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Abstract

The project aims to deliver sufficient mathematical background to understand a partial
proof, due to Ernst Kummer, of Fermat’s last theorem for a specific class of primes
called regular primes. In doing so, we also develop some theory that is applicable to
a wide range of scenarios in modern number theory, a few of which are discussed in
somewhat more superficial detail in the final section.
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Introduction

Cubum autem in duos cubos, aut quadratoquadratum in duos
quadratoquadratos et generaliter nullam in infinitum ultra
quadratum potestatem in duos eiusdem nominis fas est dividere
cuius rei demonstrationem mirabilem sane detexi. Hanc
marginis exiguitas non caperet.

— Pierre de Fermat [1]

Pierre de Fermat was a 17th century French lawyer and amateur mathematician, per-
haps best known for his so-called Last Theorem. Fermat famously made annotations
in his copy of Diophantus’ Arithmetica (from which we take the name Diophantine
equation), all of which were published posthumously by his son Samuel de Fermat
as an appendix to a restored edition of Arithmetica. One-by-one, as the story goes,
each of the unjustified annotations was proven. Finally, cl; problem 8 in Book Il of
Diophantus’ Arithmetica asks [2, p.2]

“Given a number which is a square, write it as a sum of two other squares.”

Fermat’s notorious annotation of this problem follows (a translation of the epigraph
heading this section given in [2]):

“On the other hand, it is impossible for a cube to be written as a sum of two
cubes, or a fourth power to be written as a sum of two fourth powers or,
in general, for any number which is a power greater than the second to be
written as a sum of two like powers. | have a truly marvelous demonstration
of this proposition which this margin is too narrow to contain.”

The symbolism we have today grants us a much more succinct expression of this
annotation:

“For any natural number n > 2, there exists no integer triple (x,y, z) with
xyz # 0 such that ™ + ¢y = 2"

It is exactly this assertion that we refer to now as Fermat's last theoren '], being the
last of his annotations to be proven.

The aim of this project is to provide sufficient mathematical background in order to be
able to understand a modernised version of a partial proof of Fermat’s last theorem due
to Ernst Kummer. By modernised, | mean that most of the modern algebraic language
used in this project was not available to Kummer. Indeed, most of his original proof in
[13] was given in terms of so-called ideal complex numbers and his regularity condition
was given in terms of divisors of the numerators of Bernoulli numbers.

In the introductory section we shall provide some of the mathematical background
and terminology required to launch into the main subject matter of the project. This
includes a (very) brief exposition of groups, rings, and modules (including the special
case of vector spaces).

In Section[f|we shall see some of the main results in field theory and the related Galois
theory. In the first section we shall see a way of constructing field extensions, prove

10f course, without proof this name was inaccurate; some texts published prior to Wiles’ proof refer
to the “theorem” as Fermat’s conjecture, though these are by far in the minority.
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that the degree of a field extension is the product of the degrees of intermediate ex-
tensions, and discuss the properties of separability and normality. The second section
is reserved for the Galois theory of fields both of characteristic 0 and of characteristic
p, which will be used extensively throughout the project.

Following Section [1] we specialise to the case of number fields in Section 2l We dis-
cuss some numerical invariants of number fields, in particular the norm, trace, and
discriminant of a number field. By analogy with Q, we define the ring of integers of a
number field to be a subring of the number field with some properties analogous to Z
as a subring of Q. These rings are the main setting for the partial proof of Fermat’s
last theorem discussed in Section 4]

Section[3|gives a much closer look at the properties of rings of integers as discussed in
Section[2 In general, the ring of integers of a number field fails to retain the unique fac-
torisation properties that we enjoy in Z. To replace this, we develop a notion of unique
factorisation at the level of ideals, and this will coincide with the unique factorisation
of elements if and only if the ring under consideration is a principal ideal domain. The
section following this discusses the notion of prime factorisation in a number field. That
is, we discuss the question “when is a prime of Z still a prime of the ring of integers
of a number field, and if it is not, how does this prime factorise in this new setting?”.
To finish the section, we shall discuss a way of quantifying the failure of a given ring
of integers to be a unique factorisation domain. To do this, we endow the set of frac-
tional ideals with a group structure with the product of fractional ideals as the group
operation. In particular, the set of all principal fractional ideals is a normal subgroup
of this group, and so the quotient of the group of fractional ideals by this subgroup is
well-defined. We call this the ideal class group of the number field and its order will be
referred to as the class number of the number field.

Section 4] contains the proof of Fermat’s last theorem for regular primes. After defining
what it means for a prime to be regular, we state and prove a few lemmas (save
Kummer’s lemma, whose proof is beyond the scope of the content of this project) that
will be used in the proof. As regards the actual proof, we shall split the statement into
two cases depending on the divisibility of the solution (z, y, z) by the exponent p. Case
1 is the easier of the two and concerns the case where p 1 zyz. In this case, we shall
show that Fermat’s equation factors into linear factors over the relevant field (called
a cyclotomic field) and that, when considered as an equation of ideals, the regularity
condition on p allows us to reduce the equation to an equation of elements, leading
to a contradiction. Case 2, when p | zyz, is harder and requires us to reformulate the
statement of Fermat’s last theorem. In fact, we shall prove a stronger statement which
can be reduced to the case of Fermat’s last theorem. When written as an equation of
ideals, that p | xyz causes us to lose the coprimality condition on the relevant ideals
that made Case 1 easier to prove. Fortunately we can go some way to restoring this
by undertaking a closer inspection of these ideals. Inevitably, we shall also reach a
contradiction by Fermat’s beloved method of infinite descent.

To conclude the project, Section [5|gives a slightly superficial insight into some possible
areas of future study. In particular, the 20th century saw the development of class field
theory, which provides information on so-called Abelian extensions of number fields
based on information intrinsic to the number field?, We discuss the decomposition and

2To be slightly more technical, class field theory provides an isomorphism between quotients of
the ideal class group of a number field and the Galois group of an extension of a number field. This
isomorphism provides a structural comparison between the ring of integers of a number field and the
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inertia groups of a prime ideal in a Galois extension of a number field and see how a
field extension can be decomposed into several intermediate extensions over which a
prime ideal of the ground field splits in a very predictable fashion. To finish, we discuss
the Artin map and the homomorphism it induces between the group of ideals of a num-
ber field and the Galois group of an extension. Class field theory tells us that when
this extension is the Hilbert class field (for which the Section is named!), the homo-
morphism is surjective and that the kernel is exactly the subgroup of principal ideals,
thus inducing an isomorphism between the ideal class group of the number field and
the Galois group of the Hilbert class field.

Mathematical Background

We shall use this section to provide a short list of terminology that will be used through-
out the project. Most of the relevant properties of the objects we discuss are assumed.

Group Theory

By group we shall mean a set G together with a binary operation - : G x G — G such
that

(i) if g,h e Gtheng-h € G,
(ii) thereisan elemente € Gwithg-e =¢-g = g forall g € G, called the identity of
G,
(iii) for all g € G there is an element g~ € G suchthatg-¢g ! =g ! g = e called the
inverse of the element ¢, and
(iv) forall g,h,i € G,we have g - (h-i) = (g - h) - i, called associativity.

An Abelian groupﬂ is a group G with the additional property that g - h = h - ¢ for all
g, h € G, called commutativity.

By subgroup we shall mean a subset H of GG such that H also forms a group under the
same operation as G. The subgroup generated by an element of GG, which we denote
(9), is the smallest subgroup of G containing the element ¢g. Given an element g of G
and a subgroup H of G we call the set gH = {gh : h € H} a left coset of H in G, with
a corresponding definition for right coset. The left/right cosets of H in G partition G.
If g = Hg for all g € G then we call H a normal subgroup of G and write H < G.
In particular, if H is a normal subgroup of G then we may define a group operation
(91H)(92H) = (91 - g2 H) on the set of cosets of H in G, which we call the quotient of G
by H and write G/H, read G modulo H.

In most cases the notation will be relative to the objects under consideration. For
instance, if G = Z and - : Z x Z — Z is addition we shall write + instead of -, as one
might expect. In the context of multiplication or of function composition we shall often
simply use juxtaposition to represent the binary operation (though this convention may
occasionally be abandoned in the name of clarity).

An action of a group G on a set S is a function 7 : G x S — S with

Galois group of the extension, and the Galois correspondence tells us what we need to know about the
intermediate extensions. Unfortunately the more general scenario is far beyond the scope of this project
and so we restrict ourselves to a discussion of the “easiest” class field.

SNamed for Niels Henrik Abel, a Norwegian mathematician. Bearing his name is the Abel-Ruffini
theorem, the proof that the general quintic is insoluble in radicals.
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(i) m(e,s) = s forall s € S, where e is the identity of G, and
(i) 7(g192,8) = 7(g1,7(g2,5)) where g;,9o € Gand s € S.

To give a simple example, we may take for G the group GL,(R) of n x n invertible
matrices with coefficients in R and S = R? the set of 2-vectors with coefficients in R.
Then 7(M,v) = Mu is a group actiorf}]

A group homomorphism between two groups G and H is a map ¢ : G — H with the
property that ¢(gh) = ¢(g)p(h) for all g,h € G. The usual Bourbaki nomenclature
applies when describing such maps, as well as some more subject-specific naming
conventions; a bijective group homomorphism is an isomorphism, for instance.

Ring Theory

A ring is a set R together with two binary operations, usually written + : R x R — R
and - : R x R — R (or juxtaposition for the latter) such that

mulitplicative identity of R.

A commutative ring is a ring in which all elements of R commute with each other under
the multiplication of R. If this is the case then properties (i) and (izi) in the definition
coincide (which will always be the case in this project!). A subring is, as one might
expect, a non-empty subset S of R such that S is a ring with the same addition and
multiplication as R.

An ideal of R is a non-empty subset a of R satisfying the following properties:

(i) ifa,b € athena — b € q, that is, a is an additive subgroup of R, and
(il) ifa € aand r € Rthen ra € a.

A similar dichotomy between left and right ideals occurs in the context of non-commutative
rings, though this will not be an issue in this project.

An ideal generated by a single element a € R will be denoted (a) (just as the subgroup
generated by an element is denoted (g) in the context of groups) and will be referred
to as a principal ideal. A ring in which every ideal is principal is called a principal ideal
ring.

When discussing divisibility of elements we write a | b and say “a divides b”. By this,
we mean that there is an element » € R such that b = ra, as in Z. An elementu € R
is called a unit of R if there exists an element v € R such that uv = 1; in other words,
u has a multiplicative inverse in R. The set of all such elements forms a group called
the group of units of R and is denoted R*. An element = € R is called irreducible if
m = ab, for some a,b € R, implies that « € R* or b € R*. An element p € R is called
prime if p | ab implies p | a or p | b. In a principal ideal ring, such as Z, these properties
coincide, though they are distinct in general.

If « € R is such that that a # 0 and there exists a non-zero b € R such that ab = 0, we
call a a zero-divisor. A ring containing no zero-divisors is called an integral domain.

4Note that left-actions and right-actions do not coincide in general.
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This name combines with principal ideal ring to give principal ideal domain, meaning
a principal ideal ring which is also an integral domain.

A unique factorisation domain is an integral domain in which every element can be
written uniquely as a product of irreducible elements of the ring up to ordering and
multiplication by units.

Aring R is said to be Noetherian if all of its ideals satisfy the ascending chain condition.
That is, if a; C R are ideals such that there is an infinite ascending chain of ideals

aCaC---Ca, C...

then for some k£ we have a, = a;,; = ... for all subsequent ideals in the chain.

By ring homomorphism we mean a map ¢ : R — S such that ¢(r + s) = ¢(r) + ¢(s)
and p(rs) = (r)p(s) for all r,s € R, and such that (1) = 15. As usual, a ring
isomorphism is a ring homomorphism that is bijective.

Modules over a ring

By left R-module we shall mean an Abelian group M together an action-: RxM — M
of the ring R on M with

r-(m+n)=r-m+r-n,forallre Rand m,n € M,
(r+s)-m=r-m+s-m,forallr,se€ Rand m € M,
rs)-m=r-(s-m)forallr,s € Rand m € M, and
1R~m:m.

—
—~

Analogous properties hold for right R-modules. If we take R to be a field then this
coincides with the definition of vector space from linear algebra.

An R-submodule is a subgroup N of M which is closed under the action of R on N,
thatis, rn € N for allr € R and n € N. In particular, N is a submodule of M if and
only if N # @ and ny +rny € N forall » € Rand ny,ny € N.

Every ring R is a module over itself, taking the multiplication of R as the R-action. In
this case, ideals and submodules coincide. If M is an R-module and N is a submodule
of M then we can make the quotient group A//N into an R-module by specifying the
R-actionr(m+ N) =rm+ N forallr € Rand m € M (noting that m+ N is an element
of M/N).

If M, M, are R-modules then an R-module homomorphism is a map ¢ : M; — M,
such that o(m + n) = p(m) + ¢(n) and (rm) = re(m) for all r € R and m,n €
M;. As in the case of rings and groups, an R-module isomorphism is an R-module
homomorphism that is bijective.

An R-module M generated by the subset A of M is the R-module

RA = {Zﬁ-ai:mER, CliEA}.

=1

If A={ay,...,a,} is some finite subset of M then we write RA = Ra; + --- + Ra,. A
submodule N of M is said to be finitely generated if a finite subset of M exists such
that N = Ra,+---+ Ra,. If N = M then M is said to be a finitely generated R-module.
The direct sum of R-modules M; and M,, written M, & Mo, is the direct sum of Abelian
groups with an R-action defined component-wise. A free R-module M is one that is
R-module isomorphic to a direct sum of copies of R. The number of copies of R is
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called the rank of M. If M is a free R-module of rank n then M possesses a basis,
say {ei,...,e,} € M such that every element x € M can be written uniquely as

r=rie1 + -+ 1rpen

with r; € R.

1 Fields and Galois Theory

The majority of the focus in this project is on the study of finite degree field extensions
of Q and certain algebraic objects attached to, or contained within, them. As such, it
will be useful to first give a short exposition on the theory of fields. In addition, it will be
useful to study these extensions via the action of a group of automorphisms on them,
which is the objective of Galois theory. Much of the subject matter in this Section is
taken from exposition in [6], Chapters 13 and 14.

1.1 Field Theory

By field, we mean a set F' together with an addition and a multiplication, such that F'is
an Abelian group under the addition, and such that F'\ {0} is an Abelian group under
the multiplication.

Definition 1.1. Let F' be a field. The smallest positive integer p such thatp-1 =0 is
called the characteristic of F', denoted ch(F'). If no such integer exists, we say that
the field has characteristic 0.

Since F'is a field, we must have that ch(F') is zero or prime. To see this, suppose that
n = ch(F) but that n = k¢ with k #£ 1 and ¢ # 1. Then

n=Q+1+---+1L)1+1+---41)=0.

k times ¢ times

But F'is a field and this would imply the existence of zero divisors. Hence, either % or ¢
(or both) is 0, or one of £ and ¢ is equal to 1, and the other is equal to n, i.e. n is prime.
We may define for F' the ring homomorphism ¢ : Z — F by n — n-1. If ch(F') = 0 then
ker o = {0}, so that ¢ is an injection of Z into F. Since F is a field, this means that F’
contains a subfield isomorphic to Q. If ch(F') = p then we have ker ¢ = pZ, so by the
first isomorphism theorem for rings we have Z/pZ = Im ¢ C F, so that I’ contains a
subfield isomorphic to Z/pZ.

Definition 1.2. Let F' be a field. A field extension of I' is a field K containing F'. We
write K/F (read K over F) for the extension K where context requires it. We call F
the ground field of the extension.

Since K is itself a field containing I, it is an Abelian group. In addition, there is a
multiplication on K by elements of F' that is compatible with the addition on K, and so
we can make K into an F-vector space by letting F' act on K by scalar multiplication.

Definition 1.3. The degree of a field extension K/ F, denoted K : F|, is its dimension
as an F-vector space. We say K/F is an infinite extension if [K : F] is infinite, and call
K/ F finite otherwise.

We shall be most interested in this project in studying finite extensions of Q and of
finite fields by so-called algebraic elements.
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Definition 1.4. Let F be a field and F[X]| the ring of polynomials with coefficients in F.
Let K be an extension of F'. An element o € K is said to be algebraic over F' if there
exists a non-zero polynomial p(X) € F[X] such that p(«) = 0.

Our first theorem guarantees the existence of a field K in which an irreducible polyno-
mial p(X) € F[X] has a root. This shall be particularly important for us, since our main
study of extensions of Q shall be through adjoining algebraic numbers.

Theorem 1.1. Let I be a field and let p(X) € F[X] be irreducible. Then there is a field
K = F[X]/(p(X)) containing F' and in which p(X) has a root.

Proof. We use the fact that F'[X] is a principal ideal domain to conclude that (p(X)) is
a maximal ideal in F[X], and hence F[X]/(p(X)) is a field, which we call K. Denote
by = : F[X] — K the projection sending f(X) to the coset f(X) + (p(X)). Then
the restriction of 7= to F' gives a homomorphism 7|r. Since 7|p(1) = 1 4+ p(X) we
have that 7|z is not identically zero. Thus, ker7|r # F, and so we must have that
kerm|p = {0}, that is, that 7| is an injection, so there is an isomorphic copy of F
inside K. We identify I with its image in K so that K is an extension of F'. Denote by
X the image of X under 7. Then, since 7 is @ homomorphism, we have p(X) = p(X).

But p(X) = p(X) + (p(X)) = 0 + (p(X)), and so p(X) = 0 in K. Hence, K is an
extension of F' containing a root X of p(X). O
It was mentioned earlier that an extension K/F can be made into an F-vector space
by letting F' act on K by scalar multiplication. Since every vector space has a basis, it
will be useful to know how such a basis looks.

Proposition 1.1. Let I’ be a field, p(X) € F|X]| a degree n irreducible polynomial, and
K = F[X]/(p(X)). Denote by « the image of X in K. Then {1,«,...,a" '} is a basis
for K as an F'-vector space. In particular, we have that [K : F] = n and

K=F(a)={fo+fa+--+ fraa"": f e F}.

Proof. Without loss of generality, we may assume that p(X') is monic, since F is a field.
Write p(X) = X" + f, 1 X" '+ -+ f1iX + fo. Since p(X) is irreducible, we have a
field K = F[X]/(p(X)) containing a root « of p(X), so that

Oén+fn_104n_l+"‘+f104+f020

in K. Thus, since a” = —(f,_1a" ' +---+ fia+ fy), we may reduce any expression in
a with exponent higher than n to an expression in « with exponent less than or equal
to n — 1, so certainly {1,...,a" '} spans K/F. Now suppose that {1,...,a" '} is not
a linearly independent set, so that there exist aq, ..., a,_1 € F, not all zero, such that

10 L+ aa+ay =0.
Then we have
U1 X" P+ a1 X + ap = 0 mod p(X),

or equivalently that p(X) divides a,, X" ' + -+ + a1 X + ag. Butdegp(X)=n >n—1
and such a; cannot exist unless a; = 0 for all i.

To show that K = F(«), we note that there is a natural homomorphism ¢ : F[X] —
F(«) with X — o which is clearly surjective, and whose kernel is the ideal generated
by the monic irreducible polynomial p(X). By the first isomorphism theorem, we have

FIX]/(p(X)) = F(a).

]
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We shall call a field K = F(a) generated over another field F' by a single algebraic
element « a simple extension.

Definition 1.5. Let I’ be a field and let K = F(«) where « is algebraic over F. The
minimal polynomial of o over F', denoted m, r(X) € F[X] is the unique monic irre-
ducible polynomial of smallest degree over F' satisfied by «. We refer to the degree of
ma,r(X) as the degree of a over F.

Context permitting, we shall refer to m,, »(X) simply as m(X). In fact, it is not obvious
that such a polynomial exists, though we shall show that it does exist. Suppose m(X) €
F[X] is a monic polynomial of smallest degree satisfied by « € K and suppose there
exist non-constant f(X),g(X) € F[X] such that m(X) = f(X)g(X). Then deg f and
deg g are both smaller than degm, and f(«a)g(a) = 0 in K. But since K is a field we
must then have f(a) = 0 or g(a) = 0, contradicting the minimality of m(X). Suppose
now that there exists a polynomial f(X) € F[X] such that f(«) = 0. By the Euclidean
algorithm, we have

f(X) =q(X)m(X) +r(X), degr(X) < degm(X).

Since f(a) = 0, this forces r(a) = 0, and so m(X) | f(X). Thus, given any other
irreducible polynomial p(X) € F[X] satisfied by o we have p(X) = km(X) where
k € F, and so m(X) is the unique monic irreducible polynomial satisfied by a.

Example 1.1. Examples of field extensions that will feature frequently throughout the
project are so-called quadratic extensions, that is, extensions of degree 2. In particular,
we let F = Q and fix a square-free d € 7. The polynomial X* — d € Q|X] is Eisenstein
with any prime p dividing d, and so the quotient Q[X]/(X? — d) is a field K = Q(+/d)
containing Q such that X* — d has a root.

An element of C that is algebraic over Q is called an algebraic number. The title alge-
braic number theory may thus be interpreted both as the algebraic theory of numbers,
and as the theory of algebraic numbers.

A particularly useful property of field extensions is the multiplicativity of their degrees,
which we shall prove in the following theorem.

Theorem 1.2. Let L/K/F be a tower of extensions. Then [L : F] = [L : K][K : F].

Proof. Let[L: K] =mand [K : F]=nandlet{ay,...,a,}and {f,..., 5.} be bases
for L/K and K/F respectively. Let ¢ € L. Then

=1

with the k; € K. In addition, for any of the k; we have

ki = Z fi55
j=1

for some f;; € F'. Hence, we have

m n

t= Z Z fijeulB;.

i=1 j=1
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Thus, every element of L can be written as a linear combination of elements of the set
{oufr, ..., qp;, ..., anf,} and so these span L as an F-vector space.
Suppose now that there is some linear dependence in this set. Then, defining the k;
as above, we would have

i=1

and so all of the k; must be 0 since the «; are a basis for L over K. Thus, this induces
a linear dependence

k=) fub;=0.
j=1

But the 3; are a basis for K over F', and so this forces f;; = 0 for all i and j, and so
{11, ..., B, ..., B, } is abasis for L as an F-vector space.
In conclusion, we have that [L : F| = nm = [L : K|[K : F] as desired. O

An interesting corollary of Theorem|[1.2is the lack of intermediate extensions between
extensions of prime degree. For instance, since Q(v/2) has degree 2 over Q, we may
conclude that there are no extensions of Q lying between Q(+/2) and Q. Furthermore,
Theorem [1.2]tells us that the only extensions lying between fields L and F are those
whose degree divides [L : F.

Since we know that for any irreducible polynomial p(X) € F|[X] there is an extension of
F containing a root of K, we may ask the question whether there exists an extension
E of F containing all of the roots of p(.X).

Definition 1.6. Let F' be a field and let p(X) € F[X] be irreducible. An extension E of
F is called a splitting field for p(X) if p(X) splits completely into linear factors in E,
and in any proper subfield of E, p(X) does not split.

Since F'[X] is a principal ideal domain, it is a unique factorisation domain. If a polyno-
mial p(X) has a root a; then X — «; | p(X), and since linear factors are irreducible we
may conclude that a polynomial of degree n has at most n roots (counted with multi-
plicity). Thus, if E is a splitting field for an irreducible polynomial of degree n then that
polynomial has exactly n roots in E.

Theorem 1.3. Let F' be a field and let p(X) € F[X| be an irreducible polynomial of
degree n. Then there exists an extension E over F which is a splitting field for p(X).
Furthermore, [E : F] < nl.

Proof. We proceed by induction on the degree of p(X). If n = 1 then p(X) is linear and
so a root for p(X) lies in the ground field F', so we may assume that n > 1. By Theorem
1.1}, we know that there exists an extension K over F' that contains a root of p(X). The
extension K, contains at least one root of p(X), say «a;, sothat p(X) = (X —ay) f1(X) in
K, [X] with deg fi < n — 1, so that [K; : F] < n. Thus, by induction, we may construct
a tower of field extensions ' ¢ K; C --- C K,_; C K, = FE such that in each
intermediate extension we have the factorisation p(X) = (X — a;) -+ (X — o) fi(X)
withdeg fi <n—iand [K;: F] <n(n—1)---(n—1i+1). Thus, in the final extension
K, we have
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By multiplicativity of degrees, we have [E : F| < n!. Equality occurs if and only if every
root is distinct and the factor f;(X) is irreducible at every stage. O

Consider the polynomial p(X) = X® — 2. Then p(X) is irreducible by Eisenstein’s
criterion with prime 2, and so Q[X]/(p(X)) is a field containing a root of p(X). We
know that oy = +/2 is a root of p(X) so we might write K; = Q(ay). Of course, we
also have the roots o, = jv/2 and a3 = j2v/2 where j # 1 is a complex number such
that 2 = 1. Notice that every element of K is a real number, and so a,, a3 ¢ K;.
The problem is that the fields K7, Q(as), and Q(«3) are isomorphic and so a4, ay, and
ag are what we refer to as algebraically indistinguishable. We shall show that this is
always the case for distinct roots of an irreducible polynomial.

Proposition 1.2. Let I, and F; be fields and let p,(X) € F,[X]. Suppose there is an
isomorphism ¢ : Fy — F, of fields. Then ¢ induces a ring isomorphism ¢ : Fi[X] —
F,[X] and hence if K, = F\(«) is an extension of I, containing the root o, of p; (X)) then
there is an extension K, = F»([3), such that (3 is a root of the polynomial po(X) € F,[X],
obtained by applying ¢ to p1(X) and such that K| = K.

Proof. Let ¢ : Fy — F5 be an isomorphism of fields and write
(X)) =X"+ foa X"+ 4+ X+ fo € B[X].

Applying ¢ to p;(X) requires us to specify the image of X under ¢. Indeed, since ¢ is
a homomorphism, this gives

p2(X) = o(X)" + o(fa1)(X)" ™ + -+ + o(f1)(X) + @ ( fo)-

Thus if we specify that X — X under ¢ we have an isomorphism of rings ¢ : F1[X] —
F[X].

If p(X) is irreducible in F; then the ideal (p;(X)) is a maximal ideal. We wish to show
that (p2(X)) = (¢(p1(X))) is a maximal ideal by showing that the image of p,(X) under
p is an irreducible polynomial. Suppose p»(X) is reducible. Then

p2(X) = a(X)b(X)
for some non-constant a(X),b(X) € F,5[X]. Since po(X) = @(p1(X)) we have

P (X)) = a(X)(X) = pi(X) =& (a(X))p™ (b(X))

and so p;(X) is reducible. By contraposition, if p;(X) is irreducible, then p,(X) is
irreducible. Thus (p2(X)) is @ maximal ideal in F5[X]. Thus, we have a commutative
diagram

Fi(a) —= Fy(B)

AIX] -2 BX]

where we have used Proposition to write Fi(a) = F1[X]/(p1(X)) and F»(8) =
F3[X]/(p2(X)). Thus in the diagram we have the canonical projections i, >, and an

isomorphism ¢ with ¢(a) = 3 (noting that, since Fi(«) is generated over Fi by «, the
image of a under ¢ determines the map completely). Il
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We shall be interested in several corollaries of the above proposition. First, we note
that, in the notation of Proposition taking ¢ to be the identity gives an isomor-
phism ¢ between any two fields generated by roots of the polynomial p1(X), resolv-
ing the problem we had with Q(+v/2), Q(jv/2), and Q(5%+/2). Furthermore, combining
Proposition [1.2) with Theorem [1.3|tells us that any two splitting fields for an irreducible
polynomial are isomorphic.

To conclude this section, we introduce two properties of field extensions that will be
particularly useful for us.

Definition 1.7. Let I be a field and let N be an extension of F' with the property that
every irreducible polynomial with a root in N splits completely into linear factors over
N. Such an extension is called a normal extension of F.

Example 1.2. Let N = Q(v/2). Then N is normal over Q since the minimal polynomial
ofv/2 ism(X) = X?—2 and the two roots of m(X) are ++/2, both of which lie in N. An
example of an extension of Q that is not normal is Q(+/2); the minimal polynomial of
/2 over Q is X3 — 2, but we saw earlier that the other two roots, j{/2 and j2/2, were
not elements of Q(+v/2) and so Q(~/2) is not normal over Q.

Definition 1.8. Let F' be a field and let p(X) € F|X] be irreducible. We say thatp(X) is
separable if p(X') has no multiple roots. An extension K of I is said to be a separable
extension if the minimal polynomial over F' of every element of K is separable, and
the extension is called inseparable otherwise.

Our final theorem, from [14], will tell us when an extension is separable. Until now the
results we have quoted have been general, in the sense that they did not depend on
the characteristic of the fields discussed.

Theorem 1.4. Let F be a field and let K be an extension of F'. If ch(K) = 0 then every
irreducible polynomial in F|X]| is separable over K. If ch(K) = p then a polynomial
f(X) € F[X] is separable over K if and only if f(X) is not a polynomial in X.

Proof. Let f(X) € F|[X] be irreducible. We first prove that f(X) is separable if and
only if it is coprime to its derivative. Suppose that f(X) is separable. Then there is
some a € K such that f(X) = (X — «a)g(X) with (X — «) 1 g(X). By the chain rule of
differentiation, we have

F/(X) = g(X) + (X — a)g(X).

Since f'(a) = g(a) # 0, we have that f(X) and f’(X) have no common roots, and
so they are coprime in K[X]. Suppose now that f(X) is inseparable. Without loss of
generality, we suppose that there is an o € K with f(X) = (X — a)%g(X) such that
(X —a)tg(X). Then

F(X) =2(X = a)g(X) + (X — a)’g'(X).

Since f(a) = f'(«) = 0, the root « is common to f(X) and f/(X), and so f(X) and
f'(X) are not coprime. By contraposition, we have that if f(X) and f/(X) are coprime,
then f(X) is separable.

Now, suppose f(X) is an inseparable irreducible polynomial in F'[X]. Then, from
above, we have that f(X) and f’(X) are not coprime. Since f(X) is irreducible, we
must have f(X) | f/(X), but deg f’ < deg f, and so this forces f/(X) = 0. On the other
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hand, if f/(X) = 0 then the greatest common divisor of f(X) and f'(X) is f(X), and
so f(X) is separable by the previous argument. In both cases, contraposition gives us
that f(X) is separable if and only if f/(X) # 0.

Finally, in a field of characteristic 0, a non-constant polynomial always has non-zero
derivative, and so every non-constant irreducible polynomial is separable. In a field of
characteristic p, a non-constant polynomial has non-zero derivative if and only if it is
not a polynomial in X7, since if this were the case then every term of the derivative
would be divisible by p, and thus equal to 0. Il

Example 1.3. The procedure discussed above to construct splitting fields requires one
simply to successively adjoin roots of an irreducible polynomial to a field until a field £
is reached in which the given polynomial splits into linear factors. We shall do this with
the polynomial m(X) = X?* — 2 over Q and analyse the extensions we obtain.

By Eisenstein’s criterion with prime 2 we have that m(X) is irreducible over Q. We know
that /2 is a root of m(X) so we adjoin this to Q to obtain K, = Q(+/2) and note that
[K; : Q] = 3. By Theorem([1.3 we know that [E : Q] < 3! and by Theorem|1.3 we know
that the degree of any further extension of K, must be 2. Indeed, if we factor X3—2 over
Q(3/2) we have m(X) = (X — V/2)(X? + X2+ V/4). Set my(X) := X%+ X2+ V/4
and notice that the discriminant of m,(X) is v/4 — 4/4 < 0 so m,(X) has a pair of
conjugate complex roots. Since K, C R, we know that no such root can lie in K. Now,
we know that j~/2 is a root of m(X), and so since (j+/2)? + (jV/2)v/2 + /4 = 0, we
have the extension E = Q(~/2, j</2), which has degree 2 over K, and hence degree 6
over Q, and is thus a splitting field of m(X) over Q. Clearly E C Q(j, v/2), and since
%5 = j € E, we also have Q(j, v/2) C E, and so we conclude finally that E = Q(j, ¥/2)
is the splitting field for m(X).

We can now look at the intermediate extensions between Q and E, which are sum-
marised in the following diagram of subfields:

2/ — N
Q(¥2) /m Q(2¥2) Q)
\

3—_ "3 \3 2
\Q/

where the numbers between each extension denote the degree of the extension. Each
of the extensions of degree 3 over Q is not normal, as we discussed above. The
degree 2 extension is normal, since the minimal polynomial of j over Q is X? + X + 1
and the roots of this polynomial are j and j? = —(j + 1), both of which lie in Q(j). The
multiplicativity of degrees discussed in Theorem|1.2 gives us a basis for Q(j, v/2) as a
Q-vector space; namely, {1,/2,/4, 7, j</2, j/4}, which we obtained simply by taking
bases for Q(v/2) and Q(j) over Q and taking products of their elements (which was
the entire premise of Theorem[1.2).

1.2 Galois Theory
The main objective of Galois theory is to establish a correspondence between field ex-
tensions and certain groups of automorphisms attached to these extensions. In later
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Sections, we shall see that this correspondence allows us to easily study the behaviour
of prime ideals in special subrings of extensions of O, as well as being generally use-
ful in studying towers of extensions. We begin by introducing the automorphisms of
interest.

Definition 1.9. Let F' be a field and let K, K’ be extensions of I'. A field homomor-
phismo : K — K' that fixes the ground field F' point-wise is called an F'-homomorphism.

The usual variants of homomorphism apply in this case, for instance, we shall be
mainly interested in studying F-automorphisms of an extension K of F'. We denote by
Aut(K/F) the group of F-automorphisms of K and note that this is a subgroup of the
group Aut(K) of all automorphisms of K; clearly id € Aut(K/F) so it is non-empty,
and if o, 7 € Aut(K/F) then since o(F) = 7(F) = F we have 7! o ¢(F) = F, so that
7 loo e Aut(K/F).

Definition 1.10. Let H < Aut(K/F). The field K" .= {x € K : o(z) =z foralloc € H}
is called the fixed field of H.

As an example, we have the extension Q(+/2,v/3)/Q and a Q-automorphism ¢ such
that v/2 — /2 and v/3 — —+/3. Notice that ¢ = id so we have a subgroup

Hy = {id, 0} < Aut(Q(v/2,v3)/Q).

Since /2 is fixed by every element of H;, we have K = Q(v/2). Similarly, we
have a Q-automorphism 7 with v/2 — —/2 and /3 — /3 so that H, = {1,7} <
Aut(Q(v/2,v/3)/Q) and a Q-automorphism o7 sending both roots to their negatives
and so that there is a subgroup Hs = {1,07} < Aut(Q(v/2,v3)/Q). We have K =
Q(v/3) and K = Q(+/6), and hence a lattice of subgroups

{id}
T
_— : T~
H; H, H;
\2 | 2/
Aut(Q(v2,v3)/Q)
Compare this with the diagram:
Q(V2,v3)
A
/2 | ~
Q(v2) Q(v3) Q(v6)
™, 5 L
~~ (ID —

Both diagrams are exceptionally similar, with the only difference being that the inclu-
sions are reversed (that is, in the lattice of subgroups we have a “large” group at the
bottom of the diagram and a “small” group at the top of the diagram, while the opposite
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is true of the fields in the lattice of subfields). This is easy to see; let Kt ¢ K#2 be
the respective fixed fields of the groups H; and H,. Any element o € H, also fixes all
of K1, so that o € H,, while the reverse is not true, and hence H, < H,. Conversely,
if H, < H, have respective fixed fields K2 and Kt and if k € K then for any
o € H, we have o(k) = k, and since H, < H,, the same holds for any ¢’ € H,, so that
k € K2 and hence K1 c K"z,

Proposition 1.3. Let I be a field and let E be a splitting field of an irreducible poly-
nomial p(X) € F[X]. Then the F-automorphisms of E permute the roots of p(X). In
particular, we have
|Aut(E/F)| < [E : F]
with equality if and only if E is separable over F'.
Proof. Suppose « € E is a root of p(X). Then
pla)=a" + fo1@™ '+ + fia+ fo = 0.
Since any o € Aut(E/F) is an F-automorphism, we have
o(p(a)) =c(a" + fo1@™ -+ fra+ fo)

=0(a)" + fu_10(@)" M+ -+ fro(a) + fo

=0
so that o(«) is another root of p(X) in E. This means that any F’-automorphism of F
must send a root of an irreducible polynomial over F' to another root, and so it follows
that the number of F-automorphisms of £ is exactly the number of distinct roots of

p(X). Thus, we have |Aut(E/F)| < [E: F]. If p(X) is separable then [E : F| = degp =
|Aut(E/F)|. O

Definition 1.11. Let F' be a field and K a finite extension of F. We say that K is
Galois over F if |Aut(K/F)| = [K : F]. In this case, we write Gal(K/F') := Aut(K/F)
and call this the Galois group of K/ F'.

We now quote the main theorem of Galois theory, whose proof can be found in [6,
p.554]. This will provide us with a dictionary between subgroups of Galois groups and
intermediate field extensions, as was described at the start of the section.

Theorem 1.5. Let F be a field and let K be a Galois extension of F'. Let £ be the set
of subfields of K containing F' and let G be the set of subgroups of Gal(K/F'). Then,

(i) there is a bijection o : £ — G, which is decreasing for the inclusion relation,
sending E € £ to the element H € G that fixes E, while ¢! : G — £ sends an
element H € G to the subfield K of K fixed by H,

(i) [K : E]=|H|and [E : F] = [Gal(K/F) : H|,

(iii) K/E is always a Galois extension with Gal(K/E) = H,

(iv) E/F is Galois if and only if H < Gal(K/F'), in which case
Gal(E/F) = Gal(K/F)/ Gal(K/E),

(v) if E/F is not Galois then Gal(K/E) 4 Gal(K/F) by the previous property, but
even in this case we have Aut(E/F') equal to the coset space Gal(K/F)/ Gal(K/E).

Proof. Found in [6], p.554, 555, 556]. O
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1.2.1 Galois Theory of Finite Fields

Since in Theorem we didn’t specify the characteristic of the fields under examina-
tion, the results also hold for finite fields, and so there is a Galois theory of finite fields.
Fortunately, the Galois groups of finite fields are especially easy to describe.

Proposition 1.4. Let m(X) € F,[X] be irreducible and suppose degm(X) = n. Then
F,[X]/(m(X)) = F,« so that [F,. : F,] = n.

Proof. Since degm/(X) = n, every element of the quotient is represented by a polyno-
mial of degree less than or equal to n — 1. Thus, we have

ag+ a1 X +---+ an_an_l, a; € Fp.

Since each coefficient is equal to one of the p elements of {0,...,p — 1} and there are
p such coefficients, the number of elements in the quotient is p". For the same reason
that we discussed in Proposition[1.1] we have that [F,. : F,] = n. Finally, this is a field
because m(X) is irreducible, so that (m (X)) is a maximal ideal in F,[X]. O

Proposition 1.5. Letp € Z be prime and denote by . a finite field of order p™. Then
F,~ is the splitting field of X*" — X € F,[X].

Proof. By Fermat’s Little Theorem from elementary number theory, we have
a’ = a mod p

for all X € Z, which is equivalent to a”? —a = 0 in IF,.. Since F,~ is a field of characteristic
p, this also holds in F,» and so a”" = (a”" ' )? = a mod p for all a € Z, and equivalently
a?" —a = 0 for every element of F,.. Hence X?" — X splits completely into linear factors
over [Fn. [

Since F,. is the splitting field for X" — X € F,[X], it is a Galois extension, and so
|Gal(F, /F,)| = n. In addition, we have a field homomorphismp|

o:Fpn — Fpn

with o(a) = a?. Successively applying o gives us o o o(a) = (a?)? = a”’ and so on.
Since a*" = a, we have that ¢ has order n in Gal(F,./F,) and so Gal(F,. /F,) = Z/(n),
after observing that a?* = a for all « € F,» cannot occur for any k < n, since a?* —a = 0
has only p* < p™ solutions. This automorphism is called the Frobenius automorphism
and is denoted Frob,,.

We shall use these results in Section 5] to discuss the splitting properties of prime
ideals in Galois extensions of certain fields.

2 Number Fields

The majority of the project will be spent studying the arithmetic of so-called number
fields. We shall spend the first two Sections studying the structure of number fields
and their rings of integers, with the aim of applying the theory to the proof of Fermat’s
last theorem for regular primes. With this in mind, a good place to begin would be in
developing a definition of number field.

S|t is perhaps non-obvious that this is a homomorphism until one considers that p is prime and so by
the so-called “Freshman’s dream” the map is additive. Multiplicativity is obvious.
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2.1 Number Fields
In this section we begin by defining number fields, and then introduce some useful
numerical invariants.

Definition 2.1. A number field is an extension of Q obtained by adjoining finitely many
algebraic numbers to Q.

As discussed in Section [1] quadratic number fields®| are particularly simple examples
of number fields obtained by adjoining the square root of a square-free integer to Q. In
general, one might be interested in how a field K embeds into an algebraically closed
field. In this case, we study how number fields embed into C.

Proposition 2.1. Let K be a number field of degree n over Q and, using the prim-
itive element theorem, let « € C be an algebraic number such that K = Q(«). Let
p(X) € Q[X] be the minimal polynomial of o over Q and let o = a4, a, ..., a, be the
conjugates of . Then there are exactly n distinct field homomorphisms oy, : K — C
such that oy (o) = ay,.

Proof. By Proposition[1.2] from Section[1] each of the embeddings o, induces an iso-
morphism o, : Q(a) — Q(ay). Since there are exactly n conjugates of «, this proves
the proposition. Il

Each of the o, is referred to as a complex embedding of K into C, and if the image of
K under oy, is contained in R then we refer to o, as a real embedding of K into R. The
fields Q(«) and Q(«y) are referred to as conjugate fields.

Definition 2.2. Let K be a number field of degree n over Q such that K = Q(«) for
some algebraic number « € C. Letoy, : K — C be the n distinct embeddings of K into

C. The discriminant of a set of elements 6, ... ,0, € K is the number
a1(01) oa(61) ()
o1(6 oo(6 o, (6
d(6q,...,0,) = 1(_ 2) 2<: 2) _ ( 2)
o1(0n) 02(0n) - Un(en)

Example 2.1. Let K = Q(\/2) and consider the set {1,+/2}. We have two embeddings
of K into C, namely id : /2 — /2, and o : /2 — —+/2. Thus, the discriminant of the
set {1,v/2} is

2
The main reason for introducing discriminants will become clear in Section [2.2] when
we introduce integral bases.

d(1,v2) = H V2

Definition 2.3. Let K be a number field of degree n over Q, let 0 € K, and let oy, :
K — C be the n distinct embeddings of K into C. The norm of 0 is the product

Nisa(0) = [ [ on(6).

6We will often refer to these simply as quadratic fields, though in general a quadratic field is simply
an extension of degree 2 over the relevant ground field.
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If K/Q is Galois then this coincides with

Ni o) = o (),
c€Gal(K/Q)

though in general a number field is not always a normal extension of Q. Take, for
example, the number field K = Q(+v/2). Then K is not a normal extension of Q, and in
fact there are no non-trivial Q-automorphisms of K, so that Aut(K/Q) = {id}. There
are, however, three embeddings of K into C; one real embedding and two complex
embeddings. Thus, the norm of the element /2 is

Nijo(V2) = (V2) x (jV2) x (j2V2) = 2

where j is a primitive cube root of unity.
Another observation to make is that any embedding of a number field into C fixes Q,
and so Nk /g(a) = a" ifa € Q.

Definition 2.4. Let K be a number field of degree n over Q, let § € K, and let oy, :
K — C be the n distinct embeddings of K into C. The trace of 0 is the sum

tricsg(0) = D ou(0).

In the same way that N ,q(f) is a product running over the elements of Gal(K/Q)
when K is Galois, so too is trg,g(f) a sum over the elements of Gal(X/Q) when K
is Galois. Interestingly, the norm and trace of an element give elements of Q. To see
this, note that N ,q(¢) is a product running over all possible embeddings of K into
C, and so the image of N /(f) under such an embedding must be N (6), that is,
Nk (0) is fixed by an embedding, and so must lie in Q. An identical argument applies
to trx/q(6), replacing every instance of the word “product” with “sum”.

2.2 Rings of Integers
In the same way that Z is an interesting subring of Q, in a more general number field
we are interested in the collections of integral elements over subrings of the field.

Definition 2.5. Let K be a field and let R be an integral domain contained in K. An
element k € K is said to be integral over R if there exist r; € R such that

K" 4+ rp k" P+ k1o =0.

The collection of elements of K that are integral over R is called the integral closure
of Rin K.

Most of our efforts will be aimed at studying substructures of number fields, and so
applying Definition [2.5]to the case when K is a finite degree extension of Q gives us
the following interesting subring.

Definition 2.6. The integral closure of Z in a number field K is called the ring of
integers of K and is denoted Ok

That the set Ok is a ring is a non-trivial statement which we will now prove following a
proof given in [5, p.27].
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Proposition 2.2. Let K be a field and R an integral domain contained in K. An ele-
ment o € K is integral over R if and only if there exists a non-zero finitely generated
R-submodule of K, say M, such thataM C M.

Proof. For the first direction, if « € K is integral over R then there exist r; € R such
that o™ + r,,a" ' +--- + ria + ro = 0, and so we have

Q" = —(rp,a" 4 e+ ).
In particular, if we take the R-module M generated by {1,«,...,a" '} then
M=R+Ra+---+ Ra™!
and

aM = Roa+ Ra* + -+ -+ Ra™
= Ra+ Ra® + -+ + Ra""!
C M.

For the second direction, we apply a ring theoretic analogue of Cramer’s rule from
linear algebra. Recalling this, let Ax = b be a system of linear equations with A = (a;;)
an m x m matrix such that det A # 0, and = = (z1, ..., z,,)" a vector of variables. Then

Y odet A

where A; is the matrix whose ith column has been replaced with the column vector b.
Rewriting this as z; det A = det A; gives us a statement which can be utilised over any
ring. Returning to the proof, suppose M is a finitely generated non-zero R-module in
K such that aM C M (where o € K) and suppose vy, ...,v, are a set of generators
for M. Then for every i we have

n

av; = E Tij'Uj-

Jj=1

Rewriting this as a system of equations we have

(04—7“11)111 — TV — -+ — TV = 0
—T921V1 -+ (Oé — T22)U2 — s = TopUy = 0
—Tp1Up — Tpate — -+ + (@ — Ty )0, = 0.

Let A be the matrix of coefficients on the left hand side of the above system, let v =
(vi,...,v,)T, and let b = (0,...,0)T so that Av = b. Then Cramer’s rule says that
v;det A = 0. Since M is assumed to be a non-zero finitely generated R-module, at
least one of the v; is non-zero, and so we must have that det A = 0 (since we are
working in K, a field). Thus, upon expanding out the determinant of A, we have

Q"+ d" P qate=0

with the ¢; € R, i.e. that « is integral over R. O
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If we choose K to be a number field and R = Z then we obtain the statement for
rings of integers. The crucial logical step uses Proposition to argue that for any
two elements «, 8 € K that are integral over Z, there exist non-zero finitely generated
Z-submodules M, N of K such that aM C M and SN C N. Now, define the set

MN = {mei:mieM, niEN}.

It is easily shown that M N is a Z-module. In addition, if {m4,...,m;} and {nq,...,n;}

are finite sets of generators for M/ and N respectively, then the set {mn4,...,m;n;, ..., myn;}
is a finite set of generators for M N, so it is finitely generated as a Z-module. Finally, if

o, B € K are integral over Z then the Z-modules M and N generated by {1,...,a"" '}

and {1,...,3™ '} give us the Z-module

MN =7+ +Za' B + -+ Za™ g™t
That afMN C MN and (o + 5)MN C MN confirms that O is a ring.
We now quote one of the most important properties of Ox, coming from [6, p.670],

which will pave the way to developing several important structural invariants of Oy, as
well as defining the most basic numerical invariant of a number field.

Theorem 2.1. Let K be a number field of degree n over Q. Then
(i) K is the field of fractions of O,
(i) Ok is Noetherian and is a free Z-module of rank n, and

(iii) given any basis {by,...,b,} for K as a Q-vector space there is an integer d € Z
such that {dby, ...,db,} is a basis for a free Z-submodule of O with rank n. In
particular, any basis for Ok as a free Z-module is also a basis for K as a Q-vector
space.

Proof. Found in [6l, p.670]. Il

Definition 2.7. Let K be a number field of degree n over Q with ring of integers Ok.
A basis {b,...,b,} for Ok as a free Z-module is called an integral basis for K .

To finish this section, we define the discriminant of a number field, a numerical invariant
which will be of particular importance throughout the remainder of the project, and
relate this to the ring of integers of quadratic fields.

Definition 2.8. Let K be a number field of degree n over Q with ring of integers Oy.
Fix an integral basis {b, . ..,b,} for K and let o). : K — C be the n distinct embeddings
of K into C. The discriminant of K is the discriminant

dKI:d<b1,~-7bn): . : .. :
o1(bn) 02(bn) -+ onlbn)

In fact, we have a characterisation for the rings of integers of quadratic fields K based
on the discriminant of K.
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Proposition 2.3. Let K = Q(v/d) with d € Z square-free. Then

o _ Z[Vd] ifd=2,3 mod 4
K Z[HQ‘/&] ifd = 1 mod 4.

Proof. The inclusion

{Z[\/c_i]
Ok 2

Vi
7, |:1Jr2 d:|

is clear; in the first case, X2 — d is an integer polynomial satisfied by v/d, and so every
element of Z[+/d] is an algebraic integer. In the second case, since d = 1 mod 4, we
have that X? — X + (1 — d)/4 is an integer polynomial satisfied by (1 + /d) /2.

The reverse inclusion requires a touch more effort. Every element a € K can be
written a = a + bv/d with a,b € Q. Suppose that o € Ok. If b = 0 then o € Q and
so a € 7Z (we knew that Z C Og anyway). More interesting is the case when b # 0.
First we need to find the minimal polynomial of o over Z. We do this by taking linear
combinations of successive powers of « and taking the first linear combination that
provides a Q-linear dependence of the powers of . Indeed, a? = a? + 2abV/d + b* so

a? — 2aa + (a® — b?d) = 0. (1)

Note that since o was assumed to be an algebraic integer and (1) is its minimal poly-
nomial, this means that 2a and a? — bd are rational integers. Now clearly 4(a* — b%d)
is an integer, and so it follows that 4b*d € Z. Since d was assumed square-free, it
follows that 2b € Z. We now know that 2a,2b € Z, so let a = z/2 and b = y/2 for
some z,y € Z. Then z? — y2d = 0 mod 4 by the way = and y were chosen. This means
in particular that 2> = y?d mod 4 so that y*d is a square modulo 4. The only squares
modulo 4 are 0 and 1, so we have either that y?d = 0 mod 4 or that y>d = 1 mod 4.
In the first case, since 4 { d, we must have y*> = 0 mod 4, and so both = and y must
be even and d = 1,2, or 3 mod 4. In the second case, we have y?d — 4u = 1, with
u € Z. If y is even then this equation has no integral solutions, so y must be odd. Let
y =2v+ 1, with v € Z. Then y? = 4v? + 4v + 1, and so d = 1 mod 4. Since this means
that 22 = 42 mod 4 and 3? = 1 mod 4, we also have that x is odd. In summary, we have

(i) d=2,3mod 4 and x,y are both even;
(i) d =1 mod 4 and z, y are either both even or both odd.

In case (i), both a and b are integers and so a € Z[v/d]. In case (ii), we may write
a+bvVd=r+s(1++/d)/2,withr = (z —y)/2and s = y, so that a € Z [%ﬂ In both
cases, this shows that the desired inclusion holds. O

3 Dedekind Domains

We showed in the previous Section that the ring O has the property of being Noethe-
rian, and that Ok is integrally closed in its field of fractions K. We now show that every
non-zero prime ideal in Ok is maximal. To do so, we shall require a few lemmas. The
first lemma was proven as part of an exercise in [3].
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Lemma 3.1. Let K be a number field of degree n and let O be its ring of integers.
For a non-zero rational integer a we have

Ok /aOk = (Z]aZ)"
as Z-moadules.

Proof. Recall that Ok is a free Z-module of rank n, so that it has a basis, say {b1,...,b,},
ensuring that every element a € Ok has a unique representation as a Z-linear combi-
nation of the b;. Let aOx C O be the ideal in Ok generated by the rational integer a
and let a = ¢;1by + - - - + ¢,b,, Where ¢; € Z for all i. Then a | aif and only if a | ¢; for all
1. To see this, suppose a = ar with r € O. Then r has a unique representation as a
Z-linear combination of the b;, say » = dib; + - - - + d,,b,. We bring ar to the left hand
side so that

Clbl + CQbQ + -+ Cnbn — ad1b1 — adgbz — s = adnbn =0.

After “collecting like terms” and invoking the linear independence of the b; as basis
elements, we have that ¢; — ad; = 0 foralli = 1,...,n, and hence that a | ¢; for all i.
This is particularly useful, because this means that o« € aOk only if ¢; € aOf for all 4,
and hence, in the quotient O /aOf, we have that ¢,b;+- - -+ ¢,b,+ a0k = 0+aOk only
if ¢; + aOx = 0+ aOk for all i. Equivalently, we have a Z/aZ-linearly independent set
{b1+a0k,...,b,+aOk}. Finally, that these span O /aOf comes from the surjectivity
of the natural projection homomorphism Ox — Ok /aOk that sends a — o + aOk.
Hence Ok /aOk = (Z/aZ)™ as asserted. O

Since we have just seen that Ok /aOf is isomorphic to a finitely generated free module
over a finite ring, it has finite cardinality. We use this to show that Ok /J has finite
cardinality for any non-zero ideal 7 C Ok.

Lemma 3.2. Let K be a number field of degree n and let Ok be its ring of integers.
For any non-zero ideal 3 C Ok, the quotient Ok /7 is finite.

Proof. Every ideal 7 C Ok contains a non-zero rational integer. To see this, note that
Ok consists of all elements of K that are integral over Z. Let « € J be non-zero and
let f(X) € Z[X] be the minimal polynomial of o over Z. Then clearly o | f(a) — f(0)
and since f(a) = 0, we have a non-zero integer —f(0) € 3N Z. Let a be a non-zero
rational integer in 3. Then we have the sequence of inclusions aOx C J C Ok. By the

third isomorphism theorem,
OK/CLOK

= Ok/7.
j/CLOK K/
In Lemma [3.1] we showed that Ok /aOx was finite. Hence, since J/aOy is an ideal of
Ok /aOk, the quotient O /7 is finite. O

The first theorem of this Section comes as a simple corollary of Lemma[3.2]

Theorem 3.1. Let K be a number field and letp C Ok be a non-zero prime ideal in its
ring of integers. Then p is a maximal ideal.

Proof. By Lemma (3.2 we have that O /p is finite. Since p is a prime ideal, this means
that Ok /p is a finite integral domain, but finite integral domains are fields, and Ok /p is
a field if and only if p is maximal. [
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The properties of Ok that we have built up until now are those of so-called Dedekind
domains.

Definition 3.1. A Dedekind domain is an integral domain D satisfying the following
properties:

(i) D is a Noetherian domain,
(i) D is integrally closed in its field of fractions, that is, if « € K is integral over D
thena € D, and
(iii) every non-zero prime ideal of D is a maximal ideal.

If K is a number field then, as we have shown, Ok is always a Dedekind domain.
There are examples of rings which appear at first sight to be the ring of integers of a
number field, but which are in fact not, and we can use the characterisation of rings of
integers as Dedekind domains to prove that they are not, as in the following example.

Example 3.1. Let K = Q(v/5) and let D = Z[\/5]. One might naively assume that
D = Ok. Property (ii) of Definition[3.1| says that O is integrally closed, meaning that
an element o € K that satisfies a monic polynomial over Oy is in fact an element of
Ok. It's easy to find an element of K that violates this property for D; let o = %5
Thena? —a—1=0, buta ¢ D, so D cannot be the ring of integers of K.

The introduction of Dedekind domains begs the following question; why does it matter
that O, has these seemingly arbitrary properties? Indeed, for the most part, the mo-
tivation for their introduction seems somewhat unfounded, with the only reason being
that O might be interesting for studying properties of integers by analogy. Fortu-
nately, there is a much more important reason for introducing Dedekind domains. In
the integers, we have the Fundamental Theorem of Arithmetic. That is, every integer
can be written uniquely as a product of prime numbers up to ordering, or equivalently,
into a unique product of irreducibles up to ordering. Does a similar property hold in
general? Unfortunately, the answer is no, and counter-examples are disconcertingly
easy to find. In the ring Z[/—5] we have 9 = 3? = (2 + v/=5)(2 — v/—5). Each of
these factors is irreducible; since N(3) = 9 = N(a)N () we only have the possibilities
N(a) =1,3,9. If N(o) = 1 then « is a unit so this doesn’t help. There is no element of
norm 3 in Z[y/—5] since this would correspond to an integer solution to o>+ 56 = 3, and
if N(a) = 9 then 8 must be a unit. The same argument applies to both 2 + /-5 and
2 — /=5, and so we have found two distinct factorisations into irreducibles of Z[/—5].
Notice that we have been careful to refer to these as factorisations into irreducibles. In
general, the definitions of prime and irreducible are distinct, though they coincide in Z
since Z is a unique factorisation domain. In the example given above, (2 + v/—5) | 9
but (2 4+ v/=5) 1 3.

The failure of this property to hold in general rings of integers was the Achilles’ heel
in Lamé’s proposed proof of Fermat’s Last Theorem. According to [2, p.76-77], Lamé
had announced to the Paris Academy a proof of Fermat’s Last Theorem based on the
factorisation

"yt = (@t y)(etry) . (")

with r # 1 a complex number such that ™ = 1 (and, of course, n # 2) . He made the
claim that
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... if z and y are such that the factors z+y, z+ry, ...,z +r""1y are relatively
prime then z™ + ¢y = 2" implies that each of the factors z + y,z + ry, ...
must itself be an nth power.

Liouville lacked the same enthusiasm that Lamé had for his proposed proof and was
quick to point out that Lamé was making some bold assumptions about the factorisa-
tion of complex numbers. It was not until around 2 months later that Liouville was able
to confirm to the Academy that Kummer had written to him from Wroctaw, and that the
content of the letter was damning for Lamé’s proof. It was indeed the case that Lamé
had erroneously been assuming unique factorisation, and this led his proof to break
down.

How do we get around this? The answer is exactly the reason we introduced Dedekind
domains; unique factorisation at the level of elements may fail, but in a Dedekind
domain, unique factorisation is restored at the level of ideals.

3.1 Unique Prime Factorisation

In order to study the factorisation of an ideal into a product of prime ideals, we shall
make some local arguments about the rings of interest. In particular, this means taking
a short detour into commutative algebra to construct local rings and discrete valuation
rings. What follows is taken from exposition in [6, §15.4].

Proposition 3.1. Let R be a commutative ring with unity and let D be a multiplicatively
closed subset of R containing 1. Then there is a commutative ring D~'R and a ring
homomorphism = : R — D~'R satisfying the following universal property: for any
homomorphism ) : R — S of commutative rings sending 1 to 1 such that ¢ (d) is a unit
in S for every d € D there is a unique homomorphism ¥ : DR — S that makes the
following diagram commute:

Proof. First we define an equivalence relation on R x D as follows: (r,d) ~ (s, e) if and
only if there exists an x € D such that z(er — ds) = 0. This is clearly reflexive; any
x € D will do for this. It is also symmetric, since if such an x exists then there exists
ay € D such that y(ds — er) = 0, namely y = —x. For transitivity, we suppose that
(r,d) ~ (s,e) and (s,e) ~ (t, f), so that z(er — ds) = 0 and y(fs — et) = 0 for some
x,y € D. Then, multiplying the first of these by fy, the second by dx, and adding, we
obtain

fry(er —ds) + dzy(fs — et) = xy(fer — fds + fds — det)
= exy(fr — dt)
=0.

Since D was assumed to be multiplicatively closed, exy € D and so (r,d) ~ (¢, f).

We denote by D! R the quotient set (R x D)/ ~ and write r/d for the equivalence class
of a pair (r, d). The addition and multiplication are easily shown to be well-defined, and
they make D~'R into a commutative ring with 1 = 1/1, and every d € D becomes a
unit in d/1 € D~'R. Define the ring homomorphism = : R — D 'R by n(r) = r/1
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and suppose that ¢ : R — S is a homomorphism of rings sending 1 to 1 such that
Y(d) is a unit in S for every d € D. Define ¥ : D™'R — S by U(r/d) = ¢(r)y(d)~ .
This map is well-defined since if r/d = s/e then xz(er — ds) = 0 for some = € D
and so ¢ (z)(y(er) — ¢ (ds)) = 0 and so ¥(r)(d)~! = ¥ (s)(e)™t (¢(x) is a unit and
0-4(z)~t = 0). Hence, it follows that ¥ is a ring homomorphism and that ¥ o 7 = .

To show that W is unique, suppose that ¥’ is another ring homomorphism with W' o7 =
Y. Letz = r/d € D7'R. Then (d/1)xz = r/1 and hence = (d)z = =(r). Precomposing
with ¥ we have ¥ o 7(d)¥(z) = ¥ o w(r) and hence ¢ (d)¥(z) = ¥(r). In the same way
we can obtain ¢(d)¥'(x) = ¢(r), and so we have that ¢ (d)V(x) = (d)¥'(x). Since
d € D, ¢¥(d) is a unit in S and so can be inverted, giving us that ¥(z) = ¥'(x). As
r € DR was arbitrary, this shows that ¥ was unique to begin with. O

The ring D' R we constructed above is called the ring of fractions of R with respect
to D, or alternatively the localisation of R at D. It is necessary to specify the D under
consideration, since in general there is more than one multiplicatively closed subset
of a ring R. In fact, for the purposes of this document, the D under consideration will
always be the complement of a prime ideal in R.

Definition 3.2. A local ring is a ring with a unique maximal ideal.

Suppose R is a ring with a prime ideal p. Let D = R\ p. Thenthering R, := D 'Risa
local ring with the unique maximal ideal pR,. In passing from R to R, we discard a lot
of structure; the construction ensures that every element of R that is not in p becomes
a unit, and this gives us a way to focus in on p, hence the name local ring.

Example 3.2. Let R =Z and let D = Z \ (p), with p a rational prime. The localisation
of Z at (p), denoted Z,), is comprised of all elements of Q of the form

Z(p):{%e@:pm}.

Note that since (p) is a prime ideal, ifr ¢ (p) and s ¢ (p) thenrs ¢ (p), and so D is
multiplicatively closed. In addition, the ideal (p)Z, is the unique maximal ideal in Zy),
and the quotient Z,)/ (p)Zy) is a field of characteristic p, isomorphic to Z/(p).

Having defined a local ring and given a way to construct them, we define discrete
valuation rings following the rather condensed discussion given in [9, p.45]. Their
uncomplicated ideal structure will give us what we need to show that ideals in Dedekind
domains factorise uniquely into products of prime ideals.

Definition 3.3. A discrete valuation ring is a local principal ideal domain which is not
a field. Equivalently, a discrete valuation ring has a unique non-zero prime ideal. Since
a discrete valuation ring is a principal ideal domain, this means that there is exactly
one prime element, up to associates.

Example [3.2) was an example of a discrete valuation ring; the unique non-zero prime
ideal is (p)Z,) and is generated by the element unique prime element p.

The utility in introducing discrete valuation rings is, as mentioned above, their uncom-
plicated ideal structure. This is reflected in the following proposition from [5, p.46]:

Proposition 3.2. An integral domain A is a discrete valuation ring if and only if

(i) A is Noetherian,
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(i) A is integrally closed, and
(iii) A has exactly one non-zero prime ideal.

Proof. If Ais a discrete valuation ring then A is an integral domain by definition so we
need only prove one direction.

Suppose then that A is an integral domain satisfying the three conditions above. First
we show that every ideal of A is principal. Let ¢ be a non-zero, non-unit element of A
andlet M := A/(c). For every non-zero m € M we have the annihilator ideal

Ann(m) ={a € A:am = 0}.

By property (i), A is Noetherian, and so we can choose m € M to be such that Ann(m)
is maximal among all such ideals. Let m = b+ (¢) for some b € A and write p =
Ann(b+ (c¢)). Note that ab + (¢) = 0+ (¢) when ¢ | ab, so p = {a € A: ¢ | ab}. We show
that p is a prime ideal (hence the notation). Suppose not, and let =,y € A such that
xy epbutz ¢ pandy ¢ p. Then yb + (c¢) is non-zero in M since y ¢ p. Now consider
the ideal Ann(yb + (¢)). This ideal is the set of a € A such that ¢ | ayb, and so taking
y = 1 gives the ideal p. In particular, this means that p € Ann(yb + (¢)), contradicting
the maximality of p, and so p must be prime. We claim now that p = (cb™!). Firstly,
we cannot have bc™! € A, since if this were the case then b = ¢ - bc™! € (c¢) and so
m = b+ (¢) = 0+ (¢) in M. By the way p was defined, we have pb C (c¢), and so
pbct C A and pbc~!is anideal. If pbc=t C p then be=! would be integral over A, since
p is a finitely generated A-module (being that it is an ideal in a Noetherian ring) and
Proposition [2.2] guarantees that bc~! is integral over A. However, if bc! is integral over
A then property (i) says that bc™! € A, which we know is untrue, so p C pbc! C A,
and since p is maximal, we have that pbc™* = A. In other words, we have p = (cb™1)
Finally, we show that this implies that every ideal is principal. Let 7 = c¢b~!, so that
p = (7). Let a C A be an ideal and consider the sequence of inclusions

2

aCartcar?c...

If there is some 7 for which ar™ = ar~"~! then 7~!(an~") = ax~", and by Proposition
once again, we have that 7—' is integral over A and so 7~ € A, but of course
71 =0bc ! ¢ A, so the sequence of inclusions is a strictly increasing sequence. Since
A is Noetherian, this cannot be completely contained in A. Let m be the smallest
integer such that ar=™ C A but ar~™! € A. Then ar—™ ¢ p, since if this were the
case then 7~ lar™™ = ar~™ ! C 7~ 'p = A, a possibility we excluded in the way we
chose m. Hence, we must have ar~™ = A, and so a = (7). Since a was arbitrary, we
have that A is a principal ideal domain.

To conclude, since A has been shown to be a principal ideal domain with a unique
non-zero prime ideal, we have that A is a discrete valuation ring. O

In light of the above discussion, we are now able to introduce the main property of
Dedekind domains that we are interested in.

Theorem 3.2. Let D be a Dedekind domain. Then every proper non-zero ideal a C D
can be written

a=prp ey
where the p; are distinct non-zero prime ideals of D and the r; € N are uniquely
determined.
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We shall need a few lemmas in order to prove the statement.

Lemma 3.3. Let D be a Noetherian ring. Then every non-zero ideal a of D contains a
product of non-zero prime ideals.

Proof. Suppose to the contrary that there exists a non-zero ideal a that does not con-
tain a product of prime ideals, and choose a to be maximal among such counterexam-
ples. Then a is, of course, itself not prime, so there exist =,y € D such that zy € a
butz ¢ aandy ¢ a. Now a C a+ (z) and a C a + (y), but the product of a + (x)
and a + (y) is contained in a. Since a was chosen to be a maximal counterexample
to the statement, it must be that a + (z) and a + (y) contain products of prime ideals,
but then so, too, does their product, and so it follows that a must contain a product of
prime ideals. Hence there exists no non-zero ideal a that does not contain a product
of non-zero prime ideals. O

Lemma 3.4. Let D be a ring and let a and b be coprime ideals in D. For allm,n € N,
the ideals a™ and b™ are coprime.

Proof. Suppose, to the contrary, a™ and b™ are not coprime. Then a™ + b™ # D so
a™ + b" C p for some maximal (hence prime) ideal p. As such, we have a™ C p and
b™ C p, but since p is prime this implies that a C p and b C p, a contradiction. O

Lemma 3.5. Let D be an integral domain with a maximal ideal p. Let q be the ideal
generated by p in the localisation D, of D atp (that is, q = pD,). Then the map

©:D/p™ — D,/q", meN
sending a + p™ to a + q™ is an isomorphism for all m € N.

Proof. First we show that the map is injective. To do this, we show that the kernel
of ¢ is p™. This is equivalent to showing that ¢™ N D = p™. Since D, = S~'D, with
S—! = D\ p, we have to show that (S~'p™) N D = p™. Given an arbitrary element
a € (S7'p™) N D we can write a = b/s with b € p™, s € S, and a € D. But then sa = b,
and so sa € p™, which in turn means that sa = 0 in D/p™. The only maximal ideal
containing p™ is p, so the only maximal ideal of D/p™ is p/p™, and so D/p™ is a local
ring. Now, since s € S = D \ p, we have that s + p™ ¢ p/p™, and so s + p™ is a unit in
D/p™. Hence, sa = 0 in D/p™ implies that « = 0 in D/p™ and hence that a € p™. The
arbitrariness of a allows us to conclude that p™ = q™ N D, and so ¢ is injective.

To prove that ¢ is surjective, we take an element as™' € D,. Since s ¢ p, we have
p C (s) +p C D and since p is maximal, we have (s) +p = D, thatis, (s) and p are
coprime. Hence, there exist b € D and ¢ € p™ such that bs + ¢ =1, and so b — s~ in
D,/q™ and ba — as~' under ¢. Since for any a € D we have an image under ¢, the
result is proven. O

We now have what we need to prove that every non-zero ideal in a Dedekind domain
factors uniquely into a product of prime ideals. Let D be a Dedekind domain and let
a be a non-zero ideal. By Lemma we have that every non-zero ideal contains
a product of prime ideals. Let b be this product, so that b € a and b = p}*...pI™.
Supposing that the p; are distinct, we have that

Dfo=T] D/ =] Dy/ai
=1 i=1
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where q; = p,D,, is the unique maximal ideal of D,, as given in Lemma . The first
isomorphism follows from the Chinese Remainder Theorem, since the p; are pairwise
distinct, and coprime by Lemma The second isomorphism follows from Lemma
8.5l Now we consider the ideal a C D. Since b = pj'...p/™ C a, in the quotient D /b
we have

a/b=[Ja/p; = [[o/ar
i=1 i=1

where, in the second isomorphism, a is considered as an ideal of the local ring D,, for
each i. Now, since the D,, are local rings, they are discrete valuation rings, and so
any ideal of D,, has the form a = q;* where q; = p;D,, as in Lemma[3.5] In the second
isomorphism above, we then have

[To/ai =] a5/a
=1 =1

for some s; < r;. In particular, under this isomorphism, this is also the image of
a product of prime ideals pi*...p;» C D, so that a = pi'...p3m in D/b. Finally,
since there is a one-to-one correspondence between ideals of D/b and ideals of D
containing b, we have that a = pj'...p>» in D. For the uniqueness, note that if
a=p'...pm = plt.. .plm then s; = ¢; for all i, since in the above proof we showed
that g = aD,, = q'.

Thus, we see that, while a ring may not possess unique factorisation of elements, if
that ring is a Dedekind domain, it always possesses unique factorisation of ideals. We

revisit our example in the previous section.

Example 3.3. Let D = Z[\/—5|. We saw in the first section that 9 = 3% = (2 +
v/=5)(2—+/—5) and that each of these numbers was prime, so that unique factorisation
in Z[\/—5| fails. Now we consider the ideal (9) C Z[\/—5]. Immediately, we may write
(9) = (3)% but note that (3) is not a prime ideal in Z[/—5]. In fact, the ideal (3) factorises
as (3) = (3,1++v/—=5)(3,1—+/=5), and each of these is a prime ideal since, for example

Z[V=5]/(3,1+V—=5) 2 Z[X]/(3,1+ X) = F;

which is an integral domain. We write p; = (3,14 +/—5) and p, = (3,1 —+/—5). Then
9 = p?p2. We can see that (2 — /—5) = p? and (2 + /—5) = p3, so the factorisation
(9) = (p1p2)(p1p2) = pip3 is unique.

3.2 Factorisation in Number Fields

In the last section we saw that every ideal in a Dedekind domain factorises uniquely
into a product of prime ideals. In the same way that we have divisibility for elements
of rings, we also have a concept of divisibility for ideals. If a is an ideal in a Dedekind
domain with prime ideal factorisation a = p{' ... p,’ then we say that the p$’ are divisors
of a and write p;* | a in analogy with the notation we have for elements. In the context
of number fields and their rings of integers, we wish to study the splitting properties of
primes in extensions of Q. In the previous section, we saw that (3) C Z[\/—5] was not
a prime ideal, but that it split into the product (3) = (3,1 + +/=5)(3,1 — v/—5) and that
each of these was a prime ideal. We call this property splitting, which we discuss now
along with other important properties such as ramification and inertia. The following
definitions come from [3, ch.10].
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Definition 3.4. Let K be a number field and O its ring of integers. Letp be a prime
ideal in Z. Since Ok is a Dedekind domain, the ideal pOy can be written

PO =Bt B

where each of the 3, is a prime ideal in Ok. The primes ‘B, are called primes lying
above p (or equivalently that p lies below the 53;.) We say that p ramifies in Oy if any
of the e; is greater than 1. Ife; = 1 for all i then p is said to be unramified. For each
of the B, the index e; is called the ramification index of 3; and the number g is called
the decomposition number of the prime p in Ok. If g = 1 there is a single prime ideal
with ramification index e. If, in addition, ¢ = 1 then we say that p is inert in Oy . Finally,
ife; =1 foralli and g = [K : Q|, we say thatp splits completely in O.

The primes ‘B; uniquely determine the prime p above which they lie. If p C Z is a
prime ideal then p = (p). If there were another prime ideal (¢) lying below the B, then
(p) € P; and (q) C P, so that (p,q) C P, which is impossible, since, as p and ¢ are
prime, the ideals (p) and (¢) are coprime, so that (p,q) = (p) + (¢) = Ok-.

Definition 3.5. Let K be a number field and Oy its ring of integers. LetJ be an ideal
in Ox. The norm of J is defined as N(J) = |Ok/3|, which is a natural number by
Lemmal3.2

We saw at the beginning of the Section that Ok /B, is a finite field of characteristic p
(when %B; is a prime ideal, of course). Recall from Lemma[3.1|that O /pOx = (Z/pZ)",
where n = [K : Q), so that N(pOk) = p". Now let B; O pOx be a prime lying above
p. Since Ok is a free Z-module of rank n = [K : Q] and Z is a principal ideal domain,
B, is a free Z-submodule of O and has rank less than or equal to n, say m, so that
1B /pOk| = p™, and hence, by Lemma|3.2]

(Z/pZ)"
(Z/pZ)m

where f; = n — m. To complete Definition [3.4] we define the positive integer f; as the
inertial degree of the prime B3, in Ok. It is the degree of the field extension [Ok /B :
Z/pZ], so thatif f; = 1, we have Ok /B; = Z/pZ.

The splitting behaviour of primes in number fields is controlled by these properties, as
can be seen in the following theorem from [5, p.58]. The theorem is proven for general
field extensions, and can be specialised to the case of number fields.

Ok /P = (Z/pZ)"

Theorem 3.3. Let K be a number field of degree n, let p be a rational prime and
suppose pOy has the factorisation

p(’)K: ?...‘B;g.

Then
elfl +e2f2+"'+egfg =n,

where the e; and f; are respectively the ramification indices and inertial degrees of the
primes ;.
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Proof. From Lemma 2.2., we have that Ok /pOx = (Z/pZ)", so that Ok /pOf is an n-
dimensional vector space over Z/pZ. Additionally, by the Chinese remainder theorem,
we have that

g
O /pOx = ) Ox /B,
=1

so that

@/p2)" = @ O/

as 7 /pZ-vector spaces. Finally, since [Ok : 3] = N(J) for ideals 3 C Ok, and since
the norm of an ideal is multiplicative, we have that [Ox : Bf’] = [Ok : B¢ = p°i/i by
definition, showing that each of the summands Ok /B’ is an e, f;-dimensional Z/pZ-
vector space, whose direct sum is an n-dimensional vector space over Z/pZ. We
conclude that > e, f; = n by the well-definedness of vector space dimension. Il

Theorem places a restriction on the way that a rational prime can decompose in a
number field, as in the following example.

Example 3.4. Let K = Q(\/d), thatis, K is a quadratic extension. That [K : Q] = 2
massively restricts the possible ways that a prime can decompose in K. If (p) =

.. By’ (assuming each of the e; is non-zero), then we must have g < 2, so that
g=1o0r2. Ifg =2, Theorem 3.1. says that e, f; + es fo = 2, which forces e; = e; = f; =
fo=1.1fg=1, thene,f; =2, so eithere; = 1 and f, = 2, or vice-versa. Equivalently,
a rational prime p can only decompose in K in the following ways

pOr = P1'Po, where f; = fo, =1, and P, # Py
pOr = B>, where f, =1,
pOx =B, where f; = 2.

In the first case, pOk splits into a product of distinct prime ideals. In the second
case, pOy ramifies and B is a prime ideal in O with ramification index 2. In the third
case, pOy iIs inert. These behaviours are linked to the solubility of the congruence
X? = d mod p, and so can be studied via the law of quadratic reciprocity, as is shown
in Theorem 10.2.1. in [3, p.242-245].

Example [3.4) shows the behaviour of primes in a Galois extension. In this case, all of
the ramification indices are the same and all of the inertial degrees are the same, and
so the statement of Theorem [3.3undergoes a slight modification.

Theorem 3.4. Let K be a number field of degree n and suppose K is Galois over Q.
Let p be a rational prime and suppose that pZ has the Oy -factorisation

pOK: il...m;g.
Thene,=e;and f; = f; foralli,j € {1,...,g} andsoefg = n.

Proof. Let o € Gal(K/Q). Then 0(Ok) = Ok. To see this, note that Ok consists of all
elements of K that are integral over Z, and Z is fixed by Gal(K/Q). Additionally, if 3,
is prime then o (%B;) is prime; if zy € o(P;) then o(z) 'o(y) ™ € P;, and so = € o(P;) or
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y € o(B;). IfP; lies over p then o(°B;) lies over p, since it also occurs in the factorisation
of pOg. Consider the factorisation

pOk = il...m;g.
Then o(pOk) = pOf so that

POk = a(Pa)* ... a(P,)™

and so the ramification indices of 3, and ¢ (*§3;) coincide. Finally, if a+%3; is an element
of O /B, then o(a) + o(P;) is an element of Ok /o (B;). Since a € Ok, and o(Ok) =
Ok, the degrees of Ok /B; and Ok /o(*B;) over Z/pZ are both f;. It remains now to
prove that o acts transitively on the set of primes of Oy that lie above p. Suppose
B; and B, both divide pOx but that 3; and B, are not conjugate, so that for all o €
Gal(K/Q) we have o(;) # B;. Then, by the Chinese remainder theorem, we can
find a 8 € B, such that 5 ¢ B, for any other i. Let b = N(B) = [[o(5). Then
b € Z, and since 3 € ‘B,, we also have b € PB,. Hence, b € P, NZ = pOk. Now,
for all o € Gal(K/Q), we have 8 ¢ o '(B;) and so o(3) ¢ *B;, but we showed that
b=[]o(B) € pOk C B;, so this contradicts that 3; is a prime ideal. O

Example 3.5. Let K = Q(\/78). Since 78 = 2mod 4 we have Ox = Z[/78]. The
minimal polynomial of \/78 over Q is X* — 78, and the factorisation of a prime in Oy is
mirrored by the factorisation of X? — 78 mod p, since Oy /pOx = Z[X|/(p, X* —78) and
Z|X]/(p, X* — 78) 2 F,[X]/(X? — 78) where - denotes reduction modulo p. Letp = 3.
Then, since 3 | 78, we have X? — 78 = X? mod 3, and so (3) = (3,+/78)% in Ok. That is,
the prime 3 ramifies in this extension. When p = 5, we have X? — 78 = X? + 2 mod 5,
and this is irreducible, so thatF,[X]/(X?+ 2) is a finite field, and so (5) is prime in Oy.

3.3 The Ideal Class Group

Before we begin to talk about the ideal class group, we first need to introduce fractional
ideals.

Definition 3.6. Let D be a Dedekind domain with field of fractions K. A fractional
ideal is a non-empty subset § C K with the following properties:

(i) ifoeFandpeFthena+ €5,
(i) ifa € §andr € D thenra € §, and
(iii) there exists a non-zero v € D such that v§ C D.

These fractional ideals closely resemble what we, to avoid confusion, now refer to as
integral ideals. Indeed, the class of fractional ideals subsumes that of integral ideals,
in that such a v always exists for integral ideals; just take v = 1 and § an integral ideal.
We stress the use of the indefinite article when referring to ~; if v is such as described
then so is any integral multiple of 4. We can think of these v as common denominators
for fractional ideals. If D is the ring of integers of a number field K (whose field of
fractions is then, of course, the number field), we can find alternative definitions for
fractional ideals, as in Theorem 2.3 of [4, p.2, 3]. For instance, we can always improve
on a common denominator v € Ok \ {0} by replacing it with N(vy) € Z \ {0}, which is
guaranteed to exist and falls within the description “integral multiple of v”. Additionally,
fractional ideals are finitely generated Ox-modules in K, with the O-action given by
multiplication. This gives us another way to check if a non-empty subset of K is a
fractional ideal. This is particularly useful when we define the inverse of a fractional
ideal.
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Definition 3.7. For each fractional ideal § of a Dedekind domain D we define the set
§={yeK:4§C D}

Notice here that v € K, so this is slightly more than just the common denominators for
a fractional ideal 3.

It turns out that § is itself a fractional ideal, the proof of which makes use of the equiv-
alent characterisations mentioned earlier. Indeed, § is non-empty because § has non-
zero common denominators. It is easy to show that left multiplication makes § into an
Ok-module. To show that it is finitely generated as an Ox-module, let = € §F\ {0}. For
any a € § we have af C Ok, so that za € Ok for any a € § and hence x§ C Og.
In particular, since x is invertible, we have § C %OK. Now, recall that O is a finitely
generated free Z-module. Since § C 10k it is a submodule of a finitely generated
free Z-module, and so itself is finitely generated as a Z-module, hence also as an
Ox-module. Hence, § is a fractional ideal.

As with any ideal, we can take sums and products of ideals to obtain new ideals.

Proposition 3.3. Let K be a number field and let § be a fractional ideal of Oy. Then
5§ = Ox.

Proof. Suppose there is an ideal J such that §J = Ok. For any z € J we have
1§ € IF = §J = Ok, so certainly we have J C 3. Then §J = O C §F. On the other
hand, if z € § then 2§ C Ok by definition, and so §§ C Ok. Hence, 3§ = Ok. O

Proposition suggests we have a multiplicative inverse for multiplication of ideals.
Indeed, we can place a group structure on the set of all fractional ideals of a number
field, since the product of any two fractional ideals is again a fractional ideal, we exhib-
ited the existence of an inverse, and the ideal (1) = O is a suitable candidate for the
identity of the group.

Proposition 3.4. Let K be a number field and let I denote the group of fractional
ideals of O . Let Py denote the set of principal ideals of Ok. Then Py < I.

Proof. Iy is an Abelian group, so in fact we need only show that Py is a subgroup
of I and normality follows immediately. Indeed, the ideal (1) is principal, so there is
an identity in Px. If a € Ok then the principal ideal («) has inverse (1/«). Finally, a
product of principal ideals is again principal, so Px < Ig. O

Since Py is normal in Ix we can form a well-defined quotient from them, and this is
the main definition of this section.

Definition 3.8. Let K be a number field and let I be the group of fractional ideals
of Ok with the subgroup Py of principal fractional ideals. We define the ideal class
group as the quotient CI(K) := Ix/Px. The class number of K, denoted hy, is the
order of C1(K).

Notice that, if Py = Ik then hy = 1 and Oy is a principal ideal domain.

Proposition 3.5. Let K be a number field with ring of integers Ok. Then

hx =1 < Ok is a principal ideal domain
< Qg Is a unique factorisation domain.
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Proof. If hx = 1 then every ideal is principal so Ok is a principal ideal domain and
every principal ideal domain is a unique factorisation domain.

For the other direction, suppose that D is a unique factorisation domain and let p C D
be a non-zero prime ideal. Let = € p be non-zero. Since D is a unique factorisation
domain, we have = = p;' ...p/" where the r;, € N and the p; are irreducible elements
of D. Now, as p is a prime ideal and = € p, we must have one of the p; € p, so that
(p;) C p. But any ideal generated by an irreducible element in a unique factorisation
domain is prime, so that (p;) is a prime ideal, and since any prime ideal in a Dedekind
domain is a maximal ideal, we must have that (p;) = p. Finally, note that every ideal
in a Dedekind domain is built from products of prime ideals, and so since we have just
shown that every prime ideal is principal, we must have that every ideal is principal,
i.e. D is a principal ideal domain, and hence hy = 1. O

It is not immediately clear that hx should even be finite, however in the case of Oy for
some number field K, this is true, which we quote from [8].

Theorem 3.5. Let K be a number field of degree n and let O be its ring of integers.
Then C1(K) is a finite group.

Proof. We begin by showing that there is a constant C' > 0 such that for an ideal
a C Ok there is an « € a such that | N(«a)| < CN(a).
Since Ok is a free Z-module we have a basis, say {b,...,b,}. We shall use the n
complex embeddings o4, ...,0, : K — C. The norm of an element x € K was defined
in Section2 as .
= H oi(z)
=1

Since z = ¢1by + by + - - - + ¢, by, With the ¢; € Q, we have

IN(@)| = ] ]loa(=)]

n

—.

@
Il
—

Il
—=

CiO'j(bi)
1

<.
Il
—
~.
Il

IN
=
NE

|Ci|’<7j(bi)|

=1

o 1 (o)

Jj=1

N J/

[
Il
—

call this C

For any ideal a C Ok we have k™ < N(a) < (k + 1)" for some k € Z. Consider the set
S:{Zaibi:aiEZ, OSG,SI{?}
=1
Then |S| = (k+ 1)" and so

Z a;b; = Z a.b; mod a

=1
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with a; # a; for some i and 0 < a;, a; < k, by the pigeonhole principle. Hence, we have

n

Z(ai —a;)b; = 0 mod a.

i=1

Letting ¢; = a; — a; we have

n
Zcibi ca.
=1

Leta=>"" ¢b;. Then a # 0 and
|IN(a)| < (max|¢])"C < k"C < CN(a).

Now we prove that the ideal class group is finite. First, we show that there are only
finitely many integral ideals a C O with N(a) = k for some k € Z*. First, note that
N(a) = k = |Ok/a|, so by Lagrange’s theorem from group theory, we have k € a, and
thus (k) C a, thatis, a | (k). Since O is a Dedekind domain we have prime ideals p;
such that

(k) =p1" . ..py
and since a | (k) we have

a=pi...pl
with s; € {0,...,r;} fori =1,...,n. Hence, there are at most (r; +1)(ro+1) ... (r, + 1)
possibilities for a. That is, there are at most (r; +1)...(r, + 1) integral ideals a that
have norm k. We combine these two results to prove that C1(K) is finite.
Denote by [b] the class of the ideal b in CI(K) and let a be an ideal in [b]~! so that
a~! € [b]. Take an element a € a so that («) C a and hence a | (a). Thus, b = (a)a™!
is an integral ideal in the class [b], and N(b) = N((a)a™!) = [N(a)|N(a)~! < C, where
C'is the bound given in the first part of the proof. It follows, then, that each ideal class
[b] is represented by an integral ideal of Ok with norm less than C, and so there are
only finitely many ideal classes, and so the ideal class group is finite. O

Thus, we have shown that there can only be finitely many representatives for a given
ideal class. To conclude, note that every ideal in a Dedekind domain is a product of
prime ideals, and so it suffices for the generation of the ideal class group to only look
at prime ideals of norm at most C, as given in Theorem 3.5

The main use for the bound C in Theorem [3.5)\was showing that the ideal class group
is finite. In practice, we use a much tighter bound called the Minkowski bound, whose
derivation is a little more involved and is presented in [3, p.300-310].

Definition 3.9. Let K be a number field of degree n = ri + 2ry, where r, is the number
of real embeddings of K and r, the number of pairs of complex embeddings. Let dx
be the discriminant of K. We define the Minkowski bound to be the real number

n! 4\
2 ()

nv o\

The bound My functions the same way as the bound C'in Theorem [3.5] but drastically
reduces the number of ideals we need to check to determine the structure of CI(K).
As an example, if K = Q(v/—5) then C = (1 + v/5)? ~ 10.47, while My ~ 2.85. In the
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first case, we would have to check prime ideals lying above 2, 3,5, and 7, while in the
second case we need only check prime ideals lying above 2. We present some ideal
class group computations using the Minkowski bound.

Example 3.6. Let K = Q(v/78). As 78 = 2mod 4, the full ring of integers of K is
Ox = Z[V78]. We now compute the ideal class group of K using the Minkowski
bound.

First we need to calculate some invariants of K. Since K is quadratic, we have [K :
Q] = 2, and the discriminant of K is dx = 4 - 78. Hence, the Minkowski bound for K is
My ~ 8.83... and so CI(K) is at most generated by primes of K lying above 2, 3,5, and
7. In order to determine how these primes look in Cl(K'), we need to find the prime
ideal factorisation of the ideals (2), (3),(5), and (7) in Ok. These are easily found in
analogy with the factorisation of the minimal polynomial of \/78 modulo each of these
primes. The following table summarises these factorisations:

p | Factorisation modp Result Norms

2 X° (2) = p3 N(p2) =2

3 X? (3) =3 N(ps) =3

5 X242 (5) =ps N(ps) =25

T (X-=DX+1) [ (7)=pp; | N(pr) =N(p;) =7

In order to determine the structure of C1(K) we need to establish relations between
each of the primes in the table. Firstly, note that since (5) remains prime in Ok, the
ideal class of ps is trivial. Next, we have the relations p3 ~ 1, p? ~ 1, and p;p; ~ 1. The
element o = 8 + /78 has norm N(a) = —14 = —(2-7) we have that N((8 + /78)) =
N(p2)N(p;) and so (8 + \/78) = pop;. Since this is principal, we obtain the relation
p2 ~ p; ', and so we may eliminate [p-] and [p,] from the generating set of C1(K). Now,
notice that there is an element of norm 3 in O, namely, N(9 + \/78) = 3, so that p;
is principal. Finally, notice that the norm equation a*> — 78b* = 2 has no solutions in Z,
since a®> = 2 mod 78 has no solutions, and so p, is non-principal. Hence, we conclude
that CL(K) = ([pa]) = Z/(2).

4 Fermat’s Last Theorem for Regular Primes

In this Section we present a partial proof of Fermat’'s Last Theorem. The proof uses
the ideas of Kummer, albeit in more modern language. Indeed, when Kummer first
came up with his proof the language of ideals did not exist, and he instead used the
language of ideal numbers. A more detailed account of Kummer’s original ideas can
be found in [2]. We first introduce the crucial property of regularity, for which regular
primes are named.

Definition 4.1. Let p be a rational prime and let K = Q((,), where (, # 1 is a pth root
of unity. Then p is said to be a regular prime ifp { h.

Here, we follow a proof given in [9]. We first require a few lemmas.

Lemma 4.1. In Z[(,], the numbers 1 — (,,1—(?,...,1— (2" differ only by a unit, and
1+ ¢, is a unit. Also, p = u(1 — ¢,)?~* for some unit u and (1 — ¢,) is the only prime

ideal of Z[(,) lying above p.
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Proof. Forany 1 < j <p—1we have

1- sz j—1
e =1+G+--+ G €Z[(]
In addition, since p t j, we may write j;' = 1 mod p, and hence
1— 1— ¢ .
$_1Z% cgig)
1-G  1-¢
and since Z[(]] = Z[(,], we have that the inverse of i:é is also in Z[(,], so the two are
units. Thus, writing %(1 — (,) We see that 1 — C,i is a unit multiple of 1 — ¢, for any

1 <j <p-—1. Letting j = 2 gives us that 1 + ¢, is a unit.
The minimal polynomial of ¢, over Q is ®,(X) =1+ X + --- + X771, s0 in Q(¢,) (the
splitting field of ®,(.X)) we have
p—1
Op(X)=14+X 4+ X' =[[(X-().
=1

Setting X = 1 gives

p—1

®,(1) =p= H(l - CZ))

=1
and so the previous argument shows that p = u(1 — (,)*~'. Thus, as ideals, we have
(p) = (1 — ¢,)P~'. The properties of prime splitting that we discussed in the previous
Section show that, since [Q((,) : Q] = p — 1, this must be a prime decomposition, and
so (1 — () is a prime ideal, and is the only prime ideal dividing p. O

Lemma 4.2. Let o € C be an algebraic number such that all of the conjugates of a
have absolute value 1. Then « is a root of unity.
Proof. Let T'(X) € Z[X] be an irreducible polynomial such that

n

T(X)= H(X — ;)

i=1

in some splitting field of 7'(X'). Consider, for k£ > 1, the polynomials

Then the coefficients of T),(X) are symmetric polynomials in the «; with integer coeffi-
cients. Since |af| = |a;|* = 1, the triangle inequality gives us a bound on the coefficient

of X" in T},(X), namely (:@) Hence, since the coefficients are integers, there are
only finitely many 7,.(X) and so there are only finitely many distinct values for o, so
there exists i and k; # ko such that

kv ke

and so a2 = 1. Thus, «; is a root of unity, and it follows that all the conjugates of a;
are roots of unity. m
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Let 0 € Gal(Q(¢,)/Q) and denote by - complex conjugation (which is also an element
of Gal(Q(¢,)/Q)). Then, since Cal(Q((,)/Q) is Abelian, we have o () = o(u). Given
any u € Z[(,]*, we have that u/u has absolute value 1, and so if o € Gal(Q({,)/Q),
we have that o (u)/o(t) = o(u)/o(u) has absolute value 1. Since these are exactly the
Q-conjugates of u/u, Lemma4.2]tells us that v/ is a root of unity, and so u/u = +¢}
for some k£ € Z. We now show that the sign is actually +. Suppose v € Z[¢,]* and

write u = ag + a1y + - - - + a,—2¢2 2. Since ¢, = 1 mod (1 — ¢,) we must have

u=ag+a+--+ap_omod (1—¢).

In the same way, since we showed above that 1 ¢, and 1-¢?~! = 1—(, are associates,
we must have
u=ag+a+---+a,omod (1 —¢).

Thus, if u = —(u then we have

—¢Mi = —wmod (1 - ¢,).

u P

u

But then 2z € (1 — ¢,), a prime ideal, and since neither p # 2,2 ¢ (1 —(,) andwis a
unit so certainly @ ¢ (1 — (,), this is a contradiction.

Lemma 4.3 (Kummer's Lemma). Let u be a unit in Z[(,]. If w = k mod p for some
rational integer k and p a regular prime then in fact u = v? for some other v € Z[(,]*.

Proof. The proof of this requires a lot of machinery from p-adic analysis, and thus
won’t be discussed here. A proof can be found in [10] O

We are now ready to prove Fermat’s Last Theorem for regular primes. The proof will
be divided into two cases. In the first case, we shall assume that p { zyz, while in the
second case we shall relax this assumption.

4.1 The First Case
Theorem 4.1. Letp be a regular prime. Then the equation x?+y? = =P has no solutions
in integers with p  zyz.

Proof. First, note that we may assume for any solution that  # y mod p. If not, that is,
if z = y mod p, then 2P = z = 2P 4+ y? = 22 mod p, SO z = 2z mod p. Now, take a new
solution 2’ =z, ¢y = —zand 2/ = —y. Then y = —z = —2x mod p, so if 2/ = ¢/ then
x = —2x mod p so that p | 3z. But p > 5 and p t zyz, so this cannot happen. Hence,
given any solution (z,y, z) we may transform to a solution for which = # y mod p.

We now look to the factorisation of 2? + y” in Z[(,]. We have

p—1

P =a"+y =]+ ).

=1

We shall show that any pair of ideals (x + (Jy) and (z + (Jy) are coprime. Suppose
that p C Z[¢,] is a prime ideal dividing both (z + ('y) and (z + (Jy). Then p also divides
the ideals

((x+Gy) — (v + Gy) = (G — G)y)
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and

(@ +Gu) = G (x+ Gy) = (1= ¢ )z).
Now, notice that {J — ¢/ = ¢J(1 — ¢/77) and 1 — {J~* are both a unit away from 1 — (..
Hence, we have that p divides the ideals (1 — ¢,)(z) and (1 — ¢,)(y). Since xz and y
were assumed coprime, we must have that p | (1 —¢,), but (1 —(,) is prime, and so we
conclude that p = (1 —¢,). Suppose then that (1—¢,) | (z+(y) and (1-,) | (z+Cy)
as ideals. Then, since these are principal ideals, we must have

:zt—l—C;yEOmodl—Cp.

Notice, in addition, that 1 — ¢, | 1 — ¢/ (as elements), and so ¢} = 1 mod 1 — ¢, allowing
us to conclude that
r+y=0mod1 —(,

and hence that z + y € (1 — ¢,). Now, since (1 — (,) is a prime ideal lying above the
prime ideal pZ, we have (1—(,)Z[(,| NZ = pZ, and since x +y € Z we have x +y € pZ,
sothatp |z +y. Butz+y = 2P+ y? = 2 mod p, and so p | z?, and as a result we have
p | 2z, contradicting that p t zyz. Hence, (z + ¢}y) and (z + {Jy) are coprime ideals for
i 7.

We now use the fact that Z[(,] is the ring of integers of the number field Q((,) to note
that, since Z[(,] is a Dedekind domain, every ideal has a unique factorisation into a
product of prime ideals. Consider the factorisation

(2) = pit ..o
where the p; are pairwise distinct prime ideals in Z[(,] and the e¢; € N. Then
(2)7 =t phes

and so
(z+y) (@ +Gy) .. (x+ ¢ y) =pi .. phes.

Now, since the ideals on the left-hand side are pairwise coprime, each prime factor on
the right-hand side can occur in the prime factorisation of exactly one of the ideals on
the left hand side, so that, for example

(z+Gy) =pi7 . pe = (7. p0 ) =]

with s < ¢. Hence (x+§;y) is the pth power of some ideal a; C Z[(,| with (2) = a; ... a,.
This is where the regularity assumption on p is used; since p 1 hg, there are no ideal
classes of order p in C1(Q(¢,)) and so the fact that a? is principal implies that a; is itself
principal. Let a; = (a;) with «; € Z[(,], so that

(@ + Gy) = ()"

Then we may pass to elements and write z + (Jy = ua} for some u € Z[(,]*.
We now show that o is congruent to a rational integer modulo p. Since {1, ¢, . . ., gg*}
is an integral basis for Og(,) we have

of = (ag+ a1y + -+ ap—2C£_2)p
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for some a; € Z. Now, since p divides all of the binomial coefficients (i) with & # 0, p,

we have
of = b+ B+ +a)_,(?" mod p

and since ¢/’ = 1, we have
o) = ap+af +---+a,_, mod p.

In particular, of = @;” mod p since rational integers are fixed by complex conjugation.
We know that u/@ = ¢/ for some 0 < j < p — 1. Thus, we have

T+ Gy = uod = Jual = Gua” mod p = ¢J(z + ¢ 'y) mod p.
In summary, since (2! = (!, we have
x4 Gy — Cg_ly — ggx =0 mod p

when u/u = ¢J. We wish to show that this congruence cannot hold. At the start
of Section [3| we showed that Og,)/pPOq(,) = (Z/pZ)*~' by showing that, given a

basis {b1,...,b,—1}, we could construct a set {b; +pOq(,). - - - by—1 +0Oqc,) } Of Z/pZ-
linearly independent elements which spanned Og,)/pOq,). Since {1,{,..., 2%}
are a basis for Og,), this shows that {1 + pOg(,), ¢, + POq(e,)s - - - &2 + POy, } IS

a Z/pZ-linearly independent set, and so neither of the congruences from above can
hold if 0,1, — 1 and 5 are all distinct. If ; = 0,1, 2, or p — 1 then this can break down,
since, for example, if j = 1 then 0 = j — 1. We shall account for all of these possibilities
and show that, in every case, we reach a contradiction.

j =0:1f 7 =0 then we have
4Gy —Gly—a=y((— ¢ ") mod p.
Since p 1 y we may divide by y to obtain
G = C;l mod p
and hence gg — 1 =0 mod p, contradicting the Z/pZ-linear independence of 1 and C,?-
j=1:1f j =1 then we have
z(l — () = y(1 — ) mod p.

Writing p = u(1 — ¢,)P~* for some unit u, we thus have

r=ymod (1 — ()P >
sothat (1 —¢,)?"% | = —y, and so certainly 1 — ¢, | z — y and hence z — y € (1 — ().
Butz —yeZand (1—-¢,) NZ = (p), so x = y mod p, a possibility that we ruled out at
the start of the proof.
j =2:1f j =2 then we have

x—i—pr—pr—QﬁxEx—C;xEOmodp
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and this, again, contradicts the linear independence of 1 and 4“5.
j=p—1:1f j=p—1then
x+ (Y — (5_2y — Cg_lx = 0 mod p.
Now notice that (7' = —(1 4+ (, + -+ (72) so
T+ Gy — Py + (14 G+ + 8%z = 0mod p

which contradicts the Z/pZ-linear independence of the q’,.

Thus, we have dealt with all possibilities and have shown that no solution to P +y? = 2
can exist in integers prime to p. ]

4.2 The Second Case
Theorem 4.2. Letp be a regular prime. Then the equation

P + yp — P
has no solutions x,y,z € Z withp | z.

Proof. Since p is an odd prime (Fermat’s equation is true for p = 2!), for any solution
(z,y,2) € Z* we also have
2 +yP+(=2)P =0

and so under z — —z, we make use of this symmetry and instead prove a statement
similar to
P+ P + 2P =0.

First, note that we may assume that p | z but p 1 z,y, since if p | z and p | x, say, then
since zf + 2P = —yP, we have p | y, and so we may expel this factor of p. We prove,
instead, the following stronger statement:

Let p be a regular prime. Then the equation
of + B +u(l—¢)" =0
has no solutions with o, 8,y € Z[(,] all prime to 1 — ¢, and u € Z[(,]*.

The strategy will be similar to that of the first case, but in this case we note that the
ideals (a + f), (a + (), ..., (a + ¢¢~' ) will no longer be coprime, and so a closer
examination of their prime decomposition will be necessary. In the same vain as in the
first case, we make the following observation: given a solution («, 5,v), we have the

ideal equation

p—1

[[a+Gp) =0 =gy

=0
Now, since ¢, = 1 mod 1 —(,, we have that a4 (/5 = o+ 3 mod 1 — ¢, so that all of the
o+ ('3 are congruent modulo 1 — ¢,. Hence, if one of the a + (/3 is divisible by 1 — ¢,
then all of them are. Indeed, by the ideal equation above, since «, 3,~ are pairwise
coprime, we must have that all of the o + ¢/3 are divisible by 1 — (.
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Suppose now that there exist i, with i’ > i such that a + ¢} = o+ ¢/ 8 mod (1 — (,)%
Then ¢/8(1 — ¢/~") = 0 mod (1 — ¢,)%. Now, ¢! is a unitand 1 — ¢’ ~* is an associate of
1 — ¢,, so this must imply that (1 — ¢,)? | 3, and hence that (1 — ¢,) | 8, contradicting
the assumption that g is prime to 1 — (,. Given any number §(1 — (,), considered
modulo (1 — ¢,)2, we care about § only up to multiples of 1 — ¢,, since if 1 — ¢, | d then
§(1 — ¢,) = 0mod (1 — (,)% Recalling that (p) = (1 — ¢,)P~! as ideals, we have that
N(p) =p"~' = N(1—¢,)P', and so N(1—¢,) = p, so that the inertial degree of (1—¢,)
over (p) is 1, and we conclude that Z[¢,|/(1 — {,) = Z/(p), and hence that there are
only p multiples of 1 — ¢, modulo (1 — ¢,)*. From above, we saw that all of the a + (3
are distinct modulo (1 — ¢,)?, and so we must have that one of these is congruent to 0
modulo (1—¢,)?. Hence, we have that all of the terms on the left-hand side of the ideal
equation above are divisible by 1 — ¢,, and exactly one of them is divisible by (1 — ¢,)?,
and son # 1.

We wish then to prove the statement for some n > 1. The strategy is to take n to
be minimal for the solution («, 3, ), and to then construct a new solution (¢/, 3',') in
such a way that

(@) + (B +o(1 =) DY) =0,

with o/, 3,7/ prime to 1—(, and v € Z[(,]*. This new solution contradicts the minimality
that we built into » and thus proves that no solution can exist.

If o + C;;B is the term on the left hand side of the ideal equation above then we may
replace ¢, with 3 (since ¢, = 1 mod 1 —¢,) and so we may safely assume that a+ 8 =
0 mod (1—¢,)* and that o+ (/3 # 0 mod (1 —(,)* forany 1 < j <p—1. Letd = (o, §),
that is, the ideal generated by o and 3. Then certainly 0 | (« + ¢}3) for any i, since
0 = {rna+rf : r,r € Z[(]}, and so taking r; = 1 and r, = ¢, we have that
a+ (.3 € v and hence (a + ¢3) C 0. Finally, since (1 —¢,) | (o + ¢'f) (as ideals) but
(1—¢,)* | (a+ B) only, we have that 2(1 — ¢,) is the smallest ideal containing all of the
ideals (o + ¢}3), and hence this is the greatest common divisor of all of the (a + ¢/6).
Furthermore, we make the observation that

p—1
L=¢)" [ [J(a+¢8)
=0
and since (1 — ¢,) divides each of the (o« + q;ﬁ), with 7 > 0, only once, we have that
p—1
(1= [+ GB).
=1

We conclude, thus, that (1 — ¢,)"»~®~V | (a + 3). Hence, we write

(a+8)=0(1—¢)" T,
(a+¢pB) =01 —¢()T

(@+ G718 = (1 = ¢)Tpm
where the J; are pairwise coprime (since ?(1 — ¢,) is the greatest common divisor of

any two (« + ¢}3)). Thus, the ideal equation gives us that each of the J; is the pth
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power of some ideal, say J; = af. Suppose then that we take the ratio of (a + (/) and

(o + B). Then we have the (fractional) ideal equation

(a+¢B)(a+B) " =(1-¢)" Malay?

and hence

(+CA- DY
a+p — %%

showing that a’a,” is a principal fractional ideal. Thus, by the regularity of p, we must
have that a,a," is itself a principal fractional ideal. Choose x; € Q((,) such that (z;) =
a;a,"'. By the way the a; were defined, we have that (1 — ¢,) 1 (z;). Hence, we have the

ideal equation
(a+¢GBA—g)rry
a+p = ().

This is an equality of principal ideals, so there exists some unit u; € Z[(,]* such that
we may pass to the equation of elements
a+ B Ui T

atB T (L=gy

Consider now the relation
Gla+ G 8) + (a+GB) — (1+ )+ B) =0.
Dividing by « + g and using the elemental equation from above we have

Cpup—lngl Ulljl)
(1— Cp)p(n—l) (1-— C‘p)p(n—l)

Clearing denominators, we obtain

—(1+¢)=0.

Cpp—17y 1 +ur @] — (14 G)(1 — )P =,

Now, since the z; € Q((,) and Q((,) is the field of fractions of Z[(,], we can write z;
as the ratio of a pair of elements from Z[(,], with the additional property that 1 — ¢, not
divide either of these elements (since z; was itself prime to 1 — (,). Thus, we write
Tp_1 = ap—1/b,—1 @and x; = a, /b, (Where, of course, b,_1, b, # 0). Dividing by (,u,_, and
clearing denominators we have

(ap-1b1)" + ¢ D (arby ) — L6 (1= G)P" D (biby—r)” = 0.

pUp—1 Cplp—1
Since ay, a,-1, b1, b,-1 € Z[(,], the product of any pair is also an element of Z[(,|. Rather
suggestively, we let o := a,_1b1, ' := a1b,_1, and v' := b1b,_;, S0 that the equation

reads e
U1 Np _ _ (=) N\p _
Cpup—l (B ) Cpup—l; (1 Cp) ! (7 ) - O

where o/, 5, and ' have been chosen such that none of them is divisible by 1 — ¢,.
The coefficients in front of (5/)” and (1 — ¢,)""~Y(y)? are units, but they aren’t quite
as we'd like them; in particular, the coefficient of (3,)? is not 1, so this is not quite

()P +

133



The Plymouth Student Scientist, 2018, 11, (2), 92-143

the equation that we’re looking for. We recall from Case 1 that the pth power of a
cyclotomic integer is congruent modulo p to a rational integer, and appeal to Kummer’s
Lemma to rewrite this.

Considered modulo p, there exist non-zero rational integers m, and m, such that

(@) =my mod p and (B')’ = ms mod p.

In addition, since we proved that n > 1, and using the fact that p = U(1 — (,)* !, the
last term in our equation is 0 modulo p, and so we have

Uy

Cpup—l

1+¢

Cpup—l

Uy

Cpup— 1

(a')? + (8" (1= DY =0=m + mod p.

Since my, my are non-zero in Z/(p), and ms is invertible modulo p, we have

Uy

Cpup—l

= —mymi, mod p.

But the left-hand side of this congruence is a unit, and —m,m/, is a rational integer, and
so Kummer’s Lemma says that C:—il is in fact equal to the pth power of some unit, say
u € Z[()*, so that cp:fﬁ = uP. Thus, we may replace 5’ with v’ to obtain

AP + BP + V(1= ()PP =0

where V is the unit V' = —%. Thus, we have constructed a solution such that
o, p',~ are all prime to 1 — ¢, and we have replaced n by n — 1. By descent, we
conclude that no solution («, 3, ~) could have existed to begin with. Finally, note that if

p | z then we can write z = p*z, where p 1 2, and so Fermat’s equation becomes
2P 4 P+ U(l _ Cp)kp(pfl)zg =0,

for some U € Z[¢,)* and x,y, 2, prime to (1 — ¢,), so the proof of the theorem for
a, B, € Z[¢,] applies in this case. O

Combining the two theorems, we have shown that there exist no integers x, y, z such
that

2P 4 P = 2P

where p is a regular prime, hence concluding this Section.

5 The Hilbert Class Field

In this Section we shall deepen our study of factorisation in number fields, as intro-
duced in Section [3] In particular, we shall link this to the Galois theory studied in
Section (1| to study some properties of the properties of an Abelian extension H over
a number field K such that H is unramified at all primes of K by linking the ideal
structure of Ok to the Galois group Gal(H/K). First, we introduce some Galois theory
specific to number fields. The exposition in this Section follows [7] and [11].
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5.1 Decomposition and Inertia Groups

Definition 5.1. Let K be a number field and L an extension of K. Letp C Ok be a
non-zero prime ideal and 3 C Oy, a non-zero prime ideal such that*3 N Ok = p. The
decomposition group of § is the set Zy = {0 € Gal(L/K) : o(P) = P}.

It is easy to see that Zy < Gal(L/K); if 0,7 € Zy then o(*B) =P and 7(P) = B, so
o(P) = 7(P), and hence 771 o o (P) =P, i.e. 7 oo € Zy.
We saw in Section [3|that Gal(L/K) acts transitively on the primes of O, lying over a
given prime p C Ok. The group Zy is the stabiliser of the prime B under this action.
Thus, if there are g primes of O, lying over p then, by the Orbit-Stabiliser theorem, we
have

(Gal(L/K) : Zy] = g
and so |Gal(L/K)| = g|Zy|. Finally, we have |Gal(L/K)| = [L : K|, and we saw in
Section[§that [L : K| = efg where ¢ is the ramification index, f the inertial degree,
and g the decomposition number, of the primes 3 of O, lying above the prime p of O.
Thus, we conclude that

[ Zg| =ef.

Proposition 5.1. Let L/ K be a Galois extension of number fields, let 3,3 C O be
two primes of Oy, lying above the prime p C Ok. Then the decomposition groups Zy
and Zy are conjugate.

Proof. Let 0,7 € Gal(L/K). Then 7' (a(7(B))) = B if and only if o(7(B)) = 7(P).
Thus 7~ 'or € Zy ifand only if o € Z,(). Hence, 7' Zy7 = Z, (). That Gal(L/K) acts
transitively on the primes of O, lying over p gives us the result. O

Proposition 5.2. Let ./ K be an extension of number fields and let 3 and p be non-
zero primes of O, and Oy respectively and such that ‘3 lies over p. Denote by Fy
the finite field O, /8 and by F, the finite field Ok /p, and recall that the degree of this
extension is the natural number f(*3/p), the inertial degree of 3 over p. We have

(i) Fy/F, is a Galois extension,
(i) 0(Or) = Oy, forall o € Gal(L/K), and
(iii) for all o € Zy there is a natural action of o on Fy /IF,, that fixes IF,,.

Proof. For (i), we note that Fy, /F, is a finite field of order p/(*/?), and so it is the splitting
field of the polynomial X»'*"” — X € F,[X], and is hence Galois. Since F,, C F, C Fy,
Galois theory says that Fy /F, is a Galois extension of degree f(B/p) over F,.
For (ii), we recall that any element of O, satisfies a monic polynomial over Z, so that if
¢ € O, we have

(" 4y Lt al+ag =0

with the a; € Z. Since Gal(L/K) fixes all of K and Z C K, we have
o(O)" + ap_10(0)" '+ +ayo(l) + ag =0

and conclude that o(¢) € Op. Thus ¢(Oy) = Oy..

For (iii), the elements of Fy are cosets ¢ + P with ¢ € Oy, so if 0 € Zy then o (¢ +P) =
o(0) + B, and by (i) o(¢) € Or. Since o(P) =P and p C Ok, we also have o(p) = p.
Thus, as the elements of F, are cosets k + p with k£ € Ox and o € Gal(L/K), we also
have that o(k + p) = k + p and so o fixes F,. O
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Part (iii) of Proposition [5.2]tells us that o € Zy induces an F,-automorphism &, so we
may conjecture the existence of a map Zy — Gal(Fy/F,) with 0 — 4. Indeed, such
a map exists, which we will now show with the following theorem from [7, p.15], with
suitable specialisation to the case of extensions of number fields.

Theorem 5.1. Let L/ K be an extension of number fields. Let3 C Oy, be a non-zero
prime ideal lying above a non-zero prime ideal p C Ok. Leto € Zy. Then there is a
surjective homomorphism of groups

¢ : Zy — Gal(Fy/Fy)

o— 0.

The kernel of p isTyy = {0 € Zy : 0(a) = amod B, Va € Or}. In particular, we have
that Zy /Ty = Cal(Fy/T,).

Proof. We shall first reduce to the case where there is exactly one prime ideal of O,
lying above p. To do this, we first show that the fixed field of Zy is the smallest field in
which 3 is the unique prime ideal lying above p. Following this, we look at the integral
closure of Ok in this field, which we denote O[Zf, and show that Ok /p = (’)[Z(‘n/q, where
q="BnN OIZ(““*. In doing so, we may take K = K% and q = p.

Let £ be a subfield of L such that K ¢ K%* ¢ E C L and such that 93 is the unique
prime of L lying above q = 8 N Op. Then, by Theorem [3.4] since the primes of L
lying above q are conjugate under the action of Gal(L/E), we must have that 3 is fixed
under this action, and so Gal(L/FE) < Zy. By the Galois correspondence, this means
that £ > K%*, and since E was arbitrary, this proves that K#* is the smallest subfield
of L containing K with the desired property.

To show that Ok /p = O[Z(‘”/q, we note that the map a + p — a + g is an injection (since
Ok C Ofg‘3 and p C q) so it remains only to prove that this map is also a surjection.
Suppose that o ¢ Zy so that o(B) # B and o' (B) # B, and let g, = a1 (P) N O[Z(‘”.
Then q # q,, so the Chinese remainder theorem allows us to find z,y € (’)iq3 such that

y =z mod q
y =1 mod q,

for every o ¢ Zy. Thus, we also have the congruences

y = x mod B
y =1 mod o *(P).

Hence, we also have o(y) = 1 mod ‘B for every o ¢ Zy. Considering the norm function
Nyzy ot K% — K, since Aut(K? /K) N Zy = {id} (note this extension is not Galois
in general), we have that the norm of an element of K%* /K is a product of o(y) with
o ¢ Zy, and so

Nsz/K(y) = x mod ‘B.

However, since y € O%*, the norm of y is an element of Ox C O so «, Nz 1 (y)

are both elements of O[Z?. Thus, Nquj/K(y) —x € *BHOIZ(‘B = ¢, S0 the last congruence
holds modulo g. To clarify, we have given a way of constructing an element of Oy to
which z is congruent modulo q, which is what we wanted.
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At this point, we have the desired case reduction. Indeed, since Ok /p = Olzf/q we
may replace F, in the statement of the theorem with [, := OIZ(“B/q. Following this, we
replace K with K#* so that Gal(L/K) = Gal(L/K**) = Zy.

Finally, take an element & := a +f € Fy such that Fy = Fy(&) and lift this to an
element a € O;. Letting f(X) € K%*[X] be the minimal polynomial of o over K%,
we note that any automorphism of Fy is determined by its effect on & and sends &
to a root of f(X) := f(X)modB. Suppose o = ;. Then, given any other root
a; of f(X), we have an element o € Zy such that o(a) = o; and so o(a) = a;.
Since the action of Gal(L/K#*) on the roots of f(X) is transitive, the automorphisms
5 € Gal(Fy/F,) induced by elements of Gal(L/K?#*) act transitively on the roots of
f(X) and so we obtain every automorphism of Fy /I, in this way. We conclude then
that ¢ : Zy — Gal(Fy/F,) is a surjection, and since F, = F,, the result is proven. The
kernel of this action is the set of ¢ € Zy such that o(a) = e mod B for all @ € Oy. In
other words, this is the set of o € Zy such that o is the identity map on Gal(Fy/F,),
which we denote Ty;. By the first isomorphism theorem, Zy /Ty = Gal(Fy /Fy). O

Definition 5.2. Let ¢ : Zy — Gal(Fy/F,) be the surjective group homomorphism
discussed in Theorem [5.1 The kernel of ¢ is called the inertia group of the prime
ideal*33, denoted Tss. The fixed field of Ty, being that it is a subgroup of a Galois group,
is denoted K™%,

We saw earlier that |Zy| = ef where e = e(P/p) is the ramification index of 33 over p
and f = f(/p) is the inertial degree of B over p. Additionally, we know from Galois
theory that Gal(Fy/F,) = [Fy : F,] = f, and so Theorem [5.1]tells us that

| Zyp/Tp| = f-
We conclude that |Ti:| = e, and so, in particular, if p is unramified in O, then e = 1 and
S0 Zy = Gal(Fy /Fy).

The point of this discussion of decomposition and inertia groups is to illustrate the
splitting properties of primes in Galois extensions of number fields. In particular, in
each intermediate extension the prime ideals under consideration behave in a very
predictable way. We have the following situation for a Galois extension L of a number
field K:

L Ui P o ¥, f=9=1
of KTy B, DU B, e=g=1
f efg
K% PR ®, e=f=1
g
K p
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where 3; is understood to be the prime of its decomposition field lying above p, 3,
a prime of its inertia field lying above p, and B, a prime of L. Intuitively, we see that
K#¥ /K is responsible for all of the splitting of p, K™ / K#* is responsible for all of the
inertial degree of the primes lying above p, and L/K™* for all of the ramification of p in
L.

5.2 The Hilbert Class Field

We shall need to introduce some terminology before we begin taking steps to construct
the Hilbert class field. Firstly, we distinguish between finite and infinite primes; an
infinite prime is an embedding of K into C, while a finite prime is a prime ideal’| As well
as discussing the ramification of finite primes as discussed previously in the project,
we shall also discuss the ramification of infinite primes. An infinite prime ¢ of K will
be called ramified in an extension L if o : K — R is a real embedding, but whose
extension to L is a complex embedding.

Definition 5.3. Let K be a number field other than Q. There is an extension H/K such
that H is Abelian, unramified, and such that every other unramified Abelian extension
of K is contained in H. We call H the Hilbert class field of K and it is the unique
extension of K with these properties.

We shall show that the Hilbert class field also has the interesting property that its
Galois group is isomorphic to the ideal class group of the ground field it extends. In
order to do so, we shall first need to introduce the so-called Artin symbol.

Proposition 5.3. Let L/K be a Galois extension of number fields, let p be a prime of
K which is unramified in L, and let*}3 be a prime of L lying above p. There is a unique
element o € Gal(L/K) with

o(a) = o¥® mod P

forall o € Oy.

Proof. The assumption that p be unramified in L is crucial; the order of 75 is 1 when p
is unramified and so Theorem [5.1|gives us an isomorphism

Being that Fy/F, is a finite field, its Galois group is a cyclic group generated by a
Frobenius element Frob, : z — 2. Since |F,| = N(p) by definition, this proves the
existence of such an element of Gal(L/K) (since Zy < Gal(L/K)). For uniqueness,
suppose o’ € Zy and x € B, so that o'(z) = 2V® = 0 mod *B. Then o’'(z) € B, and so
o' (P) =P. Thus, ¢’ € Zy and both o and ¢’ are mapped to Frob, by the isomorphism.
The injectivity of an isomorphism ensures that o = ¢’. O

This element of Gal(L/K) is called the Artin symboff|and is written

(L/TK) (o) = o™® mod P.

7In fact, in a more modern view of algebraic number theory, infinite primes are identified with so-
called archimedean valuations, and finite primes with non-archimedean valuations. We shan’t discuss
this here.

8Named for Emil Artin, a famous expositor of Galois theory.
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We list a few interesting properties of the Artin symbol. Let p be unramified in L and
let 3 be a prime of L lying over p. Firstly, by the uniqueness of the Artin symbol, we

have LK LK
(a(fm) -’ (T) ’

for some o0 € Gal(L/K). This follows from the fact that decomposition groups are
conjugate by elements of Gal(L/K). Secondly, the order of ((L/K)/B)) is exactly the
inertial degree of 3 over p. This follows immediately from the fact that the Artin symbol
maps to a generator of Gal(Fy/F,) under the isomorphism in Proposition 5.3} and the
order of Gal(Fy/F,) is the inertial degree of 3 over p. Finally, we note that p splits
completely in L if and only if ((L/K)/9) = id. Since we are already assuming that p
is unramified, we have e(3/p) = 1, and so for p to split completely we need only that
f(B/p) = 1, which is exactly the statement that the Artin symbol is the identity.
Particularly interesting is the case when L/K is an Abelian extension. Indeed, in this
case, the previous paragraph shows that the Artin symbol depends only on the prime
p of K lying below B. To see this, recall that the action Gal(L/K) on the primes of L
is transitive, and so for any two primes B, B’ of L there is an element ¢ € Gal(L/K)
such that o(3) = §’. Thus, we have

(L/K) (L/K) U(L/K) ) (L/K)

= = — o =|—].

P o(P) Py B

Instead of writing ((L/K)/B), since the dependence is only on p, we write ((L/K)/p).
Since L/K is an unramified extension, the Artin symbol is defined for all primes of

L, and so we can extend the Artin symbol to all ideals of O,. That is, given an ideal
a C Or, we have a unique factorisation into primes of O, (by Section[3). We write

a="P7" ... B

where B; are such that p; = B; N Ok is a prime of Ok lying below ;. We specify the
Artin symbol on a to be the map

<L/K> B H (L/K)“i

a4 o1 \ P |

As a consequence of this, the Artin symbol induces a homomorphism I — Gal(L/K)
called the Artin map. We write

(L/_K) : Ix — Gal(L/K).

When L is the Hilbert class field of K then the Artin map is surjectiveﬂ and the ker-
nel is exactly the subgroup Py of principal ideals of Ix. Consequently, by the first
isomorphism theorem, the Artin map induces an isomorphism

Ix/Px = Cl(Ok) = Gal(L/K)

which is what we set out to show.

9The proof of both of these facts requires the heavy machinery of class field theory and so will not
be presented here.
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In fact, the Artin map is in some sense a generalisation of quadratic reciprocity to
higher powers. For instance, we can re-obtain the Legendre symbol from the Artin
symbol as follows: in the notation of the preceding discussion, let K = Q and let
L = Q(v/2). Then, as the Artin map is a Q-automorphism of L, we only need know the
image of v/2 under this map. Indeed, we have

(—@WV Q) W3 = V2" =272 = (2) (V3 mod

p p

where (2/p) is the usual Legendre symbol. Note that we only defined the Artin symbol
for unramified primes of the ground field. Indeed, this goes some way to explaining
why there is a supplementary law for the case where p = 2; if K = Q(1/d) is such that
d = 2,3 mod 4 then 2 always ramifies in K (since 2 | d; in this case!).

Pending the proof of a few lemmas, we shall construct the Hilbert class field of K =

Q(v/—17) (Exercise 5.25 in [11]).

Lemma 5.1. Let K be a number field and L. a Galois extension of K such that L =
K(«) forsome o € Oy, and such that O, = Ok|[a|. Letm(X) be the minimal polynomial
of o over K so thatm(X) € Og[X]. Ifp is a prime of K and m(X) is separable modulo
p then

(i) the factorisation ofp in L depends on the factorisationm(X) = m(X) ... m,(X) mod
p where the m;(X) are distinct irreducible factors of m(X). In particular, 3; =
O, + m(a)Oy is a prime ideal in Oy, and p = B, ...L,. In addition, all of the
m;(X) have the same degree and this is equal to the inertial degree f,

(i) p is unramified in L,

(iii) p splits completely in L if and only if m(X) = 0 mod p has a solution in O.

Proof. For (i), the reader is referred to [5, p.63, 64] for a proof. For (ii), we note that if
m(X) is separable modulo p then there are no repeated factors in the factorisation of
m(X) modulo p and so by (i) this implies that p is unramified in L. For (iii), if m(X) has
a root in Ok then one of the 7;(X) has degree 1, and so by (i), all of the 7;(X) have
degree 1. Since this corresponds to the inertial degree f of the 3, in the factorisation
of p and the ramification indices of each of the 33, is 1, we have g = [L : K], i.e. p splits
completely in L. Il

Lemma 5.2. Let L = K(\/u) and letp C Ok be a non-zero prime ideal. Then

(i) if2u ¢ p then p is unramified in L, and
(ii) if2 € p butu ¢ p andu = bv* — 4c for some b, c € Ok then p is unramified in L.

Proof. The discriminant of X? — u € Ok[X] is 4u. By assumption we have that 2u ¢ p
and hencem du ¢ p. Lemma says that X? — u is separable modulo p and so it is
unramified in L.

For (ii), note that we can write L = K(«) where a = #’7 is a root of the polynomial
X? +bX + ¢ € Og[X]. Thus, if u = b* — 4c, the discriminant of this polynomial, and
u ¢ p, then again by Lemma5.1]we have that p is unramified in L. O

101f 44 € p then 2 € p or 2u € p because p is a prime ideal. But 2u ¢ p by assumption so 2 € p, which
is a contradiction since 2u ¢ p implies that 2 ¢ p.
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Example 5.1. Let K = Q(v/—17). We shall show that the Hilbert class field H of K is
H = K(a) where a = /11T,

We first begin by showing that C1(Ok) = Z/(4), since this tells us that Gal(H/K) =
Z./(4) and hence that H has degree 4 over K. The discriminant of K is dx = —68, the

degree of K/Q is 2 and there is exactly one pair of complex embeddings of K into C,
namely complex conjugation. Thus, we have the Minkowski bound

2l /4
My = 5 (—) V]-68] ~ 5.25...

T

and so we need only check primes of Oy lying above 2,3, and 5. Indeed, we have
X2 +68 = X2 mod 2, so 27 ramifies in Ok, X?>+68 = X?>+2= (X —1)(X + 1) mod 3
s0 3Z splits in O, and X?+68 = X?+3 mod 5, which has no solutions so 5Z is inert in
Ok. Let 20k = p%, 30k = pgﬁg, and 50k = ps5, SO thatN(pQ) = 2, N(pg) = N(ﬁg) =3,
and N(ps) = 25. Thus, we havg | ps ~ py ', p3 ~ p3 ', and ps ~ 1 in Cl(Ok). The
norm of 1 + /=17 is N(1 + +/—17) = 18 = 2 x 3% so the we have a principal ideal
(1++/—17) = pop3 and hence that p3 ~ p,, SO we may eliminate p, from the generating
set of C1(Ok) and focus on determining the order of p3 in C1(Of). Since a* + 170* = 3
has no solutions with a,b € 7Z, we know at least that p; is itself non-principal. Since
we just showed that p% ~ p, and a* + 17b*> = 2 has no integral solutions, we also have
that p2 « 1. Additionally, a®> + 170> = 3% = 27 has no solutions, since if this were the
case then a® = 10 mod 17 would have solutions, which is easily checked to be false by
calculation, and so p3 is non-principal. Finally, we have N (8 + \/—17) = 81 = 3 and
so (8 + v/—17) = p3, showing that p; ~ 1, and hence that C1(Ox) is the cyclic group of
order 4 generated by the ideal class of ps.

We have now shown that Cl(Ok) = Z/(4) and so Gal(H/K) = Z/(4), so that H is a
degree 4 Abelian extension of K. Following this, we shall show that there is a tower of
extensions K C K, C H such that K, is unramified over K and H is unramified over
K. Clearly the multiplicativity of the exponents of prime ideals means then that H is
unramified over K, so this shall be an easier route.

Since a = \/%ﬁ we have 2> —1 = /17 € H and so we first show that the extension

K, = K(V/17) is unramifie over K. Letp be a prime of K and suppose 2 € p.
Then certainly 17 ¢ p since 17 — 8 -2 = 1 ¢ p (since it is a prime ideal) and since
17 = 12—4-(—4), Lemmal5.2 says that p is unramified in K. Now, notice that /17 € K,
and\/—17 € K so that /17//—17 = v/—1 € K, so that K, = K(v/—1). Thus, u = —1
is certainly not an element of p and if 2 ¢ p then 2u ¢ p and so p is unramified in
K,. We now move on to showing that H = K,(\/u) is an unramified extension, where
u =1 Letu = =T Then wu' = =18 = —4 so that Vuu' = 2v/~1 € K.
Thus, since vu' = % € H, we have H = K,(y/u) = K,(vu'). Following this, let
P be a prime of K,. It must always be the case that either u. or v’ is in ‘3, but never
both, since v + v’ = 1. Thus, if2 ¢ B then either u ¢ B or v’ ¢ P and the fact that
K, (u) = K,(v/«) gives us that ¢ is unramified in H. Now, note that u and v’ both

""Note the abuse of notation; we mean of course that the ideal classes of p, and p, ' are equivalent,
though the notation [p2] quickly becomes cumbersome.

2Note that since K is an imaginary quadratic field, and 2 = r; + 2r, where r; is the number of real
embeddings of K into C and r, the number of pairs of complex embeddings, we have ro =1 andr; =0
so there are no real infinite primes to ramify!
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2
satisfy X?— X —4 € O, [X] and so since u ¢ B oru’' ¢ B, we have u = (%) —4-1,
and so 33 is unramified in H by Lemmal5.2

Putting these results together, we have that K, is an unramified extension of K and
that H is an unramified extension of K,. Thus, H is an unramified extension of K.
Additionally, we showed that H is an Abelian extension of K whose Galois group is
isomorphic to the ideal class group of K, and so H is the Hilbert class field of K.

6 Conclusions

To conclude I'd like to discuss some of the implications of the ideas discussed in sec-
tions 4 and 5 and how they might lead to future study and/or research.

Firstly, let us recall some of the main issues with Kummer’s proof discussed in Section
4. The most important step in the proof of both cases was in factoring the left hand side
of the equation z? + y? = 2P over Z[(,], translating this into the language of ideals, and
obtaining information about the prime decomposition of such ideals (possible because
Z[(,) is a Dedekind domain, which we know courtesy of Section 3!). In both cases we
were able to conclude that the factors of 2? + ¢, as ideals, were equal to the pth power
of some ideal in Oy, and that, due to the lack of p-torsion in the ideal class group
of Oz, (given by the regularity assumption on p), this meant that these factors must
be principal. The main obstruction, then, to a full proof of Fermat’s last theorem is in
the potential p-torsion in the ideal class group of Z[(,|. For example, when p = 37,
we have that C1(Q((s7)) = Z/37Z and so there is 37-torsion in the ideal class group
of Z[(37]. Of course, this means that, in Kummer’s proof, we can no longer make the
assumption that for an ideal a C Z[(37], if a7 is principal then a is principal. In future it
would be interesting to look into Iwasawa Theory["® In particular, if p is not a regular
prime (i.e. p | hq,)), Iwasawa theory aims to get information on the p-part of the ideal
class group of Z[(,] by constructing infinite extensions over Q called Z,-extensions
(extensions whose Galois group is isomorphic to the additive group of p-adic integers).
This requires the study of infinite Galois theory m the theory of local fields (of which
Q,, whose ring of integers is Z[(,], is an example), and some analytic theory.
Secondly, Section 5 discusses the Hilbert class field. This was described as the max-
imal unramified Abelian extension of a number field, its Galois group was seen to be
isomorphic to the ideal class group of the ring of integers of the base number field,
and it was the unique field satisfying these properties. We might instead be interested
in describing the maximal Abelian extension A of a number field K (this time dropping
the unramified property). In this case, things become much harder. This extension
has infinite degree over K and so its Galois group is (as in the footnote) a profinite
group. The open subgroups (with respect to the restricted product topology) of finite
index are associated, by the Galois correspondence, to finite Abelian extensions of K,
and such extensions are called class fields, for which the theory is named. One very
explicit outcome of class field theory is the Kronecker-Weber theorem, which says that
every Abelian extension of QQ is contained in some cyclotomic extension. The study of
class field theory requires, among other things, more study of topological groups, and
local field theory (as above).

3Named for Kenkichi Iwasawa.

4The Galois groups of infinite towers of field extensions are called profinite groups. These are topo-
logical groups that are isomorphic to the projective limit of some inverse system of groups (in particular
the Galois groups of the intermediate extensions!).
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