consisting of all multiples of » is an ideal.
We will see shortly that every ideal in Z has this form.

Theorem 6.2.2.1. Let R be an integral domain and oy, . . ., oy fixed elements of R.
Let I = {rio1 + --- + rpon; ri € R}. Then I forms an ideal in R called the ideal
generated by {«1, ..., o, }. We will denote this by (a1, ..., o). If I is generated by
a single element, that is, I = («) for some o« € R, then I consists of all R-multiples
of a. An ideal of this form («) is called a principal ideal.
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Proof. The proof is straightforward. If I = {rjoe;1 + -+ +rpo; i € R} and i) =
rie) + - rply, i = sjaq + - - - + sy, are two elements of 7, then

ittia=(rrxsp)or+ -+ (ry £sp)ay €1,
and hence [ is closed under addition and additive inverses. If » € R then
riy = (rr))oy + -+ (rry)a, € 1,

so that 7 is closed under multiplication from R. Therefore RI C I and in particular
I -1 C I,so]lis closed under multiplication. Therefore 7 is an ideal. O

Notice that nZ = (n) is a principal ideal. In the rational integers Z we have the
following.

Theorem 6.2.2.2. Every ideal in 7 has the form nZ for some n € Z. In particular,
every ideal in 7 is a principal ideal.

Proof. Let I be anideal in Z. If I = {0} then I = 0Z. If I # {0} then there exists
z € I with z # 0. Since [ is a subring, —z is also in /. Since either z or —z is positive
it follows that I must contain positive elements. Let n be the least positive element
of 1. We show that I = nZ.

Let a be a positive element of /. Then by the division algorithm,

a=nq-+r,

wherer = 0or0 <r <n. Ifr #0then0 <r =a —ng <n. Nowa € I,
n € I and hence nq and a — nq belong to I since I is a subring. This contradicts the
minimality of n as the least positive element of /. Therefore r = 0 and a = nq. If
a is a negative element of /, then —a > 0 and —a = nq. Then a = n(—q). Hence
every element of / is a multiple of n and therefore I = nZ, since certainly every
multiple of n isin /. O

Definition 6.2.2.2. A principal ideal domain, abbreviated as PID, is an integral
domain in which every ideal is a principal ideal.

In this language, Theorem 6.2.2.2 says that the rational integers Z are a PID. The
same proof using degrees of polynomials would show that the polynomial ring F[x]
over a field F is also a PID. This is no accident since both are Euclidean domains and
the following is true.

Theorem 6.2.2.3. Any Euclidean domain R is a PID.

The proofis entirely analogous to the proof of Theorem 6.2.2.2 using the Euclidean
norm. We leave the details to the exercises. Euclidean domains are PIDs and
also UFDs. This will follow also from the next result, although we proved unique
factorization in Euclidean domains directly.

Theorem 6.2.2.4. Every PID R is a UFD.



270 6 Primes and Algebraic Number Theory

We use a series of lemmas to obtain a proof of the above result. As for Euclidean
domains, uniqueness of prime factorization depends on an analogue of Euclid’s
lemma. The existence of a prime factorization depends on a property in PIDs called
the ascending chain condition.

Lemma 6.2.2.1. Let R be an integral domain and I C I C --- an ascending chain
of ideals of R. Then I = U;I; is also an ideal.

Proof. Letry,ro € I. Then since {I;} is an ascending chain there exists an I, with
both 1, € I,. Then ri{ &= rp and rr; with r € R are all in I,, since I, is an ideal.
But I, C I soall are in I and hence [ is an ideal. O

We next show that in a PID every strictly increasing sequence of ideals must
terminate. We call this the ascending chain condition or ACC on ideals.

Definition 6.2.2.3. An integral domain R satisfies the ascending chain condition or
ACC on ideals if for every ascending chain of ideals 1) C I C --- , there exists
a positive integer n such that I; = I, for all i > n. Equivalently, every strictly
increasing ascending chain, that is all inclusions proper, must have finite length.

Lemma 6.2.2.2. Every PID satisfies the ACC.

Proof. Let I1 C I, C --- be an ascending chain of ideals in the PID R. Then
I = U;[; is an ideal in R. Since R is a PID we have I = (r) for some r € R. Now
r €l sor € I, for some [,,. Then foralli > n,

(r)ClycLi CI={r).
It follows that I; = I,, for all i > n and R satisfies the ACC. O
Finally, we need the analogue of Euclid’s lemma.

Lemma 6.2.2.3 (Euclid’s lemma for PIDs). Suppose R is a PID and p € R is a
prime. If plab then p|a or p|b.

Proof. Notice first the following relationships between divisibility and principal
ideals in a PID:

(i) a|b if and only if (b) C (a).

(1) (b) = (c) if and only if b and ¢ are associates.

(i) (@) = R if and only if a is a unit.

The proofs of these properties follow directly from the definitions (see the
exercises).

Now suppose that p is a prime in R and p|ab. Suppose p does not divide a. Then
(a) is not contained in (p). It follows that I = (a, p), the ideal generated by a and
p, is not equal to (p). Since R is a PID we have an element ¢ € R with (a, p) = (c).
Therefore (p) C (c), so p = cr. Since p is a prime either ¢ or r is a unit. If ¢
is not a unit then p and c are associates and (p) = (c) and hence (a, p) = (p), a
contradiction. Therefore c is aunitand {(c) = (a, p) = R, the whole integral domain.
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In the next subsection we will see that what we have actually proved is that if p is a
prime in a PID then (p) is a maximal ideal. Then since (a, p) = R we must have
1 € (a, p), where 1 is the multiplicative identity:

le{a,p) = ar+ps=1 forsomer,s e R.
As in the proof for rational integers, multiply through by b to obtain
abr + pbs = b.
Since plab and p|p it follows then that p|b. O
We can now prove Theorem 6.2.2.4.

Proof of Theorem 6.2.2.4. We show first that each nonunit in R can be expressed as
a product of primes. Let r € R with r # 0 and r a nonunit. We show that there is a
prime p € R that divides it. If r is a prime we are done. If not, then r = rys, with
neither 71 nor s a unit. It follows that

(ry C (r1).

If r1 is prime then r is an associate of 7| and we are done. If not, continue in this
manner to obtain an ascending chain of ideals

(r) C(ri) C(ra)---.

By the ACC this chain must terminate at some r, € r and hence r, must be a
prime. Hence r must be divisible by at least one prime p;. Therefore r = pys;.
By the same argument there is a prime p|s; so that » = pj pas>. We cannot get an
infinite factorization by the ACC, so it follows that there must be a finite factorization
r = pj--- px with p; all primes. Therefore there must be a prime factorization.
The uniqueness of this factorization up to ordering and units follows exactly as
in all the previous cases from Euclid’s lemma. If r = py---px = q1---¢q; with
Di»q; all primes in R then pi|qg; for some j. Since both are primes, p; and g; are
associates. It now goes through as before. O

Hence every PID is a UFD. Are there UFDs that are not PIDs? The answer is
yes. To give an example we state the following theorem. This is not directly relevant
to our subsequent work on algebraic numbers, so we omit the proof (and sketch an
outline of it in the exercises).

Theorem 6.2.2.5. [f R is a UFD then the polynomial ring R[x] is also a UFD.
From this result we have the following corollary.
Corollary 6.2.2.1. Z[x] is a UFD.

Corollary 6.2.2.2. If F is a field then F[xi, ..., x,], the ring of polynomials in n
variables over F, is a UFD.

From this second corollary we get the example that F[x, y]is a UFD for any field
F. Let I be the set of polynomials in F[x, y] with constant term 0. This forms an
ideal but it is not principal (see the exercises).
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6.2.3 Prime and Maximal Ideals

Certain ideas arose in the proof of Theorem 6.2.2.4, which we look at a bit more
closely.

Definition 6.2.3.1. An ideal I in an integral domain R is a prime ideal if whenever
riry € I then either ry € I orry € I. Moreover, I is a maximal ideal if whenever
I C I with I an ideal then either Iy = I or I} = R.

Hence a maximal ideal is an ideal that is contained in no larger ideal other than
the whole integral domain. This is equivalent to (/,r) = R if r ¢ I. In the proof of
Euclid’s lemma for PIDs we actually showed that if p is a prime then (p) is a maximal
ideal. The general relationship between primes and the principal ideals they generate
in PIDs is given in the next theorem.

Theorem 6.2.3.1. Let R be a PID and let r € R withr # 0. The following are
equivalent:

(1) r € R is prime.
(2) (r) is a prime ideal.
(3) (r) is a maximal ideal.

In particular, in a PID a nonzero ideal is maximal if and only if it is prime.

Proof. We show first that (1) is equivalent to (2). Suppose r is a prime and r1r; € (r).
Then r|r1ry so by Euclid’s lemma r|ry or r|rp. If r|r; then ry € (r), while if r|r, then
ro € (r). It follows that (r) is a prime ideal.

Conversely, suppose that (r) is a prime ideal and r = rjrp. Since rjrp € (r) we
have either r; € (r) orrp € (r). If r{ € (r) then r; = r3r and then

r=rirp = (nrn)r — rrn=1.

Hence r is a unit. Similarly, if 7, € (r) then ry is a unit. It follows that r is prime.
The proof about maximality is essentially the proof of Euclid’s lemma.
We now show that (1) is equivalent to (3). Suppose r is a prime and (r) C 1. If
(r) # I then there exists an ry € I with r; ¢ (r). Hence (r,r;) # (r). Since R is
a PID, (r,r1) = (r) and so r € (rp). Then ry|r and hence r; is either a unit or an
associate of r. If rp is a unit then (r,) = R and hence I = R. If (r;) is not a unit then
rp is an associate of r and hence

(ryr1) = (r2) = (r),

a contradiction since r; ¢ (r). Hence r; is a unit, I = R, and (r) is a maximal ideal.
Conversely, suppose that (r) is maximal and r1rp = r. Suppose first that r|ry.
Since rq|r, then r and r are associates. Now if r does not divide r; then r; ¢ (r),
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so that (r, r1) # (r). It follows from the maximality of (r) that (r, r;) = R. Hence
1 € (r, r1) and so there exist x, y € R with

rx +riy=1.
Multiplying through by r,, we have
rrx +rirpy =rnr.

Then r|ry. Therefore r, = r3r and we have r = (r;r3)r. Hence rir3 = 1 and ry
is a unit. Hence either r| is an associate of r or a unit. In either case r; is either an
associate of r or a unit. Therefore r is prime. O

In an integral domain R we can use ideals to build factor rings. This is a fun-
damental concept in abstract algebra and will also play a role in algebraic number
theory. We define this in general.

Definition 6.2.3.2. If R is an integral domain and I is an ideal in R then a coset of
1 is a subset of the form
r+1={r+i;iel}

The set of cosets of I in R is denoted by R/1I.

Lemma 6.2.3.1.
(1) The set of cosets R/I partitions R, andr € I ifand only ifr + 1 =04 1.

Proof. On R define ri ~ rp if r; —rp € I. This is an equivalence relation (see
exercises) and therefore the equivalence classes partition R. If r € R, its equivalence
class [r] is precisely the coset » + 1. O

Next we define operations on R/I. If [r1] = r1 + I and [r2] = > + I, then

[(rl+[rl=E1+r)+1=[r+r],
[r2]lr2] = (rir2) + 1 = [r1r2].

Lemma 6.2.3.1. The operations defined on R/I are well-defined.

Proof. Well-defined means that if [r1] = [ro] and [r3] = [r4] then [r1] + [13] =
[r2] + [r4] and [r1][r3] = [r2][r4]. We show that this is true for addition and leave
multiplication to the exercises.

Suppose [r1] = [r2]. Thenr; ~r, = ry —rp € I. Similarly, if [r3] = [r4]
thenr3 —rq € I. Then (ri —r2)+(r3—rs) € I, whichimplies (r1 +r3) —(2+r4) € 1.
Therefore [r1 + r3] = [r2 + r4] and addition is well-defined. m]

Theorem 6.2.3.2. Let R be an integral domain and I C R an ideal. Then

(1) R/I forms a commutative ring with identity under the operations defined above.
(2) R/I is an integral domain if and only if I is a prime ideal.
(3) R/I is a field if and only if I is a maximal ideal.
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The ring R/1 is called the factor ring or quotient ring of R modulo 1.

Proof. The proof that R/I is a commutative ring with identity is a routine exercise.
We show (2) and (3). We need that the elements of R/ are the cosets, which we will
now denote by [7], and that the additive identity is [0], which we will just write as
0in R/I. Further the multiplicative identity of R/I is [1] which we will write as 1
inR/I.

Suppose [ is a prime ideal and suppose [r{][r2] = [0] =0in R/I. Thenrirp € I
and then either ry € T orr, € I. If rj € I' then [r;] = 0in R/l andifr, € I
then [r2] = 0 in R/I. Therefore there are no zero divisors in R/I and hence it is an
integral domain.

Conversely suppose R/I is an integral domain and suppose rir, € I. Then
[r1][r2] = O and since R/I is an integral domain either [r1] = 0 or [r2] = 0. In the
former case r| € I and in the latter r, € I. Therefore [ is a prime ideal.

Next suppose that / is maximal. If [r] #% 0 in R/I then r ¢ I. From the
maximality of [ it follows that (I, 7) = R and then 1 € ([, r). This implies that there
exist x, y € R with

rx+iy=1 forsomei € [.

But then in R/I we have [r][x] = [1] = 1 since [iy] = [0] = 0. Hence in the factor
ring [r] is a unit. Since [r] was an arbitrary nonzero element of R/I it follows that
R/I is a field.

Conversely, suppose R/I is afield. If r ¢ I then [r] # 0in R/ and hence there
exists an inverse [x] with [r][x] = 1. Hence there existi € I, y € R with

rx +iy=1.
It follows that 1 € (I, r), which implies that (/, r) = R. Therefore I is maximal. O

Now, a field F is always an integral domain. Therefore if R/1 is a field, it follows
that R/1 is an integral domain. Translating this into statements about the ideal I, we
have the following result.

Corollary 6.2.3.1. In any integral domain a maximal ideal is a prime ideal.

Note that the converse of this corollary is not necessarily true in general but it is
true in a PID for nonzero prime ideals.

Finally, we sketch a beautiful application of these ideas called Kronecker’s the-
orem. Although it was proved by Kronecker well after the work of Galois, from a
modern perspective it is really the starting point for Galois theory. We will look more
carefully at this in the next section.

Theorem 6.2.3.3. Let F be a field and p(x) € F[x] anirreducible polynomial. Then
there exists a field F' with F C F' in which p(x) has a root.
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Proof. Since p(x) is irreducible and F[x] is a PID, the ideal {(p(x)) is a maximal
ideal. Then the factor ring

F' = F[x]/{p(x))

is a field. The elements of F’ are cosets g(x) + {p(x)). If we identify f € F with
the coset f + (p(x)) = [f] this gives an embedding of F into F’. Therefore F can
be considered as a subfield of F'.

Now consider [x] = x + (p(x)). Then by considering the operations in F’ it
is clear that p([x]) = [p(x)] (see the exercises). But [p(x)] = p(x) + (p(x)) =
(p(x)) = [0]. Therefore in F’ we have p([x]) = 0 and so [x] is a root of p(x)
in F’. O

We will give a well-known example to clarify the theorem. Let F = R and
p(x) = x2 4 1. Then p(x) is irreducible in R[x]. Let R" = R[x]/(x% + 1). Since
x2 + 1 is prime the ideal (x> + 1) is a maximal ideal and hence R’ is a field.

Each element of R’ is a polynomial in R[x] modulo (x> + 1). By the division
algorithm, if 4 (x) € R[x] with A(x) # O then

h(x) = q(x)(x> + 1) + h1(x)  with deg(h;(x)) < deg(x®> + 1) = 2.
Therefore h(x) = a + bx with a, b € R. However,
h(x) = hy(x) mod (x> + 1).
It follows that every element of R’ can be expressed as a+bx witha, b € R. Therefore
R ={a+bx;a,beR}.
Further, in R’ we have x2 + 1 = 0 and hence x2 = —1. Then
R ={a+bx;a,beR x>=—1}.

Mapping R’ onto C, the complex numbers, by 1 — 1, x — i gives an isomorphism.
Therefore R’ is precisely C, the complex numbers.

6.3 Algebraic Number Fields

An algebraic number field is a finite field extension of the rational numbers QQ within
the complex numbers C. As before, we must first look at some essential definitions
from abstract algebra.

If F and F’ are fields with F a subfield of F’, then F’ is an extension field, or
simply an extension, of F'. If we have a chain of fields and extension fields

FCECE CF/,

then F is called the ground field and E and E’ are intermediate fields.
Recall that if F is a field then a vector space V over F consists of an abelian
group V together with scalar multiplication from F satisfying
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1) freViffeF,veV;

2) fu+v)=fu+ fvfor f e F,u,veV,
B) (ft+gv= fvt+gvfor f,ge F,veV,
4) (fghv=f(gv)for f,ge F,veV;

5) lv=vforveV.

A set of elements {vg, ..., v,} in a vector space V is independent over F if
whenever fiv; + --- + f,v, = 0 then each scalar f; is equal to 0. If a set is not
independent then it is called dependent. For a subset U C V/, the set

{fivi+ -+ favisn =1, v, eU, f;eF}

of linear combinations of elements of U forms a subspace of V called the span of
U or the subspace spanned by U. This is denoted by (U). If U = {vy, ..., v,} i
finite then we write (U) = (v, ..., v,). An independent set that spans the whole
vector space V is called a basis for V. The number of elements in a basis is unique
and is called the dimension of V over F, denoted by dimp V or just dim V if F is
understood. If there is a finite basis then V is finite-dimensional over F.

If vy, ..., v, is a basis for V and wy, ..., w, is another set of vectors in V then

w1 = fmvr+ -+ fintn,
wy = forvr + -+ fouvn,

Wy = fuiV1 + -+ fantn,

for some scalars f;; € F. Thenwi, ..., w, is also a basis if and only if the transition
matrix

fii o fu

1o

fn 1 cee fnn

has nonzero determinant.

If F’ is an extension field of F then multiplication of elements of F’ by elements
of F arestillin F’. Since F' is an abelian group under addition, F’ can be considered
as a vector space over F. Thus any extension field is a vector space over any of
its subfields. The degree of the extension is the dimension of F’ as a vector space
over F. We denote the degree by | F’ : F|. If the degree is finite, that s, |F’ : F| < oo,
so that F’ is a finite-dimensional vector space over F, then F’ is called a finite
extension of F.

From vector space theory we easily obtain that the degrees are multiplicative.
Specifically, we have the following.

Lemma 6.3.1. If F C F' C F” are fields with F" a finite extension of F, then
|F': F|and |F" . F'| are also finite, and |F" : F| = |F" : F'||F' : F|.
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Proof. The fact that |F’ : F| and |F" : F’'| are also finite follows easily from linear
algebra, since the dimension of a subspace must be less than the dimension of the
whole vector space.

If |F/': F| = nwithay,...,a, abasis for F/ over F, and |F” : F'| = m with
Bi, ..., Bm abasis for F” over F’, then the mn products {«;B;} form a basis for F"”
over F (see the exercises). Then

|F": F|l=mn=|F": F'||F : F|. |

Example 6.3.1. C is a finite extension of R, but R is an infinite extension of Q.

The complex numbers 1, i form a basis for C over R. It follows that the degree
of C over Ris 2, that is, |C : R| = 2.

The existence of transcendental numbers provides an easy proof that R is infinite
dimensional over Q. An element r € R is algebraic (over Q) if it satisfies some
nonzero polynomial with coefficients from Q. That is, P(r) = 0, where

0#Pkx)=ap+aix+---+a,x" withag; € Q.

An element » € R is transcendental if it is not algebraic.

In general, it is very difficult to show that a particular element is transcendental.
However, there are uncountably many transcendental elements, as we will show in
Section 6.3.2. Specific examples are our old friends e and . We give a proof of their
transcendence later in this chapter.

Since e is transcendental, for any natural number n the set of vectors
{1,e, e ..., ¢"} must be independent over Q, for otherwise there would be a poly-
nomial that e would satisfy. Therefore, we have infinitely many independent vectors
in R over QQ, which would be impossible if R had finite degree over Q.

We are interested in special types of field extensions called algebraic extensions.
We present the definitions in general and then specialize to extensions of the rationals

Q within C.

Definition 6.3.1. Suppose F’' is an extension field of F and a € F'. Then « is
algebraic over F if there exists a nonzero polynomial p(x) in F[x] with p(a) = 0.
(« is a root of a polynomial with coefficients in F.) If every element of F’ is algebraic
over F, then F’ is an algebraic extension of F.

If « € F' is nonalgebraic over F, then « is called transcendental over F.
A nonalgebraic extension is called a transcendental extension.

Lemma 6.3.2. Every element of F is algebraic over F.
Proof. If f € Fthen p(x) =x — f € F[x]and p(f) =0. O
The tie-in to finite extensions is via the following theorem.

Theorem 6.3.1. If F' is a finite extension of F, then F’ is an algebraic extension.
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Proof. Suppose & € F’. We must show that there exists a nonzero polynomial
0 # p(x) € F[x] with p(a) = 0.

Since F' is a finite extension, |F’ : F| = n < oo. This implies that there are n
elements in a basis for F’ over F, and hence any set of (n + 1) elements in F’ must
be linearly dependent over F.

Consider then 1, &, &2, ..., o". These are (n + 1) elements in F’ and therefore
must be linearly dependent. Then there must exist elements fy, fi,..., f; € F not
all zero such that

fo+ fia+ -+ fra" = 0. (6.3.1)

Let p(x) = fo+ fix +---+ fux". Then p(x) € F[x] and from (6.3.1), p(a) = 0.
Therefore any o € F’ is algebraic over F and hence F’ is an algebraic extension
of F. O

Example 6.3.2. C is algebraic over R, but R is transcendental over Q.

Since |C : R| = 2, C being algebraic over R follows from Theorem 6.3.1. More
directly, if z € C then p(x) = (x —2)(x —7) € R[x] and p(z) = 0.

R (and thus C) being transcendental over Q follows from the existence of
transcendental numbers such as ¢ and 7.

If « is algebraic over F, it satisfies a polynomial over F. It follows that it must
then also satisfy an irreducible polynomial over F. Since F is a field, if f € F
and p(x) € Fl[x], then f_lp(x) € F[x] also. This implies that if p(e) = 0 with
ay, the leading coefficient of p(x), then p1(x) = a,; ' p(x) is a monic polynomial in
F[x] that « also satisfies. Thus if « is algebraic over F there is a monic irreducible
polynomial that « satisfies. The next result says that this polynomial is unique.

Lemma 6.3.3. If « € F’ is algebraic over F, then there exists a unique monic
irreducible polynomial p(x) € F[x] such that p(a) = 0.
This unique monic irreducible polynomial is denoted by irr(«, F).

Proof. Suppose f(x) = 0with0 # f(x) € F[x]. Then f(x) factors into irreducible
polynomials. Since there are no zero divisors in a field, one of these factors, say
p1(x) must also have « as a root. If the leading coefficient of p;(x) is a,, then
px) =a, 1 p1(x) is a monic irreducible polynomial in F[x] that also has « as a root.

Therefore, there exist monic irreducible polynomials that have « as a root. Let
p(x) be one such polynomial of minimal degree. It remains to show that p(x) is
unique.

Suppose g(x) is another monic irreducible polynomial with g(o) = 0. Since
p(x) has minimal degree, deg p(x) < deg g(x). By the division algorithm

gx) =qx)p(x) +rx), (6.3.2)
where r(x) = 0 or degr(x) < deg p(x). Substituting « into (6.1.2), we get
g(a) = g()p(a) +r(a),

which implies that r(«) = 0 since g(o) = p(e) = 0. But then if r(x) is not
identically 0, « is a root of r(x), which contradicts the minimality of the degree
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of p(x). Therefore, r(x) = 0 and g(x) = g(x)p(x). The polynomial g (x) must
be a constant (unit factor) since g(x) is irreducible, but then g(x) = 1 since both
g(x), p(x) are monic. This says that g(x) = p(x), and hence p(x) is unique. ]

We say that an algebraic element has degree n if the degree of irr(, F) is n.
Embedded in the proof of Lemma 6.3.3 is the following important corollary.

Corollary 6.3.1. If « is algebraic over F and f(a) = 0 for f(x) € Flx], then
irr(a, F)| f(x). Thatis, irr(«, F) divides any polynomial over F that has « as a root.

Suppose a € F' is algebraic over F and p(x) = irr(, F). Then there exists a
smallest intermediate field E with F C E C F’ such that « € E. By smallest we
mean that if E’ is another intermediate field with@ € E’ then E C E’. To see that this
smallest field exists, notice that there are subfields £’ in F’ in which @ € E’ (namely
F’ itself). Let E be the intersection of all subfields of F’ containing  and F. Then
E is a subfield of F’ (see the exercises) and E contains both o and F. Further, this
intersection is contained in any other subfield containing « and F'.

This smallest subfield has a very special form.

Definition 6.3.2. Suppose o € F' is algebraic over F and
px) =irr(a, F) =ag 4+ aix + -+ + ap_1x" 1 4+ x".

Let
F@)={fo+ fia 4+ fa_ie"""; f; € F}.

On F () define addition and subtraction componentwise and define multiplication
by algebraic manipulation, replacing powers of o higher than o" using

o' = —ap—aje — - — ap_1a" L.

Theorem 6.3.2. F(«) forms a finite algebraic extension of F with |F(a) : F| =
degirr(a, F). F(a) is the smallest subfield of F’ that contains the root o. A field
extension of the form F () for some « is called a simple extension of F.

Proof. Recall that F,,_1[x] is the set of all polynomials over F of degree < n — 1
together with the zero polynomial. This set forms a vector space of dimension n
over F. As defined in Definition 6.3.2, relative to addition and subtraction F(«) is
the same as F,,_1[x], and thus F(«) is a vector space of dimension deg irr (¢, F') over
F and hence an abelian group.

Multiplication is done via multiplication of polynomials, so it is straightforward
then that F'(«) forms a commutative ring with identity. We must show that it forms a
field. To do this we must show that every nonzero element of F (o) has a multiplicative
inverse.

Suppose 0 # g(x) € Flx]. If degg(x) < n = degirr(x, F), then g(ow) # 0
since irr (¢, F) is the irreducible polynomial of minimal degree that has « as a root.
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If h(x) € F[x] with degh(x) > n, then h(«) = hi(«), where h1(x) is a poly-
nomial of degree < n — 1, obtained by replacing powers of « higher than «” by
combinations of lower powers using

o = —ay—aje — - — ap_1a" L.

Now suppose g(o) € F(x), g(o) # 0. Consider the corresponding polynomial
g(x) € F[x] of degree < n — 1. Since p(x) = irr(«, F) is irreducible, it follows that
g(x) and p(x) must be relatively prime, that is, (g(x), p(x)) = 1. Therefore, there
exist h(x), k(x) € F[x] such that

gX)h(x) + p(xX)k(x) = 1.

Substituting « into the above, we obtain

g(a)h(a) + p(@)k(x) = 1.
However, p(a) = 0 and h(a) = hy (@) € F(), so that

g@)hi(a) = 1.

It follows then that in F (&), h1(«) is the multiplicative inverse of g(«). Since every
nonzero element of F («) has such an inverse, F(«) forms a field.

The field F is contained in F («) by identifying F* with the constant polynomials.
Therefore, F(«) is an extension field of F'. From the definition of F'(«), we have that
{1, «, az, ..., a"’l} is a basis, so F(«) has degree n over F. Therefore, F'(«) is a
finite extension and hence an algebraic extension.

If F C E C F’ and E contains «, then clearly E contains all powers of « since
E is a subfield. Then E contains F(«), and hence F(«) is the smallest subfield
containing both F and «. O

Example 6.3.3. Consider p(x) = x> — 2 over Q. This is irreducible over Q but has
the root @ = 2!/3 € R. The field Q(«r) = Q(2'/3) is then the smallest subfield of R
that contains Q and 2!/3.

Here

Q@) = {q0 + g1 + g20*; g; € Q and & = 2}.

We first give examples of addition and multiplication in Q(«).
Letg:3+4a+5a2,h =2 —qa + o?. Then

g+h=>5+3a+6a>
and
gh = 6—3a+3a’+8a —4a® +4a> + 100> — 50> +50* = 6+ 50+ 90 —a’ +5a*.
But o = 2, so o* = 2a, and then
gh =6+ 50 +9a® — 2 4 5Qa) = 4 + 15a 4 9a>.

We now show how to find the inverse of & in Q(«).
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Let h(x) = 2 — x + x2, p(x) = x> — 2. Use the Euclidean algorithm as in
Chapter 3 to express 1 as a linear combination of & (x), p(x):

B =2=@2—x+2)(x+ 1)+ (—x — 4),
X2 —x42=(—x —4)(—x +5)+22.

This implies that

2= —x+2)(0+ (x + D(—x +5) — (x> = 2)(—x +5)),

or
1= %[(x2 —Xx+2)(=x2+4x+6)] — [(x> = 2)(=x + 5)].
Now substituting « and using that o3 = 2, we have
1= %[(Oﬂ — o +2)(—a? + 4o + 6)],
and hence

ht= i(—a2 + 4a +6)
22 '

Now suppose «, B € F’ with both elements algebraic over F and suppose
irr(a, F) = irr(B, F). From the construction of F(«) we can see that it will be
essentially the same as F(f). We now make this idea precise.

Definition 6.3.3. Let F’', F" be extension fields of F. An F-isomorphism is an
isomorphism o : F' — F" such that o (f) = f forall f € F. That is, an F-
isomorphism is an isomorphism of the extension fields that fixes each element of the
ground field. If F', F" are F-isomorphic, we denote this relationship by F' = F".

Lemma 6.3.4. Suppose a, B € F’ are both algebraic over F and supposeirr(a, F) =
irr(B, F). Then F () is F-isomorphic to F(B).

Proof. Definethemapo: F(a) - F(B)byo(a) =Bando(f) = fforall f € F.
Allow o to be a homomorphism, that is, o preserves addition and multiplication. It
follows then that o maps fo+ fia+- - -+ fa®™' € F(a) to fo+ fif+ -+, ' €
F(B). From this it is straightforward that o is an F-isomorphism. O

Further, we note that if &, 8 € F’ with both algebraic over F and F(«) is F-
isomorphic to F(B8), tenthereisa y € F(B) withirr(«, F) = irr(y, F). We can take
for y the image of « under the F-isomorphism.

If @, B € F’ are two algebraic elements over F, we use F(a, 8) to denote
(F(a))(B). Since F(o, B) and F(B, ) are F-isomorphic, we treat them as the
same. We now show that the set of algebraic elements over a ground field is closed
under the arithmetic operations and from this obtain that the algebraic elements form
a subfield.
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Lemma 6.3.5. Ifa, B € F', B # 0, are two algebraic elements over F, then o + 8,
off, and a/ B are also algebraic over F.

Proof. Since o, B are algebraic, the subfield F(c, 8) will be of finite degree over F
and therefore algebraic over F. Now, «, 8 € F(«, 8) and since F(«, ) is a subfield,
it follows that o £ 8, a8, and o/ are also elements of F(«, ). Since F(«, B) is
an algebraic extension of F, each of these elements is algebraic over F. O

Theorem 6.3.3. If F' is an extension field of F, then the set of elements of F' that
are algebraic over F forms a subfield. This subfield is called the algebraic closure
of Fin F’.

Proof. Let Ap(F’) be the set of algebraic elements over F in F’. Then Ap(F') # @
since it contains F. From the previous lemma it is closed under addition, subtraction,
multiplication, and division, and therefore it forms a subfield. O

We close this subsection with a final result, which says that every finite extension
is formed by taking successive simple extensions.

Theorem 6.3.4. If F' is a finite extension of F, then there exists a finite set of algebraic
elements ay, ..., a, such that F' = F(ay, ..., o).

Proof. Suppose |F’ : F| = k < oo. Then F’ is algebraic over F. Chooseana; € F’,
ay ¢ F.Then F C F(a;) C F'and |F’ : F(a;)| < k. If the degree of this extension
is 1, then F/ = F(ay), and we are done. If not, choose an ay € F',ay ¢ F(ay).
Then as above, F C F(a1) C F(ay,az) C F'with |F' : F(ap, an)| < |F': F(ay)|.
As before, if this degree is one we are done; if not, continue. Since k is finite this
process must terminate in a finite number of steps. O

6.3.1 Algebraic Extensions of Q

We now specialize to the case that the ground field is the rationals Q. An algebraic
number field is a finite and hence algebraic extension field of Q within C. Hence an
algebraic number field is a field K such that

QckccC
with |K : Q| < co. We will prove shortly that K is actually a simple extension of Q.

Definition 6.3.1.1. An algebraic number « is an element of C that is algebraic
over Q. Hence an algebraic number is an « € C such that f(x) = 0 for some
f(x) € Qlx]. Ifa € Cis not algebraic it is transcendental.

We will let A denote the totality of algebraic numbers within the complex numbers
C, and T the set of transcendentals, so that C = A U T. In the language of the last
subsection, A is the algebraic closure of QQ within C. As in the general case, if ¢ € C
is algebraic we will let irr(«r, Q) denote the unique monic irreducible polynomial of



6.3 Algebraic Number Fields 283

minimal degree that « satisfies over Q. Thenirr(«, Q) divides any rational polynomial
p(x) that satisfies p(«) = 0.

If « ¢ Q then Q(«) is the smallest subfield containing both @ and «. Since
|Q() : Q] = deg(irr(a, Q)) it follows that K = Q(w) is an algebraic number field.
It then follows trivially that an algebraic number is any element of C that falls in an
algebraic number field, and A is the union of all algebraic number fields.

We next need the following.

Lemma 6.3.1.1. If p(x) € Q[x] is irreducible of degree n then p(x) has n distinct
roots in C.

Proof. That p(x) has n roots is a consequence of the fundamental theorem of algebra.
What is important here is that if p(x) is irreducible over @ then its roots in C are
distinct.

Let ¢ be a root of p(x). Then c is an algebraic number and then irr(c, Q)| p(x).
Since p(x) is irreducible it follows that p(x) is just a constant multiple of irr(c, Q)
and hence they have the same degree, which is minimal among the degrees of all
rational polynomials that have ¢ as a root.

Suppose that c is a double root. Then p(x) = (x — c)zh(x), where h(x) € C[x].
Now the formal derivative of a rational polynomial is also a rational polynomial.
Therefore p’(x) € Q[x]. However, from above, using the product rule,

P(x) =2(x — )h(x) + (x — )*h' (x).

Therefore p’(c) = 0. This is a contradiction, since deg(p’(x)) < deg(p(x)).
Therefore a root cannot be a double root and hence all the n roots are distinct. O

It follows that if « is an algebraic number of degree n then its minimal polynomial
irr(a, Q) has n distinct roots in C.

Definition 6.3.1.2. If « is an algebraic number then its conjugates over Q is the set
{1 = «, ..., a,} of distinct roots of irr(a, Q) in C.

Since distinct monic irreducible polynomials cannot have a root in common it
follows that if ¢; is conjugate to « then irr(¢;, Q) = irr(e, Q) (see the exercises). It
follows that Q(¢;) is Q-isomorphic (see last section) to Q(«) with the Q-isomorphism
being givenby o;: 1 — 1,0 — «;.

We now get that any algebraic number field is actually a simple extension of Q.

Theorem 6.3.1.1. Any algebraic number field K is a simple extension of Q, that
is, K = Q(«a) for some algebraic number o. The number « is called a primitive
element.

Proof. Since K is afinite extension, K = Q(«1, . . ., o) for some algebraic numbers
ay, ..., o, If for any two algebraic numbers «, § adjoined to Q it follows that
Q(a, B) = Q(y) for some algebraic number y, then any easy induction would show
the same result for K. Hence to show that K is a simple extension, it is sufficient to
show that (¢, 8) = (y) for algebraic numbers «, f.
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Let, as is usually written, @ = «y, ..., o, be the conjugates of o over QQ, and let
B = Bi. ..., Bm be the conjugates of 8 over Q. If j # 1 then 8; # B, since the
conjugates are distinct. It follows that foreachi = 1,...,nandeach j # 1,j =
2,...,m, the equation
a +Bjx =a+ Bx

has exactly one complex solution and hence at most one rational solution. Since there
are only finitely many such equations there are only finitely many rational solutions
x and therefore there exists a rational number g with ¢ # 0 and ¢ differing from all
the solutions. That is,

a; + Bjg #a+ Bq

for all i and all j # 1.

Let y = o + gB. We claim that Q(«t, 8) = Q(y). Since Q(«, 8) contains all of
Q as well as o and B, it is clear that y € Q(«, 8) and hence Q(y) C Q(«, B). We
show that Q(«, 8) C Q(y). Here it suffices to show that each of o, 8 € Q(y).

Let f(x) = irr(e, Q) and g(x) = irr(B, Q). Then f(y —gp) = f(a) = 0.
Therefore B is a root of the polynomials g(x) and h(x) = f(y — gx). If h(B;) =
f(y —qpBi) = 0 for some conjugate B; # B, then y — B;g = «; for some «;,
contradicting the choice of g. Therefore g(x) and h(x) have only 8 as a common
root.

Now g(x) and h(x) = f(y — gx) are polynomials in K[x], where K = Q(y).
Since Q(«a, B) has finite degree over Q, then Q(B) has finite degree over Q(«) and
so B is algebraic over K. Let hj(x) = irr(B8, K). Since g(8) = O and () = 0 it
follows that i1(x)|g(x) and A1 (x)|h(x) in K[x]. Since then every root of A1 (x) is
then a root of both g(x) and A (x) and g is the only common root of g(x) and h(x) it
follows that /1 (x) must have degree one. Therefore

hi(x) =ax +b forsomea,b e K.

Buth(8) =0,s08 = _Tb € K. Therefore 8 € K = Q(y). An analogous argument
shows that « € K. Hence Q(«, 8) C Q(y) and so Q(«, B) = Q(y). O

Let K be an algebraic number field and « a primitive element, so that K = Q(«).
It follows that K must have at least one basis (as a vector space over QQ) of the form

where n = |K : Q. We will use this observation in Section 6.3.4 to define an
invariant of a number field called its discriminant.

6.3.2 Algebraic and Transcendental Numbers

In this section we examine the sets A and 7 more closely. Since A is precisely the
algebraic closure of Q in C we have from our general result that A actually forms a
subfield of C. Further, since the intersection of subfields is again a subfield, it follows
that A” = A N R, the real algebraic numbers, form a subfield of the reals.
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Theorem 6.3.2.1. The set A of algebraic numbers forms a subfield of C. The subset
A’ = ANR of real algebraic numbers forms a subfield of R.

Since each rational number is algebraic, it is clear that there are algebraic numbers.
Further, there are irrational algebraic numbers, 2 for example, since it satisfies
the irreducible polynomial x> — 2 = 0 over Q. On the other hand, we haven’t
examined the question of whether transcendental numbers really exist. To show
that any particular complex number is transcendental is, in general, quite difficult.
However, it is relatively easy to show that there are uncountably infinitely many
transcendentals.

Theorem 6.3.2.2. The set A of algebraic numbers is countably infinite. Therefore T,
the set of transcendental numbers, and T' = T NR, the real transcendental numbers,
are uncountably infinite.

Proof. Let
P, = {f(x) € Qlx]; deg(f (x)) < n}.

Since if f(x) € Py, f(x) = qo + q1x + - - - + gnx" with ¢; € Q, we can identify a
polynomial of degree < n with an (n + 1)-tuple (qo, ¢1, . - - , g») of rational numbers.
Therefore the set P, has the same size as the (n + 1)-fold Cartesian product of Q:

Q*l=Q0xQx---xQ.

Since a finite Cartesian product of countable sets is still countable, it follows that P,
is a countable set.
Now let

B, = U {roots of p(x)},
P(X)EP,

that is, By, is the union of all roots in C of all rational polynomials of degree < n.
Since each such p(x) has a maximum of n roots and since P, is countable, it follows
that B, is a countable union of finite sets and hence is still countable. Now

so A is a countable union of countable sets and is therefore countable.

Since both R and C are uncountably infinite the second assertions follow directly
from the countability of A. If, say, T were countable, then C = A U T would also be
countable, which is a contradiction. O

Therefore we now know that there exist infinitely many transcendental numbers.
Liouville in 1851 gave the first proof of the existence of transcendentals by exhibiting
a few. He gave as one the following example.
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Theorem 6.3.2.3. The real number
> 1
=217
j=1

is transcendental.

. . 1 1 o0 1 . . .
Proof. First of all, since o7 < o7 and ) j=1 o7 1s a convergent geometric series

it follows from the comparison test that the infinite series defining ¢ converges and
defines a real number. Further, since Z?‘;l ﬁ = %. It follows that ¢ < é < 1.

Suppose that ¢ is algebraic, so that g(c) = 0 for some rational nonzero
polynomial g(x). Multiplying through by the least common multiple of all the
denominators in g(x) we may suppose that f(c) = 0 for some integral polynomial
f(x) = Z?:o m jx/. Then c satisfies

n
ijcj =0

j+0
for some integers my, ..., m;.
If 0 < x < 1 then by the triangle inequality,

n n
1f@ = > jmpxi =t <> |jmjl = B,
j=1 j=1

where B is a real constant depending only on the coefficients of f(x).

Now let
L
%= 2 o7
j:

be the kth partial sum for ¢. Then

[e¢]

1 1
emel= 2 o <2 fgwen
j=k+1
Apply the mean value theorem to f(x) at ¢ and ¢, to obtain

|f(©) = fleol = le — ekl £/ Q)]

for some ¢ with ¢y < ¢ < ¢ < 1. Now since 0 < ¢ < 1 we have

1
le — el f ()] < ZBw-

On the other hand, since f(x) can have at most n roots, it follows that for all k
large enough we would have f(cx) # 0. Since f(c) = 0 we have

n ) 1
1) = fleol = If @l = D mjcl| > o

j=1
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since for each j, m jc,ﬂ is a rational number with denominator 10/%', However, if k is
chosen sufficiently large and n is fixed we have

1 2B
107K~ Tok+D!

contradicting the equality from the mean value theorem. Therefore c is transcenden-
tal. O

After we discuss algebraic integers we will show that both e and 7 are transcen-
dental. The transcendence of e was proved first by Hermite in 1873, while Lindemann
in 1881 proved the transcendence of 7.

6.3.3 Symmetric Polynomials

Many results on algebraic number fields and algebraic integers depend on the
properties of symmetric polynomials. These were briefly introduced and used in
Section 5.2.1. Here we look at them more carefully and present a fundamental result
concerning them.

Definition 6.3.3.1. Let yy, . .., y, be (independent) variables over a field F. A poly-

nomial f(y1,...,Yn) € F[y1,..., yn] is a symmetric polynomial in yi,..., y,
if f1,...,Yn) is unchanged by any permutation o of {y1,...,Yyn}, that is,
fO1, s y) = fe(y1)s .-, 0(yn))-

If F C F' are fields and ay, ..., a, are in F', then we call a polynomial
fo, ..., on) with coefficients in F symmetric in o, ..., a, if f(ar,...,q,) is
unchanged by any permutation o of {«1, ..., on}.

Example 6.3.3.1.

Let F be a field and fo, f1 € F. Let h(y1, y2) = fo(y1 + y2) + fi(y1y2).

There are two permutations on {yi, y2}, namely o1: y; — y1,y2 — y2 and
02: Y1 = Y2, Y2 =~ V1.

Applying either one of these two to {y1, y»} leaves i (y1, ¥2) invariant. Therefore,
h(y1, y2) is a symmetric polynomial.

Definition 6.3.3.3. Let x, y1, ..., y, be indeterminates over a field F(or elements of
an extension field F' over F). Form the polynomial

P, Y1, e, yn) = — Y1) - (X = yn).

The ith elementary symmetric polynomial s; in yi,...,y, fori =1,...,n, is
(=D'a;, where a; is the coefficient of x" " in p(x, y1, ..., yu) as a polynomial in x
with coefficients from F(y1, ..., yn).

Example 6.3.3.2. Consider y1, y2, y3. Then

p(x, y1,y2,¥3) = (x — yD)(x — y2)(x — y3)
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=x% — (1 + 2+ y3)x% + 132 + Y1y3 + y203)x — Yiy2ys.

Therefore, the three elementary symmetric polynomials in yj, y2, y3 over any
field are

() st =y1+y2+ 3,
(2) 52 = y1y2 + y1y3 + ¥2¥3,
(3) 53 = y1y23.

In general, the pattern of the last example holds for yy, ..., y,. Thatis,

S1=Y1+y2+---+ Y,
Sy =y1y2+y1y3+-+ Yn—1Yn,
§3=y1y2y3 + y1y2ya+ -+ Yn—2Yn—1Yn,

Spn =Y1---Yn-

The importance of the elementary symmetric polynomials is that any symmetric
polynomial can be built up from the elementary symmetric polynomials. We make
this precise in the next theorem, called the fundamental theorem of symmetric
polynomials. We will use this important result several times in our study of algebraic
numbers and algebraic integers.

Theorem 6.3.3.1 (fundamental theorem of symmetric polynomials). If P is a sym-

metric polynomial in the indeterminates yy, . . ., yp over F, thatis, P € F[y1, ..., Yu]
and P is symmetric, then there exists a unique g € F[y1,...,Yyn] such that
POi,...,yn) = gGs1,...,8,). That is, any symmetric polynomial in y1, ..., y,
is a polynomial expression in the elementary symmetric polynomials in yy, ..., Yn.

In order to prove this result we need the concept of a piece. Any polynomial

fxt, ..., x0) € Flxg, ..., x,]i8 composedofasumofpiecesoftheforrnaxlll R
with a € F. We first put an order on these pieces of a polynomial.

The piece axi' e xfl” with a # 0 is called higher than the piece bxlj b x,{" with
b # 0 if the first one of the differences
i1 = ji,i2 = j2, -y in = Jn
that differs from zero is in fact positive. The highest piece of a polynomial

f(x1,...,x,) is denoted by HG(f).

Lemma 6.3.3.1. For f(x1,...,xn),g(x1,...,x,) € F[x1,...,x,] we have
HG(fg) = HG(f)HG(g).

Proof. We use an induction on n, the number of indeterminates. It is clearly true for
n = 1, and now assume that the statement holds for all polynomials in k variables
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with k < n and n > 2. Order the polynomials via exponents on the first variable x;
so that

f(-xlv"'s-xn) :xfd)r(x% "'7-xl’l)+x{_1¢r—l(x29'--1xn)+"'+¢0(x21 "'axn)v
g(xlv"'sxn) zxfl/fs(-XZ’ ...,.xn)+x;711//‘5_1(x2,...,xn)+"'+I/f()(x2,...,xn).

Then
HG(fg) = x| P HG (¢, v).

By the inductive hypothesis

HG(¢r¥s) = HG(¢r)HG (Yry).

Hence

HG(fg) = x| " HG(¢,)HG (Y1)
= (x{HG(¢,))(x]HG (yy))
= HG(f)HG(g). O

In general, the kth elementary symmetric polynomial is given by

Sk = E XiyXiy * " Xigs

i1 <ip<---<lig
where the sum is taken over all the (Z) different systems of indices i1, ..., iy with
i1 <iz <--- < ir. Weneed the following concerning the pieces of sx.

Lemma 6.3.3.2. In the highest piece ax{c' .. .x,];”, a # 0, of a symmetric polynomial

S(X1,...,xy) wehaveky > ky > --- > k,.

Proof. Assume that k; < k; for some i < j. As a symmetric polynomial,

. . kj ; . .
s(x1,...,xy) also must then contain the piece axfl . ~xl.’ . ~xf’ - -x,],‘”, which is
higher than ax’fl - -xf’ .- -xj’ .- ~x,/§", giving a contradiction. O

kn—l _kn kn

Lemma 6.3.3.3. The product sfl_kzslzcz_k3~ ces sy with ky > ko > - > kg

has the highest piece xllq xlzcz- o xkn

Proof. From the definition of the elementary symmetric polynomials we have that
HG(s,t() =x-x), 1 <k<n,t>1.
From Lemma 6.3.3.1,

ki—ky ko—k3 kn—1—kn _k,
HG (s ™%sy" 7 s sy
ki —k kp—k kn—1—k; k
:xll 2(.x1x2)2 3...(_xl...xn"_1 n)(xl..._xn)"

— ki k k
=X XXy O
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We can now prove the fundamental theorem of symmetric polynomials.

Proof of Theorem 6.3.3.1. Let s(x1,...,x,) € F[xy,...,x,] be a symmetric poly-
nomial. We must show that s(x, ..., x,) can be uniquely expressed as a polynomial
f(s1,...,8y) in the elementary symmetric polynomials s1, ..., s, with coefficients
from F. We prove the existence of the polynomial f by induction on the size of the
highest piece. If in the highest piece of a symmetric polynomial all exponents are
zero, then it is constant, that is, an element of F', and there is nothing to prove.

Now we assume that each symmetric polynomial with highest piece smaller than
that of s(xq, ..., x,) can be written as a polynomial in the elementary symmetric
polynomials. Let ax]fl .- -xﬁ”, a # 0, be the highest piece of s(x1, ..., x,). Let

i{l—kz . skn—lfkn Sk"

t(x1,...,x,) =5(x1,...,x,) —as e -

Clearly, #(x1, ..., x,) is another symmetric polynomial, and from Lemma 6.3.3.3
the highest piece of #(x1, ..., x,) is smaller than that of s(xy, ..., x,). Therefore,

—k kn—1—kn k
s T sy can

t(xy,...,x,) and hence s(xq, ..., x,) = t(xq1,..., xn)—i—as]f
be written as a polynomial in s, ..., §j,.

To prove the uniqueness of this expression assume that s(xi,...,x,) =
fGst,...,80) = g(S1,...,8n). Then f(s1,...,8,) — g(s1,...,8,) =
h(st,...,8) = ¢(x1,...,x,) is the zero polynomial in x1, ..., x,. Hence, if we
write h(sy, ..., $,) as a sum of products of powers of the sy, ..., s,, all coefficients
disappear because two different products of powers in the s1, ..., s, have different
highest pieces. This follows from Lemma 6.3.3.3. Therefore, f and g are the same,

proving the theorem. O

From this theorem we obtain the following theorem, which is crucial in our study
of both algebraic numbers in general and algebraic integers.

Theorem 6.3.3.2. Let « be an algebraic number and ay, . . . , oy, its set of conjugates
in C. Then any symmetric polynomial in ay, . . ., a, over Q is a rational number.
Proof. Since « is algebraic we have irr(o, Q) € Q[x]. Since «y, ..., o, are the

conjugates of & we have that irr(«, Q) splits in C as

(e, Q) = (x —a)(x —a2) -+ (x —an).

Therefore the coefficients of irr(«, Q) are up to £1 precisely the elementary sym-
metric polynomials in the conjugates. Since irr(o, Q) € Q[x] it follows then that
any elementary symmetric polynomial in the conjugates of « is a rational num-
ber and then Theorem 6.3.3.2 follows from the fundamental theorem of symmetric
polynomials. O

6.3.4 Discriminant and Norm

We introduce certain complex numbers that will be used to further describe both
algebraic numbers and algebraic number fields. We first must extend our definition
of conjugate.
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Let K = Q(#) be an algebraic number field of degree n. Then K has precisely
n embeddings 0;: K — C that fix Q. These can be definedby o;: 1 — 1,6 — 6;,
where 6; is a conjugate of 6. Now let o € K be of degree m. Since

IK : Q)]IQ() : QI = |K : O,
it follows that m|n. Letd = ..

Definition 6.3.4.1. Let K be an algebraic number field of degree n and o« € K of
degree m. Then the set of conjugates of « for K is the set {o; (o)} where o; are the
n embeddings of K into C.

Lemma 6.3.4.1. Let K be an algebraic number field of degree n and o € K of
degree m. Then the set of conjugates of o for K consists of the m distinct conjugates
of a in C each repeated d = ’n—’1 times.

Proof. On the set of n embeddings K — C fixing Q define the relation o ~ 7 if
o (o) = t(a). This is an equivalence relation (see the exercises). Each equivalence
class has size |K : Q(«)| = d and hence there are m of them. Since each o (@) is a
conjugate of « in C it follows that the set {o; ()} consists of the m conjugates of «
in C each repeated d times. o

Hence an @ € K always has n conjugates for K. By looking at degrees it follows
that these conjugates will be distinct if and only if K = Q(«). Next we define the
discriminant of a basis.

Definition 6.3.4.2. Let K be an algebraic number field of degree n and let ay, . . ., oy

be a basis for K over Q. For each a; let o;j, j =1, ..., n be the n conjugates of o;
for K. Then the discriminant of the basis oy, . .., ay, is
2
ol A ... A
2 |az a2 ... a2
Ao, ..., an) = (det(eij))” = "
Al Op2 ... OQpp

Notice that if we change the ordering of the basis we interchange a column of
the matrix (¢;;) and thus multiply the determinant by 1. Hence by squaring the
determinant the value remains the same. Therefore the discriminant of a basis is
independent of the ordering. Second, notice that if g1, ..., B, is another basis then

A, ..., By) = (i) *Aai, . ..., an),

where (c;;) is the transition matrix. Therefore the discriminant of any basis has the
same sign. We show below that the discriminant is a rational number.

Theorem 6.3.4.1. Let K = Q(«) be an algebraic number field. Then the discriminant
of any basis is rational and nonzero.



292 6 Primes and Algebraic Number Theory

Proof. Now, A(wq, ..., a,) is a symmetric function of «y, ..., «, and their con-
jugates, so by the results of the last section it follows that the discriminant is
rational.

Since K = Q(w), it has a basis of the form 1, «, ..., " 1 Ifa;isa conjugate
of o then aij is a conjugate of o/ Therefore if o] = a, ..., oy, are the conjugates of
« for K we have

—1 2
1 o ai ooy 1
—
A(l,a,...,a"_l) _ I o ay ... o
1 o, o ... a!

This determinant is called the Vandermonde determinant and can be shown to have
the value (see the exercises)

1 o Ol]2 aq’_l
1 a o? o1
V() = 2 2 =T ey — ).
) oy
1 o, o ... at!

Since the elements of a basis are all distinct it follows that V(x) # 0, so that
A, a,...,a" # 0. Since the discriminant of one basis is nonzero the
discriminant of any basis is nonzero, completing the theorem. O

As part of our discussion of algebraic integers in the next section we will look at
bases that have minimal discriminant and from these define the discriminant not only
of a particular basis but as an invariant of the whole field K.

We next define two further concepts.

Definition 6.3.4.3. Suppose o« € K, where K is an algebraic number field of
degree n. Let
a; =o1(a), ..., a, = op(a)

be the conjugates of o for K, where the o; are the n embeddings of K into C. Then
the norm of « in K is
Nk (a) = ajop - - - o

This definition agrees with our previous definition of norm in Z[i]. If « € Z[i] C
Qi) = K then its conjugate for K is precisely its complex conjugate &. To see this
notice thatif @« = a+bi € Z[i] then p(a) = 0, where p(x) = (x —a)(x —@) € Q[x].
If « ¢ Z then p(x) = irr(a, Q). Hence Nk (o) = a@ = a® + b, which agrees with
the previous definition. We will discuss quadratic integers and their norms more
completely in the next section. In Z[i] the norm was multiplicative and always had
rational value. In general, we have the following.

Lemma 6.3.4.2.
(1) Nk (@) is a rational number for a € K.
(2) If «, B are in the algebraic number field K, then Nk (af) = Nx (a¢)Nk (B).
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Proof. If oy, ..., o, are the conjugates of o for K, then the norm Ng(«) is a
symmetric function of o1, . . ., @, and hence rational.
If By, ..., B, are the conjugates of § for K thenw 1, . .., o, By, are the conjugates
of af for K. It follows that Nx (a8) = Nk () Nk (B). O
Finally, if o € K for an algebraic number field K we define the trace of @ in K
astrg (o) = o1 + - - - + oy, where a1 = o1(w), ..., o, = 0,(v) are the conjugates
of o for K.

Now let K = Q(6) be an algebraic number field of degree n. For @ € K define
the mapping 7,: K — K by
Ty (x) = ax.
This is a linear transformation of the n-dimensional QQ-vector space K (see the exer-

cises) and therefore is given by an n x n matrix. This matrix is related to the trace
and norm in the following manner.

Theorem 6.3.4.2. Let K = Q(0) be an algebraic number field of degree n and let
o € K. Then if T, is the linear transformation defined above,

(1) Nk (@) = det(Ta),
(2) rg (@) = tr(T).

Let f,(t) = det(tI — T,) be the characteristic polynomial of 7;, and let p, (¢) =
irr(a, Q). Theorem 6.3.4.2 will then follow from the next two lemmas. Notice that

the multiplicativity of the norm and the additivity of the trace follow directly from
this matrix formulation.

Lemma 6.3.4.4. Let K be an algebraic number field of degree n and o € K of
degree m. Letd = % and suppose that fy(t) and py(t) are as above. Then
fa®) = (pa )",

Proof. Let pa(t) = t™ + cpp_1t" 1+ +co. Now {1, o, @2, ..., " !} is a basis
for Q(ax) over Q. Let «q, ..., oy be a basis for K over Q(«). Then

(o1, ara, ..., a1d™ L age™ )

is a basis of K over Q. The matrix of the linear transformation 7T, with respect to this
basis has the form

M 0
0o M ...
... 0|’
0O M
where
0O ... 0 —c¢
1 0 0 —C]
M = 1 0 )

0 0 ... 1 —cp
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The characteristic polynomial of M is
det(t] — M) = t" + cp_1t™ ' + -+ o = palt).
Then from the form of the matrix for 7, we have f, (1) = (pa ())?. m]

Lemma 6.3.4.5. Let o run through all the embeddings of K into C that fix Q. Then

(D) fo@®) =1, — o)),
2) trg (@) =), 0 (@),
(3) Nk () =[], o ().

Proof. As before, the embeddings of K into C fall into m equivalence classes. Let
o1, ..., 0 be a set of representatives. Then

m

Pa(t) =[]t = 0i(@)),

i=1

and from the previous lemma,

m d m
fa(t) = (H(r — 0j (a))) =[[]]¢-c@)=]]¢-0o@).

i=1 i=10~0; o

This proves part (1). The other two parts follow directly from the definitions of trace
and norm in terms of 7. m]

6.4 Algebraic Integers

We now look at integers in an algebraic number field.

Definition 6.4.1. An algebraic integer is a complex number « that is a root of a
monic integral polynomial. That is, « € C is an algebraic integer if there exists
f(x) € ZIx] with f(x) = x" +by1x" "' + -+ bo, bi € Z,n = 1, and f(a) =0.

An algebraic integer is clearly an algebraic number. Hence there exists p(x) =

irr(c, Q).

Lemma 6.4.1. If « € C is an algebraic integer, then all its conjugates, oy, .. ., oy,
over Q are also algebraic integers.

Proof. Let f(x) € Z[x] be a monic polynomial with f(e) = 0. Let p(x) =

irr(o, Q). Let «y,...,a, be the conjugates of «. Since p(x) = irr(e, Q) =
irr(ot;, Q) = pg; (x), fori = 1,..., n we have pg, (x)| f(x) fori =1, ..., n. Hence
fla;)=0fori=1,...,n. O

Lemma 6.4.2. o € C is an algebraic integer if and only if irr(«, Q) € Z[x].
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Proof. Ifirr(o, Q) € Z[x] then « is an algebraic integer directly from the definition.

To prove the converse we need the concept of a primitive integral polynomial.
This is a polynomial p(x) € Z[x] such that the GCD of all its coefficients is 1. The
following can be proved (see the exercises):

(1) If f(x) and g(x) are primitive, then so is f(x)g(x).

(2) If f(x) € Z[x] is monic, then it is primitive.

(3) If f(x) € Q[x], then there exists a rational number ¢ such that f(x) = cfi(x)
with f1(x) primitive.

Now suppose f(x) € Z[x] is a monic polynomial with f(«) = 0. Let p(x) =
irr (o, Q). Then p(x) divides f(x) so f(x) = p(x)g(x).

Let p(x) = c1p1(x) with p1(x) primitive and let g(x) = cag2(x) with g2(x)
primitive. Then

Jf@x) = cp1(x)q1(x).

Since f(x) is monic, it is primitive, and hence ¢ = 1, so f(x) = p1(x)q1(x).

Since pi(x) and g (x) are integral and their product is monic they both must be
monic. Since p(x) = c1pi(x) and they are both monic it follows that c; = 1 and
hence p(x) = p1(x). Therefore p(x) = irr(e, Q) is integral. m]

We now show the close ties between algebraic integers and rational integers.

Lemma 6.4.3. If « is an algebraic integer and also rational then it is a rational
integer.

Proof. If @ € Q then irr(o, Q) = x — «. But if « is also an algebraic integer, then
irr(a, Q) € Z[x]. Hence x — o € Z[x] and so o € Z. O

The following ties algebraic numbers in general to corresponding algebraic inte-
gers. Notice that if ¢ € Q then there exists a rational integer n such that ng € Z.

This result generalizes this simple idea.

Theorem 6.4.1. If 0 is an algebraic number then there exists a rational integerr # 0
such that r6 is an algebraic integer.

Proof. Since 6 is an algebraic number there exists a p(x) € Z[x] with p(#) = 0.
Suppose p(x) = a,x" + a,_1x" "' 4+ .- 4+ ag with a; € Z. Then

" +an_10"" "+ +ay=0.
Let ¢ = a,6. Then
é‘n + anflé‘n_1 + anaan{n_z +---+ a,’;_la() =0.

Let p(x) = x" + ap_1x" ' + apay_ox" 2+ - + a;’,_lao. Then from the above,
p(¢) = 0 and therefore { = a,0 is an algebraic integer. O
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6.4.1 The Ring of Algebraic Integers

We saw that the set A of all algebraic numbers is a subfield of C. We now show
that the set I of all algebraic integers forms a subring of A. First an extension of the
following result on algebraic numbers.

Lemma 6.4.1.1. Suppose {«y, ..., a,} is the set of conjugates over Q of an algebraic
integer a. Then any integral symmetric function of a1, . .., oy is a rational integer.

Proof. We have irr(«, Q) = (x —ay) -+ (x — o) € Z[x]. Hence the elementary
symmetric functions are rational integers. It follows from the fundamental theorem
of symmetric polynomials that any integral symmetric function is also a rational
integer. O

Theorem 6.4.1.1. The set I of all algebraic integers forms a subring of A.

Proof. Clearly it suffices to show that if «, 8 are algebraic integers then so are o &
B and . Let o1 = «,...,®, be the conjugates of @ and 81 = B, ..., B the
conjugates of 8. Let

n m
FO=T]T]& = @ +B) =x""" + dpym x4+ do.
i=1j=1

The coefficients dj are symmetric functions in ¢;, 8;, and therefore from the remarks
above we have dj € Z. It follows that f(x) € Z[x] and f(a + B) = 0. Therefore,
a + B is an algebraic integer. We treat « — 8 and o8 analogously. O

We note that A, the field of algebraic numbers, is precisely the field of quotients
of the ring of algebraic integers.

Now let K = Q(#) be an algebraic number field and let Ox = K N I. Then
Ok forms a subring of K called the algebraic integers or just integers of K. Further
analysis of the proof of Theorem 6.4.1 shows that each 8 € K can be written as

IB:

o
r

witha € Og and r € Z.
We now look at the norms of algebraic integers.

Lemma 6.4.1.2. If « is an algebraic integer then N () is a rational integer.

Proof. N(a) = oy ---«ay,, where o) = o1(2), ..., o, = o0,(x) are the conjugates
of o for K. But this is an integral symmetric function of the conjugates and so by
Lemma 6.4.1.1 it is a rational integer. O

Lemma 6.4.1.3. Let K = Q(0) be an algebraic number field. Then « is a unit in Ok
if and only if N (o) = 1.
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Proof. If af = 1then 1 = N(af) = N(e)N(B). But N(a), N(B) are rational
integers so |N(«)| = [N(B)| = 1.
Conversely, suppose N(«) = £1. Then if ¢« = «1,

ar-op =1 = o(an---ap) =1

Since K is a field, 051_1 =y .-y € K. Butap---«, is an algebraic integer, so
oy oy € Og. Hence « is a unit in Ok. O

Based on the multiplicativity of the norm we obtain prime factorizations (not
necessarily unique) in any algebraic number ring Ok . Notice first that there are no
primes at all in 7, the set of all algebraic integers. If « € I then ¢ = /o /a,
where /o € C. However, if p(a) = 0 for p(x) € Z[x], then p; (/o) = 0, where
p1(x) = p(x?). Hence /a is also an algebraic integer. Since this is true for any
o € [ there is always a nontrivial factorization and hence « cannot be prime.

From now on K will denote an algebraic number field and Ok its ring of integers.

Lemma 6.4.14. If « € Ok and N(«a) = p, where p is a rational prime then o is a
prime in Ok.

Proof. Suppose ¢ = By. Then N(a) = N(B)N(y). Since all are rational integers
and N () is prime we must have either [N(8)| = 1 or |[N(y)| = 1, from which it
follows that either § or y is a unit. o

Theorem 6.4.1.2. Let K be an algebraic number field and Ok its ring of integers.
Then each a € Ok is either 0, a unit, or can be factored into a product of primes.

Proof. Suppose o # 0 is not a unit. Then N(«) # 1. We do an induction on
IN(«)|. If IN(ax)| = 2, then « is prime from Lemma 6.4.1.4. Suppose |N(x)| > 2.
If « = By, then if neither 8 nor y is a unit, it follows that |[N(8)| < |N(«)| and
IN(y)| < |N(«)|. From the inductive hypothesis it follows that both 8 and y have
prime factorizations and hence so does «. O

We stress again that the prime factorization need not be unique. However. from
the existence of a prime factorization we can mimic Euclid’s original proof (see
Chapter 2) to obtain the following.

Corollary 6.4.1.1. There exist infinitely many primes in Ok for any algebraic number
ring Ok.
6.4.2 Integral Bases

If K has degree n over Q, we show that there exist wy, ..., @, in Og such that each
a € Ok is expressible as

a=mw| + -+ mpwy,

where my, ..., m, € Z.
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Definition 6.4.2.1. An integral basis for Ok is a set of integers w1, ...,w; € Ok
such that each a € Ok can be expressed uniquely as
o =mw; + - +maoy,
where my, ..., m; € Z.
We show first that there must exist an integral basis.

Theorem 6.4.2.1. Let Ok be the ring of integers in the algebraic number field K of
degree n over Q. Then there exists at least one integral basis for Ok.

Proof. Since K has degree n there is a basis wy, ..., w, for K over Q. Each w;
is algebraic, so by Theorem 6.4.1 for each i there is a rational integer r; such that
riw; € Okx. Multiplying through by a large enough rational integer » we would have

rwi, ..., rw, all in Og. These are clearly still independent, so they still constitute
a vector space basis of K over Q. It follows that K has bases (as a vector space)
that are all integers in Og. Further, if wy, ..., w, is such a basis for K all in O
then the discriminant of this basis A(wy, ..., w,) must be a rational integer since the
discriminant is a symmetric polynomial over Z of its arguments.

Among all bases of K that are in Ok choose one, say wi, ..., ®,, with
|A(wi, ..., w,)| minimal. This exists since these values are positive rational integers.
We claim that this is an integral basis for Ok .

Leta € Ok. Since a € K and wy, ..., w, is a basis over Q,

o =qio) + -+ gnwp

with ¢; € Q. We show that each ¢; must be a rational integer. Suppose that g is not
rational. Then g = my + ry withm| € Z and 0 < r; < 1. Consider now the set
oy, ..., w,, where

o] = (q1 —m)o1 + w2 + -+ - + guwn,

of =w; ifi #L

The transition matrix from wy, ..., w, to a)’l*, .o, ds
qgr—my g2 ... {gn
c— 0
1
This has determinant g; — m; = r; > 0, so a)f, ..., w; is another basis consisting

solely of integers. Its discriminant is given by

Alw], ..., o)) = rle(an, ce, ).
Since r1 < 1 this implies that

|A@], ..., o] < A1, ..., @)l

contradicting the minimality of |A(w1, ..., wy)|. Thereforer = 0and g = m € Z.
The other coefficients follow in the same manner. O
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Therefore Ok has at least one integral basis. We next show that the cardinality of
any integral basis is the same as the degree of K.

Theorem 6.4.2.2. Let Ok be the ring of integers in the algebraic number field K of
degree n over Q. Then any integral basis for Ok is also a basis for K over Q. Hence
the cardinality of any integral basis is the same as the degree of K. Further, all
integral bases have the same discriminant.

Proof. Let wq, ..., w; be an integral basis and suppose o € K. Then there exists an
r € Z,r #0, with ra € Og. Hence

ra =miwy + - +muw;, withm; € Z.

Then
mi mi
o0=—w+- -+ —wr.
r r

Therefore wy, ..., w; span K as a vector space over (. We must show that they are
independent over Q.

Suppose giw1 + - - - + grw; = 0. Then multiplying through by the LCM of the
denominators of the ¢g;, we obtain mjw; + - - - + m;w; = 0 for some m; € Z. Since

i, ...,y is an integral basis it follows that each m; = 0. But then each ¢; = 0 and
therefore wq, ..., w; are independent and hence form a basis.

It then follows that t = n, where n = |K : Q.

Now letwy, ..., w, and ¢1, . . ., &, be two integral bases. Their transition matrix

C = (c;j) is rational integral and

A1, ..., @p) = |CPAEL -5 )

It follows that A(wy, ..., w,) divides A({q,...,¢,). Reversing the roles, we
get that A(¢y, ..., ¢,) divides A(wi,...,®,) and therefore A(wi,...,w,) =
A(§17~-‘7§H)° I:I

Definition 6.4.2.2. The discriminant dgx of an algebraic number field K is the
common value of the discriminants of all integral bases of its ring of integers Ok.

For some later work in Section 6.4, we need the following result, whose proof we
will give in Section 6.5 after we introduce some material on ideals.

Theorem 6.4.2.3. If K has degree n over Q then each ideal I C Ok has an integral
basis of rank n. That is, there exist wy,...,w, € I such that any o € I can be
expressed uniquely as

o0 =miwi + -+ mywy

with m; € Z. In particular, any ideal in 1 is finitely generated of rank < n.

In particular, this implies that the index [Ok : I] is finite. Then for an ideal / in
Ok , we define the discriminant d (/) of I analogously via an integral basis of /. This
certainly exists, and the value d([) is independent of the chosen integral basis of 7.
Since the index [Oy : I]1is finite, we have d(I) = [Ok : I1%dk.
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6.4.3 Quadratic Fields and Quadratic Integers

We now look more closely at quadratic fields. These are algebraic number fields
K of degree 2. The Gaussian rationals Q(7) are an example. Let K = Q(8) with
|K : Q| = 2. Then 6 satisfies adegree 2 integral polynomial p(x) = ax%+bx+c. Let
d = b? — 4ac be the discriminant of this polynomial. Then clearly Q(v/d) C Q(8)
and hence if d is not a perfect square it follows by degrees that Q(v/d) = Q(6).
Further, if d = m2d, then Q(v/d) = Q(+/d;). It follows from these comments that
any quadratic field K has the form Q(+/d) for some square-free integer d. In the
following we always consider d to be square-free. If d > 0 then K is called a real
quadratic field, while if d < 0 it is an imaginary quadratic field. In both cases
{1, /d} is a basis for K over Q.

The integers in Q(v/d) are called quadratic integers and we characterize them.
Suppose a € O is a quadratic integer. Since & € K we have a = g1 +¢g2+/d. Since
irr (o, Q) is a monic rational integral polynomial of degree 2 we have

irr(e, Q) = (x —a)(x —@) = x2 - (¢ +)x + aw € Z[x],

where @ = ¢ — g2+/d. It follows that @ € Ok if and only if its trace and norm are
both rational integers:

trg(o¢) =a+o =2q €Z,
Nk (o) =a&=q12 —dq22 e 7.

Now
2g2)%d = 2q1)* — 4(q} — q3d) € Z = 2q» € L.

Therefore g1 = 5, g2 = 5 for rational integers m, n and

d
L ——

Further,
m? — n%d = 0 mod 4.

If d =2 mod 4 or d = 3 mod 4, this congruence is solved only if m, n are even or,
equivalently, g1, g2 € Z.

If d = 1 mod 4 then m?> — dn”® = 0 mod 4 is equivalent to m = n mod 2.

It follows that the integers in Ok can be described by the following:

(1) m + n/d withm, n € Z.

(2) If d = 1 mod 4 but not otherwise, also %’“@ with m, n odd rational integers.

From this characterization it follows that if d is not congruent to 1 mod 4, every
integer in Og can be written as m + n+/d with m, n € Z. In other words {1, V/d} is
an integral basis.

Ifd=1mod4letw = #3. Then from the characterization every integer in
O is uniquely of the form m 4+ nw, m, n € Z and so {1, w} is an integral basis (see
exercises). We summarize all this discussion in the next theorem.
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Theorem 6.4.3.1. Let K be a quadratic field. Then we have the following:

(1) K = Q(«/d) for some square-free rational integer d.
(2) The integers in K can be characterized as follows:
(@) m + nv/d withm, n € Z.
®) If d = 1 mod 4 but not otherwise, also M with m,n odd rational
integers.
(3) An integral basis for Ok is given by
(@) {1, Vd} ifd =2 mod 4 or d = 3 mod 4;
(b) {1, }, where » = 25/ if g = 1 mod 4.
(4) The discriminant of K = Q(/d) is
(a)4d ifd = 2,3 mod 4;
(b) d ifd = 1 mod 4.

Proof. Everything was explained prior to the theorem except part (4). If d = 2,3
mod 4 then {1, \/3 } is an integral basis. Then

2
1 Vd
A(l,~d) = =4d.
(1,Vd) ‘1 Y
If d = 1 mod 4 then {1, w} is an integral basis and
1 1+2\/3 2
A(l, w) = \/a =d. O
2

Theorem 6.4.3.2. Suppose that K = Q(+/d) with d < 0 and d square-free is a

quadratic imaginary number field. If d %= —1, —3 then the only units in Ox are £1.

If d = —1 the units are =1, £i, while if d = —3 the units are 1, Xw, T, where
_ 1+iV3

= e,
Proof. As we have seen, « € Ok is a unit if and only |[N(x)] = 1. Let @ be a
unit in Og. Then o = x + yv/d or & = M and then N(a) = x* — dy?* or
2 2

N(a) = 2527,

Since d < 0, x2 — dy2 > 0. If d < —1 and d is not congruent to 1 mod 4 the
only solutions to x> — dy?> = larex = +1, y = 0.

Our analysis of the Gaussian integers showed that if d = —1 then =i are also
units.

If d < —3 then the only solutions to x> — dy? = 4 are x = %2, again giving the
result.

Finally, if d = —3 we see by computation that +® and £ are also units (see
exercises and note that > = 1). ]

Theorem 6.4.3.3. In any real quadratic field there are infinitely many units.
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Proof. Theequationx?>—dy? = 1ford > Oandx, y € Zis called Pell’s equation. If
d > 1, in Section 6.4.6 we will show that this equation has infinitely many solutions.
Since & = x + y+/d is an integer in Og with N(a) = 1 it follows that Ox has
infinitely many units. O

In the real quadratic case the units can be built up from one special unit called a
fundamental unit.

Theorem 6.4.3.4. Suppose K = Q(+/d) with d > 0 and square-free. Then in Oy
there exists a special unit, €4, called the fundamental unit, such that all units in Og
are given by

w==xe;, n=0%1,+£2,....

This is a special case of a general result called Dirichlet’s unit theorem, which we
will present in Section 6.4.6.

Now, what can be said about primes and prime factorization for quadratic integers?
We saw in Section 6.4.2 that there is always a prime factorization. However, our
example in Q(+/5) shows that this is not always unique. Since there is a norm in
every Ok the first question to ask is when this is a Euclidean norm or, equivalently,
which Ok are Euclidean domains. From the results in Section 6.2, this would imply
unique factorization. We have already seen that the Gaussian integers are Euclidean.
We state several results concerning these questions.

Theorem 6.4.3.5. Suppose K = Q(~/d) with d < 0 and square-free is a quadratic
imaginary number field. Then Ok is Euclidean if and only if d = —1,-2,
-3, -7, —11.

The rings O_1, O_3, O_3, O_7, O_y; are called the Euclidean quadratic imag-
inary number rings. They and matrix groups with entries from them have been
investigated extensively (see [F] and [FR 1]).

In the real case we have the following.

Theorem 6.4.3.6. The real quadratic fields K = Q(~/d) for which Ok is Euclidean
are for

d=2,3,5,6,7,11,13,17,19, 21, 29, 33, 37,41, 57, 73.

Recall from Section 6.2.3 that being a principal ideal domain always implies
unique factorization. It was conjectured by Gauss and finally proven in several
results by Heegner, Baker, and Stark that are only finitely many imaginary quadratic
number fields whose integer rings are principal ideal domains.

Theorem 6.4.3.7. Suppose K = Q(v/d) withd < 0 is a quadratic imaginary number
field. Then Ok is a principal ideal domain if and only if

d=-1,-2,-3,-7,-11,-19, —43, —67, —163.
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It has been conjectured that there are infinitely many real quadratic fields whose
integral rings are principal ideal domains.

In the case that Ox does have unique factorization we can analyze the primes
exactly as we analyzed the Gaussian primes in Theorem 6.2.1.4. We state the
following and leave the proof to the exercises.

Theorem 6.4.3.8. Suppose K is a quadratic field and suppose Ok is a unique
factorization domain. Then we have the following:

(1) To each prime 7w € Ok, there corresponds one and only one rational prime p
such that 7| p.

(2) Any rational prime p is either a prime in Ok or a product 717 of two primes
(not necessarily distinct) from Ok. In this case if T\ # w2, we say p is decomposed.
If Ty = 72, so that p = w2, we say the rational prime is ramified.

(3) All primes in Ok are either rational primes or one of two factors of rational
primes (and their associates).

6.4.4 The Transcendence of e and 7

There are infinitely many transcendental numbers (see Section 6.3.2). However, the
only particular number that we have exhibited as transcendental is

1
Jj=1

Here we show that the fundamental constants e and 7 are also transcendental. The
transcendence of e was established first by Hermite in 1873, while Lindemann in
1881 proved the transcendence of 7.

Theorem 6.4.4.1. ¢ is a transcendental number; that is, transcendental over Q.

Proof. We use some complex analysis. Let f(x) € R[x] with the degree of f(x) =
m>1.Letz;€C,z1 #0,and y: [0,1] = C, y(¢t) = tz;. Let

21
1) = / 17 f(2)dz = ( / ) A7 F (D).
y 0 Jy

By ( OZI )y we mean the integral from O to z; along y. Recall that

( / ) A1 f(2)dz = — f(z1) + 7 f(0) + ( f ) 17 f(2)dz.
0 y 0 Y

It follows then by repeated partial integration that
(D) Iz) =€ Y5 fP0) = X0y ).

Let | f|(x) be the polynomial that we get if we replace the coefficients of f(x) by
their absolute values. Since |e?! 7| < eltr=zl < elail e get
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2 ) < lzile™ £z ]).

Now assume that e is an algebraic number, that is,

3) g0 +qie+ -+ qne* = 0forn > 1 and integers g0 # 0, g1, - .., gn, and the
greatest common divisor of qg, q1, - . ., qn, is equal to 1.

We consider now the polynomial f(x) = x?~1(x — 1)?.--(x —n)? with p a
sufficiently large prime number, and we consider / (z1) with respect to this polynomial.
Let

J=qolO)+qi 1)+ -+ g, I(n).

From (1) and (3) we get that

J==3"> afVm),

j=0 k=0

where m = (n 4+ 1)p — 1 since (g0 + q1e + - - + gue™) (Y=o ) (0)) = 0.

Now, fW (k) = 0if j < p,k > 0, and if j < p — 1 then k = 0, and hence
FW (k) is an integer that is divisible by p! for all j, k except for j = p — 1,k = 0.
Further, 7~V (0) = (p — )!(=1)"?(n!)?, and hence if p > n, then £~ (0)isan
integer divisible by (p — 1)! but not by p!.

It follows that J is a nonzero integer that is divisible by (p — 1)!if p > |go| and
p>n.Soletp >n,p>|qol,sothat|J| > (p —

Now, | f|(k) < (2n)™. Together with (2) we then get that

1 < lqilel fI(1) + -+ + |gnlne" [ f(n) < cP
for a number ¢ independent of p. It follows that
(p—D!=J] =P,

that is,
/] P!
= <c .
(p—D! (p—1!

. . .. . p—1 .
This gives a contradiction, since h — 0 as p — o0. Therefore, e is

transcendental. O
We now move on to the transcendence of w. Recall first from the proof of
Theorem 6.4.1 that if « € C is an algebraic number and f(x) = a,x" + --- + ao,

n>1,a, #0,and all g; € Z with f(«a) = 0, then a,« is an algebraic integer.

Theorem 6.4.4.2. v is a transcendental number, that is, transcendental over Q.
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Proof. Assume that 7 is an algebraic number. Then 8 = ix is also algebraic. Let
61 =0,6,,...,0, be the conjugates of 6. Suppose

pxX)=qg+qx+---+ qud € ZIx], qq > 0, and gcd(qo, ..., qq4) =1

is the entire minimal polynomial of 8 over Q. Then 8; = 0, 0,, ..., 6, are the zeros
of this polynomial. Lett = g4. Then from the discussion above 76; is an algebraic
integer for all i. From ¢'" + 1 = 0 and from 0; = iw we get that

¢! ~|—€0')(1 + g02) (1 _|_e(9d) =0.

The product on the left side can be written as a sum of 2¢ terms e?, where
¢ =¢€101+---+e€404,€; =0o0r 1. Let n be the number of terms €101 + - - - + €40,
that are nonzero. Call these a7y, ..., ;. We then have an equation

4) g +e* +--- 4 e =0withg =29 —n > 0. Recall that all re; are algebraic
integers. We consider the polynomial

F) = "xP N x — )P (x — )P

with p a sufficiently large prime integer. We have f(x) € R[x], since the «; are
algebraic numbers and the elementary symmetric polynomials in o1, . . ., o, are
rational numbers.

Let I(z1) be defined as in the proof of Theorem 6.4.4.1, and now let
J=1(a) + -+ (o).

From (1) in the proof of Theorem 6.4.4.1 and (4) we get

J==q) fP0 =33 fP @)
j=0

j=0k=1

withm =+ 1)p — 1.

Now, > 7_; Y (ax) is a symmetric polynomial in tay, ..., ta, with integer
coefficients since the t«; are algebraic integers. It follows from the main theorem on
symmetric polynomials that ZT:O Yo f () (ay) is an integer. Further, f) (o) =
0 for j < p. Hence 37 >4 _, £ () is an integer divisible by p!.

Now, f)(0) is an integer divisible by p!if j # p — 1 and fP~D(0) = (p —
DI(—1)"P (a1 - - - )P is an integer divisible by (p — 1)! but not divisible by p!if p
is sufficiently large. In particular, this is true if p > [t" (a1 - - - «,)| and also p > q.

From (2) in the proof of Theorem 6.4.4.1, we get that

171 < leale® [ £1(ar]) + - - + lanle®!| £l (o) < c?

for some number ¢ independent of p.
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As in the proof of Theorem 6.4.4.1, this gives us
(p—DI =] =c”,

that is,
/] P!

< <c .
=D (p-D!

. . . . . p—1
This as before gives a contradiction, since ﬁ — 0 as p — oo. Therefore,

is transcendental. O

6.4.5 The Geometry of Numbers: Minkowski Theory
We consider some ties between algebraic integers and the geometry of real n-space.

Definition 6.4.5.1. Let V be an n-dimensional vector space over the real numbers R.
A lattice in V is a subgroup of the form

I' ={mvy +--- +myvg; m; € 7}

with vy, ..., vk linearly independent vectors of V.
The k-tuple {vy, ..., v} is called a basis and the set

¢={xivi+---+xpvesx; €R, 0<x; <1}

is a fundamental mesh of the lattice.
The lattice is complete if k = n.

As an example consider the lattice given by the Gaussian integers in real 2-space.
Here V = R2, T = Z + Zi = Z[i] and the fundamental mesh is

p={x+iy;0<x<1, 0<y<l1}

Now suppose V is a real Euclidean space, that is, a finite-dimensional R-vector
space with an inner product, that is, a symmetric, positive definite bilinear form

(,Y: VxV—>R.

On such a V we can define a volume. The cube spanned by the standard orthonormal
basis eq, ..., e, has volume 1 and, more generally, the parallelopiped

p={xvi+--+xvx €R, 0=<x <1}
spanned by the independent set of vectors vy, ..., v, has a volume given by

vol(¢) = | det(4)],
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where A = (a;;) is the transition matrix from the basis ey, ..., e, to the basis

Vi, ..., Uy, thatis,
n
v = E aijej.
i=1

As an example, if we use the ordinary Euclidean inner product on R”, then

vol(¢p) = A(¢),

where A is Lebesgue measure.
Further, we have vol(¢) = | det({v;, vj))|% since

(i, v5)) = Zaikajl<ek,€j> = (Z“ikaik> = AA,
k.l k

Let I" be the lattice spanned by vy, ..., v,. If ¢ is the fundamental mesh, then we
define

vol(I") = vol(¢).

This definition is independent of the choice of basis vy, .. ., v, for the lattice because
the transition matrix to another basis for the lattice is from GL(n, Z).
Now let K be an algebraic number field with |K: Q| = n. Then there are n

different embeddings of K into C that fix Q. Call these 7y, ..., 7,. Of these, some
are real and some are nonreal. Let py, ..., p, be the real embeddings K — C. The
nonreal complex embeddings K — C are given in pairs o1, o1, .. ., 0y, 05, Where o;

is the complex conjugate of the mapping o;. Altogether we have n = r + 2s.
For each pair o;, o; we choose a fixed nonreal embedding and call this just o;.
We define for a € K the map f: K — R” by

f@) = (p1(a), ..., pr(a), Re(o1(a)), ..., Re(os(a)), Im(oy(a)), ..., Im(os(a))).
Further, we define
(a.b) =Y pi@pi(b) +2  Re(0i(a)) Re(oi (b)) + 2 _ Im(o;(a)) Im(o; (b)).
i=1 i=1 i=1

We may extend this to an inner product on R"+25. For the following we consider the
metric defined by this inner product.

Theorem 6.4.5.1. If I # 0 is an ideal in Og then T = f(I) is a complete lattice in
R7 25 with

vol(I') = /|dg [0k : 11,

where dk is the discriminant of K.
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Proof. Letay, ..., o, be an integral basis for I such that
F=Zf()+-+Zf(a).
We number the embeddings t: K — C via t1,..., 7, and consider the matrix

A = (1(a;)). Then
d(I) = (det(A))?* =[O : I1°dx

and
vol(I') = |det(< f(a;, f(a;) > |% = | det(A)|. O
In the Minkowski theory we consider in R” the parallelepipeds
X ={x1,. 00, Xp, ULy ..., Us, V], ..., Vs |Xi| < ci,
i=1,...,rnul+vi<dyi=1,...,s)

with ¢;, dj > 0.

Using Minkowski’s theorem on the existence of lattice points in this type of subset
of R” (see [Co]) and an analytic evaluation with respect to the above metric we get
the following.

Theorem 6.4.5.2. If di is the discriminant of Ok, then

n n
Viai= 5 (5)"
As a direct consequence we have the following result of Minkowski.
Theorem 6.4.5.3 (Minkowski). If K # Q, then |dg| # 1.
A refinement of the analytic evaluation leads to a result of Hermite.

Theorem 6.4.5.4. If D > 0 is constant then there are only finitely many algebraic
number fields with |dg| < D.

6.4.6 Dirichlet’s Unit Theorem

We mentioned when discussing real quadratic fields that each unit is up to =1 a power
of a fundamental unit. This is a special case of the theorem below called the Dirichlet
unit theorem. We state it in general and then give a proof for the quadratic case.

Theorem 6.4.6.1 (Dirichlet unit theorem). The group of units U(Ok) of Ok is the
direct product of the finite cyclic group U (K) of roots of unity that are contained in
K and a free abelian group of rank r + s — 1, where as in the last section r is the
number of real embeddings K — R and s is the number of pairs of complex nonreal
embeddings K — C.

Equivalently, there exist units €1, ...,¢ in U(Og) witht = r + s — 1 called
fundamental units such that each unit u € U(Ok) is a product

v Y,
u:é’ell ...ett

with v; € Z and ¢ is a root of unity contained in K.
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We prove only the case for quadratic fields K = Q(+/d) with d square-free.
We have already considered the units in quadratic imaginary number fields (The-
orem 6.4.3.2) The structure of the unit groups (see [Co]) can be given by the
following:

(1) Ifd = —1, then U (Ok) = {£1, £i}. This is cyclic of order 4.

2)If d = =3, then U(Ok) = {1, +w, tw}. This is cyclic of order 6 (see the
exercises).

(3)Ifd # —1, =3 and d < 0square-free, then U (Og) = {—1, 1}, which s cyclic
of order 2.

For the remainder of this section we assume that d is a positive square-free integer.
Asexplained in the proof of Theorem 6.4.3.3, for real quadratic fields we must consider
solutions of Pell’s equation x> —dy? = 1. We will show that there are infinitely many
solutions. First we need some technical results.

Lemma 6.4.6.1. If ¢ is an irrational real number, then there are infinitely many

rational numbers ;—‘, with (x, y) = 1 and |§ -l < )Lz

Proof. Consider the partition of the half-open interval [0, 1) by

1 1 2 n—1
[0,1]:[0,—)u[—,—>u...u[ ,1).
n nn n

If o € R then the fractional part of « is @ — [«], where as usual [x] is the greatest
integer function. The fractional part of any irrational number lies in a unique member
of the above partition.

Consider the fractional parts of 0, ¢, 2¢, ..., n¢. Atleast two of these must lie in
the same subinterval. Hence there must exist j, k with j > k,0 < j, j < n such that

1
3¢ = 1781 = (k¢ = [kl < .

Puty = j—k,x = [k{]—[j¢], sothat |x —y¢| < % We may assume that (x, y) = 1
for dividing by (x, y) only strengthens the inequality. Further, 0 < y < n implies that

that

X
<— < —.
ny y?

To obtain infinitely many solutions note that |’§‘ —-¢ | # 0 and then choose any
integer m > ‘517“ The above procedure then gives the existence of integers xi, y;

such that
X1

V1

and 0 < y < m. Continuing like this then leads to an infinite number of solutions. O

Lemma 6.4.6.2. There is a constant M such that |x> —dy?| < M has infinitely many
integral solutions.
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Proof. Write x2> — dy?> = (x + /dy)(x — +/dy). From Lemma 6.4.6.1 there
exist infinitely many pairs of relatively prime integers (x, y),y > O satisfying
Ix —dy| < % It follows that

1
|x+«/§y|§|x—\/3y|+2«/3y<;+2\/3y.

Then

1 1
xz—dy2|< —+2«/3y)—§2\/3+1. m|
y y

Theorem 6.4.6.2. Pell’s equation x> —dy?* = 1 has infinitely many integral solutions.
Further, there is a particular solution (x1, y1) such that every solution has the form
+(Xn, yn), where x, + yp/d = (x1 + y1/d)" forn € 7.

Proof. From Lemma 6.4.6.2 there is an m € Z with m > 0 such that x> — dy?> = m
for infinitely many integral pairs (x, y) with x > 0, y > 0. We may assume that the
x components are distinct. Further, since there are only finitely many residue classes
modulo |m| one can find pairs (x1, y1), (x2, y2) such that x; # x; and x; = x, mod
|m| and y; = y, mod |m]|.

Leta = x; — y1v/d, B =x2 — »/d. fy = x — yJ/dlety = x — y/d, the
conjugate of y, and N (y) = x% — dy? the norm of y.

Then o = A + B+/d with m|A and m|B. Thus a8 = m(u + v+/d) for some
integers u, v. Taking norms on both sides yields

m? = mz(u2 — vzd) = u?—v’d=1.
It remains to show that v # 0.

If v = 0 then u = +1 and then @ = Zm. Multiplying by B gives am = +mp
or « = £f. But this implies x; = x», a contradiction. Therefore there is a solution
to Pell’s equation with xy # 0.

We now prove the second assertion. We say that a solution (x, y) is greater
than a solution (u, v) if x + y\/c_i > u + v</d. Now consider the smallest solution
o = x + yv/d with x > 0,y > 0. Such a solution clearly exists and is unique.
It is called a fundamental solution. Consider any solution 8 = u + v+/d with
u > 0, v > 0. We show that there is a positive integer n such that g = .

Suppose not. Thenchoosen > Osuchthata” < B < o"*!. Thenl < (@)"B < «
since @ = o~'. However, if (@)"8 = A + B+/d then (A, B) is a solution to Pell’s
equation and 1 < A 4+ BVd < a.

Now, A + B\/E > 0,50 A — B\/_ =(A+ B\/c_i)_l > 0. Hence A > 0. Also
A — Byd = (A+ Bvd) ™' < 1andhence B\/Jd > A — 1> 0. Thus B > 0. This
contradicts the minmality of . If 8 = a + b/d is a solution witha > 0, b < 0 then
B~ = a — by/d = " by the above argument, so f = o~ ".

Thecasesa < 0,b > 0anda < 0,b < 0lead to —a" for n € Z. This proves the
theorem. m|
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We can now prove Dirichlet’s unit theorem for real quadratic fields.

Theorem 6.4.6.3. Let K = Q(v/d) with d > 0 and square-free be a real quadratic
field. Then there exists a unit €y € Ok such that every unit in Oy is of the form +e;
forn € Z. It follows that U(Ok) = Zy X 7Z, the direct product of 7 and Z,.

Proof. From Theorem 6.4.6.2 there exist positive nonzero integers x, y such that
x2 —dy?> = 1. Thus € = x + y+/d is a unit in Og with ¢ > 1. Let M be a
fixed real number greater than €. There are at most finitely many ¢ € Og, a =
p+ q«/g, P, q, € Q with |¢| < M and also |@| < M. This is clear since there are
only finitely many integers k with |k| < M.

Let 8 be a unit with 1 < B8 < M. Such a B exists since M > €. Then
NBNPB) = +1. If B = —% then —M < —% < Mandif B = %then also
-M < % < M. Thus there are only finitely many units 8 with 1 < 8 < M and of
course there is at least one €.

Let €g be the smallest positive unit greater than 1. If  is any positive unit then
there is a unique integer s with €’ < f < €+, Then 1 < Be, " < €o. Since Be* is
also a unit we must have Be™* = 1. If B < 0 then —p is positive and —B = ¢ for
some s € Z, completing the proof. O

If d = 2 the fundamental unitiseg = 1 + V/2 and for d = 5 the fundamental unit
is %(l +4/3) (see the exercises). However, even for small discriminants, computation

of the fundamental unit can be quite difficult. For example, the fundamental unit for
d = 34 1s 2143295 4 221064/ 34.

6.5 The Theory of Ideals

In analyzing the proofs of unique factorization, the uniqueness part, whether in Z,
a general Euclidean domain, or a principal ideal domain, hinged on the respective
analogue of Euclid’s lemma. That is, if p is a prime and p|ab then pla or p|b. In
these cases this lemma depended on the fact that the principal ideal (p) generated
by a prime p was both a prime ideal and a maximal ideal. For the algebraic number
rings Ok we have seen that there are always prime factorizations (Theorem 6.4.2.2)
but these are not always unique. Hence Euclid’s lemma cannot hold in general. The
problem is that the principal ideal generated by a prime m € Ok need not be a
prime ideal. Kummer addressed this problem by adjoining to Ok ideal numbers that
generated prime ideals. He could recover unique factorization but the components of
the factorization did not always lie in the ring Ok. Dedekind took a different approach.
Rather than work with factorizations of the elements of Ok he worked with ideals
in Og. He was then able to show that for all Ok there is unique factorization of
ideals into prime ideals. Further, as consequences of this factorization many results
in elementary number theory such as Fermat’s theorem and the Chinese remainder
theorem can be recovered, albeit in terms of ideals.

Since each algebraic number ring Ok is an integral domain we can apply the
material on ideals introduced in Section 6.2. Recall that an ideal / in Ok is a subring
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of Ok such that AI C [ for all A € Ok. Equivalently, I C O is an ideal if
A+ tB €l whenevera, B €land A -t € Ok. Ifay,...,ar € Ok, then the set

(o1, ..o o) = {4 - - -+ Ao A € Ok}

forms an ideal called the ideal generated by o1, ..., ax. An ideal that can be written
(a1, ..., ag) for a finite set of generators is finitely generated. The ideal (&) is the
principal ideal generated by «. An ideal / is a prime ideal if whenever «ff € I
then either « € [ or 8 € I. An ideal [ is a maximal ideal if whenever « ¢ I then
(o, I) = O.

First we show that every ideal I C Ok has an integral basis and hence is finitely
generated. This fact follows directly from the fact that Ok is a finitely generated free
Z-module and results on submodules of such modules or more simply from the basis
theorem for finitely generated abelian groups (see Chapter 2 or [Ro]). However, we
give a direct proof mimicking the existence of an integral basis for all of O.

Theorem 6.5.1. If K has degree n over Q then each ideal I C Ok has an integral
basis of rank n. That is, there exist wi,...,w, € I such that any a € I can be
expressed uniquely as

a=miw1+ - +muwy,

with m; € 7. In particular, any ideal in I is finitely generated of rank < n.

Proof. Suppose A C Ok C K is a nonzero ideal and suppose |K : Q| = n. If A has
an integral basis wq, .. ., wy then these are linearly independent (as elements of K)
over Q. Since the dimension of K over Q is n it follows that k < n. Suppose then that
Bi, - .., By areintegers in Ok that form a basis for K over Q. In the proof of Theorem
6.4.2.1 it was shown that K has such a basis. If « € A witha # Othenafy, ..., a8,
are all in A, since A is an ideal, and are linearly independent. However, since they
are in A they can be linearly expressed in terms of wy, ..., @i, which is impossible
if k < n. Therefore if A has an integral basis then it must have n elements in it.

The proof that A does indeed have an integral basis is almost identical to the proof
of Theorem 6.4.2.1. Consider all sets wy, ..., w, in A that are linearly independent
over Q. The set afy, ..., aB, is an example. For each such set the discriminant
A(wi, ..., wy) is then a nonzero rational integer. Therefore we can choose a set
w1, ..., w, for which the discriminant is minimal. This is an integral basis for A.
The details are identical to those in Theorem 6.4.2.1 (see the exercises). O

The fact that each ideal in Ok has bounded rank implies immediately that each
Ok is Noetherian. That is, each ring of algebraic integers satisfies the ascending
chain condition on ideals. Hence each ascending chain of ideals in any Oy eventually
becomes stationary (see Section 6.2.3).

Clearly twoideals A = (o1, ..., an), B = (B1, ..., Bk) are the same if each ¢; is
an integral linear combination of the 8; and each f; is an integral linear combination
of the ;. From this we obtain the following result.

Lemma 6.5.1. If a, B # O then (a) = (B) if and only if @ and B are associates.



6.5 The Theory of Ideals 313

Crucial to unique factorization in Z and in Euclidean domains in general is that
each prime ideal is maximal. This is true in all Ok.

Theorem 6.5.2. An ideal I C Ok with I # (0) is a prime ideal if and only if it is a
maximal ideal.

Proof. Suppose P = (w1, ..., wy) is a maximal ideal in O . We show that P is also
a prime ideal. Suppose o8 € P and suppose that @ ¢ P. We must show that 8 € P.
Let P = (wy, ..., ws, a). Since {w1, . .., ws} C P’ itfollows that P C P’. Since P
is maximal either P = P or P’ = Ok. If P = P’ then @ € P/ = P, contradicting
the assumption that « ¢ P. Therefore P’ = Ok and hence 1 € P’. It follows that

l=ajw1 + -+ o505 + a1
with o, ..., a5, o541 € Og. Multiplying through by § yields
B = (Bapwi + - - + (Bas)ws + af.

Since wy, ..., ws € Pandaf € P and P is anideal, it follows that 8 € P. Therefore
P is a prime ideal.

Conversely, suppose P is a prime ideal. We show that it is maximal. Recall that
if R is a commutative ring and / is an ideal then / is maximal if and only if R/ is
a field (see Section 6.2). If @ # 0 is an element of P then its norm N« is also in P.
Since the norm is a rational integer it follows that P N Z # (0). Since P is a prime
ideal then P N Z is a nonzero prime ideal in Z. Hence P N7Z = pZ for some rational
prime p. Then Z/pZ = 7Z,, a finite field. Now the quotient ring Ok /P is formed
by adjoining algebraic elements to the finite field k = Z/pZ. However, adjoining
algebraic elements to a field forms a field. Therefore the quotient ring Ok /P is a
field and therefore P is a maximal ideal. O

6.5.1 Unique Factorization of Ideals

We now introduce a product on the set of ideals of Ok . Relative to this product we
will show that there is unique factorization in terms of prime ideals.

Definition 6.5.1.1. If A = («1,...,an), B = (B1, ..., Br) are ideals in Ok then
their product
AB = (181,182, ..., a;iBj, ..., anPk)

is the ideal generated by all products of the generating elements.

It is a simple exercise to show that this definition is independent of the generating
systems chosen.

Now we say that A divides B, denoted by A|B, if there exists an ideal C such
that B = AC. Then A is then called a factor of B, and A is a divisor of B if B C A.
Finally, A is an irreducible ideal if the only factors of A are A and (1) = Ok.

The concepts of factor and divisor will turn out to be equivalent, but we will prove
the main theorem before proving this. We would like to use the irreducible ideals in
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the role of primes. However, for the time being we will not call them prime ideals,
reserving that term for the previous definition. However, we will eventually prove
that an ideal I C Ok is irreducible if and only if it is a prime ideal. Therefore as
in the case of rational integers, for ideals, the terms prime and irreducible will be
interchangeable.

First we show that a factor is a divisor.

Lemma 6.5.1.1. If A|B then B C A, that is, a factor is a divisor.
Proof. Suppose B = AC so that A|B. Let
A={ar,....,a5), B={(B1,....0:), C={y1,.... %)

Then
(Bisoos Br) = {1Vl oo Qi Vs vy O V).

Therefore foreachk =1, ...,1,

Br = ZG’?/O"'VJ' with 0; ; € Ok.
iJ

This implies that

Br = Z (;Qi,,/w)ab

i
Hence each B is an integral (from O ) linear combination of the «; and thus §; € A.
Therefore B C A. m]

To arrive at the prime factorization we need certain finiteness conditions.

Lemma 6.5.1.2. A rational integer m # 0 belongs to at most finitely many ideals
in O[(.

Proof. Suppose m is a rational integer and m € A, where A is an ideal in Ok . Since

both +m € A we may assume that m > 0. Let w1, ..., w, be an integral basis for
K.If A= (ay,...,as) then each ; may be written as
n
o = Z Cijwj,
i=1
where the {c;;} are rational integers. Then foreach j =1,...,n,

Cij =4qi jm+rij, 0< rij < m.
Then

o = Z(qz'jm +rij)wi =m Z‘Zija)i + Zrijwi =my; + Bi,
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where y; and B; are integers and B; can take on only finitely many values, since
rij < m. Now since m € A, we have

A=<(¥1,...,O{S>: (al""vaS1m>: (m)/l‘l‘,Bl,,mJ/A +/33>
However, since m € A it follows that my; € A for all i and thus

A= (B1,....Bs)

Since there are only finitely many choices for each ; there are only finitely many
choices for A. O

Lemma 6.5.1.3. An ideal A # (0) has only a finite number of divisors and hence
only a finite number of factors.

Proof. Let A be an ideal with A # (0). If « € A with a # 0, then the norm N («) is
in A. Since « is an algebraic integer, N(«) € Z. It follows that A N Z # {0}. But
then N (o) can belong to only finitely many ideals and so A can have only finitely
many divisors. Since each factor is a divisor, A has only finitely many factors. O

We now state the main result.

Theorem 6.5.1.1 (unique factorization of ideals). Every ideal I C Ok with I # (0)
and I # (1) can be factored into a product of prime ideals. This factorization is
unique except for the ordering of the factors.

The proof is broken into several steps. First we introduce some further general
ideas from algebra.

Definition 6.5.1.2. If R is a commutative ring with identity, then a module over R,
or an R-module, is an abelian group M that allows scalar multiplication from R
satisfying

(HhrveMifre R,veM,
2Q)r(u+v)=ru+rvforr e R,u,veM,
B +s)v=rv+svforr,s e RveM,
4) (rs)v=r(sv) forr,s € R, ve M,

5) lv=vforveM.

Therefore we can think of a module as a vector space in which the set of scalars is
just a commutative ring rather than a field. Clearly, any abelian group is a Z-module.

A subset {m;} of elements of M generates M if every element of M is a finite
R-linear combination of finitely many elements from {m;}. If a set of generators
is finite then M is a finitely generated module over R. If M is a module then an
R-basis for M is a generating set that is linearly independent over R. Not every
R-module has an R-basis. An R-module thathas an R-basis is called a free R-module.
A submodule N is a subgroup of M that is also a module. The following is important
for our further work.



316 6 Primes and Algebraic Number Theory

Theorem 6.5.1.2. Let R be a principal ideal domain and M a free R-module. If
mi, ..., Mg is a finite R-basis and N is a nonzero submodule of M then N is also
free and has a finite basis with < s elements.

Since each abelian group is a Z-module and Z is a principal ideal domain, if we
apply this theorem to abelian groups we get the basis theorem for finitely generated
abelian groups.

Now we return to the proof of the main theorem. To obtain the existence of unique
factorization, we extend the definition of an ideal.

Definition 6.5.1.2. A fractional ideal in K is a nonzero finitely generated Ok-
submodule of K. That is,
I CcK

is a fractional ideal if 1 is an additive subgroup of K closed under multiplication
from Ok. An ordinary ideal A C O is then also a fractional ideal. In this context
we call an ordinary ideal an integral ideal.

Notice that fractional ideals can be multiplied in the same manner as ordinary
ideals to obtain other fractional ideals. We next define an addition of fractional
ideals.

Definition 6.5.1.3. If A and B are fractional ideals then the sum is given by
A+B={a+B;axe€ A, Be B}
The sum of fractional ideals is again a fractional ideal (see exercises).
Lemma 6.5.1.4. Every integral ideal contains a product of prime ideals.

Proof. Let S consist of the set of integral ideals for which this statement is false. If
S is nonempty, since Ok satisfies the ACC on ideals (is Noetherian), it follows that
S must have a maximal element A. Therefore A is an integral ideal that is not prime
and for which any ideal properly containing A must contain a product of prime ideals.
Since A is not a prime ideal there must exist elements «, 8 both not in A but with
aff € A. Then A| = (A, «) and B; = (A, B) both properly contain A and hence
both contain a product of primes ideals. Then A1 Bj also contains a product of prime
ideals. But
A1Bi CAA4+aA+BA+ (aB) C A

since ¢ € A. Butthen A contains a product of prime ideals, which is a contradiction.
Therefore the set S must be empty and hence every integral ideal contains a product
of prime ideals. O

We also need the following, which gives an inverse under this multiplication for
ordinary ideals.

Definition 6.5.1.4. For an integral ideal A C Oy, we define

Al ={x e K;aA € O}.
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Lemma 6.5.1.5. For A C Ok an integral ideal, the set A~ is a fractional ideal and
Ok C A~ Further, if A is a proper ideal then A~ properly contains O.

Proof. We leave the proof that A~! is again a fractional ideal to the exercises and
prove that if A is a proper ideal then A~! properly contains Og. We must show that
there is an element of A~! that is not an algebraic integer. Choose an « € A with
a # 0. From Lemma 6.5.1.4 there is a set of prime ideals Py, ..., Py satisfying

P+ P C {a) C A.

Choose such a set of prime ideals with minimal possible s. Since A # Ok, by the
Noetherian property it follows that A must be contained in some maximal (and hence
prime) ideal P. Therefore we have

P ---PyCP.

If P #£ P foralli = 1,...,s then there is an o; € P; with o; ¢ P and with
a1 ---ag € P. This contradicts the fact that P is a prime ideal. Therefore P = P;
for some i. Without loss of generality, assume P = P;. We now have

PPy--- P, C{a) CACP.

Since s was minimal, P;--- Py is not contained in (). Therefore there is a B €
Py--- Py with B ¢ (a). Let y = a~!B. Then y is not an algebraic integer. However,

yA=a 'BAca 'BP Cca'PPy--- Py C Ok.
Hence by definition, y € A~ o
Lemma 6.5.1.6. If A is an integral ideal then A~' A = Ok.
Proof. Let B= A"'A. Then B C Ok, so BB is an integral ideal. Then
AAT'B=BB' c Ox = AT'B7' C A.

It follows that forany @ € B~! we musthave A~'a ¢ A~™'andso A~ 'a” ¢ A~! for
all natural numbers n. But then A~ ![«] is an Ok-submodule of A~! and is therefore
finitely generated (see Theorem 6.5.1.2). However, Ok [«], being a submodule of
A, is also finitely generated. Since O is integrally closed in K it follows that
o € Ok. Therefore B! ¢ Oy and hence B~! = Ok. It follows that B = O, for
otherwise, by Lemma 6.5.1.5, Oy would be proper in B~!. O

Lemma 6.5.1.7. Every integral ideal is a product of prime ideals

Proof. From Lemma 6.5.1.4 we know that any integral ideal contains a product of
prime ideals. If an integral ideal contains a single prime ideal it must coincide with
that ideal since prime ideals are maximal. We now do induction on the length of a
product of prime ideals contained in an integral ideal and assume that any integral
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ideal containing a product of fewer than n prime ideals is a product of prime ideals.
Now suppose A is an integral ideal and A contains a product of n prime ideals:

PP,---P, CA.

As in the proof of Lemma 6.5.1.4 choose a maximal ideal P containing A, so that
we have
PPy---P, CACP.

Again as in the proof of Lemma 6.5.1.4, P must coincide with one of the P;, say Py,
so that we have

PPy---P,CACP = P~'PPy---P,C P7'A C .

The integral ideal P~! A now contains a product of fewer than n prime ideals, so by
our inductive hypothesis we have

P'A=01--- 0y,
where each Q; is a prime ideal. But then
A=PP'A=PQ,--- Qs
is a product of prime ideals. O

Now that we have established that each integral ideal is a product of prime ideals
we must show that this product is unique up to ordering.

Lemma 6.5.1.8. Let Py - -- Py C Q- - - Oy, where the P; and Q j are all prime ideals.
Then s = t and the set of Q; are just a rearrangement of the set of P;.

Proof. The proof mimics the proof of the uniqueness of factorization of the rational
integers. Since Q1 --- Q; C Q1 we have

Pi---P,CQp---0Q; C Q1.

Since Q1 is prime and hence maximal, as in the proofs of the previous lemmas Q1
must coincide with some P;. Without loss of generality, we may assume, then, that
Q1 = P;. We then have

PI'P\PyPs--- Py C PT'PIQy O = Py Py C Q1 O
Continuing in this manner we get the result. O

As an immediate consequence of this lemma we get the following corollary, which
is the required unique factorization.

Corollary 6.5.1.1. Suppose A = Py --- P; = Q1 --- Q; are two expressions for the
integral ideal A as a product of prime ideals. Then s =t and the set of Q; are just
a rearrangement of the set of P;.
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This series of lemmas completes the proof of the unique factorization theorem.
If A is a nonzero proper integral ideal then from Lemma 6.5.1.6 it can be expressed
as a product of prime ideals. Then from Corollary 6.5.1.1 this expression is unique.

Finally, we show that a divisor is a factor. Hence by the uniqueness theorem, if
A is a prime ideal it is also an irreducible ideal. Therefore for ideals the terms prime
and irreducible become interchangeable.

Lemma 6.5.1.9. Let A and B be integral ideals. Then A is a divisor of B if and only
if A is a factor of B.

Proof. We have already seen that if A is a factor of B then A is a divisor, that is, if
A|B then B C A. We must show then that if A is a divisor of B, thatis, B C A, then
A is a factor of B. Hence we must show that if B C A then there is an ideal C with
B = AC. Now from unique factorization we have

A:Plelpre'

for some prime ideals Py, ..., P.. Here we have combined identical prime ideals
to an exponent as in the standard form of a rational integer. Since B C A it is an
easy consequence of the unique factorization theorem that the factorization of B will
contain all the prime ideals in the factorization of A and to a higher exponent. Hence

B=P1‘fl-'~Prf'Q1'-'Qs
with each f; > e; and Qj, ..., QO prime ideals. Then
C = Plfl_e1 Pl 0,

is an integral ideal and B = AC. O

6.5.2 An Application of Unique Factorization

As we saw in Chapter 2, many results are direct consequences of the fundamental
theorem of arithmetic. In a similar manner, as a consequence of the unique factor-
ization theorem for ideals, many of these results have lovely analogues for ideals
in algebraic number rings. In this section we will look at one of these, the Chinese
remainder theorem. In the final section, after we discuss the ideal class group, an
analogue of Fermat’s theorem will also be presented.

Recall that for the rational integers the following is the Chinese remainder
theorem.

Theorem 6.5.2.1 (Chinese remainder theorem). Suppose that mi, mo, ..., my are
k positive integers that are relatively prime in pairs. If ai, ..., ar are any integers
then the simultaneous congruences

x=aq;modm;, i=1,...,k,

have a common solution which is unique modulo mymy - - - my.
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To extend this result we need to give the analogues of greatest common divisors
(GCDs) and least common multiples (LCMs) for ideals. Since these concepts are
defined in terms of divisibility, the definitions are identical.

Definition 6.5.2.1. If A and B are integral ideals in Ok, then
(1)
gcd(A, B) =D,

where D is an integral ideal such that D|A,D|B and if D is another integral
ideal such that D1|A and D1|B then D1|D;

(2
lem(A, B) =L,

where L is an integral ideal such that A|L,B|L, and if A|L1,B|L1 for some
integral ideal L, then L|L.

From the unique factorization theorem it easily follows, in exactly the same
manner as for the integers, that if

A=P9...P’ and B=Pl ... P/

.
with Py, ..., P, distinct prime ideals and ¢;, f; > 0 and Pl.0 = Ok, then
ged(A, B) = pmhen v printer /o)
and
lcm(A, B) = leax(el’fl) e P;nax(er,fr).

Further, since an ideal is a factor if and only if it is a divisor, that is, D|A if and
only if A C D, it follows that gcd(A, B) is the smallest ideal containing both A and
B, while lem(A, B) is the largest ideal contained in both A and B. Now, the sum
A + B is the smallest ideal containing both A and B and the intersection A N B is the
largest ideal contained in both A and B. Hence

gcd(A, B) = A+ B,
Iem(A, B) = AN B.

Further, exactly as for the rational integers,
AB = gcd(A, B) -lem(A, B) = (A+ B) - (AN B).
We summarize all these observations in the next theorem.

Theorem 6.5.2.2. Let A, B be integral ideals in Ok and suppose

A=P"...P’ and B=P/'...P

r

with Py, ..., P, distinct prime ideals and e;, f; > 0 and P? = Ok. Then
(1) ged(A,B)=A+ B = lem(elyfl) o Prmm(e,,f,);
(2)lem(A,B)=ANB = leax(el,fl) . Prmax(e,,f,);
(3)AB = (A+ B)(ANB).
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Now, to get the Chinese remainder theorem we need to extend the concept of
relatively prime or coprime. Since PZ.O = Ok, we have the following definition.

Definition 6.5.2.2. The integral ideals A, B are relatively prime or coprime if they
have no common prime factor. Equivalently, they are coprime if A + B = Ok.

We now get the following version of the Chinese remainder theorem for ideals.

Theorem 6.5.2.3 (Chinese remainder theorem for ideals). Let {A{, ..., A,} be a
set of integral ideals in Oy that are pairwise relatively prime, that is, A; + A; = Ok
ifi # j,andlet{ay, ..., ay} be an arbitrary set of algebraic integers in Ox. Then

there exists an element o € Ok such that
a=o; mod A; forl <i<n,
and, further, o is unique modulo A1A3 - - - Ay.

Proof. The proof mimics the proof for the rational integers, that is, we actually
construct the element « (see Chapter 2).

Since Ay, ..., A, are pairwise relatively prime it follows that A; is relatively
prime to ]_[i#j Aj. Hence for 1 <i < j there exist elements f;, B/ with ; € A; and
Bl € [1i; Aj such that g; + B = 1. Now let

a=a1f] +afy+ -+ anp.

Since f; + B/ = 1 and B; € A; it follows that 8/ = 1 mod A;. Further, 8] € A; if
i # j,s0 B/ =0mod A;. Therefore

a=o;modA; fori=1,..., n.
Suppose o is another simultaneous solution to the given congruences. Then
a—o' e AiNayN---NA,.
Since they are pairwise relatively prime,
AiNAN---NA, =A1Ar--- Ay,

and hence « = o’ mod Ay - -- A,,. O

6.5.3 The Ideal Class Group

Out of the set of fractional ideals in Ox we will now form a group, called the ideal
class group, which in a sense will measure how close Ok is to being a principal ideal
domain and hence a unique factorization domain. In particular, this group will be
trivial if and only if Ok is a principal ideal domain.
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First of all, note that fractional ideals can be multiplied exactly like the ordinary
integral ideals of Ok . That is, if A, B are fractional ideals with

A=(a1,....,anm), B={B1,...,Bk,

then their product,

AB = (a1B1, 2182, ..., a;iBj, ..., ampPk),
is the ideal generated by all products of the generating elements.

Theorem 6.5.3.1. The fractional ideals of K form an abelian group under the above
multiplication called the ideal group Zg of K. The unit element is (1) = Ok and
the inverse element for a fractional ideal A is

Al ={x e K;xA C Ok).

Proof. Associativity and commutativity are clear. Further, for any fractional ideal A
we have AOgx = A so Ok is a unit element. Hence we must show the existence of
inverses.

If A is an integral ideal then from Lemma 6.5.1.6 we have A™'A = Ok with A™!
as defined in the theorem. Hence A~! is an inverse for integral ideals. Now let B
be a fractional ideal. Then there exists an « € Og with o # 0 such that B C Ok.
Then («B)~!' = «~'B~! as defined above and hence BB~ = 0. O

Corollary 6.5.3.1. Each fractional ideal A has, up to order, a unique product

decomposition
A=]]P
P

with e, € Z, at most finitely many e, # 0 (recall that P = Ok), and { P} the set of
prime ideals in Ok.

Proof. This mimics the proof that any rational number is a product of rational primes.
Each fractional ideal V can be written as a quotient V = % = AB~! of two integral
ideals A, B. Since each of A, B has a unique expression as a product of prime ideals
the result follows. O

The above corollary can also be phrased as follows.

Corollary 6.5.3.2. The ideal group Tk is a free abelian group generated by the prime
ideals P # (0) in Ok.

Ifa € K* = K — {0} then aOy, forms a fractional ideal. Any fractional ideal of
this form is called a fractional principal ideal.

Theorem 6.5.3.2. The set of fractional principal ideals {aOg} with a € K* forms a
normal subgroup of the ideal group Tg. We denote this subgroup by Pk.
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Proof. Now (aOg)(bOk) = abOk and (aOg)~' = a~' Ok so the set of fractional
principal ideals is closed under product and inverse. Therefore Pk forms a subgroup.
Since the ideal group is abelian any subgroup is normal and hence Pk is a normal
subgroup. O

Since Pk is a normal subgroup we can form the factor group.
Definition 6.5.3.1. The factor group
Clg =TIk /P
is called the ideal class group or the class group of K.

Let Og be the group of units of Ok . Then there is an exact sequence

1—>OI*(—>K*E>IK—>CZK—>1.
The following is immediate.
Theorem 6.5.3.3. Ok is a principal ideal domain if and only if Clg = {1}.

In general, the problem of determining the class group Clk is quite complicated.

6.5.4 Norms of Ideals

We define a norm for an ideal that is related to the norm of an element. Further, we
show that this norm is multiplicative.

Definition 6.5.4.1. If A is an ideal in Ok then we define the norm of A by
N(A) =[Ok : Al
First of all, notice that the norm of an ideal is always finite, since
d(A) =[O : AVdk,

where d(A) is the discriminant of the ideal and dg is the discriminant of the field.
The following result shows how the norm of an ideal is related to the norm of an
element.

Theorem 6.5.4.1. If A = (a) is a principal ideal in Ok, then
N(A) = [Nk (a)|.

Proof. Suppose wi, ..., wy, is a Z-basis for Og. Then awy, ..., aw, is a Z-basis for
aOk. If aw; = Z'}zl ajjw;j and A = (g;;), then

|det(A)] =[Ok : aOk]

on one side, while det(A) = Nk (a) by definition. O
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Further this norm is multiplicative on the set of ideals.
Theorem 6.5.4.2. Let A be a nonzero integral ideal in Ok. If
A= P P--- P
is the prime ideal decomposition of A, then
N(A) = N(PON(P2) - -- N(P).
In particular,
N(AB) = N(A)N(B)

for nonzero integral ideals A, B.

Proof. Suppose A is a nonzero integral ideal and A # Ok. Then A has a canonical
prime ideal decomposition

A=P'-- P&, s>1, ¢ =1,

with distinct P;. We must show that

N@y =[Ny

i=1
By the Chinese remainder theorem we have
Ok /A = ®_ Ok /P,
which gives

N
N@) =[N ED.
i=1

It remains to show that for each prime ideal P and each natural number n we
have [P": P"t!] = A/(P). For this we choose t € P"/P"*! and consider the
homomorphism of abelian groups given by x — rx 4+ P"*! from O into the factor
group P"/ P+,

The kernel of this map is an ideal in O. The kernel does not contain all of Ok
sincer ¢ P"*! butitdoes contain P sincet P C P"T!. Therefore since P is maximal
this kernel must be P. The image of this homomorphism is the factor group 7'/ P"*!,
where T = tOk + P"*! is an ideal in Ok contained in P” but not contained in P"*!,
Therefore we must have precisely T = P”". The isomorphism theorem for abelian
groups then gives

Ox/P = p"/p"t!,

Hence in particular
[Ok: P1=N(P)=[P": P""],

completing the proof. O
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Suppose P is a nonzero prime ideal in Ok . Then it is a maximal ideal and hence
the factor ring Ok /P is a field and hence a finite field since [Og : P] is finite. If
its characteristic is p then P N Z = pZ, where p is a rational prime. Now N (P) is
the number of elements in Ok /P and therefore N'(P) = p/ for some f € N. This
exponent is called the residue class degree of the prime ideal P. It is the degree of
the field Ok / P over its prime field Z,. The multiplicative group (Ox/P)* is cyclic,
being the finite multiplicative group of a field (see Chapter 2 and the exercises). From
this we obtain the analogue of Fermat’s theorem for ideals in Ok.

Theorem 6.5.4.3 (Fermat). If P # (0) is a prime ideal in Ok, then

aN(P)EamodP

forall o € Ok.

We saw in Section 6.4.3 that rational primes in quadratic integer rings may
be decomposed in Og. Further, we can classify all possible situations. We
generalize this.

Theorem 6.5.4.4 (decomposition of a rational prime). Let p be a rational prime.
The exponent e(p) = vp(pOk) of a prime ideal P with P|pOy in the prime ideal
decomposition is called the ramification index of p in K over Q. Then

Y ep)f(p)=IK:Ql,

PlpOk
where f(p) is the residue class degree of p.

Proof. Letn = [K : Q] be the degree of K over Q and let p be a rational prime.
Then

N(pOk) = IN(p)| = p".

On the other hand, by the Chinese remainder theorem, Oy / pOy is isomorphic to the
direct sum of the factor rings Ok /(P¢(")), where P|pOx. Hence

P =0k /pOk| = l—[ N(P)eP) = l_[ plpelp) O
PlpOy P|pOk

Finally, we show that there are only finitely many elements « in O of a
given norm.

Theorem 6.5.4.5. Up to units there are only finitely many elements o € Ok with a
given norm Nk (o) = a.

Proof. Let a be a rational integer with a > 1. We first claim that in each of the
finitely many residue classes of Ok /aOy there are, up to units, at most one element
o with |[Ng (a)| = a.
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To see this, suppose 8 = a +ay with y € O is another element with | Nx (8)| =

a. Then N
@ _ 12 NP o
B B
since % € Ok. Analogously,
N
14 N9 o
o o

This implies that «, 8 are associates, that is, « = €8 with € a unit.
It follows that up to units there are at most [Ok : aOk] elements in Ok with the
norm =a. m]

6.5.5 Class Number

In this final section we show that the ideal class group must be finite, giving another
finite integer invariant for each number field.

Minkowski theory (see Section 6.4.5) leads to the following, which we state
without proof.

Theorem 6.5.5.1. Each ideal A # (0) in Oy contains an element a € A with

2 s
INk (@)] = (;) VIdg N (A),

where, as before, s denotes the number of pairs of complex, nonreal embeddings of
K into C.

Using this result we obtain the following theorem.
Theorem 6.5.5.2. For each algebraic number field K the ideal class group
Clg =1k /Pxk
is finite. Its order hxy = [Zk : Pk] is called the class number of K.

Proof. Let P # (0) be a prime ideal in Ok and suppose P NZ = pZ with p a
rational prime. Then Ok /P is a finite extension of its prime field F, = Z/Z, of
degree f > 1. Hence N'(P) = p/.

For a fixed rational prime p there are only finitely many prime ideals P with
P NZ = pZ since then P|pZ. Therefore there are only finitely many prime ideals P
with bounded absolute norm. Now each nonzero integral ideal A has a prime ideal
decomposition

A:Plel -« P withe, > 1,

r
and then we have

N(A) = N (P - (N(P)).

Putting this all together we have that there are only finitely many ideals A # (0)
in Ox with bounded absolute norm AV (A) < M.
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Hence it is enough to show that each class [A] € Clg contains an integral ideal

A with
NA) <M= (%) NETS

where s is as in Theorem 6.5.5.1.

To show this, choose an arbitrary representative A # (0) in this class and a
nonzero y € Ok with B =Ta~! ¢ Og. By Theorem 6.5.5.1 there exists an @ € B
with « # 0 such that

INk @INV(B) ™' = N((@Og)B™) = N(@B™") < M.
The ideal A} = «B~! = ay~! A € [A] has the desired property. O

We remarked before that an algebraic number ring O is a principal ideal domain
if and only if its ideal class group is trivial. Hence in the present language we can say
that Ok is a principal ideal domain if and only if the class number of K is 1.

For quadratic imaginary number fields Q(v/—d) Heegner, Stark, and Baker
proved the following.

Theorem 6.5.5.3. Let K = Q(v/—d) where d is a square-free positive integer. Then
K has class number 1, that is hx = 1, if and only if

d=1,2,3,7,11,19,43, 67, 163.

We end with the following well-known conjecture.

Conjecture. There are infinitely many algebraic number fields with class number one.

EXERCISES

6.1. Show that in any ring R with identity 1 (commutative or not), if uv = 1 and
wu = 1 then v = w. Hence if an element has both a left and right inverse it is
a unit.

6.2. LetT be ann x n matrix over a field F'. Suppose TU = [ for some matrix U.
Showthat UT = I also. (Hint: Consider T as alinear transformation. If TU =
1
it must have rank n. Hence there exists a matrix V such that VT = I. Apply
Exercise 6.1.)

6.3. Show that the set of units in a commutative ring R with identity forms an
abelian group under multiplication.

6.4. Show thatif a € Z, then a is a unit if and only if (a, n) = 1.

6.5. Show that in any UFD there are infinitely many primes. (Hint: Use Euclid’s
proof.)
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6.6.

6.7.

6.8.

6.9.

6.10.

6.11.

6.12.

6.13.

6.14.

6.15.

6.16.

6 Primes and Algebraic Number Theory

Prove Lemma 6.2.1. Let F be a field and let P(x) # 0, Q(x) # 0 be nonzero
polynomials in F[x]. Then

(1) deg P(x)Q(x) = deg P (x) + deg Q(x);

(2) deg(P(x) £ Q(x)) < max(deg P(x), deg Q(x)) if P(x) £ Q(x) # 0.
Let F be a field and F[x] the set of polynomials over F. Verify the ring
properties for F[x].

Fill in the details for a proof of the division algorithm in F[x]. (Hint: Consider
the degrees of the polynomials.)

Let S be a subring of the field F (such as Z in R). Let S[x] consist of the
polynomials in F[x] with coefficients from S. Show that S[x] is a subring of
F[x]. Recall that to show that a subset is a subring we need show only that it
is nonempty and closed under addition, subtraction, and multiplication.

Use the division algorithm to find the quotient and remainder for the following
pairs of polynomials in the indicated polynomial rings:

(@ fx)=x>+5x24+6x+1,gx)=x—1inR[x].

®) f(x)=x3+5x2+6x+1,gx)=x—1inZs[x].

(©) f(x)=x>+5x>4+6x+1,g(x)=x—1inZ3[x].

Use the Euclidean algorithm to find the GCD of the following pairs of
polynomials in Q[x]:

(@ fx)=2x3—4x?+x—-2,g(x)=x>—x>—x-2.

®) fO)=x*+x3+x2+x+1,gx)=x>—1.

Show that if f(x) € R[x] and & € C is a root then &, its complex conjugate,
is also a root.

Use the fundamental theorem of algebra coupled with Exercise 6.12 to show
that if p(x) € R[x] is irreducible, then p(x) is of degree 1 or of degree 2.

Prove Lemma 6.2.1.2: Let R be a Euclidean domain and let ri,7» € R.
Then any two GCDs of r;,r» € R are associates. Further, an associate of
a GCD of ry, rp is also a GCD.

Prove Lemma 6.2.1.3: Suppose R is a Euclidean domain and r1, r € R with

ro # 0. ThenaGCD d forry, r; exists and is expressible as a linear combination
with minimal norm. That is, there exist x, y € R with

d=rix+nry

and N(d) < N(dp) for any other linear combination of ry, r;.
Further, if r; # 0, rp # 0, then a GCD can be found by the Euclidean algorithm
exactly as in Z and F[x]. (Hint: Mimic the proof in the ordinary integers Z.)

Suppose D is a Euclidean domain and assume r € D has two prime
factorizations
r:rl...rkzsl...st

withry, ..., 7k, 81..., 8 all primes in D. Show that each r; is an associate of
some s; and k = t. (Hint: Use Euclid’s lemma repeatedly.)
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6.18.

6.19.

6.20.

6.21.

6.22.

6.23.

6.24.

6.25.

6.26.

6.27.
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Prove Lemma 6.2.1.5: If o, B € Z[i], then

(1) N(@) is an integer for all @ € Z[i];

(2) N(a) = Oforall ¢ € Z[i];

(3) N(a) =0ifand only if « = 0;

4) N(a) > 1forall o # 0,

(5) N(aB) = N(x)N(B), that is, the norm is multiplicative.

(a) Find the GCD and LCM of the Gaussian integers 5 + 3i and 6 — 4i.
(b) Determine if 1 4 4i and 13i are primes in Z[i].

(c) Determine the prime decomposition in Z[i] of 3 + 5i.

Solve the congruence
24+ 3i)x=1mod 1+ 3i

in Z[i].
Suppose that p(x) = a,x" + -+ +a, € Z[x] and p(r) = 0 with r = 2 € Q.
Show that m|ag, n|a,. (This is called the rational root theorem.)

Use the rational root theorem coupled with polynomial factorization to
show that

px)=x>—x+5

is irreducible over Q.

Use the multiplicativity of the norm to show that in Z[+/—5] the numbers
3,7, 14+2i \/3 ,1—2i \/3 are all primes and not associates of each other. Recall
that N (a + bi~/5) = a? + 5b>.

Since21 =3-7=(1+ Ziﬁ)(l — Eiﬁ), this shows that prime factorization
is not unique in Z[/-5].

Prove that any Euclidean domain is a principal ideal domain. (Hint: Let I C D
be an ideal with D a Euclidean domain. Let r € I with minimal norm. Mimic
the proof in Z to show that I = (r).)

Show that the following properties hold in a PID:

(1) albif and only if (b) C (a).

(i) (b) = (c) if and only if b and c are associates.

(iii) (a) = R if and only if a is a unit.

The following steps outline a proof of Theorem 6.2.2.5. If R is a UFD, then
the polynomial ring R[x] is also a UFD.

Let F be a field and [ the set of polynomials in F[x, y] with constant term 0.
Show that this forms an ideal that is not principal.

Let R be anintegral domainand I C R anideal. Show thatr; ~ ryifri—ry € I
defines an equivalence relation on R. (Since the equivalence classes are the
cosets of I, this shows that the cosets partition R.)
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6.28.

6.29.

6.30.

6.31.

6.32.

6.33.

6.34.
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Suppose F is a field and p(x) € F[x] is irreducible. Then show that if [x] =
X 4+ {p(x)) in the factor ring

F' = F[x]/{p(x))

then p([x]) = [p(x)]. (Consider the operations in F’.)

Prove Lemma 6.3.1: If F C F’ C F” are fields with F” a finite extension of F,
then |F’ : F| and |F"” : F’| are also finite, and |F" : F| = |F" : F'||F’: F|.
Show thatif F C F’ are fields and o € F’ then the intersection of all subfields
of F’ containing both @ and F is again a subfield.

Let K be an algebraic number field of degree n. On the set of n embeddings
K — C fixing Q define the relation o ~ t if o («) = (). Show that this is
an equivalence relation.

Let @ € R be algebraic over Q and let 8 be transcendental. Show that o £
B, ap, % are all transcendental.

Let F be afield and xq, x1, ..., x, are n + 1 distinct elements of F. Prove that
the Vandermonde determinant has the value

I x ... Xx
1 x ... x"

V(X0, ..o Xn) = =T —x.
1 x, ... x} =/

(Hint: Use the following steps.)

(i) Show that it is true for n = 2.

(i) LetV,(x) = V(xg,...,Xy—1,x) with x as a variable. Show that V,,(x) is
a polynomial of degree n with roots xo, ..., X;—1.

(iii) Use part (ii) to show that

V(@) = V(xo, ..., Xa—1)(x = X0) - - - (X — Xp).

(iv) Substitute x, to complete the induction and the proof.
Let K = Q(6) be an algebraic number field of degree n. For & € K define the
mapping 7, : K — K by

To(x) = ax.

Show that this is a linear transformation of the n-dimensional QQ-vector space
K.

6.35. A primitive integral polynomial is a polynomial p(x) € Z[x] such that the

GCD of all its coefficients is 1. Prove the following:

(a) If f(x) and g(x) are primitive, then so is f(x)g(x).

(b) If f(x) is monic, then it is primitive.

(¢) If f(x) € Q[x], then there exists a rational number ¢ such that f(x) =
cf1(x) with f1(x) primitive.
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6.44.

6.45.

6.46.
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Let K = Q(+/—d) with d square-free and d = 1 mod 4. Let w = #
Show that every integer in Oy is uniquely of the form m + nw, m, n € Z and
so {1, w} is an integral basis.

Letd = 3,K = Q(v/—d) and @ = =153 Show that +w, +@ are units in
Ok . (Note that w® = 1.)

Complete the proof of Theorem 6.5.1, that is, that A does indeed have an
integral basis. (Hint: Mimic the proof of Theorem 6.4.2.1.)

Show that the product of two ideals is independent of the ideals’ generating
systems, that is, if A = (@1, ..., &), B = (B1, ..., Br) are ideals in Ok and
also A = (af,...,,,), B=(B],...,B;), then

(@1Br,a1Bo, ..o @i,y omBe) = () Bl &) By, - B oy B

Prove that the sum of fractional ideals is again a fractional ideal.
Express the symmetric polynomial f (x1, x2, x3) = xl3 +x§ +x33 asapolynomial
in the elementary symmetric polynomials s1, 52, s3.

Find the minimal polynomial of /2 + +/3 over Q. (How do you know that it

is algebraic?) (Hint: Q(«/E, \/5) has degree 4 over Q and hence 2+ +/3 has
degree 2 or degree 4 over Q. Show that it cannot have degree 2.)

1
Let p be a prime and 6 a rational number not a pth power. Let K = Q(OF).
Show that if K is a field with Q C K; C K then either K| = Qor K; = K.

Let o, ..., a, be algebraic integers in K. Show that if «1, ..., o, 1S a basis
for K over Q and A(wy, ..., ®y) is square-free then «y, .. ., ¢, is an integral
basis.

Let o, B be algebraic integers in K and («), (8) the principal ideals they

generate. Show that if («)|(8) then «|p.
Classify the algebraic number fields K with discriminant —100 < dg < 100.
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