Frazer Jarvis

Algebraic
Number
Theory

2 Springer



Springer Undergraduate Mathematics Series

Adyvisory Board

M. A. J. Chaplain, University of Dundee, Dundee, Scotland, UK

K. Erdmann, University of Oxford, Oxford, England, UK

A. Maclntyre, Queen Mary, University of London, London, England, UK
E. Siili, University of Oxford, Oxford, England, UK

M. R. Tehranchi, University of Cambridge, Cambridge, England, UK

J. F. Toland, University of Cambridge, Cambridge, England, UK

For further volumes:
http://www.springer.com/series/3423


http://www.springer.com/series/3423

Frazer Jarvis

Algebraic Number Theory

@ Springer



Frazer Jarvis
School of Mathematics and Statistics
University of Sheffield

Sheffield

UK

ISSN 1615-2085 ISSN 2197-4144  (electronic)
ISBN 978-3-319-07544-0 ISBN 978-3-319-07545-7 (eBook)

DOI 10.1007/978-3-319-07545-7
Springer Cham Heidelberg New York Dordrecht London

Library of Congress Control Number: 2014941941

Mathematics Subject Classification: 11Rxx, 11R04, 11R09, 11R18, 11R27, 11R29, 11R47, 11-01

© Springer International Publishing Switzerland 2014

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief
excerpts in connection with reviews or scholarly analysis or material supplied specifically for the
purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the
work. Duplication of this publication or parts thereof is permitted only under the provisions of
the Copyright Law of the Publisher’s location, in its current version, and permission for use must
always be obtained from Springer. Permissions for use may be obtained through RightsLink at the
Copyright Clearance Center. Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

This book, like others in the SUMS series, is designed to be suitable for under-
graduate courses. While many institutions may not offer such courses in algebraic
number theory, some may instead offer the possibility for students to take reading
courses, or to write projects, in more diverse areas of pure mathematics. It is my
hope that this book is suitable for any of these options.

Outline of the Book

Let us now summarise the content of the book. The first chapter begins with a
review of the Euclidean algorithm and its importance in the proof of the Funda-
mental Theorem of Arithmetic, which states that every integer can be uniquely
factorised into prime numbers. We then consider some questions about the integers
which can be addressed by working with the Gaussian integers Z[i], and for which
analogues of unique factorisation are essential to the proof.

Motivated by the need to consider larger sets than Z, the second chapter defines
algebraic numbers, and number fields and their rings of integers. These are the sets
which are going to generalise the rational numbers and the integers and in which
we are going to be studying arithmetic throughout the rest of the book. The third
chapter continues this theme, studying natural questions about rings of integers in
number fields. Some of these further questions are of a harder nature than those in
Chap. 2, and the reader (or instructor) may wish to omit some of this material on a
first reading.

Unique factorisation forms the topic of the next two chapters; we would like to
know whether the ring of integers in a given number field has unique factorisation
or not, in order to deduce interesting results such as those at the end of the first
chapter. Although unique factorisation does not always hold (indeed, it’s quite
rare!), Kummer suggested a way to recover it, by adding “ideal numbers”. Later,
Dedekind reformulated this to give a definition of ideals in the rings of integers,
and Chap. 4 considers properties of ideals. Prime ideals, analogues of prime
numbers, are studied in the fifth chapter, whose main result is the uniqueness of
factorisation of ideals into prime ideals. The chapter also introduces the class
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number and class group, which measure the failure of unique factorisation of
elements.

Chapter 6 considers the case of imaginary quadratic fields, which is probably
the simplest family of worked examples. After considering problems such as
finding the imaginary quadratic fields with unique factorisation, the relation with
the theory of positive definite quadratic forms is explained, which gives a con-
venient way to make computations of class numbers of imaginary quadratic fields.

Before considering further examples, we develop some theory in Chap. 7. This
chapter studies geometry of numbers and the class group, proving some useful
general theoretical results, which then get illustrated in Chap. 8, which focuses on
other classes of fields with small degree. To treat the case of real quadratic fields, we
introduce Pell’s equation, and its solution via continued fractions. Next, Chap. 9
considers number fields generated by roots of unity, and in particular, Kummer’s
work on Fermat’s Last Theorem.

These nine chapters are already more than enough to form a full one-semester
course in a typical UK University. But this is just the start of the theory, almost all
understood by the mid-nineteenth century. I have also included additional chap-
ters, which could form the basis for further reading, or for student projects. These
concern explicit class number formulae, and the number field sieve. The first
chapter, on analytic methods, considers the Riemann zeta function, and zeta
functions of number fields, culminating in the analytic class number formula, and a
brief discussion of p-adic numbers, of great importance for modern number the-
orists. The advent of the computer has led to increased interest in the problem of
factorisation of integers, through the RSA cryptosystem, and the current method of
choice, which uses many techniques of algebraic number theory, is the number
field sieve. But today the field is extremely active, and has expanded far beyond
the contents of this book. I am very conscious that there are topics which might
have been treated as part of this list which have been omitted: the relation to Galois
Theory, further ramification theory, class field theory, p-adic methods and tran-
scendence theory, amongst others.

A Note for Instructors

There are many possible combinations of topics that could form a suitable course. A
basic one-semester course at an undergraduate level at a typical UK University
might review Chap. 1 quickly, spend quite a lot of time on Chap. 2, briefly touch on
some of the topics in Chap. 3 and cover Chaps. 4 and 5 fairly fully, with examples
taken from parts of Chaps. 6 and 8. Any remaining time might be spent on
additional topics from some of the later chapters, such as quadratic forms (from
Chap. 6), the finiteness of the class number (from Chap. 7), or roots of unity and
Fermat’s Last Theorem (from Chap. 9). The relationship between class numbers
of imaginary quadratic fields and quadratic forms (Chap. 6), analytic methods
(Chap. 10) and the number field sieve (Chap. 11) are more likely to be suitable for
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undergraduate project work. Some of this material is also likely to be suitable for
beginning graduate students.

Prerequisites

I have tried to keep the prerequisites to a minimum. Nevertheless, there are a
number of topics which might be useful, and which most readers will have met in
their previous studies. It is my intention that readers should be able to read most of
the text without previous courses in these topics, but it is inevitably true that
previous acquaintance with them will be helpful, and readers without this
knowledge may occasionally need to consult additional sources for this back-
ground. These topics include: elementary number theory (here [7] is an excellent
source), a first course in linear algebra (including vector spaces over fields), a first
course in group theory (little beyond Lagrange’s Theorem is required) and some
basic understanding of rings and fields. Even here, it should be possible for a
reader without this knowledge to follow the material, with the understanding that a
ring is just a set in which one can add, subtract and multiply, in such a way that all
the algebraic properties of Z are satisfied (in particular, all our rings are com-
mutative and have a multiplicative identity). Slightly more advanced concepts
such as ideals and quotient rings are an essential part of algebraic number theory
(and were, in fact, motivated by the theory, as we will see), and they are introduced
from scratch. Similarly, I hope that readers would be able to follow the text with
the idea that a field is just a set in which one can add, subtract, multiply and divide
by non-zero elements, in such a way that all the algebraic properties satisfied by Q
continue to hold.

A Note on Computer Packages

It was a difficult decision to exclude explicit mention of computer packages within
the text. There is considerable scope for using computer packages to study alge-
braic number theory; many have been written and new ones continue to appear;
had I written the book 5 years ago, I might well have written examples with a
different package to my package of choice today, and 10 years ago I might have
preferred a different choice again.

But it would seem to be a mistake to write an undergraduate text with no
mention of resources available for students to study the subject further, or to
develop understanding by finding interesting examples with the aid of a computer
package. Partly to make amends, here is a brief guide to available resources at the
time of writing.
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An excellent list of packages and online tables of examples can be found at the
Number Theory Web; see http://www.numbertheory.org/ntw/N1.html. All the
packages listed here are linked to from this page.

Algebraic number theory is a relatively specialist area, and is not so well served
by well-known general-purpose computer packages such as Maple or Mathemat-
ica, although both have their uses. The MAGMA Computational Algebra System
(http://www.magma.maths.usyd.edu.au/magma/) has the best treatment of alge-
braic number theory of the major packages; however, it is comparatively expen-
sive, and less likely to be installed on University computer systems.

However, there are free alternatives which have been particularly developed for
use in algebraic number theory. (Of course, the disadvantage of such programs is
that there may be little in the way of documentation or support.)

One such program is PARI-GP (http://www.pari.math.u-bordeaux.fr/), devel-
oped originally by Henri Cohen (Bordeaux) and a team of co-workers. Cohen has
also written several nice textbooks on computational number theory.

More recently, William Stein has been heading the SAGE project to develop an
open-source equivalent to Maple, Mathematica and MAGMA. It can be down-
loaded from http://www.sagemath.org/; the project incorporates parts of PARI-GP.
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Chapter 1
Unique Factorisation in the Natural Numbers

We are so used to working with the natural numbers from infancy onwards that
we take it for granted that natural numbers may be factorised uniquely into prime
numbers. For example, 360 = 23325 is the prime factorisation of 360. However, we
should notice that there are already senses in which this factorisation is not really
unique; we can write 360 =2 x 3 x 5 x 2 x 3 x 2, oreven 360 = (—2) x 5 x 3 X
(—3) x 2 x 2. Nevertheless, we can see that all these factorisations are “essentially
the same”, in a way which we could make precise, and we will do so later.

It was not until the early nineteenth century that mathematicians became aware
that this uniqueness of factorisation is actually a rather special property of the natural
numbers, and that it required a proof. It seems that Gauss was aware of this around
1800, but, as with much of modern number theory, the issue was brought to the fore
as a consequence of work on Fermat’s Last Theorem. Let’s recall the statement:

Conjecture 1.1 (Fermat’s Last Theorem) The equation x™* + y"* = 7"* has no solu-
tions with x, y and z positive integers when n > 3.

Fermat seems to have made this conjecture around 1640; it was not finally proven
until work of Andrew Wiles, partly with Richard Taylor, in 1994.

Since Fermat proved the result for n = 4, it is easy to see that it suffices to
treat the case where n = p, an odd prime. Then we can write the equation in the
conjecture as

p—1 i
H(x—l—eTy) = z?.

m=0

As we shall see in Chap.9, there is a rather simple “proof” of many special cases
of this conjecture if we have some sort of unique factorisation statements in the

cyclotomic fields Q(e%t). Unfortunately, it turns out that these cyclotomic fields
do not, in general, have such a unique factorisation property. This failure of unique
factorisation led Kummer to develop the theory of ideals, and factorisation of ideals,
which is the starting point for algebraic number theory.

F. Jarvis, Algebraic Number Theory, Springer Undergraduate 1
Mathematics Series, DOI: 10.1007/978-3-319-07545-7_1,
© Springer International Publishing Switzerland 2014
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2 1 Unique Factorisation in the Natural Numbers

At the end of this chapter, we will see further examples where naturally arising
problems about the integers Z can be addressed using arithmetic in a larger set, and
where unique factorisation in this set is a crucial requirement.

We will begin, therefore, with a reminder of the main definitions and results
concerning the uniqueness of factorisation into primes for the natural numbers. This
will also provide useful clues when it comes to generalisations to other settings.

1.1 The Natural Numbers

In this book, the natural numbers will be taken to be N = {1, 2, 3, ...}. In order to
study factorisation in the natural numbers, we need some basic definitions.

Definition 1.2 Let a and b be integers. Then b divides a, or b is a factor or divisor
of a, if a = bc for some integer c. Write b|a to mean that b divides a and b { a to
mean that b does not divide a.

When b divides a, we also say that a is a multiple of b.

Thus 17|323 as 323 = 17 x 19, but 17 4 324. For all a € Z, we have 1|a and ala
(since a = a x 1) and a|0 (since 0 = a x 0). Notice that 0 1 a, if a # 0. If b|a,
then —b|a, so the non-zero divisors of an integer occur naturally in pairs. Clearly if
b # 0, then b|a means that the remainder when a is divided by b is 0.

Definition 1.3 A prime number is a natural number p > 1 which is not divisible by
any natural number other than 1 and p itself.

A composite number is a natural number n # 1 which is divisible by natural
numbers other than 1 and itself. Notice that 1 is neither prime nor composite.

For example, 37 is prime, but 39 = 3 x 13 is not.
Theorem 1.4 (Euclid) There are infinitely many prime numbers.

Proof Suppose that there are only finitely many primes, pi, p2, ..., Pxu.
Define
N=pip2...pn+ 1.

Suppose that p is a prime factor of N. None of the primes p1, ..., p, isafactor of N,
as N is 1 more than a multiple of each p;. So p is not one of the primes py, ..., pn,
and we have found another prime, which contradicts our assumption that p1, ..., p,
are all the primes. So there must be infinitely many primes. O

The importance of prime numbers is that they are the building blocks multiplica-
tively for all of the natural numbers; every natural number will be the product of
prime numbers.
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Exercise 1.1

1. Adapt the proof of Theorem 1.4, using N = 4p; ... p, — 1, to show that there are
infinitely many primes p = 3 (mod 4). (Recall that a = b (mod m) is equivalent
tomla —b.)

2. Similarly, show that there are infinitely many primes p = 5 (mod 6), using N =
6p1...pn — 1.

Exercise 1.2

1. Let x be an even integer. Show that any prime divisor of x> + 1 is necessarily
of the form 1 (mod 4). [Hint. Explain that the congruence x2 41 =0 (mod p)
shows that x is an element of order 4 in the group of non-zero integers modulo p,
and then use Lagrange’s Theorem.]

2. Adapt the proof of Theorem 1.4, using N = (2p1 ... p,)>+ 1, to show that there
are infinitely many primes p = 1 (mod 4).

Exercise 1.3 Using the method of the previous exercise with the polynomial x> +
x + 1, where x is an integer divisible by 6, show that there are infinitely many prime
numbers p = 1 (mod 6).

1.2 Euclid’s Algorithm

The notion of common divisors, and especially of the greatest common divisor turns
out to be surprisingly important. Indeed, the existence of the greatest common divi-
sor, which for Z is a corollary of Euclid’s algorithm, is the key to proving unique
factorisation of integers into prime numbers. Although most readers will have seen
this as part of a course in elementary number theory, we dwell on it a little here for
two reasons: firstly because we want to stress its importance for unique factorisation,
and secondly because we will want to generalise the arguments later.

If two integers a and b are both multiples of another integer c, so that c|a and c|b,
then c is a common factor of a and b. For example, 8 and 36 have common factors
41, £2 and £4. The highest common factor will just be the largest of the common
factors; for example, the highest common factor of 8 and 36 is 4. Unless both a and
b are zero, there will be a highest common factor of @ and b, and we write this as
(a, b). Here’s a more formal definition.

Definition 1.5 The integer & = (a, b) is a highest common factor (or greatest com-
mon divisor) of given integers a, b if

1. hla and h|b (so that & really is a common factor of a and b);
2. if c¢|a and c|b, then ¢ < h (in words: if ¢ is a common factor of a and b, then c¢ is
at most h).

Clearly (a,b) = (b,a) and (0,b) = (b, b) = |b| when b is non-zero. The case
where a and b have no common factor except +1 will occur particularly often, and
we have special terminology:
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Definition 1.6 Let a and b be integers. Say that a and b are coprime (or relatively
prime) if (a, b) = 1, i.e., a and b have no common factor except (£)1.

Aninteger a can always be divided by a positive integer b to give a unique quotient
g and a unique remainder r in the range 0 < r < b, i.e.,

a=qgb+r (O<r<b).
The quotient and remainder are always assumed to be integers. Thus, for example,
78=89)+6 and —78=-909) +3.

The simple process of finding a quotient and remainder is known as the division
algorithm.
The key theoretical result is the following simple lemma:

Lemma 1.7 Suppose that a = qgb + r. Then (a, b) = (b, r).

Proof Suppose that d divides a and b. Then, since » = a — gb, we also have d|r.
Thus every common divisor of a and b also divides r. In particular, (a, b) divides r,
and since it also divides b, we see that (a, b) is a common factor of b and r. Therefore
(a,b) < (b, r), as (b, r) is the highest common factor of b and r.
Conversely, any common divisor of b and r also divides a = ¢gb +r. In particular,
(b, r) divides a, and as in the first paragraph, we conclude that (b, r) < (a, b).
Combining these inequalities, we see that (a, b) = (b, r), as required. O

Repeatedly applying the division algorithm gives Euclid’s algorithm, which allows
us to compute highest common factors extremely efficiently.

Example 1.8 Let’s work out the highest common factor of 630 and 132. The division

algorithm gives
630 =4 x 132 4 102.

But now Lemma 1.7 gives (630, 132) = (132, 102). It follows that we just have to
work out the highest common factor of these two smaller numbers, 132 and 102. But
we can repeat the division algorithm:

132 =1 x 102 4 30,
and Lemma 1.7 gives (132, 102) = (102, 30). Repeat again: the division algorithm
gives

102 =3 x 30 + 12,
and Lemma 1.7 gives (102, 30) = (30, 12). Next the division algorithm gives

30=2x 1246,
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and Lemma 1.7 gives (30, 12) = (12, 6). Finally, the division algorithm gives
12=2x6+40,

and Lemma 1.7 gives (12,6) = (6,0). We’ve already explained that the highest
common factor of 0 and b is just |b|, so (6, 0) = 6. We conclude that

(630, 132) = (132, 102) = (102, 30) = (30, 12) = (12,6) = (6,0) =6,

and so we have shown that (630, 132) = 6.
It is usual to write these equations in tabular form:

630 =4 x 132 + 102
132=1x 102 + 30
102=3 x 30+ 12
30=2x 124+ 6
12=2x 64+ 0

and the argument shows that the highest common factor is the last non-zero remainder.

We get interesting information by running the algorithm backwards too. We can
use all the lines above to write the highest common factor as the sum of a multiple
of 630 and a multiple of 132:

6=30—-2x12
=30-2x(102-3x30)=7x30—-2x 102
=7x(132-1x102) —2x102=7x 132 -9 x 102
=7x132 -9 x (630 —4 x 132) =43 x 132 — 9 x 630.

Thus the highest common factor of 630 and 132 has been written in the form 630s +
132¢ for certain integers s and 7. At each stage, we use one of the equations in the
forward direction of Euclid’s algorithm to express the highest common factor using
numbers appearing at earlier steps in the algorithm.

The same argument, applied more generally, gives the general result:

Theorem 1.9 Leta, b € Z, withb # Q. Then there exist s, t € 7 such that (a, b) =
sa + tb.

Exercise 1.4

1. InEuclid’s Algorithm, show thatif r,,, 7,41 and r,, 7 are three consecutive remain-
ders, then r,,40 < 1, /2.

2. Deduce that if a > b, then rp, < b/2".

3. Deduce thatif a > b, Euclid’s Algorithm terminates after at most 2 log, b steps.
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Exercise 1.5 We can modify the algorithm to allow negative remainders, by using a
division algorithm of the form
a=qgb+r,

where —b/2 <7 < b/2.

1. Use this modified algorithm to compute the highest common factor of 630 and
132.

2. Show that if @ > b, the modified Euclid’s Algorithm terminates after at most
log, b steps.

Exercise 1.6 Explain that if f(X) and g(X) are in Q[X], the polynomials with
coefficients in QQ, then there is a similar division algorithm (coming from long division
of polynomials): there are polynomials g (X) and r(X) in Q[ X] with

f(X) =q(X)g(X) +r(X)

with the degree of the polynomial r(X) strictly less than the degree of g(X), or
r(X)=0.

Extend this in the obvious way to give a Euclidean algorithm, and find the highest
common factor of x> +4x% 4 10x® 4 15x% + 14x + 6 and x* 4+ 4x3 +9x? + 12x +9.

Recall that integers a and b are said to be coprime or relatively prime if their
highest common factor (a, b) is 1. Thus, if a and b are coprime, there exist integers s
and ¢ such that sa + b = 1. Conversely, if there exist s and ¢ such that sa +tb = 1,
a common factor of @ and b will divide sa + tb, and so will divide 1. This implies
that @ and b are coprime. Thus:

Corollary 1.10 Let a,b € Z. Then a and b are coprime if and only if there exist
integers s and t such that sa + tb = 1.

Exercise 1.7 Using the Euclidean Algorithm, show that 999 and 700 are coprime,
and find integers s and ¢ such that 999s + 700t = 1.

We can use this result to prove several elementary properties of the highest com-
mon factor which shouldn’t be surprising to you, given your long experience with
the natural numbers!

Corollary 1.11 Let a, b € Z, not both zero. If h = (a, b), then a/h and b/ h are
coprime.

Proof By Euclid’s algorithm, there exist integers s and ¢ such that sa + tb = (a, b)
= h,sothats(a/h) +t(b/h) = 1. Thena/h and b/ h are coprime. [
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Another easy result is the following:

Lemma 1.12 Suppose that (a, bc) = 1. Then (a, b) = 1 and (a,c) = 1.

Proof If a and bc are coprime, then there are integers s and ¢ such that

sa +tbc =1.
But then

sa+ (tc)b = 1.
Put m = tc, so that there are integers s and m with sa + mb = 1. It follows
that a and b must be coprime. Similarly, a and ¢ are coprime, using the bracketing
sa + (th)c = 1. ([l

In fact, the converse is also true—if a is coprime to b and to c, then it is coprime
to bc.

Lemma 1.13 Suppose that (a,b) = 1 and (a,c) = 1. Then (a, bc) = 1.
Proof If (a, b) = 1, then there are integers s and ¢ so that

sa+tb=1.

If also (a, ¢) = 1, then there are integers p and ¢ so that

pa+gqc=1.
Rearrange these:

thb=1—sa

gc=1—pa

and multiply:
(tq)bc =1 —sa — pa —|—spa2 =1—(s+ p—spa)a.

Putm = s 4+ p — spa and n = tq; then the equation becomes ma + nbc = 1, and
so a and bc are coprime. (I

The last of our simple results is surprisingly important. We’ll use it in the next
section to deduce the so-called Fundamental Theorem of Arithmetic.

Lemma 1.14 Suppose that albc and (a, b) = 1. Then a|c.

Proof As (a,b) = 1, there exist integers s and ¢ such that sa + tb = 1. Multiply
this equation by c:
sac +thc = c.
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Notice that a clearly divides sac. The hypothesis that a|bc implies that a divides the
left-hand side, and since this is equal to the right-hand side ¢, we get thatalc.

1.3 The Fundamental Theorem of Arithmetic

In this section, we prove that every number can be written uniquely as a product
of prime numbers. This fact will not seem surprising to you, and it wasn’t until
about 1800 that Gauss pointed out that it fails in a number of similar situations.
We’ll explore these issues in some depth in Chap.4. Indeed, the failure of unique
factorisation is the main topic of this book.

The following mild reformulation of Lemma 1.14 is the key result:

Lemma 1.15 Suppose that plab, where a, b € Z, and p is prime. Then either pla
or plb.

Proof If pla, we are done. If p 1 a, we need to show that p|b.

Butif p t a, then (a, p) = 1: acommon divisor of a and p must divide p, but the
only divisors of p are 1 and p, and we are assuming that p 1 a. So the only possible
common divisor is 1.

Then the result follows as in Lemma 1.14: as (a, p) = 1, wecan write sa+tp = 1
for some integers s and 7; multiply by b to get sab +tpb = b, and as p|ab, it divides
the left-hand side which equals the right-hand side, so p|b as required. (]

Repeated application of this lemma gives:
Corollary 1.16 Suppose that plaiay . . .ay,. Then pla; for somei =1, ..., n.

Let’s use this result to prove the Fundamental Theorem of Arithmetic:

Theorem 1.17 (Fundamental Theorem of Arithmetic) Every integer n greater than
1 can be expressed uniquely (apart from the order of factors) as a product of primes.

Proof Suppose (for a contradiction) that there is an integer n with two different
factorisations. Dividing out any primes occurring in both factorisations, we get an
equality of the form

pPip2---Pr=4192-.-4s

where the factors p; and g; are all primes, not necessarily all distinct, but where no
prime on the left-hand side also occurs on the right-hand side. But p; divides the
left-hand side and therefore the right-hand side. So pilqj . .. gs. But Corollary 1.16
now shows that p; must divide one of the g, and therefore must be identical with one
of the ¢, since the only divisors of the prime ¢; are 1 and g itself. This contradicts
the hypothesis that no prime occurs on both sides of the equality. O
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Thus each integer n > 1 can be written uniquely in the form
n n n
n=p'py...p*

where pi, p2, ..., px are primes with p; < py < --- < py,and ny, na, ..., n; are
natural numbers. For example,

360 =23 x 32 x5, 4725=33x52x7, 714420 = 2% x 3% x 5 x 72.

It is worth taking a little time to reflect on this argument. The key result is really
Lemma 1.15, which gave the Corollary 1.16. The proof of this lemma depends
strongly on the elementary properties of the highest common factor. In more general
situations, we may or may not have an analogue of the Euclidean algorithm; if we
do, then it is likely that we can easily define a notion of highest common factor, and
that the argument above can be generalised. On the other hand, we may have no
analogue of the Euclidean algorithm, and this will make our task harder; with luck,
it may be possible to define a highest common factor anyway, and to recover unique
factorisation, but we shall see that this is rare. We shall return to this theme later.

1.4 The Gaussian Integers

Before launching into a general theory, let us consider an example of a question
where it is useful to consider more general settings than just the integers Z.
Fermat asked which natural numbers could be written as the sum of two squares.
That is, given a natural number #, are there integers a and b so that n = a’ + b%?
One fruitful way to think of this is to factorise the right-hand side, as a product of
the two complex numbers a + ib and a — ib. That is, we are working in

Zlil=A{x+iy|x,y € Z},

and asking how the number n factorises in the larger set Z[i]. Elements of the set
Z[i] are known as Gaussian integers. Write

N(x +iy) = x + iyl = (x +iy)(x +iy) = (x +iy)(x —iy) = x* + y2,

the norm of x +iy.
Here is our first elementary observation:

Lemma 1.18 Suppose that ny and ny can be written as the sum of two squares. Then
their product nn» is also the sum of two squares.
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Proof Suppose that ny = a” + b and that n» = ¢> + d*. Equivalently,

ny=N(a+ib) = (a+ib)(a+ib),
no =N(c+id) = (c+id)(c+id).

As multiplication of complex numbers is commutative,

lzw|? = zwZw = z2Zww = |z|*|w|?,
and we see that N(zw) = N(z) N (w). In particular, we have

N ((a+1ib)(c+id)) = N(a+ib)N(c+id) =niny,
but also
N ((a +ib)(c +id)) = N ((ac — bd) + i(ad + bc)) = (ac — bd)? + (ad + bc)?.
Combining these gives
niny = (a* + b>)(c? + d*) = (ac — bd)* + (ad + bc)?,

as required. O

(Of course, we could have proven the lemma simply by writing down the final
identity.)

The lemma suggests that we should start by working out the prime numbers p
which can be written as the sum of two squares. For example, if every prime number
p could be written as the sum of two squares, then every natural number could be
written as the sum of two squares.

One doesn’t have to try too many examples before realising that p = 3 cannot be
written as the sum of two squares. Indeed, square numbers give a remainder which
is 0 or 1 modulo 4. So the only possible sums of two squares are 0 + 0, 0 + 1 or
14 1 modulo 4, and no number which is 3 (mod 4) can be written as the sum of two
squares.

The situation for prime numbers which are congruent to 1 (mod 4) is considerably
better: it turns out that every such prime number is the sum of two squares, as you
might like to investigate numerically.

Let’s prove this now. We’ll first give a proof which is missing one crucial detail.
Try and spot where the gap is.

Theorem 1.19 Every prime number p = 1 (mod 4) can be written as the sum of
two squares.

Proof Since p = 1 (mod 4), we can solve the equation x> 41 = 0 (mod p). Indeed,
one way to do this explicitly is the following. Write p = 4k 4 1, and set x = (2k)!.
Then
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Q2! =1.2..... 2k —DRk)2k)(2k —1)...2.1
=(-D*1.2..... 2k —1DRKRK)R2k —1)...2.1
=(=D(=2)....(=2k+ D)(=2k)(2k)(2k — 1) ...2.1
=(p-DpP—-2)....2k+2)2k+ 1H(2k)2k — 1) ...2.1 (mod p)
= (p — D! (mod p)
= —1 (mod p)

where the last line is Wilson’s Theorem, that if p is prime, then (p — 1)! =
—1 (mod p) (see [7, Corollary 4.5]). Thus x2 = —1 (mod p) as required.

With this value of x, then, p|x2 + 1= (x+41i)(x —i)in Z[i]. If p were prime in
Z[i], we would have p|x+i or p|x —i. However, ’“Ti’ ¢ Z[i], whichis a contradiction
(neither the real nor imaginary parts are integers). So p is not prime, and it therefore
factorises in Z[i].

Suppose that p factorises as af. Then N(p) = p* = N(a)N(B). We have three

possibilities:

N@ =1, N(B) =p%
N@)=p, NB)=p
N(@) = p?, N(B) =1.

Suppose first that N(«) = 1, with « = a + ib. Since the only solutions to
a’?+b>=1larea==41,b=0anda = 0, b = +1, this means that « = +1
or « = =i, and so f§ = *xp or %ip. Notice that this doesn’t involve factorising
p; merely writing it in an equivalent way using units. The case N(a) = p? and
N(B) = 1is similar.

Thus p must factorise as a8 with N(«x) = N(B) = p. If we write « = a + ib,
we deduce that a> + b> = p, and we have found a representation of p as the sum of
two squares. (I

Hopefully you spotted the gap in the argument, although it’s quite subtle. We used
the claim that if p|(x + i)(x — i) in Z[i] and p is prime, then p|x + i or p|x —i.
This should seem reasonable; in Z, if a prime number p divides a product ab, then
pla or p|b (Lemma 1.15). This was one of a sequence of lemmas which followed in
a reasonably straightforward manner from the existence of the Euclidean algorithm
for Z.

However, we have not explained that there is any analogous algorithm for Z[i],
and so we cannot yet deduce the analogous statement over Z[i]. Fortunately there is
a version of the Euclidean algorithm for the Gaussian integers:

Lemma 1.20 Lerw, B € Z[i], with B # 0. Then there exist Gaussian integers k and
p such that
a=kB+p

with N(p) < N(B).
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Proof We start by finding « € Z[i] with |% — k| < 1.
Simply take the quotient «/8 = x + iy € C. Then we choose integers m and
n such that |[x —m| < % and |y — n| < % Write k = m + in € Z[i], and write

p = a — k. This makes « the closest point of Z[i] to % Then

o . . . 2 1\2 1
= k| =iy = m+in)| =@ —m)+iy=m| =/ () + () = %=
F JOr+ @ -—
K
Kk 1s chosen as
% the closest point
o 7 of Z[i] to %
Then
o 2 1
N(p) = p|* = la — kB> = 5" IBI? < 5|ﬂ|2 < B> = N(B),
as required. [

You might like to check that this leads to the conclusion that if 7 |« in Z[i] for a
prime 7, then 7|« or 7|8, exactly as in Lemma 1.15. We shall omit that here; later
we will develop a more general theory of Euclidean rings, with Z[i] an example, and
will see that the theory given in Sects. 1.2 and 1.3 can be generalised to such rings.

This fills in the gap in the proof of the lemma above, and shows that every prime
number p = 1 (mod 4) can be written as the sum of two squares. This is the key
ingredient in the following classification of those integers which can be written as
the sum of two squares:

Theorem 1.21 A natural number n can be written as the sum of two squares if and
only if n has prime power factorisationn = || » p"r where n is even for all primes
p =3 (mod4).

Exercise 1.8 Show that the set Z[+/—2] = {a + b~/—2 | a,b € 7Z} also has a
Euclidean algorithm, by imitating Lemma 1.20.

Exercise 1.9 Prove that an odd prime p can be written as x> 4 2y? with x and y € Z
if and only if the congruence x> = —2 (mod p) is soluble.
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Exercise 1.10 Show that the set Z[v/2] = {a+b~/2 | a, b € Z} also has a Euclidean
algorithm, using the norm function N (a + b+/2) = |a® — 2b?|.

Exercise 1.11 Finda, B € Z[/—=T7] ={a+bs/—T | a,b € Z} with |a/B — k| > 1
foreach« € Z[+/—7], and deduce that the natural attempt to generalise the Euclidean
algorithm to Z[+/—7] fails.

Remark 1.22 'We saw above, in the proof of Lemma 1.19, that x = (prl)! gives a
solution to x2 = —1 (mod p). However, in practice this is hard to calculate.

Here is a better way, using Legendre symbols (see [7, Chap.7]). Recall that a
is a quadratic residue modulo p if the equation x> = a (mod p) has two solutions,
and is a non-residue if there are no solutions, and that the Legendre symbol (£) is
defined to be +1 if a is a quadratic residue, and —1 if not. Legendre symbols flave
various properties which enable them to be calculated easily, such as multiplicativity,
(%) = (%)(%), explicit formulae for (_71) and (%), and also quadratic reciprocity
(see Theorem 9.15 for a statement and proof), which relates (g) and (%) for two
primes p and q.

Recall that a(?~D/2 = £1 (mod p) for all a not divisible by p, the answer being
+1 when a is a quadratic residue, and —1 if not. That is, aP=D/2 = (%) (mod p)
(this is due to Euler).

Compute the Legendre symbols (%) fora = 2,a = 3, and so on, until you find one
with (%) = —1. (You should be able to persuade yourself, using the multiplicativity

of the Legendre symbol, that the smallest such a will be prime.) Then aP~1/? =
—1 (mod p); we simply put x = a?~D/% (mod p) (remember that p = 1 (mod 4));
then x> = —1 (mod p).

As an example, consider p = 73. We compute (%) = (%) = 1, but that (75—3) =
—1. We therefore compute x = 5'8 (mod 73); this is easily done by successively
squaring modulo 73:

52=25 5*"=252=41, ¥=412=2, 5'°0=22=4,

and then
518 — 516 % 52 = 4 x 25 = 27 (mod 73).

So x = 27 gives a solution to x> = —1 (mod 73).

Exercise 1.12 Use this method (perhaps with a computer equipped with a suitable
computer algebra package) to find a solution to x> = —1 (mod 1009).

We shall discuss generalisations of the Euclidean algorithm to imaginary quadratic
fields in Chap. 6.

I can’t resist ending the section with two related results published in American
Mathematical Monthly 97 (1990). The first is a remarkable proof, due to Don Zagier
[18], that every prime number p = 1 (mod 4) is the sum of two squares. It is based
on an earlier argument by Roger Heath-Brown. Sadly the potential for generalisation
to other situations seems considerably more limited than our argument above.


http://dx.doi.org/10.1007/978-3-319-07545-7_6
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Exercise 1.13

1. Recall that an involution on a set Sisamap f : S — S such that f o f =id,
ie, forall s € §, f(f(s)) = s. If f is an involution on a finite set S, let
Fixs(f) = {s € S| f(s) = s} denote the set of fixed points of S. Show that
IS = [Fixg(f)| (mod 2).

[Hint: Consider all of the subsets of S of the form {s, f(s)}.]
Deduce that if |S| is odd, then there is always a fixed point in S.
2. Now let p = 4k + 1 be prime, and consider the set

S={(x,y,2) € N3 |x2+4yz = p}.
Show that the map f : § —> § defined by

(x+2z,z,y —x—2), ifx <y—z,
fix,y,00—~ 1 Qy—x,y,x—y+2),ify—z<x <2y,
(x =2y, x —y+2zy),if2y < x,

is an involution on S.
. Show that f has a unique fixed point, and deduce that | S| is odd.
4. Show that f’: (x, y,z) = (x, z, y) is another involution on S, and deduce that
Fixg(f’) is non-empty.
5. Deduce that p can be written as the sum of two squares.

[SN]

The proofs given above that every prime number congruent to 1 (mod 4) are not
constructive; that is, given p, the proof doesn’t really help to find integers a and
b such that p = a? + b2. However, there is a constructive algorithm which works
quickly, which we will outline without proof in the next exercise. For a proof of why
this works, as well as a historical discussion, see the article by Stan Wagon [15] in
the same issue of the journal mentioned above:

Exercise 1.14 Here is a constructive algorithm to solve p = a®> + b*> for
p = 1 (mod 4) which works quickly. There are just two steps:

Step 1:  Find an integer x such that x2 = —1 (mod p) (see Remark 1.22).
Step 2:  Run the Euclidean algorithm on p and x; then a and b can be taken to be
the first two remainders less than /p.

Using Exercise 1.12, hence factor 1009 in the Gaussian integers.

1.5 Another Application of the Gaussian Integers

Let’s finish the chapter with another application of uniqueness of factorisation in
Z[i]. We will find all integer solutions to x3 = y2 + 1. (Recall that equations where
only integer solutions are sought are known as Diophantine equations, after the Greek
mathematician Diophantus.)
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Remark 1.23 This is a special case of Catalan’s conjecture, which predicts that the
only consecutive perfect powers are 8 = 2% and 9 = 32. The conjecture was finally
proven, after a long history, by Preda Mihdilescu, in 2002.

Remark 1.24 We have remarked that some care has to be taken in defining unique-
ness of factorisation. For example,

6=2x3=(-2)x(=3)

should really be counted as equivalent factorisations — we’ve simply multiplied both
by —1, and since (—1)(—1) = 1, this shouldn’t really matter. The same considera-
tions will apply in Z[i]; given a factorisation « = By, and if u and v in Z[i] satisfy
uv = 1, then we will consider « = (u8)(vy) as an equivalent factorisation. In Z[i],
the possible values of such units u are 1 or =£i, exactly those elements u with
N@) = 1.

Suppose that x and y are integers satisfying x> = y? 4 1. The first observation is
that if x is even, y2 41 = 0 (mod 4), which is not possible. So x is odd, and therefore
y is even.

Now we make use of the theory of the Gaussian integers started in the previous
section. As in the previous section, we will use the word “prime” rather loosely, and
assume that primes in Z[i] satisfy the same properties as prime numbers in Z do (we
will justify this more carefully in later chapters). In Z[i], we can write

=+ —i).

Let’s first show that any common factor of y 4+ i and y — i must be a unit +1 or +i
(i.e., y +1i and y — i are coprime).

Lemma 1.25 Suppose that a|y + i and also a|y — i. Then o is a unit.

Proof Suppose that «|y + i and also «|y — i, and suppose that « is not a unit. Then
a|((y4+i) — (y —1i)), and so is a factor of 2i = (1 +i)2. However, any factorisation
1 +i = By must satisfy N(B)N(y) = N(1 +1i) = 2, so either N(f) = 1 or
N(y) = 1, and then B or y is £1 or %i, a unit. So 1 + i is a prime in Z[i]. As
aol(1+ i)2,if « is not a unit, we must have 1 +i |, using unique factorisation in Z[i].
Then 14i|x3, and so 1 +i|x (again using unique factorisation). But then (1 + i)2|x2,
so 2i |x2, and so x2 is even. This contradicts the observation that x is odd. O

We conclude that y+i and y —i are coprime (in the sense that any common divisor
must be a unit). If 7|x and 7 is a prime (so not a unit), then =G +i)y—i).
Since y + i and y — i have no factor in common, either 73|y + i and 7 ty—i,or
vice versa. In particular,

y+i=up’
y—i=uvy’
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where 1 and v are units. In fact, since the units are =1 and +i, they are all already
cubes, and we can absorb them into 8 and y.
We can therefore suppose that y + i = (a + bi)> for some integers a and b.
Expanding:
y+i=(a’—3ab*) +i(Ba’b —b>),

and equating imaginary parts gives
(3a®> — bbb =1.

The only way that a product of two integers can give 1 is if both are 1, or both are
—1.If b = 1, there is no possible solution for a (we would need 3a% = 2). However,
if b = —1, we see that a = 0 gives the only solution.

It follows that y +i = (—i)> = i, so that the only solution in integers to the
original equation x> = y% + 1 is when y = 0, which implies that x = 1.

Exercise 1.15 Find all solutions of x> = y? + 2 by the same method (you may
assume that Z[+/—2] has unique factorisation by Exercise 1.8).

Exercise 1.16 Find all solutions of x> = y2 + 1 by the same method.



Chapter 2
Number Fields

We’ve just seen examples where questions about integers were naturally treated by
working in the slightly bigger set Z[i] of Gaussian integers. In this chapter we begin
the development of some more general theory.

The aim of algebraic number theory is to study generalisations of the usual arith-
metic in the natural numbers in more general settings. While studying these gener-
alisations, it will become clear that there are new phenomena of interest in their own
right.

In Chap. 1, we saw that unique factorisation plays a prominent role, and that this
was a consequence of the Euclidean algorithm. In order to be able to talk about a
Euclidean algorithm, we need to work in sets closed under addition and multiplica-
tion, i.e., in rings. As in the examples at the end of Chap. 1, we will also want to work
in sets contained in the complex numbers, that is, with subrings of C.

It turns out that there is a good theory of integers inside any field K which is a finite
degree extension of @, and these finite extensions, known as number fields, form the
setting for algebraic number theory. Finite degree extensions of Q are constructed by
adjoining complex numbers which are the roots of polynomial equations with rational
(or integer) coefficients. Although many complex numbers are roots of polynomial
equations with integer coefficients, it turns out that not every complex number can
be written in this way.

2.1 Algebraic Numbers

Definition 2.1 A complex number « is said to be algebraic if it is the root of a poly-
nomial equation with integer coefficients. If « is not algebraic, it is transcendental.

Every rational number °* is algebraic, as it is a root of nX — m = 0; also, +2

are roots of X2 — 2 = 0, so &=+/2 are both algebraic. Indeed, every polynomial with
integer coefficients of degree n will have n algebraic numbers as roots. This gives

F. Jarvis, Algebraic Number Theory, Springer Undergraduate 17
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such a large collection of algebraic numbers, that one might wonder whether every
complex number could be written as a root of a polynomial.

However, this is not true. Liouville (1844) was the first to construct an explicit
example of a transcendental number, while Hermite (1873) and Lindemann (1882)
proved that e and  respectively are transcendental.

For readers with some knowledge of Cantor’s theory of countability, the simplest
proof of the existence of transcendental numbers is due to Cantor himself (1874),
although it does not give any way to construct such numbers. We will give Liouville’s
construction of an explicit transcendental number below.

Write A C C for the collection of all algebraic numbers.

Theorem 2.2 (Cantor) The set A is countable; that is, there are only countably
many algebraic numbers.

Proof Given a polynomial equation p(X) = ¢oX? 4+ ¢; X%~ + ... + ¢4 = 0 with
all ¢; € Z and ¢y # 0, define the quantity

H(p) =d+|col + -+ lcql € Z.

This process associates an integer to every polynomial with integer coefficients.
Notice that deg(p) =d < H(p).

Let H be any natural number. Then it is easy to see that there are only finitely
many polynomials p(X) which satisfy H(p) < H. Say that an algebraic number
a € Ais of level H if « is a root of some polynomial p with H(p) < H. As there
are only finitely many polynomials with H(p) < H, and all have at most H roots
(since the degree of such a polynomial is bounded by H ), there are only finitely many
algebraic numbers of level H, for any given H.

On the other hand, every algebraic number is a root of such a polynomial, and is
therefore of level H for some H. The collection of algebraic numbers can therefore
be written as a union

o]

A= |Jle € Alaisof level H).

H=1

We have already remarked that each set on the right-hand side is finite. Furthermore,
the union is a countable union, as the indexing set consists of the natural numbers.
Therefore A is a countable union of finite sets, and is therefore countable. O

Since C is uncountable, and its subset A is countable, we conclude that tran-
scendental numbers exist. Even more, we see that the set of transcendental numbers
is actually uncountable, so that, in some sense, almost every complex number is
transcendental.

Now let us give Liouville’s explicit construction of a transcendental number,
which avoids use of countability arguments.
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We need the following theorem:

Theorem 2.3 (Liouville) Let « be a real algebraic number which is a root of an
irreducible polynomial f(X) over Z of degree n > 1. Then there is a constant ¢ such
that for all rational numbers g,

Proof The result is clear in the case where |@ — p/q| > 1; choosing ¢ = 1 covers
these values. We therefore consider the remaining case where | — p/q| < 1.

Apply the Mean Value Theorem to f(X) at the points & and p/q to deduce the
existence of a number y strictly between « and p/q such that

fl@) — f(p/a)

«—p/q = 1.

Asaisarootof f, weseethat f(«) = 0. Also, as f(X) is an irreducible polynomial
of degree n > 1, it has no rational roots, so f(p/q) # 0. However, as f(X) has
integer coefficients, the denominator of f(p/q) must divide ¢", so ¢" f(p/q) is a
non-zero integer. Therefore | f(p/q)| > 1/4".

Now |y — a| < 1 as y is strictly between « and p/q, and |@ — p/q| < 1. By
continuity of f’ at o, we see that | f'(y)| < 1/co for some constant cq for all y
within 1 of «, where the constant ¢y depends only on «. Then

‘ p‘_‘f(p/q) €0
o——| = . > —.
q ') q
Choose ¢ = min(cg, 1) to cover both cases, and the result follows. O

In order to find a transcendental number, we simply need to find an o where the
inequality of Theorem 2.3 fails for all n. Liouville suggested choosing

(0.¢]
o= z 10~% = 0.11000100000000000000000100 . . . .
k=1

Define p, /g = > ;_; 107%". The first three numbers are p; /g1 = 0.1, p2 /g2 = 0.11
and p3/q3 = 0.110001. Then g, = 10", and

_ S ete 2o 2 2 @)
P 10r+D! (10r!)r+1 qrrJrl ’ :

-5
. P
qr

If « were algebraic of some degree i, there would be a constant ¢ such that ja—p/q| >
c/q" for all rationals p/q. However, choosing p/q = p,/q, for large enough r > n
gives a contradiction, using (2.1).
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Exercise 2.1 Show that all numbers > 22 | s, 107" are transcendental, where s; €
{1, —1}.

By considering a variant of Cantor’s diagonal argument, prove that the set of
numbers of this form is uncountable. This gives another proof of the uncountability
of the set of transcendental numbers.

Hermite’s proof of the transcendence of e, and Lindemann’s proof of the transcen-
dence of 7, are (only just) beyond the scope of this book. References for the arguments
include [11].

2.2 Minimal Polynomials

As already mentioned, we will be able to do arithmetic in fields which are obtained
by adjoining roots of polynomials to Q, i.e., algebraic numbers. In this section, we
will look at some properties of polynomials.

Recall that a monic polynomial is one whose leading coefficient is 1.

Lemma 2.4 [fa isalgebraic, then there is a unique monic polynomial f(X) € Q[X]
of smallest degree with o as a root.

Proof If a is aroot of a polynomial f(X) = coX" +c1 X" ' +---4¢, withcg # 0,
it will also be a root of X" + Z—(‘)X"‘l + -+ i—g got by dividing through by the
leading coefficient.

Amongst all the monic polynomials with « as aroot, let f (X) be one with smallest
degree. We claim that f(X) is unique.

Suppose that g(X) is another monic polynomial of the same degree with « as a
root. Then « is also a root of (f — g)(X), and since the leading terms of f(X) and
g(X) cancel, the degree of f — g is smaller than that of f or g. If f — g # 0, then we
can divide through by its leading coefficient to find a monic polynomial of smaller
degree than f with « as a root, contradicting the choice of f(X). (]

Definition 2.5 Let « be an algebraic number. The minimal polynomial of o over Q
is the monic polynomial over Q of smallest degree with « as a root.

Lemma 2.6 [f m(X) is the minimal polynomial of the algebraic number «, then it
is irreducible.

Proof Indeed, if m (X) were to factorise as the product f(X)g(X) of two polynomials
over Q of smaller degree, then since m(«) = 0, we would have f(«@)g(a) = 0, and
would be aroot of either f or g, and this contradicts the choice of m as the polynomial
of smallest degree with « as a root. O

The minimal polynomial has a particularly useful property: every polynomial with
« as aroot is necessarily a multiple of the minimal polynomial of «. We’ll prove that
next, with the aid of Euclid’s algorithm for polynomials.
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Lemma 2.7 Suppose that « is a root of some polynomial f(X) € Q[X]. If m(X) is
the minimal polynomial of «, then m(X)| f (X).

Proof Just like Z, the ring of rational polynomials Q[X] has an obvious division
algorithm (see Exercise 1.6), and we can find polynomials g (X), r(X) € Q[X] such
that

F(X) =qX)m(X) +r(X),

where r(X) is the zero polynomial, or has smaller degree than m(X). Substitute
X =«
fla) = qleym(a) +r(a);

as f(x) = m(x) = 0, we must have r(«) = 0. However, r(X) has smaller degree
than m(X), and m(X) was the monic polynomial of smallest degree with « as a
root. If r(X) were non-zero, we could scale it to get a monic polynomial of smaller
degree than m (X) with ¢ as a root, and this would contradict the definition of m (X).
Therefore r (X) must be the zero polynomial. In particular, f(X) = g(X)m(X), and
so f(X) is a multiple of m(X). (Il

If K is any field, and if « satisfies some equation over K, then we also have a
notion of minimal polynomial over K, the monic polynomial with coefficients in K
of smallest degree with « as a root; any other polynomial with coefficients in K with
o as aroot is a multiple of the minimal polynomial. The argument is identical to the
one just given.

Exercise 2.2 Find the minimal polynomial of V24++/3 (over Q). Would the minimal
polynomial over Q(\/E) be the same?

Exercise 2.3 Find the minimal polynomial of @ = l—jil over Q. What is the minimal

polynomial of « over each of Q(7), Q(/2) and Q(+/=2)?

2.3 The Field of Algebraic Numbers

The main aim of this section is to establish the basic algebraic properties of algebraic
numbers; indeed, we prove that the set A of algebraic numbers is actually a field.
Recall that a field is a set which satisfies exactly the same algebraic properties as Q,
so that we must be able to add, subtract, multiply and divide (by non-zero elements)
in Q, and the usual algebraic rules (e.g., addition and multiplication are commutative
and associative) are satisfied. Since we are dealing with subsets of the complex
numbers C, all these rules are inherited from C, and we just have to check that the
collection of algebraic numbers is closed under the usual arithmetic operations. That
is, we want to see that if & and B are algebraic numbers, then so are @« + 8, « —
and B, and if B # 0, sois «/B.
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Although one could write a proof using no abstract algebra (using the ideas of
the end of Sect.2.6), we will give a more algebraic argument now, since some of the
definitions will reappear later in the book.

We are going to give an equivalent algebraic formulation for what it means for
the complex number « to be algebraic. Let’s recall that for any complex number «,
Q(«) denotes the smallest field one can obtain by applying all the usual arithmetic
operations (addition, subtraction, multiplication, division) to the rational numbers
and o; it consists of all quotients p(«)/q(«) where p(X) and g(X) are polynomials
with rational coefficients, and where g («) # 0.

On the other hand, we also have the notation Q[«], which means the ring of all
polynomial expressions in «. It is the smallest ring one can obtain by applying the
arithmetic operations of addition, subtraction and multiplication (but not division)
to the rational numbers and «.

For example, 3“‘;;—;“2_1 is in Q(«), but not necessarily in Q[«]. Of course, Qo] <
Q(a).

Let’s begin with a simple remark about algebraic numbers:

Proposition 2.8 If « is algebraic, Q[a] = Q(), and so every element of Q(«) can
be written as a polynomial in «o.

Proof We have to explain that every quotient of polynomials p(«)/q (o) with
g(a) # 0 can be written alternatively as a polynomial in «.

Let m(X) denote the minimal polynomial of « over Q. The highest common
factor of the two polynomials m(X) and ¢ (X) must be a factor of m(X); as m(X)
is irreducible, its only factors are 1 and m(X) itself. However, m(X) is not a factor
of ¢(X), as m(a) = 0, but () # 0. By a similar argument to the discussion of the
Euclidean algorithm in Chap. 1 (see Exercise 1.6), there are polynomials s(X) and
t(X) over Q such that

s(X)g(X) + 1 (X)m(X) = L.

In particular, s(a)g(a) + t(a¢)m(e) = 1, and therefore s(a)g() = 1, because
m(a) = 0. We conclude that 1/g(«) = s(«), and so p(a)/q(x) = p(a)s(a), a
polynomial expression in «, as required. (]

Note that if « is transcendental, there is no way to write 1/« as a polynomial in
o; otherwise, we could multiply through by « and find a rational polynomial with
«a as a root. Therefore 1/« is in Q(«), but not in Q[«]. Thus if « is not algebraic,
then Q(«) is strictly bigger than Q[« ], and the property of Proposition 2.8 therefore
characterises algebraic numbers.

Recall that the degree of the field extension Q(«)/Q is the dimension of the set
Q(«) when regarded as a vector space over QQ; that is, it is the number of elements in
a basis {wy, ..., w,} so that every element of Q(«) can be expressed uniquely as a
sum ajw| + - - - + ayw, with a; € Q. Itis denoted [Q(«) : Q]. For example, Q(W?2)
has degree 2 over Q, as each element can be written as a + b+/2.

Exercise 2.4 Show that Q(v/2, +/3) has degree 4 over Q by proving that 1, V2,3
and /6 are linearly independent.
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Now we can give an equivalent formulation of what it means for a complex number
to be algebraic:

Proposition 2.9 Let o be a complex number. Then the following are equivalent:

1. «is algebraic;
2. the field extension Q(«)/Q is of finite degree.

Proof (1) = (2). Suppose that « is algebraic. Then let m(X) = X" + a x4
- -+ 4 ¢, denote the minimal polynomial for «, so that

1+“'+Cn=0,

o 4o
or, rearranging:
o = —(ciad" N+ ). (2.2)

As « is algebraic, every element of () can be written as a polynomial in «. Further,
if this polynomial has degree n or above, we can reduce the degree by replacing all
occurrences of «” for r > n using (2.2). It follows that every element of Q(«) can
be written as an expression

—1 -2
ap—10""" +ap2a"" "+ Fag

with a¢; € Q.
Furthermore, this expression is unique—if an element can be written in two dif-
ferent ways

an—10" Fay 20" ag = by @ by2a@™ P4+ by

then subtracting one side from the other gives a polynomial of degree strictly smaller
than n with « as a root. However, the minimal polynomial is m(X), of degree n, so
there can be no polynomial of degree less than n with « as a root.

So every element of Q(«) is a unique rational linear combination of the n elements
l,a,...,a" ! Thus Q(«) is n-dimensional as a vector space over Q, and therefore
[Q(@) : Q] is finite.

(2) = (1). If [Q(x) : Q] is some finite number, n, say, then any n + 1 ele-
ments of the Q-vector space Q(«) are linearly dependent. In particular, the elements
I, a,...,a" are linearly dependent, so that there exists a linear relationship

ap+aja + ... +aza” =0,

and consequently « satisfies a polynomial equation over @, and is algebraic. ]
The proof actually shows something more:

Corollary 2.10 Suppose that o is algebraic. Then the degree of the extension [Q(«) :
Q] is the same as the degree of the minimal polynomial of « over Q. Every element
of Q(«) can be written as a polynomial in a of degree less than [Q(«) : Q].
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Proof This just follows from the proof of Proposition 2.9. (I

More generally, the same argument shows that if K is any field, then an element
« is algebraic over K (i.e., satisfies a polynomial equation with coefficients in K) if
and only if [K () : K] is finite, and that then this degree is also the degree of the
minimal polynomial of @ over K.

‘We now use Proposition 2.9 to prove that the algebraic numbers form a field; that
is, the sum, difference and product of any two algebraic numbers is again algebraic,
as is the quotient of an algebraic number by a non-zero algebraic number.

We can adjoin more than one number to a field; for example, if both « and S
are algebraic, define Q(«, B) to be Q(«)(f), that is, all polynomial expressions in 8
with coefficients in Q(«). It is easy to see that this just gives all the polynomials in
the two variables « and S.

Corollary 2.11 Suppose that « and B are algebraic. Then o + B, « — B and aff are
algebraic; if also B # 0, then o/ B is algebraic.

Proof Asa and B are algebraic, Proposition 2.9 states that [Q(«) : Q]and [Q(B) : Q]
are both finite. Write

m = [Q(a) : QJ,
n=[Q():Ql.

Let’s explain that [Q(a B): (@] is finite. A typical element of Q(«, B) is a polynomial
expression » ;_ Z i—o @ijo B/. However, every o with i > m can be written as a
polynomial in « of degree at most m — 1 (by Corollary 2.10), and similarly every 8/
with j > n can be written as a polynomial in 8 of degree at most n — 1. Substituting
these in, we see that any element of Q(«, 8) can be written

m—1n—1

> 2 aye'p

i=0 j=0

for some a . It therefore follows that Q(c, B) is spanned by the set {7 |0 < i <
m—1,0 < j <n—1}. Thus Q(«, B) has a finite spanning set as a Q-vector space,
and therefore [Q(«, B) : Q] is finite.

To prove that o + g is algebraic, we simply note that @ + 8 € Q(a, B), so
that Q(a + B) € Q(«, B), and so [Q(x + B) : Q] < [Q(«, B) : Q]. It follows
that [Q(«e + B) : Q] is finite, and, again applying Proposition 2.9, @ + B must be
algebraic.

The arguments for @ — 8, af and o/ are all similar, as each lies in Q(«, 8). O

While this proof is easy, it doesn’t give any recipe for writing down a polynomial
with & 4+ B as a root, given polynomials with « and B as roots. We will discuss this
at the end of Sect.2.6.

This is exactly what we need to deduce our desired result:
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Corollary 2.12 The algebraic numbers A form a field.

Exercise 2.5 Find an algebraic number o where Q(w) is strictly larger than the set
{a+bala,beQ}.

. QP o . . .
Exercise 2.6 Leta = ~/2. Write < +21 as apolynomial in & with rational coefficients.

Exercise 2.7 Let a be aroot of X* +2X + 1 = 0. Write azﬁ;j T asa polynomial
in « with rational coefficients.

2.4 Number Fields

Although A is countable, it is still very much larger than the rational numbers Q (it
has infinite degree over QQ, for example), and is too large to be really useful.

The fields in which we are going to generalise ideas of primes, factorisations, and
so on, are the finite extensions of Q:

Definition 2.13 A field K is a number field if it is a finite extension of Q. The degree
of K is the degree of the field extension [K : Q], i.e., the dimension of K as a vector
space over Q.

In particular, every element in K lies inside a finite extension of @@, and, by
Proposition 2.9, is necessarily algebraic.

Example 2.14

1. Q itself is a number field. Indeed, it will serve as the inspiration for our general
theory.

2. QW?2) = {a + b2 | a,b € Q} is a number field, since every element is a
Q-linear combination of 1 and v/2, so [Q(+/2) : Q] = 2, which is finite.

3. Similarly, Q(i) is a number field, as is Q(«/z ) for any integer d. Note that we may
assume that d is not divisible by a square (“squarefree”), because if d = m?d’,
QWd) = QWd").

Indeed, it is easy to see (from the quadratic formula) that every quadratic field
Q(«) is of this form. So every quadratic number field is Q(+/d) for some square-
free d.

4. Q(~v/2) is a number field, as [Q(v/2) : Q] = 3, which is finite. Every element

can be written in the form

a+ b2+ c(V2)%,

fora,b,c € Q,so01, 2 and (\3/5)2 form a basis for Q(E/E) as a vector space
over Q.
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5. (@(ﬁ, \/5) is also a number field; every element can be written in the form
a—l—bﬁ—}—cﬂ—kd\/g for rational numbers a, b, c and d, so that {1, ﬁ, \/g, \/5}
forms a basis for Q(+/2, v/3) over Q—it follows that [Q(+/2, v/3) : Q] = 4 (we
showed the linear independence in Exercise 2.4).

6. Q) is not a number field; = does not satisfy any polynomial equation over Q
(as it is transcendental); therefore [Q(rr) : Q] is infinite.

Notice that every number field contains the rationals, so is infinite and is of
characteristic 0.

Recall that the characteristic of a fieldis 0 if 1 + 1 4 --- + 1 is never equal to
0, and is p if p is the smallest number such that 1 + 14 ...+ 1 = 0, where p is
the number of 1s in the left-hand sum. Fields of characteristic 0 always contain Q.
Fields of characteristic p exist for any prime number p. They always contain the
integers modulo p, {0, 1, ..., p — 1}, which is the smallest field of characteristic p,
and which we denote by [ ,.

On the other hand, every element of a number field is algebraic, so is a root of a
polynomial with rational coefficients. As all roots of such polynomials are complex
numbers, this means that we can view every number field as a subfield of the complex
numbers C. However, it is sometimes important to realise that there is not usually a
natural way to do this; if a number field contains a square root /—1 of —1, we have
a choice whether to view this as i or as —i inside the complex numbers. In Chap. 3
we will think more about this issue.

Occasionally it will be useful to know that every extension is simple, that is, it is
generated by a single element.

We need a preliminary result.

Lemma 2.15 Suppose that f(X) € Q[X] is an irreducible polynomial. Then it has
distinct roots in C.

Proof Over C, factorise f(X) as ¢ [[F_ (X — y)%.

If the lemma were false, d; > 1 for some i, and so f(X) would have a factor
(X —y)*

Writing f(X) = (X — y,-)zg(X), we see that (X — y;) is also a factor of the
derivative f'(X). So (X — y;) is a common factor of f and f’, thus showing that the
highest common factor & of f and f’ must be of degree at least 1. But the highest
common factor of f and f’ is obtained by Euclid’s algorithm in Q[X], and is a
polynomial with rational coefficients that divides into both f and f’. However, f is
irreducible, so its only factors are 1 and f. Since & has degree at least 1, we conclude
that h = f. But then f|f’, which is absurd, since the degree of f is bigger than the
degree of f’, which is a nonzero polynomial (as f has degree d > 1). (]

Remark 2.16 More generally, the proof shows that any irreducible polynomial over
a field of characteristic O has distinct roots. In characteristic p, it can happen for
an irreducible polynomial that its derivative is 0, since it may only involve terms in
XP, whose derivatives are divisible by p, and which therefore vanish; consider the
polynomial f(X) = X7 in afield of characteristic p; although this is not irreducible,
it is an example where f divides f’, as f/ = 0.
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Theorem 2.17 (Primitive Element) Suppose K C L is a finite extension of fields of
characteristic O (e.g., number fields). Then L = K (y) for some element y € L.

Proof Suppose L is generated over K by m elements. We first treat the case m = 2.
So suppose L = K («, B), and let f and g denote the minimal polynomials of o and
Bover K.Leta) = o, a2, ..., ag be the roots of fin C, and let 81 = 8, B2, ..., B
be the roots of g. Irreducible polynomials always have distinct roots (Lemma 2.15).

Thus X = g’l :‘;i is the only solution (if j # 1) to

a;i + XBj = ay + XB.

Choosing a ¢ € K different from each of these X’s, then each «; + ¢f; is different
froma+cpB. We claimthat y = a+cp generates L over K . Certainly y € K («, ) =
L. Now it suffices to verify that o, 8 € K (y).

The polynomials g(X) and f (y —cX) both have coefficients in K (y), and have g
as aroot. The other roots of g(X) are 85, ..., B, and, as y —¢B; is not any «;, unless
i = j =1, B is the only common root of g(X) and f(y — c¢X). Thus, (X — B) is
the highest common factor of g(X) and f(y — cX). But the highest common factor
is a polynomial defined over any field containing the coefficients of the original two
polynomials (think about how the Euclidean algorithm works for polynomials). In
particular, it follows that X — B has coefficients in K(y), so that 8 € K(y). Then
a =y —cB € K(y). The result follows for m = 2.

Now we turn to the case where m > 2. We can prove this using the result

we have just proven. After all, if L = K(«p,...,a,), we can view this as
K(ay,...,oan-2)(n_1,a,), and the case m = 2 allows us to write this as
K(ay, ..., 0m—2)(¥m—1). Rewriting this as K (o1, ..., on—3)(@n—2, Ym—1), and
using the case m = 2 again reduces the number further still. Continuing in this
way, we eventually get down to just one element. ]

This proof uses properties of fields of characteristic 0 in two places. Firstly, we
used the fact that irreducible polynomials always have distinct roots, which is true
for any field of characteristic 0. And then we chose a value of ¢ different from all
values in some finite set, which we can do because fields of characteristic 0 contain
@Q, and so are infinite.

Corollary 2.18 Let K be a number field. Then K = Q(y) for some element y .
Proof Simply apply Theorem 2.17. (]

Let’s illustrate this argument with one example.

Example 2.19 By the previous corollary, it should be possible to express the number
field Q(v/2, v/3) as Q(y) for some element y. By looking at the proof of Theorem
2.17, it seems that we should be able to take ¥ = /2 + c+/3 for almost any choice
of ¢ (only finitely many values might be excluded). Let’s try ¢ = 1, so that y =

V2 ++/3 € Q(v2,+/3). Then
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1=1
y= N2 +3
yr=5 +2v6
Y3 = 11J2 493

and we see that v/2 = (3 — 9y)/2 and v/3 = (11y — y3)/2. It follows that both
/2 and +/3 can be written as polynomials in y, so that V2,3 € Q(y). Therefore
Q(2,+/3) € Q(y). On the other hand, ¥ € Q(v/2, v/3), which gives the other
inclusion Q(y) € Q(+/2, v/3), and shows that Q(+/2, v/3) = Q(y), as required.

Exercise 2.8 What is the degree of Q(~/2, v/2) over Q?
Exercise 2.9 Show that Q(v/3, v/3) = Q(v/3 + V/5).

2.5 Integrality

We are going to do number theory in number fields, enlarged versions of the rational
numbers. That is, we are going to study prime numbers, divisibility, and so on, in
these larger fields.

Recall that prime numbers are defined as those positive integers which have no
divisors other than themselves and 1. Even to talk about divisibility needs some
notion of integrality; in Q, any rational number is divisible by any non-zero rational
number. It is only in the integers that divisibility and prime numbers are properly
defined.

When we “do number theory”, we almost always refer to properties of the inte-
gers Z, rather than Q. So to work in a number field K, we need to define a subset
Z of “integers in K.

It would be nice if this subset satisfied the same algebraic properties as Z—namely,
Z should be a ring, so that we can add, subtract and multiply within Zg . Clearly
we would like the integers in QQ to turn out to be Z!

It would also be desirable to arrange that, given two number fields K € L and an
element o € K, that « is an integer in K if and only if it is an integer in L. That is,
if K C L is an extension of number fields, we require Z; N K = Zg.

At the end of Chap. 1, we saw our first example of working in a more general
number field. There, we looked at the Gaussian integers,

Zlil = {a +bi |a,b e 7}

which seemed to have the appropriate properties in Q(7). It seems reasonable to hope
that our definition of integers should give Z[i] as the integers for Q(i).

We have also seen that every number field can be written in the form Q(y), and at
first glance, it might seem reasonable to suggest that we define its integers to be Z[y ].
This is, after all, a ring; the elements are polynomials in y with integer coefficients,
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and two of these can be added, subtracted or multiplied. In addition, it gives the right
answer for Q(i).

Unfortunately, a moment’s reflection will reveal that this is not a good definition.
Indeed, it isn’t even well-defined! That is, we may be able to write our number field
in more than one way as Q(y ), but these may give different answers for the integers.
For example, as V8 = 24/2, we see that Q(\/g) = Q(\/E); on the other hand,
ZIN/8] # Z[V2], since v/2 ¢ Z[+/8].

We need some more intrinsic way to determine which element of a given number
field is an integer.

Associated to « is its minimal polynomial over Q, the monic polynomial with
rational coefficients of smallest degree which has « as a root. We’re going to use this
to give our definition of an integer:

Definition 2.20 Let o be an algebraic number. We say that « is an algebraic integer
if the minimal polynomial of & over Q has coefficients in Z.

Before we explain that the algebraic integers form a ring, that is, they are closed
under addition, subtraction and multiplication, let’s look at some examples:

Example 2.21

1. Every integer n is an algebraic integer. Its minimal polynomial over Q is X —n,
and the coefficients of this polynomial are indeed integral.

2. iis an algebraic integer, as its minimal polynomial is X* + 1, which is in Z[X].

3. /2 is an algebraic integer, as its minimal polynomial is X> — 2, again in Z[X].

4. w = (=14 4/=3)/2 is an algebraic integer, perhaps surprisingly; it is a root of
the polynomial X2 4+ X 4 1—since this polynomial is irreducible, this must be
the minimal polynomial of w.

5. (=1 + +/3)/2 is not an algebraic integer, as its minimal polynomial is X2 +
X — %, which involves fractional coefficients.

6. m is not an algebraic integer, since it is not even an algebraic number.

You might be surprised that (—1 + +/—3)/2 should be an integer, but that (—1 +
V/3)/2 isn’t, but apart from that, I hope that you agree that the definition looks
reasonable.

When it comes to checking whether or not a given algebraic number « is an
algebraic integer, it is sometimes convenient to be able to check a weaker condition.

Lemma 2.22 Suppose that « satisfies any monic polynomial with coefficients in Z.
Then « is an algebraic integer.

Proof Suppose « is aroot of the monic polynomial f(X) € Z[X]. Letm(X) € Q[X]
denote the minimal polynomial of « over Q. We will show that m(X) € Z[X]. We
have already seen that m (X)| f (X), so that f(X) = ¢(X)m(X) for some polynomial
q(X) € Q[X]. Since f(X) and m(X) are both monic, clearly g (X) is also.

So f(X) = q(X)m(X) expresses f(X) € Z[X] as a product of two monic
polynomials ¢ (X) and m (X) with rational coefficients. We explain that this implies
q(X) and m(X) are both in Z[ X].
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Choose positive integers a and b so that ag(X) and bm (X) are polynomials with
integer coefficients, and where the highest common factors of the coefficients of
aq(X) and bm(X) are both 1. (Indeed, a and b are just the least common multiples
of the denominators of the coefficients of ¢ and m respectively.) Then

(ab) f(X) = aq(X).bm(X).

If ab # 1, choose a prime number p|ab. There are coefficients of ag (X) and bm (X)
not divisible by p. So there are also terms in the product whose coefficients are not
divisible by p (consider the term in the product coming from the first term of aq (X)
with coefficient not divisible by p with the first term of bm (X) with coefficient not
divisible by p). On the other hand, the product is (ab) f (X), so all the coefficients
must be divisible by the integer ab, and therefore by p. This contradiction shows
that ab = 1, and therefore « = b = 1, as a and b are positive integers.

Therefore both ¢ (X) and m (X) are already in Z[X]. In particular, m(X) € Z[X],
and so the minimal polynomial of « has integral coefficients. (I

Remark 2.23 Here, we have essentially proven Gauss’s Lemma: If a polynomial
f(X) € Z[X] is reducible in Q[X] then it is reducible in Z[ X] (that is, if f(X) fac-
torises into polynomials with rational coefficients then it factorises into polynomials
with integer coefficients).

Remark 2.24 Suppose that « is an algebraic number. Then « is the root of some
monic polynomial with coefficients in Q:

X"+ a1 X"V a2 X 4 ap = 0.

Let d be an integer which is a common multiple of all the denominators of
a,_1,...,a9. Then da is a root of

X" +ap_1dX" "+ ap_2d*X"F + -+ apd” =0,
which is a monic polynomial with integer coefficients. Therefore d« is an algebraic
integer. This shows that every algebraic number has an integer multiple which is
an algebraic integer. Equivalently, every algebraic number can be expressed as the

quotient of an algebraic integer by an element of Z.

Exercise 2.10 Show that H'T‘E is an algebraic integer.
Exercise 2.11 Show that %g is an algebraic integer.
Exercise 2.12 Let a be an integer. Show that @ = (1 + a'/3 + a?/3)/3 is a root of

1 — _ 2
Xoxrplzdy d-a7
3 27

0.
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[Hint: Expand (« — 1/3)3.] Deduce that if @ = 1(mod 9), then « is an algebraic
integer.

2.6 The Ring of All Algebraic Integers

We will want to study factorisation and so on in number fields. This will require
a definition of integers and primes in these fields. Amongst the properties that we
would like to hold is that the integers in a number field have the same algebraic
structure as the integers Z; in particular, that they form a ring, so that we can add,
subtract and multiply two integers.

Given two integers o and 8, we will need to prove, for example, that o + B is an
integer. From the definition, it looks as if this will mean finding a monic polynomial
with integer coefficients that has « + B as a root.

Our approach will resemble the method we used earlier to show that the algebraic
numbers form a field: we will reformulate the condition on integrality into one
involving abstract algebra and which resembles Proposition 2.9. By a process rather
similar to Corollary 2.11, we will show that if « and g are algebraic integers, so are
o+ B,a — f and af.

Looking back at Proposition 2.9, we reformulated the property of being an alge-
braic number in terms of field extensions of Q of finite degree. We will do something
similar for Z, and our reformulation will involve the ring Z[«], consisting of all poly-
nomial expressions in « with integer coefficients. For algebraic numbers, we then
used results and terminology from vector spaces over fields; the analogous concept
for rings is called a module.

Recall that a module M over aring R is like a vector space over a field; we should
be able to add two elements of M together to get another element of M, and to
multiply an element of M by an element of R, in such a way that the same rules are
satisfied as for vector spaces.

The theory of modules over rings is a little more complicated than vector spaces
over fields, but for now at least, we just need the concept which is analogous to
“finite dimensional” for vector spaces. The appropriate condition is that the module
Z|a] is finitely generated over Z. This means that there are finitely many elements
i, ..., w, € Z[a] such that every element of Z[«] can be written as a sum ajw; +
-+ + apwy, for suitable integers ay, ..., a, € Z.

Proposition 2.25 Let o € C. The following are equivalent:

1. « is an algebraic integer;
2. Zla] is a finitely generated module over Z.

Proof (1) = (2). Suppose that « is an algebraic integer. Then it is a root of a monic
polynomial f(X) € Z[X] of some degree n. Given any polynomial g(X) € Z[X],
write

9(X) = q(X) f(X) +r(X)
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for g(X), r(X) € Z[X], and where r(X) = 0 or the degree of r(X) is less than .
(If f(X) were not monic, we could only deduce that ¢(X) and r(X) would have
rational coefficients.)

Substitute in X = «; then g(«) = r(«) as « is a root of f. This shows that g(«)
can also be expressed as a polynomial expression of degree less than n, so g(«) can
be written as a linear combination of 1, o, ..., a"~! with integer coefficients.

We conclude that any polynomial expression in « with integer coefficients can
be expressed as an integer linear combination of 1, «, . . ., "~ 1. Therefore Z[o] is
finitely generated as a Z-module.

(2) = (1). Suppose that Z[«] = Zw; + - - - + Zw,,. For each i, the product cw;
is again in Z[«], so can be written as a linear combination of the spanning set:

n
aw; = Za,'ja)j (2.3)
j=1
with each a;; € Z. Consider the column vectorv = (w; - - - wy)". Then (2.3) implies

that v = Av where A = (a;;). That s, v is an eigenvector of A with eigenvalue o.
As o is an eigenvalue, it is a root of the characteristic polynomial of A. Characteristic
polynomials are always monic; also, as the entries of A are integral, its characteristic
polynomial has coefficients in Z. Thus « is a root of a monic polynomial with integer
coefficients, and so « is integral. O

The next result is really a corollary to the proof of the previous proposition, and
is a mild generalisation:

Corollary 2.26 Let R be a ring containing Z. If R is finitely generated as a Z-
module, then every element o € R is the root of a monic polynomial with coefficients
in 7.

Proof We argue exactly as above; since R is finitely generated, R = Zw1+- - -+Zw,.
For each i, we have cw; = 27:1 a;jjw; for some integers a;; € Z, and then « is a
root of the characteristic polynomial for the matrix (a;;), as required. 0

Next, consider what happens for two algebraic integers « and B:

Proposition 2.27 Suppose that a and B are algebraic integers. Then Zla, B] is
finitely generated as a Z-module.

Proof By Proposition 2.25, Z[«] and Z[ ] are both finitely generated as Z-modules.
That is, there are elements wy, ..., @, € Z[«] such that every element of Z[«] can
be written as a Z-linear combination of these elements. Similarly, there are elements
01, ..., 6, € Z[B] such that every element of Z[ ] is a Z-linear combination of these
elements. Let’s show that every element of Z[«, 8] is a Z-linear combination of the
finite set {w;0; | 1 <i <m,1 < j <n}.

Every element of Z[«, 8] can be written as a polynomial Zk.l ago* ﬂl, with
ay € Z. Since each a¥ € Z[«], it can be written as some Z-linear combination
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of {w; | 1 < i < m}. Similarly, 8/ can be written as a Z-linear combination of
{0; | 1 < j < n}. Substituting these in, we see that every element can be written as
a Z-linear combination of the set {w;6; | 1 <i <m, 1 < j < n}, as required. O

After this reformulation, it is easy to prove that algebraic integers form a ring:

Corollary 2.28 The set of all algebraic integers forms a ring.

Proof Let o and B be algebraic integers. We need to check that « + 8, « — B and
aff are algebraic integers. Since o + 8 € Z[«, B], and Proposition 2.27 shows that
Zla, B] is finitely generated as a Z-module, Proposition 2.25 implies that o + S is
an algebraic integer.

As o — 8 and o are also in Z[«, B], the same argument applies to show that they
are also integral. (]

Not only does this prove the result we want, but the argument of Proposition 2.25
also suggests a way to construct polynomials satisfied by the sum (or difference, or
product) of two algebraic numbers.

Example 2.29 To explain the procedure, let’s show that the sum

0 =(1+2‘/§)+(#__3)=(«/§+\/—_3)/2

is an algebraic integer, by computing its minimal polynomial.

Write o = (14 «/g)/Z and B = (—14+/—3)/2. Then a has minimal polynomial
X% — X — 1 and g has minimal polynomial X> + X + 1. One way to proceed is as
follows.

Form the vector v = (1 @ B8 oB)’. We are going to find matrices A and B with
entries in Z such that Av = av and Bv = Bv. That is, « is an eigenvalue of A, and
B is an eigenvalue of B. Then (A + B)v = (@ 4 B)v, and so @ + B is an eigenvalue
of A + B. It is therefore a root of the characteristic polynomial of A + B, which is
defined over Z, since the entries of A + B are integers. This gives a polynomial with
o + B as aroot.

Let’s first try to construct the matrix A. It should be a 4 x 4 matrix such that

1 1 o

2

o o o
Alp =% s 7| ep
af ap)  \o?8

But « is aroot of X2 = X + 1, s0 a? = a + 1, and so we need to solve

1 o
o oa+1

A = )
B af

ap (a+1)B
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and it is easy to see that
0100
1100
0001
0011

Similarly, we can find a matrix B with the property that

1 1 B B
o o off af
s |=P| s g2 —B+1)
ap ap ap? —a(B+1)
take
001 0
00 0 1
B=1_10-10
0 -1 0 —1
Then
01 10
1 1 01
ATB=1_1 0 11|
0 -1 10

and the argument above shows that 6 should be a root of the characteristic polynomial
of A+ B.

Exercise 2.13 Show that this characteristic polynomial is X* — X? + 4, and verify
explicitly that 6 is a root of this polynomial.

In the same way, as ABv = A(Bv) = A(Bv) = B(Av) = aofv, af is an
eigenvalue of AB, and is therefore a root of the characteristic polynomial of AB.

More generally, if « is a root of an equation of degree m, and B is a root of an
equation of degree n, form the vector of length mn:

v=(1....a" B ™ B A Lo Lt b U

As above, we can find mn x mn-matrices A and B such that Av = ov and Bv = fv.
Then A and B will be mn x mn-matrices, o + 8, « — B and 8 are easily seen to be
eigenvalues of A + B, A — B and A B respectively (with v as eigenvector), and the
characteristic polynomials of A + B, A — B and A B have degree mn.

Further, notice that if « and 8 are both algebraic integers, then the matrices A and
B have entries in Z, and so the entries of A + B, A — B and AB are all also in Z.
Therefore the characteristic polynomials of these three matrices are all integral, and
are monic by definition, so this gives another proof that the eigenvalues « + 8, @ — 8
and o are all algebraic integers.
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Exercise 2.14 Use this method to find a degree 6 polynomial satisfied by v/2 + v/2.

Of course, the same method also shows that the sum, difference and product of any
two algebraic numbers is again algebraic; the two matrices A and B will in general
no longer be integral, but have rational entries. We can extend the method to the case
of quotients; if 8 # 0, then B will be invertible, and then v is an eigenvector of
AB~! with eigenvalue «/f. This quotient is a root of the characteristic polynomial
of the rational matrix AB~!, as required.

2.7 Rings of Integers of Number Fields

Now we have an obvious definition for the integers in a number field.

Definition 2.30 Let K be a number field. Then the integers in K are
Zk = {o € K | wis an algebraic integer}.

Probably the first check to make is that this gives the right answer for the rational
number field Q. Luckily, this is straightforward; a rational a € Q has minimal
polynomial X — a, and the coefficients are in Z if and only if a € Z. So the integers
in Q using Definition 2.30 are indeed Z, as one hopes.

Also, if K C L is an extension of number fields and o € K, then « is an integer
in K if and only if it is an integer in L. This follows simply because the condition
determining whether or not « is an algebraic integer makes no reference to any
field K.

Corollary 2.31 Let K be a number field. Then Zk is a ring.

Proof Given «, B € Zg, we need to check that « + B8, « — 8 and «f all lie in Zg .
But they certainly all lie in K, and Corollary 2.28 implies that they are all algebraic
integers, so they lie in Zg, as required. |

Remark 2.32 7k is even an integral domain, since Zg C K, and as K is a field, it
has no zero-divisors.

We say that Zg is the ring of integers of K. In the literature, you will often see
the ring of integers written as Ok, for historical reasons (an older terminology for
ring of integers is order—this word is still used to refer to certain subrings of Zg).

The following generalisation of Proposition 2.25 allows us to characterise the ring
of integers Zx as the largest subring of K which is a finitely generated Z-module:

Proposition 2.33 Suppose R is a subring of a number field K, and that R is finitely
generated as a Z-module. Then R C Zk.

Proof This is immediate from Corollary 2.26. (I
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Earlier, we suggested that the ring of integers in Q(i) should be Z[i]. We will now
compute the rings of integers in all quadratic fields Q(+/d).

Proposition 2.34 Suppose that d is a squarefree integer (i.e., not divisible by the
square of any prime). Then

1. Ifd = 2 or 3 (mod 4), then the ring of integers in Q(+/d) is
ZINd]) = {a+bVd | a, b € 7).
2. Ifd = 1 (mod 4), then the ring of integers in Q(\/E) is
Zlpal = f{a +bpg |a,b € L}
where pg = #‘?.
Proof Leta = a+bd witha, b € Q. Then « satisfies the equation (X—a)2 = b2d,
or

X2 —2aX + (a*> — b*d) = 0.

We seek conditions on @ and b to make this have integer coefficients. This implies
that

2a € 7
a?—b*deZ

Clearly the first condition implies a € Z ora = % where A is an odd integer. In
the first case, the second condition becomes b%d € Z, and, as d is squarefree, this
requires b € Z. So the set {a + bJd | a,b e Z}is always contained in the ring of

integers.
Let’s examine when the second case can arise. Here a = %, and we need
A2
— —bdez,
4
or

A% — 4b*d = 0 (mod 4).

This certainly requires 4b>d € 7Z; again, as d is squarefree, 2b must be an integer,
B say. Further, b itself cannot be in Z; otherwise

Az,
— —bd ¢
y) ¢

Thus B is an odd integer. Then
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A? — B?d = 0(mod 4)
with A and B odd integers. But the squares of odd numbers are all 1 (mod 4). Thus
1 —d = 0(mod 4).
If d = 1 (mod 4), the second case can arise, and the integers are
{a + bNd | either a, b € Z, or both a and b are halves of odd integers},

a set which is easily seen to be the same as that of the statement. On the other hand,
if d # 1 (mod 4), then the only integers are {a + byd|a,b e Z)asclaimed. O

In particular, if d = —1, so that d = 3(mod 4), this result shows that the ring of
integers of Q(i) is Z[i].

However, as already remarked, the ring of integers of Q(+/d) is not always just
Z[+/d]. Although every element in Z[+/d] is an algebraic integer, there are sometimes
additional integers; if d = —3, for example, then (—1 + \/—_3) /2 is an integer, as it
is a root of X% + X + 1. Similarly, if d = 5, then (1 + \/3)/2 is an integer, as it is a
root of X> — X — 1.

Exercise 2.15 Show that the square of the modulus of the complex number a +
b3 € Q(/=3) is a® + ab + b

[Hint: As usual, write down the real and imaginary parts, and consider the sum
of their squares.]

Find the elements in the ring of integers of Q(v/—3) with squared modulus 19.
And which elements in the ring of integers of Q(+/—2) have squared modulus 19?

Exercise 2.16 Use Exercise 2.11 to see that the ring of integers of Q(v/2, v/3) is
bigger than Z[+/2, v/3].



Chapter 3
Fields, Discriminants and Integral Bases

By definition, every number field K is a finite extension of Q. In particular, if K has
degree n, then there must be elements o, ..., o, € K such that every element of
K can be written as a linear combination

X1ap +x200 + - -+ XpQp

where x1, ..., x, € Q.
We’ve even seen (Corollary 2.18) that there is a particular element v such that
K = Q(7), so that every element of K can be written as

xl,ynfl +X2’Yn72 + -4 x,.1,

a special case of the above, where our basis has a particular form.
We can ask exactly analogous questions about the ring of integers Zg .

1. Do there exist elements «j, ..., a, € Zg such that every element of Zg is of
the form
X1 + X200 + - + X0

for some x; € Z.?
2. Does there exist a single element v € Zk such that every element of Zg is of the
form

2

DT A o L N SRR B

for some x; € Z.?

It will turn out that the first question has a positive answer, but the second does not,
in general.

In general, the versions of the questions for Zg are somewhat harder than for K,
and some of the material of this chapter could be omitted at a first reading. This is
particularly true for Sect.3.5.

F. Jarvis, Algebraic Number Theory, Springer Undergraduate 39
Mathematics Series, DOI: 10.1007/978-3-319-07545-7_3,
© Springer International Publishing Switzerland 2014
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3.1 Embeddings

Suppose then that K is a number field and that [K : Q] = n. By Corollary 2.18, there
exists an element v € K such that K = Q(7). Let f denote the minimal polynomial
of v over Q; it follows from Corollary 2.10 that f has degree n.

As C is algebraically closed, we can factor f(X) completely over C, and write
it as

fo0 =]]x -,
i=1

where 71, ...,7, € C are the (complex) roots of f. Of course, one of these is ~y
itself, so we will assume 1 = 7.

Definition 3.1 If v € K has f(X) € Q[X] as its minimal polynomial as above,
then the roots v1, ..., 7y, are the conjugates of ~.

Notice that conjugate elements have the same minimal polynomial; indeed,
Y, --.,Yn are all roots of the monic irreducible polynomial f, and so f is the
minimal polynomial for each of them.

By Lemma 2.15, the conjugates of an algebraic number are all distinct.

Example 3.2 Suppose that a = i. Then its minimal polynomial is X2 4 1, and the
two complex roots of this are +i. Thus the two conjugates of i are i and —i.

The next exercise gives some justification for the terminology:

Exercise 3.1 Suppose that « = a+bi € Q(i). Show that its conjugates (in the sense
above) are just a and @.

Thus the conjugates of a complex number (in this sense) are the same as the
conjugates (in the familiar sense). But the concept is more general, and applies in
other situations.

Exercise 3.2 Find the conjugates of v/2.
Exercise 3.3 Find the conjugates of /2 + +/3.
Exercise 3.4 Find the conjugates of ~/2.

Remark 3.3 Clearly this concept of conjugacy generalises somewhat; given an exten-
sion L € K of fields, if « € K has minimal polynomial f(X) € L[X] over L, then
the conjugates of o over L are the roots of f.

Given any element of K, we can write it as a polynomial expression in y with
coefficients in QQ, simply because K = Q(v). For each k = 1, ..., n, the map
Ok : 7y > Y induces a field homomorphism
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o : Q(y) — Q(w) C C.
n—1 ) n—1 '
Doxy e DX
i=0 i=0

Remark 3.4 This map is well-defined—that is, if the same element of Q(v) can be
written in two different ways as a polynomial expression of v, then applying oy to
either expression gives the same answer.

Indeed, if g1 (7) = g2(7), thenyis arootof g; — g2, and so the minimal polynomial
of v divides g; — g». But this minimal polynomial is just f. As 7 is also a root of
S, wesee that f(7%) = 0, and s0 g1 (%) = g2(W)-

Remark 3.5 A similar argument shows that all these maps are injective. If g1(7)
and g, (y) are two elements of K = () that map to the same element under oy,
then g1 (vx) = g2(vk), and so 7, must be a root of g; — g». Therefore the minimal
polynomial of ~; divides g; — g». But this minimal polynomial is exactly f, and so
flg1 — g2, from which we conclude that g1 () = g2 (7).

Definition 3.6 We will use the word embedding to mean an injective field homo-
morphism; thus oy, ..., 0, are all embeddings.

Proposition 3.7 If K is a number field of degree n, then the maps oy, ..., o, are
all of the n distinct field embeddings K — C.

Proof The arguments just given show that they are all well-defined injective field
homomorphisms.

Conversely, if 0 : K —> C is a field homomorphism, and K = Q(v), then o
must be determined by its effect on v, as

n—1 n—1
o (Z xw’) => xio()'.
i=0 i=0
Further, applying o to the equality f(vy) = 0 gives

fle() =a(f() =0(0) =0,

and so o(7v) is a root of f, and is therefore v for some k. It is then clear that
o = O%. O

As an example, let’s consider the field K = Q(i). We have already seen in
Example 3.2 that the conjugates of i are i and —i, so we get two embeddings from
K into C, given by o1 (a + bi) = a + bi and 02(a + bi) = a — bi. This gives us two
ways to think of Q(7) as a subfield of C.

Remark 3.8 Tt is sometimes important to be careful when writing Q(+/2), say, to
keep in mind that the element “/2” should be regarded as just an abstract square
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root of 2, and is not necessarily to be identified with the positive real number
1.4142. ... We are writing Q(\/E) as a shorthand for “Q(«) where « is some number
with o? = 27,

Then choosing an embedding from Q(+/2) into C is tantamount to identifying the
abstract element /2 with the particular number 1.4142. .. or —1.4142. ...

Exercise 3.5 Write down the embeddings from K = Q(+/2, +/3) into C.
[Hint: Since [K : Q] = 4, you should find 4 embeddings, o1, 03, 03 and 04, say.]

—_

. Find an element o € K such that o1 () = 02 () = 03(0) = g4().

2. Find an element § € K such that o1 (), 02(03), 03(3) and 04(3) are all different.
3. Find an element v € K such that o1(y) = o2(y) and 03(y) = o4(7), but
o01(y) # o03(y). (Your answer will depend on the order you wrote down your
embeddings.)

Slightly more generally, the same argument as Proposition 3.7 shows that

Proposition 3.9 Suppose that K C L is a finite extension of fields, and that we
have a fixed embedding 1 : K —> C. Then there are [L : K] ways to extend the
embedding . to an embedding L —> C (that is, to define embeddings L —> C
which agree with . on the elements of L that belong to K ).

Proof By the Theorem of the Primitive Element (Theorem 2.17), we can write L =
K (), where « has minimal polynomial over K of degree n = [L : K]. Then we
let v, ..., v, denote the roots of the minimal polynomial, and define extensions
or : L —> C by insisting that

n—1 n—1
Ok (Z XW’) = Z (X)) Vg
i=0 i=0

The verification that these are all the embeddings is then identical to the previous
arguments, and is left to the reader as an exercise. (I

Suppose that K is a number field, and that o € K. We will next try to understand
the images of o under each of the embeddings.

Let’s do an example. Suppose that K = Q(+/2,+/3), and that o« = /6. In
Exercise 3.5, you should find four embeddings, given by:

o1 (a+bV2+ev3+dv6) =a+bV2+ev3+dvo
Uz(a+b\/§+cx/§+d\/6)=a+b«/§—cx/_—d«/6
03 (a+bv2+ev3+dv6) =a—bV2+ev3-dvo
o4 (a+bV2+cv3+dv6) =a—bv2 - cv3+ave.
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Then 01 (v/6) = 04(+/6) = V6, and 02(v/6) = 03(+/6) = —v/6. Unsurprisingly,
these images are just the conjugates of /6, but each occurs twice.

To study the general case, where K is any number field, we need one result from
field theory:

Theorem 3.10 Suppose that K € L € M is a “tower” of fields. Then, assuming
M is a finite extension of L, and L is a finite extension of K, we have [M : K] =
[M: L]L:K]

Proof Suppose that [M : L] = m and [L : K] = n. Then there are elements
w1, ..., wy such that every element of L is a linear combination of wy, ..., w, with
coefficients in K, and elements 61, ..., 6,, such that every element of M is a linear
combination of 8, . .., 8, with coefficients in L. We claim that {6;w} is a basis for
M as a K -vector space.

Given ;1 € M, express it first as a linear combination of 01, ..., 6, with coef-
ficients in L, and then express each of these coefficients as linear combinations of
w1, ...,w, with coefficients in K. This shows that x can be written as a linear
combination of {#;w;} with coefficients in K.

Furthermore, these elements form a linearly independent set. To see this, we take
a linear combination which is O:

arfiwy + appbiwr + - - + apbiw, + az1thwy + - -+ pplpw, = 0.
Rearrange this as
(anwy + -+ alnwn)el + -+ (pwy + -+ amnwn)em =0.

Now this is a linear combination of 0y, . . ., 8, with coefficients in L, and since they
form a basis, each of the coefficients must vanish. Thus, for each i,

ajlwy + - -+ ajpw, =0,

and as w1, ..., w, forms a basis for L as a vector space over K, we again conclude
that each «;; = 0, as required.
Thus {0;w;} form a basis for M over K, and so [M : K| = mn, as required. []

Let’s return to the general case, where K is a number field of degree n over Q.

Suppose o € K with minimal polynomial g(X) € Q[X]. Then « generates a field
Q(«) contained in K. If g has degree d,, then [Q(«) : Q] = d,. Suppose that the
conjugates of «v are written ) = «, o, ..., Qg

a*

From the tower of fields Q € Q(«) C K, we know that

[K:Q]=[K : Qm][Q(o) : QI

and so we see that d, |n. Write r = r,, forn/d,.
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Proposition 3.11 The images o;(c) are the conjugates {o1,...,qaq,}, each
occurring with multiplicity r,.

Proof We have extension fields Q € Q(a) € K. By Proposition 3.7, we know that
there are d, embeddings ¢; : Q(a) —> C. The embedding ¢y is determined by the
property that ¢x (o) = .

Make a choice of any of these embeddings ¢x : Q(a) —> C. As the extension
Q(a) C K has degree r,,, we know by Proposition 3.9 that the embedding ¢ extends
to an embedding K — C in r, ways; by definition of an extension of embeddings,
each extension maps « to oy.

We can do this for each of the d, embeddings ¢, extending each in r,, ways. We
thus obtain d,r, = n embeddings from K to C. But we know that there should be
exactly n embeddings from K into C, again by Proposition 3.7.

We therefore conclude that all of the embeddings o; : K — C have been
obtained, and we have seen that « is taken to each of its conjugates {1, ..., ag,}
with multiplicity r,. g

Corollary 3.12 Suppose o in K has minimal polynomial g of degree d,,, and that
ro = n/dy. Then

[]x = o) = gx)™.

i=1

Proof Both sides are monic polynomials with the same roots. (I

Exercise 3.6 Verify Corollary 3.12 explicitly for each of the three elements «, (3 and
~ you found in Exercise 3.5.

3.2 Norms and Traces

Again let K be a number field, with [K : Q] = n. Suppose that « € K. Then
multiplication by « gives a map

my: K — K

X = ax
This map is Q-linear: it is easy to see that
mo(x +x) =alx +x')=ax +ax’ =my(x) + my(x)

and that
ma(tx) = a(tx) = t(ax) = tmq(x)

for t € Q. (Of course, the map is even K-linear, since m(tx) = tm,(x) even for
t € K, but we won’t need that.)
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After choosing a basis for K over QQ, the map is represented by a n x n-matrix.
We define the trace of «, written Tk /g(a), to be the trace of this matrix, and the
norm, written N ;(), to be its determinant. Choosing a different basis would give
a conjugate n x n-matrix representing the map; it is a well-known result from linear
algebra that the trace and determinant of an endomorphism do not depend on the
choice of basis. When the field K is clearly understood, we may simply write N ()
and T («) for the norm and trace.

In the same way, if L/K is an extension of number fields, there is a notion of
Ty x and Np/k.

Example 3.13 Let’s look at one example. Suppose that K = Q(+/2, +/3), and take
a = +/2 4+ /3. We can choose a basis {1, ﬁ «/§, \/6} for K, and see how multi-
plying by « affects an element:

ala+bvV2+c3+dvV6) = 2b+3c) + (a+3d)V2 + (a +2d)V3+ (b +c)V6,

which we interpret as a map on coefficients

a 2b + 3¢
b a—+3d
c a+2d |’
d b+c

which is the map given by multiplication by

0230
1003
1002]°
0110

the trace is the sum of the diagonal entries, which is 0, and the norm of « is the
determinant of the matrix, which is 1.

In fact, even more is true. We have defined Ng,q(a) and Tk () to be the
determinant and trace of the matrix given by multiplication, but in the fact the minimal
polynomial of « is exactly the characteristic polynomial of this matrix; recall that
the determinant and trace are just two coefficients of this polynomial:

Proposition 3.14 Suppose that « is an algebraic number with minimal polynomial
g(X) € Q[X], and form the map m, as above. Then the characteristic polynomial
of the matrix of my, is g(X).

Proof Suppose that the minimal polynomial for « is given by x" + cjx"~! +
coi4cy, =0.

As just mentioned, we can compute the characteristic polynomial after choosing
any basis. One basis for Q(«) over Q is given by {1, «, a2, ..., "] }, where « has
degree n.
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Sincea.af = oftlfork =0,...,n=2,anda.a* ! = a" = —cja" 1= . . —¢,,

the map m,, is given by
My, (ao +aa+---+ an_lo/’_l) =« (ao +aa+---+ an_loz"_l)
=apa+ -+ ay_od '+ ay_ 1"
=apa+ -+ ay_pa !
+an— (—Cla"_l — Cn)
= —ay_1¢, + (ap — ap—1Ccp—1

+ -+ (a2 — anflcl)afn_1

and so the map of m,, using this basis is given by

ap —dp—1Cp
a ag — ap—1Cp-2
H 9
an—1 ap—2 — dp—1C1

which is the same as multiplication by the matrix

—cp
1 —Cn—1
1 —Cp-2

1 —¢;

and it is easy to check that this matrix has characteristic polynomial given by x" +
cx" V4.4, =0. O

Now let’s explore some properties of norms and traces.
Lemma 3.15 Suppose o € K. Then Nk, (o) and Ty jg(c) are both in Q.

Proof This simply follows because they are the trace and determinant of a matrix
with entries in Q. O

This is a rather abstract definition of the trace and norm of an element, but we can
make it a little more concrete.
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Proposition 3.16 Write o1, ..., o, for the embeddings of K into C. If « € K, then
n n
Ngjgle) = [Jor@ and  Txjg(e) =D or(a).
k=1 k=1

Proof Let g denote the minimal polynomial of v over Q. Note that Q(«) may be
smaller than K (for example, we might even have a € Q), so the degree of g may
be strictly smaller than n. As g is irreducible, [Q(«) : Q] = deg g, and we will write
d,, for this degree.

We have field extensions Q € Q(«a) € K; let {1, ..., B,} denote a basis for K
over Q(«v), where [K : Q(a)] = ro =n/d,.Clearly {1, o, ..., a®—1} is a basis for
Q(«) over Q. Standard results in field theory (see the proof of Theorem 3.10) now
show that the set of products {ﬁiaj |1 <i<rq0=<j<d,}forms abasis for K
over Q.

Choose this basis, and fix one of the [3;. Consider the multiplication-by-ov map
m,, on the block spanned by {3, fia, ..., f;a%~1}. It is easy to see the matrix of
this map on this block is the same for all choices of 3;, and that it is the same as the
matrix of the map m, on Q(«), where we use the basis {1, v, . .., ae=1} We have
already noted that this matrix has characteristic polynomial g.

It follows that the characteristic polynomial of m,, on K is given by g(X)". But
the roots of g, by definition, are exactly the conjugates of «. The roots of g(X)"* are
therefore the conjugates of «, taken with multiplicity r,,.

By Proposition 3.11, these are exactly the images of « under all the embeddings
o; : K — C, and the result then follows. O

Corollary 3.17 If o € Zg, then Nk jo(«) and Ty jg(«v) are both in Z.

Proof As a« € Zkg, its minimal polynomial g(X) € Z[X]. With the notation
of Corollary 3.12, we see that g(X)™» € Z[X]. But this implies that the prod-
uct []L;(X — oi(®)) € Z[X]; the constant coefficient of this polynomial is
(=" Nk g (), and the coefficient of X"~ is —Tx g(). O

Exercise 3.7 Compute the norm and trace of a +bi € Q(i), using both the definition
as the determinant and trace of the multiplication map, and also Proposition 3.16.

Exercise 3.8 Compute the norm and trace of ﬁ + \/3 S Q(ﬁ, \/§), again both
from the definition and from Proposition 3.16.

3.3 The Discriminant
As before, suppose that K is a number field of degree n over Q. We have seen that
this means that:

1. K is generated over Q by n elements (the definition of the degree);
2. there are n embeddings oy, ..., o, from K into C (see Proposition 3.7).
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Suppose that {w1, ..., w,} liein K. For the moment, we won’t assume that these are
a basis as in (1).
Consider the matrix:

o1(wr) o1(w2) -+ o(wy)
o2(wp) o2(w2) - -+ o2(wy)

O(@1) Tn(ws) -+ T lwn)

We will use the determinant of M as a measure of how “widely spaced” the set
{wi, ..., wy} is. (More explanation will be given in Remark 3.25, and again in
Chap. 10.) One reason why this is not quite satisfactory is that this determinant is
defined only up to sign; taking the same set, but in a different order may multiply the
determinant by —1. To avoid this issue, we will use the square of this determinant.

Definition 3.18 Define the discriminant of {wq, ..., w,} to be A{wy,...,w,} =
(det M)2.

Here is a reformulation, sometimes more useful for computation:

Lemma 3.19 With the notation as above, form the matrix T, where T;j = Tg @
(wijwj). Then A{wy, ..., wy} =detT.

Proof Simply notice that det M = det M?, and so
AMwi, ..., wy} = (det M)? = det(M' M).

But

n n n n
(M'M)ij =D MiMi =D MMy =Y oxw)orw,) = D ox(wiw,),

k=1 k=1 k=1 k=1
which is equal to Tk ;g (w;iw;) by Proposition 3.16. The result follows. (I

Exercise 3.9 Let K = Q(ﬁ, \/§)_ Compute A{1, ﬁ, \/5, \/6} using the formula
from Definition 3.18, and verify that it agrees with the formula given in Lemma 3.19.

Corollary 3.20 Suppose that {wi,...,wy} consists of elements of Zg. Then
AMwy,...,wy} €7Z.

Proof If each w; € Zg, then wjw; € Zg, as Zk is closed under multiplication.
By Corollary 3.17, this means that Tk /@ (w;w;) € Z. Finally, A{wy, ..., w,} is the
square of the determinant of a matrix with entries in Z, so is itself in Z. O

Example 3.21 Let’s consider one special case. As K = Q(~y) for some -y, one natural
basis for K over Q is given by {1, 7,72, ..., v*"'}. As usual, write 7, ..., 7, for
the conjugates of ; then the discriminant A{1, v, 2, ..., "'} is given by
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12
Lyr...of !
l'yz...’yg_l
1711-“7;,11_1

This is a Vandermonde determinant, and is equal to [ [, _ i ). We have already
remarked (Lemma 2.15) that the conjugates of ~ are distinct, and so we conclude

that the discriminant A{1, ~, 72, el 'y"’l} is nonzero.

Let’s remark if f(X) is the minimal polynomial of 7, its roots are 71, ..., Y,
and its discriminant is defined to be exactly [, _ j (vi — j)z, so that the discrimi-
nant of f(X) coincides with the discriminant A{1,~, ..., 7”’1 }, which justifies the
terminology.

In fact, we shall see that the discriminant of any basis is nonzero. For this, we
need one preliminary result.

Proposition 3.22 Suppose that the elements of two sets {wi,...,w,} and
{w], ..., w,} are related by

wj = criwy + -+ Cpip
Sfor rational numbers c;; € Q. Write C for the matrix (c;;). Then

AW, ..., W} = (det C)’ Afwr, ..., wn).

Proof Set
o1 (W) or(wh) -+ or(w),
w o (w)) o2(W)) - - o2(w),)
Un(wq) O'n(w/z) O'n(W;,)
so that A{w], ..., w)} = (det M")2. Note that

ok (W) = crior(wi) + -+ + cniog(wy)

since oy is a homomorphism which is the identity on rational numbers.
It is easy to see that this implies that M’ = CM, where C = (c;;). The result
follows from the multiplicativity of the determinant. (]

Exercise 3.10 InExample 2.19, we showed thatif K = Q(+/2, +/3),then K = Q(~)
for v = /2 + +/3. Compute A{1,~,v%, 4} using the formula from Example 3.21.

You have also computed A{l, ﬁ, \/§, \/6} (Exercise 3.9). Write the set
{1,7,7%,7%} in terms of the basis {I, V2,/3,4/6} and verify the formula
of Proposition 3.22 in this example.
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Now we can prove the claim we made earlier.

Proposition 3.23 Suppose that {wi,...,w,} is a basis for K over Q. Then
AMwry, .., wy} £0.

Proof Asusual, write K = Q(y) forsomeelementy € K.Then{l,~,...,v" }isa
basis for K over Q. We can write the basis {w1, . . ., w, }intermsof {1, v, ..., " !} as

wi = ciil+ey+ oy

The condition that {w, ..., w,} is also a basis means that det(c;;) # 0. Indeed, if it
is a basis, we can write
i—1 / / /
7 =Wttt W,
for some c; i and it is easy to see that this implies that C'C = I, where C = (c; i)
and C’ = (¢} ;). so that C and C’ are invertible. The previous proposition shows that

Afwi, ... w} = det(ci)?A{L v, ...,y ]
and the result follows. O

There is a converse to this result also:

Proposition 3.24 The set {wy, ...,wy} is a basis for K over Q if and only if
Afwi, ..., wy} #0O.

Proof We have already done the hard work, to see that the discriminant of a basis is
nonzero.
Conversely, if {wy, ..., w,} are linearly dependent over @, then there is some
dependency
xXiwi + -+ xw, =0

for some x1, ..., x, € Q, not all zero. Apply the embedding oy to this equality; as
o is a field homomorphism and fixes each element of Q, we get

xiox(wi) + -+ + xu0%(Wy) = 0.

This gives a linear dependency between the columns of the matrix M above, with
M;; = oi(wj), and so det M = 0. Thus A{wy, ..., w,} = 0, as required. O

Remark 3.25 As an aside, let’s give a preliminary justification of the comments
above that the discriminant measures how widely spaced the set is. We will cover
this in more detail later in the book (Chap. 10).

Some of the n embeddings may map K into the real numbers R C C; we call
these real embeddings. The other embeddings occur in complex conjugate pairs; if
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o : K —> C is an embedding, then so is &, where 7 (w) = m. These complex
embeddings therefore occur as complex conjugate pairs.

Write r; for the number of real embeddings of K into C, and r, for the number
of complex conjugate pairs of embeddings. Since there are n embeddings in total,
we have r1 4+ 2rp, = n. Every pair (o, o) of complex embeddings together map
K into C?, but it is easy to see that the image is actually contained in a real
2-dimensional subspace; after all, if 0 (w) = a + bi, then o(w) = a — bi, so that the
real and imaginary parts of o(w) are already determined by the real and imaginary
parts of o(w). Since each real embedding maps K into R C C and each pair of
complex embeddings map K into a 2-dimensional real subspace of C2, we see that

the collection of all embeddings ¢ = (o1, ..., 0,) maps K into a real subspace V of
C" of real dimension 7.
Given our set {w1, ..., w,}, the image of Zt(wy) + - -+ + Zt(w,) is contained in

this subspace V. When the set is not a basis, the image will lie in a subspace of V of
strictly smaller dimension, and the discriminant will vanish—but if it is a basis, the
discriminant will measure the volume of a fundamental region (see Definition 7.1)
for the image, and thus how sparsely these points are spaced.

3.4 Integral Bases

We say that the set {wy, . .., wy} is an integral basis for the ring of integers Z g when
every element of Zg is uniquely expressible as a Z-linear combination of elements
of the set.

Example 3.26 We have already seen examples of integral bases for quadratic
fields (see Proposition 2.34). If K = Q(v/d), with d a squarefree integer, and

d = 1(mod 4), then Zg = Z + Z.#, so an integral basis is {1, #d»}. Sim-
ilarly, if d = 2 (mod 4) ord = 3 (mod 4), then Zx = Z + Z+/d, 50 an integral basis
is {1, Vd).

In general, it is not obvious that such bases exist, but the main result of this section
is that they do for all number fields K.

Equivalently, we will prove that the ring of integers of K is a free abelian group
of rank n = [K : Q]. Recall that a free abelian group A of rank n is one which
is the direct sum of n subgroups, each infinite cyclic (so isomorphic to Z). Then
A = Zwy + - - + Zuwy, so that every element of A can be expressed uniquely as
Xjwi + -+ + x,w, for some x; € Z. This is exactly the property required of an
integral basis.

Suppose that [K : Q] = n. By definition of the degree, we can choose a basis
{wi, ..., wy} for K over Q; thus every element of K can be written xjwy +- - - +x,wy,
for x; € Q.

Theorem 3.27 Let K be a number field. Then the ring of integers Z has an integral
basis.
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Proof Given any basis, it follows from Remark 2.24 that we can replace each element
in our basis with a nonzero multiple so that every basis element is in Zg .

We also know (Proposition 3.23) that the discriminant of every basis consisting
of elements of Z is an integer.

Choose a basis {wi,...,wy,}, consisting of elements of Zg, such that
|A{wr, ..., wy}| is as small as possible (since it is always a positive integer, this
bound is attained).

We claim that this set is indeed an integral basis for K. If not, there would be
some element w € Zg whose expression in terms of this basis

w=x1w]+ -+ x,wy
has coefficients which are in @, but not all in Z. Reordering our basis elements if

necessary, suppose that x| ¢ Z. Then we can choose a; € Z with |x; — a;| < %
Define w| = w —ajw; = (x] —apw; + xpw2 + - - - + x,w,. Then W) is again in

Zk (asw € Zg,w) € Lk, and a; € Z). Define also w) = wa, ..., w;, = wy.
Then {w], ..., w),}is another basis; itis easy to see that each of the elements of both
sets can be expressed as a linear combination of the other (recall that x; — a; # 0).
We now apply Proposition 3.22. For the change of basis from {wy, ..., wy,} to
{w], ..., w,}, the matrix C is given by
X1 —dyp X2 X3 ... Xp
0 1 0 ... 0
0 0O 1 ... 0
0 0 O 1

and Proposition 3.22 gives
AW, Wl = () —a1)? Afwr, .. wal.
But |x; —ay| < %, so this means that
AWy, . wn) < Afwr, .., wp)

and this contradicts the minimality of the discriminant of the basis {wq, ..., w,}. U

So integral bases exist; in particular, the ring of integers of a number field of
degree n is a free abelian group of rank n.

Proposition 3.28 If {wy, ..., w,} and {w], ..., w),} are two integral bases for a
number field K, then

A{wﬂ, ...,w;l} = Alwi, ..., wn}.
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Proof If {wy, ...,w,}and {w; e, w;l} are two integral bases, then each element of
the second can be written as an integral linear combination of those in the first; that
is, in the notation of Proposition 3.22, each ¢;; € Z. The equality

AlW), ..., W) = (et C)? Afwy, ..., wn)

then implies that the integer A{wy, ..., w,} divides the integer A{wﬁ, ...,w,}. But
the same argument applies in the other direction too; each element of the first basis
can be written as an integral linear combination of the second basis, and a similar
argument shows that the integer A{wy, ..., w)} divides the integer A{wr, ..., w,}.
From this we see that

A{wi,...,w;}=:|:A{w1,...,wn}.
Also each ¢;; € Z, so that det C € Z, and (det C)2 > 0. Thus
AW, . w )t = Afwr, o wps

as required. ]

Definition 3.29 Suppose that K is a number field. The discriminant Dk of K is
defined to be the discriminant of any integral basis for K. It exists by Proposition 3.28.
Example 3.30 Consider the case K = Q(\/E) with d squarefree and d = 1 (mod 4).

Then an integral basis is {1, %‘7}. There are two embeddings into C, given by
o1(a + b/d) = a + by/d and 05 (a + by/d) = a — b/d. The discriminant is

(1) oy (1244 [ Leva?
) Z;E@; - i#& = (-vd) =a.

Thus if K = Q(v/d) as above, Dg = d.

Exercise 3.11 Recall that an integral basis for K = Q(+/d) with d squarefree and
d =2 (mod 4) or d = 3 (mod 4) is {1, +/d}. Show that in this case Dg = 4d.

3.5 Further Theory of the Discriminant

This section contains some further results on the discriminant that are used later in
the book. The reader may wish to skip this section, or at least the proofs, on first
reading.

Proposition 3.31 Suppose that K = Q(v), and that the minimal polynomial of v
over Qis f(X) € Q[X] of degree n. Then



54 3 Fields, Discriminants and Integral Bases
Al = DTN g ().

Proof By Example 3.21, the discriminant A{l,,...,7"" '} = [Tic;(vi — )2
where the conjugates of v are 71, ..., 7,. Recall that the conjugates are the roots in
C of the minimal polynomial f(X), and that minimal polynomials are monic. So
f(X) = H?: 1 (X — 7). Using the product rule,

£ =>T]x -, 3.1)

k=1 ik

and so
FRCHE | [CTRR))
i#]

since only the term with k = j in (3.1) doesn’t have a factor (X — ~;). Then

Nk o =[] o

j=1
n
=111 =
j=1i%]

and notice thatif i < j, this product has a bracket (y; — ;) and a bracket (y; — ;).
It follows that

Nejaf' o) = [ [=0i =] = ome=2alt
i<j
g

This can often be used to compute discriminants, especially when a primitive
element 7y is given explicitly; one simply takes its minimal polynomial, and evaluates
the right-hand side of the proposition.

Exercise 3.12 Let K = Q(~/2), and let v = /2. Use the proposition to compute
AL 7,77,

Lemma 3.32 Suppose thatwy, . . ., wy, is a basis for K over Q consisting of elements
of Zk. Then
AMwy, oo, w2 CZwy + -+ Zwy,.

Proof Leta € Zg. As {wy, ..., w,} is a basis, we can write

o =x1wi + -+ XpWy, (3.2)
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for some xi, ..., x, € Q. Multiply through by w;, and take the trace:

Tijglow)) = D xiTx jg(wiw;). (3.3)

i=1

As o and w; € Zg, we have Ty g(aw;) € Z by Corollary 3.17. Similarly, the
traces Tk g(wiw;) on the right-hand side are also in Z for all i, j. So the equa-
tions (3.3) can be regarded as a set of linear equations whose solution is given by

X1, ..., X; Cramer’s rule implies that the solutions are quotients of integers (given
by suitable determinants of integers) by det(Tx @(wiw;)) = A{wi, ..., wn}. So
Afwi, ..., wylx; € Z for all i, and multiplying (3.2) by A{wy, ..., wy}, we see that

Afwi, ..., wpl.0 € Zwi + -+ - + Lwy

as required. (I

This lemma can be very helpful in finding integral bases for a number field K.
Indeed, one strategy is the following:

Step 1 Find any basis for K over Q, and scale the basis elements so that they are
in Zg. Let {wy, ..., w,} be the result.

Step 2 Compute A = A{wy, ..., w,}. Then Lemma 3.32 shows that

1
Lk < Z(ZM + o+ Zwy),
so every integer must be of the form

Xiwi + -+ xpwy

for x; € Q but where the denominators divide A.

Step 3 For a prime p2|A, check whether any element of the form w = xjw; +
-+« 4 x,wy 1s integral, where x; is a rational number with denominator dividing p. If
such an integral w exists, where some x; is not in Z, so has denominator p, replace
w; with w to get a set with discriminant A/p? (by Proposition 3.22). Since the
discriminant of an integral basis must be in Z, we need only do this for primes p
with p?| A. Now return to Step 2. If no such element is integral, for any prime p with
p?| A, then we have an integral basis.

One simple consequence is the following:

Corollary 3.33 Suppose that K is a number field and wy, . .., w, are elements of
Zg such that A{w1, ..., w,} is squarefree. Then {wq, ..., wy} is an integral basis.

However, in practice, it is fairly unusual for a number field K to have squarefree
discriminant, so this corollary is not as useful as one might hope.

The final result in this section will be used in Chap. 9. (The proof is, frankly, not
all that interesting, and the reader is advised to skip it if possible.)
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Proposition 3.34 Suppose that K1 = Q(v1) and K> = Q(v2) are two number fields
of degree n and ny respectively, such that K = Q(v1,v2) has degree niny over
Q. Suppose that {wy, ..., wn, } and {W), ..., w,,} are integral bases for K| and K,
respectively, with discriminants Dy and D». If D1 and D; are coprime, then {wiw;}
forms an integral basis for K, of discriminant D{* D5".

Proof We first claim that {w; w}} form a basis for K over Q. Indeed, every element
of K is a polynomial expression in 7y and ;. Every power of v lies in K1, sois a
linear combination of {wy, ..., wy,}, and similarly every power of 7, lies in K> and
is thus a linear combination of {w’l, R w;lz}. Thus every product wj‘vé’ is a linear
combination of the elements of {wiw}}. Each element of K is a linear combination
of these monomials, so is also a linear combination of this set. As we have nn, such
elements, and [K : Q] = nny by hypothesis, they must be linearly independent,
and are therefore a basis.

We now want to show that they form an integral basis.

If a € Zg, we can write

ny np

o = E E xijwiw;-,

i=1 j=1
and we want to see that x;; € Z. Then

ny np ni no

ni
/ /
a=> > xjww=> (D xij |wi =D viw,
i=1

i=1 j=1 i=1 \j=1

where y; = 372 | X0 € Ko.

Since [K : Q] = niny and [K; : Q] = ny, we conclude from the tower law
(Theorem 3.10) that [K : K{] = nj. Since K = K(v2), we see that there are ny
embeddings of K into C which are the identity on K (which we regard as a subfield
of C using any fixed embedding). Let {07, ..., o,’12} denote these embeddings of K
into C. (Notice that these embeddings restrict to the n, different embeddings of K;
into C if we just regard them as maps on the elements of K» C K, since they are
determined by sending 7> to one of its conjugates.)

o (@) |

Thenifx = : ,andy = | @ |,wehavex = My, where My; = o (w)).
(7;,2 (@) Yny

By definition, D, = (det M)?. As in Lemma 3.32, Dyy; = "21 Daxiju; has

coefficients in Z, and so D,x;; € Z. In the same way (exchanging the roles of K
and K»), D1x;j € Z. As Dy and D; are coprime, we conclude that each x;; € Z, and
) {w,-w}} forms an integral basis for Zg.

If {01, ..., 04} denotes the embeddings of K into C, which are the identity on
K>, then all the embeddings of K into C are given by {o; 0';-}. (This can easily be
seen by observing that an embedding is uniquely determined by its effect on v
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and v2; these in turn uniquely determine o; and a}.) Then the discriminant of the
basis {wiw}} is given by (det A)2, where A is an njny x nyny-matrix with Akigj =
(Ukal’)(wiw}) = o (wi)al’(w;.). We can decompose A as A = BC, where B is the
ny x np matrix of ny x n-blocks given by

00...0
00...0
B=y{. .. .1,
00..0

where Q is the n; x ni-matrix with Q; = o (w;), and C is the block matrix

oI oSl ... oy, (W]
oWl a5yl ... o, (wH)

o (wp ) aswp I ... oy (wp )
where [ is the ny x np-identity matrix.
Clearly det(B) = det(Q)"™, so that det(B)> = ((det 0)*)"> = D/?. Also,
det(C) = det(af(w}))”l, so that det(C)% = D5
As A = det(A)? = det(B)? det(C)?, the result follows. O

Exercise 3.13 If K = Q(v/2) and K» = Q(v/5), use Proposition 3.34 to write
down an integral basis for Q(+/2, +/5), and its discriminant. Verify your answer
directly from the definition of the discriminant.

3.6 Rings of Integers in Some Cubic and Quartic Fields

We have already computed the rings of integers for all quadratic fields, in Proposi-
tion 2.34.

In this section, we will consider several further examples in which we construct
integral bases; in two of these examples, we will also show the ring of integers cannot
be expressed in the form Z[~v] for any element ~.

Incidentally, fields K where Zx = Z[v] are sometimes called monogenic, and
the basis {1, 7, ..., 7”_1} is sometimes called a power basis.

3.6.1 K =Q/2,/3)

Given that the ring of integers of Q(\/E) is Z[\/i] and the ring of integers of (@(ﬁ)
is Z[+/3], one might hope that the ring of integers of K = Q(+/2, +/3) should
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be Z[\/i, \/g]. However we have already seen that this is false, in Exercises 2.11
and 2.16. (This is not a contradiction to Proposition 3.34, since the discriminants of
Q(+/2) and Q(+/3) are not coprime.)

The methods used in this section generalise to other biquadratic fields, that is,
fields of the form Q(4/d}, v/d>). We will deal with these fields in more generality
once we have developed more theory; the result is given by Proposition 8.22.

Let « € Zg. Then we can write « = a + b2 + ¢/3 + d/6 for some
a,b,c,d € Q.

As « € Zg, all of its conjugates

a2=a—b«/§+cx/§—d\/g
o3 =a+bv2—cv3—-dVe6

a4=a—b\/§—6\/§+d«/6

are also algebraic integers. As the set of algebraic integers is closed under addition,
the following are also algebraic integers:

Oé—|—012=2a~|—26\/§
a+a3=2a+2b\/§
a+a4:2a+2d«/g.

By Proposition 2.34, these are integral if 2a, 2b, 2¢, 2d € 7Z. Thus

A+ BJV2+CV3+ DV6
o= s
2

for A, B,C,D € Z,where A =2a, B=2b,C =2cand D = 2d.
Also,

aoy = (a + C\/§)2 — (b\/i + dx/g)z
— a% + 2acy/3 + 3c% — 2b% — 4bd /3 — 64>

A2 +3C?2—-2B2—6D* AC-—2BD
— J + > V3

is also integral. Thus 4|A% +3C% — 2B2 — 6D? and 2|AC — 2BD. The second
implies that 2|AC, so that at least one of A and C is even. If only one were even,
then A% +3C?% — 2B% — 6D? would be 0dd, and the first requirement would fail. So
both A and C are even.

Then the second divisibility is automatic, and the first reduces to 4|ZB2 + 6D?,
or 2|B2 + D2, so that B and D are both even or both odd.
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So integers are all of the form
a=a+bvV2+c/3+dV6

with a, ¢ € Z and b and d both integral or both halves of odd integers.

It remains to check that elements of this form are all integers. But such elements
are integer linear combinations of 1, ﬁ, /3 and M = %g The first three
are obviously integers, and the last is integral by Exercise 2.11.

We now claim that Zg = Z[~], where v = ﬁ%‘/g.

Indeed, 72 =24+ ﬁ and 73 — 5«/5453«/6’ s

\/5273—37 and \/5272—2.

Then each element in the integral basis can be written as an element in Z[], and so
Zg < Z[v]. Conversely, v € Zk, and so Z[v] C Zk, as Zk is aring.

Exercise 3.14 Compute the discriminant D using the following four methods: the
original definition (Definition 3.18), the reformulation (Lemma 3.19), and the two
methods which apply when Zk can be written in the form Z[~v] (Example 3.21 and
Proposition 3.31).

3.62 K = Q(W/=2,/-5)

The determination of the ring of integers in this case is very similar to that of

QW2,V3).
Exercise 3.15 Verify that if K = Q(+/—2, +/=5), then an integral basis is given by
(1, V=2, =5, L2010y,

V=2++4/10

However, the reader might like to check thatif v = ¥~—=-"—, the argument above
that Zx = Z[~] does not work in this case.

Indeed, one can show that there is no element y such that Zg = Z[]. Here is one
way to see this. The argument is elementary, but quite intricate. (We will reinterpret
it in Remark 5.47.)

Consider the elements

ar = (1+v=2) (1+V=5)
= (17 (-9
oz = (1-v=2) (1+V=5)
ar=(1-v=2) (1-v53)
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All lie in Zg, and o1 + ap + a3 + aq4 = 4. Notice that
2 2
ajan = (1 T «/—2) (1 + \/—5) (1 _ \/—5) -6 (1 + «/—2) ,

and similarly 3|o; oj for any pairi # j.
Notice that this implies that

(1 + a2+ a3 +aa)" = af + o) + a3 + aj (mod 3);

expanding the left-hand side gives the right-hand side together with lots of terms
involving more than one of the «;. (Of course, the congruence actually takes place
in Z g ; it means that the two sides differ by an element of 3Z.)

Then

Tk o(a]) = of + a5 + a3 +ay = () + a2 + a3 + ag)” =4" = 1 (mod 3).

If 3|, then it would also divide any of its conjugates, so 3|} for all i, so that
3|Tk (). Thus 3 { of for any n, and similarly 3 { o} for any i and any n.

Now suppose that Zg = Z[~v] for some -, and let f(X) € Z[X] be its minimal
polynomial. As «; € Zg, we can write ; = f;(7y) for some f; € Z[X].

Now 3| forall i # j,but 3 1 o for any i and n.

Let f denote the polynomial f with its coefficients reduced modulo 3, so that

f(X) € F3[X] (recall that F3 = {0, 1, 2}, the integers modulo 3).

Exercise 3.]6_ Show that if g(X) € Z[X], that 3|g() in Z[~] if and only if g is
divisible by f in F3[X].

Applying this to f; (X) f;(X), where we know that 3|c;«;, we conclude that
?I?i?j forall i # j.But3{a”, so that f { ?7 for any i and n.

Together, these imply that for all i # j, f has a factor dividing f; but not f ;.
This means that f must have at least four different irreducible factors.

But f is a quartic, so the different factors of f must all be linear. However, there
are only three different linear factors in F3[X], namely, X, X — 1 and X — 2. This
gives a contradiction.

3.6.3 K =Q2)

For our first example of a cubic field, we will consider K = Q(~/2). Write & = /2,
and w = ¢>™/3, Notice that 1 + w 4+ w? = 0.

Suppose thatf; = a +ba+ca?, wherea, b, ¢ € Q,liesinZg. Thenits conjugates
are also algebraic integers:
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0 =a+ baw + catw?

03 =a+ baw? + cazw,
although they are not in K. Then

01+ 6,4+ 03 =3a
0,602 + 0205 + 036, = 3a*> — 6bc
010203 = a® 4 2b> + 4¢® — 6abc

are all also algebraic integers. As they are also rational, they are all in Z. Write
A = 3a, B = 3b and C = 3c. The first equation gives A € Z. Multiplying the
second by 3 gives A2 — 2BC = 0(mod 3), and the third by 27 gives A3 4+ 2B3 +
4C3 — 6ABC = 0(mod 27).

Notice that the second and third give B, C € Z: if A2—2BC e Z,then2BC € 7,
and so 6ABC € Z, so the last implies that 2B3 4 4C3 € Z. But the only way that
rationals can satisfy 2BC € Z and 2B3 +4C3 € Z is if B, C € Z (if a prime p
occurs in the denominator of B, say, then as 2BC € Z, it cannot also occur in the
denominator of C, but then p will be in the denominator of 2B> + 4C?3).

If 3|A, then 2BC = 0(mod 3), so either B or C is divisible by 3, and then
3|A3 4+ 2B3 + 4C3 — 6ABC implies that both must be.

If 3 1 A, then the only solutions to AZ —2BC = 0(mod 3) and A% +2B3 +
4C3 — 6ABC = 0(mod3)are A =1,B=2and C = l(mod3) or A = 2,
B=1landC =2(mod3).PutA=1+4+3l,B=2+3m,C =1+ 3n, and then
A34+2B34+4C3—6ABC = 9 (mod 27), whatever the choice of /, m and n. Similarly,
ifA=243l,B=1+3m,C =2+3n,then A>+2B3+4C3—6ABC = 18 (mod 27)
for any /, m and n. This means that there are no solutions with 3 { A.

Thus 3| A, 3| B and 3|C, which implies that a, b, ¢ € Z, and so the ring of integers

is Z[Y2].

3.6.4 K = Q(4175)

We consider a more general cubic case, where we adjoin a cube root of an integer
which has a square factor.

Take m = 175 = 5% x 7. We will compute Zg . Note that if « = m, then
a? = V5%72 = 535 x 72 = 73/245. So o/ = /245 is another element in K (and
indeed, K = Q(a’) also). Furthermore, both o and o’ are integral, as they are roots
of the monic integral polynomials X — 175 and X> — 245 respectively.

We claim that Z g has integral basis {1, a, o'}.

This is rather like the last example, but we will also use the strategy mentioned in
Sect.3.5.
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We first compute A{l, a, o'}
The embeddings into C are given by

o1(a +ba+cd)) =a+ba+cd

oa(a + ba+ cd') = a + baw + ca'w?

o3(a + ba + ca') = a + baw? + ca'w
so the discriminant is given by the square of the determinant

/

1 «
1 aw dw?|=-3V3iad.
1 aw? dw

Note that v’ = 5 x 7 = 35. So A{l, o, &/} = (—3ﬁiaa/)2 = —335272 which
means that all integers must be of the form “H’% where a,b,c,d € 7 and
d|3 x 5 x 7, using Lemma 3.32.

/ . . . .
Let’s suppose 6 = “”’% is an integer. Then so are its conjugates

a+ baw + ca/w? a+ baw? + calw
0h) = 5 and 63 = 5

Then 61 + 6> + 63 = 3a/5 is an integer, so 5la.
Now 0; = A + bf’%m/, where A € Z, so %m/ € Zg. Its norm is the product
of the conjugates:

b*a’ +cda®  175b7 +245¢>  35b% +49¢7
53 B 125 B 25

We need this to be an integer. But if 356 4+ 49¢* = 0 (mod 25), then certainly
35b% +49¢3 = 0 (mod 5), so that 5|3, and 5|c. Then as 35b° +49¢3 = 0 (mod 25),
we see also 5|b. Thus 5 cannot occur in the denominator of an element of Zg .
Exactly the same argument works for 7.
For p = 3, we need to consider §; =
integer.

, : -
atbatea b";"‘m and determine when it is an

Exercise 3.17 Show, using the method of the previous example, that if ) =
a+b0§+m', is in Zg, then 3|a, 3|b and 3|c.

It follows that Zg has {1, o, @’} as an integral basis.

Suppose that there is an integral basis of the form {1, -, 72} for some ~y. Writing
v =a+ba+ca,theny—a = ba+ca;if {1, 7, 72} is an integral basis, it is easy
to see that {1, v — a, (y — a)?} is also an integral basis, so we can assume that -y is
simply of the form ba + ca/. Then

72 = (ba + co/)2 = b*a? + 2bcad’ + Fa/? = 5b*a’ + T0be + 7czo¢,
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and so we have expressed the elements {1, v, ¥} in terms of the basis {1, a, a’}. The
condition that {1, v, 4} is a basis is equivalent to requiring that the change of basis
matrix should have determinant £1; this is

1 0 0
0 b c|=5p—-17.
70bc Tc* 5b%

But 5b° — 7¢® # +1 for any integers b and c, as one can see by working modulo 7.
The cubes modulo 7 are 0 and +1, so we cannot have 5b° = +1 (mod 7). This
contradiction shows that Zg has no integral basis of the form {1, v, 72}.

We will state the general result in Chap. 8.
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Chapter 4
Ideals

In Chap. 2, we saw that the set of integers Zx in an algebraic number field K forms
a ring. In this chapter and the next, we are going to begin the study of primes.

When we begin to study factorisation in more general settings, we quickly see
that several of the results from Chap. I fail to hold in the generality which we would
like. The major drawback is that unique factorisation no longer holds in general.

This failure was already noted by Gauss at the end of the 18th century; these
examples occur in the rings of integers of some quadratic number fields.

We’ll begin with a “toy example”, where some of the features can be easily
explained. You should notice that the set we will consider is not a ring!

Example 4.1 Suppose that we lived in a world where the only positive integers were
1,4,7,10, ..., the integers of the form 3n + 1. In this world, we would have a
definition of prime number: a prime number will be an integer which cannot be
factored further. For example, the numbers 4, 7, 10, and 13 are all prime (since we
only have integers of the form 3n + 1), whereas 16 = 4 x 4 is not.

Now the integer 100 may be written as a product of primes in two different ways:

100 =10 x 10 =4 x 25.

All of the factors, 4, 10 and 25, are prime in this world, and the two factorisations
are genuinely different.

Of course, the problem here is that we do not have enough integers; we have to
enlarge our set of integers. If we also include the integers of the form 3n + 2, then in
this larger world the factors are no longer prime, as we can factorise them further:

4=2x2
10=2x5
25=5x5.
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Using these factorisations, our apparent lack of unique factorisation is resolved:
100=(2x5) x(2x5) =2x2)x(5x5).

Exercise 4.1 Instead of the setin Example 4.1, consider the set of integers 1, 5, 9, . ..
of integers of the form 4n 4+ 1. Find two factorisations of 441 in this set which are
genuinely different, and explain how adding the remaining odd integers resolves the
problem.

4.1 Uniqueness of Factorisation Revisited

As we remarked above, in Chap. 1, we showed that Z has unique factorisation, but
even there we cautioned that some care has to be taken in defining uniqueness. For
example,

6=2x3=(-3) x(=2)

should really be counted as equivalent factorisations—we’ve simply permuted the
factors, and multiplied both by —1, and since (—1)(—1) = 1, this shouldn’t really
matter.

In general, if we have a factorisation » = a x b in some ring R (and we will
be interested in the case where R is the ring of integers in some number field), and
if ¥ and v in R satisfy uv = 1, then we ought to consider r = (ua) x (vb) as an
equivalent factorisation.

Let’s formalise this in the following sequence of definitions:

Definition 4.2 Let R be aring, and let # € R. If there exists an element v € R with
uv = 1, say that u is a unit in R.

(We have already seen this terminology in Chap. 1 in some special cases.)

Definition 4.3 Two elements r|, r» € R are associate if there is a unit u € R such
that r, = ur;. (Note that the relation is symmetric: if 7o = ury, then r| = vry where
uv =1.)

Given one factorisation, we want to consider another as “equivalent” if it can be
got from the first by (a) multiplying by units, and (b) rearranging the factors. This
suggests the following definition.

Definition 4.4 We say that two factorisations
r=ajay...a, =biby...b,

are equivalent if b; is an associate of ar(;y for some permutation 7 of {1, ..., n}.
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Of course, we will be particularly interested in factorisations into primes. In Z,
even prime numbers p can be factorised as p = (—1).(—p), so we should restrict
ourselves to factorisations which do not involve units.

There are two possible generalisations of prime numbers to more general rings:

Definition 4.5 1. Let p € R. Then p is irreducible if

(a) pisnota unit;
(b) whenever p = ab, then either a or b is a unit.

2. Let p € R. Then p is a prime element if, whenever plab (in the sense that
ab = pr for some r € R), then p|a or p|b.

When R = Z, these two are equivalent, as we saw in Chap. 1. However, we will
see that they are different in general, and that this is a consequence of failure of
unique factorisation.

Exercise 4.2 Using the results of Sect. 1.4, what are the irreducible elements in Z[i ]?

4.2 Non-unique Factorisation in Quadratic Number Fields

As in Chap. I, where we looked briefly at factorisation in the Gaussian integers,
we’ll consider factorisation in the ring of integers of quadratic fields, giving some
examples where unique factorisation fails.

Suppose that d is squarefree. For simplicity, our examples will involve cases where
d =2 (mod 4) or d = 3 (mod 4), so that the ring of integers in Q(\/c_i) is Z[«/E].

Example 4.6 Gauss’s examples of non-unique factorisation come from quadratic
number fields. For example, when d = 10, one has the equalities

6=2x3=(4+10) (4-10),
and, just to show that the same sort of equality can hold for d negative, let’s consider
d=-5:

6=2x3=(1+v=5) (1-v=5),

It will take a little time to check that these factors are all irreducible, in the sense
that they cannot be factored further, and also to show that the factorisations really
are different.

To begin, we will follow the prototype of the Gaussian integers (Sect.1.4). If
a=a+bd e Z[«/E], we define@ = a —b+/d, which will play the role of complex
conjugation. Next, we define the norm (following the definition of Sect.3.2):
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N(a—%—b«/g) = N(a) =aa = (a+b«/3) (a—b\/c_i) =a’ —db*.

If o € Z[/d], then N(c0) € Z (see Corollary 3.17).
If we are given two elements o] = aj + b1/d and oy = ay + by~/d, we see that

N(ajp) = ajop.ap0n
= Q.00
N(a)N(az)

since a1y = aq.00.
‘We begin with an easy lemma, which will allow us to recognise units, and therefore
associates:

Lemma 4.7 Suppose that u € Z[\/d]. Then u is a unit if and only if N (u) = 1.
Proof If u is a unit, so that there exists v such that uv = 1, then
N@w)N@w) = N@uv) =N(1) =1
so N (u) and N (v) must both be 1, as they are integers whose product is 1.
Conversely, if N(u) = =£1, then uu = +£1. Define v = £u—then uv = 1, and so

u is a unit. O

With that preliminary lemma out of the way, we can check that the factorisations
above are not equivalent.

Lemma 4.8 1. In Z[+/10], the two factorisations
6=2x3= (4+v10) (4—¢10)

are not equivalent.
2. In Z[/—5], the two factorisations

6=2x3= (1+\/—5) (1—\/—5)
are not equivalent.
Proof 1If a1 and «p are associate, then there is a unit u# such that ar, = u«y. Then
N(ap) = N(uay) = Nw)N(ay) = N(ap).

It follows that if two factorisations are equivalent, then the norms of the factors on
both sides will be the same.
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However, in Z[+/10],

N(2)=N(2+O«/1_O) =22 _10x0>=4
N(3)=N(3+0«/ﬁ):32—10x02=9

N(4+M)=42—10x12=6

N (4=V10) =4 =10 x (-* =6,

and so the norms on the two sides are different.
Similarly, in Z[+/=5],

N@Q) =N (2+0/=5) =22 +5x0' =4
N(3)=N(3+0J—_5)=32+5x02=9

N(1+V=5) =12 +5x12=6

N(l—x/—_5)=12+5x(—1)2:6,

and again the norms on the two sides are different. [

Now we check that all of the factors involved cannot be factorised further, so are,
in a sense, prime numbers in this setting.

Lemma 4.9
1. In Z[~/10], all of the factors in the equality

2x3=(4+x/1—0) (4-@)

are irreducible.
2. In Z[—5], all of the factors in the equality

2x3=(14=5) (1-v=5)

are irreducible.

Proof Let’s first see that there aren’t any elements o € Z[v10] with N (o) = £2. If
a = a+b+/10, then N (o) = a® — 10b* = +2. This means that either a® — 106> = 2
or a®> — 10b> = —2. Consider these equalities modulo 5: we see that we would need
a? = 2 (mod 5) or a®> = 3 (mod 5), but both of these are impossible. In the same
way, there are no elements 3 € Z[V/10] with N(8) = +3.

Suppose that 2 factorises as af in Z[V10]. Then 4 = N(2) = N(a)N(3).
If N(a) = %1, N(B) = =44, then « is a unit; if N(a) = £4, N(§) = =1,
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then (3 is a unit. So the only possibility of factorising 2 into non-units occurs if
N(a) = N(B) = %2, and we have seen that there are no such elements.

In the same way, if 3 were to factorise as a3 into non-units, then N (o) = N(f3) =
=43, and this is not possible.

Finally, the only way to factorise 4 & +/10 into non-units would be as the product
of an element of norm =£2 and an element of norm =3, which is impossible.

Exactly the same argument works for Z[+/—5]. Indeed, there are again no elements
of norm =2, as this would require a?+5p% = +2, so that a’+5p2 =2 (as a? +5b%
is necessarily positive), and there are clearly no integral solutions (again, one could
also argue modulo 5). Nor are there any solutions to a* + 5b*> = 3, so there are no
elements of norm 3. The same argument as in the case of Z[+/10] now applies to

Z[v/=5]. O

In both of Gauss’s examples, therefore, we have two non-equivalent factorisations
into irreducible elements, and therefore factorisation in these rings is not unique.

Let us also notice that in these cases, the factors are irreducible, but they are not
prime elements (see Definition 4.5): 2|6, so 2|(4 + V10)(4 — /10), but 2 t4+ V10
as (4 £/10)/2 = 2 £ 110 ¢ Z[V101.

Exercise 4.3 Certainly the set Z[%j] is a ring, as it consists of all the algebraic
integers in Q(+/—3). We have also seen that the ring of integers of Q(/3) is Z[V/3].

1. Show directly that Z[ 1+*2/j3] is aring. (Hint: the only hard part is closure under

multiplication; for this, write w = %j, and use the fact that w? = —(w + 1).)
2. Show that the set
1 3
[a+b( +2f) ’ a,beZ]

is not even closed under multiplication.

3. We shall also see that Z|[ 1+F] has unique factorisation. However, show that in
Z[A/—3], the two factorisations

4=(1+v=3) (1-v=3) =2x2

are different, so Z[+/—3] fails to have unique factorisation.

Exercise 4.4 Let R denote the ring of integers of Q(+/5). We have
1= (4+5) (4= 5) = (2v5+3) (25 -3).

Show that these two factorisations are equivalent.
[Hint: show that each of the factors on the left-hand side is a factor of the right-hand
side multiplied by a unit.]
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Exercise 4.5 In Z][i], explain that any element o with N (o) = p, a prime number in
Z, is necessarily irreducible. Find an example of an irreducible o € Z[i] with N ()
not a prime.

Do the same in Z[+/—2].

Exercise 4.6 Another example in Z[+/10] is furnished by

10=(¢T0)2=2x5.

Show that these are inequivalent factorisations into irreducible elements.

Exercise 4.7 Factor 6 in two different ways in Z[+/—6]. Remember to check that
these really are different...

Exercise 4.8 Show that Z[+/—13] does not have unique factorisation, by factoring
14 in two different ways.

Exercise 4.9 Show that in Z[+/—26], one has
27=333= (1 + \/—26) (1 - «/—26) :

and that each factor is irreducible. This implies that the number of factors in two
factorisations into irreducibles may differ.

4.3 Kummer’s Ideal Numbers

In Example 4.1, we resolved the non-uniqueness of factorisation by enlarging our
world to include “missing” integers.
Kummer tried to repair the non-uniqueness of factorisation in quadratic fields by
enlarging the integers to include “ideal numbers” in a similar way to the example.
In the example of non-unique factorisation of Z[+/10] above, Kummer’s idea was
to invent symbols ay, as, a3, a4 such that

2=a] Xap
3=a3 X ag
4+«/E=a1xa3
4—«/E=a2xa4.

Then the non-unique factorisation

2x3=<4+\/1_0) (4-«/%)
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is repaired:
(a1 x az) X (a3 X ag) = (a1 x a3z) x (az X aq).

Note that these are purely invented symbols, and do not really have any meaning.
Nevertheless, Kummer hoped that these symbols could be manipulated in such a way
that meaningful results could be obtained.

A little later, Dedekind reformulated this idea of Kummer’s in more concrete
terms, which we shall now explain.

Consider again the factorisations into “ideal numbers”

2=0a; X

and
4+ V10 =a; x a3

which we gave above. Then 2 would be a multiple of a;, so any multiple of 2 would
also be a multiple of a;. Similarly, 4 + +/10 is again a multiple of a;, so any multiple
of 4 4 +/10 is a multiple of a;. Combining these, any Z[+/10]-linear combination of
2 and 4 + /10 should be a multiple of a;.

That is, if R denotes the ring of integers Z[v/10] of Q(+/10), then the set of
multiples of 2, namely 2.R, must be contained in the set of multiples of a;. Thus
2.R C a;R. Similarly, (4 + v/10)R C a; R, and thus

2.R+(4+x/1_0)R§a1R.

A little further thought suggests that this inclusion ought to be an equality. Indeed,
if we had an equality aj R = R, then a; would be invertible, and so a; would be
a unit—but we don’t want our factors to be units. On the other hand, a calculation
gives

2R+(4+J_) — (m+n10 | m,n € Z, 2|m),

and this has index 2 in R (informally, half of the elements of R are in this set).
There is no room for anything between R and 2.R + (4 + V10)R, and as a| R is
strictly contained in R, and contains 2.R + (4 + V10)R, we must have ajR =
2.R+ (4 +V10)R.

Exercise 4.10 Expand 2.(a + b+/10) 4+ (4 + +/10)(c + d+/10) and verify that

2R+(4+«/_) — (m +n10 | m,n € Z, 2|m).

Exercise 4.11 Suppose that o € R satisfies «|2 and |4 + +/10. By taking norms,
deduce that « is a unit in Z[+/10]. Conclude that a; really is not an element of

Z[V10).
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Instead of thinking of a; as an “ideal number”, Dedekind’s idea was to work with
the set aj R. Since aj is not actually an element, writing a; R is rather misleading, and
we shall simply write a; now for the set. Then a; is the set of all linear combinations

of 2 and 4 + /10, i.e.,
a =2.R + (4+ vlo) R.

In this viewpoint, even the symbol 2, which we would normally think of as a
number, should be viewed as the sef 2.R of all multiples of 2.

Remark 4.10 Notice that this makes perfect sense even in Z, and we can reformulate
the property that a divides b in terms of these sets. Indeed, if a divides b, then b
is a multiple of a, and then any multiple of b is also a multiple of a; symbolically,
bZ C aZ. Thus a|b if and only if bZ C aZ.

In the example above, since a; contains all multiples of 2, one could say that a;
is a divisor of 2. Similarly, a; is also a divisor of 4 + m as one would hope.

Thus, although there are no elements of R which divide 2 and 4 + /10 except
units, there are certain subsets of R which contain 2.R and (4 + «/E)R which are
strictly contained in 1.R.

This led Dedekind to reformulate Kummer’s ideal numbers as being certain sub-
sets of the rings of integers, which are now known as ideals.

4.4 Ideals

As motivated above, the prototype for Dedekind’s sets are all the multiples of a
given element of R, or, more generally (when unique factorisation fails), all the
linear combinations of some set of elements. This led Dedekind to the following
abstract definition:

Definition 4.11 An ideal I of a commutative ring R is a subset of R such that

1. OREI;
2. ifiandi’ € I,theni —i’ € I;
3. ifielanda € R,thenai € I.

(Notice that the second requirement here is equivalent to / being closed under both
addition and additive inverses.)

Observe that these conditions are exactly the same as those needed for  to be a
module; the only difference is that ideals are subsets of the ring.
Let’s look at some examples.

Example 4.12

1. Any ring R is an ideal in itself.
2. For any ring R, {Og} is an ideal in R.
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3. Let R be any ring, and let » € R. Let I = rR, all the multiples of r. Then [
is an ideal in R. Indeed, writing the axioms in words, O is a multiple of r; the
difference of any two multiples of r is again a multiple of r, and any multiple
of a multiple of r is certainly a multiple of r.

The last example gives a large class of ideals, and, in some rings, all ideals are of
this form:

Lemma 4.13 In Z, every ideal is of the form nZ for some integer n.

Proof Let I be an ideal of 7Z, and first suppose I # {0}. As I contains a non-zero
integer, it will contain a positive integer (if k € I, and k < 0, then the definition of
ideal means that (—1) x k = —k € [ also).

Let n be the smallest positive integer contained in /. Clearly / then contains all
multiples of n, so I © nZ—but if a € I, we can write a = gn + r by the division
algorithm, where O < r < n, and as a and n € I, we conclude that r € I. As n was
the smallest positive integer in I, we conclude that » = 0, so that a is a multiple of
n. Thus I = nZ.

On the other hand, if / = {0}, we can regard it as 0Z, so [ is again of the required
form. (]

You should be warned that, in the case of a general ring R, not every ideal in R is
of the form r R; the reason that it holds in Z is because of Euclid’s algorithm, but it
is rare that rings have analogues of the Euclidean algorithm.

Let’s now explore some of the elementary properties of ideals.

Lemma 4.14 Let R be a ring.

1. If I and J are ideals of R, then sois I N J.
2. More generally, if {1, }aen is any family of ideals of R, then so is their intersection

maeA Io.
3. If I and J are both ideals of R, then so is

1J = {finite sums of elements of the form ij |i € landj € J}

andIJ C 1N J.
4. If I and J are both ideals of R, then so is

I+J={i+jlieland j € J}.

Proof These are all straightforward verifications of the axioms.

1. We check the axioms. As I and J are ideals, Og € I and O € J, and therefore
Og € INJ.Next, given two elements in the intersection, we want their difference
to be in the intersection. Butif i and j € I N J, then i and j each lie in both
and J. As these are ideals,i — j € I andi — j € J—and thusi — j € I N J.
Finally,ifi e INJ (soi € [ andi € J)andr € R, thenri € [ as [ is an ideal,
and similarly »i € J,sori € I NJ. This shows that / N J is an ideal, as required.
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2. Very similar to the first assertion.

3. AsOg € I (or J), we see that Og € IJ. Given two finite sums of terms of the
form ij, their difference is clearly again a finite sum of terms of the same form,
and so IJ is closed under addition. Finally, given a sum >, iy jx € IJ and an
element r € R, we see that

r(Z ikjk) =D (i) i
k

k

and as 7 is an ideal, all the bracketed terms ri; € I, so this is again a finite sum
of products of elements of / with elements of J.
For the final assertion, an element of /J is a finite sum of elements of the form ij
withi € I and j € J. As J C R, we have j € R, and so, by definition of ideals,
ij e IR =1.Similarly, I C R,soi € R,andij € RJ = J. It follows that all
termsij e INJ,sothat IJ C 1 NJ.

4. AsOr € I andOp € J,weseethatOg = Og +0r € I + J. Next, we take i1 + ji
and iy + j» € I + J. Their difference is

(1+j)—Ga+p)=>0G1—-i2)+ (1 —j)el+J,

asiy —ip € I and j; — jo» € J.Finally, giveni 4+ j € I + J,andr € R, we have
r(i+j)=ri+rjel—+JaslI and J are ideals. We conclude that I + J is an
ideal. O

Note that if / and J are ideals, it is not generally true that / U J is an ideal—if
R=7,1 =2%ZandJ =3Z,then2 €l Cc IUJ,and3 € J C I U J, but their
sum, 5, isnotin / U J. Thus I U J is not an ideal.

The next lemma is very simple, but surprisingly useful:

Lemma 4.15 Suppose that R is a ring, and that I is an ideal of R. If I contains a
unit of R, then I = R.

Proof Suppose u € I is a unit in R. Then there exists v € R such that uv = 1.
Thus 1g € I.Now, foralla € R, a.1 g = a must lie in the ideal. Thus a € I, and so
R C I. The result follows. O

Along the same lines is the following:

Lemma 4.16 Suppose that R is an integral domain (i.e., has no zero divisors).
Suppose that a, b € R. Then aR = bR if and only if a and b are associate.

Proof Suppose thataR = bR. Asa = a.1g € aR = bR, we see that a = bu for
some element u € R. Similarly, b = av for some element v € R. Thena = (av)u =
a(vu). As R is an integral domain, this only happens if vu = 1, i.e., u and v are
units.

Conversely, if @ and b are associate, then a = bu for some unit u, and b = av for
the unit v with uv = 1. Thus any multiple br € bR of b can also be written avr, so
lies in aR; then bR C aR, and the reverse inclusion is similar. O
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As already hinted, ideals are the right context for factorisation: in Chap. 5, we are
going to prove that ideals in rings of integers of number fields factorise uniquely into
“prime ideals”. Using this lemma, we see that another advantage of working with
ideals is that the units no longer play any role.

Lemma 4.17 R is a field if and only if the only ideals in R are {Ogr} and R itself.

Proof If R is a field, then every non-zero element is a unit. If 7 is an ideal of R,
then either / only contains the zero element, or it contains a non-zero element, and
therefore a unit, so / = R by Lemma 4.15.

Conversely, if R is not a field, then there exists some non-zero element » which is
not a unit. Then the collection ¥R = {ra | a € R} is an ideal in R; it is non-zero as it
contains r = r.1g # 0, but nor is it all of R, as there isno a € R such thatra = 1g,
as r is not a unit. O

4.5 Generating Sets for Ideals

Now we consider ideals generated by sets. In practice, this will be the simplest way
to specify ideals, and we will use this notation a lot.

Definition 4.18 Let X be a (possibly infinite) subset of R. Then the intersection of
all ideals containing X is an ideal of R (by Lemma 4.14(2)), and is clearly contained
in all ideals containing X . This ideal is denoted by (X), and called the ideal generated
by X.

Proposition 4.19 Let X be a subset of R. Then
(X) = {all finite sums of elements of the form rx,withr € R, x € X}.

Proof Let I ={all finite sums of elements of the form rx, withr € R, x € X}. We
want to show that / = (X). One inclusion is clear from the definition; as [ is an
example of an ideal containing X, the intersection (X) of all such ideals must be a
subset of 7. We need to check the converse, that I C (X).

Let J be any ideal containing all x € X. For any r € R,as x € J and J is an
ideal, rx € J. Further, J is closed under addition as well, and as we have just shown
that all elements r{x1, ..., r,x, withr; € R and x; € X lie in J, so does their sum
rix1 + - - - + rpx,. But any element of [ is of this form, so each element of 7 lies in
J. This shows that if J is any ideal containing all x € X, then J 2 [.

However, (X) is an ideal containing every element of X, so (X) D I. O

So the typical element of (X) is rix; + roxz + - - - + rrxy for some k € N.

In particular, if X = {xy, ..., x,} is a finite set, then the ideal (X), which in this
case we also denote by (x1, ..., x,), consists of all sums of the form Z?:] rix; with
r; € R. In other words,
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X1y ..., Xp) =x1R+---+ x,R.

This should remind you strongly of the notion of the span of a set of vectors in a
vector space.

Example 4.20 Consider the ideal (2, 3) in Z. This consists of every integer n which
can be written as 2a + 3b for integers a, b. But every integer may be written in this
way (n = 2.(—n) + 3.n),s0 Z = (2, 3) = (1). Note that (2) and (3) are both proper
subsets of Z, so this shows that {2, 3} is a minimal set of generators, in the sense
that no proper subset generates the whole ideal. As both {1} and {2, 3} are minimal
generating sets, we see that ideals may have minimal generating sets of different
sizes (in contrast to vector spaces).

Exercise 4.12 Show that another minimal generating set is {6, 10, 15}.
Exercise 4.13 In the ring Z, write each of the following ideals in the form (n) for
some integer n:

(12) N (20);  (12)(20); (12) + (20); (12,20).
Exercise 4.14 Let I = (ay,...,ay) and J = (b1, ..., b,) be two ideals of a ring
R. Show that

1. I+J={ay,...,an,b1,...,by).
2. 1J = {a1by,a1by, ...,a1b,,axby, ..., anby,).

Definition 4.21 Ideals of the form (r), with one generator, are called principal.

Now let’s remark that rings exist where not every ideal is of the form (r) = rR
for some r € R. Here is an example of a non-principal ideal:

Example 4.22 In Z[X], the set I of polynomials whose constant term is divisible by
2 is an ideal (treat this as an exercise!), and is not of the form rZ[X] for any r.

Indeed, both 2 and X would have to be multiples of », which means that » would
have to be +1. But £1 does not belong to 7, so this is also not possible. In fact,
I = (2, X): given a polynomial

d
fX) =D aX"€l,
n=0

we can write it as

d
f(X)=ap+ X.ZanX”_l,

n=l1

and ap € 2Z C 27Z[X], while clearly X. Z‘rle ap, X" 1 e X.Z[X]. Tt follows that
every polynomial in 7 can be written as the sum of something in 2Z[ X | and something
in XZ[X]. It follows that I C (2, X). The opposite inclusion is clear.
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Rings of integers of quadratic fields with non-unique factorisation also have this
property. Here is an example:

Example 4.23 Suppose that R = Z[+/10]. Then the set a; = 2.R + (4 + v/10)R =
(2,44 +/10) is an ideal in R, and it is not possible to write a; as («) for any o € R.
If it were, then every element of a; would be a multiple of «. In particular, we would
have 2 = o3 and 4 + +/10 = ay. Take norms:

4=NQ)=N@N(B)
6=N (4 4 m) = N(@)N(®),

and as we observed above, this means that N («r) = 1 or N (a)) = 2. We have already
seen that there are no elements in Z[«/ﬁ] with norm 2, but if N(«) = 1, a would
be a unit, so (a) would equal R. However, 1 ¢ a;; we saw that every element in a;
has an even number as a coefficient of 1.

Incidentally, it is traditional to use Gothic letters a, b, etc., for ideals in rings of
integers of number fields. However, we will use 1, J, etc., for ideals in more general
rings.

Exercise 4.15 Let R = Z[+/—5], and consider the ideal a = (2, 1 + +/—5).

1. By calculating the general element 23 + (1 + /=5)7 in a (where 3,y € R),
show that every element a + b/—5 € a with a, b € 7Z has the property that
a = b (mod 2). Deduce that 1 ¢ a.

2. Show that if a = («), then N («)|2, and deduce that a is not principal.

3. Show that we can also write a as (2, 1 — \/3).

I hope that you see from these examples that there seems to be a close relation
between the fact that R does not have unique factorisation, and the fact that we have
an ideal in R which is not principal. We shall explore this relationship more closely
later.

An ideal of R which has a finite generating set is called finitely generated. Rings
in which every ideal is finitely generated are called Noetherian, and are of special
interest for us, since we shall see that rings of integers of number fields have this
property; while there are rings in which some ideals are not finitely generated, we
shall not consider this situation.

Remark 4.24 In Lemma 4.14(3), we claimed that /J C I N J. Sometimes we can
have equality here: if R = Z, [ = 27, J = 3Z, then

and also /N J consists of all integers in / NJ, which are those integers simultaneously
divisible by 2 (so lie in /) and by 3 (so lie in J), and are therefore all multiples of 6.
SolnJ=(©)y=1J.
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But it is easy to give examples where IJ # I NJ. If R =7, = J = 27, then
I1J = (2).(2) = (4), whereas I N J = (2). From these examples, and others you
should invent for yourselves, you should get the impression that the equality of /J
and / N J should be related to whether they are “coprime” in a certain sense.

Definition 4.25 As already remarked (see Remark 4.10), the notation «|3 means
that (3 is a multiple of «. In particular, any multiple of (3 is a multiple of «, and so
(8) € (a). We extend the notation to ideals by writing a|b to mean b C a, and we
may use either notation interchangeably.

In Chap. 5, we will see that if a and b are ideals in the ring of integers Zg of
a number field K, then b C a if and only if there is some ideal ¢ of Zg such that
b = ac, which is another definition of division one might have come up with.

4.6 Ideals in Quadratic Fields

We know that Q(+/d) does not always have unique factorisation. For example, if
d = -5, the ring of integers is Z[+/—5], and then

6=2x3=(1+v=5)(1-v=5).

In terms of ideals, we can consider the ideal (6) C Z[+/—5]; then the above factori-
sations correspond to factorisations of ideals:

(6) = 2)3) = 1+ vV=3){1 - v=3),

where (a) denotes the principal ideal generated by a, namely aZ[+/—5]. However,
although 2 and 3 are irreducible in Z[\/—_S] as we saw above, which means that the
ideal (3), say, cannot be written as the product of principal ideals (if 3 = « - (3, then
(3) = (a)()), the principal ideal (3) may nonetheless be factored as a product of
non-principal ideals. The obstruction to unique factorisation is coming from the fact
that not every ideal in Z[+/—5] is principal. Indeed, consider the two ideals

a; =3, 14++/=5), a=(31-V=5).
Let’s work out the product aja;. Then
alaz=<3-3,3(1—J—_s),3(1+¢—_5),(1+J—_5) (1—J—_5)>
=<9,3—3\/—_5,3+3\/—_5,6>
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That is, every element of the product aja; is of the form
9a + (3 . 3\/—5) 8+ (3 n 3\/—5) N+ 68

for some «, 3, v and § € Z[~/=5]. It is clear that the collection of such elements
must be contained in the set {A + B+/—5 | 3|A, 3|B}. Conversely, any element
3A +3B+/—5 lies in aja; on taking a = A + BJ/=5, 8 =~ =0, = —a (and
there are lots of other ways of doing this). It follows that

ajay = {A + BV=5|3|A, 3|B} ,

i.e., all multiples of 3. Thus ajay = (3).
In the same way, let

b=(21+=3).
Then a typical element of b? is given by
2
da + (2 + 2«/—5) 8+ (1 + \/—5) ~,

and an easy check shows that b2 = (2).

Further, we leave it as an exercise to verify that the ideal (1 + /—5) (resp.
(1 — /=5)) is given by a;b (resp. azb).

Later we will explain that these ideals are “prime”. However, you can already see
that the two distinct factorisations we gave,

6=2x3=(1+v=3) (1-v=5),
actually become the same factorisation in terms of the ideals:
(6) = b%.ajay = (a;b).(a2b).

By introducing ideals, we have repaired the non-uniqueness of factorisation in
this case.

Exercise 4.16 Again, let R = Z[+/—5], and consider the ideals a; = (3, 1 ++/—5)
and ap = (3,1 — /-5).

1. Show that every element a + b+/—5 € ap has the property that 3|a 4 b, and
similarly every element ¢ + d+/—5 € aj satisfies 3|c — d.
2. Show that a; and ay are not principal.
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Exercise 4.17 Now let R denote the ring Z[+/—6]. We have
10=25=(2+ v—é) (2 - «/—6) .

1. Show that R has no elements of norm 2 or 5, and deduce that the two factorisations
of 10 are distinct factorisations into irreducibles.

2. Let a denote the ideal (2, +/—6) of R. Show that a is not principal.

[Hint: to show that a is proper, show that a is the set of elements a + b/—6 € R

such that a is even.]

Show that a? = (2).

4. Let by and by denote the ideals (5,2 + +/—6) and (5,2 — /—6) respectively.
Compute b1 b2, and write (10) as a product of ideals of R.

5. Explain that the non-uniqueness of factorisation has been resolved by using ideals.

et

In Chap. 5, we will consider what it means for ideals to be “prime”, and we will
show that ideals in rings of integers of number fields may be factorised uniguely into
prime ideals.

However, we saw an example at the end of Chap. 1 where it was important that
the rings of integers themselves have unique factorisation, and before we think about
factorisation of ideals into “prime ideals”, we will now study unique factorisation in
rings from a more abstract, ring-theoretical point of view.

4.7 Unique Factorisation Domains and Principal Ideal Domains

What do we mean by unique factorisation? Clearly we should regard two factorisa-
tions as the same if the factors merely occur in a different order, so that 2 x 3 and
3 x 2 are the same factorisation. But we should also say that 2 x 3 is the same as
(—2) x (—=3). We are always going to have problems with units in any ring; if u is a
unit, then ab = (au)(bu~'), and we should treat these as the same. This is a general
ring-theoretic version of Definitions 4.3 and 4.4:

Definition 4.26 A ring R is a unique factorisation domain (UFD) if it is an integral
domain in which every non-zero a € R may be written

a=upji...pn,

where u is a unit and each p; is irreducible (i.e., factorisation into irreducibles
exists); further, if a = vq; ...q, is another such factorisation, then n = m and
pi 1s an associate of g (;) for some permutation of {1, ..., n} (i.e., factorisation into
irreducibles is unique).

We have seen that Z and Z[i] both have unique factorisation, and are therefore
UFDs. However, we have seen above that neither Z[+/10] nor Z[+/—5] are UFDs.
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We will explain next that there is a class of rings for which one can easily prove
unique factorisation.

Recall that a principal ideal is one of the form aR. For some rings, such as Z,
these are the only ideals (Lemma 4.13).

Definition 4.27 Let R be an integral domain. Then R is a principal ideal domain
(abbreviated PID) if every ideal of R is principal.

We have already seen examples of integral domains which are not PIDs, such
as Z[X], which has an ideal (2, X) which was not principal, and similarly Z[«/ﬁ],
which has an ideal (2, +/10) which is not principal.

We are going to explain that every PID is also a UFD.

Of course, every field K is a PID, because its only ideals are (Ox) and K itself,
which may also be written as (1g). Also, we have already seen that Z is a PID, as in
Lemma 4.13. The proof that Z is a PID relies on Euclid’s algorithm. Any ring with
some kind of “Euclidean algorithm” is going to be a PID, using exactly the same
proof. This motivates the following definition:

Definition 4.28 An integral domain R is a Euclidean domain if there is a function
¢ R—{0r} — Z=o

such that

L. alb = ¢(a) = ¢(b),
2. ifa € R, b € R — {0Og}, then there exist ¢ and r in R such that a = bq + r and
either r = 0 or ¢(r) < @(b).

¢ is called a Euclidean function on R.

So Z is a Euclidean domain (define ¢(n) = |n|) and so is K[X] for any field K
(define ¢(f) = deg f). We saw earlier that there is also a Euclidean algorithm in
Z[i] (define ¢(a + ib) = a® + b?).

The argument of Lemma 4.13 shows the following

Proposition 4.29 Every Euclidean domain is a principal ideal domain.

Proof Let I be an ideal of the Euclidean domain R, and suppose I # {0}. Consider
the set D = {¢(i) | i € I,i # 0} C Z-¢ of all values taken by the Euclidean
function ¢ on the nonzero elements of the ideal 7. Choose b € I such that ¢(b) is
the minimal value in D. As b € I, certainly / then contains all multiples of b; that
is, I 2 (b).

Conversely, take a € 1. We can write a = gb + r by Definition 4.28, where either
r=0or ¢(r) < ¢(b). Asa and b € I, we conclude that r = a — gb € I. But if
¢(r) < ¢(b), then this contradicts the choice of b as an element of 7 with the least
possible value of the Euclidean function. So r = 0, and therefore a = ¢b; thus every
element of / is a multiple of b, and I = (b) is principal. (]
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The converse to this is false, but it is not so easy to write down an example. In

fact, if p = L2=12 then it is known that Z[p] is a PID, but not Euclidean. This is
probably the easiest example of such a ring. We will prove this in Chap. 6.

In Chap. 1, we saw that the Euclidean algorithm was a key ingredient in our proof
of unique factorisation in Z (and also in Z[i]). The Euclidean algorithm gives us a
way to compute the highest common factor of two elements in a Euclidean domain.
But this notion exists more generally, in principal ideal domains, and we shall show
the general result that every PID is a UFD.

Definition 4.30 Let R be aPID, andleta and bbein R. Theideal {(a, b) = aR + bR
is principal, so can be written (d) = d R for some elementd € R. Thend is a highest
common factor of a and b. Note that highest common factors are unique up to
multiplication by a unit.

This agrees with the usual notion in Z. The difference between PIDs and Euclidean
domains is not in the essential point that highest common factors exist, but rather that
there is a good way to compute them in Euclidean domains, namely the Euclidean
algorithm, which may be absent in more general PIDs.

We already saw that the existence of the Euclidean algorithm implied that unique
factorisation exists. In fact, it is enough that we have the weaker concept of highest
common factor.

Theorem 4.31 Every PID is a UFD.

Proof Suppose first that there exists an element a without any factorisation. Call such
elements ‘bad’, and other elements ‘good’. Then a is not a unit, nor an irreducible,
so we must have a = a1 b for some aj, by; at least one of a¢; and b; must be bad
(otherwise the product of the factorisations for a; and b; gives a factorisation of a).
Suppose a; is bad. Then, in the same way, a; = azb; with a; bad. Continuing in
this way, we get a sequence of bad elements ay, az, .. .. Further, as a; is a multiple
of a;+1, we see that (a;+1) D (a;) (and these are different as no b; 4 is a unit). Let
I = J72,(a;). Itis easy to check that this is an ideal, and therefore / = (c) for some
c € R.Thus ¢ € I, so ¢ lies in some (a, ). Then I = (c) C (a,) C (an+1) < I. This
is a contradiction—so no bad elements exist, and everything has some factorisation.

Now suppose that there is an element with two factorisations. We first show that

every irreducible element p € R satisfies the following:
plab = pla or p|b.

Let p be an irreducible element, therefore, and suppose plab. If p 1 a, we show that
p|b (here, the notion of divisibility is that of Definition 1.2).

Consider the ideal (p,a) = pR + aR. Then, as R is a PID, (p, a) = (d). Then
d|p and d|a. As p is irreducible, either d is a unit or d is an associate of p, but this
latter is impossible as p 1 a. Thus (p, a) is generated by a unit d, so (p,a) = R.
Thus we can find r and s € R such that pr + as = 1. Multiply by b to get
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p(br) + (ab)s = b,

and we see that b is a multiple of p as p|ab.
Now we show unique factorisation. Suppose we had an element n with two fac-
torisations:

n=upi...pr =04q1...qs

(where u and v are units, and the p;, g; are irreducible). Then p; divides n and
therefore the right-hand side. Using the above claim, we see that p; divides one of
the ¢;, q1 say (permute the ¢g; if not). As both p; and ¢g; are irreducible, we must
have g1 = u p; where u is a unit. We can cancel p; and g; from the factorisations
(as R is an integral domain). We can continue in this way until all prime factors on
the left-hand side are paired off with factors on the right-hand side, and only units
are left. (]

Note that the proof that every element has some factorisation (i.e., there are no bad
elements) would work given only the weaker statement that every ideal (in particular,
the ideal I) has a finite generating set, so that I = (dj, ..., di); this is the defining
property of a Noetherian ring, and we shall remark in the next section that rings of
integers of number fields are always Noetherian.

For rings of integers in number fields, the converse to this theorem is true: such a
ring is a PID if and only if it is a UFD. We will prove this in Chap. 5. (It turns out to
be false in a general ring—it is known that if R is a UFD, then so is the polynomial
ring R[X]; this shows that Z[X] is a UFD, but we have alreay seen that it is not a
PID, as the ideal (2, X) is not principal.)

4.8 The Noetherian Property

We’ve remarked already that the property of unique factorisation in a number field
is equivalent to the ring of integers having the property that every ideal is principally
generated, i.e., has 1 generator.

We’ve also seen that many number fields do not have unique factorisation, and
therefore do not have this property. However, there is a weaker property that they
all satisfy which will be very important for us in Chap.5. It is named after Emmy
Noether, who introduced it:

Definition 4.32 A Noetherian ring is a ring R in which every ideal is finitely
generated.

(Note that there are other equivalent formulations you might see in the literature.)

Recall from Theorem 3.27 that Z g has an integral basis, and that this is equivalent
to the property that Zg is a free abelian group of rank [K : Q]. We will explain that
this implies that Zk is Noetherian.

We need one more result about free abelian groups.
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Proposition 4.33 Suppose H is a subgroup of a free abelian group G of rank n.
Then H is also a free abelian group of rank at most n.

Proof We will prove the claim by induction. For n = 1, G = Z, and the Euclid-
ean algorithm shows that H = kZ for some k (this argument is exactly that of
Lemma 4.13); if k = 0, then H has rank 0, and otherwise H has rank 1 and is of
finite index.

Now let G have rank n, and suppose the result is true for free abelian groups of
rank n — 1.

We can write G = Zw) + -+ + Zwy. Let m : G — Z map ajw; + - - - + apwy,
to aj, and let K = kerm = Zwy + - - - + Zwy, a free abelian group of rank n — 1.
Then w(H) € Z, and by the rank 1 case, 7(H) = {0} or 7(H) is infinite cyclic.

If 7(H) = {0}, then H C Zwy + - -+ 4+ Zwy, so is a subgroup of a free abelian
group of rank n — 1, and the result follows by the inductive hypothesis.

If w(H) is infinite cyclic, choose #1 € H such that w(h) generates w(H). It is
easy to prove (exercise, but use the method of the First Isomorphism Theorem 5.5
if you get stuck) that H = Zh; & (H N K), and H N K is contained in K, a free
abelian group of rank n — 1. Then the inductive hypothesis shows that H N K is a
free abelian group, Zhy + - - - + Zh,, say, and again the claim follows. (I

An ideal is an (additive) subgroup of Zg, and so we can apply this result to
conclude that every ideal is also a free abelian group of finite rank. Equivalently, it
is finitely generated as a Z-module. Thus I = Zw; + - - - 4+ Zw, for some elements
wi, ...,wr € I. (Infact, if I # {0}, it is a consequence of the results of Chap.5—
see Lemma 5.20, for example—that [ has finite index in Zg, and this implies that
r=n.)

Thatisn’t quite what we want to prove. We’d really like to see that it is finitely gen-
erated as an ideal, so that there is a finite set oy, ..., ag such that I = {(aq, ..., ag).

Fortunately, this is nearly immediate. Take a set {wq, ..., w,} which generates 1
as a Z-module. Notice that we must have w; € I. As I isanideal, Zgw; C I.Clearly
Zgw; 2 Zwi, and SO

Zgwi + -+ Zgwr 2 Zwy + -+ + Lwy.
On the other hand, the right-hand side is exactly I, as we chose {w1, ..., w,} tobea
generating set for / as a Z-module. But the left-hand side is contained in /, as each
Zgw; € I.So
I 2 Zgwi + -+ Zgwy 2 Zwy + -+ + Lwy =1,
and all the inclusions are equalities. In particular, we see that

I =Zkw+ -+ Zgwy,

and so [ is finitely generated as an ideal.
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We have therefore shown:

Theorem 4.34 [f K is a number field, then Z is Noetherian.
Exercise 4.18 If K = Q(+/2), this shows that Zg is Noetherian. Is it a PID or UFD?
Later we will need one further result about Noetherian rings.

Definition 4.35 A ring R is said to satisfy the ascending chain condition (or ACC)
if for every chain of ideals
hchchc- -

of ideals of R, there exists some positive integern suchthat I, = I,,41 = I40 = - - -.
Proposition 4.36 A ring R is Noetherian if and only if it satisfies the ACC.

Proof Assume that R is Noetherian, and let I; € I> C - - - be an ascending chain of
ideals. Let I = |J;2, I;; it is easy to check that this is an ideal. As R is Noetherian,
I has a finite generating set, {r1, ..., r,}. Each element r; of the generating set must
occur in some 7, i if n = max(n ), the largest of these numbers, then each element
of the generating set is already contained in /,. Thus I, = I,,41 = --- = I, and so
the chain becomes stationary.

Conversely, if the ACC is satisfied, then every ideal must be finitely generated. If
not, there is an ideal I which has no finite generating set. Pick r; € I. Then I # (ry),
as otherwise {r1} would generate /, so we may pickr, € I —(r1). Again, I # (r1, r2),
so we may pick r3 € I —(ry, r2). In this way, we find an infinite sequence of elements
r1, 712, ..., and an infinite strictly ascending chain (r;) C (r1, ) C (r1,7r2,13) C

-, contradicting the ACC. (]

Remark 4.37 Thereis also the notion of a descending chain condition, in which every
descending chain must eventually become stationary. Rings satisfying the DCC are
said to be Artinian. Note that Z is Noetherian (as it is a PID), but that it is not Artinian,
as the descending chain

2)y>4)>® >---

never becomes stationary. Rings of integers in number fields are never Artinian, and
we will not refer to Artinian rings again in this book.

The Ascending Chain Condition can be used to prove results like the following
(similar examples will be seen in Chap.5).

Lemma 4.38 Suppose that I is a proper ideal in a Noetherian ring R. Then I is
contained in a maximal ideal.

Proof Either I is maximal itself, or it is strictly contained in a larger proper ideal
I1. If I is maximal, the result follows; otherwise it is strictly contained in a larger
ideal I,. Repeat—since there cannot be arbitrarily long chains I C Iy C I, C - - -,
at some point, one of the ideals must be maximal, and the result follows. O
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Chapter 5
Prime Ideals and Unique Factorisation

We have already studied unique factorisation in Z, and seen how it fails in certain rings
of integers of number fields. We have also seen the suggestion that non-uniqueness
of factorisation may be remedied by working with ideals. In order to show that this
procedure will work generally, we will need to have some concept of what it means
for an ideal to be prime.

We have two equivalent ways to define prime numbers in Z. In Chap. 1, we defined
a prime number as one which has no divisor other than 1 and itself. Later in that
chapter (Lemma 1.15), we pointed out that in Z, prime numbers have the property
that if p|ab, then pla or p|b, and it is easy to see that this property characterises
prime numbers in Z.

We have already generalised these two properties (Definition 4.5) to give two
possible generalisations of prime numbers in rings. We shall now generalise these
two notions to ideals, to get ideals called maximal and prime ideals respectively.

But first we’ll develop some ring theory. If you are familiar with ring homomor-
phisms and quotient rings, feel free to skip this section!

5.1 Some Ring Theory

The notion of a ring homomorphism is very similar to that of a group homomorphism;
it is a map from one ring to another which preserves all the algebraic ring structure.

Definition 5.1 Let R and S be rings. Then ¢ : R — S is a ring homomorphism if
it preserves the additive and multiplicative structures and the multiplicative identity:

1. foralla, b € R, we have ¢(a + b) = ¢(a) + ¢(b),
2. foralla, b € R, we have ¢(ab) = ¢(a)p(b).
3. ¢(lg) = 1.
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If also ¢ is bijective, then ¢ is an isomorphism. The kernel of ¢ is defined as the
set {r € R | ¢(r) = Os}, and is written ker ¢; and similarly the set {s € S | s =
¢(r)for some r € R} is called the image of ¢, and is written im ¢.

Note that some books do not insist on the third of the requirements when defining
a homomorphism.
It is easy to check that if ¢ : R — § is a ring homomorphism, then

1. ¢(0g) = O,
2. ifa € R, then ¢(—a) = —¢(a).

Our first lemma will have a useful corollary:

Lemma 5.2 Let ¢ : R —> S be a ring homomorphism. Let I be an ideal of S, and
let =1 (1) = {a € R | ¢(a) € I}. Then ¢~ (1) is an ideal of R.

Proof We have to check that

1. 0 € o~ 1(D),
2. ifaand b € ¢_1(1), thensoisa — b,
3. ifi e p~'(I)and a € R, thenai € ¢~ (I).

These are all very easy. For the first, as ¢(0g) = Og € I, we see that O € ¢~ (I).
The second follows because ¢p(a — b) = ¢(a) — ¢(b), so if ¢p(a) and ¢p(b) € I,
so is ¢(a — b). Equivalently, if a and b € ¢~!(I), then a — b € ¢~ (I). Finally,
leti € ¢_1(I) and a € R; then ¢(ai) = ¢p(a)¢(i), so as ¢(i) € I, ¢(ai) € I, so
ai € ¢~ (). O

As a corollary, we see thatif ¢ : R — § is a ring homomorphism, then ker ¢ =
{a € R| ¢(a) = Og}is anideal in R, simply because it can be rewritten as (;5_1 (0s),
and {Og}isanidealin S. (Itis also easy to verify this directly.) Itis also straightforward
to check that im ¢ is a subring of S.

Lemma 5.3 A ring homomorphism ¢ : R —> S is injective if and only if its kernel
Jjust consists of the zero element.

Proof Suppose that ker ¢ = {Or}. Then

o(r1) = ¢(r2) = ¢(r1 —r2) = 0s
=r1—r ekero
=r; —rp=0p
=1 =n
so that ¢ is injective.

Conversely, if ¢ is injective, then its kernel is trivial, for if ¢(r) = Og, we have
o(r) = ¢(0g), so that r = Or as ¢ is injective. (I
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Ideals in rings may be viewed as analogous to normal subgroups of groups. For
example, the kernel of a group homomorphism is a normal subgroup, and the kernel
of a ring homomorphism is an ideal.

Exercise 5.1 Suppose that / is an ideal in aring R, and that r € R. Show thatr € [
if and only if » + I = I, where

r+l={r+iliel)

is the coset of I.
We should emphasise the following consequence of this:
r+l=r+Il<<r—-r' el
We shall see next that one can also take a quotient of a ring by an ideal in the
same way that one can form the quotient of a group by a normal subgroup. There

is an analogue of the First Isomorphism Theorem for the quotient of a ring by the
kernel of a homomorphism.

Proposition 5.4 Let I be an ideal in the ring R. Ifa € R, let
a+I={a+il|iel}

be the coset of 1. Then the collection of cosets,
R/I ={a+1|ac R},

may be given the structure of a ring, called the quotient ring.

Proof We define
(@+D+ OB+ =@+b)+1

and
(@a+DHb+1)=(ab)+ 1.

We first verify that this is well-defined, in that choosing a different coset representa-
tive gives the same coset as the answer.

Ifa+1=d +1I,thena—a e€l.leti=a—a . Asiel,i+1=1.Then
(@+D+b+1) = (a+b)+1 = (@ +i+b)+1 = (a'+b)+1 = (@' + D+ (b+1)
and

(a+Db+1) =ab+1 =@ +i)b+1=adb+ib+1 =adb+1=@@@+1b+1),

the penultimate equality holding as ib € I (because i € I and [ is an ideal).
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Now we check the ring axioms. These are all straightforward, as they are inherited
from R. For example, the additive identity is I = Or + I, because

@+D+I1=@+D+0Og+D)=@+0)+1=a+1.

In the same way, the multiplicative identity is 1z + I. Let’s just check one of the
axioms—commutativity of addition, say:

(@+D+ OB+ =@+b)+1
=0b+a)+1
=b+D+@+1)

where the middle equality holds because of commutativity of addition in R, and the
others from our definition of addition of cosets. Checking the other axioms is similar;
all properties are inherited from the corresponding properties of R. (]

The proposition should remind you of the construction of the integers modulo r,
which we now recall.
Fix the positive integer n > 2. For each integer a, let

a={...,a—2n,a—n,a,a+n,a+2n,...}

consist of all integers congruent to @ (mod 7). Note that if ¢ = b (mod n), thena = b.
Then the integers modulo n are given by

0,1,...,n—1},

with the addition and multiplication defined using arithmetic modulo n (which is
well-defined): @ + b = a + b and @.b = ab. To check any given ring axiom, write
down the corresponding axiom for Z, and reduce it modulo #. Thus all the axioms
are inherited from those for Z.

Note that @ = a + nZ, so that the integers mod n are given by {a + nZ | a € Z}.
It follows they can be viewed as the quotient of the ring Z by the ideal nZ of all
integers divisible by n, i.e., as Z/nZ.

We will henceforth use the notation Z/nZ to denote the integers modulo n. We
will also omit the bars on top of the numbers, so that we view Z/nZ as the set
{0, ..., n — 1}, with addition and multiplication taken modulo 7.

Sometimes in books, you will see the integers mod n written as Z,,. However, if
p is a prime number, number theorists use Z, for a completely different set than
7/ pZ. For this reason, number theorists never use Z, for the integers modulo n, and
always use Z/nZ. We will mention the construction of Z, in Sect. 10.6; it is a central
concept in modern research (both in number theory and in other areas).

If 1 is an ideal in the ring R, then there is a naturally-defined quotient map
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R — R/I

r—r+1

which is always a homomorphism. In the case R = Z, I = nZ, then this is exactly
the map Z —> 7Z/nZ which takes m to m (mod n) given above.
Note the following two special cases:

1. if I = R, then R/I is the trivial ring, with just one element. For this, take any
elementa + R € R/R. Asa € R, we have a + R = R. Thus the only element
of R/RisOgr + R = R.

2. if I = (Og), then R/ is isomorphic to R. Every element of R/ is of the form
a + (Og) for some a € R, but these are all distinct: a + (Ogr) = b+ (0Or) implies
thata = b.

Consider the case R = Z[X]and I = (X?) consisting of all multiples of X2. Then
a typical element of R/I may be written f(X) + (X?), where f(X) is a polynomial
with integer coefficients. If £(X) is the polynomial ag + a1 X + - - - +ag_1 X4~ +
agX?, then f may be written ag + a1 X + g(X)X? for some polynomial g(X). It
follows that f + (X?2) = ag + a1 X + (X?) because g(X)X? is in the ideal (X?). So
elements of Z[X]/(X?) are parametrised only by their constant and linear terms. The
coset corresponding to a + bX is the collection of all polynomials whose constant
term is a and whose linear term is b. We can add two elements:

(a+bX + XD+ (c+dX +(X®) =(a+c)+ b+d)X + (X?)
and multiply them:
(a+bX + (X)) (c+dX + (X?) = ac + (ad + be)X + (X?)

simply by adding and multiplying in the usual way, and ignoring all terms X2 and
above (there should be a term bd X 2. of course, but that belongs to the ideal (X 2),
and so bd X% + (X?) = (X?)).

A more instructive example, of a kind we will consider again later, is obtained by
letting / = (X2 — 2), say, the ideal of all multiples of X% — 2, in the ring R = Z[X]
again. Then each f € Z[X] can be written as g(X)(X? —2) + r(X), where g(X)
and r(X) are the quotient and remainder after dividing f by X? — 2. The degree of
r(X) is at most 1, so r(X) = bg + b1 X for some by, by € Z. Thus f +1 =r+1,
and so every coset is parametrised by a linear polynomial as before. The addition
rule is the same as before:

(@+bX+(X>?=2) 4+ (c+dX+(X*=2)=(a+c)+b+dX + (X*>=2);

however, the multiplication rule looks rather different:
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(a+bX + (X2 =2)(c+dX + (X*>=2))
=ac+ (ad + bc)X + bdX* + (X* - 2)
=ac+ (ad +bc)X +bd2+ (X*> —2)) + (X*> —2)
=ac + (ad + bc)X + 2bd + bd(X> —2) + (X> —2)
= (ac + 2bd) + (ad + be)X + (X —2).

Note that if &« = a + b/2 € Z[+/2] and 8 = ¢ + d+/2 € Z[+/2], then

a+fB=@+c)+b+dV2
af = (ac + 2bd) + (ad + bc)N/2

which very closely resembles the addition and multiplication law above for the quo-
tient ring Z[X]/(X?* — 2). In fact, the map

ZIX1/(X? —2) — Z[V2]
a+bX +(X>=2) > a+bv2

is an isomorphism of rings. That it is a homomorphism is verified explicitly using
the above calculations; it is left as an easy exercise to check that it is a bijection.

The First Isomorphism Theorem will provide many similar examples, as we
explain next. You can probably guess what the statement of the First Isomorphism
Theorem for Rings should be, if you remember the statement for groups.

Theorem 5.5 (First Isomorphism Theorem) Let ¢ : R —> S be a ring homomor-
phism. Then there is an isomorphism

R/ker ¢ = im ¢.

Proof Define a map 5 : R/ker ¢ —> im ¢ by q~5(r + ker ¢) = ¢(r).

We should be a little careful here! After all, there may be many ways to write a
cosetin R/ker ¢ as a set r 4+ ker ¢, and we should check that if there are two different
ways to write the coset, say, as both r + ker ¢ and r’ + ker g, then our definition
above gives the same answer. (That is, we need to check that ¢ is well-defined.)

So suppose that the coset r + ker ¢ may also be written as 7’ 4 ker ¢. With one
definition of ¢ we get ¢(r), and with the other we get ¢(r"). We must check that
these are the same.

As r + ker ¢ = r’ + ker ¢, it follows that the element r — r’ € ker ¢. In other
words, there exists k € ker ¢ such that r = r’ + k. But now

o(r) = (' + k) = (') + ¢(k) = (') + 05 = ¢(r").

Now we know that the map 5 exists and makes sense. Clearly, it is also valued in
im ¢, since applying ¢ to any coset gives an element which is in the image of ¢.
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Now we need to check that 5 is a homomorphism, and is bijective. Then 5 will
be an isomorphism, as required.

To see that ¢ is a homomorphism is easy; this follows easily from our definition
of addition and multiplication of cosets; let’s just do addition, and multiplication is
similar:

d((a +ker§) + (b +ker 9)) = d((a + b) + ker ¢)
= ¢(a +b)
= ¢(a) + d(b)
= &(a + ker ¢) + ¢(b + ker ¢).

Next, let’s check that 5 is injective. Suppose we have an element r 4 ker ¢ in the
kernel. Then

o(r) = ¢(r + ker ¢) = Og,

so certainly r € ker ¢, and so r + ker ¢ = ker ¢, the zero element of the quotient
ring R /ker ¢. Thus the kernel just consists of the zero element of the quotient ring,
and so ¢ is injective. _ _

Itis clear that the image of ¢ is exactly the same as the image of ¢, so ¢ is surjective
onto im ¢. _

This shows that ¢ is an isomorphism, and completes the proof. (]

Remark 5.6 First Isomorphism Theorems occur all over algebra. Probably the first
time you met them was with the rank-nullity theorem for vector spaces over fields,
which is a relationship between the dimensions of the image of a linear map between
vector spaces and of the kernel, but the proof essentially works in the same way. We
will also use a First Isomorphism Theorem between modules of aring: if ¢ : M — N
is a homomorphism of modules over a ring R (i.e., a map ¢ such that ¢(m + m’) =
@(m)+¢(m’) and ¢(rm) = r¢(m)), then the collection M /ker ¢ of cosets m +ker ¢
is isomorphic to im ¢. The idea of the proof is very similar to Theorem 5.5 (or to the
rank-nullity theorem), and is left as an exercise.

Consider the following situation:

Lemma 5.7 Let K be a field, and suppose that ~y is algebraic over K, i.e., satisfies
a polynomial equation with coefficients in K. Suppose that f € K[X] is the minimal
polynomial of vy. Then there is an isomorphism

K[X1/(f) = K®)

got by mapping X to 7.

Proof Consider the homomorphism (you should check that it is one!)

Oyt K[X] — K(7)
g(X) = g(v)
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The kernel of this homomorphism consists of all polynomials which have v as a root,
and this is precisely the set of all multiples of f, namely (f).

Clearly ¢, is also surjective: every element of K (7y) is just a polynomial agy? +
-+ + ap, with each a; € K, but this is the image under ¢, of the polynomial
agsX? + .- +ag € K[X]. Thus ¢~ gives an isomorphism

¢y KIXI/(f) 2 K@)
by the First Isomorphism Theorem 5.5. (]

For another example, take K = Q and v = +/2. Then ~ has minimal polynomial
X2 — 2. By the lemma, there is an isomorphism Q[X]/(X?* — 2) = QW) given by
sending X to ﬁ, i.e., sending a coset a + bX + (X2 —2)toa + bﬁ, just as we
saw above for Z.

5.2 Maximal Ideals

Recall that we want to generalise the notion of prime number to ideals. We have two
equivalent definitions of prime number in Z, and they will generalise naturally in
different ways.

The first definition of a prime number is that it is a natural number p with no
divisor other than 1 and itself.

It is easy to reformulate this in terms of ideals in Z. Indeed, if a natural number
a exists with a|p, then (p) C (a). If a differs from p, then the inclusion (p) C (a)
must be strict. Furthermore, if a # 1, then {(a) C 7Z is also a strict inclusion, and so
we have two strict inclusions {p) C (a) C Z.

But if p is prime, there is no natural number a such that we have strict inclusions
(p) C (a) C Z; in other words, there is no proper ideal which is strictly bigger than

(p).
This motivates the following definition for a more general integral domain:

Definition 5.8 Let R be an integral domain. An ideal / of R is said to be maximal if

1. 1 #R,
2. there is no ideal J # R which strictly contains /.

To confirm we are on the right track, let’s verify that maximal principal ideals are
generated by irreducible elements (in the sense of Definition 4.5).

Lemma 5.9 Let R be an integral domain, and let p € R. If (p) is maximal, then p
is irreducible.

Proof If p is notirreducible, either p would be a unit, when we would have (p) = R,
so (p) is not maximal, or we could write p = ab for two non-unit elements a and
b. In the latter case, p is a multiple of a, so (p) C (a); on the other hand, a is not a
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multiple of p since b is not a unit, and so a ¢ (p), showing that (a) strictly contains
(p), so that (p) is not maximal. (I

Exercise 5.2 1If R is a principal ideal domain, show that the converse of this lemma
is also true.

In particular, maximal ideals exactly correspond to irreducible elements in PIDs
(two associate irreducible elements will give the same maximal ideal), suggesting
that the notion of a maximal ideal might be a suitable generalisation to ideals of the
notion of an irreducible element.

There is a useful characterisation of maximal ideals in terms of quotient rings:

Lemma 5.10 [ is a maximal ideal of R if and only if R/I is a field.

Proof First suppose that / is a maximal ideal of R. Leta € R, buta ¢ I. Then the
set (a, I) = aR + I is an ideal of R which is strictly larger than I as it contains a.
Thus we must have aR + I = R. In particular, 1 € aR + I, so there exists b € R
such that 1 € ab + I. It follows that 1g +1 = ab+ 1 = (a + I)(b + I), and
so b + I is a multiplicative inverse for @ + I in R/I. Thus every non-zero coset is
invertible, so R/1 is a field.

Conversely, if R/ is a field, then every non-zero coset is invertible. Suppose that
J is an ideal of R strictly containing /, and let a € J — I. Then there exists b € R
suchthat (a 4+ I)(b+ 1) =ab+ 1 =1g+ I,and,as J D I and ab € J, we must
have 1z € J. But then it follows that / = R (any ideal containing a unit must be
the whole ring by Lemma 4.15). (]

Our first example will concern the simplest ring of all, namely Z.

Example 5.11 The maximal ideals of Z are precisely (p) = pZ where p is prime.

Proof The ideals of Z are (0) and (n) = nZ where n is a positive integer (we saw
this in Lemma 4.13). (0) is not maximal because it is contained in any proper ideal,
(2), for example. (Alternatively, Z/(0) = Z, which is not a field.) If n is not prime,
it has a divisor d greater than 1 — then nZ is not maximal as it is contained in dZ
(or alternatively because d is not invertible in Z/nZ). However, if n = p is prime,
then we know that Z/ pZ is a field, because any non-zero element a € Z/ pZ has an
inverse; find elements » and s by the Euclidean algorithm such that ab + ps = 1,
and then ab = 1 (mod p). 0

Thus maximal ideals in Z match up nicely with the prime numbers.

Exercise 5.3 Similarly verify that the maximal ideals in Z[i] correspond with the
irreducible elements (see Exercise 4.2).
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5.3 Prime Ideals

The other possible way to generalise the idea of a prime number to ideals is to recall
the property that p is prime if, whenever p|ab, then p|a or p|b (see Definition 4.5
again).

As above, we start by translating this property into ideals. The property says that,
if ab is a multiple of p, then either a is a multiple of p or b is a multiple of p, i.e., if
ab € (p), then either a € (p) or b € (p). This suggests the generalisation.

Definition 5.12 Let R be an integral domain. An ideal / of R is said to be prime if

1. I #R,
2. ifxyel,thenx eloryel.

We could reformulate this further; the original property of prime numbers could
be written: (a)(b) < (p) implies that (a) € (p) or (b) < (p). This suggests an

alternative generalisation to ideals; unsurprisingly, these are equivalent.

Lemma 5.13 [ is a prime ideal of R if and only if whenever J| and J» are ideals of
R such that J1J, C 1, either J1 € 1 or J, C I.

Proof (=) Suppose J1 £ I, J» £ I,but J1J, € I. Then there is some a; € J; — [
and some ay € J, — I.But J1J; € I,soajaz € 1. As I is prime, either a; or a;
must lie in /, contradicting our choices.

(<) Conversely, if I is not prime, there are elements a; and a; not in / but with
ajay € I.Let J; = (ay), J» = {(a>); note that neither J; nor J; is contained in 7, but
JiJr = {aax) C 1. O

‘We will need this second formulation later, when we think about factorisation of
ideals in rings of integers of number fields into prime ideals.

Again, it really is true that principal prime ideals correspond to prime elements.
The situation here is even better than Lemma 5.9 as both directions of the implication
hold for any integral domain:

Lemma 5.14 Let R be an integral domain, and let p € R. Then (p) is a prime ideal
in R if and only if p is a prime element.

Proof Suppose that (p) is a prime ideal, and let’s show that p is a prime element.
Suppose then that p = ab in R. Then ab € (p), so that either a € (p) or b € (p).
But this means that pla or p|b respectively. So p is a prime element.

Conversely, suppose that p is a prime element, and let’s show that (p) is a prime
ideal. Take a and b with ab € (p). Then ab = cp for some ¢ € R. So plab, and by
Definition 4.5, pla or p|b. But this means thata € (p) or b € (p), showing that (p)
is a prime ideal. (]

In particular, if R were a ring of integers of some number field, where every
ideal was principal, the prime ideals would correspond exactly to prime elements (of
course, two associate prime elements give the same prime ideal).
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Therefore the notion of a prime ideal is a suitable generalisation to ideals of the
definition of a prime element, and therefore of prime numbers.
We have a similar result to Lemma 5.10.

Lemma 5.15 Let R be a ring and I an ideal of R. Then I is a prime ideal if and
only if R/ is an integral domain.

Proof Suppose that [ is a prime ideal of R. We have to check that R/I has no zero
divisors. Suppose that
(a+DO+1)=0r+1=1.

But (@a+ I)(b+ 1) =ab+ I,and ab + I = I implies that ab € I. As I is prime,
either a € I, which implies thata + I = I, or b € I, which implies thatb + I = I,
so that one of @ + I and b + I is the zero element Og + /. It follows that there are
no zero divisors in R/1.

Conversely, if R/I has no zero divisors, then if a and b are elements of R such
thata ¢ I, and ab € I, then a + I is a non-zero coset such that

(a+DO+1)=0r+1.

As there are no zero-divisors, we must have b + I = Og + I, so that b € I. Thus [
is prime. d

Corollary 5.16 Maximal ideals are prime.

Proof If I is a maximal ideal, then R/I is a field. Every field is an integral domain,
so R/I is an integral domain, and therefore I is prime. O

To see that the converse is not quite true, let’s work out the prime ideals of Z.

Example 5.17 The prime ideals of Z are precisely (p) = pZ where p is prime, and
also (0).

Proof This time (0) is prime, because Z/(0) = Z, which is an integral domain.
The other ideals are all of the form nZ for some positive integer n; if n is not

prime, then Z/nZ has zero divisors, so (n) is not prime, and if n = p is prime, then

we saw in Example 5.11 that Z/ pZ is a field, so certainly an integral domain. [

Therefore (0) is a prime ideal of Z which is not maximal, but all other prime
ideals are also maximal.

Note 5.18 Notice that the prime ideal (0) of Z is contained inside all the other prime
ideals of Z; it might seem odd at first to have one prime ideal contained inside another.
Of course, the zero ideal (0) is in some sense a rather exceptional prime ideal.

However, perhaps surprisingly, one can find many examples of rings R in which
one prime ideal can contain another, non-trivial, prime ideal. For example, if R =
K[X, Y], then P| = (X, Y) and P, = (X) are both prime, and P; D P>.

We shall see next, however, that this sort of example does not occur for rings of
integers of number fields, and that every non-zero prime ideal in such rings is also
maximal.
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The fact that every maximal ideal is prime followed from the assertion that every
field is an integral domain. The converse is not true (e.g., Z), but finite integral
domains are always fields.

Lemma 5.19 If R is a finite integral domain, then R is a field.

Proof We just need to check that every non-zero r € R is invertible. Consider the
map (not a homomorphism) ¢ : R —> R given by ¢(s) = rs. It is injective: if
o(s1) = @(s2), thenrs; = rsp, and so r(s; — s2) = 0, so that s; — sp = 0 as R is an
integral domain and has no zero divisors.

But an injective map from a finite set to itself is also surjective. So there is some
s with ¢(s) = 1, so thatrs = 1. [l

We can use this to show that non-zero prime ideals in rings of integers of number
fields are always maximal. We need a lemma:

Lemma 5.20 Let K be a number field. If p is a non-zero prime ideal in Zg, then
Zxk [y is finite.

Proof Letp be anon-zero prime ideal in Z g . Then there is a non-zero element v € p.
Its norm N = Ng,q() lies in Z (by Corollary 3.17), and is the product of o € p
with all its conjugates. So N € p.

Now Zx has an integral basis, by the results of Chap.3; so we can write Zg =
Zwi + - -+ + Zwy,. Notice that as N € p, we have Nw; € p for each i (just by the
defining rule of ideals). It follows that every element ajw; + - - - + a, w,, is congruent
modulo p to some element of the form bjw; + - - - + byw;, with 0 < b; < N. There
are finitely many such elements, so Zg /p is finite. ]

Itis easy to see that this proof is valid for any non-zero ideal, not just prime ideals.

Proposition 5.21 Let K be a number field. Then every non-zero prime ideal p in
Z g is maximal.

Proof By Lemma 5.20, Zg /p is finite. As Zg /p is a finite integral domain, it is also
a field by Lemma 5.19. But then p must be maximal, using Lemma 5.10. O

Exercise 5.4 Using Exercise 4.2, what are the prime ideals in the Gaussian inte-
gers Z[i]?

Exercise 5.5 Let K = Q(\/i), and let a = (3) = 3Zk. Show that Zg /a is a
finite field with 9 elements, which can be identified with {a + b~/2 | a, b € 7)373}.
Conclude that a is a prime ideal of Zg .

Exercise 5.6 Again let K = Q(+/2), and consider the ideal a = (2) = 2Zg. Is
Zxk /a afield?
If b = (7) = 7Zk, show that Zg /b is not a field.
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5.4 Unique Factorisation into Prime Ideals

If K is a number field, we have already seen in Theorem 4.34 that Z g is Noetherian.

It will be useful to define the notion of a fractional ideal in a number field, and
to show that the collection of all fractional ideals form a group at the same time as
showing unique factorisation into prime ideals.

Definition 5.22 A fractional ideal of Z is a subset of K which is of the form }c,
where ¢ is anideal of Zk and +y is a non-zero element of Z g . We say that the fractional
ideal is principal if ¢ is principal.

Notice that fractional ideals are subsets of K, not just of Zg, and so (despite the
name) are not generally ideals of Zg .

Remark 5.23 Since the product of two ideals is again an ideal, we can see that the
product of two fractional ideals is again a fractional ideal.

We are going to prove two crucial results about ideals in Z ; firstly, that the non-
zero fractional ideals of Z g form an abelian group under multiplication, and secondly
(and even more important!), that every non-zero ideal of Zg can be written uniquely
as a product of prime ideals. This second statement about unique factorisation is
what we have been aiming for throughout the book so far.

We prove these together, in a series of lemmas.

Lemma 5.24 Let a be a non-zero ideal of Zk. Then there exist prime ideals
P1, ..., Ppr sSuch thatpy...p, C a.

Proof If not, then we can choose a as large as possible subject to the condition that
the statement is false (so we choose a so that any larger ideal does have prime ideals
P1, ..., pr asin the statement).

This is one point where we use the fact that Zg is Noetherian: the Noetherian
condition is equivalent to the Ascending Chain Condition (see Proposition 4.36),
and so if we consider the set of all ideals such that the statement fails, and choose
one, a; say, either a; is as large as possible in this sense, or there is a bigger ideal
ap contradicting the statement of the Lemma. We repeat this process, but the ACC
(Definition 4.35) guarantees that this process must eventually produce an ideal which
is as large as possible with this property.

Clearly a is not prime (otherwise take p; = a!), so there exist ideals a; and a, of
Zg withajar C a,a;  a, ay € a. Write

bj=a+4+a;, br=a+a.

Then b by C a, but by and b; both strictly contain a. By maximality of a, there exist
prime ideals p; such that

pr...ps S by
Ps+1...p0 S b2
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Then py...p; € byby C a, contradicting the choice of a. O

As remarked above, we are going to prove that the set of fractional ideals of Zg
forms an abelian group. The next lemma introduces what will turn out to be the
inverse of an ideal a, but we won’t be able to prove that just yet.

Lemma 5.25 [fais an ideal of Z, define
a'={aeK|aaC Zk).

Then a~" is a fractional ideal.

Proof Take any v € a, and put ¢ = ya~'. We claim that ¢ is an ideal of Zg.
Clearly 0 € ¢. If i,i’ € ¢, sothati = y3 and i’ = ~vf, with 3, 5/ € a~!, we need
i+i' ecButi+i' =~v(B+3),soweneed 5+ € a~!;this follows easily since
B+ pa=pa+ FaC (Zx + Zk) = Zg, as required. Finally, if i = v € ¢, so
[ORS a~!, and r € Zg, we need ri € ¢, which would follow from rp e a-l. Again
this is easy, since (r)a = r(6a) C rZyx C Zk,asr € Zk. We have now explained
that ¢ = va’l is an ideal, and so a~! = }/c is a fractional ideal, as required. O

Lemma 5.26 If a is a proper ideal of Z, then a™" strictly contains Z.

Proof Clearly a~! contains Z ; we need to check that the inclusion is strict.

Itis easy to see thatif a C b, then b~! C a~!. Asaiscontained in a maximal ideal
p (Lemma 4.38), it suffices to show that p’1 strictly contains Z . Clearly p’l 2 Zg,
but we must find a non-integer in p~!.

Choose any non-zero @ € p, so () C p. Choose the smallest r such that there
exist prime ideals py, ..., p, with

pr...pr S {a) CSp.

It exists by Lemma 5.24. As p is prime, some p; C p; after re-ordering, we may
suppose it to be p;. As non-zero prime ideals are maximal (Proposition 5.21), and
maximal ideals cannot be properly contained in one another, we have p; = p. Asr is
minimal, p; ... p, Z (). So there is some 5 € py ... p, notin (a). Then Bp C (),
so Ba~lp € Zg and fa~! € p7 As Ba~! ¢ Zg (as B ¢ aZg), the result
follows. (I

The method of proof of the next lemma will be familiar from Chap. 2 (see Propo-
sition 2.33, for example).

Lemma 5.27 If a is a non-zero ideal of Zg, and 0 € K satisfies af C a, then
0 e ZK.

Proof As Zg is Noetherian, a is finitely generated; a = (wy, ..., wy,). Then
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w1l = anwi + - + AW

Wl = amiwi + - -+ + Anmwn

with a;; € Z. This is exactly (2.3); as in the proof of Proposition 2.25,  is an
eigenvalue of A = (a;;), and is therefore a root of the characteristic polynomial of a
matrix of integers, and so 6 is an algebraic integer. As 6 € K, it follows that € Zg,
as required. O

Next we can prove that the fractional ideals defined in Lemma 5.25 are genuinely
inverses, first for maximal ideals, and then in general.

Lemma 5.28 Ifp is a maximal ideal of Zg, then pp~' = Zg.

Proof Since p~! is a fractional ideal, and p is an ideal (and therefore also a fractional

ideal), the product pp~! is a fractional ideal. However, by definition of p~!, pp~! C
Zx, so the product is an ideal of Zg. Certainly pp~! D pasp~! D Zg. As p is
maximal, either pp~! = p or pp~! = Zg. The first is impossible, as p contains a
non-integer element 6, and by Lemma 5.27, pf & p. The claim follows. (I

Lemma 5.29 If a is any non-zero ideal of Z, then aa™' = Zg.

Proof 1f not, choose a to be an ideal such that aa™' % Zg which is as large as
possible (as in Lemma 5.24). Let p be a maximal ideal containing a, and consider
ap_l. AsZg C p_l C a~!, we see that

acC cqa_l C aa”! C Zg.
So ap~! € Zg, and so ap~! is genuinely an ideal (not just a fractional ideal) of
Zx . But we cannot have ap~! = a, because p~! contains some non-integral # by
Lemma 5.26, leading to a contradiction with Lemma 5.27. So a is strictly contained
in ap~!, and by our choice of a as being as large as possible subject to the condition
that the statement is false, we have

apHap™H ! = zk.

Thus
p ) ca,
and so
Zg =ap Map~) ! Caa! € Zk,
and the result follows. O

Now we prove the first of the two main results.

Theorem 5.30 The set of fractional ideals form an abelian group.
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Proof We already know how to multiply ideals (and thus fractional ideals), and this
is clearly associative and commutative. The whole ring Zx forms the identity. The
only thing left to check is that we can define an inverse for any given fractional ideal.
But Lemma 5.29 gives us the inverse for any ideal, and any fractional ideal is of the
form b = v~ !¢ for some ideal of Zx and some non-zero v € K. Then its inverse
b~! will be v¢~'—note that

bo~! = ’y_lc.vc =c = Zk,

as required. ]
Lemma 5.31 Every non-zero ideal a is a product of prime ideals.

Proof 1f not, let a be maximal subject to the condition that it is not a product of
prime ideals (again, as in Lemma 5.24). Then a is contained in some maximal ideal
p, and because a is strictly contained in ap_l, we can write

ap =pi...p,,

a product of prime ideals. Now a = ppy, ... p,. O

Finally, we can prove uniqueness of factorisation of ideals in Z g into prime ideals.

Theorem 5.32 Factorisation of ideals into prime ideals is unique.

Proof Lemma 5.31 gives a factorisation into ideals; we just need to see that this
decomposition is unique.
Let r be minimal such that there is an ideal a with two different factorisations

a=p1...pr=4q1...9s

into prime ideals. Then p; 2 qp...qs. As pp is a prime ideal, p; D q; for some i.
But both are maximal ideals, so p; = ¢;. Cancel these (i.e., multiply by pl_l), and
we get two different factorisations of an ideal apl_1 where at least one expression is
of shorter length than r, contradicting our choice of r. This proves the result. (]

Exercise 5.7 In Exercise 5.6, the two ideals a = (2) and b = (7) were not prime
ideals in Zg, where K = Q(+/2). Factor a and b into prime ideals in Zg .

5.5 Coprimality

In Z, two integers are coprime if their highest common factor is 1, and unique
factorisation shows that this is equivalent to the statement that no prime number
divides both. Now that we have unique factorisation in Zg, a similar statement is
available.
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Given two ideals a and b of Z, there is a natural notion of coprimality. We say
that a and b are coprime if a + b = Zg, that is, if the ideal generated by both a and
b is the whole ring.

Alternatively, we could factor the two ideals into primes, and then the ideals will
be coprime when no prime ideal occurs in both factorisations.

To see that these are equivalent, suppose first that a and b both have a prime ideal
p in their factorisation. Then a4+ b C p, and so they will not generate the whole ring.
Conversely, the proof above shows that if a + b is strictly contained in Zg, then it
has a prime ideal p in its factorisation. Clearly then a € p and b C p, and then the
proof shows that a and b both have p in their factorisations.

More generally, the highest common factor of two ideals a and b is the ideal h
such that

1. bla and b|b;
2. if c|a and c|b, then c|b.

(Compare this definition with Definition 1.5.)
Exercise 5.8 Given two ideals a = [, p® and b =[], pP¥, show that the highest

common factor is
— | | i ,byp)
a b pmm(ap by )

p

Theorem 5.33 (Chinese Remainder Theorem) Suppose that K is a number field.
Suppose that a1, .. ., a, are ideals in Zg, which are coprime in the sense that a; +
a; = Zg foralli # j. Then

Zr/(arN...Nay) EZg/a1 D - D Zg/ay.

Proof The result is clear for n = 1, so we assume that n > 2.
There is a homomorphism

0:Zxk — Zx/a1 ®---®Zg/an

at— (a(mod a;), ..., a(mod a;))

and the kernel consists of « € Zg mapping to (0, ..., 0), i.e., those « such that
« € a; for each i, which is the intersection a; N ... N a,. We need to see that the
map is surjective.

We can write | = a; + 3; where o; € a;,and 3; € a; forall j #i.

Indeed, inthe casei = 1, a; +a; = Zg foralli # 1, so we can write 1 = x; + y;
for x; € a1, y; € a;. Then

Yay3-- -y = (L= x2)(1 = x3) - - - (L = xp);3
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write 81 = yy3---yp € a; foreachi = 2, ..., n; expanding the right-hand side
gives an expression 1 — o1 where all the terms defining o are divisible by some
X; € ay, sothat o € ay.

Then 6 is surjective; given (x1, ..., x,) € Zg /a1®- - -BZk /a,, we have 0 (x; 51+
oo x,60) = (X1, ..., Xn). O

You should notice that we haven’t used any properties of number fields here; this
result is valid for any commutative ring, using the definition of coprimality of the
statement.

5.6 Norms of Ideals

Before we study unique factorisation into prime ideals, we will introduce the notion
of norm of an ideal. As we shall see in a moment, this could be regarded as a
generalisation of the concept of norm of an element.

Definition 5.34 The norm Nk g(a) of a non-zero ideal a in Zg is the cardinality
|Zk /al. It is finite by Lemma 5.20.

We will use this definition frequently later in the book.

We now have two notions of norm, one for elements (Sect.3.2) and the one for
ideals just given. If an ideal is principal, generated by a single element, then there is
a nice relationship between the two.

Lemma 5.35 Let o € Zg be non-zero. Then Nk ,o({a)) = [Nk g()l.

Proof Let Zx = Zwi + -+ + Zwy. Then (o) = Zaw + --- + Zowy,. Then
Nk () = |Zk /(a)l; if we write aw; = Z;f:l ajjwij, then the index of («)
in Zg is just | det(a;;)|. But we know that Ng () = det(a;;), and so we see that
Nijg(ta)) = [Nk g(a)l.

Just like the notion of norm of an element, the ideal norm is multiplicative in the
sense that Ng ,q(ab) = Ng,g(a) Nk q(b). We need a lemma.

Lemma 5.36 Suppose that a is a non-zero ideal of Zx and that p is a non-zero
prime ideal of Zg. Then |Zk /p| = |a/ap|.

Proof 1f a 2 b 2 ap, then, multiplying through by a~! gives Zx 2 a~'b 2 p. As
p is a non-zero prime ideal, it is maximal, and so either alb =27 K Or alp = p.
This shows that b = a or ap.

Fix o € a, butnot in ap. Then the ideal generated by v and ap is clearly contained
in a, but is strictly bigger than ap, so must equal a. Then define the map

¢ Zg — a/ap;
X = ax +ap
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¢ is a homomorphism of Zk-modules, and is surjective by the above remark. The
kernel clearly contains p, since if x € p, then ax € ap. But 1 ¢ ker¢, as ¢(1) =
o+ ap, and we chose o ¢ ap. As p is maximal, we see that ker ¢ = p. Then the First
Isomorphism Theorem for modules (see Remark 5.6) gives Zg /p = a/p, which in
turn gives the lemma. (]

With this lemma, it is easy to deduce the multiplicativity of the norm.

Theorem 5.37 Suppose that a and b are two ideals of Zx. Then

Ni g (ab) = Ng/g(a) N g (b).

Proof By factorising b into prime ideals, it suffices to deal with the case that b = p,
a prime ideal, and to show that Ng ,q(ap) = Ng,o(a)Ng,(p). By applying the
First Isomorphism Theorem (Theorem 5.5) to the homomorphism

¢:Zk/ap — Zk/a,
a+apt—a+a

which is clearly surjective, and whose kernel is easily seen to be the set a/ap =
{a+ ap | a € a}, we see that

Lk [ap

ajap |~ |Zk /al.

Thus
|Zk [ap| = |Zk [al.la/ap],

and then the previous lemma gives
|Zk [ap| = |Zk /al.|Zk /p].

Now the definition of the ideal norm gives Nk, g(ap) = Ng,Q(a)Ng,o(p), as
required. O

5.7 The Class Group

We now know several important results:

e Chapter4: Elements in rings of integers of number fields do not generally factorise
uniquely into irreducible elements.

e Theorem 4.31: Every domain in which all ideals are principal (a principal ideal
domain) is one where we do have unique factorisation of elements (a unique
factorisation domain).
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e Theorem 5.32: Ideals in rings of integers of number fields always factorise uniquely
into prime ideals.

As a consequence, if unique factorisation fails, some ideals are not principal. This
serves as a test for uniqueness or non-uniqueness of factorisation.
Using the fact (Theorem 5.30) that the fractional ideals form a group, we can con-
struct a group which measures the success or failure of uniqueness of factorisation.
Suppose that K is a number field, with ring of integers Zg . Let’s form the col-
lection of all ideals:
Jx = {ideals in Zg }.

Every element o € Zg generates a principal ideal, (o) = aZg . So we can form the
collection
Px = {principal ideals in Zg} C Jg,

and then unique factorisation would follow from the equality Bx = Tk . If this does
not happen, it can be useful to quantify the extent to which it fails, and to estimate
what proportion of ideals are principal.
We do this by shifting from ideals to fractional ideals, which have a good group
structure. Write
Tk = {fractional ideals of Zg},

and
PBSx = {principal fractional ideals of Z }.

Then § ¢ forms a group, as already noted; L5 ¢ is also a group—after all, its elements
are simply aZk for a € K. Since §k is abelian, every subgroup is normal, and the
quotient

_ Sk
Pk

is again a group, called the class group of K.

Notice that if Ck is the trivial group, then §x = BT, and intersecting with
the collection of genuine ideals of Zg gives Jx = P, which implies unique
factorisation.

Later we will prove that the group Ck is always finite. The number of elements
hk in Ck measures the proportion of ideals which are principal, and is known as the
class number.

When the class number is 1, this means that C is trivial, so that every ideal is
principal, and we have unique factorisation. More generally, if the class number is
hk, we see that the proportion of ideals which are principal is 1/ hg.

The group structure also provides further information.

There is clearly a surjective group homomorphism

Ck

$k — Ck,
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sending a fractional ideal § to its class [f] € Cg. We will usually just use this in the
case where f is a genuine ideal.
Since this is a homomorphism, [a][b] = [ab] for all (fractional) ideals a and b.
By Lagrange’s Theorem, the order of every element in a group divides the order
of the group. If a is any (fractional) ideal in Zg, it belongs to a class [a] € Ck,
and [a"K] = [a]"X is trivial. Thus a% is in the identity class, which consists of all
principal fractional ideals. So a”¥ is principal for any a.

Exercise 5.9 Conversely, explain that if m is coprime to g, and if a is an ideal in
Zx such that o™ is principal, then a is itself principal.

5.8 Splitting of Primes

Suppose that K is a number field, and that p is a non-zero prime ideal in Zg. Then
Zx /y is a finite field, by Lemma 5.20.

It is well-known that finite fields must have cardinality p/ for some prime number
p and some exponent f. Indeed, if & is a finite field, we can consider the sequence
I, 1+ 1,14+ 14 1,..., and eventually the sequence must repeat, as k has only
finitely many elements. Subtracting the shorter expression from the longer gives a
sum 1 4+ --- + 1 = 0. That is, for some number n, we must have n = 0 in the field.
If we suppose that n is the smallest positive integer with this property, it is easy to
see that n must be prime; if n = rs, and n = 0, then either  or s must be 0 as fields
have no non-trivial zero-divisors; by the minimality of n, we cannothave 1 <r <n
or 1 < s < n. Then k contains a copy of I, the finite field of integers modulo p
(sometimes denoted Z, or Z/pZ); k can be regarded as a field extension of IF,, and
therefore as a vector space over IF,. As ¥, has p elements, any vector space over it
has p/ elements, where f denotes [k : F »l

If p is a prime ideal of Zk, we have already seen (by Lemma 5.20) that Zg /p is
a finite field, so p is associated to some prime number p € Z, and its norm is p/ for
some f. We sometimes say that p lies above p, or that p lies below p.

Conversely, we can find prime ideals in Zg by trying to factor primes p € Z in
Zk . For example, if K = Q(i), when Zg = Z[i], we can factor the first few primes
as follows:

2=(+i(1—i), 3=3, 5=Q+)Q2—i), T=1,...

and we notice that some primes can be factorised and some can’t. A little thought
should convince the reader that if p = (a + bi)(c + di), then in order that there
should be no imaginary part in the product, we need ¢ + di = a — bi, and then
p = a® + b?, so that the primes which are the sums of squares (which we know
tobe p = 2 and p = 1 (mod 4)) will factor, and those which are not (the primes
p = 3 (mod 4)) will not (see Theorem 1.19).
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These representations are not unique. We also have 5 = (1 +2i)(1 — 2i), but this
is easily seen to be an equivalent factorisation to the one already given; the factors
differ by units. We know that we can avoid this by working with ideals instead. We
note that (1 +i) = (1 —i)(as 1 +i =i(l —i),so 1 +iand |1 — i are associates),
and the factorisations so far become

2)=p3, 3)=p3, (5)=psps, (1) =p7

where p» = (1 + i) has norm 2, p3 = (3) is a prime ideal in Z[i] of norm 9,
ps = (2+1i) and p/S = (2 — i) are prime ideals of norm 5.

Indeed, these three primes demonstrate the three different sorts of factorisation
possible in K = Q(i), or indeed in any quadratic field.

In a quadratic field, the following things can happen.

Definition 5.38 Let p a prime, and suppose that K is a quadratic field.

e We say that p splits in K if pZg = pp’, for two ideals p # p’ of norm p.
e We say that p is inertin K if pZ is a prime ideal in Zg , necessarily of norm pZ.
e We say that p is ramified in K if pZg = p? for some prime ideal p of norm p.

Remark 5.39 Of course there are similar definitions for any number field K; but for
arbitrary number fields, some combination of these may occur. For example, it may
be that in some higher degree number field, pZx = p’p’, which shows aspects of
ramification (because of the exponent of p), and of splitting (as there is more than
one distinct prime ideal appearing), and if the norms of p or p’ were greater than p,
there would also be aspects of inert behaviour shown.

Now let’s develop some notation for working in more general number fields. If p
is a prime number in Z, consider (p) = pZg. This is an ideal in Zg, and therefore
it should factorise uniquely as a product pi‘ ...pY of prime ideals in Zg. In the
equality pZg = p{'...p;", the exponents e; are called the ramification indices.

As p; is a prime ideal in Zg, the quotient Zg /p; is a finite field for each i, and
Z /i is a field extension of Z/pZ = T p, so both have the same characteristic, and
we can define f; = [Zg /p; : Fp] to be the inertia degree. Note that Nk o (p;) =

|Zk /pil = pli.

Example 5.40 1In the case of quadratic fields, a prime p splits if (p) = pp’, where p
and p’ both have ramification index and inertia degree equal to 1. A prime p is inert
if (p) is a prime ideal with ramification index 1, and inertia degree 2. A prime p is
ramified if (p) = p> where p has ramification index 2, and inertia degree 1.

This is a special case of the following theorem for general number fields.

Theorem 5.41 Let K be a number field of degree n, and suppose that pZg =
p'...p/, and that f; = [Zk [pi : Fpl. Thenn = >";_, ¢; f;.
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Proof By the Chinese Remainder Theorem (Theorem 5.33), we have

.
Zk /pZk = EP Zk v}
i=1

All these are vector spaces over F,; we will show that dim]Fp Zg/pZk = n, and
dimp, Zg /p;" = e; f;. Indeed,

Zk /pZg| = p = p",
as p € Z, which gives the first claim, and
\Z /9{"| = Nijg(pi') = N o) = (p/),
using Theorem 5.37, which gives the second. ([

There remains the general problem of computing how a prime number factorises
in a number field K. It turns out that, for all but finitely many primes, there is a
simple way to do this.

Suppose that K is a number field. Then we know that K is generated over QQ by
a single element v (Theorem 2.17).

For the rest of the section, we make the simplifying assumption that v € Zg has
the property that Zx = Z[~]. The results we shall give can be proven under much
weaker hypotheses; we have already seen in Chap. 3 that this does not always occur.

Proposition 5.42 Suppose that K is a number field, and that Zx = Z[vy]. Write
g(X) € Z[X] for its minimal polynomial.
Let p be a prime in 7., and let

g(X) =g (X" -+ g, (X)”

be the factorisation of the minimal polynomial g modulo p of  into irreducibles.
Then

pZK :pil fr’

for certain distinct ideals p; of Zk; the inertia degree of p; is simply given by the
degree of g; (X).

Proof Let g;(X) denote any polynomial whose reduction modulo p is g; (X).
Define the ideal p; = (p, gi()). Then

Zk /pi = ZIv1/{p, i (V).

The map Z[X] —> Z[v] induced by X +> ~ has kernel (g(X)), and induces an
isomorphism Z[X]/{g(X)) = Z[~]. Thus
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ZIv1/{p, gi(V) = Z[X]/{9(X), p, gi (X)).

On the other hand, the homomorphism Z[X] —> IF,[ X] got by reducing the coef-
ficients mod p gives an isomorphism

ZIX]/(g(X), p, gi (X)) = Fp[X1/(g(X), g;(X)).

As g;(X) divides g(X), we see that this last quotient is just F,[ X]/(g; (X)). Com-
bining all the isomorphisms above, we get

Zg [pi = Fp[X1/(g:(X)).

As g;(X) is irreducible, the right-hand side is a field, and so p; is a prime ideal.
Similarly, there are isomorphisms

Lk /pZk = ZIV]l/pZIv] = ZIX]1/{p. 9(X)) = Fp[X]/(g(X)).
The Chinese Remainder Theorem (Theorem 5.33) implies that
FplX1/(g(X)) = FplX1/(g1 (X)) x -+ x Fp[X1/(g,(X)).

The map Zx —> Zk /pZx has kernel pZg. Using the above isomorphism, we
can view this as a map

Zx —> FplX1/(g1(0") x -« x F,[X]1/(g, (X))

Unravelling the maps above, the map is given by v — (X, ..., X), and so the kernel
is
(P, g1 (M) N .0 py gr(N).

Next, note that pfi C (p,gi(7)¥); to see this, observe that the generators of

pf" = (p, gi(7))¢ are all divisible by p except for g; ()¢ itself.
Combining everything, we have

pZg = (p.g1(M) N...0(p, g- (V) 2 p]" - py:

the norm of the left-hand side is p”; the norm of the right-hand side is (p/1)¢!
... (p?)¢r, and these two are the same, by Theorem 5.41. It follows that the inclusion
is an equality, so that

pZK:pil.ir |:|
Remark 5.43 The proof shows that we can take p; = (p, gi (V7)) = pZk + gi (V) Zk.

Exercise 5.10 How do the ideals (5), (7) and (31) factor into prime ideals in Q(+/2)?
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We say that a prime ideal p; of Zk above a prime p is unramified if its exponent
in the decomposition

pZg =pi ...py

ise, = 1. If ¢, > 1, we say that p; is ramified. We say that p is unramified if
e] = -+ = e, = 1, and ramified otherwise.

Proposition 5.44 [f K is a number field, then there are only finitely many primes p
which are ramified in K. Indeed, p is ramified in K if and only if p divides Dg.

Proof By Proposition 5.42,

pZk = (p, (M) x - x{p, fr()*.

By definition, p ramifies in K if and only if some ¢; > 1. Thus the polynomial f(X)
does not have distinct roots modulo p. But these primes are the ones that divide the
discriminant of f(X). Under the assumption that Zx = Z][~], the discriminant of
f(X)is equal to Dk, by Example 3.21. ([

Exercise 5.11 Let K = Q(+/—2). Using Proposition 5.42, which prime numbers
are ramified, split and inert in K ?
Repeat for other quadratic fields of your choice.

Remark 5.45 Wehave seen (in Sect. 3.6) that itis not always possible to find elements
v such that Zx = Z[~], although they exist when K is a quadratic field, and we shall
see further examples (“‘cyclotomic fields”) in Chap.9 where such elements exist.

More generally, we can pick any element v € Zg such that K = Q(v). With a
small amount of extra work, one can show that Proposition 5.42 holds more generally
in this setting for the primes p not dividing |Zg /Z[v]].

However, Proposition 5.44 remains valid; p ramifies in the number field K if and
only if p divides the discriminant of K. The proof in the general case is a little harder.

Remark 5.46 Much of the content of this section is valid also in a more general
situation of an extension L/K of number fields. The proofs generalise with little
difficulty, although sometimes slight alterations are required to the results.

Remark 5.47 Tn chap.3, we gave a rather complicated proof that K = Q(+/—2,
\/—_5) does not have an integral basis of the form {1, -, 'yz, 73} (i.e., K is not mono-
genic in the terminology of Sect. 3.6). The proof we gave there was a rather obscured
version of the following sketch proof.

Suppose that Zg = Z[v]. Then Proposition 5.42 tells us that the factorisation
of (3) = 3Zk corresponds to the factorisation of the minimal polynomial f of v
modulo 3. We chose the field K so that (3) factors as the product of 4 distinct prime
ideals in Zg ; the proposition implies that f must factor into 4 distinct linear factors
modulo 3, but there are only 3 irreducible linear polynomials modulo 3, which gives
a contradiction.
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Exercise 5.12 In the same way as Remark 5.47, show that if K is a cubic field, and
(2) = 2Zk factors as the product of 3 distinct prime ideals (2) = pipap3, then Zg
does not have a basis of the form {1, v, 2.

[Hint: Deduce that the minimal polynomial of v would factor into 3 distinct linear
factors modulo 2, but there are only 2 possible distinct factors.]

5.9 Primes in Quadratic Fields

As an extended example of the results of the last section, we consider the case of
a quadratic field K = Q(~/d), where d is a squarefree integer. Quadratic fields are
monogenic, so do have the property that Zx = Z[~] for some element v € Zg, and
so all the results of the previous section are valid.

By Proposition 5.44, the primes p which ramify in K are those which divide the
discriminant Dg . Recall that Dg = d if d = 1 (mod 4) and Dg = 4d otherwise.

We can see how pZ factorises into prime ideals using Proposition 5.42, at least
for p odd. As already noted, p ramifies in K when p|Dg

For d = 2,3 (mod 4), we know Zg = Z[\/E], and the minimal polynomial of
Vd is just X> — d (note that this quadratic has discriminant 4d). Then a prime p
factorises in Z in the same way that X — d factorises modulo p.

e pis splitin Z[+/d] if and only if X2 — d factors into two linear factors modulo p.
That is, if and only if X2 — d has two (distinct) roots modulo p, i.e., if (%) =1.

e pisinertin Z[/d] if and only if X2 — d has no root modulo p, i.e., if (%) =—1.

Ford = 1(mod4), Zgx = Z[#], and the minimal polynomial of 1*5/2 is
X2 - X+ (%) (a polynomial with discriminant d). The results are identical: a
prime p not dividing D is split if and only if (%) = 1, and inert if and only if
(%) =-1.

Using Quadratic Reciprocity, it is not hard to see that these conditions are char-
acterised by congruence conditions modulo Dg.

For example, in the case K = Q(i), with d = —1, we have Dy = —4, and a
prime p is split if and only if (_71) = 1, and it is well-known that this is equivalent
to p = 1(mod 4). A prime p is inert if and only if (_71) = —1, and this is equivalent
to p = 3 (mod 4).

For K = Q(+/—3), with Dg = —3, a prime p is split if and only if (%3) =1,
which is equivalent to p = 1 (mod 3), and is inert if and only if (_73) = —1, which
is equivalent to p = 2 (mod 3).

Exercise 5.13 Classify the splitting or ramification behaviour of a prime number p
in Q(+/5) in terms of the congruence class of p. Try to verify this with some explicit
examples.

Repeat for other quadratic fields of your choice.



Chapter 6
Imaginary Quadratic Fields

It won’t be a surprise that fields of low degree over Q are going to be the easiest
cases to understand. Quadratic fields prove a good place to start, but it turns out to be
convenient to split this case into imaginary quadratic fields and real quadratic fields,
since the two cases turn out to be very different. We will deal with some aspects of
the theory of real quadratic fields in Chap. 8.

The case of imaginary quadratic fields, which we treat in this chapter, will form
the most complete example of the general theory that we consider in this book.

Throughout this chapter, we will be considering a field K = Q(\/E) where d is
a negative, squarefree integer, that is, it is not divisible by the square of any prime.
Every imaginary quadratic field can be written in this way for a unique choice of d
(as we noted in Example 2.14(3)).

We recall from Proposition 2.34 that the ring of integers is Z[#] ifd=1
(mod 4), and is Z[+/d] if not. As d is squarefree, d is not divisible by the square of
any prime, so the case d = 0 (mod 4) is not permitted, so this latter case arises when
d =2 (mod 4) ord = 3 (mod 4).

What we would really like to be able to do is to determine the fields with unique
factorisation, and to understand the failure of unique factorisation in the other cases.
It will turn out that there are very few imaginary quadratic fields with unique fac-
torisation.

There are many numerical calculations in this chapter. There are comparatively
few exercises—but the reader is strongly invited to make up exercises of your own,
by making up examples in different quadratic fields. (Indeed, it’s probably the best
way to master the material!)

6.1 Units

One difference between the case of imaginary quadratic fields and that of real
quadratic fields concerns the group of units. As we shall see, real quadratic fields
have infinitely many units. Imaginary quadratic fields will have only finitely many
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units, all roots of unity, and it is easy to determine these units. (In fact, we shall see
later that imaginary quadratic fields are the only fields other than Q for which the
ring of integers has a finite group of units.)

Recall from Lemma 4.7 that « € Zg is a unit precisely when N(«) = 1. Since
there are two possibilities for Z g, depending on d (mod 4), we will divide the cal-
culation into two cases.

6.1.1 d =2,3 (mod 4)

In this case, we have Zg = Z[\/E]. Then a typical element is « = a + b+/d, where
a and b are in Z, and the norm of « is

Nk g@) = (a +bvd)(a — by/d) = a® — db*.

We need to solve Nk, (@) = 1. But notice that a’isa non-negative integer, and
—db? is also a non-negative integer (as d < 0). In order that two non-negative
integers add to 1, we need that one of them is 0, and the other is 1.

If a> = 1 and —db? = 0, thena = +1 and b = 0 (as d # 0). This tells us that
=+1 is always a unit (and indeed, they are obviously invertible in Zg ).

The other case is where a? = 0 and —db? = 1. If d < —1, then there is clearly
no solution to —db? = 1. However, if d = —1, then b = =1 is also possible. So in
the field Q(+/—1), we also have units 0 & /—1; in other words, =i are units.

6.1.2 d =1 (mod 4)

The analysis here is very similar, if slightly more complicated by the fact that the
ring of integers is now Z[#]. A typical element is therefore @ = a + b(#g) =
(2a + b + b+/d) /2. Again, we must compute the norm of «:

_ QRa+b+bJd)QRa+b—bJd) (a4 b)?> —db?
N(a) = o = = .
4 4
Thus the equality N () = 1 is equivalent to finding integral solutions to (2a + b)? —
db* = 4.

We first consider the case where d < —3, in which case d < —7 (remember
that d = 1 (mod 4)). If b # 0, then —db? > 7, and as 2a + b)2 > 0, there are
no solutions. So b = 0. In this case, our equation becomes (2a + 0)2 = 4, so that
a = *1. It follows that £1 are the only units in this case.
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Now let’s consider the case d = —3. If | b| were to be at least 2, then —db? would
be at least 12, and so there would be no solutions. The only possible solutions occur
whenb = —1,00r 1.

e When b = —1, we must solve (2a — 1)2 + 3 =4, giving 2a — 1 = %1, and so
a=0orl.

e When b = 0, we must solve (2(1)2 =4, givinga = 1.

e When b = 1, we must solve (2a + 1)?> + 3 = 4, giving 2a + 1 = =1, and so
a=—1or0.

We therefore have six solutions: (a, b) = (0, —1), (1, —1), (—1,0), (1,0), (=1, 1)
and (0, 1). The corresponding units &« = a + b%j are given by:

-1-v-3 1-y-3 ! -1+ /-3 d I++v-3
s ) ) ) -, an _—.
2 2 2 2
These numbers, % and +£1, are the sixth roots of unity.
Earlier, we used w to denote the primitive cube root of unity # = 5.

4mi

Notice that the ring of integers of Q(4/—3) is given by Z[w]. Then w?> = ¢35 =
%_73, and so the units are given by {+1, o, :I:a)z}.

6.1.3 Summary

We have shown that the only units in the imaginary quadratic field Q(v/d) are the
elements of {#1}, except in two cases. The first is when d = —1; the units in the
Gaussian integers Z[i] are {1, £i}. The other exceptional case is when d = —3;
the units in the ring of integers Z[w] of Q(v/—3) are {£1, +w, +w?).

Notice that these units are all roots of unity (fourth roots, in the case of Q(i), and
sixth roots in the case of Q(+/—3)). So the units in every imaginary quadratic field
are the roots of unity.

Conversely, it is easy to see that every root of unity is a unit. If A is a root of unity
in Zg, then A" = 1 for some n. Then A x A"~! = 1, and so A is invertible, with
inverse A1 (this lies in Zg as A € Zg, and Zg is a ring).

Write p for the set of kth roots of unity in C; then we have proven the following
result:

Theorem 6.1 Let K = Q(\/E), with d € Z o squarefree. Then A is a unit in Zk if
and only if A is a root of unity, and the units in Zg are:

wa = {1, £i}, if d=-1,
U(Zg) = Zg = { ne = {1, fo, +w?}, if d=-3,
uy = {1}, otherwise.
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6.2 Euclidean Imaginary Quadratic Fields

We have already explained in Chap. 1 that the Gaussian integers Z[i ] possess unique
factorisation, and this was critical when answering the question of which prime
numbers can be written as the sum of two squares. Our proof involved showing that
the norm function is Euclidean, and therefore that Z[i] is a Euclidean domain using
this norm function.

In this section we will work out which imaginary quadratic fields can be shown
to have unique factorisation in the same way; that is, when the ring of integers is a
Euclidean domain.

We shall see later that there are imaginary quadratic fields with unique factorisation
which are not Euclidean in this sense, and this provides examples of UFDs which
are not Euclidean.

First, we will try to generalise the argument that worked for the Gaussian integers
to more general imaginary quadratic fields K. We therefore need to know when the
norm function is Euclidean.

Choose any « and 8 in Zg. We must be able to find a quotient k € Zk and a
remainder p € Zg such that « = kf + p, and N(p) < N(B). As in Chap. 1, the
method is to consider the quotient o/ 8, and to define  to be the integer “closest” to
it. Then we define p = o — «f.

It follows that
o
P = ﬂ (_ - K) )
B

and N(p) = N(B)N(a/B — k), s0 N(p) < N(B) as long as N(a/B — k) < 1.
In particular, Zg is Euclidean if, for any /8 € Q(\/E), there is k € Zg with
N(a/B —«k) < 1.

Again, the two different forms of Zx mean that we will treat this in two cases.

6.2.1 d =2, 3 (mod4)

Now Zg = Z[+/d). Suppose that o/ = a + b~/d, with a and b in Q. We choose «
to be the “nearest” integer m + nv/d € Zg.
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k is chosen as the closest

3 point of Z[v/d] to 3

This means choosing |m — a| < % and |n — b| < % Then

N(a/B — k) = N((a + bvd) — (m + n/d))
= N((a —m) + vd(b —n))
= (a —m)> —d(b —n)?
< ()’ —d(z)*
So if d = —1 or —2, this will definitely be strictly less than 1, as required.
On the other hand, if d < —S5, there are certainly quotients «/ 8 where there is no
integer « satisfying N (/B — k) < 1; for example, just take &« = 1 4+ /d, 8 = 2.

Thus the only imaginary quadratic fields Q(+/d) with d = 2, 3 (mod 4) which
are Euclidean with respect to the norm function are Q(+/—1) and Q(+/—2).

6.2.2 d =1 (mod 4)

Now Zg = Z[#]. Suppose that /8 = a + b+/d, with a and b in Q, and again
choose « to be the “nearest” integer m + nvd € Zg. However, Zg looks a little
different:
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Vd
14+Vd
2 The points of Zk
when K = Q(v/d)
o 1 " withd=1 (mod 4)

The collection of points nearest to the origin lie in the shaded hexagon.

As in the first case, it will do to show that every point in Q(+/d) lies at a distance
strictly less than 1 from some point in Zg . That is, it would suffice that the hexagon
above lie inside the unit circle. Since the edges are given by the bisectors of the
lines joining the origin and the points 1 and #, computing the vertices of the
hexagon is elementary (though slightly painful!), and is left as an exercise.

Exercise 6.1 View the hexagon above as plotted in the (x, y)-plane, and bounded

by the bisectors of the lines joining (0, 0) to (£1,0) and to (j:%, :b@) with

|d| > 1. Verify that the vertices of the hexagon above are at (0, i(ﬁ)) and

4/1d]|
1 |d|—1
(b 25m)-

It is then easy to check that if d = —3,d = —7 or d = —11, the hexagon
lies entirely within the unit circle, and the corresponding field then has a Euclidean
algorithm. However, if d < —19, then J/Id| > 4, and the hexagon contains points of
Q(+/d) at a distance of more than 1 from any point of Zg (e.g., 4—1‘\/3), so that there
can be no Euclidean algorithm using the norm function in these cases.

Exercise 6.2 Supposethat K = Q(+/—19). Find examples of « and 8 in Zg such that
there is no quotient x and remainder p witha = «8 + o with Ng ,9(p) < Ng,q(B)-
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So we conclude that there are only five imaginary quadratic fields, Q(v/—1),
Q(W/—=2), Q(v/=3), Q(+/=7) and Q(/—11) which are Euclidean with respect to
their norm function.

It follows from Proposition 4.29 and Theorem 4.31 that these five fields all have
unique factorisation.

We have now seen that there are exactly five imaginary quadratic fields whose
rings of integers are Euclidean domains with respect to their norm function.

But one might wonder whether there might be other functions, different from the
norm function, which make other rings of integers into Euclidean domains. It turns
out that this is false, but the proof is comparatively recent; it was proven by Motzkin
in 1949. We’ll give the complete argument below in the more interesting case where
d = 1 (mod 4), and leave the other case as an exercise.

We first need a general algebraic result.

Theorem 6.2 Suppose that R is a Euclidean domain with respect to a Euclidean
function ¢, but that R is not a field. Then there is a non-zero element u of R, which
is not a unit, such that for all x € R, either u|x, or u|x — v for some unit v € R.

Proof Let S denote the set of non-zero elements of R which are not units. As R is
not a field, S is not empty. Consider the set

¢(S) ={¢(@s) | s € S}

As ¢ (r) is a positive integer for all r € R (see Definition 4.28), we can choose u € S
with ¢ (1) minimal amongst all the values in ¢ (S).

Given x € R, the Euclidean property means that x = qu + r, where either r = 0,
or ¢(r) < ¢(u). When r = 0, we clearly have x = qu, so that u|x. In the second
case, where ¢ (r) < ¢(u), we can’t have r € S, as ¢ (u) was the smallest value in
¢(S). Since r ¢ S and r # 0, we must have that r is a unit in R. Let’s write v for
this unit, and then gu = x — v shows that u|x — v as required. O

(The element u is often called a universal side divisor in the literature).
We can restate this:

Corollary 6.3 Suppose that R is an integral domain that is not a field. If there are
no elements u as in the theorem, then R is not Euclidean.

Let’s use this to deduce our main result:

Theorem 6.4 Suppose that K = Q(~/d) with d squarefree and negative. Suppose
thatd = 1 (mod 4), and that d < —11. Then Z is not Euclidean.

Proof By Corollary 6.3, we simply have to show that there are no elements u as in
Theorem 6.2. In order to get a contradiction, we’ll suppose that u does exist. We

know that Zg = Z[ 1+2‘/3 ], and, from Theorem 6.1, we know that the units in Zg

are simply {1}, and so the property implies that for all « € Zg, we need u|«, or
uloe + 1.
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Let’s apply this with « = 2. So we need u|2, or #|2 & 1. That is, u# divides 1, 2
or 3. But u cannot divide 1, since u is not a unit. So u is a divisor of either 2 or 3.
Let’s see that 2 and 3 are irreducible: if not, there would be some element 8 of norm
20r3.Butif B = a-+b (H54), then Nie/q(B) = a® +ab+? (52), and we note

that as d < —11, we have k = % > 4. It is easy to see that a’+ab+kb* =2

and a2 + ab + kb* = 3 have no solution for k > 4: once b # 0, the left-hand side is
too large, and then there is clearly no solution for a. So both 2 and 3 are irreducible,

and as u divides either 2 or 3, we must have u = 2, —2, 3 or —3.
1++/d

But now we can take « = ~—5°= instead. Again, we should have u|o or u|a = 1.
However, none of these elements have +2 or +3 as divisors.
So there can be no element u, and so Zg is not Euclidean. O

A very similar argument applies in the remaining cases.

Exercise 6.3 Suppose K = Q(+/d) with d squarefree chosen such that Zx =
Z[\/c_i], and where d < —2. Recall that in this case, the units in Zg are {£1};
deduce that any element u as in Theorem 6.2 must be a divisor of 1, 2 or 3. Conclude
as above that u = £2 or £3, but as these do not divide « or o £ 1, where o = «/E,
no element u can exist, and Zg is not Euclidean.

We have therefore proven the following theorem:

Theorem 6.5 Suppose that K = Q(~/d) withd < 0 squarefree. Then Z is Euclid-
ean if and only ifd = —1, =2, =3, =7 or —11.

6.3 Quadratic Forms

In the rest of the chapter, we will relate uniqueness of factorisation to the theory of
quadratic forms.

As already remarked, the class group may be viewed as the obstruction to unique
factorisation: if the class group is trivial, then the number field has unique factorisa-
tion, but otherwise unique factorisation fails.

We would like a way to calculate the class group to be able to ascertain whether or
not the field has unique factorisation. While some of the ideas that we will introduce
in the remainder of this chapter have analogues for other number fields, they are most
easily introduced in the context of imaginary quadratic fields.

We will show that the class number can be computed by counting a certain set of
“binary quadratic forms”, which we now introduce.

Definition 6.6 A quadratic form in n variables is a homogeneous polynomial of
degree 2, and is therefore of the form

n n
E Eaijxixj.

i=1 j=1



6.3 Quadratic Forms 121

Notice that if we write v = (x; --- x,)’, and A for the matrix (a; i), then we can
write the form as v’ Av.
We will only consider the situation where a;; € Z.

We will focus on the case where n = 2; such forms are known as binary quadratic
forms.

Definition 6.7 A binary quadratic form is a quadratic form in 2 variables, and is
therefore of the form
f(x,y) = ax® + bxy + ¢y,

for some a, b, ¢ € Z. The discriminant of this form is b* — 4ac.
We may abbreviate the form ax? + bxy + ¢y by (a, b, ¢).

For example, the discriminant of x2 + y2 is —4 and the discriminant of
x2 4+ (=d)y? is 4d.

Definition 6.8 Say that a quadratic form f (x, y) is positive definite if

1. f(x,y)>0forallx,y € R;
2. f(x,y) = 0 means that we must have (x, y) = (0, 0).

For completeness, although we will not need these in this book:

Definition 6.9 A quadratic form is positive semi-definite if f(x,y) > 0 for all
x,y € R.Forms which take both positive and negative values are known as indefinite.

There is a similar definition of negative definite and negative semi-definite, got
by changing the sign in the inequality.

We will only need to consider positive definite forms in what follows. Let’s make
some observations about positive definite forms. Suppose that (a, b, ¢) = ax* +
bxy + cy? is positive definite. We certainly need a > 0, for otherwise substituting
(x,y) = (1, 0) gives a negative value. Similarly we must have ¢ > 0, for otherwise
(x,y) = (0, 1) would give something negative. We can also write (completing the
square):

2 2
2 2 b b 2
ax*+bxy+cy =alx+—y) +c—— ) v,
2a 4a

so we can refine the observation that ¢ > 0 into the more precise observation that
2 . .
c— Z—a > 0 (otherwise choose (x, y) = (—b, 2a) to get a negative value of the form).

As a > 0, this is equivalent to b — 4ac < 0.

Corollary 6.10 The quadratic form ax® + bxy + cy? is positive definite if and only
ifa > 0 and the discriminant b*> — 4ac < 0.

Let’s now hint at the relationship between imaginary quadratic fields and quadratic
forms. As an example of a quadratic form, recall that the norm of a complex number
X +iyis
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N(x +iy) = (c +iy)(x —iy) = x> + %

notice that x> + 32 is a positive definite quadratic form. More generally, the norm
of the complex number x + y+/d (where d is a negative, squarefree integer as usual
in this chapter) is x> + (—d)y?. Thus, we have started with a general element in an
imaginary quadratic field, and in both cases have recovered a positive definite binary
quadratic form.

When studying quadratic forms, it is quickly apparent that two apparently different
forms may really share many properties. Indeed, two apparently different forms may,
in some sense, be the same. For example, the form X2+ 2xy + 2y2 can be rewritten
(x + )% + 92, and a simple change of variable X = x + y, ¥ = y allows us to
write this as the form X2 + Y2. For many applications, we may wish to regard the
form x? 4 2xy + 2y as equivalent to the form x2 + 4. This leads to a more general
definition:

Definition 6.11 Two quadratic forms f(x, y) and g(x, y) are equivalent if one can
be transformed into the other by a substitution of the form

(x,y) = (px +qy, rx + sy),

where p, g, r, s are integers with ps — gr = £1. That is, f(x, y) and g(x, y) are
equivalent if g(x,y) = f(px + qy, rx + sy) for some invertible matrix f z
GL2(Z), the general linear group of 2 x 2 matrices with integer entries whose inverse
also has integer entries.

If ps —qr = +1, we say that f(x, y) and g(x, y) are properly equivalent (and in
this case the matrix above lies in SL,(Z), the special linear group of 2 x 2 matrices
with determinant 1).

If we write f(x,y) = V'Av, and M = (f z), then Mv = (p ‘1) (x) =

rs Y
(px + qy)’ and then
rx + sy

f(px +qy, rx +sy) = (MV) AMv) = v (M'AM)v.

Thus, in terms of matrices, if f and g correspond to matrices A and B respectively,
then f and g are equivalent if there exists a matrix M € GL,(Z) with B = M"AM,
and properly equivalent if M € SL,(Z).

Exercise 6.4 Show that two equivalent forms have the same discriminant.

As a special case of the exercise, the same is true for two properly equivalent
forms.

Exercise 6.5 Show that (a) equivalence, and (b) proper equivalence, are both equiv-
alence relations on the set of binary quadratic forms, and in particular on the set of
binary quadratic forms of any given discriminant.
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Before continuing, it is perhaps worth signalling the reasons for specifying these
two forms of equivalence.

One motivation for studying quadratic forms comes from considering the numbers
they represent—for example, one can ask the question which primes can be written
as the sum of two squares. If p = x> 4 32, then p can also be represented as a value
of any quadratic form which is equivalent to x> + 2. For this sort of question, it is
equivalence, rather than proper equivalence, which is the more useful notion, as it is
easy to see that equivalent quadratic forms represent the same integers.

Exercise 6.6 Suppose that f and g are two equivalent quadratic forms. Show that
for every natural number 7, the number of pairs (x, y) such that f(x, y) = n is equal
to the number of pairs (u, v) such that g(u, v) = n.

pq

[Hint. In Definition 6.11, the matrix is invertible, so we can also write

g, v) = f(p'u+q'v, r'u+s'v) for some integers p’, q', r', s’ with p’'s’ — q'r’ =
+1. Use these to get inverse bijections between the two sets.]

However, we will explain in this chapter that there is also a relation between
the class group of a given imaginary quadratic field, and the collection of certain
quadratic forms of a certain discriminant. Indeed, we will give a bijection between
the class group and positive definite binary quadratic forms of this discriminant up
to proper equivalence. For this bijection, which is the main topic of this chapter, it
is therefore proper equivalence which is the better notion. Further, the class group
has a group structure, and we will briefly remark at the end of the chapter that this
group structure carries across to give a group structure on the collection of proper
equivalence classes of quadratic forms. There is no group structure on the collection
of equivalence classes of quadratic forms.

6.4 Reduction Theory

Reduction theory is an elegant theory which allows us to determine when two
quadratic forms are properly equivalent. If we are given a general (positive defi-
nite binary) quadratic form, then we can “reduce” it to a particular “reduced” form,
and two forms are properly equivalent precisely when they both reduce to the same
form.

Definition 6.12 We say that a form (a, b, ¢) = ax* + bxy + cy? is reduced if either
—a<b<a<c,or0<b<a=c.

This may seem a slightly odd definition, but we will see that the precise conditions
are chosen to ensure that, firstly, every form is properly equivalent to some reduced
form, and, secondly, that no two different reduced forms are properly equivalent.

We defined proper equivalence above using matrices of determinant 1. Let’s isolate
some special cases (we will see later that these generate all of SL»(Z)).
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. . . (11 . .
First, we consider the matrix (0 ]). We therefore consider the transformation

()= 61) G)-(77)
Yy 01) \y y )
The form ax? 4 bxy +cy? is then properly equivalent to a (x 4+1)% +b(x + 1)y +cy?,

which expands to ax? + (2a + b)xy + (a + b + ¢)y?. Thus the form (a, b, ¢) is
properly equivalent to the form (a, b + 2a, ¢ + b + a).

1 - . .
01 ) and using this
matrix we get that (a, b, c¢) is properly equivalent to (a, b — 2a, c — b + a).

The inverse transformation corresponds to the matrix

We will use one final transformation, the one corresponding to (11 (1)), which

sends (x, y) to (y, —x), and using this matrix we find that (a, b, c) is properly equiv-
alent to (¢, —b, a).

Let’s explain that, using these three transformations only, any binary positive
definite quadratic form can be seen to be equivalent to a reduced form.

Take a positive definite binary quadratic form (a, b, ¢) (recall that this stands for
ax® + bxy + cy? and that a and ¢ are necessarily positive), and apply the following
rules repeatedly:

e Ifa > c,orifa = cand b < 0, apply the third rule, and perform the transformation
(a,b,c) = (c,—b,a).
e Otherwise, we are in one of two situations:

— We could have a < c.
If (a, b, ¢) is not reduced, it must be because b < —a orb > a.If b < —a,
apply the first rule, (a, b, c) — (a, b+ 2a,c+ b+ a) and if b > a, apply the
second rule (a, b,c) +— (a,b — 2a,c — b + a). The result of this should be
a form for which the absolute value |b| of the middle coefficient gets smaller
(except in the case b = —a, when |b| may remain constant for one step only).
— Alternatively, a = cand b > 0.
If (a, b, c¢) is not reduced, it must be because b > a. Then apply the second rule
(a,b,c) — (a,b —2a,c — b+ a). The result of this should again be a form
for which the absolute value |b| of the middle coefficient gets smaller.

Let’s see an example of this procedure in action. Consider the form 7x? — 24xy +
Zlyz, or (7, —24, 21) in our abbreviated notation.

This is not reduced, but we do have a < ¢, as 7 < 21. But we do not have
—a < b < a. We therefore apply the first rule, to get (7, —24,21) — (7, —10, 4)
(that is, our original form is properly equivalent to 7x> — 10xy + 43>).

Now we have a form which is not reduced because ¢ < a. We therefore apply
the third rule (a, b, ¢) — (¢, —b, a), and find (7, —10, 4) — (4, 10, 7) (so now our
original form is properly equivalent to 4x> + 10yx + 7y?).
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Now (4, 10, 7) is not reduced as b > a, so we apply the third rule (a, b, c) —
(a,b—2a,c—b+a)toget(4,10,7) — (4,2,1).

You can see that the numbers are getting smaller! But we still don’t have a reduced
form, asa > c. So we apply the third rule to get (4, 2, 1) — (1, —2, 4), and (finally!)
the first rule gives (1, —2, 4) — (1, 0, 3), which is reduced.

We could have kept track of the changes of variable required as we were going
along, but we can recover this by thinking about the matrix transformations involved.

Indeed, as we noted above, each equivalence is represented by a matrix. The first
time that we applied a rule ((a, b, c) — (a,b + 2a,c + b + a)), we essentially

made the change of variable z) = ((1) i) Z . This means that we make the

transformation (x, ) — (x + ¥y, y). One can easily check that
2 2_ 4.2 2
Tx +y)” —24(x +yy+ 21y =T7x" — 10xy + 4y~.

If fo denotes the original form (7, —24, 21) and f; denotes the result (7, —10, 4)
after one step, with M| = ((1) }), then this calculation shows that

w((5)=(())
()= ()=()C) =),

then we can apply the inverse matrix to write (x, y) in terms of (x1, y1), and

()= =GN C) - (")

We therefore see

If we now write

ie.,

Ix2 — 24x1y + 21y% = T(x1 — y1)? — 10(x1 — y1)y1 + 447

In summary, if v is the vector ()yc)’ we should have

foMiv) = fi(v) and  fo(v) = fi(M; V).
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Next we applied the third rule ((a, b, ¢) — (c, —b, a)) to f1 but we already noted

. As above, we can write f; for the form

that this corresponds to the matrix (11 (1)

(4, 10, 7), and we should have

ALY = f(v)  and  f1(V) = (M5 V).
But we already knew that

foMv) = fi(v) and  fo(v) = fir(M; V),

so we can combine these to see that

f2(v) = filMav) = fo(M1(M2v)).

X 11 0 1
Recall that v = (y)’ M| = (0 1),and M, = (_1 0), so we get

hew) = fo (((1) i) (‘11 (1)) (’;)) = fo(—x +y. —x),

which can easily be verified by a simple calculation.

This pattern continues; M3 = (1) _11 s My = (11 (1) and Ms = (1) }) are

the matrices for the remaining three steps, and because we saw that fs = (1,0, 3) =
x2 4 3y? is the final step, it follows that

f5(x,y) = fo(MiMyM3M4Ms(x, y)").
It is easy to calculate that
-2 -3
M = M\ MryM3MqMs = _1-2)
and to verify that

fo (M (’;)) — 7(=2x—3y) = 24(—2x—3y) (—x —2y)+21 (—x—29)% = x2 + 32,

as expected.

Exercise 6.7 Reduce the following quadratic forms f (x, y), and hence find matrices
M such that f(M(x,y)T) = g(x, y), where g(x, y) is a reduced quadratic form.
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1. 6x2 —Txy + 8y
2. 13x% + 12xy + 11y%;
3. 43x2% 4+ Tlxy + 6712

Invent your own examples—remember that (a, b, ¢) must be chosen to be positive
definite, soa > 0, ¢ > 0 and b* — 4ac < 0.

Exercise 6.8 We can also use this to solve one of the questions in Chap. 1.
Given a prime number p = 1 (mod 4), how can we write it as the sum of two squares?
First, find a value of m withm? = —1 (mod p) as in Remark 1.22. Som?* = kp—1 for
some value of k. Then the form f(x, y) = px* + 2mxy + ky? has discriminant —4,
and f (1, 0) = p. We now reduce this form, keeping track of the changes of variable,
finding a reduced form g(x, y) = f(M(x,y)") for some matrix M. But since dis-
criminants are unchanged by equivalence, the discriminant of g(x, y) is still —4, and
we will see that the only reduced form of discriminant —4 is g(x, ) = x> + y*. Now
we can find values x¢ and yg such that g(xo, yo) = f(1,0) = p,so p = x(% + yé,
as required.

Carry out this procedure for p = 1009, using your value of m from Exercise 1.12.

We have now explained why we might believe the following theorem:

Theorem 6.13 Every positive definite binary quadratic form is properly equivalent
to a reduced form.

We will actually prove something stronger.

We haven’t really used the full strength of the definition of what it means for a
form to be reduced. The point of the definition is that any positive definite binary
quadratic form should be properly equivalent to precisely one reduced form, or,
equivalently, that every proper equivalence class of positive definite binary quadratic
forms contains a unique reduced form. This gives the enhanced version of the above
result:

Theorem 6.14 Every positive definite binary quadratic form is properly equivalent
to a unique reduced form.

Before we prove this, we need a lemma.

Lemma 6.15 Suppose that f (x, y) = ax?> + bxy + cy? is a reduced form. Ifa < c,
then the smallest non-zero values taken by f(x,y) for x and y coprime are a and c;
furthermore, the only values of (x,y) with f(x,y) = a are (£1,0). If a = c, then
the smallest non-zero value of f (x, y) is a, and there are either 4 (if 0 < b < a = ¢)
or 6 (ifa = b = ¢) pairs (x,y) with f(x,y) = a.

Proof As (x,y) = 1,ify = 0, then x = %1, and f(£1,0) = a.If |y| = 1 and
|x| > 2, then

|2ax + by| = [2ax| — |by| = 4a — |b| = 3a,
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SO

daf(x,y) = Qax + by)? —dy* > 9a> — d
=dac + 9a* — b*) = dac + 8a® + (a®> — b?) > 4ac

as |b| < a.So f(x, £1) > cif |x| > 2.If [y| > 2, then

daf(x,y) = Qax + by)> —dy* > —dy* > —4d = 16ac — 4b*
> 12ac + 4(ac — bz) > 12ac > 4ac,

as |b| < a < c,and again f(x, y) > cif |y| > 2. Insummary, f(x, y) > cif |x| > 2
or |y| > 2. It remains to consider f(*1,0) = a, f(0,£1) = ¢, f(£l,£1) =
a+b+c>cand f(£l,F1) =a — b+ c > c. The result follows easily in each
case. (Il

Now we prove Theorem 6.14.

Proof (of Theorem) Firstly, we should verify that the algorithmic process for reducing
quadratic forms really does terminate after a finite number of steps with a reduced
form. This is rather easy: at each step, none of the operations increase the coefficient
of x2. As this is always a natural number, eventually it must become constant. At
this point, the remaining operations do not increase the natural number |b|, and again
eventually |b| must become constant. Suppose that one rule maps (a, b, ¢) to another
form with the same values of @ and |b|. An examination of the rules shows that this
is only possible if @ = b (and then ¢ is also fixed, as the discriminant b*> — 4ac is
fixed) or if @ = —b, and the first rule (a, b, ¢) — (a, b + 2a, c + b + a) is applied.
Then a = b < ¢, and the form is now reduced.

Thus every form is equivalent to some reduced form. If a form were equivalent
to two different reduced forms, then these reduced forms would be equivalent to
each other. The final step will be to show that two distinct reduced forms cannot be
equivalent to each other. So suppose that f(x, 3) = ax? 4+ bxy + cy? and g(x, y) =
Ax? 4+ Bxy + Cy? are two reduced forms which are properly equivalent. We claim
that f = g, using Lemma 6.15 repeatedly.

The smallest positive number represented by f (x, y) is a, and the smallest positive
number represented by g(x, y) is A. On the other hand, equivalent forms represent
the same numbers (Exercise 6.6). Soa = A.

If ¢ > a, then there are precisely two pairs (£1, 0) with f(x,y) = a. As f and
g are equivalent, the same will be true of g, so C > A. As c is the second smallest
positive number represented by f (x, y) and C is the second smallest positive number
represented by g(x, y), then ¢ = C. Now f and g have the same discriminant, so
b = £B. We want to see that b = B. However, g(x,y) = f(px 4+ qy,rx + sy)
for f Z of determinant 1, and both have the same coefficient of x2, we see that
p = =l and r = 0. We can assume p = 1 by multiplying all of p, ¢, r and s by —1
if needed. As ps — gr = 1, we see that s = p = 1. Then g(x, y) = f(x + qy, v).
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If f(x,y)is (a,b,c), then f(x + qy,y) is (a, b+ 2qa, c + gb + g*a). However,
both are reduced, so we need —a < b < a and —a < b + 2qa < a, and this is only
possible with ¢ = 0. So B = b also.

If ¢ = a, then there are either 4 or 6 pairs (x, y) with f(x, y) = a, and so the
same is true of g. Thus C = A also. By the definition of reduced form, 0 < b < a
and 0 < B < A. As the discriminants of f and g coincide, we deduce that b = +B,
but as both are non-negative, we see that b = B as required. O

The proof has an interesting consequence, which should remind you of some of
the results on units at the start of the chapter.

Definition 6.16 Let f(x, y) be a binary quadratic form. We say that a matrix M =

(f Z) € SLy(Z) is an automorph of fif f(x,y) = f(px + qy, rx + sy).

Corollary 6.17 Suppose that f(x,y) is a reduced binary quadratic form. Then if
f(x) = x2 +y? there are 4 automorphs of f, given by [:I:I, + ((11 (1)) ] iff(x) =

-10 11
in all other cases, there are just 2 automorphs, given by {£1}.

x2 4 xy + y?, there are 6 automorphs of f, given by [:}:]7 + (1 1) + (0 —1)];

Proof Suppose first that a < c¢. Then Lemma 6.15 shows that the only pairs (x, y)
with f(x,y) = a are given by (1, 0). Thus a matrix M which is an automorph must

map ((1)) into (j;)l) So the first column of M must be (j(:)l) . As M has determinant

Im
01
be the same as f(x,y) if m = 0 (by looking at the coefficient of xy say). Thus
M =+£].

1, this shows that M = + for some m € Z; however, f(x + my, y) can only

Next, consider the cases where a = ¢. If 0 < b < a = ¢, then Lemma 6.15 gives
4 pairs (x,y) with f(x,y) = a; these are clearly (1, 0) and (0, £1). Then we

argue as above, to conclude that M = + (1) nf (and m = O for the same reasons
aswhena < c)orthat M = + (0 _1). In this latter case, Mv = ( Y ), and
1 m X +my

if f(x,y) =ax? + bxy + cy?, then
f(—y, x + my) = cx? + 2me — b)xy + (a —mb + mzc)yz.

Comparing coefficients of xy gives b = 2mc — b, i.e.,b = mc. However,0 < b < c,
and the only possibility is b = 0, giving m = 0, and then there are 4 automorphs, as
claimed.

Finally, there is the case b = a = c; again the proof of Lemma 6.15 gives 6 pairs
(x, y) with f(x,y) = a, given by (£1, 0), (0, £1) and (&1, F1). These are again
the first columns of possible matrices M giving automorphs, and a similar argument
to the above gives the 6 different matrices of the statement. (|
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Before discussing the relation to class numbers, it is worth noting the following
interesting corollary:

Corollary 6.18 SL;(Z) is generated by the two matrices ( (1) i ) and ((il (1))

Proof Let M € SLo(Z). Let f(x, y) be the reduced form x? + 2y say (any other
form with 2 automorphs will do). Then consider f'(x,y) = f(M(x,y)"), another
quadratic form which is properly equivalent to f. Reduce this form by the above
method; we must end up with the reduced form in the same class as f’—but this
must be f itself, since it is a reduced form, properly equivalent to f”, and we have
explained that there is a unique such form. We have also explained that the reduction
steps correspond to application of the matrices

() () (),
(67)-G1) -

so that all the reduction steps can be expressed in terms of

11 0 1
T:(Ol) and SZ(—IO)’

and their inverses (note that S~! = —5). The reduction of f’ to f involves writing

but notice that

F'(MiMa .. M (x, y)") = f((x,9))
where My, ... M, are T, T~ or S. But by definition of f”, this means that
FMM M ... M (x,9)") = f((x, "),
and this can only happen (see Corollary 6.17) if
MMM, .. .M, =+£1.

But this means that
M=wm" M

and so we have written M as a product of matrices which are T, T lorsS! =
-5 =53 O
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6.5 Class Numbers and Quadratic Forms

Quadratic forms are interesting objects in their own right, and the reader could omit
this section and still discover an interesting theory of quadratic forms. However, it
will be more complete if we relate quadratic forms to class groups of imaginary
quadratic fields.

The main aim of this section is to prove the following theorem. Recall that d is a
negative squarefree integer:

Theorem 6.19 The class number of K = Q(v/d) is equal to the number of reduced
quadratic forms with discriminant D, where D = Dy is given by

D= 4d, if d =2,3(mod4),
“1d, if d=1(mod4).

To prove this theorem we will show that there exists a bijection between the ideal
classes of Q(v/d) and reduced quadratic forms with discriminant D. To show this
bijection exists we will give a mapping from ideals to quadratic forms and an inverse
mapping from quadratic forms to ideals. This means we must show that every ideal
generates a quadratic form and that every quadratic form comes from an ideal. We
also then need to show that any ideals in the same ideal class generate properly
equivalent quadratic forms, and that two properly equivalent quadratic forms are
come from ideals in the same ideal class.

Before we prove the theorem, let’s give a motivating example.

Recall that Q(\/—_S) does not have unique factorisation; the number 6 can be
factorised as 2 x 3, and as (1 4+ +/—5)(1 — +/—5). These were genuinely distinct fac-
torisations, but we could resolve the non-uniqueness of factorisation by introducing
ideals in the ring of integers Z[+/—5]:

=(2,14+v-5)
=(2,1-+-5)=ay;
=(3,14+V-5)
a4—<31—J_>,

Then
(2) = ajay;
(3) = azay;
(1++~-5)=aja3;
—«/=5) = azay,

and the two distinct factorisations are resolved when we use non-principal ideals.
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Notice next that Z[+/—5] C C. We can plot elements of ideals in the complex
plane. For example, if we consider the ideal a; = (2, 1 + +/—5), its elements are
given by

{2(a +bv=5) + (1 +V=5)(c +dv/=5) | a.b,c.d € 7}
={Qa+c—5d)+Q2b+c+d)v—5|a,b,c,d €}
={A+Bv—5|A,BeZ, 2|A— B}
= 2x+ (1 +vV=5y|x,yeZ}

Not only are 2 and 1 + A generators for this ideal as a Z[+/—5]-module, but also
as a Z-module, meaning that any element of the ideal can be written as 2x + (1 +
V—5)y with x, y € Z. So the general element of this ideal is (2x + y) + y+/—3 for
X,y € Z. The norm of this element is

(2x 4 y)? + 5y% = 4x? + dxy + 6y = 2(2x% + 2xy + 3¢°).

After taking out the common factor of 2, we have the quadratic form (2, 2, 3), which
is a positive definite quadratic form of discriminant —20.

Let’s try a3 = (3,1 + +/=5). Again, we will try to give a set of 2 generators
for a over Z, and consider the norm of a general element of the ideal. We note that
elements of a3 are given by:

{(3(a +bv=5) + (1 +V=5)(c +dv/=5) | a,b,c,d € 7}
={Ba+c—5d)+@Bb+c+d)—5a,b,c,decl)
={A+Bv-5|A,BeZ, 3|A— B)
=Bx+ (U +V=5y|x,yecZ).

Once again, generators for this ideal as a Z-module are given by 3 and by 1 + +/—5,
so a general element of the ideal is 3x + (1 ++/—5)y with x, y € Z, and this element
has norm

(3x 4+ )% + 5y% = 9x? + 6xy + 6y = 3(3x% + 2xy + 24°),

which is 3 times the non-reduced form (3, 2, 2). We can reduce (3, 2, 2) in the usual
way:
(35 27 2) = (29 _25 3) = (27 25 3)’

using (a, b, ¢) — (¢, —b, a) and then (a, b, c) — (a, b+ 2a,c+ b+ a).

Here is the surprise: if we start with any pairs of generators « and § for a non-
principal ideal a in Z[+/—=5], and do the same thing, writing a general element in
the form ax + By, and taking the norm, the result is always (a multiple of) a form
properly equivalent to (2, 2, 3).
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Now let’s take a principal ideal; the easiest is the whole ring of integers: (1). So
the general element is 1.(x + y+/—5) for x, y € Z, and the norm of x + y+/—5 is
2 2
X<+ 5y°.
Another example might be the principal ideal (1 ++/—5). The general element of
this ideal is (1 + +/—5)(x + y+/—5) = (x — 5y) + (x + y)+/—5, and this has norm

(x — 5y)% 4+ 5(x + 1)? = 6x% 4 30y° = 6(x> + 5.

Again, we see the quadratic form (1, 0, 5) appearing.

You should find that if one starts with a principal ideal a of norm N, when one
writes a general element in the form ax 4 By for generators « and S, and then takes
the norm of this general element, one obtains something of the form N.f (x, y),
where f(x,y) is a quadratic form which reduces to (1, 0, 5).

Exercise 6.9 Consider K = Q(+/—6), and the factorisation 6 = 2 x 3 = (\/6)2.
Then (2) = p3, (3) = p} and (v—6) = pop3 where py = (2, v/—6) and p3 =
(3, +/—6).
What are the quadratic forms associated to the non-principal ideals p, and p3?
What are the quadratic forms associated to the principal ideals (2), (3) and (+/—6)?

Remark 6.20 Actually, these two examples are rather fortunate in one sense: in both
examples, the order of the generators didn’t matter. In general, if we switch the
generators « and f, this is equivalent to interchanging x and y. We already know
that the quadratic form (c, b, a) is not generally properly equivalent to (a, b, c). In
the case of Q(\/—_S), and quadratic forms of discriminant —20, it is the case that
(5,0, 1) is properly equivalent to (1, 0, 5), and that (3, 2, 2) is properly equivalent
to (2,2, 3).

This means that we shall need to make a choice of the order in which we choose
our generators. We will always pick « and S so that, in the Argand diagram, the angle
of clockwise rotation from g to « is greater than from « to 8. The reader should try
to convince themselves that this translates into the condition that 8/« should lie in
the upper-half complex plane, i.e., should have positive imaginary part.

Definition 6.21 A pair («, 8) of complex numbers is ordered if im(8/a) > 0.

The reader should invent some more examples of ideals in rings of integers in
other imaginary quadratic fields, taking care over the ordering of generating pairs
for ideals.

But the basic result should be the same. Given any ideal in a ring of integers
of an imaginary quadratic field Q(+/d), we can find an ordered pair of generators,
(o, B), for the ideal as a Z-module, so that every element of the ideal is written as
ax + By for x,y € Z. Then the norm of this general element turns out to be the
norm of the ideal multiplied by a quadratic form in x and y, and this quadratic form
has discriminant D. Different choices of ordered generators give properly equivalent
quadratic forms, and this gives us a map from ideals to proper equivalence classes
of quadratic forms. It will also turn out that two ideals which are in the same ideal
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class will map to two properly equivalent forms. The reader should be able to try
examples of principal ideals, and see that principal ideals in the same field always
map to the same quadratic form.

This will give a map from the class group to the set of proper equivalence classes
of positive definite binary quadratic forms of discriminant D, and we will see that
this is a bijection.

Throughout we work in the imaginary quadratic field K = Q(+/d) with d square-
free and negative. Write D for d or 4d, as in Theorem 6.19 above. For simplicity,
the complete proof will be given for d = 2, 3 (mod 4), where Zx = Z[\/E ], in what
follows; the arguments for d = 1 (mod 4) are very similar, but almost all the details
need minor amendment; these will be left as an exercise. The two cases can be treated
together (see [3], for example), but once the easier case is understood, the other case
really is similar, but the formulae are just a little more intricate.

6.5.1 d =2, 3 (mod 4)

We fix d = 2, 3 (mod 4), and write D = 4d for the discriminant of Q(v/d).
We will show that there is a bijection between classes of ideals in Z[+/d] and proper
equivalence classes of (positive definite) quadratic forms of discriminant D = 4d.
This will involve several steps.

1. Given an ideal a in Zg, we start by choosing a particular ordered basis, and
observe that this basis gives a quadratic form of discriminant D.

2. In fact, changing the ordered basis of the ideal produces a properly equivalent
quadratic form. So our map can be viewed as a map from ideals to proper equiv-
alence classes of quadratic forms of discriminant D.

3. Twoideals in the same equivalence class map to the same proper equivalence class
of quadratic forms, so we get a map @ from ideal classes to proper equivalence
classes of quadratic forms.

4. Finally, we write down a map ¥ from proper equivalence classes of quadratic
forms of discriminant D to ideal classes, and check ¥ = @1,

Stage 1: Ordered bases of ideals

The following lemma is a stronger version of the results of Sect. 3.4. We find a special
choice of ordered basis of an ideal with which we can make computations.

Lemma 6.22 Let a be an ideal in the ring of integers Zk. Then there are positive
integers a, b, c € Z with c|a and c|b such that

a=aZ+ (b+ cvVd)Z.

Proof Let a be the smallest positive integer in a and let b + ¢+/d be any element in
a with a positive integer ¢ as small as possible.
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We first claim that a = aZ + (b + cv/d)Z.

For this, we want to show that the only elements in a are of this form. Suppose
m + n«/g € a.

Choose s € Z so that the coefficient of v/d of (m +n~/d) — s(b + c+/d) satisfies
0 < n — sc < c; by our choice of b + c«/ﬁ, we must have n — s¢ = 0, son = sc,
and so (m + nv/d) — s(b 4+ c+/d) = m — sb, a non-negative integer, still in a. We
can now subtract a multiple of a so that 0 < (m — sb) — ta < a; by minimality of
a, we have (m — sb) — ta = 0. Combining these gives

(m—l—nx/c_i)—s(b—i—cx/g)—tazo,

sothat m + nv/d € aZ + (b + c/d)Z.

We next want to see that c|a. If not, we have a € a, and so a\/g € a by the
multiplicative property of ideals. We also have b 4 c+/d € a, and if ¢ { a, then we
can subtract some multiple of b + c/d from a~/d to get

avd —t(b+cvd) = —b+ (a —tc)Vd € a,

and we can choose ¢ so that 0 < a — ¢ < c, contradicting the minimality of c.
So cla.

Finally, we claim that c|b. We argue in a similar way to the last claim. So we
suppose that ¢ 1 b. As b + cv/d € a, we also have (b + cv/d)v/d = b/d + dc € a.
Then, as ¢ { b, we can subtract some multiple of b + cv/d to get

bNd +dec —t(b + evd) = (dc —th) + Vd(b — tc) € a

and if ¢ 1 b, we can choose ¢ so that 0 < b — tc¢ < ¢, again contradicting the
minimality of c. So ¢|b in this case.
This completes the proof of the lemma. (]

Let’s remark that when we write +/d, we will choose the square root of d lying in
the upper-half complex plane; then the pair (a, b + c+/d) of the lemma is ordered.

Lemma 6.23 Suppose that the ideal a of Zk is written
a=aZ+ (b+cVd)Z,
as in Lemma 6.22. Then Ng g(a) = ac.

Proof Nk g(a) is the index of a in Z[+/d]. But it is clear that coset representatives
for the quotient Z[v/d]/a are given by {x +yv/d |0 < x < a,0 < y < ¢} and that
this set has cardinality ac. ([

We will also need a partial converse:
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Lemma 6.24 Let a, b and c be in Z. Then the Z-module o« = aZ + (b + c\/E)Z is
an ideal in Zg if and only if c|a, c|b and ac|c*d — b>.

Proof The difference between a Z-module and a Z-ideal is the following. To be
a Z-module, we need to be able to multiply members of the set by elements of Z
and remain in the set. To be an ideal of Zg , however, we need to be able to multiply
members of the set by elements of Zg and remain in the set.

The extra condition we need follows from the requirement that if « € a, then
avd € a.

Letaa =ax + b+ c\/H)y = (ax + by) + c\/c_z'y. Then

avd = cdy + (ax + by)V/d.

For all choices of x,y € Z, we need that this is in a. That is, for all x,y € Z, we
need a/d = as + (b + c/d)t for some s, t € Z.
Comparing coefficients of 1 and v/d, we need that the equations

as + bt = cdy
ct =ax + by

have solutions with s, ¢ € 7Z, for all x, y € Z. We can read off the value of 7 from the
second equation:

ax + by
c b

and t € Z for all x, y € Z if c|a and c|b. Conversely, if t € Z, for all x,y € Z, we
see that c|a (choose x = 1, y = 0) and ¢|b (choose x = 0, y = 1). So the condition
that ¢ € Z is equivalent to c|a and c|b.

Having solved for 7, we can read off

cdy—bt  cdy—b(“)  _gbx + (2d — b?)
§ = = = s
a a ac

and this is an integer for all x, y € Z if and only if ac|ab (which follows if c|b) and
27 12
aclcd — b”.

The result follows. O

Now we want to associate a quadratic form to each ideal.

Proposition 6.25 Let a = Za + Z(b + c«/ﬁ) be an ideal of Z k. Then

Nk jg(ax + (b + c/d)y)
Nk g(a)

is a quadratic form with integer coefficients of discriminant D.
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Proof Notice that

Nk glax + by + C\/Ey) = (ax + by)2 — dc2y2
=a’x? + 2ab.xy + b — czd)y2
giving the quadratic form (a2, 2ab, b> — ¢2d) of discriminant 4a’c?d. Each of a2,

2ab and b* — ¢*d is divisible by ac by Lemma 6.24, and so the quadratic form can
be written

a , b b* —c%d )
ac Ex +2;xy+ — )y ) = Nkg,o(@@ ().

ac
Now

a, b b? —c*d\ ,

X +2-xy+|—— )y

c c ac
has integer coefficients, and its discriminant is indeed D = 4d. |

We also need to see that this is a positive definite form. We verify this in a slightly
more general situation. As above, let a be an ideal of Z[\/ﬁ], and let («, B) be an
ordered basis for a. If (x, y) # (0, 0), we see Ng,g(ax + By) > 0 is the square
of the modulus of a non-zero complex number; thus Ny q(ax + By) is positive
definite.

Further, in this situation, the same method as above shows that

Ng glax + By) = (ax + By)@x + By)
= (@@)x* + (@B +ap)xy + (BB
= Nk o(@)x? + Tg0@B)xy + Nk /0By,

and this is clearly a quadratic form; as «, B € Z[«/E], we see that the coefficients
are all in Z by Corollary 3.17.

Stage 2: The effect of changing ordered generators
The aim here is to see how the quadratic form changes when we change the ordered
generating set. So suppose that («, 8) is one ordered generating set for a; as above,

we could choose this to be of the form (a, b + c\/g).
Suppose that y, § € Z[+/d] is another basis for a as a free abelian group, and

(y, 8) is ordered. Then
ay 14
(5) =2 ()
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. r . .. . .
for some matrix M = (p s) with entries in Z of determinant 1. We need a little

lemma:

Lemma 6.26 Suppose that z is in the upper-half complex plane, and M = (5 ;) €

GL>(Z). Then Ziii is in the upper-half complex plane if and only if M € SL,(Z).

. . . . 457,
Proof An easy calculation gives the imaginary part of h.

q+sz  (q+s)(p+rz) (pq+rszz)+ (psz+qrz)
p+rz (p+r)(p+r2) lp+rz|?

)

and so the imaginary part is

im(z).(ps — qr)
lp+rz|?
which is positive if and only if ps — gr = det M > 0. ]

Notice that

B qv+ss  q+s@/y)

o py+rs  p+r@/y)

As («, p) and (y, §) are both ordered, both 8/« and §/y lie in the upper-half complex
plane, and we conclude from the lemma that det M = 1, so M € SL»(Z).
We get a quadratic form from the ordered basis («, ), given by

Nk qlax + By)

Ja.p (5, 4) = Nk jq(a)

we have already seen that this is integral and positive definite in the particular case
(a, B) = (a,b+ c\/c_i) above.

If (y, ) is another ordered basis as above, we get a positive definite quadratic
form

_ Ngjolyx +68y)
f)/,ﬁ(x’ Z/) - N[(/Q(Cl)

in the same way. We have
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Nk (@) fap(x, ) = (ax + By)@x + By)

= (x v) (Z) @ P) (z)

- () () () ()
~eravresn) (5) 9 (23 7)
= Nk (). fy.s(px +qy, rx + sy),

and since det M = 1, the two quadratic forms are properly equivalent, as required.
Since fu g(x,y) is integral and positive definite of discriminant D in the particular
case (o, B) = (a,b + c\/z) as above, we conclude that f, s(x, ) is integral and
positive definite of discriminant D for any ordered basis for a.

If a is an ideal of Z g, we know that we can write it in the form Za + Z(b + c+/d)
and that its norm is ac. Write

o = | Neolx + 6+ c/d)y)
B N o(a) ’

sending a to a proper equivalence class of quadratic forms. (Note that the square
brackets indicate that the image is the proper equivalence class of forms). The dis-
cussion above shows that we could use any ordered basis for a, and still get the same
proper equivalence class, so @ really does only depend on a, not on the basis.

So @ maps an ideal a to the proper equivalence class of quadratic forms
[ fo,5(x, y)] of discriminant D, where a has ordered basis (o, ).

Stage 3: From ideal classes to proper equivalence classes of quadratic forms...

Next we need to see that ideals in the same class have the same image under @.

Proposition 6.27 If a and b belong to the same ideal class, then @ (a) and @ (b) are
properly equivalent.

Proof Suppose that a and b are two ideals in the same ideal class. Then there exists
0 € K such that b = fa; if we write = y /S for y,8 € Zg = Z[\/E], then this is
equivalent to 6b = ya.

Suppose that a can be written Zo 4 Z . Then y a can be written Z(y«) 4+ Z(y B);
by the multiplicativity of the norm,

Nk glayx + Byy) = Nk o(y)Nk qlax + By).
Further, the multiplicativity of the norm of ideals (Theorem 5.37) gives

Ni,o({y)a) = Ng,o((¥y)D Nk (@) = Nk (V) Nk g(a).
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Since K is imaginary quadratic, N ,p(y) > 0. Consequently we have an equality

fya,yﬂ(x» Y) = fap(x, ),

and so @ (ya) = &(a).
Similarly @ (6§b) = @ (b). But y and § were chosen so that §b = ya; it follows
that @ (a) = @ (b). O

So @ can be viewed as a map from the set of equivalence classes of ideals of
Zk to the set of proper equivalence classes of positive definite quadratic forms of
discriminant Dg.

Stage 4: ...and back again—the main result

Conversely, we can associate an ideal to a quadratic form of discriminant D = 4d
by the map

¥ ((a, b, c)) =Za+Z(§ +JZ).

(Notice that since D = b2 — 4ac is even, so is b). We can check that this is an ideal
using Lemma 6.24; as ¢ = 1, only the final condition requires checking, but this is

justall —d. As D = b? — 4ac = 4d, this is immediate.

Proposition 6.28 If (a, b, ¢) and (a', b', ¢') are properly equivalent, then the ideals
Y ((a,b,c)) and ¥ ((a', b, ")) lie in the same ideal class.

Proof Proper equivalences are built up from the basic equivalences
(a,b,c) ~ (a,b+t2a,ctb+a), (a,b,c) ~ (c,—b,a).

We have

o W((a,b+2a,c+b+a)) = Za+z(%+\/3) - Za+z(g+ﬁ) -
Y ((a,b,c)).

o U ((c,—b,a))=Zc+7Z (—%’ + ﬁ) We want to see that this is an ideal which
is in the same ideal class as ¥ ((a, b, ¢)). But

(%‘7) W((c, —b,a)) = (%ﬁ) [Zc +Z (_g + ﬂ)}

() ()]
=Z (g + JE) + Z(—a)

=Y ((a,b,c))
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where the second equality is just scaling the generators by % € Z[/d], and
where we use b2 — 4ac = 4d and Za = 7Z(—a). Thus the ideal ¥ ((c, —b, a)) is
just a multiple of the ideal ¥ ((a, b, ¢)) by some constant, and they therefore lie
in the same ideal class. O

Thus ¥ gives a map from proper equivalence classes of quadratic forms of dis-
criminant Dg = 4d to ideal classes in Zg = Z[+/d].

Theorem 6.29 The maps @ and W give inverse bijections between the set of proper
equivalence classes of quadratic forms of discriminant 4d and the set of ideal classes

in Z[/d].

Proof We need to prove that the maps are two-sided inverses, i.e., that if (a, b, c) is a
quadratic form of discriminant 4d, then @ (¥ ((a, b, ¢))) is a quadratic form properly
equivalent to (a, b, c¢), and that if a is an ideal in Z[+/d], then ¥ (® () is an ideal
which is in the same ideal class as a.

So suppose that (a, b, c¢) is a quadratic form of discriminant 4d. Then ¥ ((a, b,

c))=Za+7 (g + \/3) is an ideal of norm a and

Nk @ (ax +a(§+\/3) y) :é(a2x2+abxy+(l;—2—d) yz)

5 (b2—4d) )
=ax” + bxy + Y
4a

=ax>+ bxy + cyz,

the last equality following as 4d = b% — 4ac. We see that @ (¥ ((a, b, ¢))) is not
only properly equivalent to (a, b, c), but is actually equal to it.

Finally, let a denote an ideal in Z[ﬁ], and write it Za + Z(b + c«/g) with c|a
and c|b, so that Ng g(a) = ac. Then

P(0) = Nk g(ax + (b + c/d)y) _an 2éxy N b2 — c2dy2
Nk (a) c c ac ’

and
(D) =22 +7 (9 i ﬁ) _! (Za +7(b + c«/Z)) ,
C Cc C

and therefore in the same ideal class as a, as required. |
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6.5.2 d =1 (mod 4)

The arguments for the case where d = 1 (mod 4) are identical to the case where
d = 2,3 (mod 4), but one needs to make minor changes to almost all the details,
arising from the differences in the rings of integers. We will leave the verification of
these details as an exercise for the reader.
Let us fix d = 1 (mod 4), and write D = d for the discriminant of K = Q(+/d).
At Stage 1, there are several adjustments to make to the structure theory of ideals.
The statement of Lemma 6.22 will be the same, except to replace ~/d by pg =

Lemma 6.30 Let a be an ideal in the ring of integers Zg. Then there are integers
a, b, c € Z with cla and c|b such that

a=aZ+ (b+ cpg)Z.

The proof is very similar to that of Lemma 6.22.

The norm of the ideal a = aZ + (b + cpy4) is ac, just as in Lemma 6.23.

The condition (see Lemma 6.24) that such a set is an ideal needs some amendment
(although the proof is essentially the same):

Lemma 6.31 Suppose that d = 1(mod 4).
Let a, b and c be in 7. Then the Z-module a = aZ + (b + cpg)7Z is an ideal in
Zk if and only if c|a, c|b and ac|cz(%) — b? — be.

Given an ideal a = Za + Z(b + cpg), one easily sees that

Nk glax + (b + cpa)y)
Nk ()

D(a) =

is a quadratic form with integer coefficients of discriminant D = d. Indeed,

Nk olax + by + cpay)

N 2
= (ax + by + %y)2 — ‘Tdy2
1—-d
= a’x? + (2ab + ac) xy + (b2 +be+c? (T)) y2
giving the quadratic form (a?, 2ab + ac, b*> + bc + (1 — d)c?/4) of discriminant
a’c?d. Again, extracting the common factor of ac from each coefficient gives

a 2b b + b + ¢ (14
<D(a)=zx2+(?+l)xy+( (%) Y2,

ac

which has integer coefficients by the conditions just noted, and is easily computed
to have discriminant D = d.
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The rest of this stage is unchanged, as this just depends on the definition of the
quadratic form as associated to an ordered pair of generators for an ideal. Stage 2
is unchanged, as this is essentially just a result in linear algebra; Stage 3 is also
unchanged. In Stage 4, the inverse map ¥ is defined by

¥((a, b, c)) =Za+Z(% +,0d) :Za+z(b+2ﬁ)

(recall that b is odd, as d = b — 4ac = 1 (mod 4)). The proof of Proposition 6.28
is unchanged, except that with the amended definition of ¥, we see that

(b—i—x/c_i

)llf((c, —b,a)) =¥ ((a,b,c)).
2c

6.6 Counting Quadratic Forms

We know:

e There is a bijection from the class group in an imaginary quadratic number field
to the collection of positive definite binary quadratic forms with the appropriate
discriminant;

e Every positive definite binary quadratic form is equivalent to a unique reduced
form with the same discriminant.

This means that the size of the class group of K = Q(+/d) is the same as the number
of reduced quadratic forms of discriminant Dk, and to calculate the class number of
Q(+/d), it suffices to count the number of reduced quadratic forms of discriminant
D = Dg.

This, however, turns out to be rather straightforward.

Let’s first note that if (a, b, ¢) is reduced, then 0 < |b| < a < ¢, so certainly
0 < b? < ac. Then —4ac < b* — 4ac < ac — 4ac = —3ac, and so

—4ac < D < —3ac.

This gives a finite range for ac:

-D —-D
— <ac < —.
4 3
There are finitely many possibilities for a, since a’ < ac (as a < c¢), and, in
particular,
5 —-D
a” <ac<

3
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So a is bounded; as |b| < a, so is b, and for each choice of a and b, there is at most
one value of ¢ with b2 — 4ac = D.
We have therefore proven the following result:

Theorem 6.32 There are only finitely many reduced quadratic forms of discrimi-
nant D.

Since we have a bijection between this set and the class group, we conclude:
Theorem 6.33 The class group of an imaginary quadratic field is finite.

We will give another proof of this theorem for more general number fields later.
However, the relation to binary quadratic forms is very useful; it gives us a simple
way to compute the class number.

Let’s give an example.

Example 6.34 Suppose we want to compute the class number of Q(+/—13). We note
that as —13 = 3 (mod 4), we have D = —52, and the class group of Q(+/—13) is in
bijection with the collection of reduced quadratic forms of discriminant —52.

We are looking for triples (a, b, ¢) with b*> — 4ac = —52, and satisfying the
reduction conditions. Above, we noted that we must have % < ac < %, so that
13 < ac < 17. We try each possibility.

If ac = 13, then b = 0 as we need b? — 4ac = —52. We have ac = 13, and
0 < a < c, so the only possibility isa = 1, ¢ = 13, and we find the triple (1, 0, 13).

If ac = 14, then b*> = 4 to get b> — 4ac = —52. So b = £2 and ac = 14, with
0 < a < ¢, so the possibilities for (a, c¢) are (a, ¢) = (1, 14) and (2, 7). This gives
4 possible triples:

e (a,b,c) = (1,2, 14); not reduced, as |b| > a (applying (a,b,c) +— (a,b —
2a,c — b+ a) gives (1,2, 14) — (1,0, 13)).

e (a,b,c) = (1, =2, 14); not reduced, as |b| > a (applying (a, b, c) — (a,b +
2a,c+ b+ a) gives (1, =2, 14) — (1,0, 13)).

e (a,b,c) = (2,2,7), reduced.

e (a,b,c) = (2,—-2,7); not reduced, as b = —a (applying (a,b,c) — (a,b +
2a,c+ b+ a) gives (2, =2,7) — (2,2, 7)).

If ac = 15, then b must be 8, but this is not a square.

If ac = 16, then b must be 12, but this is not a square.

If ac = 17, then b must be 16. So b = +4—but there are no solutions to ac = 17
which satisfy 4 = |b| <a <c.

We conclude that there are two reduced forms of discriminant —52, namely
(1,0, 13) and (2, 2, 7). The class number of Q(+/—13) is therefore 2.

Exercise 6.10 Show that the class number of Q(+/—14) is 4. Try some more exam-
ples for yourself.

Example 6.35 Now let us compute the class number of Q(+/—19).
This time, —19 = 1 (mod 4), so D = —19. We need to count the number of
reduced forms with discriminant —19.
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We can do this as above; we see that % <ac < %, soac = Sorac = 6. If
ac = 5, we need b*> = 1 so that b> — dac = —19; we get (1, 1,5) and (1, —1, 5)
as the only possibilities. The first is reduced, but the second is not—it is properly
equivalent to (1, 1, 5) by applying (a, b, ¢) — (a,b+2a,c+b+a).Ifac = 6, we
need b2 = 5, but this is not a square, so there are no reduced forms with ac = 6.
We conclude that there is 1 reduced form of discriminant —19, namely (1, 1, 5).
Because of the bijection with the class group, we see that the class number of

Q(/—=19) is 1.

This last example is a very interesting one. We have found a quadratic field with
class number 1—so it has unique factorisation! It was not on our list of fields which
were Euclidean, so we have found an example of a field with unique factorisation
which is not Euclidean.

Exercise 6.11 For each of Q(+/—43), Q(v/—67) and Q(+/—163), use the above

method to show that the class number is 1.

It is a famous observation of Euler that the polynomial X2 + X + 41 is prime for
all X =0, ..., 39. What is the discriminant of this quadratic? Explain why Euler’s
observation implies that Q(+/—163) has class number 1.

Verify similar results for X> + X + 11 and X> + X + 17.

‘We have now seen the following examples where the class group of an imaginary
quadratic field is trivial, so that the field has unique factorisation: Q(v/—1), Q(+/=2),
QW=3), Q(W=7), Q=11), Q(W/~19), Q(v/—43), Q(+/=67) and Q(+/—163).

All these examples were known to Gauss. Gauss also predicted that these were the
only such fields, and this was for a long time a central problem in algebraic number
theory, known as the “Class Number One Problem”. It was not until the 1960s that a
proof was given, by Alan Baker and Harold Stark independently; subsequently, it was
observed that an earlier, rather obscurely written, attempt by Kurt Heegner (dating
from the early 1950s) was also valid. Baker won the Fields Medal (the mathematical
equivalent of the Nobel Prize) for the techniques he introduced in his solution of the
problem.

The proof of the full theorem is therefore rather beyond an undergraduate textbook.
Nevertheless, we can prove easily the following partial result:

Theorem 6.36 Suppose thatd = 2,3 (mod 4) is a negative squarefree integer. Then
Q(«/d) has unique factorisation if and only ifd = —1 or d = —2.

In view of the bijection between class numbers and quadratic forms, we can restate
our result in terms of quadratic forms:

Theorem 6.37 Suppose that d = 2,3 (mod4) is negative and squarefree, and
write D = 4d. The only cases where there is only one reduced quadratic form of
discriminant D is where d = —1 ord = —2.

Actually, we shall prove a result which applies to more general values of d (note
that —4 is divisible by 4, and that —3 and —7 are both congruent to 1 (mod 4)):
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Theorem 6.38 Suppose that d is negative, and write D = 4d. The only cases
where there is only one reduced quadratic form of discriminant D is where d =
-1,-2,-3,-4,-7.

Proof In each case, (1, 0, —d) is one reduced quadratic form of discriminant D. For
all values of d except those listed in the theorem, we will simply write down another
one, thus proving the theorem.

If —d is not a prime power, then we can write —d = ac with (a,c) = 1, and
1 < a < ¢ (for example, if —d = 45, we can choose a = 5, ¢ = 9). Then (a, 0, ¢)
is a reduced form of discriminant D and is different from (1, 0, —d).

If —d = 27, then if r > 4, we can use (4, 4, 22 4 1), and this is easily checked
to be reduced, as 4 < 272 + 1. For r = 3, when d = —8, we also have (3, 2, 3).
This just leaves —d = 1, 2, 4, which are all in the statement of the theorem.

If —d = p”", where p is an odd prime and r > 1, then consider p” + 1, which will
be even. If p” + 1 = ac with2 < a < c and (a, ¢) = 1, we can use (a, 2, ¢). This
can be done whenever p” + 1 is not a power of 2. (For example, if —d = 27, then
use 28 =4 x 7,and use (4,2,7).) If p" + 1 = 2° with s > 6, use (8, 6, 2573 4 1),
again reduced. If p" + 1 = 32 (so that p = 31, r = 1), use (5,4, 7) or (5, —4, 7).
The equation p” + 1 = 16 has no solutions, since 15 is not a prime power. The
possibilities p" +1 =8 (sop = 7,r = 1 givingd = —7), p" + 1 = 4 (giving
d=-3),p" +1=2(sod = —1) are given in the statement of the theorem. ([l

Let us end this chapter by remarking that there is even more to the bijection
between the class group and the collection of reduced quadratic forms of the appro-
priate discriminant. After all, the class group has a group structure, as it is the quotient
of the abelian group of all fractional ideals (see Theorem 5.30) by the normal sub-
group of all principal fractional ideals. The bijection from the class group to the set of
all reduced quadratic forms of the appropriate discriminant certainly gives us some
group structure on the collection of all reduced quadratic forms of the appropriate
discriminant, but we might wonder whether there is a more natural description of
this group structure. This is really beyond the scope of this book, but we remark that
the group structure can indeed be seen with quadratic forms. Indeed, the identity

(@ + b>)(c* + d?) = (ac — bd)? + (ad + bc)?

from Lemma 1.18 is an example where we multiply two copies of the unique quadratic
form x2 + y? of discriminant —4. We expect the answer to be the unique quadratic
form of discriminant —4, and indeed this appears on the right-hand side of the identity.

For a slightly more interesting example of this identity, consider the product of
forms of discriminant —20. Here there are two classes, the form x2 + 51(/2 corre-
sponding to the principal ideal class, and the form 2x? + 2xy + 33> corresponding
to the non-principal ideals. The class group has order 2, and multiplying the identity
by the other element will give the other element. This is indeed demonstrated with
the quadratic forms:

(a® + 5b)(c* + 5d%) = m® + 5n°,
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where m = ac — 5bhd, n = ad + bc;

(2a® + 2ab + 3b*)(c? + 5d%) = 2m* + 2mn + 3n°,
where m = ac — ad — 3bd, n = 2ad + bc + bd, and

(2a* + 2ab + 3b*)(2¢* + 2¢d + 3d*) = m* + 5n?,

where m = 2ac + ad + bc — 2bd, n = ad + bc + bd.

Exercise 6.12 In Exercise 6.10, you should have found 4 reduced quadratic forms
f1, f2, f3 and fy of discriminant —56. Thus the class group of Q(+/—14) has order 4.
It must be either cyclic or isomorphic to the Klein 4-group, where each non-identity
element has order 2. For eachi = 1,...,4, try to write each f;(a, b) fi(c,d) as
fi(m, n) for suitable m and n, and hence decide whether the class group is cyclic
or not.

If you wish to make the exercise more lengthy still, you could verify your answer
by writing each product f;(a, b) fj(c, d) as fx(m,n) for suitable m and n, so con-
firming the complete group multiplication table.



Chapter 7
Lattices and Geometrical Methods

In this chapter, we will prove two fundamental results in algebraic number theory: the
finiteness of the class group, and Dirichlet’s Unit Theorem, which gives the structure
of the group of units in the rings of integers of number fields.

Surprisingly, both use geometrical techniques, based around the geometry of lat-
tices. Before we consider the special case of lattices arising from number fields, we
will begin the chapter with an overview of the main results of the theory of lattices.

7.1 Lattices

Definition 7.1 Let V be an n-dimensional real vector space. A lattice in V is a
subgroup of the form
I' =Zvi + - + Zvy,

where {vy, ..., v,}is alinearly independent set of vectors in V. The lattice is called
complete if m = n. To I' (or rather, to its generating set {vy, ..., vy,,}) is associated
its fundamental mesh or fundamental region, @, defined as

Or ={avr + -+ opvn |0 <a; < 1}

Note that completeness is equivalent to

v=_J@r+w;
yel’

the right-hand side is easily seen to be equal to the real vector space spanned by
V1, ..., Uy. In order words, I" is complete if every element of V is a translate of an
element in the fundamental region by a lattice point.

F. Jarvis, Algebraic Number Theory, Springer Undergraduate 149
Mathematics Series, DOI: 10.1007/978-3-319-07545-7_17,
© Springer International Publishing Switzerland 2014



150 7 Lattices and Geometrical Methods

Definition 7.2 A subset I" of R” is said to be discrete if, for any radius r > 0, I
contains only finitely many points at a radius at most r from 0.

The next proposition gives a characterisation of discrete subgroups of R”. The
proof is somewhat analytical, and readers may prefer to take it on trust.

Proposition 7.3 A subgroup I' C V is a lattice if and only if it is discrete.

Proof 1If I is a lattice, choose a basis vy, ..., vy, and consider the vector space V)
spanned by these vectors. By linear independence of the set, every vector v € Vj
can be expressed uniquely as a linear combination of the basis, and we can define a
continuous map ¢ : R — R" by ¢(ajvy + -+ 4+ apnvn) = (ai, ..., ay). Now
pick some radius r > 0, and consider the closed ball B of radius r around 0. Since
B is closed and bounded, it is compact, and thus ¢ (B) is also compact, and thus is
a subset of the closed ball of some radius M, say. If v = ajv; + - - - 4+ apv,; € B,
then we must have ||[¢(v)|| < M, and so ||(ay, ..., an)|| < M, which implies that
lai| < M for all i. There are thus only finitely many points in I” with this property,
and so I is discrete.

Conversely, suppose I” is discrete. Again let V be the R-span of I', of some
dimension m. Let {uy, ..., u,;} be a basis of V; formed of elements in I", and let
Iy =Zuy + - -+ Zuy,, < I'. Suppose

r=Jao+ .

iel

a (disjoint) union of cosets of Iy in I". Since I is complete in Vp, and y; € V), it is
the translate of some element u; € @, by anelement of I'y. Then Iy +y; = o+,
and so

r=Joo+u.

iel

However, u; € I'aswell as u; € @ . As I' is discrete, I" N @ is finite, since P,
certainly lies inside some closed ball. It follows that / is finite. Thus, if ¢ denotes
the index of Iy in I', we have g I C Iy. Then

1 |
FCZ(—M1)+-~-+Z(—um).
q q

But now we can apply Proposition 4.33; I" is a subset of a free abelian group of
rank m, and so I" admits a Z-basis, i.e.,

I'=7Zv + - +Zv,

for some r < m. The set {vy, ..., v} is linearly independent as the vectors span Vj
(so that in fact r = m). O
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To illustrate what can go wrong, think about Z.1 + Z.+/2 inside R; this is a
perfectly good subgroup of R (under addition), but is not a lattice, as the basis
elements are linearly dependent—each is a multiple of the other. Nor is it discrete,
as we can find a, b € Z such that a + b2 is arbitrarily close to 0.

Next we give a criterion for a lattice to be complete.

Proposition 7.4 A lattice I' C V is complete if and only if there exists a bounded
By C V such that
v=_J®Bv+n.
yel’

Proof 1If I' is complete, taking By = @ suffices.

Now we prove the converse. Since By is bounded, there exists a constant d such
that every point of By lies at a distance of at most d from 0. Then the collection of
translates {By + y | y € I'} contains no point which lies at a distance greater than
d from some element of I". However, if Vjy denotes the span of I", and Vj is not all
of V, then it is of strictly smaller dimension, and there exist points in V which lie
arbitrarily far from Vp. (Think about the situation where Vj is a 1-dimensional subset
of the 2-dimensional vector space R?.) O

Having defined lattices in R”, we need next to compute the volumes of their
fundamental domains. Since R" has a natural inner product, we can define lengths,
areas, volumes and so on for subsets of the vector space R" (not every subset has
a volume, but we shall only need to work with nice sets where we do have a well-
defined volume). In particular, we can compute the volume for a lattice in R": if I"
is a lattice, write vol(I") for vol(® ).

Proposition 7.5 Suppose that I' = Zv| + - - - + Zv, is a lattice in R". If v; =
(ai1 ... ain), then
vol(I") = | det(a;;)|.

Proof Write {eq, ..., e,} for the standard basis of R”, so that v; = Z:‘l:l ajje;j.
Writing x1, . .., x, for the co-ordinates of a general point of R" with respect to the
standard basis, we have

vol(I") =/ ldxidxy ... dx,.
or

We want to change basis from the standard basis to {vy, ..., v,}, as @ is given very
simply in co-ordinates with respect to this basis: @ is the set of points «jv + - - - +
o, v, Whose co-ordinates satisfy 0 < o; < 1.

Asv;, = Z?:] a;je;, the change of basis matrix from {vy, ..., v,} to{e1, ..., e,}
is given by A = (a;j); if x € R" is equal to >, xje; and »_7_, y;v;, then the
coefficients are transformed by the matrix A. The co-ordinates of @ in the basis
{vi,..., vy} are 0 < y; < 1 by definition. The formula for changing the variable in
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multiple integrals involves the Jacobian of the transformation, which is just | det A|.
More precisely

vol(I') = / ldxidxy ... dx,
dr

:/ |det Aldyidys ... dy,
@

r
1 1
:|detA|/ / ldyidy; ... dy,
0 0

= | det A],

as claimed. |

The main result we will need is Minkowski’s theorem on lattice points. For this,
we take a vector space V, which we identify with R” so that we can define a volume
for subsets of V.

Definition 7.6 A region X C V is centrally symmetric if x € X implies —x € X.

Definition 7.7 A region X C V is convex if given x, y € X, and ¢ € [0, 1], then
tx + (1 —t)y € X. (Thatis, if x and y lie in X, so does the line joining them.)

Minkowski’s theorem guarantees the existence of non-zero lattice points inside
certain subsets of V.

Theorem 7.8 (Minkowski) Let I' be a complete lattice in V. Let X be a centrally
symmetric convex subset of V. Suppose

vol(X) > 2"vol(I).

Then X contains at least one non-zero lattice point of V.

Proof 1t suffices to prove that there exist distinct y1, y» € I" such that
(%X + yl) N (%X + yz) # .
For, ifso, yy —yp € X N I if
12 %m =y + %xz,
then y; — y» = %xz + %(—xl) € X, using the convexity and central symmetricity

of X.
If {%X + ¥ }yer are pairwise disjoint, the same holds for the intersections {® N

(%X + ¥)}yer with @ . In particular, since these sets are all contained in @, we
have vol(I") = X", .- vol(® N (5 X + ¥)).
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But @ N (%X +y)and (@ —y)N %X have the same volume (the second is a
translation of the first by —y).
The set {1 — y}yer covers V,so0 {(Py —y) N %X}yep covers %X Then

1
vol(I") = D" vol((@r —y) N 3X) = vol(5X) = —vol(X),
3 wi{ior = ) =i -

contradicting the hypothesis on vol(X).

7.2 Geometry of Number Fields

We want to apply geometrical techniques, and Minkowski’s Theorem particularly,
to number fields. For this, we need to work with lattices in vector spaces; we will
begin by defining some of the appropriate vector spaces and lattices.

Let K be a number field. Inside Zg, we have the units Z;é. Recall that € € Zg
is a unit if and only if Nk () = *£1 and that non-zero elements x1, x € Zg are
associates if % € Zy.

Suppose [K : Q] = n.From Proposition 3.7, we recall that there are n embeddings
of K into C.

Definition 7.9 If o : K — C has o(K) C R, then o is said to be real. Otherwise
o is said to be complex, and, in this case, its conjugate, o, defined by

(k) = o (k),

is also an embedding.

Thus, if there are r; real embeddings and 7, conjugate pairs of complex embed-
dings, one has r; + 2r; = n.

We will tend to write p for a real embedding, o and o for complex pairs, and t
when discussing an arbitrary embedding. So the real embeddings are {p1, ..., oy},
and the complex embeddings will be {01,771, ..., 0,,,0,}. Thatis, we choose one
of each complex pair to be denoted o7;; then the other is o;.

Define a map

i: K <— R xC"?
at= (p1(a), ..., pr(a),01(a), ..., 0n))

If addition and multiplication on the right-hand side are defined componentwise,
then this i preserves the additive and multiplicative structure of K. Write

Kr =R" x C"?,
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and note that Kp is an n-dimensional real vector space, as C = R? and r{ +2ry = n.
The map i embeds K into K. (Readers aware of the tensor product will realise that
Kr =K ®gR)

One has the norm map Ng @ on K, where Nk ¢ («) was defined as the determi-
nant of the map my : x +— ax on K (using any basis for K as a QQ-vector space),
and we can similarly define amap N : Krg —> R so that if « € Kp, then N (&) is
defined as the determinant of the multiplication map x — ox on the space K. It is
easy to see that the map is given explicitly by

N:Kp — R
r| r
2
TONTPRIRTNS o S [
i=1 i=1

and that the following diagram commutes:

K—i>KR

"

Q— R

In other words, given @ € K, there is an equality
N(i(a)) = Nk g(@).

In order to apply the theory of lattices to K, we need some notion of volume,
which we can explicitly compute in order to apply Minkowski’s Theorem.

In fact, there are two natural notions of volume one can use; the first one we will
give is more natural, but the second is easier to use for making explicit computations.

First, think of K as a subset of C" by sending

(x19""xr13zl9"'1zr2)|_) (-xlv"-»xrlvzlvzls'-'7Zr2’2}’2)'

Write ic : Kr < C” for this embedding. Notice that the map K — K — C"is
then given by

x = (p1(X),s . oy (%), 01(X), 01(X), ..o, 0, (X), 0y (X))

(Note that this is a ring homomorphism, although we won’t require this.)
Then C" has a natural inner product; given two elements z = (z1, ..., z,) and
7 = (2}, ..., z},), define
n
(z.72) =) 7.
i=1
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This gives us a length on C*, where ||z|| = (z, z)!/?. As KR is a subset, we get a
length, distance, etc., on K. In particular, we can define the volume vol(X) of a
subset X of K (not every subset has a volume, but the ones we meet will do).

This looks natural because all the embeddings are used (so no arbitrary choice of
one embedding in each pair is made) and because the map preserves the multiplicative
structure of KR, amongst others. But it is not quite so easy to use in practice as the
second we will give.

For the second method, we can identify Kg with R” using the isomorphism

iR:(xlsw-,xrl,le---,Zrz)'_) (-xlv-~-sxr17M1aU17-~-9ur2avr2)s

where zx = uy+ivig fork =1, ..., r». (Youshould notice that i is a linear map, but
the multiplicative structure of Ky is not preserved.) The space R" has a natural inner
product, essentially just the usual vector dot product; given two elements (ay, . . ., a,)
and (by, ..., b,) in R", the inner product is given by (a, b) = Z?:l aib;. This gives
a notion of length of a vector x € R":

Xl =+ {x, x),

the usual (Euclidean) length, and then we get the usual notions of distances, areas,
volumes etc. We will write volr (X) for the volume of a subset X C K using this
definition.

We are going to be able to make computations of volumes of lattices in Kg by
mapping them to R" using i, and then using Proposition 7.5.

Because we can use Proposition 7.5 to compute volumes of lattices in R”, it is
often easier to make explicit computations in R". However, the statements of most
of the results look nicer if we use ic to map Kp into C". We start by explaining the
relation between the two volumes.

Proposition 7.10 If I is a lattice in KR, then vol(I") = 2"2volr ().

Rather than give a general proof, we illustrate it with a short example; the general
case is exactly the same, but the determinants involved are larger.

Example 7.11 Suppose [K : Q] = 3, and we have one real embedding p, and
one pair of complex embeddings o and o. Given 3 elements w;, w; and w3 in K,
the volume of the lattice I" they generate in K is got by taking the embedding
ic : Kgr < C" and computing (as in Proposition 7.5):

p(w1) o(wr) o(wr)
vol(I') = |p(w2) o(w2) o (w2)].
p(w3) o(w3) o (w3)

On the other hand, if we use i toregard K as asubset of R”, the relevant determinant
is computed (by Proposition 7.5) as
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p(w1) Re(o(w1)) Im(o (w1))
volr(I") = |p(w2) Re(o(w2)) Im(o (w2))].
p(w3) Re(o(w3)) Im(o (w3))

Write o (w;) = u; +ivj; simple column operations give

pw1) ur +ivi ug —ivy p(w1) 2uy uy —ivy
vol(I") = |p(w2) us +ivy ur —ivy| = |p(w2) 2ur ug —ivy
p(w3) uz +ivy uz —iv3 o(w3) 2u3 uz — iv3
plwr) uy up —ivy plwr) up —ivy
=2|p(w2) uz uz —ivy| =2 |p(w2) uz —ivy
p(w3) uz uz —iv3 p(w3) uz —ivs
plw1) ur vy
= | =2i| |p(w2) uz v2
p(w3) usz v3
= 2volr(I).

Exactly the same happens in the general case; every pair of complex conjugate
embeddings gives an extra factor of 2 in the volume computation.
Now let’s compute the volume of the ring of integers and other ideals.

Proposition 7.12 I = i(Zg) is a complete lattice in K and vol(I") = |DK|%.

Proof Let
Zx = Zw) + -+ + Zawy,

so that
I' =7Zi(w)) + -+ Zi(w,) C Kp.

Let M be the matrix (t;w;) as 7; runs over all embeddings of K into C (note that
this is exactly the same matrix as in Sect. 3.3). By Definition 3.18,

Dk = Aoy, ..., w,} = det(M)?,
and so | Dk |? = | det(M)].

But the same argument as Proposition 7.5 (the same argument works in C" rather
than R") shows that vol(I") = |det(t;w;)|, and so we conclude that vol(/") =

| Dk, O
Recall (from Sect. 4.8) that if a is an integral ideal of K, then a admits a Z-basis,
a=Zoy+ -+ Zay,,

where n = [K : Q] is as above. Define the discriminant of the ideal a to be
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D(a) = Alay, ..., ay) = det(riaj)?,

where 7; runs over all of the embeddings of K into C. The same argument as in
Proposition 3.28 shows that it is independent of the choice of Z-basis. By definition,
Dk = D(Zk).

The previous result easily generalises to ideals. It could be proven in exactly the
same way, but we might as well deduce it from the previous proposition.

Proposition 7.13 If a is a non-zero ideal of Zk, then I' = i(a) is a complete lattice

in Kp. Further, D(a) = NK/@(a)zDK, and @ has volume

vol(I") = |D(a)|% = Ngg(a).| Dx|2.

Proof By definition of the ideal norm, Z is the (disjoint) union of Ng g (a) cosets
of a. Then i(a) has volume vol(i(Zk))/ Nk (). The result now follows from the
calculation of the volume of i (Z) in Proposition 7.12. O

We now apply Minkowski’s Theorem to give a result which is the key result for
the finiteness of the class number for any number field K .

Proposition 7.14 Let I be a lattice in Ky, and letc1, ...,cr,C1,...,Cr € Ry

satisfy
2 2\" I
crecp(Cre--Cpy)” > (7_[) vol(I").

Then there exists a non-zero v = (X1, ..., X, 21, ..., Zr,) € I such that |x;| < c;
forall j=1,...,r;,and |zx| < Cr forallk =1,...,r.

Proof Let X denote the set of all elements (x1, ..., X, , u1 +ivy, ..., U +iv,)in
Kgr =R xC?suchthat |x;| <cjforj=1,...,r and |u; + ivl? = u,% + v,f <
C,g fork =1, ..., r. Then X is centrally symmetric and convex. It is the Cartesian

product of rq intervals —¢; < x; < ¢; and r; circles u% + v,% < C,%, and so
volg(X) = (2¢1) ... 2¢,)(mCP) ... (xC}) = 2" "¢y ... (CT ... CL).

Under the hypothesis of the statement, we see that
2\"
vol(X) = 2"2volp(X) > 2112772, (—) vol(I") = 2"vol(I")
i

as r; + 2rp = n. The result now follows from Minkowski’s Theorem
(Theorem 7.8). ([l

We will be particularly interested in the special case where I" = i(a) is the lattice
associated to an ideal.
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Proposition 7.15 Let a be a non-zero integral ideal of Zk . Then there exists a non-
zero a € a such that

2\"2
INkj@(@)] < (;) Nk o) Dk "2,

Proof Choose any

2 r2 12 2 r2
M > P Nk o@Dk |/* = p vol(a),

the last equality coming from Proposition 7.13. Then choose ¢y, ..., ¢,, C1, ...,
C,, € R.g satisfying ¢1...¢,(Cy... C,z)2 = M. By the previous proposition,
there is a non-zero element « € a such that [pj(@)| < ci,..., |or (@] < ¢,

lo1(a)| < Cy,..., |loy, ()| < Cr,. Note that this also implies that [0 (a)| < C;. As
Nk ,g(a) is formed from the product over all embeddings (including the complex
conjugates), we conclude that

Nijg(@) <ci...cy(Cr...Cr)* = M.

We can do this for any M bigger than the given bound, and so we conclude that there
exists a non-zero @ € a as in the statement. ([

7.3 Finiteness of the Class Number

One of the two main applications of this theory comes with the finiteness of the class
number. Recall that the class group is the group of all fractional ideals of Z g, modulo
the principal fractional ideals. We had already shown this finiteness in Chap. 6 in
the case of imaginary quadratic fields; using the geometrical methods above, we can
now show this for any number field. We write C (K) for the class group, and its order,
hk, is the class number.

Theorem 7.16 The class group C(K) is finite.

Proof We will first show that every ideal class [a] contains an integral ideal ¢ of
norm at most M = (%)r2 |DK|%.

We first take any representative b of the class [a~!]; we assume that b is con-
tained in Zg (otherwise we can multiply through by a suitable element in Zg).
Proposition 7.15 shows that there exists S € b, with 8 # 0, such that

2\"
INgj0(B)] < (;) Dk |2 Ng g (b).
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Then let ¢ = (B)b~! € [a]; also since B € b, every element of ¢ is integral, and so
¢ C Z[(.
Finally,

2\"? 1
Nk () = INgjo(B)INg b))~ < (;) [Dg|2 =M.

But there are only finitely many integral ideals whose norm is at most any given bound
M (consider the factorisation of an integral ideal into primes, use the multiplicativity
of the norm, and observe that there can only be finitely many primes whose norm is
bounded). Thus there can only be finitely many ideal classes. ]

For the finiteness of the class number, it sufficed to show that every ideal class
contains an ideal of norm at most some fixed bound M. But the method of proof
also suggests a way to construct the class group, at least for number fields of small
discriminant. Given a number field K, compute Dk and the constant M. Then we
know that every ideal of Z is equivalent to an ideal with norm at most M. We also
know that ideals factor uniquely into prime ideals, and that the norm is multiplicative.
We therefore list all prime ideals whose norm is bounded by M, and then all products
of those whose norm is at most M. Every integral ideal will be equivalent to at least
one ideal on this list, and so the class number is bounded by the number of these
ideals.

In fact, the claim that every ideal class contains an ideal of norm at most M =
(%) " | Dk | 3 is far from being best possible. When it comes to finding the class group
explicitly, it is helpful to have a much better bound.

The main problem is that the convex shape X is defined as a “hypercube”, and
something more spherical gives better bounds. For example, in R?, there is an open
square of area 4 given by {(x, y) | [x| < 1, |y| < 1} with no lattice point other than
(0, 0). But the bound for circles is much better; there is no circle of area more than
7 containing no lattice point other than (0, 0). Better still is to use a square with
sides which are diagonal, parallel to y = 4x; every such square of area more than 2
contains a lattice point other than (0, 0).

We will now spend some time finding a better bound, and using it to compute
some class groups of fields with small discriminants.

If instead, for ¢ > 0, we consider the subset of K defined by

Xe={1, X2t zm) |l x| 221+ e+ 22| < 1],

we get a region of a different shape. It is clearly bounded and centrally symmetric.

Exercise 7.1 Show that X, is also convex.
n

t
Lemma 7.17 The volume of X, is vol(X;) = 2" n"2 =
n!

Proof Use i to write X, as a subset of R”.
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Then ig (X;) is the set of points {(x1, ..., Xs, U1, V1, ..., U, Ur,)} satisfying

Ierl + - o |+ 20w +of + -+ 2 ud + 0l <t

where z; =u; +ivjforj=1,...,1.
We compute vol(X) = 2"2volg (X). Make a change of variable to put (u;, v;) =

2
giVCS 4dujdvj = Rdejd@j. Then

R; R . . .
(—-’ cosf;, 7’ sin @ j) ; the usual formula for change of variables to polar co-ordinates

volg (X;) = / ldxy...dx,duidvy ...duydv,

Xi

=2 / ldx;...dx,duidvy ... duy,dv,,

X, x>0

= 21472 / Ry---Rydxy...dx, dR\dO; ...dR,,dO,,

X, x>0

= 2”4*’2(271)”/R1 -+ Rpydxy...dx,dRy...dR,,

Y:
where
Y[ = {(-xh'-'a-xrls Rl,...,er)lxj,Rk 207 x1+"'+xr1+Rl+"'+Rr2 < t}

Write
Iy (2) = / Ri---Rydxy...dx,dR;...dR,,.

Y

Then simple changes of variables show that

Ls@) = (D), L) = % Ips(1) = % (7.1)
Using the second repeatedly gives
Irs(1) = ﬂlo s(1),
' (r+2s)!
and then the third gives
los(1) = .

(29)!
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using Ipo(1) = 1. Then

(2ry)

Irl,rz(t) = tnlrl,rz(l) =" !

1
Tor ()= —".

Combining these shows that
vol(X;) = 2"volr(X;)
=2722147"22n) 2 1, 1, (1)

tn
=2"g"—
n!

as required. [
Exercise 7.2 Verify the relations given in (7.1).

With this new region, we can use the method of Proposition 7.15 and get a better
result:

Proposition 7.18 Everyideal class of K contains an integral ideal ¢ of norm at most

r

”—,i (i) |Dg |2

n" \mw
Proof We first remark that the set X, whose definition above might have looked a
bit unmotivated, has a more natural interpretation when we consider those elements
a € K suchthati(e) € X;. If ¢ € K, and i(a) = (x1,...,%r,21,--.,Zr,), then
xj = pj(a), and zx = ox (). As 2|zx| = |zk| + |zl, the expression |x1| +--- +
|xr | + 2|z1] + -+ + 2|z, | can be viewed as > _ |t(«)|, where T runs over all
embeddings of K into C.

We argue as above. Let [a] be any ideal class, and take any integral representative

b of [a~!']. Then in order to apply Minkowski’s Theorem, we choose a value of
t for which the volume of X; is at least 2" Nk ;¢ (b)| D x|/, This simply requires
choosing ¢ so that

n

t
2“#2; > 2"vol(b) = 2" Nk ,0(0)| D |'/?,

or,as n =ry + 2ry, A\
" > n! (—) Nk o(b)| Dk |2,
T

Then there exists a non-zero element 8 € b with i (8) in X;, by Minkowski’s Theo-
rem. Since this is valid for any 7 satisfying this inequality, we deduce that there is a
non-zero element 8 € b in X;, where

n 41" 1/2
" =nt{—) Nig®Dgl"?.
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1/n
The arithmetic mean—geometric mean inequality implies that (]_[r Ir(,B)I) <

,11 > . It(B)]. The left-hand side is just Nk (B), and the right-hand side is at most
%t, by definition of X;. Thus

t
INkoBI'" < =,

S

i.e., that

t n
[Nk (B < (;) .

By picking ¢ as above, we conclude that there exists 8 € i ~!(X;) N b such that
n! 4\ 12
INk/@(B)| < i\ Nk ®)[Dk|7~.

Soifec = (B)b~! € [a], then

Nko(©) = INko(B)INk/o(0) ',
and the result follows. O

This bound is known as the Minkowski bound.
We can use this to compute class groups for fields with reasonably small discrim-
inant.

Example 7.19 For K = Q(+/5), the discriminant is 5, and r» = 0. So the Minkowski
bound is +/5/2 = 1.118.. ... So every ideal is equivalent to one with norm 1, but the
only ideal of norm 1 is the full ring of integers, which is principal. Thus the class
number is 1.

Example 7.20 For K = Q(~/2), the discriminant is 108, and r» = 1. So the
Minkowski bound is

6 (4
— | — V108 =2.940....
27\«

So every ideal is equivalent to one whose norm is at most 2. The only ideal of norm
1 is the full ring of integers, which is principal; the ideal (2) = pg, where py = (v/2)
is also principal. Thus every ideal is equivalent to a principal ideal, so the class group
is trivial.

Example 7.21 For K = Q(+/—5), the discriminant is —20, and » = 1, so the
Minkowski bound is %m = 2.84.... So every ideal is equivalent to an integral
ideal of norm at most 2. The full ring of integers is the only ideal of norm 1. An ideal
of norm 2 must divide the prime 2, and
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where py = (2, 1 + 4/—5), so there is a unique prime ideal of norm 2, and it is not
principal. Thus the class number is 2.

We can use this result to prove a similar result to the main result of Sect. 1.5.
Corollary 7.22 There are no integer solutions to x> = y*> + 5.

Proof If x is even, then y is odd, but then y2 +5 =2 (mod 4), which is impossible,
as 8|x3. So x is odd.

If p|(x, y), then p|x3 — y2, so p|5, and the only possible common factor is 5. But
if 5|x and 5|y, then 53|x3 whereas 52 1 y2 4+ 5. So x and y are coprime.

Suppose that x> = y> + 5. Then

x} =y + V=35 —V=3).

Suppose y + /=5 and y — /=5 both lie in some prime ideal p (i.e., they are not
coprime). Notice that this implies that x* € p, and, as p is prime, that x € p. Then
2y isin p. As x is odd, 2 is not in p. But p is prime, so this implies that y € p. This
contradicts the coprimality of x and y.

Then

(y+«/—_5)=a3
(y —+/=5) = b3,

and as the class number of Q(+/—5) is 2, the fact that a is an ideal whose cube is
principal is enough to see that a is principal. (Similarly, b is also principal.)

S0 y 4+ +/—5 = ua? for some unit «. But the units in Q(+/—5) are just £1, which
are both cubes, so y + V=35 = &3 for some « = a + b/—35. Then

y+V=5=(a+bv/=5)’
and so 1 = b(3a% — 5b?), by considering the coefficients of «/—5. Then b = %1, so
3a® — 5 = +1—but this has no integral solutions for a. O

Exercise 7.3 More generally, suppose that £ = 1, 2 (mod 4), that k is squarefree,
and k is not of the form 3% & 1 for some integer 7. If 3 does not divide the class
number of Q(+/—k), show that x> = y? + k has no solution in integers.

Exercise 7.4 Show that the Minkowski bound for Q(v/—1), Q(v/—2), Q(+/—3) and
Q(+/=7) is less than 2, and deduce that these fields all have unique factorisation.

Exercise 7.5 Show that the Minkowski bound for Q(+/2), Q(+/3) and Q(v/13) is
less than 2, and deduce that these fields all have unique factorisation.

Exercise 7.6 Find the class numbers of (@(\/6) and Q(+/—06).
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Exercise 7.7 Find the class number of Q(+/3).

Exercise 7.8 Find the class numbers of some more fields of small discriminant.
Corollary 7.23 If K is a number field with [K : Q] > 1, then |Dg| > 1.
Proof The Minkowski bound shows that

| n
1< (i) Dk|'2,
n" \mw
by choosing any ideal a in Zg (as its norm is at least 1). So
n
Dkl =

n (JT)VZ n (n)n/2
_ > — .
n! \ 4 ~n! \4

Let y,, denote the constant on the right-hand side of this inequality. Then y» = 7 /2 >
1, and forn > 2,
1/2 1\"
Vatl _ (E) (1 _|__) -1
Vn 4 n
es\/TT

(and it tends to 5 ), so the y,, are increasing. Thus |Dg| > 1. O

Corollary 7.24 If K is a number field with [K : Q] > 1, then some prime p ramifies
in K.

Proof The primes that ramify in K include all those dividing the discriminant, and
so the result follows from the last corollary. ([

7.4 Dirichlet’s Unit Theorem

In this section, we prove Dirichlet’s unit theorem, which describes the structure of
the group of units Z g for any number field K. The standard proof nowadays involves
Minkowski’s theorem, but Dirichlet’s proof actually dates from somewhat earlier.

As part of a result which applies for general number fields, we will recover the
fact that imaginary quadratic fields have finite groups of units, and we will also see
that these are the only fields other than @Q with this property. In Chap. 8, we will say
a little more about the case of real quadratic fields, and will briefly mention some
other fields of small degree.

Because the unit group is multiplicative, and Minkowski’s theorem refers to vector
spaces, which are additive, we need some sort of logarithm so that we can work in
an additive setting. Define such a logarithm map by

¢ KE — R

2 2
(X1sevey Xrs 2l eeos 2ry) > (og|xq], ..., log|x, |, log|z11%, ..., log |z, |7)
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and another logarithm map (we will use the same letter, but this should cause no
confusion):

{:R* —R

x — log|x]|

Then one has the commutative diagram:

i

K> Ky R/472
wl ol
Qx R* —¢ R
Here, tr denotes the map
R 5 R
(X1see oy X)) B> X1+ 0+ X 41y

Recall that Zyg = {e € Zg | Nk g(€) = £1}, and put

S={yeKg|N@y) ==£l},
H ={x e R | tr (x) = 0}.

Notice that i maps Zg into S, and that £ maps S C Ky into H C R"*"2. Thus the
composite map takes the units Z into the vector space H.

Remark 7.25 Since R"11"2 has dimension rj + 7, and H is defined by the vanishing
of a single linear function, H is a subspace of dimension r = r; +r, — 1. Itis in
this vector space that we will work.

Let A denote the composite map, taking ZIX( into H:

ezl s 5Som,

andletI" = )»(Z};) C H.Weneed to understand the kernel of A and also the structure
of I'.

Proposition 7.26 The kernel of A is w(K), the group of roots of unity in K.

Proof Clearly u(K) C ker(A), as for all x € u(K), and all embeddings t of K into
C, one has |7(x)| = 1, so the image of x in Kﬁ is killed by ¢.

Conversely, if € € ker A, then |t(¢)| = 1 for all embeddings 7. Thus i(¢) lies in
a bounded region of K. Also, i(€) € i(Zg), a lattice in K. Thus there are finitely
many possibilities for i (¢€) as lattices are discrete, so that ker()) is finite. It is also
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closed under multiplication, so every element in ker(}) is of finite order, and thus is
a root of unity. O

Exercise 7.9 If [K : Q] is odd, show that K has a real embedding, and deduce that
n(K) = {£1}.

Having understood the kernel of A, we now need to understand its image. It will
turn out that Dirichlet’s Theorem is equivalent to understanding the structure of I".

Lemma 7.27 I is a subgroup of H.

Proof Zy is agroup, and X is ahomomorphism, so I" = A(Zy) is a group, contained
in H. ]

Proposition 7.28 I is a lattice in H.

Proof Since I' = A(Zy) is a subgroup of H, we simply need to check that I” is
discrete.

Let B denote a ball of radius r > 0 in H. We need to see that I" N B is finite
(Definition 7.2). But ¢~'(I" N B) = ¢~ Y (I") N ¢~1(B) = i(Z}) N ¢~ (B). But
by definition of £, we see that ¢~1(B) is contained in a bounded region in Kg, and
thus in a ball of some radius. Also, i(Zg) is a lattice in KR, so is discrete, and so
i(Z3)Ne"Y(B) Ci(Zk)Ne~!(B) is finite. Applying ¢ again, we see that I" N B
is finite as required. O

The hard part is to prove that I" is a complete lattice, so that its span is all of
H. We want to apply the criterion of Proposition 7.4 and find some bounded region
Bp C H such that every element of H can be expressed as the sum of something in
By and something in I".

However, although the result is stated in H, we will construct our region by
working in § C K, and applying ¢.

Proposition 7.29 There is a bounded region Bs C S such that

S= | i(e)Bs.

X
e€ly

Proof Let y denote an element of S. We want to write this as i (€)x for some unit €
and some element x in a bounded region By of S.

Consider the lattice i (Zg) C Kg, of volume |DK|1/2. The lattice yi(Zg) also
has volume | Dg |'/2, since multiplication by y has determinant N (y) = =1 (recall
that y € §).

Choose c¢1,...,¢,,C1,....,Cr, € Rog with M = ¢1...¢,(Cy ...C,2)2 >

(2)7| Dk |2 Put

X ={(x1,.... %, 21, .-, 2n) € KR | x| < ¢, fzx| < Cil.
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Then by Proposition 7.14, X contains a non-zero point x € yi(Zg).

As x = yi(a), for some a € Zg, we have N(x) = N(y)N(i(ax)) = =Nk (o),
and so Nk (@) < M. Only finitely many ideals of Zg have norm at most M; since
any element of norm at most M would generate a principal ideal of norm at most M,
it follows that there are only finitely many non-associate numbers of norm at most
M. Choose a set {«1, ..., oy} consisting of a complete set of non-associate numbers
of norm at most M.

Soa = €~ oy for some k and some unite. Buttheny = xi(o)™! = xi(ap) " Lice).
Consider the set Bs = {s € S | s € i(ax) ' X for some k}. As X is bounded, and
Bg is the union of finitely many translates of X, we conclude that Bg is bounded.
Further, every element y € S is of the form xi(¢) for some x € By and unit €, and
so S = Ueer( i (e)Bg, which is what we wanted. U

Corollary 7.30 I is a complete lattice in H.

Proof In S C Ky, there is a bounded region Bg with

S= | i(e)Bs. (7.2)

X
eely

Then we will apply our logarithm maps, and take By = £(Bgs). Since £ is a logarithm
map, one does need to verify that By is bounded (after all, the usual logarithm sends
the bounded interval (0, 1] to the unbounded interval (—oo, 0]).

We defined Bjg explicitly in the proof of the proposition; it is a finite set of
translates of X. But £(X) is bounded, since X C S, so every element x =
(X1,...,Xr,21,.-.,2r,) € X has N(x) = =%1; as |x;| and |zx| are bounded for
each component, so that ]_[;1:1 |x]. H22=1 |zx|? = 1, we see that each |xj| and |zx] is
bounded away from O (so there is a constant ¢ > 0 such that each |x;| > ¢ and each
|zk| > ¢). Then it follows easily that £(X) is bounded in H. A very similar argument
applies to each translate £(i (Otk)’1 X), and it follows that By = ¢(By) is bounded.

Applying ¢ to (7.2), the equality becomes

H = U (A(€) + Bp).

X
A

But I = A(Zy), so this becomes

H=Jw+Bm,
yel’

and the result follows from Proposition 7.4. O

We can now deduce Dirichlet’s Unit Theorem in its usual form. Write r = r| +
rp — 1.
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Theorem 7.31 (Dirichlet) Zy = u(K) x Z", where w(K) denotes the group of
roots of unity in K and r = r1 +ry — 1. Equivalently, there exist €1, . . ., € such that
all € € Zy can be written uniquely in the form

e=Cel' .. g

with ¢ € u(K) and v; € 7.

Proof The map A : K* — R"*2 restricts to amap A : Zg —> H. Its kernel is
1(K), and its image is I"; by Corollary 7.30, we have I" = 7 as it is a complete
lattice in an r-dimensional vector space. (]

Definition 7.32 The ¢; are called fundamental units.

We have already seen (in Chap. 6) that imaginary quadratic fields have finitely
many units; we can also deduce this from the theorem, since r; = 0 and r, = 1, and
sor=r1+r—1=0.

Exercise 7.10 Show that imaginary quadratic fields are the only number fields apart
from Q with finitely many units.
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Chapter 8
Other Fields of Small Degree

The results of Chapter 6 give a fairly complete description of imaginary quadratic
fields. But other fields have some different properties, and we will meet some of
these for the first time in this chapter.

The main class of fields we will consider are the real quadratic fields. While we
will not treat them in quite the same detail as the imaginary quadratic case, we will
nevertheless give fairly complete proofs for the results we prove. After that, we will
also consider some aspects of biquadratic fields, obtained by adjoining two square
roots to Q, before listing some results for cubic fields; full proofs of results for these
cases would take too long, and we merely state the main results.

The main new phenomenon in the case of real quadratic fields is the structure
of the units; for Q and for imaginary quadratic fields, we always have an easily
identifiable finite set of units, but, as we shall see, real quadratic fields will have
infinitely many units.

In order to treat real quadratic fields, we need a digression into continued fractions
and Pell’s equation.

Write K for the number field (@(\/c_i ), where d > 0. As in Chap. 6, we can assume
d is a squarefree integer. We will assume that +/d is chosen to be the positive square
root of d; this is equivalent to choosing an embedding from K into R, and will allow
us to regard one element of K as larger or smaller than another.

Let’s work out some units for (@(ﬁ). Our previous calculations show that the
ring of integers is Z[+/2], and so a general integer is one of the form a + b+/2 for
a,beZ.

The norm of a + b+/2 is given by

Ny ol@ +bv2) = (@ +bvV2)(a — bv2) = a® — 217,

and units have the property that their norm is 1. We therefore need to solve the
equation
a* —2b* = +1;

2

this is essentially an example of Pell’s equation, x> — ny*> = 1, and we shall see in

Sect. 8.2 how to solve it using continued fractions.

F. Jarvis, Algebraic Number Theory, Springer Undergraduate 169
Mathematics Series, DOI: 10.1007/978-3-319-07545-7_8,
© Springer International Publishing Switzerland 2014


http://dx.doi.org/10.1007/978-3-319-07545-7_6
http://dx.doi.org/10.1007/978-3-319-07545-7_6

170 8 Other Fields of Small Degree

But we can spot some solutions easily; we observe that, other than trivial solutions
a = %=1, b = 0, which correspond to the elements £1 in Q(ﬁ), we can see that
a = £1, b = %1, also give solutions, corresponding to units £1 £ /2. Notice that

~(14+vV2)=-1-v2;  (1+vV2)'=-14V2, —(1+v2) '=1-V2,

so all these units are easily generated from 1 + /2.

In the imaginary quadratic case, it was always true that the units were roots of
unity. But we can easily see that 1 4+ +/2 is not a root of unity: it is a real number
greater than 1. As the product of units is again a unit, any power of 1 4 +/2 is also
a unit; thus, for example, (1 + «/5)2 = 3+ 2+4/2 is a unit (it is easy to see that its
inverse is 3 — 2ﬁ).

More generally, this argument shows that (1 + +/2)" is a unit for all n > 1. Since
(1 ++2)71 = (=1 + +/2), we can conclude that (1 + +/2)" is a unit for every
integer 1. So, from the single unit 1 + +/2, we can generate infinitely many units
{£(1 + +/2)"}. We shall see later that these are the only units in Z[v/2].

Let’s think about the case where Zg = Z[«/E]. Then an element A = a + b/d
is a unit if and only if its norm is 1. The norm is given by

Nk,g() = (a + bvd)(a — bv/d) = a* — db?,
and so we need (a, b) to be a solution of the equation
x2 —dy? = £1.

The equation x> — dy?> = 1, where d is a positive integer and not a square, is
known as Pell’s equation, and it always has infinitely many integral solutions. To
find them, one way is to observe that the equation x> — dy> = 1 implies that x> and
dy? are very close, so that x>/y? is approximately d. In particular, x/y is very close
to +/d. Finding rational numbers close to a given real number can be done using
the theory of continued fractions; since this is not treated in [7], we will prove the
main relevant results here, although it may be part of many undergraduate courses
in elementary number theory.

8.1 Continued Fractions

In the first chapter, we considered Euclid’s algorithm for the pair 630 and 132:

630 =4 x 132 + 102
132=1x 102 + 30
102=3 x 30+ 12
30=2x 12+ 6
12=2x 64+ 0
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We can interpret this as telling us more about the quotient % . Aswell as telling us that

we can cancel the highest common factor of 6 from the numerator and denominator
to get the fraction % in lowest terms, we also see that:

630 102
— =44 —
132 132
132 s 30
102 102
102 a4 12
30 30
30 6
=24 —
12 0
12 0
— =24,
6 *6

and we see that the left-hand side of each equation is the reciprocal of the final term
on the right-hand side of the previous one. We can combine all these equations into
a single expression:

630_4+102_4+ 1
132 132 132
102
4+ : 4+ :
= 30 ~ 1
I+ 702 L (1)
3]
4+ !
N 1
1+ 1
3 -
+2+1
2

This last expression is the continued fraction for ?g—g. The reader should convince
themselves that the right-hand side really is equal to the left-hand side, by evaluating
the fraction from the bottom, first replacing 2 + % by %, then 3 + % by %, etc.
The algorithm takes the left-hand side as an input, and writes its integer part and
remainder on the right-hand side. Then the input to the next line is the reciprocal of
the remainder.

The notation above for the continued fraction is rather cumbersome, and we shall
use the abbreviated form [4; 1, 3, 2, 2].

We can obtain fractions which approximate the original expression by taking only
the initial parts of the expression:

[4] = 4

1
4 1l=4+=5
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1 19
41,3l =4+ —F=—
I+5 4
[4;1,3,2] =4+ S
b 9 k - 1 _9
1+ —
3+§

These fractions approach the original expression very quickly; they are known as the
convergents. Another way to recover the convergents is to list the numbers appearing
in the continued fraction expansion, together with two further rows, in a table as

follows:
41322

01
10

Then we complete the table; each successive column is completed by taking the
previous column and multiplying by the integer at the top, and adding the column

before that:
4 1322

0114x1+0
10[4x0+1

and then
4 1 322

07|41 x4+1
10|11 x1+0

Repeating this gives:
41 3 22
01453 x5+4
10{/713x1+1

and two more iterations of the process leads to

413 2 2
0 1]45 19 43 105
10114 9 22

and the numerator and denominator of the convergents appear as the columns.

Exercise 8.1 Find the continued fraction of %, and compute all the convergents.

Let us write p, = p,/q, for the convergents to a number & € R, with pg/qo
corresponding to the entry below the first number, so that pg = |§], g0 = 1. We
extend this to the left, so that p_» = 0,g_» = l and p_; = 1, g_1 = 0 represent
the first two columns of the table.



8.1 Continued Fractions 173

If the continued fraction of & is [ag; a1, a2, .. .], then px = axpx—1 + pr—> and
qk = axqk—1 + qk—2.

Lemma 8.1 If % and f; ”:11 are successive convergents, then p,11qn — Pnqn+1 =
(="
Proof We prove this by inductiononn. Forn = —2, wehave p_1g_>—p_2qg—1 = 1.

Now suppose that prt1gx — prgi+1 = (=D As prya = aroprs1 + pi and
Qk+2 = Ak+2qk+1 + gk, it follows that

Pi+2qk+1 — Pk+1qk+2 = (@k+2Pk+1 + Pi)qk+1 — P+1(@k+2qk+1 + qi)
= —(Pr+19k — Pkqk+1)

and the result follows. O
Exercise 8.2 Verify this for the convergents of %, computed in Exercise 8.1.
. . 1
Let’s fix some more notation. Given £ = [ag; a1, a2, ...] = apg + —1,
a+ —
a+--
put &, = [an; an+1, an+2, - - .1, so that, for example,
& + + !
= — = {, =
0 £ 0 . 1
ap + —
&
Lemma 8.2 With the notation above,
&nPn—1+ pn2
& =lao;al,....an—1,&]= u-
EnLIn—l + gn—2

Proof The first equality follows by definition. The second is a special case of the
general claim that for all x,

Xpn + Pn-1
[ao;al""ﬂaﬂ7'x]=—ﬂ
Xqn + qn-1

which we will prove by induction.
This general statement is clearly true for n = 0. Suppose that it is also true when
n =k — 1. Then

lao; ar, ... ak, x] = [ag; ay, ... a + 1]
_ (a+ }C)pk—l + Pk—2
(ax + Dgr-1 + qr—2
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x(agpk—1 + pk—2) + pr—1
xX(akqr—1 + qr-2) + qr—1
XPk + Pik—1

Xqr + qr—1’

where the second equality uses the induction hypothesis for n = k — 1, and the result
follows by induction. g

We show now that if & is irrational, the continued fraction convergents are very
close rational approximations.

Proposition 8.3 Suppose that & is irrational. For any n > 0,

1
GnGnt1

h-2-

qn

Proof This follows as

Pn_ Ent1Pnt Pn-1 DPn
4n - Ent1qn + qn—1 4n
_ Pn—149n — Pnqn—1
- qnEn+1qn + gn-1)

e
 @nEnr1dn + dn-1)

g_

using Lemma 8.1, and so

'E Dn 1 1 1
—_— = < == .
qn qnEnt1qn + gn-1) gn(@n+19n + qn-1) dnqn+1
The inequality follows as a,+1 = |&x+1], SO an+1 < &n+t1- (]

Let’s extract one useful result from the proof:

Corollary 8.4 If p, = Z—: are the convergents to &, then if § < py, it follows that
& > pp41 and vice versa.

Proof This follows from the expression

e Pr_ (=D"
qn Qn(gn—i-l‘In +Qn—1)

which is clearly alternating in sign. (]

We are aiming towards a result in the other direction, so that we have a criterion
for when a given rational is definitely a convergent.
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Proposition 8.5 Ifa/b is a rational number such that |b& — a| < |qné — pnl, then
b > gn+1.

Proof Suppose that we have |b§ — a| < |g,& — pn| for some b < gp41.
Because p,gn+1 — pn+1gn = %1, there are integers x and y such that

Xpn + YPn+1 = a,
Xqn + Yqgnt1 = b.

Clearly x # 0, for otherwise yg,+1 = b, and so b > g,41. If y = 0, thena = xp,
and b = xgqy, so that

|b§ — a| = |x].1gn& — pnl = |qn§ — pal,

a contradiction.

If y <0, then xq, = b — ygn+1,50x > 0. And if y > 0, then, as b < gy+1, we
see that xg, = b — ygn+1 < 0,80 x < 0. So x and y have opposite signs, and then
x(gn€é — pn) and y(gn+1& — pn+1) have the same signs (using Corollary 8.4).

Then

|b¢ — a| = [x(gné — pn) + Y(@nr1E — PurD)| > 1x(gn€ — pu)l = 1gn€ — pal,
a contradiction. 0

We can now show that Z—" is the best convergent amongst rationals with denomi-
nators of the same size or smaller.

Corollary 8.6 If a/b is a rational number such that |& — a/b| < |& — pn/qn| for
some n, then b > q,.

Proof Suppose that there is some a/b with |§ —a/b| < |§ — p,/q,| and b < g,
then

S__

bl

ble-3| <an

and so |b§ — a| < |q,& — pul, contradicting the proposition. (I

Next, we can give the desired criterion for a good rational approximation to be a
convergent.

Proposition 8.7 Suppose that & is irrational and that a /b is a rational with
-3z

Then a/b is a continued fraction convergent to &.
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Proof As before, write p, /g, for the convergents to &, and suppose that a/b is not
a convergent. Then ¢, < b < g4 for some n. By Proposition 8.5, we also have
|bE — al| > |qn€& — pnl. Then

1
|gn€ — pul < |1D§ —al < 2_

b
and so |£ — Pn < . But this means that
4n 2bgn
1 bp, —a a a 1 1
L _lbpnmagal _\pu @) | Pn T e
bgn bgn gn b n bl = 2bg, 2b
which implies that b < g, a contradiction. O

8.2 Continued Fractions of Square Roots

Square roots have particularly interesting continued fractions.

Example 8.8 Let’s compute the continued fraction of 4/19. It turns out that we just
need to know that 4 < /19 < 5.
As usual, start by taking the integer part and remainder:

V19 =4+ (V19 —4).
Then do the same for the reciprocal of the remainder, rationalising the denominator:

1 V19 +4 V19 -2
- =2+ :
V19— 4 3 3

This repeats:

3 _ V942 V19-3

Jio—2 5 5

5 /1943 _3+«/19—3
Ji9o-3 2 2

2 V1943 _1+~/19—2
Jio-3 5 5

5 V19 +2 V19— 4
V19 -2 3 3

3
——— =V19+4=8+ (V194
S 2 + +( )
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and the process repeats. We get the infinite continued fraction
4,2,1,3,1,2,8,2,1,3,1,2,8,2,1,3, 1,2,8, ...],

which we abbreviate [4; 2,1, 3,1, 2, 8].

Exercise 8.3 Compute the continued fraction expansions of +/21 and +/71. (As
usual, you should make up some more examples for yourself!)

Hopefully you should have observed that each term in the calculation is of the form

£, = Vd+M, r+4
n= "N

for some integers M,, and N,. In Example 8.8, we have &} =

so M| = 4 and Ny = 3. In the same way, & = @, so M, =2and N, = 5, and
so on. Let’s prove first that this is always the case.

Proposition 8.9 Let d be a positive integer, not a square. Put Mo = 0, No = 1,
& = Jd and ao = |&o]. Then define recursively sequences by My, +1 = an N,, — My,

d—
Nopr = st gy = Yot g g, | = (6,41 Then

1. M, and N,, are integers for all n;
2. & =an+ 1/&,41, and so & = lag; a1, az, .. .].

Proof 1. We’ll prove this by induction. Clearly My and Ny are integers, and our
inductive hypothesis will be that M and N are integers for k < n. By definition,
a, is always an integer, so clearly M,,+1 = a, N, — M, is an integer. The real
content of this proposition is that N, should be an integer. But

d— Mr%«H d — (ayN, — Mn)2 d— 1‘42

Ny = = +2a,M, — a*N ,
" N, N, N e St
Mn d—M,%
so we just need to check that is an integer. If n > 1, N, = - and so

Nyld — M2 Ifi =0, Ng = l,and so Nold — M.
2. This now follows easily, by substituting the expressions for &, and &, into the
expression. O

Lemma 8.10 With the notation of the previous result, N, > 0 for all sufficiently
large n.

Proof Write &, = #:’M” for the conjugate of &,. We know from Lemma 8.2 that

_ EnPn—1+ Pn—
Endqn1 +qno '

and so

& Pn—1+ Pn— 2

,*;5 =
0 Snanl + 4n72
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which rearranges to give

Sr/z _ _4n—2 (‘g(l) - an/QnZ) '

dn—1 \&) — Pn—1/qn—1

As k — oo, pr/qr — &o, and so the bracket tends to 1. Thus for large enough n,
& < 0.Thus &, > 0and &, < O for such n, and

2vd
N,

En_g;, >07

showing that N,, > 0. (I

Lemma 8.11 With the notation of the previous results, there exists an integer k > 0
with&; = & for some j.

Proof We know that &, = ‘/EN;,M". As NyNpy1 = d — M,%_H, and N,, > 0O for
sufficiently large n, we see that for all such n, that Mﬁ 1 < d.This means that there
are only finitely many possibilities for each M,,. Also, N, N,+1 < d, andif N,, > 0,
this means that N, | < d, so that there are only finitely many possibilities for N,

also. This shows that eventually, §; = &;, for some j and k > 0. O
Theorem 8.12 The continued fraction of Jd has the form [bo; by, ..., by] where
by = 2by.

Proof Take &y = JVd+ L\/EJ , and we work out the continued fraction [ag, a, . . .] of
£o. Then certainly & > 1 and ap > 1, and &) = |V/d]| — +/d satisfies —1 < &) <.
In fact, we claim that —1 < &, < O for all non-negative integers n, and we prove
this by induction.

As 1/Epy1 = &y —an, wehave 1/&) | =& —a,. If§ <0, clearly 1/£, | <0,
SO Er,l+l < 0, and further, l/ér’lJrl < —1 (recall that a,, > 1 as d is not a square), SO
that —1 < & . Thus —1 < &, < 0, and the claim follows by induction.

In particular, —1 < & < 0, so that —1 < L —a, <0, and then

’
EnJrl

=
ap =\ —= .
é‘n—ﬁ—l

By the previous lemma, there are integers j and k > 0 with §; = &;4. But this

implies that & ]’ =£ ]/ 4> and then

1 1




8.2 Continued Fractions of Square Roots 179

Finally,
1 1
§ji-1=aj-1+ — =ajtk—1+ — =&jrk—1.
§j Ejtk
Applying this repeatedly, we see that &y = &, and so the continued fraction repeats.
We get that

& = lao, ar, -~ ar—1].

As & = ~/d + [+/d], the continued fraction [ag, a1, . ..] of & is identical to the
continued fraction [bg, by, . ..] of /d except that by = ag — |W/d]. Butay = |&] =
2|W/d], so by = |V/d], and ag = 2by. By the periodicity of the continued fraction

for &y, we have ag = ay = by, and so by = 2bg as claimed. U
Definition 8.13 We say that k > 0 is the period of J/d if it is the smallest index
with & = &.

Recall that if § = v/d, weput &, = ‘/gN;nM”. We are going to relate the convergent
Pn/qn of V/d with the denominator Nyt1 0of &1
Proposition 8.14 [f % denotes the nth convergent to /d, then pﬁ — dq,% =
(=D)" Ny
Proof Put&y = \/c_z’, and define £, as above. By Lemma 8.2,

Jd = n+1Pn + Pn—1
Ent1qn + qn-1 )

«/JJrMn_H

We also have &§,4+1 = Nt
n

, and we substitute this in. After simplifying, we get

\/E . Myi1pn + Nyyi1pn—1 + pn\/g
My1gn + Npt1qn-1 + Qn\/g

Rearranging this gives
dgn + \/C_l(Mn+ICIn + Nu+1qn—1) = Myt1pn + Nyy1 pn—1 + “/Epn-
Equating coefficients of +/d and the remaining terms gives the two equations

Myy1pn + Npy1pn—1 = dqn
My 1190 + Nuv1gn—1 = pa.

Multiply the first equation by g,, and the second by p,,, and subtract to get
2 2 _
Pn = dqy = Noy1(Pngn—1 = gnPn—1),

and the result follows from Lemma 8.1. O
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We can put everything together, and deduce the main result on Pell’s equation. If
x? —dy? = 1, then x2/y? will be close to d, and so x/y will be close to +/d. This
suggests that we look for solutions amongst the convergents to v/d.

Theorem 8.15 Letd > 0be aninteger, not a square. Then the equation x> —dy* = 1
has infinitely many solutions. The equation x> — dy*> = —1 has infinitely many
solutions if the continued fraction for /d has odd period.

Proof From the previous result, we know that pﬁ - dq,% = (—=1D)"*!'N, 1, where
Pn/qn is a convergent to v/d, and N, is the denominator of &,, as above. We
also know that the sequence (&) repeats with some period k; this means that (N,)
repeats with period k. As Ng = 1, we deduce that Ng; = 1 for all integers s > 0.
For any n of the form sk — 1 with s or k even, then (p,, q,,) solves x2 - dy2 =1,
and there are therefore always infinitely many solutions. If k is odd, and n = sk — 1
with s odd, then (p,, gn) solves x> — dy*> = —1. O

To illustrate these, here is the table of convergents for v/ 19 (using the calculations
of Example 8.8), with an extra row corresponding to the p,zl - dq,%:

42131 2 8
0 1 |4 9134861 170 1421
10 |1 231114 39 326
pr—dg’|—35-25 -3 1 -3

Exercise 8.4 Compute the values of p?> — dg> for the convergents of v/31.
Exercise 8.5 Solve x> — 11y> = 1 and x> — 31y% = 1.

Further details on the theory of continued fractions may be found in various books
on elementary number theory, [12] for example.

8.3 Real Quadratic Fields

Now we turn our attention back to the study of number fields, and real quadratic
fields in particular.

Write K for the number field Q(+/d), where d > 0 is squarefree. At the start
of the chapter, we observed that numbers of the form £(1 + V2)" were all units in
Z[ﬁ], and so (@(ﬁ) has infinitely many units.

Exercise 8.6 Find infinitely many units in Z[v/7].

We suggested that, in general, units s -+ #+/d (for the moment, we will suppose
Zk = Z[~/d]) should have the property that s/7 is a continued fraction convergent
to v/d, and in the previous sections we have shown how to compute these. We will
now explain that this is indeed the case.
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Theorem 8.16 Let d be a squarefree positive integer, and write s—: for the conver-
gents to \/d. Suppose that m is an integer with |m| < ~/d. Then any solution (s, t)
to x* — dy* = m with (s, t) = 1 satisfies s = p, and t = g, for some n.

Proof First consider the case m > 0.
Suppose that s> — dt> = m. Then T=.d+ tﬂz > +/d, and

0< i d= " < ﬁ = !
t 4 tVd) t(s+tvd) s/ + 1)

As % > 4/d, the quotient s/ (t/d) is greater than 1, and so

The result follows from Proposition 8.7.

A similar argument applies when m < 0, but with some complications. It is easy
to check that s/ is a convergent to Vd precisely if /s is a convergent to 1/ Vd. We
rewrite the expression s> — dt> = m as

()65

m

and apply the argument above; after all, —% > 0 and |%| < \/g . The argument

works in the same way to conclude that 7 /s is a convergent to \/g ,and so s/t is a

convergent to Jd. O

It follows that units s + #+/d can be computed by looking through the con-
tinued fraction convergents to +/d, and finding those convergents p,/q, with
pn —dgy = £1.

It remains to check that there are solutions to this equation. But we have already
remarked that Ng; = 1 for all values of s, where k denotes the period of J/d. This
means that there are convergents p, /g, with p,zl - dq,% ==+1.

The same method works also for the case d = 1(mod 4). Here, though, integers
are of two forms. Some integers are of the form a + ba/d with a, b € 7; we can find
units of this form by solving a> — db> = +1 as above. But other integers are of the
form a + b\/c—l where a and b are halves of odd integers. In this case, we need also
to find solutions to a> — db> = +1 witha, b € %Z. Multiplying through by 4, we
need to solve A2 —dB? = +4 with A, B € Z. Again, Theorem 8.16 guarantees that
all solutions may be found in the continued fraction convergents to v/d (at least for
d > 17; smaller cases can be treated by hand).

Example 8.17 Let’s find some units for Q(+/61). The continued fraction expansion
of v/6lisgivenby[7;1,4,3,1,2,2,1, 3,4, 1, 14]. We can compute the convergents
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and the corresponding values of p,% —61q5; we find that the 7th convergentis 39/5 and

392 —61 x 5% = —4. Tt follows that 32£3¥0L i 3 unit, and then so are +(39+5+/61)"
for any integer n.

Let’s now return to Z[+/2] and explain that the units £(1 + V2)" are the only
units.
We first compute the continued fraction:

V2=1+K2-1)

1
—— =42+ 1=2 2—1),
5 V2 + +2-1)

and the process repeats with period 1. Thus the continued fraction is [1; 2], and the
table of convergents begins:

an 122222
0 1 1 37 17 41 99
1 0 125 122970
pr—2g5]-11-11 —11

If n denotes the smallest unit of Z[+/2] satisfying n > 1, and n = a + b+/2, then
a/b must be a continued fraction convergent of /2. The calculation above shows
thatn = 1 + V2.

Now we can explain that the units in Z[+/2] are all necessarily of the form =£7".

Suppose that A is a unit of Z[ﬁ], and that A # 1. Then one of A, —A, 1/X and
—1/X is greater than 1. Suppose it is A (if not, redefine A so that it is this unit).

For some 7, we have " < A < »*!. By multiplying throughout by ™", we get
1 < An™ < 7, and so we find a unit An~" strictly less than 7, and at least 1. But n
was chosen to be the smallest unit which was greater than 1, and so we must have
An~" = 1. Then A = ", as required.

It is easy to see that the argument above generalises to any real quadratic field.

Theorem 8.18 Suppose that K is a real quadratic field. Then there exists some unit
n > 1 such that every unit of Z is of the form £n" for some integer n.

Proof Let n denote the smallest unit of Zg greater than 1; this can always be found
from the continued fraction convergents of +/d. Let A be a unit of Zg, and that
A # =£1 (which clearly correspond to the case n = 0). Suppose first that A > 1.

For some n > 1, we have " < A < !, By multiplying throughout by ™",
we get 1| < An™" < n, and so we find a unit An~" strictly less than 7, and at least 1.
But n was chosen to be the smallest unit which was greater than 1, and so we must
have An~" = 1. Then A = " for some integer n > 1.

If A # +£1 is any unit, then one of A, —A, 1/A and —1/A is greater than 1, and
therefore of the form n" for some n > 1, and so A = £n" for some n € Z. (I
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Definition 8.19 A unit > 1 such that every unit in Z is of the form +n" is called
a fundamental unit.

From the proof of Theorem 8.18, it is clear that  may be chosen to be the smallest
unit of Zk greater than 1, and we know that these may be found by examining the
continued fraction expansion of /d.

The units in Zg, written U(Zg) or Zy, are therefore given by {£1} x nZ ,
and are isomorphic as an abstract group to C» x Z, the first component corresponding
to the choice of sign, and the second to the power of the fundamental unit.

Exercise 8.7 Find the fundamental units for Q(+/11), Q(+/51) and Q(+/58)

Exercise 8.8 Find fundamental units for Q(+/29) and Q(~/33). (Note that that d =
1(mod 4) in these cases.)

Sometimes it turns out that the continued fraction expansions of v/d only repeat
with quite a long period. In this case, one has to look a long way to find the funda-
mental unit.

Exercise 8.9 Find the fundamental unit for Q(+/94). You may assume that the con-
tinued fraction expansion for +/94is [9; 1,2,3,1,1,5,1,8,1,5,1,1,3,2, 1, 18].

As in the imaginary quadratic case, there is a link between class numbers of real
quadratic fields and quadratic forms. This time, however, the quadratic forms are
not positive definite, and counting the forms is not so straightforward in practice;
although there is a notion of reduced form, it works much less well.

The proofs are rather similar to those in the imaginary quadratic case (for a sketch
of the argument, see [3]). We will simply state the main result.

Suppose that K = Q(+/d) is a real quadratic field, with d a squarefree integer.
Let Fx denote the set of proper equivalence classes of quadratic forms (a, b, c) of
discriminant D where a, b and ¢ do not share a common factor, and let C 14; denote
the narrow class group of K, defined as the quotient of the group of fractional ideals
of K by the subgroup of principal fractional ideals which admit a generator with
positive norm. Note that the class group Ck is a quotient of the group of fractional
ideals by a possibly larger subgroup, so Ck is a quotient of C }

Asin Sect. 6.5, each ideal a of Zg is of the form Za + Z(b+cpgq), where p; = Jd
or #ﬁ depending on the value of d(mod 4), and we can define

Nk qlax + (b + cpa)y)
Nk o(a)

D(a) =

and this is a quadratic form of discriminant Dg. Unlike the imaginary quadratic
case, it will not be positive (or negative) definite; some values of (x, y) will produce
positive values, and others negative.

Theorem 8.20 @ induces a bijection from the narrow class group C ; to Fx. The
inverse is the map ¥ which associates to (a, b, c) € Fg the ideal
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W ((a,b,c)) = (aZ + _I’JFT VDKZ) o,

where a € K™ is any element such that aNg (o) > 0.

Write Fx for the quotient of Fx got from the equivalence relation (a, b, ¢) ~
(—a, b, —c). Then @ induces a bijection from the class group Cg to Fg.

Rather less is known about the class numbers of real quadratic fields. For example,
it does seem that there are a lot of real quadratic fields with class number 1—it is
conjectured that there are infinitely many real quadratic fields with class number
1, but this is not known. More precisely, the Cohen-Lenstra heuristics suggest that
about 75 % of real quadratic fields ought to have class number 1.

There are explicit formulae for class numbers of any quadratic field (see Sect. 10.5);
the formula for the class number of a real quadratic field involves the logarithm of
the fundamental unit, and, as already noted, the behaviour of the fundamental unit is
erratic, and the relevant term in the explicit formula is hard to control.

8.4 Biquadratic Fields

One might imagine that fields of degree 3 might be the next easiest case to consider,
but in fact there is an interesting class of degree 4 number fields to consider. Degree
4 extensions fall into a number of classes, and we will consider those of the form
Q(y/m, \/n), where m and n are two squarefree integers with m # n. Such fields
are known as biquadratic.

We use the techniques already developed to compute the rings of integers for the
biquadratic field K = Q(/m, /n). Note that vk € K, where k = mn/(m, n)?; the
three fields Q(/m), Q(y/n) and Q(+/k) form the three quadratic subfields of K .

There are four embeddings from K into C:

a4 bym + c/n + dvk,
a+bym—cyn —dvk,
a+bym+ c/n + dVk — 0 b+ o —dvE. -
a—bym —c/n + dk.

Apart from the identity, notice that these can be viewed as “conjugations” fixing
each of the three quadratic subfields in turn—for example, the final embedding in
the list above conjugates «/m and +/n, and therefore fixes /m/n = (m, n)v/k, and
is a conjugation fixing Q(+v/k). Notice that each embedding actually has image equal
to K, so these embeddings are automorphisms of K. (This would not necessarily
happen for more general degree 4 number fields.)

Lemma 8.21 If K = Q(J/m, «/n), then we can assume, without loss of generality,
that we are in one of the following cases:
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m=3(mod4), k=n=2mod4);
m=1(mod4), k =n=2(mod 4),
m=1(mod4), k=n=3(mod4);
m=1(mod4), k=n=1(Gnod4).

RN~

Proof First, it 2|m and 2|n, clearly k& is odd (recall m and n are squarefree, so neither
is divisible by 4). Then as Q(/m, «/n) = Q(/m, Vk), we see that we can always
assume that (at least) one of the two generators is the square root of an odd integer.

If m = 3(mod 4) and n = 1 (mod 4), we can simply interchange m and n as

If m = 3 (mod4) and n = 3 (mod 4), we can replace n by k. Note that k =
mn (mod 4), as mn = k(m, n)%, and (m, n) is odd (as m and n are), so has square
congruent to 1 (mod 4). This implies that k = mn = 1 (mod 4), and Q(y/m, /n) =
QW/m, Vk).

Thus after permuting m, n and k, we can assume that m and n satisfy the given
congruences; then k = mn (mod 4) by the argument just given (m is always odd, so
(m, n) is), and also satisfies the given congruence. O

Let us begin by finding the rings of integers of K.

Proposition 8.22 With the numbering of Lemma 8.21, an integral basis for (the
rings of integers of) Q(/m, \/n) are given by
k

VN8

1 k
B S,

1 k
L, SR,

(1, i (et

. 3 2 ) 2 ’ 4 .

A W N~

Proof We will follow the method of Sect. 3.6.
Let « € Zg. Then we can write « = a + by/m + c/n + d+/k for some
a,b,c,d € Q.
As o € Zg, all of its conjugates
ozzza—b«/n_%i—c«/_—d«/%
a3 =a+b\/ﬁ—c\/_—d«/;
m:a—bﬂ—cﬁ—i—d\@

are also algebraic integers. As the set of algebraic integers is closed under addition,
the following are also algebraic integers:

o+ ar =2a+2c/n
o+ a3 =2a+2b/m
a+a4=2a+2d\/§.
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In the first case, where m = 3 (mod 4), k = n = 2 (mod 4), Proposition 2.34
shows that these are integral if 2a, 2b, 2¢, 2d € Z. Thus

A+ Bm+ Cyn+ Dk
o= s
2

for A,B,C,D € Z,where A =2a, B=2b,C =2cand D = 2d.
Also,

oz = (a + bym)* — (cv/n + dvk)?
=a’+ 2/ mab + mb* — nc® — 2ned~m/(m, n) — kd>
A2 +mB?> —nC?> —kD*> AB —nCD/(m,n)

- 4 + 2 Vm

is also integral. Thus 4|A% + mB? — nC? — kD? and 2|AB — nCD/(m, n). The
second implies that 2|AC (n is even and m is odd, so (m, n) is odd and n/(m, n)
is even), so that at least one of A and B is even. If only one were even, then
A? +mB? —nC? — kD? would be odd, and the first requirement would fail. So both
A and B are even.

The second divisibility is automatic, and the first reduces to 4|nC 2 4 kD2, or
2|C 24 D2, 50 that C and D are both even or both odd.

So integers are all of the form

a=a+b\/Z+c\/ﬁ+d«/§

with a, b € Z and c and d both integral or both halves of odd integers.

Such elements are integer linear combinations of 1, \/m, \/n and **5=. The
Jn+vk

first three are obviously integral, and it is a simple check that if y = ¥—-—, then
@y* — (n+k)? = 4mn*/(m, n)?,

and that the congruence conditions on m, n and k imply that this simplifies to a monic
polynomial with integer coefficients,

Yyt —m+h)y?2 + (#) = mn?/4(m, n)?,

so y is also integral.

Thus an integral basis is {1, /m, /1, M}.

The remaining cases are similar, and some details will be left to the reader.

In the second and third cases, which can be treated together, m = 1 (mod 4) and
k =n =2 or3 (mod 4). Again, suppose @ = a + by/m + c/n + d/k € Zg; one
shows as in the first case that
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o =a+bym+cvn+dvVk

with 2a, 2b, 2¢, 2d € 7. Again let oy, a3 and a4 denote the conjugates of «. Con-
sidering o + «; again, one sees that a and b are both integers or both halves of odd
integers, and ¢ and d are both integers or both halves of odd integers. Then every inte-

ger must be an integer linear combination of 1, l+ﬁ , A1, ﬁ;ﬁ, and one shows
easily that these are all integral.

The final case, m = k = n = 1(mod4) is a little different. Again we
consider o + a2, @ + a3 and « + a4. By Proposition 2.34, these are integral if
4a,4b, 4c,4d € Z, with 2a, 2b, 2c and 2d all integral or all halves of odd integers.

Thus
A+ Bym + Cy/n + DVk
o= s
4

for A, B,C, D € 7Z, where A = 4a, B = 4b, C = 4c and D = 4d are all even or
all odd. So we can write

A’+B/ﬂ+c/ﬁ+D/(1+ﬁ)(1+ﬁ)
o =
4 2 2 ’

with D' € Z. As

A’+B’Jf+C’ﬁ za_D,(HZﬁ) (1+2\/Z)’

it must be integral, so A’, B, C’ are all even (the coefficient of +/k is 0, which is
even). Thus A’ = 2a’, B’ = 2b' and C’ = 2¢, and we consider w This
is the sum of b’ % +c (1+2‘/E and “Lg/*"/ ; itis an integer, so 2|a’ — b’ —¢’.
It follows that the integral basis is as given in the statement. [

Exercise 8.10 With the numbering of Lemma 8.21, show that the discriminant of K
is 64mnk in (1), 16mnk in (2) and (3), and mnk in (4).

Let us next work out the possible roots of unity in K.

Lemma 8.23 If K = Q(y/m, «/n), then the roots of unity in K have order 2, 4, 6,
8 or12.

Proof Suppose K contains the rth roots of unity. Then i, C K, and so Q(u,) € K.
Then we must have [Q(u,) : Q] < 4. However, we will see in Corollary 9.9 that
[Q(ur) : Q] = ¢ (r), and so r must satisfy ¢ (r) < 4.

Ifr =[], p'»,theng(r) =[], p"»~"' (p—1). This shows that no prime p > 7
can divide n (otherwise p — 1 > 6 would divide ¢ (r)); that 5> { r, 3% { r and 2* | r.
This leads to a small list of possibilities for r, and one quickly finds thatr =1, 2, 3,
4,5,6,8,10 or 12. Of course, —1 € K, so we always have square roots, so r will be
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even. K = Q(u10) is ruled out as it is not biquadratic; although it contains Q(+/5),
there is no other integer d with Q(d) € Q(u10), and so Q(110) cannot be written
Q(+/5, /n) for any n. This just leaves the list in the statement. g

The only possibility with r = 12 is Q(u12) = Q(u4, ie) = Q(i, +/=3), and the
only possibility with r = 8 is Q(ug) = Q(, V2).

If both m > 0 and n > 0, then also k > 0, and every embedding of /m, /n
and vk is real. We shall refer to this case as a real biquadratic field. Since the only
real roots of unity are £1, Dirichlet’s Unit Theorem (Theorem 7.31) implies that
there are three units, €1, €2 and €3 such that every unit can be written in the form
+e)'€5’€5’, where ay, as and a3 are in Z. The fundamental units ¢; are, in general,
difficult to compute; we have already seen this for real quadratic fields, and the real
biquadratic case is considerably harder.

If m < 0, say, then each embedding maps /m to £./m, and this is not real. So
all the embeddings are complex, and occur in two complex conjugate pairs. We shall
refer to this case as an imaginary biquadratic field. Dirichlet’s Unit Theorem shows
that there is a single unit € such that every unit can be written as ¢€“, where ¢ is a
root of unity in K, and a € Z. Here, however, the computation of the fundamental
unit € is more tractable, and we state the result without proof (see [5], Theorem 42):

Theorem 8.24 Suppose that K = Q(/m, i/n) is an imaginary biquadratic field.
Then there is a unique real quadratic subfield k C K. Let n denote a fundamental
unit of k. Then either € = 1 is also a fundamental unit of K or € = ¢ for some
¢ € k. In the first case, the units of Uk are Uk, and in the second case Uy ik
has index 2 in Ug.

8.5 Cubic Fields

A cubic field is a degree 3 extension of , and can therefore be defined as K = Q(y),
where y is a root of an irreducible cubic equation f(X) € Q[X].If y; = y, y» and
y3 denote the three complex roots of f(X), the three embeddings from K into C are
given by sending y to each of the three roots—thus we have

7 : Q(y) — C.

Zak)/k = Zakyik
k k

There is a new phenomenon in the cubic case, not present in the cases considered
so far: the image of the embeddings may differ from K. Indeed, the image of the
embedding t; is Q(y;), and we may have y; ¢ Q(y).

For example, suppose that f(X) = X3 — 2, so that we could have K = Q(~/2).
Then the other roots of f(X), which are w\3/§ and a)zf/z where @ = ¢27i/3 =

#, do not belong to K.
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We can consider the splitting field L = Q(y1, y2, y3), the field generated over Q
by all of the roots of f(X). (Notice that y3 € Q(y1, y2), so that L = Q(y1, y2).)

Lemma 8.25 [f L is the splitting field of an irreducible cubic equation f(X), then
[L:Q]=3or6.

Proof Certainly L contains y1, and so L 2 Q(y1). As the minimal polynomial of y;
is a cubic, [Q(yy) : Q] = 3. Over Q(yy), the cubic f(X) must factor as

JX) =X -y fi(X),

where f1(X) € Q(y1)[X] is a quadratic with roots y, and y3. If y» € Q(y}), then so
is 3, and L = Q(yy), of degree 3.

Otherwise, y, and y3 are roots of an irreducible quadratic fj(X) over Q(y1), and
s0 [Q(y1, v2) : Q(y1)] = 2. The tower law for degrees of field extensions now gives
[L:Q]=06. (Il

The reason that general cubic number fields are more complicated than biquadratic
number fields is that we often have to deal with the splitting field, which is generally
of degree 6. The cubic fields whose splitting field are of degree 3 are rather unusual,
and none of the natural family of cubic fields Q(/a) have this property, whereas the
biquadratic fields are more natural examples of quartic number fields with a degree
4 splitting field.

The cubic equation might have three real roots; in this case, each of the embeddings
7; are real. Dirichlet’s Unit Theorem (see Theorem 7.31) then implies that every unit
is :I:n’f1 ngz, for certain fundamental units n; and 7y, where a; and a; run through
integers.

Alternatively, the cubic might have one real root, and one complex conjugate
pair of roots. Then there is one real embedding, and one conjugate pair of complex
embeddings. Dirichlet’s Unit Theorem implies that the units are then of the form
¢n®, where ¢ is a root of unity in K, n is a fundamental unit, and a € Z.

The most natural family of cubics to consider are those of the form Q(./a), where
a is an integer not divisible by a cube. Then the minimal polynomial of J/a is X* —a,
and the three roots of this are /a, w-J/a and w? Ja, where = e2mi/3 (note that
—w — 1 = w?). We therefore have one real root, and one complex conjugate pair, so
these cubics belong to the second group above.

We have already seen some examples of the computation of the rings of integers
of some cubic fields, in Sect. 3.6. The general case can be done in a similar way, and
we leave the details as an exercise (see also [9], pp. 49-51). Here is the main result:

Theorem 8.26 Suppose that K = Q(3/m), where m = mlm%, with m and m»
coprime and squarefree. Write m' = m%mz. Then if m*> # 1 (mod 9), the ring of
integers has integral basis {1, Jm, I’ }, and K has discriminant —27m%m%. If
3 37
m? = 1(mod 9), the ring of integers has integral basis {1, J/m, w},

and K has discriminant —Sm%m%.
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Chapter 9
Cyclotomic Fields and the Fermat Equation

Cyclotomic fields are the number fields generated over QQ by roots of unity. They
played (and still play) an important role in developing modern algebraic number
theory, most notably because of their connection with Fermat’s Last Theorem (see
Sect.9.4). Whole books have been written about cyclotomic fields, but we will just
begin to develop a few of their properties.

9.1 Definitions

We have already used the notion of roots of unity at a number of points in the book,
but here is a formal definition:

Definition 9.1 An nth root of unity is a number ¢ € C such that " = 1, so that
¢ = e¥rik/n for some k. We say that ¢ is primitive if { # 1 forany 0 < a < n, so
that ¢ = ¢*"%/" for k coprime to n.

It follows that the number of primitive nth roots of unity is

¢(n) =1{0 <k < n |k and n are coprime}| .

Definition 9.2 The nth cyclotomic field is the number field Q(¢), where ¢ is any
primitive nth root of unity.

Exercise 9.1 Check that this definition does not depend on ¢; two different choices
of primitive nth roots of unity produce the same number field.

Example 9.3 Let ¢ € C be a primitive Sth root of unity. The minimal polynomial of
¢ over Qis X* + X3 + X2 + X + 1. The remaining roots of this polynomial are the
other three primitive 5th roots of unity. If £ is one of them, then & = ¢/ for some j.

It follows that Q(&) = Q(¢).

F. Jarvis, Algebraic Number Theory, Springer Undergraduate 191
Mathematics Series, DOI: 10.1007/978-3-319-07545-7_9,
© Springer International Publishing Switzerland 2014
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In order to state the most general result, we need to know more about cyclotomic
polynomials.

Definition 9.4 Letn > 1. Define the nth cyclotomic polynomial by

n(X) = IT X =)

primitive nth roots of unity

Let’s write down the first few:

MX)=X—1
MX)=X+1
BX) =X -—o)(X —0d)=X>+X+1
MX)=X+DX—i)=X"+1
X3 —1
X—1
MX)=X+o)(X+0) =X —X+1

As(X) = =X+ X3+ X2+ x+1

where w denotes a primitive cube root of unity. In general, one can see that A ,(X) =
A=l = XP~! 4 ...+ 1 when p is a prime.

We have the following lemma:

Lemma 9.5
X" —1=[]r0.

d|n

Proof Any nth root of unity will be a primitive dth root for some d|n. Conversely,
if d|n, a primitive dth root of unity is an nth root of unity. ]

For example, if n = 6, the 6th roots of unity are 1, —1, +w and +w?, where
w = ¥ = # is a primitive cube root of unity. We split these into the
primitive 1st roots, i.e., 1, the primitive square roots, i.e., —1, the primitive cube
roots, i.e., w and w?, and the primitive 6th roots, —w and —w?. It is clear then that
the product of the cyclotomic polynomials Ay for d|6 is X® — 1. As there is a factor
of A, for every primitive nth root of unity, it follows that deg A, = ¢ (n).

The lemma allows us to compute cyclotomic polynomials recursively.
Proposition 9.6 A, is a monic polynomial with integer coefficients.

Proof We prove this by induction on n. Note A = X — 1 satisfies the statement. Let
f(X) = Hd|n, d<n *a(X). Then by induction, f is monic with integer coefficients.
By Lemma 9.5, X" — 1 = fA,. Now we claim that if p = ¢r is a product of
polynomials, where p and ¢ are monic with integer coefficients, then so is r.
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For this, we suppose that

pX) =X+ p Xt po,
X)) =X"+q X"+ g,
r(X) =roX' —{—rlXt_1 +- 41

By comparing coefficients of X**/, we see ro = 1, so r is monic. Also, suppose we
have shown that rg, ...rx—1 € Z. Then, comparing coefficients of X stk e see
that

Pk =Gk + G111+ -+ qirk—1 + 1k,

so we see rx € Z. Inductively, each r; € Z, so r € Z[X]. This proves the claim.
Now we apply this with p = X" — 1, ¢ = f and r = A,, to see that A, € Z[X]
has integer coefficients. O

In fact, A, (X) is irreducible in Q[ X] and hence is the minimal polynomial of any
primitive nth root of unity. There’s a simple proof if n is a prime number p, which
we will give first, using Eisenstein’s criterion.

Lemma 9.7 If p is prime, the polynomial X ,(X) is irreducible.

Proof In this case, A,(X) = );P:]l, so that

X+ D?P -1
Ap(X+1)=m
X+ -1

N X

=xr 4 (P)xr2 e (P)xr e (0 )x+( 7).
1 2 p—2 p—1

and all the coefficients except the leading term are divisible by p, with the constant
term equal to p. Then Eisenstein’s criterion shows that A , (X + 1) is irreducible, and
therefore A, (X) is also irreducible. (I

The general case is harder; it seems first to have been proven by Kronecker, but
the proof we will give is due to Schur (1929).

Proposition 9.8 The polynomial A, (X) is irreducible.

Proof Let f,(X) = X" — 1, and we work out the discriminant of f,,(X), defined
as the product the squares of the differences of roots. The same argument as in the
proof of Proposition 3.31 shows that

[T =eh?*=T] fieh.
j=1

i<j
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But f/(X) = nX""!, and so

n—1
n

[Te =eh?=n"(]]¢"] ="
j=1

i<j

Suppose that g(X)| f,(X), and that ¢ is a root of g(X). Then we claim that ¢” is a
root of g(X) for any prime number p 1 n.

Suppose not, so that g(¢”) # 0. As g(X)| f,(X), we can factor g(X) = (X —
¢1) -+ (X — ¢g) for some d. Then g(¢?) is a product of differences of nth roots
of unity, so divides the discriminant +n" already calculated. Modulo p, we have
g(XP) = g(X)? (mod p), and so p|g(¢?) — g(£)P. Thus plg(¢?) as g(¢) = 0. But
g(¢P) is an algebraic number dividing n”, and so p|n, a contradiction.

So if g(X) is a nontrivial factor of X, (X), and therefore of f;,(X), and ¢ is a
primitive nth root of unity which is a root of g(X), then all powers ¢ must be roots
of g(X) for all k coprime to n; simply factor k into primes, and apply the result
above successively. In particular, every primitive nth root of unity is a root of g(X),
showing that g(X) = A,(X), i.e., that A, (X) is irreducible. U

Corollary 9.9 If ¢ is a primitive nth root of unity, then [Q(¢) : Q] = ¢ (n).

Exercise 9.2 xn > 11is odd, Ay, (X) = A, (—X).

[Hint: show that ¢ is a primitive 2nth root of unity if and only if —¢ is a primitive
nth root of unity.]

Exercise 9.3

1. Show thatif m|n, then the degree of A, (X) is the same as the degree of 1, (X™).
2. Prove also that these two polynomials have the same roots, and deduce that
)\mn(X) = )‘n(Xm)- L
3. As a special case, deduce that A, (X) = A,(X 4 ), and is therefore equal to
X —1
xr g

We will use the final part in the next section.

Exercise 9.4 Now let p and g be distinct primes. By considering X7 — 1, show that
Ag(XP) = Ag (X)Apg(X).

Exercises 1.2 and 1.3 shows that there are infinitely many primes congruent to
1 (mod 4) and to 1 (mod 6) respectively. The reader should observe that the 4th and
6th cyclotomic polynomials play a crucial role in these exercises. The next exercise
shows that the argument generalises (with some mild complication) to any 7.

Exercise 9.5 Suppose that there are finitely many primes py, ..., p, which are con-
gruent to 1 (mod n). Write x = npy ... p,, and suppose that p|A, (x).
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1. Deduce that p|x" — 1, and conclude that x” = 1 (mod p).
2. By considering which roots of unity are roots of the two sides, show thatifn = kl

with > 1, then A, (X)| 5=

3. Suppose that x¥* = 1 (mod p) for some k < n and k|n. By considering the
expansion

x" -1

— k=D k=D ke
xk—1

modulo p, derive a contradiction.
4. Deduce that there are infinitely many primes congruent to 1 (mod n).

9.2 Discriminants and Integral Bases

In this section, we will compute integral bases for the cyclotomic fields Q(¢), and
their discriminants.

More precisely, put K = Q(¢) where ¢ is a primitive nth root of unity, and then
we will show that Zg = Z[¢]; this implies that {1, ¢, ..., §¢(”)_1} forms an integral
basis. We will use this later (Sect.9.4) only in the case where n is prime.

We first treat the case when n = p” is a power of a single prime p. We need a
lemma, which describes the ramification behaviour of p in K:

Lemma 9.10 Letn = p’, let ¢ denote a primitive nth root of unity, and put 1 =
1 —2¢. Then

pZi = (m)F

where k = [Q(¢) : Q] = ¢(p") = p"~(p — 1). Furthermore, Ngo(m) = p.

Proof As above, the minimal polynomial of ¢ is the nth cyclotomic polynomial. In
the case of a prime power n = p”,

x? —1

L x e xr e L xr T
X 1

Apr(X) =

The roots of A, (X) are all the primitive nth roots of unity, which are given by ¢7,
withge G={1<k<n|ptg} So

dpr (X) = [ X = ¢9).

geG

We now put X = 1 in these two expressions for A,r(X). In the first, the explicit
expression on the right-hand side shows that A ,r (1) = p, and substituting this into
the second gives
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p=]Ja-¢9.

geG

so that
pZk = (p)= ] —-¢9.

geG

We claim that the ideals in the factorisation in this product are all the same. This
follows as the generators are associates:

1—¢9
1-¢

=1+¢+-+¢7 e 2L,

and conversely, we can find 2 € G with gh = 1 (mod p”), and then

1-¢ _ 1=y

_ g 4 ... (h—1)
1—;9_ ¢ =14+¢9+ +¢9 e Z[¢].

Thus (1 —¢9) = (1 —¢) forall g € G. Then

pZgx = [J1-¢% =01 -0 = @),

geG

with k as in the statement of the lemma.

To get the claim about the norm, we simply apply N s to this equality. We know
that Ng,o(p) = & Q= p¥. On the other hand, the norm of the right-hand side is
NK/Q(n)k, so that Nk () = p. U

Next, we can compute the discriminant of the basis {1, ¢, .. ., ;k_l }:

Lemma 9.11 With notation as in the previous lemma, the discriminant

A{L, ¢, ..., c5 Yy = +p° for some exponent s.
Proof Write A(X) = A, (X) = ’;ﬁ’,

—1
X 1

-1’

and rearrange this as

xP 7 D) = xP -1, 9.1)

We will use Proposition 3.31 to compute the discriminant, so we need to compute
the norm of A’(¢). Differentiate (9.1), to get

PP T ) £ (X DA (X)) = prxP L
Substitute X = ¢:

@G =@ =prer T =preh
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Put & = {pr_l; this is a pth root of unity, and so Nge)Q(§ — 1) = £p by
Lemma 9.10. Then Ng),g — 1) = (£p)[@OQE] = £ 2" ~1 Take norms
of the equality (¢ — 1)A/(¢) = p’¢~', and find

Now)/E — DNgeyo () = Nowyo(P ) Now @)™

Substituting in the earlier calculations, noting that ¢ is a root of unity (and thus has
norm =1), this becomes:

r—1 it
+p? Nowyo@'(©) = (pH? D,

By Proposition 3.31, A{1, ¢, ..., c*=1Y can be computed as NQ(C)/Q()J({)), which

can now be read off as &p*, where s = rp"~!(p — 1) — p"~! by Proposition 3.31.
O

In passing, we note that this implies that p is the only prime ramifying in Q(¢,r)
(see Proposition 5.44). We can also use this to see that Q(¢) is monogenic, so that it
has an integral basis generated by a single element.

Proposition 9.12 Let n = p’, and let { denote a primitive nth root of unity. Then
the ring of integers of K = Q(¢) is given by Z[¢].

Proof Write Zg for the ring of integers. As A{l,¢, ..., ¢k} = +p° for some
integer s, where k = [Q(¢) : Q], we know from Lemma 3.32 that

P'Zk C Z[¢] C Zk.

Asin Lemma 9.10,if 7 = 1 — ¢, then Ng(y/@(w) = p. Thus Zg /nZx = Z/pZ,
so that Zx = Z + nZg, and therefore

Zg =25+ k. 9.2)
Multiplying through by 7 gives
nZy = wZl{]+ Tk,
and substituting this into (9.2) gives
Zg = ZIE| + (WZ[g ) + m°Zk) = ZIS | + 7L - 9.3)
We can repeat this procedure to see that
Zx =Z[¢]+ n" 7Lk

for all m > 1. However, if we put m = s, we have already observed that 7°Zg C
Z|[¢], and so we conclude that Zx = Z[¢], as required. [l
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This completes the argument for prime power exponents; given a general
exponent, we just need to combine the information from each of its prime powers.

Theorem 9.13 Letn € Z=1, and let ¢ denote a primitive nth root of unity. Then the
ring of integers of K = Q(¢) is given by Z[¢].

Proof Write n = p|'...ps. Fori = 1,...,s, write {; = C”/”irl , which are p!'th
roots of unity. Write K; = Q(g;) € Q(¢). The K; are cyclotomic fields, and Zg, =
Z[¢;] by Proposition 9.12. So each Z; is generated by powers of ¢;, which, in turn,
are therefore powers of ¢.

Asthe discriminants of K1 and K are coprime, we conclude from Proposition 3.34
that the ring of integers of K1 K> = Q(¢1, ¢2) has a basis consisting of powers ;1‘” ;gz s
and that these are again all powers of .

Similarly we conclude that the ring of integers of K; K> K3 = Q(¢1, 2, ¢3) also
has a basis consisting of powers of ¢; continuing in this way, we see that the ring of
integers of Ky ... Ky = Q(¢y, ..., &) = Q(¢) has a basis consisting of powers of
¢, and so Zg = 7Z[¢] as required. (I

9.3 Gauss Sums and Quadratic Reciprocity

In this section, we give a proof of quadratic reciprocity using “Gauss sums”, which
arise as weighted sums of roots of unity.

We will also sketch a proof that cyclotomic fields need not always have unique
factorisation. Even in the case Q(¢), with ¢ a pth root of unity for some prime p,
of most interest for the Fermat equation (see Sect.9.4), it turns out that Q(¢) does
not always have unique factorisation. In fact, Q(¢) has unique factorisation for all
p < 19, but for all p > 19, Q(¢) fails to have unique factorisation (and the class
group grows quickly; already for p = 97, the class number of Q(¢) is greater than
10! ). We will sketch the argument that Q(¢23) fails to have unique factorisation.

Partly for this reason, we will initially develop some theory of Gauss sums just
for this example. We first show that the Q(¢»>3) contains Q(+/—23) as a subfield, and
the proof will introduce what will be a Gauss sum.

Lemma 9.14 Q(+/—23) C Q(&23) and [Q(¢23) : Q(v/—23)] = 11.

Proof Put

where ¢ = {23, and (2“—3) is the Legendre symbol. We claim that 72 = —23, 5o that

V=23 =+£1 € Q(523).
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Indeed,
22 22
- b
=33 () () ¢
a=1b=1
Given a pair (a, b), define ¢ by b = ac (mod 23), and note that if a is fixed, then
when b runs through all values 1, ..., 22, so does c. Thus:
2 22 u
— b
2= 3 (%) ()
a=1 b=1
2 22 )
-2 X (F)e
a=1 c=1 23
22 21
— a(l+c)
=33 ()¢ +z(23)
a=1 c=1

-3 [z 2
c=1 a=1

[ G)]-=
as 322 ¢k = Ofork # 0 (mod 23), so that 322 | ¢%
=1-(-1)—22=-23
using 3722, (35) = 0. 50 that 321, (55) = — (35)-

The second claim follows from the tower law for field extensions; we know

[Q(£23) : Q] = ¢(23) =22, and [Q(v—-23) : Q] = 2. g

Exercise 9.6 Generalise Lemma 9.14 to show thatin Q(¢,), with p prime, the Gauss
sumt ="} (%) ¢4 satisfies

2P if p =1 (mod 4),
| =p, if p =3 (mod 4).

2 _ (=L
and so _(p)p.
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Gauss sums allow us to give a fairly simple proof of the famous Quadratic
Reciprocity Theorem, using the generalisation Exercise 9.6 of Lemma 9.14:

Theorem 9.15 Suppose that p and q are distinct odd primes. Then

(B) (Z) = (=)= D@=D/4,
q) \p

Proof As above, write { = ¢, and consider again the Gauss sum 7({) =
25;11 (%) ¢“, and consider also 7(¢9) = 25;11 (%) (¢7)“. Observe that

p—1
1 7y — (ﬂ) ag _ 9.4
(p)r(;) > L) =T, 94)

a=1

using the multiplicativity of the Legendre symbol.
We can also evaluate 7(£7) by working modulo gZ[¢,]:

(¢?) = 1(0)!

=) (r?) "
= ()"

=17() ("—)
q

where we write p* = (%) p as in Exercise 9.6, using Euler’s criterion a'¢~D/? =

(%) (mod ¢q). Comparing this with (9.4), we see that (%) (%*) = 1. But

(p_*) _ (DY (i)(p_l)/2 (E) — (_1)P-Dla-D/4 (B),
q q q q q

and the result follows. O

Now let’s sketch the argument that (Q(¢23) fails to have unique factorisation. This
uses a new concept which will not be used elsewhere in the book; we will merely give
the definition, and state its main properties. The interested reader will find proofs
in [10] and many other graduate level textbooks in the subject.

Definition 9.16 Suppose that L D K is an extension of number fields, and that 2l is
an ideal in Z; . Then the relative ideal norm Nk () is the ideal in Zg generated
by all of the elements Ny /g (A), where A € 2.
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The relative ideal norm has the following properties.

1. Np gk (QUB) = Nk Q)N g (°B) for ideals 2 and B in Zy ;
2. if P is a prime ideal in Zp, then Ny /g (P) = p/, where p = 8 N Zg, and where
f is the degree of the residue field extension Zr /B 2 Zk /y;

. if ais an ideal of Zg, then Ny /g (aZr) = all:Kl,

4. if A = (a) is a principal ideal of Z;,, then Ny k() = (N k() is a principal
ideal of Zg;

5. if M © L 2 K are extensions of number fields, then Ny x () = Nk (NmyL
(R0)), if A is an ideal of Zy,.

(O8]

Recall that the ring of integers of Q(/—23) is Z[p], where p = 14y/=23 {23 We can

compute the class number of Q(+/—23) using the quadratic forms method of Chap. 6;
we find that there are three distinct reduced forms of discriminant —23, namely

x2+xy+6y2, 2x2—|—xy+3y2, 2x2—xy+3y2.

Thus the class number of Q(+/—23) is 3, and the class group is therefore isomorphic
to C3, the cyclic group of order 3.

We will also consider the factorisation of the prime 2 in Q(+/—23) by using
Proposition 5.42. The minimal polynomial of p is X> — X + 6, and

X2 X46=X>+X=X(X+1)(mod2),

so that in Z[p], we have 2Z[p] = pp’. Again, the general techniques earlier (see
Remark 5.43) show that we can take

p=2,p), p=Q2p-1).

Note that the methods of Chap.4 show that p and p’ are not principal; there are no
elements of norm 2 in the ring of integers of Q(+/—23). Thus p is not trivial in the
class group.

Since the class number of Q(+/—23) is 3, we see that p> is principal, and so p has
order 3 in the class group.

Let 33 be a prime ideal of Q(¢»3) lying above p. Write NQ(Q;)/Q(\/T%) (P) as pf
for some f. As f|[Q(&23) : Q(+/—23)] (proven in the same way as Theorem 5.41),
we see that f|11. It follows that NQ(;Z;)/Q(\/T%) (P) =porpll.

But p has order 3 in the class group, and so p/ can only be principal if 3| f. We
conclud'e that Noy ¢, Q) B i's not a principal ideal in Q(+/—23).

But if 3 were a principal ideal in Q(¢»3), the norm NQ(;Z;) /Q(/=23) () would
be a principal ideal in Q(+/—23), and we conclude that 3 is not a principal ideal in
Q(£23).

It follows that Q(£23) does not have unique factorisation.
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Exercise 9.7 Verify explicitly that p3 is principal in the above calculation by listing
the generators 23, 2%p, 2p? and p> for p3, verifying that each is divisible by the

element 3=¥=23 V2_23, so that p3 - (3_— 3_23), and checking that both sides have norm 8.

Remark 9.17 In fact, it was already known to Kummer that Q(¢23) fails to have
unique factorisation. Kummer’s argument was based on the product

(1+§+§.5+§.6+§7+§9+Cll)(1+§2+§4+§5+§6+§.10+§.11)’

where we write ¢ for {»3. This is easily seen to be divisible by 2 (see Exercise 9.8). It
is also clear that neither factor is divisible by 2. However, Kummer showed that 2 is
irreducible in Z[¢ ], the ring of integers in Q(£23), and therefore the same methods as
Chap. 4 show that 2 is not a prime element, and therefore that Z[¢ ] cannot be a UFD.

Exercise 9.8 Verify the assertion that the product in Remark 9.17 is divisible by 2,
by multiplying out the brackets.

9.4 Remarks on Fermat’s Last Theorem

The Fermat equation, x" 4+ y" = 7", has inspired more mathematical breakthroughs
than any other. As is well-known, around 1638, Fermat wrote in the margin of his
copy of a translation of the Arithmetica of Diophantus:

Cubum autem in duos cubos, aut quadratoquadratum in duos quadratoquadratos, et gen-
eraliter nullam in infinitum ultra quadratum potestatem in duos eiusdem nominis fas est
dividere cuius rei demonstrationem mirabilem sane detexi. Hanc marginis exiguitas non
caperet.

In modern notation, this translates to the statement that when n > 3, the Fermat
equation has no solution with x, y and z all nonzero integers. Fermat’s comments
that he had a marvellous proof but that the margin was too small led to this becoming
the most notorious unsolved problem in mathematics for centuries. Several organ-
isations offered prizes for its proof, but it was not until the work of Wiles [17],
partly with Taylor [14], that the proof was finally completed. The work of Wiles and
Taylor—Wiles is well beyond the scope of an undergraduate course, although Fermat’s
proof for n = 4, and Euler’s proof for n = 3 would be more accessible.

The importance of the result is slight; however, the results which it inspired have
been enormously influential (and include most of the contents of this book!). Thus
the book would seem incomplete without a short sketch of how the Fermat equation
has influenced the subject.

Following Fermat’s proof of the case n = 4 (see [7], for example), it suffices to
prove the result in the case that n = p is an odd prime. It is usual to distinguish two
cases, the first case, where none of x, y and z are divisible by p, and the second case,
where exactly one of x, y and z is divisible by p. It tends to be easier to prove results
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using the elementary techniques available to us in the first case, and we shall restrict
attention to that case in this sketch; however, with more work, the same results can
generally be obtained in the second case also.

We now sketch an elementary (but false!) argument to prove Fermat’s Last The-
orem in the first case.

For p = 3, the equality x” 4+ y? = z” can be regarded as a congruence modulo 9;
as cubes are congruent to 1 or to 0, we can only recover the congruence if one of
the cubes is 0 (mod 9). Suppose it is x>, say. But this implies that x must be divisible
by 3, and this contradicts the requirement of the first case, that p { x.

Now consider the case where p > 5, and suppose that x, y and z are a nontrivial
solution to the first case of the Fermat equation. Dividing throughout by a common
factor, we can assume x, y and z have no common factor. We will try to establish a
contradiction. .

Let { = er # 1 be a pthroot of unity. Write K = Q(¢); we know that
[K : Q] = p — 1. From the Fermat equation, we deduce

P =xP 4 yP

=+ @+ NEFy) Py,

an equality in Z[Z].

The left-hand side of this equation is a pth power. We claim that the factors on the
right-hand side are all coprime. Indeed, if x + y and x + ¢y, say, shared a common
factor 6 € Z[¢] which is not a unit in Z[¢], then 8|x + y and 6 |x + ¢y would imply
that 6](x +y) — (x +¢y),and so 6|(1 — ¢)y.

But we can’t have 6|1 — ¢, as Ng (1 — ¢) = p, and if 6 is not a unit, then we
would need Nk ,g(¢) = p. But 0|x + y, and x + y is one of the factors of z. So
Nk, (0) would divide Nk (z) = zP~1. We would conclude that p|z”~!, and so
plz, contradicting the assumption that we are in the first case.

So we must have 6|y. But then 8|x + y and 8|y implies that €|x, and so 6
is a common factor of x and y (and therefore z). Then Ng,q(0)|Ng q(x) and
Nk @) [Nk ,(y), so that Nk () is an integer dividing xP~Vand y?~!. Asx and
y are coprime, we must have Ng /Q(0) =1,s0 that 6 is a unit, again a contradiction.

Similar arguments apply (the reader might like to treat this as an exercise) if any
pair x 4+ ¢’y and x + ¢/ y shared a common factor; this again leads to a contradiction.

So the factors on the right-hand side of the equality

P =@+ N+ NE ) e+ y)

are coprime; any divisor of z” can therefore only divide one of the factors on the
right-hand side—and since any divisor of z” occurs to multiplicity p, we must have
that each factor on the right-hand side is a pth power.

We have seen (Proposition 9.12) that an integral basis for Z[¢] is given by

(1,¢,...,0P7%),
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We can write x + ¢y = a for some o € Z[{], and can write @« = ag + a;¢ +
S apfzg“”_z. Then

af =al +alc? +- - +aZ_2(§p72)p (mod p)

a{; +a{’ +--- +a£_2 (mod p),

where we regard two elements of Z[¢] as congruent modulo p if each of the coeffi-
cientsof 1, ¢, ..., g“”_z differs by a multiple of p.

2mi

Let o denote the complex conjugate of «; if ¢ = ez%’ say,then { = e » =
cP=1 1t follows that @ = ag + a1ZP~ ' + P2 + -+ + ap_2§2, and the same
argument shows that o” is also congruent modulo p to aé’ —i—af +---+a 5_2 (mod p).

On the other hand, @” = x +¢y = x + ¢P7'y. So we see that ¢y =
¢~y (mod p). Then p|¢y (P~ —1),and so Nk (p)INk (1) Nk (¢~ = 1).
But p { y,as wearein the first case, and Ng g (p) = pP~! and NK/Q(CP_Z—I) =p
by Lemma 9.10.

This is a contradiction.

Of course, things are really more complicated! We’ve made two false deductions
in the course of this argument, and alert readers will probably have spotted both.

Firstly, we cannot conclude that x + ¢y = «”; there may be units involved. It
would have been more correct to conclude that x + ¢y = ea” for some unit € and
a € Z[¢]. In fact, this is not such a serious issue; Kummer was able to study the
structure of the units in Z[{] carefully, and prove that the units are all of the form
r¢k, where r is a real number. The argument above can be modified to derive the
same contradiction, with just a little more work.

More importantly, though, it may happen that Z[¢ ] does not have unique factori-
sation. This is a much more serious issue.

When Z[¢] does have unique factorisation, this does indeed complete the proof
of Fermat’s Last Theorem in the first case. However, this is rare!

As we have already seen, Kummer’s solution was to work with ideals instead of
elements. We use the above argument, and reach the equality

P =+ NE DY) e+ 27
as before. We regard this now as an equality of principal ideals:
(@) = (x +3)x + o+ 2y e+ 0Py,

Since we have unique factorisation into ideals, we can now conclude that each ideal
on the right-hand side is a pth power. That is, we have

(x+¢y)=a”
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for some ideal a. The rest of the argument given above would work if we knew that
a was a principal ideal; then we could choose a = (&), and use this « in the rest of
the argument.

This is often possible. Indeed, it is clearly valid if every ideal is principal (which
would mean that the class number is 1). But in fact we can see that it will hold in
greater generality. We know that a” = (x + ¢y) is principal, and therefore the class
of a? is trivial in the class group of K. If the size of this class group is coprime to p,
we could conclude that the class of a would have to be trivial also, as elements whose
pth power is trivial in groups of order prime to p are necessarily themselves trivial.
So as long as the class number of K is not divisible by p, we can derive the result.

Definition 9.18 The prime number p is regular if p does not divide the class number
of Q(¢p). If a prime p is not regular, it is irregular

In this way, Kummer was able to prove the first case of Fermat’s Last Theorem for
all regular primes p, and, as already remarked, he was also able to treat the second
case using similar, but rather more complicated, ideas. The reader is referred to [1]
or to [6] for complete details. Thus:

Theorem 9.19 (Kummer) If p is a regular prime, then x? 4+ y? = zP has no
nontrivial solution.

Many primes are regular; indeed, computational evidence suggests that, up to any
given bound, there are more regular primes than irregular ones. Of the primes up to
100,000, for example, 3,789 are irregular, and 5,803 are regular. Unfortunately, it is
not known that there are infinitely many regular primes, although it is known that
there are infinitely many irregular primes. The first irregular primes are 37, 59, 67,
101 and 103.

In fact, there is a reasonably simple way to recognise regular primes, but again the
details are sufficiently complicated that the reader is referred to [1]. The Bernoulli
numbers appear in the evaluation of the Riemann zeta function at even integers, and
are defined by the series expansion

X (e.¢]
n.n
= X .
eX — 1 va

n=0 "

=

Then By = 1, Bj = —%, By = £, B3 = 0, B4 = —5..... (In fact, By = 0 for all
k > 1, as is easy to see from the observation that e"x_—l + % is an even function of x.)
They can easily be computed recursively, given By = 1, from the relation

k+1 k+1 k+1
(3w e (s

forall k > 1.
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Then Kummer showed that

Proposition 9.20 The prime p is regular if and only if it does not divide any numer-
ator of By, By, ..., Bp_3.

Exercise 9.9 Use this to compute By recursively fork =1, ..., 16. Deduce that all
primes up to 19 are regular, and use the proposition to give an irregular prime. Extend
your calculations as far as you wish; you will need a computer algebra package to
get far enough to see that 37 is irregular.



Chapter 10
Analytic Methods

Although this is a textbook on algebraic number theory, some interesting algebraic
results can be obtained by incorporating some analytic techniques.

One well-known result is Dirichlet’s Theorem on primes in arithmetic progres-
sions. This states that for all a coprime to a modulus m, there are infinitely many
primes which are congruent to a (mod m). However, the proof is largely analytic in
nature, and the use of algebraic objects (modular characters) in the analytic proof
has a different nature from most of the topics previously developed in this book.

Instead, we will focus on another theorem of Dirichlet, the Analytic Class Number
Formula. This formula expresses the residue of the zeta function of a number field
(to be defined below) in terms of many of the invariants associated to the number
fields which we have defined earlier in this text.

10.1 The Riemann Zeta Function

Recall that the zeta function was introduced by Euler, as a function on real numbers

s > 1, and defined by
— 1
(=2 —
n=1

Euler computed the values of ¢(2k) (for k > 1), and was aware of the behaviour
of the function as s gets closer to 1. Its importance lies in its relation to prime
numbers; Euler also defined an alternative Euler product expression for {(s) as a
product of terms for each prime (see Proposition 10.2) which begins to hint at the
deep connections.

But it was Riemann who really developed the theory of the zeta function, to the
extent that it is now named after him. He seems to have been the first to consider s
as a complex variable, and to realise that questions about the distribution of prime
numbers are inextricably linked with the complex behaviour of the zeta function,
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and, in particular, the values it takes to the left of the line Re(s) = 1, where the
definition above no longer converges.

To do this, he explained that the zeta function had a meromorphic continuation to
the entire complex plane, with a simple pole at s = 1 (with residue 1). Furthermore,
this continuation has a symmetry, relating the values of ¢ at s and at 1 — s, known as
the functional equation: if we write £(s) = T2 (s /2)¢ (s), where I'(z) denotes
the usual Gamma function " (z) = f et %, then

£(s) =81 — ).

There are several proofs of this, and we will give one in the next section. Using
classical formulae for the Gamma function, this formula can be rewritten

C(s) =275 Vsin(rs /2) L (1 — 5)¢(1 — s).
Let’s look at how > 77, n% behaves on the real line.

Proposition 10.1 > > n; converges absolutely for any real s > 1, and is not
convergent for s < 1.

Proof This is a standard result in analysis. We will prove the two statements using
the comparison test.

First, consider the case s < 1. Then n% > % But the sum Z;’;l % diverges, as
can be seen by grouping the terms:

> =ty (3)
)

11
1
+2+2+2+2+

Ly
5

\Y

which diverges.
Now let’s treat the case s > 1. We can group the terms very slightly differently:

§:1—1+ 1+1 Y (L IV (L
s 3 45 7 8s 158

1 1 1 1 1 1
H-?+F4—K+M+E—F§+m+§ +oe
=ﬂ+2—+4—+8§+

1 1 1
2s—1 + 451 + gs—1 +

A

=1+
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23—1
2T

)

using the formula for summing a geometric progression. This completes the proof.
O

We must therefore restrict attention to s > 1 when viewing ¢ (s) as a real function.

In fact, the definition makes sense for s a complex number, although this won’t
be important for us, and we won’t prove it; it turns out that the definition above of
¢ (s) converges for Re(s) > 1.

One method to estimate the value of  (s) is to compare it with the integral | 100 i—’f

As
n+1
dx _ n'—(n+ D'

x5 s—1
n

’

and x~* is a decreasing function, the area under the graph on this interval of length
1 lies in between the values of the function at n and at n + 1:

nlfs _ (n 4 ])lfs
<n

n+1)7° <
s—1

summing this overn = 1,2, 3 ... gives

() —1< L < £(s).
s—1

Writing this as two inequalities, and rearranging them gives
L) < ——+1
— < () < — .
s—1 s—1

This gives the rate at which { (s) — ooass — 1. (The analytic class number formula,
which forms the main result of the chapter, will be the corresponding formula for
the zeta function of a number field.)

We have not yet explained the relationship of the ¢ function to prime numbers.
This is due to the Euler product for ¢ (s).

Proposition 10.2 [fRe(s) > 1, then
o0

£(s) = i—HQ—i)]
- ns 5 p’ :

n=1
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Proof Simply observe that |p~*| = p~Re®) < 1, so that

1\! 1 1 1
I—E =1+F+F+F+'”

Now multiply all these together:

H(l_i)_lzn(l+%+%+m)

p ps
= ¢(),

asevery n—lv appears exactly once in the product (by uniqueness of prime factorisation).
O

As a corollary, we note that this gives a proof that there are infinitely many prime
numbers. Here are two ways to deduce this from the Euler product:

1. We know that {(s) — oo as s — 1. This would not happen if there were only
finitely many terms in the product (each term tends to the finite limit %).
2. Alternatively, you may know that

1 n?
(@)= —5=—.
— n2 6

S o 2 2,
But 72 is irrational, so we see that Hp(l —p = Hp # =) ="Tis
irrational, which would not happen if there were only finitely many terms in the
product.

Another implication of the Euler product is that

log¢(s) = D> —log(l = p™).

P

But recall that log(l — z) = —(z + 2Z2)24+23/34+---)if|z] < 1,50 p~Fis a good
approximation to — log(1 — p~): the error is less than p~2*. Indeed, for s > 1 real,

' p72s p73s p74s
IOgC(S)=Zp5+Z( sttt +)
p p
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— -1 _1
fors > 1(sop™ <27 = 3),0

logz(s)~ > p~*
P

for s > 1; the error is at most Zp P < > n=% = ¢(2s) < ¢(2). We deduce

that, for s > 1 but near 1,
1

gp*“'%logs_l.

Note that this proves that > » % diverges (and therefore yet another proof that there
are infinitely many primes).

10.2 The Functional Equation of the Riemann Zeta Function

In fact, in this book we will only really need to understand the behaviour of the
function for real values of s. However, in analytic number theory, one can prove
some wonderful results about the distribution of the prime numbers by allowing s to
be a complex variable. For completeness, although we will not need it elsewhere in
the book, we sketch a proof of the functional equation for ¢ (s). The reader should
note that it will be valid for all s € C.

First set 0(1) = >,z e We will need this only for r € R; for ¢ # 0, the
individual terms in the sum converge so fast to O that 9(¢) converges for all ¢ # 0.

Lemma 10.3 Fort # 0, we have 6(1/t) = t6(t).

Proof Recall that ffooo e ™ dx = 1. Fixt > 0, and write f(x) = e~ ™% Define

F(x) = Zf(x +n) = Ze—mz(x-‘rn)z’

neZ neZ

which again converges because the terms tend to O very quickly.
By definition, F(0) = 6(t). Also, note that F is periodic with F(x) = F(x + 1),
so it will have a Fourier series

F(x) — Z ame2m'mx7
meZ
where

1

am =/F(x)ei2"imxdx
0
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1

= Z/ flx+ n)e 2TImY gy
nez 0
1

=Z/f(x+n)e’2”im(x+") dx
}’ZGZO

(as e2™imn — | form,n € 7)

o0

— / f(x)e—Znimx dx

e¢]

2.2 A
Z/e X 2mmxdx

—00
oo

_ cmy2 2.2
=/e n(tx—H’)e Tm</t dx

—00
00

S
—00

— tflefz'rmz/t2

by a change of variable (put y = ¢x + i), and using Cauchy’s Theorem to see that
the integral along the real axis is the same as the integral along the line Im(z) = 7.
Now

0N =FO) =D aw= > 1t ™" =1719(1/1),

meZ meZ

so the result follows. O

Next, we give a relationship between this function and the Riemann zeta function;
the functional equation of the Riemann zeta function will follow from the lemma
we’ve just proven.

Proposition 10.4 For Re(s) > 1, we have

/ O@)— D' e =70 (s/2)¢(s),
0

where I'(z) is the usual Gamma function, defined by I' (z) = fooo e 't #
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Proof For Re(s) > 1, and from the definition of 6(¢), the integral is

00
2/
0

)
2.2 2.2
ze—nn t ts_ld[ _ 22/(3—”” t ts_ldt

n>1 n>1 0
o0 o
= ZZnﬂ' / ey gy = 2¢(s) / e U(v/m)* 7 2r) N
n>1 0 0
=12 (5/2)¢(5),
using the changes of variable u = nt and v = u?, as required. ]

Now we prove the functional equation:

Theorem 10.5 Suppose that Re(s) > 1. Write £(s) = 7w />I'(s/2)¢ (s). Then

£(s) =&(1 — ).

Proof We break up the integral defining & (s) for Re(s) > 1:

e0 1
§(s) =/(9(t)—1)ts“dt+/(9(t)— 15~ dr.
1 0

Now make the change of variable u = 1/t in the second integral, and recall that
0(t) =0(1/1)/t to get

co 1
f(s)=/(9(t)— l)tHdtJr/(e(r)— 1)~ dr
1 0

oo o0

=/(9(l)— 1)t“dt+/(u9(u)—1)u*"‘*‘du

1
00

1
=/(6’(t)— l)t‘Y‘ldtJr/e(u)u—sdu_/u—s—1 du
1

1
[}

=/(9(r) — 1)rf—1dr+/9(u)u—5du—%
1

1

1
1—ys

:/(e(z) - 1)ts_1dt+/(9(u)— Du™ du — é -
1 1
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- 70(0(1‘) —1 [rs—‘ + t_s] ar—1_ 1

s 1—s
1

This integral converges for all s € C to a holomorphic function, and the final
expression is clearly unchanged when s is replaced by 1 — s. So we see that £(s) =
&(1 — s) (and also that & has simple poles at s = 0 and s = 1 with residues —1 and
+1 respectively). (]

Since &(s) is defined for all s # 0,1 from the proof above, and &(s) =
JT_S/ZF(S/Z)C(S), we can define ¢{(s) for all s # 0, 1. The theorem then gives
a relation, known as the functional equation, between ¢ (s) and ¢(1 — s). In fact,
standard properties of the Gamma function allow one to rewrite this as

s

£(s) = 27 sin (7) ra—sed —s).

10.3 Zeta Functions of Number Fields

Around the same time that Riemann was doing his work on the zeta function, others
(notably Kummer, Dedekind and Dirichlet) were developing the theory of number
fields. We know that we do not have unique factorisation in general number fields,
so if we were to try to generalise the definition of the Riemann zeta function to other
number fields using elements in the ring of integers, we would not have an Euler
product. However, as we have seen, ideals in the ring of integers do factorise uniquely
into prime ideals, and we will therefore generalise the definition of the zeta function
by using ideals.
For this reason, it is natural to make the definition:

Definition 10.6 The Dedekind zeta function of K is given by

k()=

a

1
Nkg@)*’

where a runs through all distinct non-zero integral ideals of the field K (i.e., the
ideals of Zg).

Note that when K = Q, we get exactly the Riemann zeta function. We will see
later that the Dedekind zeta function is also convergent for Re(s) > 1.

Remark 10.7 g (s) has an Euler product (valid for Re(s) > 1):

1
Ck(s) = HW’
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where the product is taken over all of the prime ideals of Zk . The proof is identical
to that for the Riemann zeta function, and is equivalent to unique factorisation of
ideals.

It is natural to ask for generalisations of Riemann’s results for ¢(s) to ¢x (s).
The first important result is due to Dirichlet, who proved the analytic class number
formula, showing that {x (s) has a singularity at s = 1, and computing the limit of
(s — )¢k (s) as s — 1. (In complex variable language, ¢x (s) has a simple pole
at s = 1, and Dirichlet’s formula gives the residue.) The formula for the residue
involves many of the arithmetic quantities related to K, such as the class number, the
discriminant, the numbers of real and complex embeddings, and so on.

It is also true that {x (s) has a meromorphic continuation to the whole complex
plane, and satisfies a functional equation. This proof is just beyond the scope of this
book. It was first done by Hecke in the 1920s, but nowadays it is usual to follow
Tate’s argument from his thesis of 1950. A modern treatment of Hecke’s proof can
be found in [10]; Tate’s thesis was republished in [2].

10.4 The Analytic Class Number Formula

The geometrical methods of Chap. 7, together with a little analysis, allow us to prove
the beautiful analytic class number formula.

First we need to recall some definitions from Chap. 7, and especially concerning
Dirichlet’s Unit Theorem Theorem 7.31). There, we showed that if K is a number
field with r| real embeddings {p1, ..., o, } and rp pairs of complex embeddings
{o1,01,...,0r,0,}, then there are r = r| + ro — 1 fundamental units €, ..., €,
such that every unit € can be written

e=Cel' ... g
with ¢ € u(K), the roots of unity in K, and v; € Z.

The proof of this result used lattice-theoretic methods, and Minkowski’s Theorem

in particular. Recall that we had a commutative diagram:

£

KX —— K R71+72
NK/Q‘J( Nl trl
Qx Rx —* R

where Kp = R x C"2. The proof of Dirichlet’s Unit Theorem worked by showing
that the units Z C K* mapped to a complete lattice in the r-dimensional subspace
H C R defined by H = {x € R | tr(x) = 0}. In particular, the image
of Z,X( is an r-dimensional lattice in R"1 72, and if we write A = £ o i, the vectors
A(€1), ..., Ale,) are a basis for the lattice, and so span H.


http://dx.doi.org/10.1007/978-3-319-07545-7_7
http://dx.doi.org/10.1007/978-3-319-07545-7_7
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The analytic class number formula will also involve a term describing how “widely
spaced” the units are in H (in a similar way to how the discriminant describes how
widely spaced the integers Zg are). Recall that if x € Zg,

A(x) = (log |p1 ()1, . .., log |pr, (X)], log o1 (x)[%, ..., log oy, (X))

We can measure how widely spaced the units are in H, by applying A to the
fundamental units, and taking a determinant.

Definition 10.8 Let ¢, ..., ¢, denote a set of fundamental units, where r =
r1 + ro — 1. Consider the map A : K — R’ above, and write A(x) =
(A (x), ..., Arj4rp (X)), so that A;(x) = loglp;(x)| if 1 < i < ry and is
log |0, (x)|2 if i > ry. Consider the (+ + 1) x r-matrix whose entries are A; (¢;),
and define the regulator Rk to be the absolute value of the determinant of any
r X r-minor of this matrix.

Exercise 10.1 Show that the value of the regulator does not depend on the choice of
the r X r-minor.

Exercise 10.2 If K is a real quadratic field, show that Rg = logn, where n > 1 is
a fundamental unit for K. Hence give the regulator of Q(+/2).

Now we turn to the statement and proof of the analytic class number formula.

Theorem 10.9 (Analytic Class Number Formula) ¢k (s) converges forall Re(s) > 1.
It has a simple pole at s = 1, and

271 +r2n,r2 RK

SILH}(S — Dk (s) = K

1
m|Dg|2

where R is the regulator of K, h is the class number of K, and m = |u(K)|, the
number of roots of unity in K.

We are going to translate the result into a calculation of volumes of certain regions
in Kp = R".

Definition 10.10 We say that a cone in R” is a subset X C R” such thatif x € X
and A € R.g, then Ax € X.

Note that the same definition applies to any real vector space, such as K.
Proposition 10.11 Let X be a cone in R", and let

F:X — R.
be a function satisfying F(Ex) = §"F(x) for x € X, & € R.(. Suppose that the set

T ={x € X | F(x) < 1} is bounded, with non-zero volume v = vol(T), and let I
be a lattice in R", with A = vol(I"). Then the function
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70=3 7
S) =
F(x)*

rnx

NS

converges for Re(s) > 1 and lirri (s—1DZ(s) =
Nard
. If N(r) denotes the number of

S

Proof Note that, for all r € R., vol(%F) =

points in %F N T, then
. N@)
lim

A
v=vol(T)= lim N(ry— = A
r—00 ri r—oo

But N(r) is also the number of points in {x € ' N X | F(x) < r"}, at least for the
nice F' we consider. Order the points of I" N X so that

O<Fx)=F)=...,

and let rp = F(x;)7. Then N(rp — €) < k < N(rp) for all € > 0. It follows that

N@r—e) (re—e\' k  N@p)
<— < ,
(ry — et Tk r,? - r,?
and thus
. k . k v
lim — = lim = —,
rg—>00 r,’: k—o0 F(xp) A

as the two outer terms have the same limit. We use this to approximate the terms in
the sum Z(s). From the above, given € > 0, there exists ko such that for all k > k),
one has
v 1 1 v 1
(A ) k= Foo (A +6) K

Summing,

v s 1 1 v s 1
G-) Ze<Zrg-G+) 2o
k=ko k=ko k=ko

Note also that as the Riemann zeta function converges for Re(s) > 1, the same holds
for Z(s). We also know the residue of ¢(s) at s = 1, so we multiply through by

(s — 1), and let s tend to 1 from above.

As
liml(s - Des) =1,

and we observe that
lin% (s — 1)[a finite sum] = 0,
S—>
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we conclude that v
——€e<1 —DZ(s) < — .
2 e_sgr%(s ) (s)_A—I-e

As this holds for all € > 0, the result follows. |

This will be useful both to see the convergence of ¢x (s) for Re(s) > 1 and in
studying the behaviour of {x (s) as s — 1 from above.

We begin by making a few simple manipulations. Write

k()= D fels),

CECK

the sum running over ideal classes in the class group, and where

1
fc(s) = Z W-

aeC

We will compute hm (s — 1) fc(s) for each ideal class C, and will observe that

the result is 1ndependent of C. This will account for the factor i g in the formula.

Choose any integral b in the class C~!, the inverse class; then for all a € C, ab
is therefore principal, (o), say. The association a — («) gives a bijection between
integral ideals a € C, and principal ideals (o) divisible by b (i.e., elements @ € b).

It follows that

fe(s) = Nk q(b)* ZW

Note that (o) = (') if and only if « and o’ are associate. We may therefore assume
that « runs over a complete set B of non-associate members of b.
Let
I' =i(b) ={x € Kp | x = i(x) for some « € b},

and
® ={x € Kp | x = i(x) for some a € B}.

Thus {
=N b)* _
fe(s) = Nk g(b) ZO Noor

We will find a cone X C Kp such that every o € B has i («) associate to precisely
one member of X. Then ® = "' N X, and we will be able to apply Proposition 10.11
with F(x) = |N(x)]|.

First, we define the cone X. Let €y, .. ., €, be fundamental units (where r = r; +
rp — 1). Write A = (1, ..., 1,2, ...,2) be the vector in R"1*"2 whose components
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are A; = 1 if i < r; (corresponding to the real components in Kr) and A; = 2 if
i > rq (corresponding to the complex embeddings).
The vectors A(€1), ..., A(€,) span H, as we saw in Corollary 7.30; thus the set

{)"a )"(61)1 ceey )\(Gr)}
are a basis for R"17"2. So for all £(x) € R"1"2, we can write
Lx) =861+ &§1h(e1) + -+ &A(er) (10.1)

for some coefficients &, & € R.
Observe that tr A(¢;) = 0 (as A(¢;) € H), and so tré(x) = &E.trA = &n. But
trf(x) =log|N(x)|,and so § = %log [N (x)].

Definition 10.12 The cone X C Kg will be defined to consist of all x such that

I. N(x) #0
2. the coefficients & (i = 1,...,r) of £(x) satisfy 0 <& < 1
3. 0 <arg(x)) < 2’7”, where x7 is the first component of x.

Let £ € R.g. Then N(£x) = £"N(x) # 0. Next, £(§x) = (logé)Ar + £(x), so
the coefficients of A(¢;) are unchanged. Finally, arg(£x;) = arg(xy). Thus if x € X,
and & € R., then £x € X, and we deduce that X is a cone in K.

Lemma 10.13 Let y € R", with N(y) # 0. Then y is uniquely of the form x.i(¢€),
where x € X and € € Zy.

Proof One has
Ly) =yr+yid(e) + -+ yrile).

Write y; = k; + &;, withk; € Z, & € [0, 1). Let

_ Kk k
n=¢€ ... €7,

and put z = y.i(n~"). Suppose arg(z;) = ¢, and write

2k 2
0<¢p—"— <=
m m

for some integer k. Choose ¢ € w(K) such that 71(¢) = e%, where 71 gives the
first component of the map K —> Kp, and then x = y.i(n™H.i@% e X. Clearly
then y = x.i(e) for a unit €, and this decomposition is clearly unique from the
construction. O

It follows that in every class of associate members of Zg, there is a unique one
whose image in R” lies in X.
Then we have
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1
IN(x)|*

fe(s) = Ngg®)® .

xel'NX

and we can evaluate the sum exactly as in Proposition 10.11.
Recall that we needed to calculate v = vol(T'), where T was the set

xeX|INX)| =1}

and A = vol(I"). But we computed the latter in Proposition7.13; A = Ng q(b)

|[Dg| % It merely remains to calculate v.
Proposition 10.14 vol(T) is given by

2r1+r2nr2RK
V= ——.
m

Proof First note that if € € Z, then multiplication by € is volume-preserving. This
is simply because the volume form is multiplied by value of the determinant of the
transformation x > x.i(€), which is [Ng,g(€)| = 1.

Put 1
U ric*).
k=0

T

Then T corresponds to the cone X defined only by conditions (1) and (2) of Defini-
tion 10.12. It follows that vol(7T") = m.vol(T).
Now let T denote the set

{xeT|xi>0foralli=1,...,r}.

It follows that

8

vol(T) = 2—V01(T).
m

Thus it suffices to calculate vol(7'). We make several changes of variables, before
computing the volume. Firstly, we consider the isomorphism

Krp — R”

(X1 oo X Z0s ey Zrp) B> (X1, oo X R, 014 oy Ry 1)
where z; = Rye'®, so that
2 2
L(x1, .oy Xr, 205 -y 2y) = (logxy, ..., log x,, log Ry, ...,logR,Z).

The Jacobian of this change of variables is easily computed to be R ... R,,.
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Then T is given by

I.x1>0,...,x,>0,R >0,...,R, >0and xy --- x, (R ~-~Rr2)2 < 1; note
that this quantity is N (x).
2. in the formula (10.1) giving the jth component of £(x),

Ux) =Er+Ed(e)) + -+ EA(er),

onehas 0 < & < 1.

The ¢y 41, ..., ¢r,+r, independently take values in [0, 277). We replace the vari-
ables xi, ..., x,, R1,..., R,, by the variables &, &1, . .., &, got from the formula

Lx) = Er+ E1a(e1) + - +&A(e),
so that & = N (x). Now the image of T is given simply by 0 < £ < 1,0 <& < 1

for all k. We need to compute the Jacobian of this change of variable. Considering
the jth components, we get

1 r
logx; = ~log§ + > &)

k=1
2 r
log Rf = Zlog& + ka)»rlﬂ'(ék)
k=1
and we can read off
ox; X; ox; oR; R; oR; R;
& né A&k 3 né o0& 2

Thus the Jacobian of this change of variables is given by

® o xkale) o xid(e)
7 % Xp Ary (1) ... X1Ar (€r)
TR B . B ace)
R, R R
n%-z Tz)\r|+r2(61) cee Tz)tr1+r2(6r)
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L aten) .o A(er)

Xt X RUCR, (1 A (€)oo An(€)
2nn& 2 )‘¢r1+1(61) )\rl—H(er)
2 A4 (€1) oo Ay (€7)

One adds all rows to the top one to get
X1 X Ry Ry |- A2(€1) oo Aa(er)
2n2n& : :

J =
: )Vr1+r2(61) )\r1+r2(€r)

Expanding along the top row, we see that this determinant is exactly n Rg, where Rx
denotes the regulator. Recalling that § = x;...x, (R ... Rr2)2, it follows that

Rk

J = ——m.
1 27Ry ... Ry,

Finally, we can deduce the result:

vol(T) = 2"2volr(T)

=2" / dxi...dxpdyr1dzr 41 ... dYyr 19y d2r 4,

T
=2r2/R1...erdxl...dxrlde...dRr2d¢1...d¢r2
T
=2"2(27)" / Ry...Rpdx...dx,dR;...dR,,
:2’2(2n)’2/|J|R1 ... R,dEdE; .. . dE,

= 2r27Tr2RK.

Thus

2ritr2 a2 p
vol(T) = =— ==K
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Thus

21T 12

R 1
% [Nk o®)IDk|?.

. v
lim(s — 1) fe(s) = Ngjg(b) 71 = Ngjg0)—

So ri+r r

_ Nt Ry
lim (s — 1) fe(s) = ——————
s—1 mlDKﬁ

which is independent of C. Summing over the ideal classes gives

271 +r 2 RK

vli—rfll(s — Dk (s) = K

1
m|Dg|2

which is the analytic class number formula.

10.5 Explicit Class Number Formulae

The main result of the last section, that

2" (2m)2hg R

lim (s — 1)k (s) = T
s—1 m|DK|7

’

can be used to give explicit expressions for class numbers. Indeed, apart from the class
number, the other terms in the formula, as well as the residue of the zeta function,
can often be calculated numerically with relative ease, and so the class number can
be recovered from these calculations.

We will present explicit formulae for quadratic fields. Thus we consider K =
Q(+/d), with d squarefree. As already noted, the principal ideal (p) for a prime p of
Z can factorise in Zg in three different ways:

1. p can split, so that (p) = ppa with p; # p2, and Ng,0(p1) = Ng,0(p2) = p;
2. p can be inert, so that (p) remains a prime ideal in Zg, with norm %
3. p can ramify, so that (p) = p> for some prime ideal p of norm p.

We define

[

, psplits
x(p) =14 —1, pisinert
0, p ramifies

As we remarked in Sect.5.9, x is actually a Dirichlet character modulo Dk, that is,
x (p) depends only on the value of p (mod D), and it can be extended to all integers
n, in such a way that if m and n are coprime, then x (mn) = y (m) x (n).


http://dx.doi.org/10.1007/978-3-319-07545-7_5
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Consider the factors corresponding to the primes dividing (p) in the Euler product

| “1
{K(‘V)ZH(I—W) .

p

By the remark above, these are

1\7? 1\! 1\!
(=) - () ()
p p p

in the split, inert and ramified cases respectively. In each case, there is a factor

-1
(1 — #) , which is the Euler factor of the Riemann zeta function at p, and the

-1
other factor is given by (1 — %) . We define the Dirichlet L-function

-
L0 =[] (1 - X;f)) ,

p

and we conclude that

Tk (s) = C(s)L(s, x)-

(Note in passing that the multiplicativity of x and unique factorisation in Z give the
alternative expression L(s, x) = ZEO: 1 %.)

We can multiply through by (s — 1) and lets — 1 in this expression. The Riemann
zeta-function has a simple pole at s = 1 with residue 1, and the residue of {k (s) is

given by the analytic class number formula. We get

2" (2m)?hg R
—— =L, x).
m|Dg|2

In the case of a real quadratic field, we have ri = 2, = 0, m = 2, and
Rk = loge, where € > 1 is a fundamental unit, and we conclude that

[Dk|

hg =
K 2loge

L(1, x).

If K is imaginary quadratic, then r; =0, = 1, Rx = 1, and so

_ mJIDx]

hg = L1, x).
K T (L, x)

(Recall that m = 2 except for the fields Q(i) and Q(+/—3), both of which have class
number one.)
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The quantities L(1, x) are not so easy to compute exactly (see [1] for more
details); however, it is sometimes relatively easy to compute enough terms in the
sum L(1, x) = Z;":I % to get an idea of the value of hg (especially in the
imaginary quadratic case), recalling that it must be integral.

Example 10.15 Consider K = Q(«/E). Then the fundamental unitis € = 1 + V2,
and the discriminant is Dg = 8. Then

NG

=— " L(1, %)~ 1.605L(1, x).
K og(l £ V2) (L %) 1, )

But
1

1

! +
35 7
as is easily seen by grouping terms suitably, and so h is a positive integer less than
1.605; we conclude that hg = 1.

Exercise 10.3 Show that the class number of Q(+/3) is 1.

As a final comment, we remark that there are closed form expressions for L(1, x)
in both the real and imaginary quadratic cases, but their evaluation is beyond the
scope of this book, and we merely state the result, referring the reader to [1] for
details.

Theorem 10.16 Ler K = Q(+/d) be a quadratic field with discriminant D and
character ¥x.
Ifd > 0, let € > 1 denote its fundamental unit; the product

([ na x(a)
= sy —
! [ (DK)
O<a<Dg /2

is a unit in K, and hx can be computed from the equality n = € K.

Ifd <0and D < —4, then
hg = 2; > x@,
—x@ 0<a<|Dg|/2
where x(a) = 0 if a and Dk are not coprime.

Exercise 10.4 Use these closed form expressions to compute the class numbers of

Q(+/17) and Q(v/=23).

For more on the numerical computation of class numbers, see [3].
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10.6 Other Embeddings

In Chap.7 and again in this chapter, we have proven results about number fields by
using their embeddings into R and C. The aim of this short section is to orient the
reader towards further topics, although lack of space means that we will merely hint
at some consequences of the theory we begin to develop.

These embeddings arise as completions of K with respect to valuations defined
with the aid of embeddings. For example, a real embedding K — R enables us
to give some notion of “size” to elements of K, as the real numbers come equipped
with a notion of absolute value. Similarly, complex numbers have a modulus, and this
enables us to assign a notion of size with respect to (conjugate pairs of) embeddings.

Any notion of “size” ought to satisfy the following:

Definition 10.17 A norm on a number field K is a function | | : K — R>¢ such
that

e |a| =0if and only if a = 0;
e |ab| = |a|.|b| foralla,b € K,
e |a+b|<|a|+ |b|foralla,b e K.

This should look a little like the definition of a metric, but we are using both the
multiplicative and additive properties of the field here. The third condition is known
as the rriangle inequality. These properties encapsulate what we know about the
absolute value on R, and the modulus on C, and it follows that each embedding ©
from K into R or C then gives us a norm | |, defined by

lale = [T ()],

where the right-hand side is the absolute value if 7 is a real embedding, and is the
modulus if T is a complex embedding. Notice that t and T give the same norm in the
latter case.

Exercise 10.5 Verify that |1| = 1 and that | — 1| = 1.

Here is another (not very interesting) example of a norm:

Definition 10.18 The trivial norm | | is defined by

laly = 0 ifa=0,
YO=11 ifa#o0.

Exercise 10.6 Show that if | | is a norm on K such that |[x| = 1 for all nonzero
x € Zk then | | is the trivial norm.

There are more interesting norms on Q! Another interesting family is given by
the p-adic norms, defined in the following exercise:


http://dx.doi.org/10.1007/978-3-319-07545-7_7
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Exercise 10.7 Suppose that p is a prime number. If § € Q, write § = p”“, where
neither m nor 7 is divisible by p. Show that the function | |, defined by

a -
‘b‘p_p

is a norm on Q.

The problem of classifying all norms on Q was solved by Ostrowski. Let us write
| |oo for the usual absolute value on Q.

Theorem 10.19 (Ostrowski’s Lemma) Every non-trivial norm on Q is either equal
to a power |aly, of the ordinary absolute value, where 0 <t < 1, or is a power |al),
of the p-adic norm for some prime p, and some t > 0.

Proof Suppose that | | is a non-trivial norm. We will distinguish two cases.

Firstly, suppose that for every integer m > 1, we have |m| < 1. If |m| = 1 for all
m € Z, then | | is trivial. So there must be some m > 1 with |[m| < 1. Let p be the
smallest such integer; we’ll show that it is prime. If not, we could write p = rs with
r>1,s > 1,and as |r||s| = |p| < 1, either |r| < 1 or |s| < 1, contradicting the
minimality of p.

If m € Z, with p t m, writem = gp +r with0 <r < p,andg € Z. As q € Z,
gl < 1, and so |gp| = |gllp| < 1. Also |r| = 1, as p was the smallest positive
integer with |p| < 1,andr < p. So |m| = 1.

That is, if m € Z is nonzero, we have |m| = 1 if p t m. Write ¢ = |p| < 1. Given
any integer n, take its prime factorisation

n :Hq”q,
q

and then the multiplicativity of the norm shows that [n| = ¢"». The same conclusion
applies to quotients of two integers 7, and we conclude that | | is a power of the
p-adic norm as in the statement.

The second case occurs when |x| > 1 for some x € Z. We can assume that x > 1
(using the fact that | — 1| = 1). We need to show that | | is then a power of the absolute
value.

We will consider powers x" of x, and let n vary. Let y > 1 be an integer, and
write x" in base y:

X =cmy™ A+ o1y o+ co,

where ¢, ...,c0 €{0,1,...,y — 1} and ¢;; # 0. Of course y and the coefficients
¢; depend on n. Then
- logx"  nlogx

~ logy  logy '
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By the triangle inequality,
|xI" = |x"| < (m + HM max{|y|", 1},

where M = max{|1], ..., |m — 1|} is independent of n. So

lo
" = x| < (nloggyx + 1) M max{y|" e/ 1087 1;

taking nth roots and letting n — oo gives
logx/logy
x| < max{|y| 1}

But x was chosen so that |x| > 1, and we conclude that |y| > 1 also.
So if |x| > 1 for some integer x > 1, we see that |y| > 1 for all integers y > 1,

and we conclude that
|x| < |y|logx/logy

or
|x|1/10gx S |y|1/10gy.

Now we know that |y| > 1, we see that we can apply the same argument with x and
y interchanged, to get the opposite inequality, and therefore an equality

1/1 1/logy
| /108 = [y 1/ Tee,

If |x|'/1°2¥ = ¢ we conclude that |y|!/1°2Y = ¢ for all integers y > 1. Then
ly| = c'°8Y = y! for some . As | — 1| = 1, we see that |y| = |y|’, forall y € Z,
and then, again using the multiplicativity of norms, that |y| = |y|%, forall y € Q.
Note that we need 0 < ¢ < 1 here so that the triangle inequality is satisfied. ]

Definition 10.20 Two norms, | | and | |" are equivalent if one is a power of the other.

Two equivalent norms have the same open sets, and therefore the same topology;
we may wish to identify them for this reason. Notice that the absolute value is not
equivalent to any p-adic norm, and nor is any p-adic norm equivalent to any g-adic
norm if p and g are different primes.

Remarkably, then, the usual absolute value and the p-adic norms introduced in
Exercise 10.7 are essentially all the possible norms on Q—every non-trivial norm is
equivalent to one of these.

So norms are (essentially) in bijection with the set of all primes, plus one other
(we often write | | for the absolute value, and then write co for the other member
of the set). We say that a norm is nonarchimedean if we have a stronger version
of the triangle inequality: |a + b| < max(|a|, |b|) (this is known as the ultrametric
inequality); the standard p-adic norms are all nonarchimedean, whereas the usual
absolute value is not (so it is archimedean).
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We remark that there is a similar result in the case of a general number field; the
non-trivial nonarchimedean norms are in bijection with the prime ideals in the ring
of integers, while the archimedean norms can be derived after taking the usual real
or complex absolute values after some embedding K < C. Let’s simply state the
nonarchimedean result:

Theorem 10.21 Every nontrivial nonarchimedean norm on a number field K is
equivalent to one of the form

[x]p = e,
where p is some nonzero prime ideal of Zk, and vy(x) is defined for x € Zg to
be the largest integer m such that x € p", and extended multiplicatively to nonzero
elements of K.

Remark 10.22 Fix any 0 < ¢ < 1. From the proof of Ostrowski’s Lemma, defining
|5] = c", where 7 = p"7, gives us a p-adic norm. One might wonder why we have
chosen to fix ¢ = p~!. The answer is that it is sometimes useful to have the product
formula: for all x € Q*,
xloo x [ 11, =1,
p

and it is an easy exercise to convince yourself that the normalisation ¢ = p~! in the
p-adic norm makes this hold.

Exercise 10.8 Putx = — 3%. Verify the product formula in the remark.

Recall that we can complete a metric space with respect to a metric; the completion
consists of all Cauchy sequences in the spaces modulo the set of sequences with
limit 0.

A norm | | on a number field gives a metric via d(x, y) = |x — y|; the metric
given by the usual absolute value, for example, is just the usual distance apart of
two rationals on the number line. As any real number can be the limit of a Cauchy
sequence in QQ, we can identify the completion of QQ with respect to the usual absolute
value | |so With R.

We can consider the completion of Q with respect to the metrics coming from the
other norms, and we write @, for the completion of QQ with respect to the p-adic
metric induced by | | ,. In fact, Z is not complete with respect to the p-adic metrics,
and we also write Z, for the completion of Z with respect to the p-adic metric. There
is a sense in which Z,, is the ring of integers of Q. Similarly, every nonzero prime
ideal p of Zg gives a p-adic norm | |, which gives a p-adic metric, and completions
Ky and Zg .

These completions are very important in modern algebraic number theory. The
rings Z,, are local; they have a unique maximal ideal consisting of all multiples of p.
Very often problems relating to a number field as a whole can be tackled by passing
to the completions at all finite primes. This has the effect of isolating the part of the
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problem relating to one prime at a time, and one can sometimes deal with the primes
individually.

In particular, we studied Dirichlet’s Analytic Class Number Formula earlier in
this chapter, which generalised the well-known result on the pole and residue of the
Riemann zeta function at s = 1 to the Dedekind zeta function of a number field.
One might reasonably expect other properties of the zeta function to generalise also;
in particular, one might expect the Dedekind zeta function to have a meromorphic
continuation to the whole complex plane, and satisfy some sort of functional equation.
This was first proven by Hecke, around 1920, but the proof is cuambersome (see [10]
for a modern treatment). Tate’s thesis (1950, but published in [2]) gave a new way
to view zeta functions, with the term at p in the Euler product for the Dedekind
zeta function coming from an integral on Zg p. Then one can get the functional
equation by developing a theory of integration (and particularly Fourier theory) for
these completions.



Chapter 11
The Number Field Sieve

Like most pure mathematics, number theory developed with little thought to applica-
tions. The advent of the computer, however, has led to increasing importance of pure
mathematics within cryptography and data-transmission. The problem of factorising
large numbers, as we shall see in a moment, is of great importance in cryptography,
and the fastest factorisation method currently known uses algebraic number theory in
a crucial way. In this chapter, we will introduce this method, the number field sieve,
in some detail.

We’ll begin by reminding the reader about the RSA algorithm, which motivates
the problem of factorisation, and also the quadratic sieve, one of the previous factor-
ing methods of choice, many elements of which continue to be useful in the number
field sieve.

11.1 The RSA Cryptosystem and the Problem of Factorisation

A very well-known protocol is the RSA system for encryption and decryption of
messages. At the heart of this system lies the observation that while multiplication
of two numbers is easy, recovering the factors of a product is difficult. Sometimes
the analogy is made with mixing pots of paint of different colours—mixing a pot of
red paint and a pot of white paint to get a suitable shade of pink is easy, but given a
mixed pot of pink paint, separating out the white and red paints is very difficult!

Let’s briefly recall the RSA system.

We suppose that Bob wishes to send a message to Alice.

Alice chooses two primes, p and g, which she keeps secret. She computes
N = pgq, and tells this to Bob. Alice also publishes an encryption key, a number e
(as we will see below, e should be coprime to ¢(N) = (p — 1)(g — 1)).

They agree on a system to convert any message into a sequence of numbers less
than N.

F. Jarvis, Algebraic Number Theory, Springer Undergraduate 231
Mathematics Series, DOI: 10.1007/978-3-319-07545-7_11,
© Springer International Publishing Switzerland 2014
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In order to transmit a number M to Alice, Bob computes M¢ (mod N) and sends
it to Alice.

Unless Bob is so unlucky that M happens not to be coprime to N, the Fermat-Euler
theorem tells us that M?™) = 1 (mod N).

Since Alice knows p and g, she knows ¢ (N) = (p — 1)(g — 1), and can compute
the decryption key d so that de = 1 (mod ¢ (N)), and she can therefore compute
(M e)d = M (mod N) to recover the original transmitted message M.

Anyone who can factor N to discover the primes p and g can decrypt the message;
the primes p and ¢ are therefore chosen very large. No-one has yet discovered a fast
way to decrypt the message without factoring N.

This system has meant that the problem of factorisation is increasingly important.

For fairly small numbers, the simplest factoring idea is simply to test N for
divisibility by primes not exceeding ~/N. After all, if N = ab with a, b > 1, then
we can’t have both of @ and b larger than /N, so N must have some non-trivial
divisor no larger than ~/N—and then any prime divisor of this will again be no
larger than /N . Therefore if N is composite, it will have some prime factor at most
V'N. For example, to factor 10001, it suffices to check just the 25 primes up to
[+/10001] = 100.

However, if N gets bigger, this trial division method quickly becomes impractical.
Even for 20-digit numbers it would involve testing by all primes up to 10'°; this is
feasible, but still lengthy. For numbers of 30 digits, it is not really feasible.

But here is another way to factor 10001: try to write it as x> — y?, the difference
of two squares. Then the factorisation x> — y> = (x + y)(x — y) will give us a
factorisation of 10001.

We therefore list the squares just larger than 10001:

1012 = 10201, 102% = 10404, ...

and check the differences between these squares and 10001; if we find that the
difference is a square, we can then view 10001 as the desired difference of two
squares. We soon find that 105% = 11025 differs from 10001 by 1024 = 32%. Thus

10001 = 105% — 32% = (105 4 32)(105 — 32) = 137 x 73,

and we have factored 10001.
Exercise 11.1 Factor N = 12707 using this method.

This approach works well for numbers which are the product of two similar-sized
numbers. But if we had a number N = pg which was the product of two primes, say
of 40 digits and 50 digits, this approach would also take too long. The two primes
might seem “close” as 40 and 50 are similar—but the second is of course about 100
times larger than the first, so this method is no better than trial division.

The next observation is that solving N = x2 — y? is stronger than needed—it may
be enough to solve x> — y? = 0 (mod N). This means that N divides (x + y)(x — y),
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and unless x = =y (mod N), neither x + y nor x — y is divisible by N; it follows
that N breaks up as a product, part of which divides x 4 y and the other part divides
x — y. For example, given that

107% = 382 (mod 667),

we could deduce that 667|(107 4 38)(107 — 38) = 145 x 69. Since 667 1 145 and
667 1 69, we deduce that 667 is not prime, and that we can write 667 = ab with
a|145 and b|69. We can compute a and b since a is a common factor of 667 and 145,
and b is a common factor of 667 and 69. Euclid’s algorithm gives (667, 145) = 29
and (667, 69) = 23, and we can check that 667 = 23 x 29.

The idea of finding a pair of integers x and y with x> = y? (mod N) is at the
heart of most of today’s factoring algorithms, and this is the approach taken by the
number field sieve, and its precursor, the quadratic sieve, which we will discuss first.

11.2 The Quadratic Sieve

The quadratic sieve was invented in the early 1980s by Carl Pomerance. It is still
the fastest factorisation method for numbers up to 100 digits or so, but the more
complicated number field sieve is asymptotically faster, as we shall explain below.

As mentioned above, the approach to factorisation taken by the quadratic sieve
and the number field sieve is to find x and y with x> = y? (mod N).

Since we include the quadratic sieve only as motivation for the number field sieve,
we shall not go into any practical implementation issues here.

The quadratic sieve is a refinement of the naive idea:

Choose x so that xZ is “small” modulo N. If we are lucky, we will find x so that x2 =
y2 (mod N). Choosing x near to the square root of N is likely to give small values of
x2 (mod N). If we do not get a square, try another value of x, and keep going until a square

is found.

Example 11.1 Let’s factor N = 24511. First compute its square root: /N =

156.559 . ... Then select values of x near this square root, and compute x> (mod N).
X x2 (mod N) Square?
157 138 No
158 453 No
159 770 No
160 1089 Yes (33%)

So 160% = 332 (mod 24511), and this gives

24511]160% — 33% = (160 + 33)(160 — 33) = 193 x 127.
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However, finding squares like this is rather unusual. Our refinement makes use of
index calculus.

Even though we may not easily find a square, all is not lost. The idea is to multiply
together several of these congruences so that the right-hand side becomes a square.
Since each left-hand side is already a square, the product of the left-hand sides is
automatically square.

We select a smoothness bound B, which will depend on the number N to some
extent. We say that a number is B-smooth if all of its prime factors are no larger than
B, and that the factorbase consists of primes below B.

The idea is to find squares which are B-smooth modulo N. Since numbers are
more likely to factorise into small primes if they themselves are not too big, we run
through values of x with x2 “small” modulo N, and then try to factorise these values.
Ignore the results if they are not B-smooth, but if they are, store them for the next
stage of the algorithm, when we combine some subset of those obtained to give a
congruence of the desired form. Let’s explain this with an example.

Example 11.2 Let’s select N = 227179. Then VN = 476.732...: consider the
numbers either side of v/N.

476> = —603 = —3% x 67 (mod N)

and
477> = 350 = 2 x 5% x 7 (mod N).

If our smoothness bound is B = 25, say, ignore the first congruence, but keep the
second; the largest factor involved in 350 is 7, so 4772 is B-smooth for B = 25.

Generally, one looks at all values of x in some interval either side of \/N .Because
we will allow negative small values of x2 (mod N), we will factorise x2 — N. Let’s
tabulate the 25-smooth values of x2 — N, where we allow x to be in the range
460 < x < 495, within about 15 of /N.

X x2—N Factorisation
470 — 6729 —3x7x13x23
473 — 3450 —2x3x52x23
477 350 2x52x%x7
482 5145 3x5x73
493 15870 2x3x5x232

Now we combine these in such a way to form squares. In this example, it is easy
to do this by inspection.

Notice that the last three values of x combine so that the right-hand side is a
square:
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(477 x 482 x 493)% = 477% x 482° x 493>
=2x5PxT)xBx5x7)x(2x3x5x23?)
=22 x 32 x 5% x 7* x 232

= (2 x 3 x 5% x 7% x 23)? (mod 227179).
We also compute

477 x 482 x 493 = 212460 (mod 227179)
2 x 3 x 5% x 7% x 23 = 169050 (mod 227179).

It follows that
212460% = 1690502 (mod 227179),

and so 227179((212460% — 169050?), and we compute
(227179, 212460 + 169050) = 157, (227179, 212460 — 169050) = 1447,

giving the factorisation
227179 = 157 x 1447.

So the outcome of the first stage of the algorithm is a matrix consisting of values of
x such that x2 (mod N) is B-smooth, and we need to find some combination whose
product is a square.

In general, in order to find combinations giving squares systematically, we need
to do some linear algebra modulo 2 on the exponents. Squares which are B-smooth
should be converted into vectors modulo 2, with components corresponding to —1
and each prime in the factorbase.

In the example just seen, the factorbase consists of those primes up to 25; there
are 9 such primes, and so our vectors are of the form

(x—1, X2, X3, X5, X7, X11, X13, X17, X19, X23),

where x, is 1 if the exponent of p in the factorisation of x2 (mod N) is odd, and 0 if
itiseven (and x_1 =1 ifx2— N <0OandisOifx2— N > 0). The five B-smooth
values in Example 11.2 become:

X Factorisation Vector

470 —3x7x13x23 (1,0,1,0,1,0,1,0,0, 1)
473 —2x3x5x23 (1,1,1,0,0,0,0,0,0, 1)
477 2x52x%x7 0,1,0,0,1,0,0,0,0,0)
482 3x5x73 0,0,1,1,1,0,0,0,0,0)
493 2x3x5x232 0,1,1,1,0,0,0,0,0,0)
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and the congruence of squares that we found is equivalent to the sum of the last three
vectors being (0, 0, 0, 0, 0, 0, 0, 0, 0, 0) modulo 2.

To guarantee that we can find nontrivial linear relations between the exponent
vectors, elementary linear algebra tells us that we need to have more B-smooth
squares than primes in the factorbase. With a factorbase of size 10, we would generally
need at least 11 B-smooth values of x> — N to guarantee a nontrivial relation.

Itis worth remarking that even for nontrivial linear relations, it happens quite often
that in the resulting expression xr= y2 (mod N), we find that x = £y (mod N).
In this case, all the factors of N divide x + y and none divide x — y, or vice versa.
When this happens, we need to find alternative combinations, and try again.

Doing mod 2 linear algebra on the exponent vectors is known as index calculus.

Note that the size of the smoothness bound is rather critical. If B is chosen too
small, it will be very difficult to find many squares which are B-smooth. But if
B is too large, we will need to find many B-smooth squares—the linear algebra
involves a matrix with a row for each B-smooth square and a column for each prime
in the factorbase; cutting the size of the matrix can save a lot of time in the linear
algebra section.

Exercise 11.2 Factor 21311 by this method using the values x = 132 and x = 144,
and using index calculus.

Remark 11.3 Notice that a prime p can only divide x> — N if N is a quadratic residue
modulo p, and so we need only include these primes in our factorbase. Again in the
setting of Example 11.2, with B = 25, this rules out the possibility of 11 or 19 ever
dividing any of the values of x> — N. We could therefore have chosen the factorbase
{—1,2,3,5,7,13, 17,23} (of size 8), and we can guarantee a nontrivial relationship
between exponent vectors if we had at least 9 B-smooth values of x> — N.

This process has been automated to factorise numbers in excess of 100 digits.

Remark 11.4 We should remark that there is a simple way to find candidate values
of x for which x2 — N is smooth, which justifies the inclusion of the word “sieve”
in the name of the algorithm.

Having chosen our interval, we then proceed as follows. For every prime p in
our factorbase, we work out the solutions to x> = N (mod p). In general, this will
have two solutions, x = a, (mod p) or x = b, (mod p). We observe that this means
that the values of x where x> — N has a factor of p are exactly those satisfying
one of the congruences x = a, (mod p) or x = b, (mod p). Rather than compute
each x2 — N, and factor the result, it is much faster to find the first solutions in our
interval to the congruences x = a, (mod p) or x = b, (mod p). We record that
these values of x give values of x> — N with factors of p. Then we step through our
interval, exactly as in the sieve of Eratosthenes (see [7]), successively adding p to the
values of solutions, and recording that these x-values also satisfy the congruences,
and therefore that the corresponding values of x> — N also have factors of p.

After sieving for each prime in the factorbase, we have now recorded the primes
in the factorbase dividing each value of x> — N. We can even adapt this method to
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deal with powers of primes in the factorbase, so that for every x in our interval, we
can easily compute whether or not every prime dividing x> — N (mod N) lies in our
factorbase.

(This is not exactly how sieving is performed in practice, although it is essentially
similar. For more details, see Crandall and Pomerance [4], for example.)

Remark 11.5 In practice, often a “large prime” variant is used. This means that
relations are retained if x> — N factors completely over the factorbase except possibly
for one large prime between B and B?. It is easy to incorporate this into the sieving
process, and it clearly may give extra relations. If two relations both involve the same
large prime, they can be multiplied, and this gives another relation purely involving
primes in the factorbase.

11.3 The Number Field Sieve: A First Example

The number field sieve may be viewed as a much more sophisticated variant of the
quadratic sieve, but working in an algebraic number field.

We will build up towards a fairly full description of the algorithm gradually,
starting with a very simple example. However, we will be extremely fortunate in this
example that everything works so simply!

It will be extremely rare that we can find everything working so well—we will
successively improve our algorithm so that it works for more and more situations,
but (at least before the final description) we will explain that there are still reasons
why our procedure will not work in general.

Example 11.6 Let us begin by factoring N = 119, using a different method to find
a congruence of the form xt= y2 (mod 119).

We observe that 119 = 112 — 2, i.e., that 11 is a root of x> — 2 modulo 119. This
means that there is a ring homomorphism

¢ : ZIV2] — Z/119Z
a+bv2 > a+ 11b (mod 119)

from the ring Z[+/2] to the integers modulo 119.
Now we observe that 3 + 24/2 maps to 3 + 11 -2 = 25 = 52,
However, we also observe that 3 + 22 = 1+ ﬁ)2, and that 1 + /2 maps to

14+11-1=12. As
342v2=(1++2)2,

and ¢ is a ring homomorphism, it must be true that

d(3+2v2) = p(1 +~/2)%
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This means that 25 = 122 in Z/119Z, or that 5> = 12? (mod 119). As above, we
compute (119,12 +5) = 17 and (119,12 — 5) = 7, and find the factorisation
119 =17 x 7.

We have therefore recovered our factorisation partly by using arithmetic in Z[+/2].

We were very lucky for several reasons. Firstly, it happened that we could write
119 in the form x> — 2. This enabled us to find a ring homomorphism ¢ of a
convenient form. More importantly, we found a square 3 + 2+/2 = (1 + +/2)% in
Z[+/2] which itself mapped to a square under this homomorphism. This allowed us
to recover a congruence of squares modulo 119. As we try to extend this calculation
to cover more and more cases, we’ll see that, in fact, there were even more lucky
features than those mentioned so far: for example, that Z[+/2] is the full ring of
integers in its field of fractions Q(+/2), and that it has unique factorisation.

Exercise 11.3 Factorise 527 = 23%> — 2 using this method, again considering 3 +

2V/2.

Our goal will be to extend this to cover more and more examples. Since most of
the difficulties are already apparent in the case of quadratic fields, we will restrict
attention to this case for all of the chapter. Our rings will (usually) be Z[+/d] for
some d, and we will write K for the field of fractions of Z[\/E ], which will be the
field in which some of the calculations take place. (There will be different d for each
example, but we will just write K for simplicity in each case.)

11.4 Index Calculus

One lucky point above is that we chose a square that happened to map to a square.
This is lucky in the same way as Example 11.1, and generally we need to use some
form of index calculus to combine smooth relations into those where squares map to
squares.

In this first example, with N = 119 = 112 — 2, we plucked 3 + 24/2 from
nowhere, and observed that it could be used to give the factorisation. In general, if
we hadn’t been so lucky, we would have had to find many pairs (a, b), and consider
the corresponding elements a + b+/2 and their images a + 115 (mod 119), and do
some linear algebra to determine a collection of pairs (a, b) such that the product of
the corresponding a 4 b~/2 and also the product of the images a + 115 (mod 119)
are squares.

We need to find a set S of pairs (a, b), corresponding to a + ba and a +
bm (mod N), where both H(a,b)es(a + ba) € Z[a], and H(a’b)es(a + bm)
(mod N) are squares.

We will again follow the idea of the quadratic sieve, and choose a smoothness
bound B. We will look at many pairs (a, ) and hope that both a + ba € Z[«] and
a + bm € Z/NZ are B-smooth. We will then hope that we can combine pairs by
doing some mod 2 linear algebra so that the products are squares.
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We have already defined smoothness for integers—recall that an integer is B-
smooth if all of its prime factors are no greater than B. But we also need a similar
notion for elements in Z[«].

Definition 11.7 Let B be a positive number. An algebraic number is called B-smooth
if every prime number dividing its norm is at most B.

Recall that algebraic number fields have unique factorisation of ideals into prime
ideals, and that every prime ideal has norm which is the power of a prime number
in Z. Given an algebraic integer § in some number field K, we can consider the
ideal (), and factor it as a product of prime ideals of Zk . Then 8 will be B-smooth
if all the prime ideals in its factorisation are B-smooth (since the norm of (8) is
the product of the norms of the ideals in the prime factorisation). The norm of any
prime ideal in Zx must be the power of a prime number, and so for 8 to be smooth,
we really require that all prime ideals in the factorisation of (8) lie above a prime
number which is at most B.

Example 11.8 Let N = 115, and observe that 115 = 112 — 6. So 11 is a root of
x2—6modulo 115, and so there is a ring homomorphism Z[+/6] — 7Z/115Z given
by a + bv/6 +— a + 116 (mod 115).

We will tabulate pairs (a, b), and consider when a + b+/6 is B-smooth, and when
a + 11b (mod 115) is B-smooth (one could use different smoothness bounds on the
algebraic side from the mod 115 side, but for simplicity we will use the same bound).
A moment’s thought should convince you that we needn’t bother with those where a
and b share a non-trivial common factor; it will essentially just give a duplicate row
in the matrix.

Choose B =17.

By definition, a + b+/6 is smooth when N (a + b«/g) is smooth, i.e., when
a® — 6b? is smooth.

(a,b)y a?>—-6b2-1 2 3 5 7 a+11b2 3 5 17
3,1 3 0O 0 1 0 0 14 1 0 0 1
“, 1 10 o 1 o0 1 o0 15 0 1 1 0
©, 1) 75 0o 0 1 0 0 20 0 0 1 0
-1,1) -5 1 0o 0 1 0 10 1 0 1 o0
(-2,1) =2 1 1 0 0 © 9 0 0 0 0
(=3,1) 3 0 0 1 0 o0 8 1 0 0 0
(—4,1) 10 0O 1 0 1 0 7 0 0 0 1
(-6,1) 30 0 1 1 1 0 5 0 0 1 0
(-9, 1) 75 0o 0 1 0 o0 2 1 0 0 0
3,2 -I15 1 0 1 1 0 25 0 0 0 0
2,3) =50 1 1 0 0 0 35 0 0 1 1
(7,3) -5 1 0 0 1 0 40 1 0 1 0
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We will list pairs (a, b) with —10 < @ < 10, 1 < b < 3 where both a®> — 6b°
and a + 11b (mod 115) are 7-smooth. As in the quadratic sieve case, it may be that
a? — 6b? < 0, and so we will have an additional column to deal with a possible
minus sign.

We have 9 columns corresponding to our factorbase, and 12 rows. Since we have
more rows in the matrix than we have columns, there will be some combination of
pairs for which the products give squares on both sides. (Again, we should note that
the choice of the smoothness bound is crucial—if B is too small, it will be hard to
find rows at all, whereas if B is too big, we will have many columns, and although
it will be easier to find rows, the linear algebra required to find the desired relations
may become difficult.)

In this example, we can see that the pairs (—3, 1) and (-9, 1) are the same, and
so multiplying them (which corresponds to adding rows) should give what we want.
Indeed,

(=3 4+ vV6)(=9 + v6) = 33 — 1276 = (=3 + 2v6)%.

We also see that ¢ (33 — 124/6) = 16 = 42, and can easily compute
P(=3+2V6) = -3+2-11=19,
so we get that
42 = $(33 — 12v/6) = p((=3 + 2v/6)%) = ¢ (=3 + 2v/6)* = 19?

in Z /1157, and therefore get the congruence 19% = 4 (mod 115). We compute the
highest common factors (115,19 + 4) = 23 and (115,19 — 4) = 5, and get the
factorisation 115 = 23 x 5.

We have therefore incorporated index calculus into the method we gave earlier.
Once again, we could actually compute all the rows in the matrix by means of a sieving
process, but we will not go into implementation details here, referring instead to [4].

Exercise 11.4 Factorise 1679 by writing it as 41% — 2, and using the pairs (a, b) =
(—1,2) and (5, 4).

Before we go on, it is perhaps worth noting that there are no entries in the final
column corresponding to the prime 7 on the algebraic side. It is easy to see why; we
would need a*> — 6b to be divisible by 7, and this would require 6 to be a square
modulo 7. The same argument suggests that primes which occur on the algebraic
side must have 6 as a quadratic residue. We will return to this observation in the next
section, when we discuss the algebraic factorbase more precisely.

In the quadratic sieve, one side of the congruence is automatically a square,
by the way we try to construct our congruences. Indeed, our aim there is to find
squares which are fairly small, and to hope that this means that they are smooth.
So our congruences are “squares = smooth”. In the Number Field Sieve, we will
not necessarily have a square on either side of the congruence, but will instead
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look for smooth algebraic numbers which map to smooth numbers modulo N, and
then the linear algebra will try to combine “smooth = smooth” relations to get the
“square = square” congruence we want.

To do index calculus, it is necessary to have a factorbase. If B is the smoothness
bound, then the factorbase on the modular arithmetic side just consists of —1 and all
primes up to B. The factorbase on the algebraic side is the topic of the next section.

11.5 Prime Ideals and the Algebraic Factorbase

This last example worked well, but we’ve been lucky again! Here is an example
where the same method as the last example appears to work, but then something
goes wrong.

Consider the following example:

Example 11.9 Let N = 9019 = 95” — 6. There is a ring homomorphism from
Z[\/g] to Z/9019Z, which sends a + b/6 to a + 95b (mod 9019). Consider the
following two rows of the matrix (just including the relevant columns):

(a, b) a? — 6b? -1 5 a+11b 2
(—=17,7) -5 1 1 23. 3% 1
(=7,23) -5 1 1 2.32.112 1

The product (—17 4 7+/6)(=7 + 234/6) = 1085 — 440./6 is not a square, even
though the product of the two norms is a square.

We can use the factorisation of ideals into prime ideals to see what is going wrong
in the above example. In Z[\/E], ideals factor in the following manner:

(2) = (2 + /6)?

(3) = (3 +v6)?

(5) = (V6 + 1)(v6 — 1)
(7 =7

Let’s write p5 = (v/6 + 1) and p/s = (+/6 — 1). Then, in terms of the generators of
these ideals, we can factor the numbers appearing in the last example as

—17+7V6 = (v6 — 1)(5 — 2/6)
—7+23v6 = (V6 + 1)°(5 — 2V/6),

where 5 — 24/6 is a unit in Z[\/E]. So the product is
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(V6 — D(V6 + 155 — 2v6)? = 5(v/6 + D*(5 — 2v6)2,

5 times a square. The problem in terms of ideals is that
(—174+7V6) = p5, (=74 23/6) = p2,

and so the product ideal is pgp/s, not the square of an ideal.

Here, there are two ideals, p5 and p/s, with the same norm, and their product
therefore has square norm. However, the ideal itself is not square, since it is the
product of an odd power of two different ideals.

The left-hand side of the matrix should therefore consist of the powers of the prime
ideals involved in the factorisation of (a 4+ ba). The factorbase on the algebraic side
should therefore consist of prime ideals of K lying above rational primes which are
less than or equal to B. The matrix should really read:

(a,b) (a+byJ6)  ps P5 a+11b 2
(—=17,7) (=17 4+7/6) 0 1 23 .34 1
(-7,23) (=7423/6) 1 0 2.32.112 1

and we can read off that the product ideal is not the square of an ideal; this means in
particular that the product of the elements cannot be a square.

This certainly suggests that considering the norm is not sufficient on the alge-
braic side (although it may be a useful first check), and that we should instead be
considering the factorisations of the elements in the number field itself.

But there is another more serious reason why we should consider factorisation
into prime ideals on the algebraic side, namely the possible failure of unique factori-
sation. As it happens, Z[\/E] has unique factorisation, but in general, factorisation
of elements in number fields is of course not unique.

There is a danger that this non-uniqueness might make us miss relations. To take
one of our examples from Chap. 4, we might find a relation in Z[+/10], say, involving
2 and 3 and another involving 4 + +/10 and 4 — +/10 without realising that if we
combine them, the equality 2 x 3 = (4 + \/F)) 4 - «/1_0) would give us a relation.

The only way we can be really sure that we get all relations is by using the
uniqueness of factorisation of ideals into prime ideals in the number field, and forming
the algebraic factorbase by taking some collection of prime ideals.

Let us now consider the prime ideals which do appear in the algebraic factorbase.
We will consider prime ideals whose norm is of the form p* with p a prime which
is at most the smoothness bound B.

Recall also that we are restricting attention to the special case where the ring is
Z[+/d] for some d with d a squarefree integer (as in all our examples at the moment),
although this is never the case in practice!
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Then the norm of an element a + b+/d is therefore a% — db?, and this norm is
divisible by p if a®> — db? is divisible by p; it is easy to see that this can happen if
and only if d is a square modulo p.

Lemma 11.10 Suppose that a and b are given, with (a, b) = 1. Then pla® — db* if
and only if ab™" = r (mod p), where r is a square root of d modulo p.

Proof Indeed, if a> — db?> = 0 (mod p), then a> = db? (mod p). If b = 0 (mod p),
then we would need a?> = 0 (mod p), and so a = 0 (mod p); we see that p|b and
pla, and this contradicts the coprimality of @ and b.

So b is invertible modulo p, with inverse b~!, say. We then derive that (ab~!)? =
d (mod p), and so d will be a square modulo p. Furthermore, ab~! must be a root
of x2 — d modulo p.

If p is a nonzero prime ideal in Z g, then Zg /p must be a finite field (as nonzero
prime ideals are maximal, and using Lemma 5.10). The ideal p must have norm p or
p?, depending on the factorisation of (p) in Zg . We want to consider those primes p
which can occur in the factorisation of (a + b+/d), and claim that the primes which
can occur must have norm p.

Proposition 11.11 If'p is a nonzero prime ideal in Z.x appearing in the factorisation
of (a + b~/d) for some coprime pair (a, b), then p has norm p, a prime. Furthermore,
the prime ideal p can be written (p, N/d — r) where ab=" = r (mod p) is a square
root of d modulo p.

Proof The map ¢ : Zx — Zg /p is a surjection from Zg to the finite field Zg /p
and this must contain the finite field F, = Z/pZ. We’ll claim that the image is just
). Indeed, certainly Z C Zg maps to I, so we just need to check that V/d maps
to something in I, also.

But ¢ + b+/d lies in p, and so maps to O in the quotient. Thus ¢(a) +
db)p(vd) = 0, and so ¢p(v/d) = —¢p(ab~") = —ab~! (mod p), and we have
already noted that this lies in IF,. So the image of ¢ is IF,—but ¢ was a surjection
onto Zg /p. It follows that p is an ideal of Zg of norm p.

We also know that ¢(a + bv/d) = 0; as a + br = 0 (mod p), we see also
that ¢(a + br) = 0. So ¢p(V/d) = ¢(r) as ¢ is a homomorphism, showing that
¢(\/3 —r) = 0, or in other words that Jd—re p.

So p is a prime ideal containing p and also v/d — r. It is easy to see that

p:(p,\/é_i—l"),

as the right-hand side is in the left-hand side, and both sides have norm p. |

We have shown the following:

Theorem 11.12 Prime ideals occurring in the factorisation of any (a + b</d) with
(a,b) = 1 are of the form (p, \/d — r), where
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e p is a prime number p with (%) =1
e 1 is a square root of d modulo p.

Write py, , for the prime ideal in Z[+/d] generated by p and v/d — r.

The argument above shows that py, . should divide (a + b+/d) if and only if
ab~! = r (mod p). Furthermore, given that ab~! (mod p) is unique, only one prime
ideal of norm p can divide (@ + b~/d), and as it has norm p, its exponent can simply
be read off as the exponent of p in Ng ,q({a +b/d)) = Nk ola +b/d) = a>—db?.

Then the factorbase on the algebraic side is

b= (p Vd —r)|r*=d (mod p), p < B is prime}.

Exercise 11.5 Suppose we wish to factor N = 9019 as above with the Number Field
Sieve by writing it as 95 — 6. Put B = 20. What is the factorbase?

11.6 Further Obstructions

At this stage, the strategy is to try lots of pairs (a, b) to find those which are smooth
on the algebraic side, in the sense that (@ 4 br) factors only with prime ideals in the
algebraic factorbase, and also smooth on the modular arithmetic side, in the sense
that a + bm (mod N) is a B-smooth integer.

Suppose that B denotes the complete factorbase, made up of both the algebraic
factorbase and the modular arithmetic factorbase. If we can find more than |B| pairs
(a, b) which are smooth on both sides, then mod 2 linear algebra on the exponent
vectors will give us some combination of pairs S = {(a, b)} such that [ [{a + ba) is
a square ideal, and [ a 4+ bm (mod N) is a square number.

However, there is still quite a lot that can go wrong on the algebraic side. What
we really need is that [ [ @ + ba is a square in Z[«] so that we can apply the map ¢.

Example 11.13 Consider N = 33499 = 1832 410, and use the Number Field Sieve
with polynomial f(X) = X2 + 10 and m = 183. There is a homomorphism

¢ : Z[V—10] —> 7,/334997..
a +bv/—10 > a + 183b (mod 33499)

Consider just the pairs (a, b) = (9, 2) and (a, b) = (3, 4).

The pair (a, b) = (9, 2) corresponds to the element 9 4+ 24/—10 of norm 121,
and the ideal (9 + 2+4/—10) factors as the square of an ideal of norm 11. In fact,
9+ 2v-10) = p[zl .10 (notation as above). It maps to 9+ 183 x2 = 375 = 3 x 5%.

The pair (a, b) = (3, 4) corresponds to the element 3 + 4./—10 of norm 169, and
the ideal (3 + 4+/—10) factors as the square of an ideal of norm 13: (3 +4./—10) =
Pfis- ltmapsto 3+ 183 x 4 =735 =3 x 5 x 7%,
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Let’s consider the matrix of factorisations with irrelevant rows and columns
removed. Since both pairs generate square ideals, there will be no nontrivial columns
on the algebraic side, and the only nontrivial columns will be on the modular arith-
metic side, where 3 and 5 are the only primes to divide the images to an odd power.

(a,b) (a+bv/=10) a+ 183b 3 5
2 3

9,2) pyl,w] 3x5 1 1

(3.4 P34 3x5x7% 1 1

It is clear that combining these two pairs will give a square ideal that maps to a
square. Further

(9 + 24/=10)(3 + 4/ —=10) = (pp11.10/P[13.4))°

Suppose that (9 + 24/—10)(3 + 4/ —10) = y2 for some element y € Z[+/—10].
Then the productideal would be of the form (y%) = (y)%, and by unique factorisation,
(V) =Puii0Pns.4-

In fact, ppy;,10p is principal and py;3 47 is not principal. (Q(+/—10) does not have
unique factorisation, and the class group has order 2.) This means that there can be
no element y as above.

One way to see that py;; o) is principal is to consider another factorisation:

(=23 ++/-10) = P[75 (11,10]}

as the class group has order 2, the ideal p[27 51 is principal; clearly the left-hand side
is principal, and so py; ;19 must also be principal.
Similarly, the factorisation

=5+ 2v—10) = p5,010[13,4]

can be used to see that py;3 41 is not principal, since it is easy to verify that ps o) =
(5, +/—10) is not principal.

Thus the class group gives an obstruction; the ideal I = [](a + ba) may be the
square of an ideal J, but that J may not be principal, and so we cannot write J = (y).

However, the class group is a finite group, and if we gather enough such examples
with squares of nonprincipal ideals, it will be possible to find a product of some of
them which gives something principal.

But even if J = (y), further issues may arise.

Example 11.14 Now let N = 3019 = 552 — 6, and try to use the Number Field
Sieve with f(X) = X2 — 6and m = 55. There is a homomorphism
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¢ : ZIvV6] — 7Z,/3019Z.
a4 bv/6 — a + 55b (mod 3019)

Fix a smoothness bound of B = 20. The ring Z[+/6] is the ring of integers of
Q(+/6), and has unique factorisation. Then the class number is 1, and so every ideal
is principal. This shows that the problem preventing Example 11.13 from working
is not relevant to this example.

We find that the algebraic factorbase consists of 6 prime ideals:

Ppop Ppopr Piapy P4 Prosye Proi4)s

and the modular arithmetic factorbase contains {2, 3, 5,7, 11, 13, 17, 19}.

Consider just the pairs (a, b) = (=5, 1) and (a, b) = (13, 5).

The pair (a, b) = (=5, 1) corresponds to the element —5 + V6 in Z[\/E], and
maps to =5+ 55 =50 =2 x 52. The element —5 + +/6 has norm 19, so the same
is true for the ideal (—5 + +/6). It therefore just has a prime ideal of norm 19 in its
factorisation; using Theorem 11.2, it is P9 147, s (=5).17" = 14 (mod 19). (As
already remarked, P9 14 is principal, and one can show that both 19 and V6 —14
are multiples of 5 — +/6, and deduce that Prio.1a; = (5 — V6))

Similarly, (a,b) = (13,5) corresponds to 13 + 54/6 in Z[\/a], and maps to
13 4 55.5 = 288 = 2332 The element 13 4 5+/6 has norm 19, so (13 + 5/6) just
has a prime ideal of norm 19 in its factorisation; it is again pjjg 147, as 13571 =
14 (mod 19).

The matrix (with irrelevant rows and columns removed) is simply:

(a, b) (a + b\/g) Pl19,14] a + 55b 2
(=5,1) (=5+6) 1 2x 5% 1
(13, 5) (134+5v6) 1 25 x 34 1

However, (—5 + v/6)(13 + 54/6) = —35 — 124/6, which is not the square of an
element. (If it were the square of an element, it would have to be positive.)

So even though the ideal I generated by the product of the elements is a square
ideal, the product itself is not a square. In fact,

35 — 1246 = (=5 — 24/6)(5 — V6)2,

SO

(=5 + v6).(13 + 5v6) = (5 — v/6)?

is the square of a principal ideal.
But —5 —24/6is a unit which is not a square, and does not show up when working
with the corresponding ideals.
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It is therefore not enough that the product ideal should be the square of a principal
ideal to see that the product of the corresponding elements is the square of an element
in Z[«], as units may be present.

In this example, Z[\/E] has units of the form

{(£(5+2V6)" | n € Z}
asn =5+ 2\/6 is a fundamental unit. The square units are
{(+(5 4 2v6)*" | n € 7},

and these have index 4 in the full unit group. It follows that if / is principal, given
by (B), say, then B can be written in one of the forms y2, —y2, ny? or —ny?. If we
were to gather sufficiently many examples where nonsquare units appeared, it would
be possible to multiply them together to get a square. (In fact, it is easy to see that
three examples suffices in this case.)

In general, Dirichlet’s Unit Theorem gives the structure of the full unit group, and
for any Z[«], there will be a bound on the number of examples required to guarantee
that a combination of some subset will produce a square.

Exercise 11.6 Suppose that f(X) is actually a cubic. Use Dirichlet’s Unit Theorem
to conclude that any set of 4 units in Q(«) contains a subset whose product is a
square.

There is a technique (“Adleman columns”) for adding extra columns to the matrix
which can deal with both the class group obstruction and the unit obstruction. We
will say a little more about this in the next section, but the reader is referred to [4]
for more details.

Example 11.15 Let N = 6893 = 832 + 4. As usual, this means that m = 83 is a
root of the polynomial f(x) = x?+4 modulo 6893, and this gives a homomorphism
Z[2i] — 7Z/6893Z givenby a + b - 2i +— a + 83b (mod 6893). (Of course, we are
choosing 2i as our root of x* + 4.)

Now let a = 3 and b = 2, and observe that

342-2i=3+4i—>3+2-83=169 =132

However, although 3 + 4i is a square in Z[i], since 3 + 4i = (2 + i)z, it is not a
square in the ring Z[2i].

There is a simple remedy in this case; we simply multiply our square root by a
suitable factor so that it is in our ring—we use 2(2 + i) = 4 + 2i instead of 2 + i.
This corresponds to scaling our (a, b) by 4, soweusea = 12, b = 8:

12482 = 12+ 16i = (4 +2i)?,
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and 12 +8-2i — 12+ 8-83 = 262. Also, 4+ 2i +> 4+ 1-83 =87, so we get
a congruence 26> = 877 (mod 6893), giving the factorisation 6893 = 61 x 113, as
required.

Having to use a ring which is a proper subring of the ring of integers of the number
field arising can cause problems. These subrings may not share good arithmetic
properties of Z g ; we have not proven unique factorisation of ideals into prime ideals
for these subrings, for example.

In general, the situation is even worse than this; we have only been working with
monic polynomials for simplicity, so that the root « is an algebraic integer. In this
case, if K denotes the field of fractions of Z[«], then Z[a] € Zk, but in general
when f need not be monic, we need have no such inclusion.

These are, essentially, all the possible obstructions. However, one problem
remains; even if we know that [[a + ba = y2 for some element y € Z[«], it
is not generally a trivial matter to work out what y is, expressed as a polynomial
ina.

11.7 The General Case

The reader who has followed the discussion so far should now realise how the general
case will proceed. We will give a fairly complete description of the algorithm, but
there are numerous refinements which would be made in actual implementations.

Suppose that a number N is given to be factorised. The aim is to find integers x
and y such that x> = y? (mod N).

Step 1: Find a Polynomial f(X) € Z[X] and an Integer m

We start by trying to find a polynomial f(X) € Z[X] and an integer m such that
f(m) =0 (mod N). Then if « denotes a root of f(X) in C, the algebraic side of the
Number Field Sieve will take place in Z[«].

Remark 11.16 One never needs to compute an actual value for «; one just has to
know the polynomial f(X), and deduce properties of Z[«] and Q(«).

The norm on the algebraic side is closely related to the values taken by the poly-
nomial, and therefore to the size of its coefficients. Thus we are more likely to find
smooth values on the algebraic side if the size of the coefficients can be made as
small as possible.

Let’s justify this comment now.

We are going to consider only elements of Z[«] of the form a + ba. One reason
is that it will be easy to see whether or not a + ba is B-smooth. Indeed, if o] = «,



11.7 The General Case 249

a2, ...oy are the roots of f, which we will again suppose monic for simplicity, then
we have
X=X -a)X —ar) - (X —aq).

The norm of @ + b is the product of the conjugates of a + ba, and these are a + ba,
a+bay,...,a+ bay. Then

N(a + ba) = (a + ba)(a + bay) - - - (a + bay)

- () () (5 )

= b0'f (-3).

so it is very easy to compute the norm of a + bo. Indeed, if we write f(X) =
XU bcq 1 X9V dep let F(X,Y) = X4 g1 X71Y 4+ -+ 4+ ¢oY be the
corresponding homogeneous degree d polynomial; then F(X,Y) = Y9 f (%) and
the formula above shows that N(a + ba) = F(a, —b).

Remark 11.17 Tt may seem as if we are losing possible useful information by con-
sidering only numbers of the form a + ba € Z[«], but it is less easy to compute
norms of other numbers in this ring, and in practice, there seems to be little to be
gained by using other elements of Z[«].

Here’s one way to find a polynomial with fairly small coefficients. We begin by
selecting the degree d of the polynomial (we will comment on the choice of d in the

. 1 . .
final section). Next, we choose m to be | N7 |, and write N in base m, as

d—1

N=md~|—cd,1m + -+ co,

where each c; is between 0 and m — 1. We then simply choose f to be
FXO =X+ X+ .

For example, if N = 5731, and we chose d to be 3, our formula gives m = 17. Then
we write N in base 17:

5731 = 177 +2- 172 + 14 - 17 + 2,

and let f(x) = x3 4+ 2x2% + 14x + 2. Then f(17) = 5731 = 0 (mod 5731), and so
17 is a root of f(x) modulo 5731, as required.
Since the size of m is about the dth root of N, and the coefficients are all less than

. .. 1
m, we can see that the coefficient size is of the order N 4.

Remark 11.18 While this is one of the easiest ways to produce polynomials with
coefficients of the right sort of size, there are better techniques which are actually
used in practice.
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Step 2: Form the Homomorphism ¢

We claimed above that there is a ring homomorphism ¢ : Z[o] — Z/NZ. We will
suppose that f is a monic polynomial for simplicity here—as it is irreducible, this
means that f will be the minimal polynomial of «. (If « is not an algebraic integer,
the argument below will work as long as the coefficients of f are integers with no
common factor, even though it may not be monic.)

Lemma 11.19 There is a ring homomorphism ¢ : Zla] —> 7Z/NZ taking o to m.

Proof We need to check that ¢ is well-defined, and is a homomorphism. Once we
show that it is well-defined, it will be easy to see that it is a homomorphism, so we
will just show that it is well-defined.

Suppose g(«) and () are two elements of Z[«], that is, they are polynomial
expressions in o with integer coefficients. We need to check that if g(«) and ()
have the same value, then ¢ (g(«)) = ¢ (h(x)).

But if g(@) = h(a), we see that « is a root of g — h. Since f is the minimal
polynomial of «, we have f|g — h. This divisibility is in Z[x], not just Q[x], by
Gauss’s Lemma (Remark 2.23). So g — h = f¢ for some polynomial g(x) € Z[x].
In particular,

g(m) — h(m) = f(m)q(m);

as f(m) = 0 (mod N), the right-hand side is therefore divisible by N. So g(m) =
h(m) (mod N). This shows that ¢ is well-defined. It is clear that it is a homomorphism
from the definition. O

Step 3: Compile a Factorbase

Select a smoothness bound B. (In practice, one might want different smoothness
bound on the algebraic side and the modular arithmetic side.) The choice of B will
be discussed in the final section.

The proof earlier that the algebraic factorbase only consists of prime ideals of norm
P, aprime, continues to be valid, as does the description of the prime ideals involved.
So we form the algebraic factorbase from the prime ideals in the ring of integers of
Q(a) of the form py, ,; = (p, @ — r), where p < B and f(r) = 0 (mod p).

The modular arithmetic factorbase will consist of all the prime numbers up to B,
together with —1.

Then the complete factorbase consists of the union of these two factorbases.
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Step 4: Sieve to Find Relations

Now we select a region consisting of many pairs (a, b). In order to perform sieving to
find relations, it is helpful if the region has a convenient shape, perhaps a rectangular
region of the form

{x, )| —L=x=L 0<y=W}]

for some length L and width W.

For every pair (a, b) inthe region with (a, b) = 1, compute thenorm N (a + ba) =
F(a, —b) as above (a sieving process), and hence factor the ideal (a+bc), if possible,
in the algebraic factorbase. A prime p divides N(a + bw) if and only if a prime
Pip,~ divides (a + ba) for some r. Since a and b are coprime, either a or b is
not divisible by p. It is easy to see (as above) that F(a, —b) = 0 (mod p) means
that a + br = 0 (mod p) for some r which is a root of f(x) modulo p. Since r is
uniquely determined by a and b, there is a unique prime above p dividing (a + b)),
and since it has norm p, its exponent must be the same as the exponent of p in
N(a + ba) = F(a, —b).

Also factor the integer a + bm (mod N), if possible, in the modular arithmetic
factorbase.

Say that a pair (a, b) is smooth if (a + ba) and a + bm (mod N) both factor in
the factorbase.

Every smooth pair (a, b) gives a row of a matrix whose columns consist of ele-
ments of the factorbase (and also Adleman columns, discussed as part of the next
step).

Remark 11.20 One might want to use a large prime variant, as in Remark 11.5 for
the quadratic sieve.

Step 5: Linear Algebra

The aim of the linear algebra modulo 2 is to produce from all the smooth pairs
a subset S such that I = [], pycs(a + ba) is a square ideal in Z[e], and also
H(a,b)es(" 4+ bm) (mod N) is a square integer. Write § = H(a’b)es(a + ba), so that
I =(B).

As already seen in the quadratic examples above, quite a lot can still go wrong!

1. I may be the square of an ideal in Z[«], but this differs in general from the ring
of integers Zg of K = Q(«).

2. Even if I is the square of an ideal J in Z, the ideal J may not be principal.

Even if J is principal, so that (8) = (y)?, it may not be true that 8 = 2.

4. Next, if B = y? for some y, we only know that y € Zg, and it may not be true
that y € Z[«].

b
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Asalready mentioned in Example 11.15, the final difficulty is dealt with by scaling,
and is easy to overcome.

In practice, the first three obstructions are ignored, but extra tests are built in to
the linear algebra stage to try to guarantee that 8 = 2 for some y. The method used
is to add extra columns (“Adleman columns”) to the linear algebra matrix. We are
seeking a set S so that B = [, »)es(a@ + ba) is a square.

Suppose that g is a prime, and s is chosen so that f(s) = 0 (mod ¢g). Just as for
the map ¢, there will be a homomorphism ¢, : Z[a] — Z/qZ sending « to s.

If B is a square, then ¢;(B) = H(a,b)es(a + bs) (mod ¢) will be a square
modulo ¢, and this can be checked with Legendre symbols: if B is a square, then

H a+bs\ __ 1
@bes\—q )= 1

We add columns to the matrix corresponding to several pairs (g, s) as above.
For each smooth pair (a, b), as well as storing its factorisations with respect to the

factorbase, we also store the values of (%b?) for each pair (g, s). (More precisely,

put ‘0’ in the matrix under the column (g, s)if(““”) = land ‘1’ if (“J;i) =—1)

q
In the linear algebra stage, we find a set S such that (8) = H(a,b)es(a + ba) is a

square ideal, l_[( abyes@+ bm) (mod N) is a square and also the Adleman columns
satisfy [], p)es (‘”qi) = 1 for each (g, s) pair.

. . . bs

If B is a square, it would be automatic that [], pcs (“J;—Y

(g, s) pair, but if not, there should be no reason why this should be +1 or —1
for any (g, s) column. Thus if we choose enough (g, s) pairs, and all of the results

[Ta.pyes (‘%‘”) = 1, it is very likely that f is a square.

= 1 for each

Step 6: Square Roots

With the notation of the previous step, if 8 = 2 for some y € Z[«], it is not clear
how to go about finding y in general (in our quadratic cases, this is easy, but in
higher degree number fields, it is not so clear). This is a difficult problem, but not
insurmountable. One approach sketched in [4] is to choose primes p such that f(X)
is irreducible modulo p. Then we can reduce 8 € Z[«] to B € Fpla], and try to
solve 72 = B as a power series in o with coefficients mod p. With enough primes,
it is possible to reconstruct y € Z[«] using the Chinese Remainder Theorem. The
authors remark, however, that in practice, various refinements of this technique are
used.
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Step 7: Factorise N—or Not!

Once we have y € Z[«], we should be able to find integers x and y, and a congruence
x2 = y? (mod N). At this stage, we know g = y? in Z[«], and B = [Tiwpest@ +
ba’) maps to a square y2= H(a,b)eS(a +bm) (mod N). Write x = ¢(y);as ¢ (B) =
@ (y)?, we get y> = x2in Z/ NZ, which is the desired congruence x> = y? (mod N).

Now N|x? —y? = (x +y)(x —y), and if we are lucky, N may split into two parts,
one of which divides x + y, and the other dividing x — y. These may be computed
using Euclid’s algorithm on N and x &+ y, and if both are smaller than N, we get a
factorisation of N. (However, it may be that N|x + y or N|x — y, and then one has
to find another set S of pairs with the same properties.)

Exercise 11.7 Make up lots of examples of your own; the best way to understand
the algorithm is to try to work through it and see what can go wrong, and how to put
it right. All of the features of the algorithm should be apparent in the quadratic case,
and I recommend treating only the quadratic case until you are confident about all
the issues.

Readers with a suitable background may wish to try to program parts of the
algorithm.

11.8 Closing Comments

The Number Field Sieve looks a very complicated algorithm, and one may ask why
we use it in preference to, say, the quadratic sieve.

The answer is that it allows us to factor larger numbers. When considering the two
algorithms, one can see that both depend on having a significant supply of smooth
numbers. The approach of the number field sieve produces more numbers of small
norm; so we should get more numbers on the algebraic side which stand a chance
of being smooth. Indeed, for the quadratic sieve, we need to find x near /N and
consider whether x2 — N is B-smooth. But if x ~ \/ﬁ , then x2— Nisof magnitude
about \/N . On the other hand, the number field sieve requires both N (a + ba) and
a + bm (mod N) to be smooth; the first is equivalent to F'(a, —b) being smooth,
but F'(a, —b) has coefficients of order N 5, and, with suitable choices of m, and the
region of (a, b) pairs, we need two numbers to be smooth which are both of order

about N 4. Informally at least, this gives more chances of finding smooth relations,
at least if d is sufficiently large (d > 5 should suffice).

For more details of the running time analysis, the reader should consult either of
the two books [4] or [8] on the Number Field Sieve mentioned at the end of the book.

Given a number N, there are some choices to be made. We need to find a poly-
nomial of some degree d, and then choose a smoothness bound B. The approximate
running time of the algorithm can be computed in terms of d and B, and this can
be optimised by making appropriate choices for these parameters. Various approxi-
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mations are made in the course of this analysis, and if X and Y are two expressions
depending on N, we will use the notation X ~ Y tomeanthat X/Y — las N — oo.
We may say that X tends to Y asymptotically in this case.

It turns out that the best value for d is:

3InN\'3
d~ .
Inln N

The value of B should be chosen to be about

B ~ exp ((g)%(ln N)3(Inln N)%) ,
and these choices give a running time of (asymptotically) about
64 L 1 2
exp ((3)3(an M)3 (InIn N)3) .

(Actually, this is not quite right; it is really
1
64 3 1 2
exp ((3 + 0(1)) (In N)3 (Inln N)3) ,

meaning that it is better than exp (c(ln N )% (Inln N) %) forany ¢ > ] % J)

In comparison, the corresponding figures for the quadratic sieve (here there is no
parameter d, just a smoothness bound B):

B ~ exp(%«/lannln N),

and the expected running time tends asymptotically to exp(+/In N Inln N).

One can readily see that as N gets bigger and bigger, the Number Field Sieve
begins to outshine the quadratic sieve; in practice, this happens when one expects to
choose d > 5 in the Number Field Sieve, meaning that N should have around 100
digits. The quadratic sieve begins to become impractical for numbers with too many
more digits; the Number Field Sieve has factored numbers with over 200 digits.

These running time estimates arise from an estimate of the number of pairs (a, b)
such that a + ba is smooth; by the earlier result, this means that F(a, —b) should
be smooth, and the estimates above suppose that the coefficients of F' can be chosen
to be about N''/¢. Sometimes one wants to use these methods to factor numbers of
a very particular form, for which one can choose the coefficients of f to be very
small. For example, one of the first applications of the method was to factor the
ninth Fermat number, N = 229 + 1; the polynomial f(x) = x> + 8 was used, with
m = 219 and f(m) = 2°1 + 8 = 8(2°'2 + 1) = 0 (mod N). When we can
choose our polynomials to have smaller coefficients than we expect, we can improve
our running time—if the coefficients of f are of size N°/, then the running time
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becomes !
exp ((% +o(0)*(n N)%(lnlnzvﬁ) ,

so the best we can do is when e = 0, with a running time of
1
32 3 1 2
exp ((3 + 0(1)) (In N)3 (InIn N)3) .

When we are dealing with numbers where we can choose e near 0 (like the Fermat
number mentioned above), the Number Field Sieve is known as the Special Number
Field Sieve. In general, however, we expect the coefficients to be about N 1/d  with
running time given above, and this is the General Number Field Sieve.



Appendix A
Solutions and Hints to Exercises

Chapter 1

1.1

1.2

1. Suppose that there are only finitely many prime p = 3 (mod 4), and label

them p1, ..., pu.

Then consider N = 4pj ... p, — 1. This number is clearly odd, and has
remainder 3 after dividing by 4. So its prime divisors are all odd, and they
can’t all be 1 (mod 4), as the product of numbers which are 1 (mod 4) is
again 1 (mod 4). So N has a prime divisor p = 3 (mod 4). But p must be
different from all the p;, since p|N but p; 1 N foralli =1, ..., n. So there
must be infinitely many primes p = 3 (mod 4).

. Suppose that there are only finitely many prime p = 5 (mod 6), and label

them p1, ..., pu.

Then consider N = 6p; ... p, — 1. This number is clearly odd, and has
remainder 5 after dividing by 6. So (6, N) = 1, and the prime divisors of
N can’t all be 1 (mod 6), as the product of numbers which are 1 (mod 6) is
again 1 (mod 6). So N has a prime divisor p = 5 (mod 6). But p must be
different from all the p;, since p|N but p; N foralli = 1, ..., n. So there
must be infinitely many primes p = 5 (mod 6).

. Suppose that p|x%+1.If x is even, clearly p is odd. Then x> = —1 (mod p)

(and as p # 2, we have x> # 1 (mod p)), and so x* = 1 (mod p). Thus x
has order 4 modulo p. So the order of the multiplicative group is a multiple
of 4, which is the order of x. But the multiplicative group has order p — 1.
Thus 4|p — 1, and so p = 1 (mod 4).

. Suppose that there are only finitely many prime p = 1 (mod 4), and label

them p1, ..., pu.

Then consider N = (2p; ... p,)> + 1. This number is clearly odd. Let p
be a prime divisor of N. By (1), p = 1 (mod 4). But p must be different
from all the p;, since p|N but p; 1+ N foralli = 1, ..., n. So there must be
infinitely many primes p = 1 (mod 4).

1.3 Suppose that x # 1 (mod 3). Then x24+x+1=1(mod6). Let p|x> +x + 1.

Then (x> + x + 1)(x — 1) = x3 — 1 = 0 (mod p). Thus x> = 1 (mod p). As
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above, 3|p — 1, and so p = 1 (mod 3).
Now suppose that there are only finitely many prime p = 1 (mod 6), and label
them py, ..., pn.
Then consider N = (6p1 ... pn)> + (6p1 ... pn) + 1. Let p be a prime divisor
of N. By the above, p = 1 (mod 3). Also, N is odd, so p must be odd too, and
so p = 1 (mod 6). But p must be different from all the p;, since p|N but p; { N
foralli =1,...,n. So there must be infinitely many primes p = 1 (mod 6).
1.4 1. Ifryq1 < /2, then certainly 1,42 < ryyqq. lf ryq1 = 1, /2, in the next step,
rnt+2 = 0.Finally, if ;41 > r,/2,inthe nextstep, r,42 = 1y —rp+1 < rn/2.
So in all cases, 1,42 < 1, /2.
2. For every two steps of the algorithm, the remainder halves (at least).
3. If b < 2", this means that the remainder after 2n steps is less than 1, so must
be 0, and the algorithm has terminated. Thus numbers which are at most 2"
require at most 2n applications of the division algorithm.
1.5 1. Allowing negative remainders, we have

630 = 5 x 132 — 30
132 = 4 x 30 4+ 12
30 = 2 x 12 + 6
12 = 2 x 6 + 0

(so only one step is saved in this case).
2. Similar to the last exercise.
1.6 The existence of the division algorithm just follows from long division of poly-
nomials, and the Euclidean algorithm is again simply a repetition of the division
algorithm. For the example, the first step is

0 +Ax 1007 +15x7 +14x 46 = x (x* +4x° +9x2 +12x+9) +x° +3x* +5x+6
and then repeating in the same way as the Euclidean algorithm gives
4 3 2 _ 3 2 2
XA +9x 4+ 12x+9 =+ D7 +3x“+5x+6)+x"+x+3

and finally
P43 4+5x+6=(x+2)x>+x+3)+0,

so the highest common factor is x> + x + 3.
1.7 We’ll use the modified algorithm of Exercise 1.5 as an example.

999 = 1 x 700 + 299
700 = 2 x 299 4 102
299 = 3 x 102 — 7
102 = 15 x 7 — 3

7 = 2 x 3 + 1
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Then

1=7-2x3=T7T-2x(15x7-102) =2x 102 -29 x7
=2x102-29 x (3 x 102 —299) =29 x 299 — 85 x 102
=29 x 299 — 85 x (700 — 2 x 299) = 199 x 299 — 85 x 700
=199 x (999 —700) — 85 x 700 = 199 x 999 — 284 x 700

1.8 Asin Lemma 1.20.

1.9 As in Theorem 1.19, using the result of the last exercise to derive unique fac-
torisation in Z[+~/—2].

1.10 Given a and 3 in Z[+/2], write a/3 = x + y~/2 with x, y € Q, and let m
and 7 be the closest integers to x and y respectively. Put £ = m + n+/2, and
then N(a/B — k) = |(x —m)? — 2(y — n)?| < 5. The result follows as in
Lemma 1.20.

1.11 We can take o = 4/—7 and 3 = 2. Then the imaginary part of /3 is 4 and

this is at least 4 > 1 from any point of Z[+/—7], since points in Z[+/—7] have

imaginary parts which are integer multiples of /7. We will see later that the
problem is that we are working with the wrong ring!

112 We find (135) = (139) = (1559) = (o) = L but (1) = —1 (ei-
ther by using known properties of Legendre symbols or using Euler’s formula
aP=D/2 = (%) (mod p)). Compute 1101009-D/4 — 11252 = 469 (mod 1009).
Then x = 4609 is a solution (and so is x = —469 = 540 (mod 1009)).

1.13 1. The elements except for those where f(s) = s may be partitioned into
pairs {s, f(s)}. So S is the union of Fixg(f) with all the pairs {s, f(s)},
and so | S| is the sum of |Fixg(f)| and 2r, where r is the number of pairs.

2. This is rather fiddly! First take (x, y, z) withx < y—z.Then f(x,y, z) =
(X,Y,Z), where X = x +2z,Y = zand Z = y — x — z. Then
f(f(x,y,2) = f(X,Y,Z).Butclearly X = x +2z > 2z = 2Y, and as
X>2Y, f(X,Y,2)=(X-=-2Y,X—-Y+Z,Y) = (x,y, z). The other
two cases are similar.

3. Suppose that f(x,y,z) = (x,y, z). It is easy to see that (x, y, z) must
satisfy y —z < x < 2y, as the other two possibilities get mapped to triples
with different conditions. Then f(x,y,z) = Qy —x,y,x —y +2) =
(x,y,2), 80 x = y. Then (x,x,z) € S means that x2 4+ dxz = P, SO
p = x(x+4z).But pisprime,sox = | andthenz = k (where p = 4k+1).
So the unique fixed point is (1, 1, k). By the first part, |S]| is odd.

4. Ttis clear that f” is another involution on S. As | S| is odd (by the last part),
f/ has a fixed point (by the first part).

5. If (x, y, z) is a fixed point of f/, then (x,z,y) = (x,y,2),80y = z. So
there is a point of S of the form (x, y, y), and so x2 4+ 4y2 = p, and thus
p is the sum of two squares.

1.14 For Step 1, we have already found x = 469 in Exercise 1.12. The Euclidean
algorithm for 1009 and 469 is:
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1.15

1.16
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1009 = 2 x 469 + 71
469 = 6 x 71 + 43
71 = 1 x 43 4+ 28
43 =1 x 28 + 15
28 = 1 x 15 + 13
I5 =1 x 13 + 2
13 = 6 x 2 4+ 1

2 = 2 x 1 + 0

and the algorithm gives 1009 = 282 4 152
Write x3 = (y++V=2)(y — ~/—=2). If x were even, we would have y2 +2=
0 (mod 8), which is not possible, so x is odd, and then y will also be odd.

If « is a common divisor of y + «/—2 and y — +/—2, then «|2+4/—2, and so
N(a)|N(2+/—2) = 8.Soaisaunit, or /—2|av. Butif /—2|a, and |y ++/—2,
then 4/—2|y, and then y would be even. So this is not possible, and « is a unit.

Then we have y + v/—2 = uf3?, y — /=2 = v~> for units u and v. The only
units in Z[«/—2] are £1, so we need

Y+ /=2 = *(a + bv/—-2)>.

Expanding, and taking the imaginary parts gives 1 = +(3a%b — 2b3), or
b(3a® — 2b*) = +1. This is solved with b = 1, a = +1,s0 y + /=2 =
+(1 + +/=2)3, and we can read off y = 45, and then it is easy to recover
x =3.

This is very similar to the example in the chapter.

Chapter 2

2.1

2.2

These numbers are all transcendental for the same reasons as for Liouville’s
number (and you will be able to see that many other numbers are transcen-
dental for the same reason). Suppose there are countably many such numbers,
ar, az, ..., where a; = > 22, s,E’)lO_k!. Thenletf, = 1 ifs,ik) = —1 and vice
versa. The number 8 = > 72| 1 10~*" differs from any given o because it has
a different coefficient of 10™"', and so is a new number in the set. Thus any
list indexed by the natural numbers must be incomplete, and so the set must be
uncountable.

Let @ = v/2 + /3. Then o2 = 5 + 246, and so (a2 — 5) = 2/6. Squar-
ing gives a* — 10a”? + 25 = 24, and so « is a root of X* — 10X? +
1 = 0. This is the minimal polynomial over Q; this is not completely
obvious, but one way to see this is to observe that the other roots are
+/2 + /3, and to try polynomials of smaller degree, such as (X — (\/5 +
V3INX — (V2 = V/3)) and see that none of them have rational coeffi-
cients. (There are better ways available given some knowledge of Galois
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23

24

2.5

2.6

2.7

Theory.)

Over Q(ﬁ), we simply need to eliminate the /3. Write a — +/2 = /3 and
square to get a? —22a+2 = 3: 50 « is a root of X2 — 22X — 1 = 0,
which is the minimal polynomial over Q(+/2). (Since o ¢ Q(+/2), the minimal
polynomial must be at least quadratic, so this quadratic must be the minimal
polynomial over Q(+/2).)

V2a = 1 + i. Squaring gives 2a> = 2i, and the minimal polynomial over
Q(i) is therefore X2 —i. Alternatively, ~/2a.— 1 = i, and squaring gives 202 —
24/2a+1 = —1.Thus ccisarootof X2 —+/2X+1 = 0, and this is the minimal
polynomial for av over Q( V/2). Now multiply the top and bottom of the fraction

by i to see that o = % Then /—2a + 1 = i, and squaring gives —2a? +

2/ =2a+1 = —1,s0«isaroot of X2 —/=2X —1 = 0, and this is the minimal
polynomial over Q(+/—2). (In these cases, it is easy to see that these really are
the minimal polynomials; clearly « is not in any of these quadratic fields, and so
the polynomial of smallest degree with « as a root must be at least quadratic.)
Suppose that a + bﬁ + c\/g + d\/g = 0. Rearrange this as

a+bv2 = —c/3 — dv/e,

so that

\/g__a-l-b\/i
c+dv2’

and so +/3 would lie in Q(+/2), whose elements are expressible in the form
p+ g2 for p, g € Q. Let’s show that v/3 ¢ Q(v/2). If V3 = p + g/2, we
can square to get p> 4 2g% + 2pg~/2 = 3, and the irrationality of +/2 implies
that pg = 0. This leads to the conclusion that either ﬁ € Q, or is a rational
multiple of V2 ; the first is well-known to be false, and the second (after scaling
by +/2) implies that +/6 would be rational, which is again known to be false.
We can use @ = +/2 + \/§, and note that /2 — /3 is not of this form. (a = No)
is another natural choice.)

As a® — 2 = 0, we use the Euclidean algorithm on X3 — 2 and X + 2. We
find that X3 — 2 = (X2 — 2X + 4)(X + 2) — 10, and substituting « gives

(@ = 2a +4)(a +2) = 10. Then -1 = =244 4nq 50

=1 (> —D(?—2a+4) 3a’>+4a-8
a+2 10 N 10

)

using the fact that o = 2.
Similar to 2.6. When you do the Euclidean algorithm, you will notice that
fractions appear in the calculations. You should find that



262

2.8
2.9

2.10
2.11

2.12

2.13

2.14

2.15
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1 _ 208430 + 200+ 2
—2a+2 5 ’

and then the answer to the exercise is (2a* + 503 + 502 + 4o + 2)/5, and
using a* = —2a — 1, this simplifies to o + a?.

The degree of Q(+/2, +/2) over Q is 6.

If @ = /3 + /5, then a® = 183 + 144/5. Then /3 = (&° — 14a)/4,
V5 = (18 — a?) /4, and the rest of the argument follows Example 2.19.
Ifo =155 thena? —a—1=0,

Ifa = lir[f,thena«/_—l—i-«/g $0202 =4+ 243, and (a? —2)? =3,
giving ot —4a? +1=0.
(@—1/3%=a’ —a? +a/3—1/27.Buta — 1/3 = 2327 o

3 a’>+3a°P +3a*3 +a  a®>—2a 3a+3a*? + 303
(a—1/3)" = = + .
27 27 27

Equating these gives

3 , o« 1 a’> —2a n aa
3 27 27 37
which simplifies to the given equation. Clearly, if a = 1 (mod 9), then this

equation has integral coefficients, so that « is an algebraic integer.
The calculation of the characteristic polynomial is standard. If § = 5+

v/—3)/2, then 92 = 1“715, and so (6% — é)z = —%. This expands to
0% — 0% + 4—11 = — 7, which gives the solution.

Write o = /2 and B=+2.Letv=(1apBaB? )T, and note that if

[N eNeBol SNl
[sNeoNeBeNe N
SO O OO
[cNeNel -
N O OO OO
=N NeloNoNe]
(=l S NeloNoNe)
N O OO OO
SO O OO -
[eNeNeBeN
=N eNeN ==
[=Nel SoloNe]

that Av = avand Bv = Bv.Then (A+ B)v = (a+3)v, so a+ [ is aroot of the
characteristic polynomial of A+ B, whichis X0 —6X*—4X34+12X2-24X —4.

Ifa =a+ b(ﬂ) then a = 2“2”’ br, and so its modulus is

(#)2 + 2= 3b = a® + ab + b? as required.
We need to solve a® 4+ ab + b> = 19. Let’s complete the square, and write this
as (2a +b)> 43b*> = 76.1f b > 6, the term 3b? is too big. Tryingh =0, ..., 5
gives solutions for (a, b): (3, 2), (-5, 2), (2, 3), (=5, 3), (—2,5), (—3,5) and
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if (a, b) is a solution, sois (—a, —b). These correspond to elements +4 £+ /-3,
+743/-3 and +145/-3
2 2 :

An element a + bv/—2 € Z[+/—2] has modulus a? + 2b%, and a similar but
easier calculation gives the elements as +1 =+ 34/ —2.

2.16 We just need to check that o = 1+v3 is not in Z[«/i, \/5]. But o =

V2
%ﬁ + %\/6 whereas elements of Z[ﬁ, \/§] should be of the form a +

b2 + c/3 +d/6 witha, b, c,d € 7.

Chapter 3

3.1

Given o« = a + bi, it is a root of X% — 2aX + (a2 + bz); the other root of this
equationis @ = a — bi.

3.2 The minimal polynomial of v/2 is X? — 2, and the roots are £+/2.

33

The minimal polynomial of /2 4+ +/3 was worked out above (in Exercise 2.2);
itis X* — 10X? + 1. Looking at the construction of the polynomial, it is clear
that ++/2 + +/3 are also roots, and so these are the conjugates.

3.4 The minimal polynomial is X — 2 (this is irreducible by Eisenstein’s criterion

3.5

3.6

with p = 2). The roots are «3/5, w~/2 and wzf/z, where w = £2™/3 = #,
and so these are the conjugates. Note that in this example, the conjugates of
2 do not lie in Q(+/2).

The embeddings are those where we map /2 € Q(+/2, v/3) to the positive
square root +1.4142 ... € R or to the negative square root —1.4142... € R
and similarly for +/3. They are given by

o1:a+bvV24cvV3+dV6 e QW2,V3) > a4+ bV2+cvV/3+dV6 e C
02:a4+bV24+cV3+dV6 e QW2,V3) > a+bvV2—c/3—dV6eC
o3:a+bvV2+cV3+dVe e QW2,V3) > a—bvV2 +cv3 —dve e C
o4 1a+bV2+cV/3+dV6 € QW2,V3) > a —bV2 —cv3 +dV6 e C.
1. We can pick any o € Q, such as a = 1, say.

2. Clearly 8 = +/2 + /3 is one such element.
3. With the order above, we can choose v = 1 + «/5, say.

Many other choices are possible in each case.
The minimal polynomial of &« = lisjust X — 1,so0d, = l and r, = 4. Its
image under all four embeddings is 1, so H?ZI(X — (1) = (X — D%

The minimal polynomial of 3 = v/2 4+ /3 is X* — 10X? + 1, so dg =4 and
rg = 1. It can also be written as H?zl (X — <7k(\/§ + ﬁ)), since this is the
same as

(X = (V24 V3)(X = (V2 = V3)(X — (—V2+V3)(X — (=2 = V3)).
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Finally, if ¥ = 14+/2, its minimal polynomial is X> —2X —1, so dy=ry=2.
Under two embeddings, -y is mapped to 1 + +/2, and under the other two, it is
mapped to 1 — +/2. Then

4
[]x =0ty = X = A+ V2))*(X — (1 = V2)? = (X* = 2X — ).

i=1

3.7 We can choose a basis {1, i} for Q(i) as a Q-vector space. Then (a + bi)1 =
a.l 4+ b.i and (a + bi)i = —b.1 + ai, so that the matrix of the multiplication

by a + bi is given by ((i b Z ), which has trace 2a and determinant a? + b>.

With the reformulation of Proposition 3.16, we compute the conjugates, namely
a + bi and a — bi; the norm is their product (a + bi)(a — bi) = a? + b2, and
the trace is their sum (a + bi) + (a — bi) = 2a.

3.8 Choose a basis {1, v/2, v/3, +/6} for Q(+/2, +/3) over Q. Then

W24+V3)1 = 01 + 1./2 + 1./3 + 046
(W24+V3)V2 = 21 + 042 + 043 + 1.4/6
W24+ V3)V3 = 3.1 + 042 + 043 + 1./6
(W24+V3)V6 = 01 4+ 3.4/2 + 23 + 046

01 1 0
e .12 0 0 1 .
so the multiplication is represented by the matrix 300 11 which has
0 3 2 0

determinant 1 and trace 0.
Alternatively, the conjugates are ++/2 = +/3, which sum to 0, and
(V2 +V3) (V2 +V3)(V2 = V3) (V2 - V3) =1

as follows easily from the formula x? — y2 = (x + y)(x — ).
1 V2 V3 6
3.9 The matrix M is given by M = i V2 =3 -6
1

V23 A -6 , of determinant
V2 -3 V6

—96, so the discriminant is 9216.

With the reformulation as in Lemma 3.19, we have Tx,g(wiwi) =

4
Tk gwiwz) = 0, Tk gwiws) = 0, Txgwiws) = 0, Tk @(wawi) = 0
0
0

Tg@wawz) = 8, Tk p(waws) = 0, Tgglwrws) = 0, Tk g(wswr) =
Tk @wswz) = 0, T g(wsws) = 12, T g(wsws) = 0, Tk @(wswr) = 0,

)
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3.10

3.11

3.12

3.13

Tk @(wawz) = 0, Tk j@(waws) = 0, T g(waws) = 24, and so the discrimi-
4 0 0 O

nant is the determinant of 08 00 which is again 9216.
0 0 12 0

00 0 24
The conjugates are v = v/2 + /3, 72 = V2 — V3,713 = —v/2 + /3 and
Y4 = —v/2—+/3.Thenvy; =7, = 2/2,71—73 = 243,71 =74 = 2(+/2++/3),
Y2—v o= 22 = V3), 12— = 2v2, 3 — = 24/3, and so
Hi<j (vi —7j) = —384, and ]_[l-<j (vi — 'yj)2 = 147456.

1V/2 4+ 1.4/3 4046, 42 = 51 +042 +
1+ 112 + 943 + 0.4/6. So the change of

We also have v = 0.
0.4/3 +2.4/6 and 73 =

basis matrix is , of determinant 4. Then we expect that

J’_
0
0
2
0
A{L, v, v2, ) = 42A{1, /2, V/3, V/6}; we computed A{l, /2, /3, V/6} =

9216 in Exercise 3.9, and 4% x 9216 = 147456, as expected.
We simply need to work out

2

o1 (1) mwﬁ)z_‘l Va ' it —

o) ooWd)| 1 —Vd

The minimal polynomial is f(X) = X? — 2. Then f'(X) = 3X?, and
f’(f/ﬁ) = 3\3/1, whose conjugates are 3\3/1, 3w/4 and 3w2«3/z, where
w = e>™/3 The norm is the product of the conjugates, which is 108. So
Dg = (—1)36=-D/2108 = —108.

If K = Q(2,5), put K| = Q(/2) and K» = Q(+/5). These fields satisfy
the conditions of Proposition 3.34; an integral basis is therefore {1, ﬁ, #5,

M}. As the discriminant of K is 8, and the discriminant of K3 is 5, the

Proposition gives Dg = (825%) = 1600. We can also work it out from the
given integral basis: it will be

2
i {/55 LA | = (407 = 1600.
2 2
1 =2 55 2o

3.14 Let’s compute Dk from the definition: it is
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2
1 V2 V3 f;ﬁ
I V3 -3 256 )
7 | = (48 = 2304,
I v-
S LA

With the reformulation of Lemma 3.19, we compute

T /(1) Tk /Q(v2) Tk 0(+/3) TK/Q(*E%@)
Dy = TK/Q(\/E) Tk 0(2) TK/Q(JB) Tk (1 + V3)
Tk 0(v/3) Tk /0(V/6) Ty 10(3) T (L4342
TK/Q(ﬁJQFﬁ) Tk (1 ++/3) TK/@(‘/gJF;’ﬁ) Ti /02 +/3)
4 0 0 O
o8 0 4
0 0 12 0
0 4 0 8
= 2304.
Now write v =71 = fzsz\/g' Its conjugates are vy, = ﬁ;/g, 3 = —«/52—«/3’
and 4 = #, so Example 3.21 gives
Dk =[] —)?
i<j
= (W2 (V6) (V2 + V62 (V22 (v/2 — V/6)* (—/6)*
= 2304.

Finally, the minimal polynomial of ~ is easily computed to be f(X) = X* —
4X? + 1 (see Exercise 2.11), so we conclude that Dg = :l:NK/Q(f/(W)) =
(=D*=D2NE 04y — 8y) = 2304.

A basis for K = Q(+/=2, v/=5) over Q is clearly {1, /=2, V=5, v/10};
write @ = a + bv/—2 + /=5 +d/10 € K. If a € Zg, s0 is a + a,
where ap = a + bv/—2 — c/—5 — dv/10 (since ar is a conjugate of «, so
they satisfy the same minimal polynomial). Then 2a + 2b+/—5 is an algebraic
integer, so A = 2a and B = 2b € Z. Similar arguments show that C = 2¢ and
D =2d e Z.

A% +2B% —5C? - 10D? AC —2BD

Next, aap = + 1 ) + ( 5 ) +/—5isalsoan
algebraic integer. So 2|AC — 2B D, and so 2|AC and at least one of A and C
is even. As 2|A2 +2B% —5C? — 10D?, both A and C must be even. Then in
order that 4|A2 +2B% —5C% —10D?, we need 2|B2 —5D2?,soboth B and D
are even, or both are odd. Such elements are then Z-linear combinations of the
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3.16

3.17

given basis {1, =2, V=5, @}; all these elements are integers, and so
this is an integral basis.

The condition that 3|g(y) means that g(y) = 3a(y) for some a(X) € Z[X].
Thus + is a root of g — 3a, and so f|(g — 3a). So this shows that g(X) =
3a(X) + f(X)b(X) for some b(X) =€ Z[X]. Reducing modulo 3, we see
that f|g. All these steps are easily seen to be reversible, and the result follows.
(Readers with knowledge of ring theory might rephrase this argument, using
the First Isomorphism Theorem to deduce an isomorphism Z[ X /() = Z[~],
and using this to see that 3|g() would imply that g € (f, 3).)

a+ ba + ca a+ baw + ca/w?

Put 0y = 0 = — so that 8, = 3 and 03 =

are the conjugates. Then

a+ baw? + ca/w
3

2 _35p
0102 + 0205 + 030, = ‘13—C,

so that 3|a% — 35bc, and

3 3 3
a’ + 175b° + 245¢° — 105abc
010205 = 77 ,

so that 27|a® + 175b3 + 245¢3 — 105abc. If 3|a, it follows easily that 3|b
and 3|c. Suppose 3 t a. Then a? = 1 (mod 3), so that be = 2 (mod 3). The
only solutions that also make 9|a> 4 175b% + 245¢3 — 105abc are a = b =
1 (mod3)and ¢ = 2(mod 3),anda = b = 2 (mod 3) and ¢ = 1 (mod 3).
For the first case, puta = 1 + 3, b = 1 + 3m, ¢ = 2 4 3n, and then
a’ + 175b3 4 245¢3 — 105abc = 9 (mod 27); for the second, puta = 2 + 3/,
b =2+3m,c = 143n, and then a® +175b> +245¢% — 105abc = 18 (mod 27),
so that we never find any integers. Thus it follows that 3|a, 3|b and 3|c.

Chapter 4

4.1
4.2

4.3

441 =21 x 21 =9 x 49.
The irreducible elements are a + ib, where a*> + b> = p for some prime
p=1(mod4)or p=2,and £p and £ip, where p = 3 (mod 4).

1. Clearly the set {a + bw | a, b € Z} is closed under addition. Further

(a + bw)(c + dw) = (ac — bd) + (ad + bc — bd)w,

so it is also closed under multiplication. The remaining axioms follow as
it is a subset of C.

2
2. Consider (#) =2+ g; this does not belong to the given set.
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4.4

4.5

4.6

4.7

4.8

4.9

4.10
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3. Neither quotient (1 4+ +/=3)/2 or 2/(1 + +/=3) = (1 — /=3)/2
lies in Z[+/—3], so they are not associates, and therefore give different
factorisations.

Note that

4++5 :(4+«/§)(2«/§+3):2+\/§’
2/5-3 11

a unit, and so 4 4+ /5 is a unit multiplied by 2+/5 — 3. Similarly, 4 — /5 =
(+V/5-2)2V5+3).

Using the multiplicativity of the norm, if « = (v, and N(a) = p, then
N(B) = 1 or N(v) = 1, and so either 3 or v must be prime. If « = 3, then
N () =9, but there are no elements of norm 3, so 3 has no factorisation into
elements with norm bigger than 1.

In Z[+/—2], a similar conclusion can be drawn for elements of prime norm (for
the same reasons). If & = a 4+ b+/—2 had norm 5, then a2 + 2b% = 5, and this
has no solutions. So there are no elements of norm 5, and so 5 is irreducible,
although its norm is 25.

The norms in these factorisations are 10 x 10 = 4 x 25, so the elements on the
two sides are not associate; further, there are no elements in Z[«/ﬁ] of norm
2 (consider a2 — 10b* = +2 modulo 10) so /10 and 2 are irreducible. (In
fact, 5 is also irreducible; one can see that a® — 1052 = +5 has no solution by
working modulo 5 to see that 5|a, and then modulo 25 to see that there is no
solution for b.)

6 =2 x 3 = (—+/—6)~/—6. The norms are 4 x 9 = 6 x 6, and there are no
elements of norm 2, since there is no solution to a® 4+ 652 = 2, and no elements
of norm 3 (use a? + 6b2 = 3).

14 =2 x7 = (1 +4/—13)(1 — 4/—13). Again the norms are different, and
there are no elements of norm 2 or 7.

The equalities are clear. The norms are 9 x 9 x 9 = 27 x 27. However, there
are no elements of norm 3, so each factor is irreducible.
2(a+by/10) + (44 /10)(c+d~/10) = (2a +4c+10d) ++/102b +c +4d).
We claim that given any A + B\/E S Z[\/I_O] we can write it in this form
precisely when 2|A. This condition is clearly necessary. Conversely, we can
choose ¢ and d so that ¢ + 4d = B, then pick b = 0, and finally choose a so
that 2a = A — (4c — 10d). (There are other ways to do this.)

If «|2 and |4 + /10, then taking norms gives N («)|4 and N («)|6. Thus o has
norm 1 or norm 2. But o cannot have norm 2, since Z[\/ﬁ] has no elements
of norm 2. So « is a unit. But a; cannot be a unit; it generates the ideal of
Exercise 4.10, and this is a proper ideal, as 1 ¢ a;. So a; is not an element of
Z[/10].

Given a € Z, we need to write a as 6p + 10g + 157.But 1 = 6 4+ 10 — 15,
so a = 6a + 10a + 15(—a). However, {6, 10} is not enough to generate any
integer, as all linear combinations are even. Similarly, every linear combination
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4.14

4.15

4.16

4.17

of {6, 15} is divisible by 3, and every linear combination of {10, 15} is divisible
by 5, so {6, 10, 15} is minimal.
4.13 (12) N (20) = (60); (12)(20) = (240); (12) + (20) = (4), and (12, 20) = (4).

1.

An element of I 4 J is the sum of something in / and something in J; an
element of / is a linear combination of ay, ..., a,,, and an element of J isa
linear combination of by, . .., b,; clearly their sum is a linear combination
ofay,...,am, b1, ..., b,. Conversely, given such alinear combination, we
split into a sum of those multiples of ay, ..., a, and those of by, ..., by;
this sum lies in 7 4 J. (Hopefully you got the same answers to the last two
parts of the previous exercise; this explains why.)

An element of 1 J is the sum of terms of the form ij with i a linear combi-
nation of ay, ..., a, and j a linear combination of by, ..., by,; clearly ij
is then a linear combination of the given set. Conversely, each generator
ayby lies in 1J, and so any linear combination of them does.

. 2(a + bv=5) + (1 + V=5)(c + dV/=5) = Qa+c—5d) + (2b +

¢ + d)v/=5, and so is of the form A + By/—5 with A = B (mod 2)
as claimed. Conversely, given A + B+/—35 with A = B (mod 2), choose
any ¢ and d with ¢ +d = B, and let b = 0; then we need to find a so
that 2a + ¢ — 5d = A; this means solving 2a = (A — B) + 6d, which
can be solved. Thus a = {A + Bv/—5 | A = B (mod 2)}. In particular,
1=14+0/-5 ¢ a.

. Suppose that a = (a). Then N(a) = N(«); as N(a)|[N(2) = 4 and

N(a)|N(1 4+ +/—5) = 6, we see that N(«)|2. But a # R, since 1 ¢ a; we
conclude that N(«)) > 1, and so N(«) = 2. But there are no elements of
norm 2.

CLetd = (2,1 —=+53).As2ca,and 1 — /5 =2+ (=11 = 5) € a,

both generators of o lie in a, so that a’ C a. The other inclusion is similar.

. 3(a+bv=3)+(1=+/=5)(c+d~/=3) = Ba+c+5d)+Bb—c+d)/—5,

and the remaining claims follow as in Exercise 4.15(1).

Again, this follows as any generator would have to have norm dividing
N(@3) = 9and N(1+£+/=5) = 6. But there are no elements of norm 3, and
the generator could not be a unit, since the ideals are not the whole ring
(by the characterisation in the previous part, 1 does not belong to either
ideal).

. There are no solutions to a® + 6b% = 2 or 5. The norms on both sides are

different, and if any factor were reducible, the factors would have to have
norms 2 or 5, which is impossible.

If (2, /—6) were principal, any generator would need to divide both
N(2) = 4 and N(+/—6) = 6, so the norm of any generator would be
1 or 2; it cannot have norm 1, otherwise it would be a unit, and the ideal it
generated would be the whole ring (but 1 is not in the ideal), and there are
no elements of norm 2.

Ca? = (22,276, (V=6)%) = (4, —6, /—6), and each factor is divisible

by 2. Thus a C (2). Conversely, 2 € a2, as 4 and —6 lie in a?, and
2=(—D4+ (—1)(-6).
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4. b1by = (25,52 + +/—6),5(2 — /—6), 10), so b1by C (5); conversely,
as5 =25—-2x10,wesee5 € b1by. So biby = (5). Then

(10) = a?b;bs.
5. The two factorisations are
(10) = (a*)(b1b2) = (aby)(aby);
the equalities (2 + /—6) = abj and (2 — «/—6) = ab, are proven as
above.

We have already seen that Z[ﬁ] has a Euclidean algorithm, and that this
implies that it has unique factorisation and is a PID.

Chapter 5

5.1

5.2

53

54

5.5

Suppose that r € I. Let’s see that r + 1 = I. Given any i € I, we can write
i=r+@{—r)yer+1,s0l Cr+1.Conversely, if i € I, then the element
r + i of r + I must be in / by the definition of ideal. Sor + I C I, and
r 4+ I = I, as required. Conversely, if » + I = I, then every element of » + [
lies in 7, and in particular » + 0 = r isin /.

Suppose that R is a PID, and that p is an irreducible element. We claim that
(p) is maximal. If not, there is an ideal (p) C I C R, with both inclusions
proper. As R is a PID, I = (a) for some a. As (p) C (a), we see p € (a), SO
that p = ab for some b € R. As (p) C (a) is proper, we cannot have that b is
aunit. As (a) C R is proper, clearly a is not a unit either. So p = ab for two
non-units a and b, so p was not irreducible, a contradiction.

This argument is the same as that of Example 5.11 (the existence of a Euclidean
algorithm for Z[i] means that it is a PID, and the analogue of Lemma 4.13
holds).

Similarly, the prime ideals in Z[i] are () where « is an element of prime norm
p = 1 (mod 4) and also (p) where p = 3 (mod 4) is a prime, as well as the
zero ideal (0).

Almost all the field axioms hold because we are working in a quotient of an
integral domain; we just need to check that every nonzero element is invertible.
This follows because:

Ixl=1
2x2=1
V2x2v/2 =1

1+vV2)x2+vV2) =1
(1+2V2) x 24+2v2) =1,
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5.6

5.7

5.8

59

5.10

It follows that every element is invertible. (You might like to check that the
multiplication table is that of a cyclic group; it is a fact that the multiplicative
group of any finite field is cyclic.) Thus Zg /a is a finite field, and so a is prime.
Now Zg /a is not a field, since a C («/5) is a proper inclusion, so that a is
not maximal. (Alternatively, Zg /a has zero-divisors: V2 x /2 = 0 in the
quotient, so Z /a is not even an integral domain, so a is not prime.)

For b = (7), one can argue similarly, using the factorisation 7 = (3 + ﬁ) 3-
V2) to see that either b C (3 = +/2) is an inclusion of b into a proper ideal, or
that Zg /b has zero-divisors.

From the previous exercise, a = (2) = p%, where pr = (v2),and b = (7) =
p7p5, where p7 = (3 + V2) and p,=03- V2).

We need to check two things; firstly, given a and b as in the exercise, that the
highest common factor is Hp p™in@-Pp) and secondly, that a + b also satisfies
the defining property to be the highest common factor. (Then this shows that
a + b is also equal to the given expression.)

Write b for Hp pmi“(“P”’P), and we will show that it satisfies the conditions
required to be the highest common factor. It is clear that h|a and that h|b, since
the exponents of any given prime ideal in b is at most the corresponding expo-
nents in a and b. If ¢ = Hp p°», and c|a and c|b, then ¢y < ap and cp < by,
and so ¢p < min(ay, by), so that c|h as required. (This is an analogue of the
well-known result for elements of Z.)

Also, notice that a + b|a and a + b|b and that if c¢|a and c|b, then c|a + b, so
that a 4 b satisfies the two requirements to be the highest common factor.

If m is coprime to h g, then there are integers s and ¢ such that sm +thg = 1.
Then a = a*™a’"& . As a’X is principal, and a™ is principal, we conclude that
a is principal.

We saw in Chap. 3 that the ring of integers is given by Z[/2].

By Proposition 5.42, it suffices to see how the polynomial X3 — 2 factorises
modulo 5, 7 and 11. But

X3 —2=(X—-3)(X*—-2X — 1) (mod 5)
X3 —2=x>-2(mod7)
X3 -2 = (X —4)(X —7)(X — 20) (mod 31),

where each factor is irreducible. So

(5) = psps,
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where ps is a prime ideal of norm 5, and pj is a prime ideal of norm 25.
Further, we can read off from Remark 5.43 that p5 = (p, V2 — 3) and that

pL=(p. V2 — 292 1).
Similarly, (7) is already a prime ideal of Q(f/i), and
(31) = p31p5 P35

where p3; = (31, ¥/2 — 4), p}, = (31, /2 — 7) and pj; = (31, ¥/2 — 20).
The discriminant of the polynomial (or the number field) is —8, so the only
ramified prime is 2, and (2) = (V/=2)2.

We have to consider how X? + 2 factorises modulo p for all primes p. Now
X? + 2 is irreducible if —2 is not a square modulo p, i.., if (_72) = —1.
The expressions for (_71) and (%) are well-known; combining these shows
that X2 + 2 is irreducible modulo p if p = 5 (mod 8) or p = 7 (mod 8). By
Proposition 5.42, these are the inert primes for K. The primes p = 1 (mod 8)
and p = 3 (mod 8) are split. (Notice that the splitting behaviour is given by a
congruence condition modulo D ; this is a general phenomenon.)

Suppose Zx = Z[~]. If (2) factors as the product of three distinct prime ideals
of norm 2, then Proposition 5.42 shows that the minimal polynomial of ~ (a
cubic polynomial) would have three distinct linear factors modulo 2. But the
only linear polynomials modulo 2 are X and X — 1, so this is a contradiction.
Using Proposition 5.42 again, we need to see how the minimal polynomial
of ~ factorises, where ~ is such that Zg = Z[~]. In this case, we can take

v = 1+2\f5, and its minimal polynomial is X 2 _ X — 1. The discriminant of
this field is 5, so the only ramified prime is 5.

For p =2, X2 — X — 1is irreducible, so (2) is inert.
For all other primes, we have
2 1\2 5
X =X—-1=X-5)"—7,
and this is soluble if (2) = 1. This happens when (%) = 1, by Quadratic

Reciprocity, which is when p = 1 (mod 5) or p = 4 (mod 5). So these primes
split, whereas the primes p = 2 (mod 5) and p = 3 (mod 5) are inert.

Chapter 6

6.1

The line joining (0, 0) to (%, @) has gradient /|d|, so its perpendicular
bisector will have gradient —1/4/|d|. Its equation is therefore Y = — X //|d|+

¢, and it passes through the midpoint (}‘, @) of the two given points. We can
thenread off ¢ = ML By symmetry, the line meets the perpendicular bisector

4/1dl’
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of the line joining (0, 0) to (=, ¥4y when X = 0, which is the point ¥ = c,

i.e., at (O, %). The bisector of the line joining (0, 0) to (1, 0) is just X = %,
_ ld-1

and then we can read off Y = IR

6.2 We can take @ = «/—19 and # = 4. Then /3 = +/—19/4 has imaginary part

6.3

v —19/4 = (1.0897 .. .)i. However, every integer of Q(+/—19) has imaginary
part which is an integer multiple of 4/—19.2 = (2.1794 . ..)i; it follows that
«/( differs from every k € Zg by at least 1. So for every k € Zg, we have
Nk 0 (% — n) > 1. Multiplying up, Ng (e — k8) > Nk (B) for every
K € ZK.

When Zg = Z[«/ﬁ] andd < —2, Theorem 6.1 gives that the units are {1, —1}.
Suppose that a universal side-divisor exists as in Theorem 6.2. Now take oo = 2,
and apply the theorem; either u|o or u|a = 1. So u|1 (impossible as u is not
a unit) or u|2 or u|3. But 2 and 3 are irreducible, as any factor would have
to have norm 2 or 3. Notice that d < —5 (as d = —3 is covered by the case
d = 1 (mod 4)), and the norm of a + b~/d is a® + (—d)b?, and this can never
equal 2 or 3 whend < —5.Sou = +2 or £3. Butif o = «/3, it is easy to
see that none of a or o &= 1 is divisible by £2 or £3, so u cannot exist, and we
conclude from Corollary 6.3 that Zg is not Euclidean.

6.4 Suppose that f and g are equivalent. Then g(px + gy, rx +sy) = f(x, y) for

6.5

some p,q,r and s with ps —gr = £1. Suppose that g(x, y) = ax>+bxy+cy?,
with discriminant D, = b? — 4ac. Then

f@y) = a(px +qy)* +b(px +qy)(rx +sy) +crx +5y)%,
which expands to
(ap2 +bpr + cr?)x? + (2apq + bps +bgr +2crs)xy + (aq2 +bgs + csz)yz,
and this has discriminant
Dy = (2apq + bps + bgr + 2crs)? — 4(ap2 + bpr + crz)(aq2 + bgs + cs?):
it is easy to expand this and simplify, to get Dy = (b* — 4ac)(ps — qr)?, so

that Dy = D.
A tedious calculation shows that if f(x, y) = g(px + gy, rx + sy) for some

matrix M| = (f :{), and g(x, y) = h(tx + uy, vx + wy) for some matrix

M2= (lt) Z}),then f(x,y) Zh(kx+lyvmx+ny),where

k1Y _(pt+ru  qt+su
(m n)_Mle_(pv—i—rw qv+sw)'
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Both relations are clearly reflexive (use p = s = 1, ¢ = r = 0). They are also
symmetric: if f(x, y) = g(px +qy, rx +sy) for some matrix M = (‘f Z),
then the calculation shows that g(x,y) = f(p'x + q’y,r'x + s’y), where

/ /!
M- = f, Z’) (so we can take p' =s5,q¢' = —q,r' = —r and s’ = p) so
that g(x, y) = f(sx — gy, —rx + py). The calculation above (together with
the multiplicativity of the determinant) shows immediately that both relations
are also transitive.

6.6 From the calculations in the previous exercise, g(x, y) = f(sx —qy, —rx +

py).Then f(x, y) = nifandonlyif g(u, v) = n, where (Z) = (p q) (x),

ros)\y
and that this is equivalent to (x ) = (S —-q ) (M )
y —r p v

X ={x,y)| f(x,y) =n}and U = {(u,v) | g(u, v) = n}, we see that
(x,y) € X if and only if (4, v) € U, where Z) = f z) (;C/) and the
inverse matrix gives a map in the other direction, so these are inverse bijections.
6.7 1. (6,—-7,8) — (6,5,7) which is reduced. We just needed one application
1
0 1)
2. (13,12,11) —» (11,-12,13) — (11,10, 12), which is reduced. We
needed ((11 (1)) followed by ((1) }), so the matrix is the product,
0 1
-1 —-1)
3. (43,71,67) — (43, —15,39) — (39, 15, 43), which is reduced. The
same steps are used as in the previous example, so the matrix is again

0 1
(% 5)
6.8 We had m = 469, and 4697 = 218 x 1009 — 1. So we consider the quadratic
form 1009x2 + 938xy + 218y?, of discriminant —4. Let us reduce this form:

of the rule corresponding to the matrix

(1009, 938, 218) > (218, —938, 1009) — (218, —502, 289) > (218, —66, 5)
> (5,66,218) > (5,56, 157) — (5, 46, 106) > (5, 36, 65)

> (5,26,34) > (5,16, 13) > (5,6,2) > (2, —6, 5)

> (2, -2, 1) (1,2,2) > (1,0, 1).

A calculation shows that the matrix used to do the reduction is (?2 173), SO

that
1009x% + 938xy + 218y% = (28x + 13y)* + (15x + 7y)>.

Now put x = 1, y = 0, and we see that 1009 = 282 + 152,
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6.9

6.10

P2 has generators 2 and 4/ —6 as a Z-module, and has norm 2, so the associated
form is

Now=6,0(2x +vV/=65)/2 = (4x% + 6y7)/2 = 2> + 3)%,

p3 has generators 3 and /—6 as a Z-module, and has norm 3, so the associated
form is

Now=6)0B3x +~/=6y)/3 = (9x* + 6y%)/3 = 3x* + 2y”.

This form is not reduced, but (3, 0, 2) reduces to (2,0, 3) via (a, b, c) —
(¢, —b, a).

(2) has generators 2 and 24/ —6 as a Z-module, and has norm 4, so the associated
form is

No(y=502X +2V/=6y)/4 = (4x? +24y) /4 = x* + 6y°.

(3) has generators 3 and 3/ —6 as a Z-module, and has norm 9, so the associated
form is

Now=6)/0B3x +3v=6y)/9 = (9x* + 54y*) /9 = x* + 6y°.

(+/—6) has generators —6 and /—6 as a Z-module, and has norm 6, so the
associated form is

Nowv=6)/0(—6% +v/=6y)/6 = (36x% + 6y)/6 = 6x” + y°.

This form is not reduced, but (6, 0, 1) reduces to (1,0, 6) via (a, b, c) +—
(¢, —b,a).

We need to compute the number of distinct reduced quadratic forms of dis-
criminant —56. If b2 — 4ac = —56, then 3ac < 56 < 4ac, so 14 < ac < 18.

When ac = 14, we need b = 0, and we get 2 reduced forms, (1, 0, 14) and
2,0,7).

When ac = 15, we need b = 4, and we get 2 reduced forms, (3, 2, 5) and
(3, —2,5). (Note that (1, &2, 15) are not reduced.)

When ac = 16, we need b? = 8, which has no solutions. When ac = 17, we
need b2 = 12, which has no solutions. When ac = 18, we need b* = 16, but if
ac = 18,anda < ¢,weneeda < 3,andif b = £4, there are no reduced forms.

We get 4 distinct reduced forms, and conclude that the class number of

Q(v/—T14) is 4.
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The discriminant of Q(+/—43) is —43, so we are looking for reduced quadratic
forms of discriminant —43. We need to solve 3ac <43 < 4ac,so 1l <ac <
14. Ifac = 11, b2 = 1, and we get the form (1, £1, 11); note that (1, —1, 11)
is equivalent to (1, 1, 11) via (a, b, ¢) ~ (a,b+2a,c+b+a), so we get 1 re-
duced form. If ac = 12, we need b? = 5, which has no solutions; if ac = 13,
we need b2 = 9, but we also need a = 1, so there are no reduced forms; if
ac = 14, we need b? = 13, which has no solutions.

The arguments for Q(+/—67) and Q(+/—163) are similar.

The discriminant of X% + X + 41 is —163. If we consider the values of ac
when b2 — dac = —163, we see that if b = 1, we getac = 41;if b = 3, then
ac =43;if b = 5, thenac = 47;if b = 7, then ac = 53, etc. The values of ac
obtained are 41, 43, 47, 53,..., exactly the values taken on by X2 + X +41.
Since they are all prime, the only factorisations have a = 1, and it follows
that the resulting forms cannot be reduced. So the only reduced form can arise
when b = 1 and a = 1, namely (1, 1, 41).

The polynomial X2 + X + 11 is prime for X = 0, ..., 9, and the polynomial
X2+ X +17is prime for X =0, ..., 15. Again it follows that Q(+/—43) and
Q(/—67) both have class number 1.

These are also related to the curious observations that e’“/‘g, e“m and ¢™V 163

are extremely close to integers. Indeed, ¢™163 differs from an integer by less
than 10~ !2. The explanation lies beyond the scope of this book! However, the
reader might like to compute the values of ¢”V" for many values of n; the
results are striking.

The forms are fi(x,y) = x> + 14y, fo(x,y) = 2x> + 7y2, f3(x,y) =
3x2 + 2xy + 5y% and f4(x, y) = 3x% — 2xy + 5y2. Notice that

(@ + bv/=14)(c + dv/—14) = (ac — 14bd) + (ad + bc)v/—14
shows that
(a® + 14b*) (¢ + 14d*) = (ac — 14bd)* + 14(ad + bc)?,
so that fi(a, b) fi(c,d) = fi(ac — 14bd, ad + bc).

As fr(x,y) = 2x% 4+ 7y?, we can think of f>(x,y) = (4x? + 14y?)/2 =
f1(2x, y)/2. Then

fa(a,b) fa(c. d) = f1(2a, b) f1(2c, d) /4
= fi(4ac — 14bd, 2ad + 2bc) /4
= fi(2ac —7bd, ad + bc).
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Thus f> has order 2 in the class group.

Similarly, f3(x, y) = 3x24+2xy+5y% = (9x2+6xy+15y%)/3 = (Bx+y)*+
14y%)/3 = fi(3x + y, +y)/3. Use this to write f3(a,b) = f1(3a + b, b)/3
and f3(c,d) = f1(3c +d, —d)/3 (note the minus sign). Then

f3(a,b) f3(c,d) = f1Ba+b,b) f1(Bc +d, —d)/9
= f1(Ba+b)(Bc +d) + 14bd, —(3a + b)d + b(3¢c + d))/9
= f1(9ac + 3bc + 3ad + 15bd, —3ad + 3bc)/9
= f1(Bac + bc + ad + 5bd, —ad + bc)

So f3 also has order 2 in the class group. At this point, we can deduce that the
class group looks like the Klein 4-group; if it were cyclic, it would only have
1 nontrivial element of order 2.

For completeness, we can work out fi(a, b) fa(c, d) similarly: fa(x,y) =

f1(Bx —y, £y)/3,sothat f4(a,b) = f1(3a—>b,b)/3 and f4(c,d) = f1(3c—
d,—d)/3, and

fa(a, b) fa(c,d) = f1(3ac — bc — ad + 5bd, —ad + bc).

Chapter 7

7.1 The convexity should not be a surprise, if you try to visualise the shape in
R”. However, a formal proof is a little tedious! Let x, y € X;. We need to
see that if Ay > Oand A + o = 1, then Ax + py € X,. At real embeddings
(i=1,...,r),itis certainly true that

[Axi 4 pyil < Alxi| 4+ plyil

by the triangle inequality. The same inequality holds for complex embeddings
@ =r+1,...,r1 + rp); again, the triangle inequality holds for complex
numbers. Now

ri+r ri+r2 ri+r2 ri+r2

Dyl < 0 Axilplyil =X D x4 D vl < Mtpr =,

i=1 i=1 i=1 i=1

using the facts that x and y belong to X;, and that A\ = 1. Thus Ax+puy € X;,
and so X; is convex.

7.2 Make a change of variable in I, 5 (¢) = fo Ry -+ Ry,dxy...dx, dR;...dR,,
sothatx; = tx;and R; = tR.Then (xy,...,x-, Ry, ..., R,) € Y;ifandonly
if (x],....x/,R|,...,R}) € Y1. Also,dx; = tdx/ and R; dR; = t*R] dR).

The first equality follows.
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Note that !

Ir,s(l) Z/Irfl,s(l —xp)dx;.

0

From the first relation, /,_; (1 —x,) = (1 — x,)r_l“'zslr_l,s(l), SO

1 1
) = [ =372 = foa) [ 0= x) 7
0 0
A change of variable x = 1 — x, now gives

Ir—l,s(l)

1
Ls(1) = I_15(1 T2 gy = .
r,s( ) r l,s( )/x X r+ 25
0

Finally, in the same way,

1 1

Ios(1) = / Ios—1(1 — R)RydRs = / (1 = R)*™ Vs 1(1)Ry dRs.
0 0

Again, write R = 1 — Ry:

2s — 1 2s

p S R2S—l R2S 1
los(1) = Io,s—l(l)/R (1= R)dR = Iy 51 (1) |: i|
0
0

and the result follows.

7.3 This is just like Corollary 7.22. The condition on k implies that x is odd (when
k = 2 (mod 4), if y is even, then y2 + k = 2 (mod 4), so cannot be the cube
of an even number). Again x and y must be coprime, using the hypothesis
that & is squarefree, and the next part of the argument goes through to see that
v+ =k = ua? for some unitu € Z[~/—k]. All the fields under consideration
have +1 as the only units, and again we conclude that y++/—k = (a+b~/—k)>
for some integers a and b. Comparing imaginary parts gives 1 = b(3a”> —kb?),
so b = +£1, and then the condition on k implies that there are no solutions for a.

7.4 All the fields have n = 2 and r, = 1. The Minkowski bound for Q(+/—1) is

20 (4
% (—) |42 =1.273. ...
™
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1.5

7.6

1.7

7.8
7.9

7.10

For Q(+/—2), Q(+/=3) and Q(+/—7) the corresponding values are 1.800.. .,
1,102...,1.684 ..., the only differences in the calculations coming from re-
placing |4| 1/2 with | D |'/2. The answer follows as in Example 7.19.

All the fields have n = 2 and r, = 0. The Minkowski bound is then

22|Dz<|”2

for Q(+/2) we get a Minkowski bound of /8/2 = 1.414 .. ; for Q(+/3) we
get /12/2 = 1.732.... .; for Q(+/13) the bound is ~/13/2 = 1.802... ..
The Minkowski bound for Q(v/6) is v/24/2 = 2.449 . . ., and the Minkowski
bound for Q(+/—6) is 3.118..... For Q(+/6), this shows that every ideal is
equivalent to an ideal of norm 1 or 2. As any ideal of norm 2 would divide (2),
and (2) = (v/6+2)2, the only ideal of norm 2 is principal. Thus, as every ideal
of norm 1 or 2 is principal, Q(+/6) has class number 1. For Q(\/_6), we need to
consider ideals of norm at most 3. As (2) = (2, v/—6)2 and (3) = (3, /—6)2,
we see that not every ideal is principal. We can see that ideals of norm at most 3
all have order dividing 2 in the class group, and as there are only two distinct
ideals which might represent different elements in the class group, the class
group has at most 3 elements. We conclude that the class group is cyclic with 2
elements, and thus the class number is 2. (Alternatively, we could say that
(2, /=6) (3, /—6) = (/—6) is principal, so that (2, /—6) and (3, /—6) are
inverse in the class group — as both have order 2, they must therefore be the
same element, and the class number is 2.)
In this case, we have n = 3,r, = 1 and | Dg | = 243. This gives the Minkowski
bound of 4.410. . ., so every ideal is equivalent to one of norm at most 4. Write

a= 3.

We show that every such ideal is principal. Clearly it suffices to treat the prime
ideals below this bound, as every ideal is a product of prime ideals. Any prime
ideal of norm 2 or 4 will divide (2). Proposition 5.42 shows that the prime fac-
torisation of (2) is the product of one prime of norm 2, and one of norm 4. But
wealsoseethat2 = o’ —1 = (a—1)(@?+a+1),50 (2) = (a—1){a*+a+1),
and so these are the desired primes, and both are principal. Similarly, every
prime ideal of norm 3 divides (3), but obviously 3 = a3, and so (3) = (a)3,
and so there is just one prime ideal of norm 3, and it is also principal. Thus the
class number is 1.

Do some!

We know that r| + 2rp = n. If n is odd, it follows that r; is odd, and so K has
a real embedding. So there is a map K < R; as the only roots of unity in R
are 1, these are the only roots of unity lying in K, and so u(K) = {1} (of
course, every field has £1).

The unit group has infinitely many elements if » = r; +r — 1 > 0. We can
only have r; +r — 1 = 0if r; = 1, r» = 0, when we have a field of degree
r1 + 2rp = 1 which must be Q, or if r; = 0, r» = 1, when we have a field K
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of degree r; + 2r, = 2, so must be quadratic — and then as there are no real
embeddings, K must be imaginary quadratic.

Chapter 8

8.1

8.2
8.3
8.4

8.5

8.6

8.7

8.8

8.9
8.10

Use the Euclidean algorithm: 999 = 1 x 700 + 299, 700 = 2 x 299 + 102,
209 =2x102495,102 =1x954+7,95=13x7+4,7=1x4+3,
4=1x3+1and3 =3 x 1+ 0. We can compute the convergents using the

table:
2 1 13 1 1 3

1 2
0 1j1 3 7 10 137 147 284 999
1 01 25 7 96 103 199 700

1 3 7 10 137 147 284
and the convergents are 1555 7> 66> 103 and 199+

Easy from the previous exercise.
V21 =1[4,1,1,2,1,1,8]and /71 =[8,2,2,1,7,1,2,2, 16].
V31 =1[51,1,3,5,3, 1, 1, 10], so the table of convergents begins

11 3 5 3 1 1 10
0 1 6 11 39 206 657 863 1520 16063
1 0 1 2 7 37 118 155 273 2885

pr—dgil-6 5 -3 2 -3 5 —6 1 -6

dn

— N[ N

V11 = [3,3,6], and the first solution to x2 — 11y% = 1 is 10> — 11 x
32 = 1. All solutions are given by x,, + y,+/11 = £(10 4 34/11)". Similarly,
V31 = [5,1,1,3,5,3,1, 1, 10] as in Exercise 8.4; from the table of N,,, we
find the first solution 1520 4+273+/31; all solutions are given by x,, + y,+/31 =
+(1520 + 273/31)".

JT = [2,1,1,1,4], and it is then easy to find the unit 8 + 34/7 from the
convergents to ﬁ . Then every number of the form £(8 + 3ﬁ )" also is a unit.
We have already seen (Exercise 8.6) that the fundamental unit for Q(/11) is
10 + 34/11. Similarly, V51 = [7,7,14], and one can find the fundamental
unit as 50+7\/§; V38 = [7,1,1,1,1,1,1, 14], and the fundamental unit is
99 + 13+/58 (note that the corresponding N, here is —1).

V29 = [5,2,1,1,2,10] and we find quickly that 52 -29 x 12 = —4, so that
%279 is a unit with norm —1. /33 = [5,1, 2,1, 10], and the first unit we find
is 23 + 44/33.

The fundamental unit is 2143295 + 221064+/94.

Here we compute the discriminants as in Chap. 3. For simplicity, we just do one

case, (2) say. Then w; = 1, wy = 1+2‘/ﬁ, w3 = 4/nand wy = M, where

m = 1 (mod 4). With the usual embeddings, the discriminant is the square of
the determinant
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| iy A
1 l*i/ﬁ ﬁ ﬁ;\/E

1 1+ /m _ﬁ —\/le—x//; :
1

2
1—2\/5 _Jn —JE;«/E

Subtract row 1 from row 2, and row 3 from row 4 to get

1 1+£/:% NG ﬁ;ﬁ

0 —ym 0 vk

1 1+2\/rﬁ _ﬁ —\/22—\/% :
0 —ym 0 Vk

Subtract row 1 from row 3, and row 2 from row 4 to get

1 1+3/n7 NG \/ﬁer«/%
0 —Jm 0 —Vk
0 0 —2yn -k
0 0 0 2k

which is upper triangular, so the determinant is the product of the diagonal
entries, namely 4+/kmn; thus the discriminant is 16kmn, as required.

Chapter 9

9.1 If ¢ and ¢’ are any two primitive nth roots of unity, then ¢’ = ¢" for some r, and
conversely ¢ = ¢’*, where rs = 1 (mod n). Then Q(¢") € Q(() as ¢’ is a power
of ¢, and the other inclusion follows as ¢ is a power of (’.

9.2 We claim that ( is a primitive nth root of 1 if and only if —( is a primitive 2nth
root of 1.

If ¢ is a primitive nth root of 1, then (—()" = (—=1)"¢" = —1 as n is odd.
Then (—¢)** = 1. So —( is a 2nth root of 1. Let m be the order of —¢, so that
m|2n. As (—()"™ = 1, squaring shows that ¢?" = 1. But ¢ has order n, so n|2m.
Also, n is odd, so we conclude that n|m. Som = n or m = 2n. But m # n, as
(=)™ = —1. So the order of —( is 2n.

Conversely, if —( is a primitive 2nth root of 1, then (—(M? =1,s0 ()" = +1.
But —( is a primitive 2nth root of unity, so (—()" # 1. Thus (—()" = —1, and
thus, as n is odd, (" = 1. In a similar way to the above, ¢ must have order exactly
n (if its order is m, then squaring shows that (—()?" = ¢*" = 1, but —( has
order 2n, so 2n|2m, so n|m).

Finally,
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)= [ @-9

primitive 2nth roots

= [T «+0

primitive nth roots

(by the above remarks)

== I -0

primitive nth roots

= (=D (=)

If nis odd, ¢(n) is even, unless n = 1. So, for n odd and greater than 1, Ay, (x) =
A (—x). (Note that for n = 1, the statement is false—instead, Ay (x) = —A1(x).)
9.3 1. The degree of \,;,,(X) is ¢(mn); the degree of A\, (X) is ¢(n). Recall that
o) =nJ] s\ — %), as the primes dividing mn are exactly the same
as those dividing n, it easily follows that ¢(mn) = m¢o(n). As A\, (X) has
degree ¢(n), then A\, (X"™) has degree m¢(n) = ¢(mn) as required.
2. We claim that if ¢ is any mth root of ¢, then ( is a primitive nth root of unity
if and only if ¢ is a primitive mnth root of unity. Perhaps the easiest way to
do this (although there are others) is to argue in the following way.

( is a primitive nth root of unity if and only if { = e + for some k prime
. 2mi (k+tn)
to n. Then the possible values of € are e™ mn fort =0,...,m — 1. But

k is coprime to n, and therefore so is k + tn; as m|n, it follows that k 4 tn
is coprime to mn. Thus € is a primitive mnth root of unity.

Conversely, if £ is a primitive mnth root of unity, then £ = e m» for some k

coprime to mn. Then ™ = e » , which is a primitive nth root of unity as k
is coprime to n. Then

=[] -9

primitive mnth roots

= I Ile-9
primitive th roots¢ "=
(by the above remarks)

= ] o"=0

primitive nth roots

= A (x™)

3. Putm = p,n = p to deduce that )\pz(X) = A\p(XP). Next use m = P2,

n=ptoget,s(X) = A, (X?), and we know that this is A, (sz). Repeat
(or write a proof using induction).
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94 X9 —1=(X—-DN(X),50 XP? — 1= (XP —1)\;(X?). We also know that
XP4 —1 = Apg (XA (X)A (X)A1(X), and that XP — 1 = X, (X)A((X), so
XP4 —1 = (XP — DA (X)Apg(X), and the result follows by comparing with
the earlier expression for X?¢ — 1.

9.5 1. Simply because p|\,(x) and A, (x)|x" — 1.

2. The roots of X" — 1 are all the nth roots of unity; the roots of X* — 1 are
all the kth roots of unity. So the roots of the quotient are all the nth roots of
unity which are not kth roots of unity. Since these include all primitive nth
roots of unity (as k < n), we deduce the result.

3. As x¥ =1 (mod p), we see that

KO0 k=2 1 = 1 (mod p)

as each of the / terms is congruent to 1 (mod p). As x" 1 (mod p), and
n|x, we see that p t n. Also, I|n, so p t I. Therefore p J( o 1 . However,

A (x )|xk7 1 and p was chosen as a factor of \,(x). Thisis a contradlctlon.
4. Let x be as above, and choose p to be a divisor of A, (x). Then x" =
1 (mod p). Let k be the order of x modulo p; this shows that k|n. If k < n,
the previous part gives a contradiction, so k = n. Thus x has order n in the
group of integers modulo p of order p — 1, and so n|p — 1. This shows that
p =1 (mod n). As x* = 1 (mod p), we see that p 1 x, so that p is not any
of p1,..., pr.
9.6 This is almost identical to Lemma 9.14; of course, the difference in sign is due
to the properties of the quadratic residue symbol.

9.7 Recall that p = (2, =2 Write p = =2 Then p = (8, 4p, 2p%, p°).
But4p = 2 +2y=23,2p" = —11 + /=23, and p* = — 5= [t is easy

to check that
- (3 + N/—23)(3 - «/—23)
o 2

2
a2 (24
—11 +\/7=(_7 _2“/__23)(3_“2/__23)

17+5¢_ oo «/_)( m)

Thus p3 C (3 Y ) The norm of p is 2, so the norm of p* is 8. Also, the norm
of 3=v=23 5= 18 ]ust its modulus as a complex number, and this is easily seen to
be 8 also. It follows that p3 = (3=4=2).
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Simply multiply out the brackets. You should get 49 terms, and should find
that each power ¢ occurs an odd number of times in the product. However,
14+ ¢+ +---+¢* =0, since C is a root of the 23rd cyclotomic polynomial
A23. After substituting this into the expression for the product, every term now
occurs an even number of times and so there is a factor of 2.

9.9 B2 = 6’ B4 = 30’ Bé = 427 BS %’ BIO = %9 BIZ = 2730» B14 = 6’
Big = 3561107 All Byr4+1 = 0, except for B] = —%. By the proposition, both
691 and 3617 are irregular primes.

Chapter 10

10.1 Write €, ..., ¢ for the fundamental units, and 7y, ..., 7 4, for the em-

beddings. As ¢; is a unit, we have tr(\(¢;)) = O for each i. In particular,
Zr1+r2 Ai(ej) = 0. This implies that the absolute value of the determinant of
the submatrix got by deleting one column is independent of the column.

10.2 We have 2 real embeddings, and from the previous exercise can choose either

10.3

in calculating the regulator. Let us make the natural choice of embedding so
that /d maps to the positive real square root of 4 in R. With this embedding,
we can choose the fundamental unit 1 > 1, and the regulator formula shows
that Rk is | log n|. We have chosenn > 1, sothatlogn > 0,andso Rx = logn.

For Q(+/2), we know that the fundamental unit is 1 + +/2, and the regulator is
therefore log(1 + «/E).

If K = Q(«/?), the fundamental unit is 2 + +/3, and so the regulator is
log(2 4 +/3). The discriminant is 12, and the corresponding Dirichlet char-
acter is x(1) = x(11) =1, x(5) = x(7) = —1. Then
L()111+1+1 ! Ll
POE TS T T T T 195 23 ’
we compute
V12
=——L(1,x) =~ 1.315L(1, x),
21log(2 +/3) X X
and
La=1-(tei L 1 LN N |
s = —_ —_ _———_— — — —_ _——1——— — — _— e < .
X 577711 13 7719 23 25
sohg =1.

10.4 The fundamental unit for K = Q(+/17)is4++/17 = 8.123 .. .. Itsdiscriminant

is 17, so we need to take the product over 0 < a < 17/2. We compute

(H) = (&) = () = (&) =tand ({) = (§) = (&) = () = -1.

Then we compute
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s (T win (2T i (AT i (8T
s1n(17)sm(”)sm(”)sm(”) —0.1231....
sn (3) 5 (35) i (55) sin (5)

and we see that this is ¢!, so that g = 1.

For K = Q(+/—23), we have Dg = —23, and can compute the values y(a) =
(&). We find that x(2) = 1, and that 3"}1 | y(a) = 3, so that hg = 3.

10.5 By multiplicativity, |1] - |1| = |1], so |1| = O or [1| = 1. However, |x| = 0
only forx =0,s0 [1| = 1.

Similarly, | — 1|.] — 1] = |1| = 1, s0 | — 1| = £1. However, norms can only
take non-negative values, so | — 1| = 1.

10.6 Every nonzero element of K can be written v = a/3 for « and 3 nonzero
elements of Zg. Then a = 7, and so |a| = |B] - |y]. If |x] = 1 for all
elements of Zg, this gives || = |3] = 1, and then |y| = 1 also, so that every
nonzero element of K has norm 1, and the norm is trivial.

10.7 It is clear that |[1], = 1 and that |ab|, = l|a|,|b]|,. It remains to check the
triangle inequality. In fact, we will prove the stronger inequality

la +blp < max{lalp, ]},
known as the ultrametric inequality. Suppose a = p*" and b = p' ””7, are
two rational numbers, and that p { mn and p { m'n’. Then |a|, = p~* and
|bl, = p~'. Clearly max{|al|,, |b|,} = p~ M1} On the other hand, it is
clear that if a + b = p”% where p 1 gr, that u > min{s, t} (if s # 1,
then this is an equality, but if s = 7, we might have a strict inequality). Then
la +b|, = p~ < p~ ™ = max({|a|,, |b|»}, as required.

10.8 Tf x = —300 — 223555 then x|, = 273, x5 = 372, x|s = 571, x|y = 7
and |x[y3 = 13. For all other primes p, we have |x|, = 1. Since |x|c = %,
we have 360

—32-2z-1
xloo x [T 1x1p = Sr2 3 TIx13=1,
P
as required.

Chapter 11

11.1 /12707 = 112.725.. .., so we start with 1132, We note that 1132 — 12707 =
62, not a square, but that 114> — 12707 = 289 = 172. Then we find the
factorisation 12707 = 97 x 131.

11.2 1322 — 21311 = —3887 = —13? x 23 and 1442 — 21311 = 575 =
—52 x 23, so

(132 x 144)> = (5 x 13 x 23)% (mod 21311),
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11.3

11.4

11.5

11.6

11.7

Appendix A: Solutions and Hints to Exercises

or 190087 = 14952 (mod 21311). Then (21311, 19008 + 1495) = 101 and
(21311, 19008 — 1495) = 211, giving 21311 = 101 x 211.

There is a homomorphism Z[v/2] —> 7Z/527Z given by a + by/2 +—
a+23b (mod 527), and 34+2+/2 maps t0 49 = 72. Also, 3422 = (1++/2)2,
and 1 + +/2 — 24. So 7* = 24? (mod 527), and we get that 527 = 31 x 17.
There is a homomorphism Z[+/2] —> Z/1679Z given by a + b~/2 +— a +
41b (mod 1679), and —142+/2 maps to 81 = 3*, while 5+4+/2 mapsto 169 =
132. Neither —1 + 2+/2 nor 5+ 442 is a square in Z[ﬁ], but their product
is 11 +6+4/2 = (3 + +/2)2. We also have 3 + +/2 — 44, and we conclude that

3* x 13% = 442 (mod 1679),

or that 117% = 44? (mod 1679), leading to 1679 = 73 x 23.

On the modular arithmetic side, the factorbase is —1, 2, 3, 5,7, 11, 13, 17, 19.
Harder is to compute the factorbase on the algebraic side. We factor the prime
numbers at most B.

(2) = ppy ) Where o) = (2, v/6) = (V6 +2).
(3) = p& o> Where pa.0) = (3, V6) = (V6 + 3).

(5) = pis.11p(s.41, where pis 1) = (5, v/6 — 1), ps.4) = (5, /6 — 4). (Note that
Z[+/6] has unique factorisation, so these ideals will be principal.)

(7), (11), (13) and (17) are all inert, so have norm p?2, and are thus not part of
the factorbase.

(19) = pr19,57P119.141, Where prig.51 = (19, v/6 = 5), prio,14] = (19, V6 — 14).

Thus the algebraic factorbase consists of 2.0y, P[3,01, P[5.11> P[5.4]> P[19.5]
Pr19,141}-

There are two cases: f(X) has 3 real roots, or f(X) has 1 real root and 2 com-
plex roots. In both cases, there is a real embedding, so that the only roots of
unity in the field Q(«) are £1. In the first case, every unit is of the form :I:e?1 egz ,
where {€], €3} are fundamental units, and these are square if the sign is +, and
both a; and a; are even. Itis easy to see that any set of 4 such units contain a sub-
set whose product is a square. Indeed, we can identify units with 3-dimensional
vectors modulo 2, where the first co-ordinate is 1 if the sign is — and O if it is +,
and the second and third co-ordinates are the values of @; and a» modulo 2. Lin-
ear algebra tells us that any 4 vectors in a 3-dimensional vector space are linearly
dependent, so given 4 units, we can find some subset whose product is a square.

In the second case, r| = rp = 1, and every unit is of the form +e%, where €
is a fundamental unit. As above, any set of 3 units will contain a subset whose
product is a square. (You should now see how to do the general case.)

Do some examples!
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