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Introduction

In 1847 the French mathematician Gabriel Lamé proposed a proof of Fermat’s Last Theo-
rem to the Paris Academy. However the theorem was not established until recently by Wiles
et.al. So Lamé was wrong. His blunder was to assume that the cyclotomic integers Z[(,]
had unique factorization for all primes p, something Kummer had proven was not true even
before Lamé proposed his proof.

The ring Z[(,] is the ring of integers of the cyclotomic extension Q((,) of Q. To any num-
ber field K, which we will very soon define, we can associate a ring of integers Og which
mimics how Z lies in Q. The failure of unique factorization in such rings is measured by
what is called the ideal class group. Towards the end of this thesis we will give a formula
for calculating the class number - the order of the ideal class group. Although such a ring of
integers may lack unique factorization, they have the amazing property that every non-zero
ideal factorize uniquely into prime ideals. At the heart of this thesis is the study of Og.

The organization of this thesis is roughly as follows:

e In chapter 1 we introduce number fields and their rings of integers and prove some
basic properties about them.

e In chapter 2 we widen our focus and prove that every Dedekind domain has the property
of non-zero ideals factorizing uniquely into prime ideals, before specializing to Ok again
as a specific example of a Dedekind domain.

e In chapter 3 we introduce some geometric methods, especially lattice theory, to prove
that the ideal class group is finite as well as study the structure of the group of units
of Ok. Finally we use the geometric methods introduced to describe how ideals in O
are distributed with respect to their ideal norm.

e In chapter 4 we introduce Dedekind’s zeta function (g, the generalization of Riemann’s
zeta function to a number field K. We prove the class number formula, which relates
the residue of (x at s = 1 to various invariants of a number field, one of them being the
class number. With the theory of Dedekind zeta functions we give a proof of the non-
vanishing of L(1,y) for a non-trivial Dirichlet character y and thus deduce Dirichlet’s
theorem on primes in arithmetic progressions.

I want to thank my advisor Petter Andreas Bergh for suggesting the topic of this thesis,
which I have grown to appreciate a lot. I also want to thank him for the weekly meetings
we have had over the past year. They have given me good advices, not only in the work
for this thesis, but also for the mathematical journey after finishing my bachelor degree. I
finally want to thank Wojtek Wawréw for proof reading the entire thesis.
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Chapter 1

Number fields and rings of integers

In this chapter we introduce number fields, K, and related concepts such as the norm, trace
and discriminant. Then we introduce the ring of integers of K, Ok, which consists of all
elements in K that satisfy a monic polynomial with integer coefficients. Ok will be of key
interest throughout this whole thesis. One can say that the study of the arithmetic of O
is the heart of algebraic number theory.

1.1 Number fields

Definition 1.1.1. A number field K C C is a finite (and hence algebraic) field extension of
Q.

The elements in K that we will be most interested in are those satisfying a monic polynomial
with integer coefficients. We will study those in more detail in chapter 1.2, and for the time
being just define algebraic integers as we will need that notion for this section.

Definition 1.1.2. Let a € C. Then « is said to be an algebraic number if Ip(x) € Qlz],
non-zero, such that p(a) = 0. « is said to be an algebraic integer if Ip(x) € Z[x] which is
monic so that p(a) = 0. The set of all algebraic integers will be denoted by A.

Let n = [K : Q). The primitive element theorem [4, Theorem 16.5.2] tells us that there
exists some o € K so that

K:Q(a):{ao—i—ala—l—---—l—an_lan_l:aiGQ}.

In other words, {1,a,...,a"" '}, is a Q-basis for K. Throughout this thesis we will be
interested in the embeddings of K into C in various settings. Hence we start by studying
those embeddings.

Theorem 1.1.3. Let K = Q(«) be a number field, and let p(x) be the minimal polynomial
of a over Q with roots ay = «, s, ...,a,. Then there are n embeddings o; of K into C,
each defined by o;(a) = «.
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Proof. Since p(x) is the minimal polynomial of o over Q, p(z) has distinct roots. An em-
bedding of K into C must fix Q, and will hence send roots of p(z) to roots of p(x). Hence
there are at most n possibilites for where a can be sent by such an embedding. Conversely,
as o, o are roots of the same irreducible polynomial we have

Qo) = Q] /(p(x)) = Qo)

where this isomorphism is simply given by o +— «;. Hence there are exactly n embeddings
of K into C. O

Now that we know how the embeddings of Q(«) into C behave, we introduce three important
concepts that is defined via those embeddings.

Definition 1.1.4. Let K be a number field with [K : Q] = n, and let o4,...,0, be all the
embeddings of K into C. Then for any element 5 € K we define the norm as

and the trace as

T(a) = o1(B) + -+ ou(B).

For any n-tuple (f1,...,5,) € K" the discriminant is defined as

01(51) 01(52) U1(5n)

disc(fy, ..., Bn) = det 02(,B1> 02(.62) 02(:@1) = |oa(8;)]?

on(B)) oulBe) - on(Be)

Since interchanging columns only alter the sign of the determinant, the discriminant is well
defined. The last equality in the definition of the discriminant is the notation we will use. It
follows readily from the definition that T'(a+ ) = T'(o) +T(8) and N(af) = N(a)N(S) for
a, € K. We continue by examining some of the properties of the norm and trace, before
we turn to the discriminant. We first need some lemmata about polynomials. Recall the
definition of a primitive polynomial f € Z[x]: f is primitive if the ged of its coefficient is 1.

Lemma 1.1.5. (Gauss’ lemma) If f,g € Z[x] are primitive, so is their product fg.
A proof of this can be found in [4, Lemma 11.4.2].

Lemma 1.1.6. Let f(z) € Z[x] be monic. Suppose there are monic polynomials fi, ..., f, €
Q] so that [, fi(x) = f(z). Then fi(z) € Z[z] for all 1 <i <n.
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Proof. We first claim that there is a ¢; € N such that ¢;f; € Z[z] is primitive. Write

filz) = D4+ Prt+ z¥. There is clearly a least ¢; € N5 so that ¢;f; € Z[z], so suppose

this least ¢; does not make ¢; f; primitive. Then there is d > 1 so that d | cl‘;—J forall1 <j <k
J

so we find m; € N.g such that dm; = ¢;3%. Then
J

d d
mo to m

) )

cifi = ¢ T+ -+ dmya®

:d(mo+m1x+---+mkxk)

Ci

Since f; is monic d | ¢;. Since d > 1, % < ¢, so this contradicts the minimality of c;.
Hence ¢; f; is primitive for all ¢, and we thus get by Gauss’ lemma that c; ficofo---cnfn =
(crea -+ cn)(f1- - fn) is primitive. This forces ¢ico -+ - ¢, = £1, so ¢; = £1, so f; is primitive.

]

Lemma 1.1.7. An algebraic number « is an algebraic integer if and only if its minimal
polynomial over Q has coefficients in 7.

Proof. Let p(z) be the minimal polynomial of o over Q. Then it is irreducible over Q and
is monic. If it has coefficients in Z it is by definition an algebraic integer. Conversely, if «
is an algebraic integer, there is a monic polynomial f(x) € Z[z| such that f(a) = 0. By
minimality of p(z), we have in Q[z] that p(x) | f(z), and as both f(x),p(x) are monic,
there must be monic k(x) € Q[z] such that p(z)k(z) = f(z). Lemma 1.1.6, then gives that
p(z) € Z[zx], as we wanted to show. O

The following lemma, paired up with Galois theory, is very useful when trying to prove that
some polynomial has rational coefficients.

Lemma 1.1.8. Let f € Clz] be a polynomial such that f(q) € Q Yq € Q. Then f(z) € Q[z].

Proof. Let f have degree n. We construct a polynomial g(z) € Q[z] of degree n that agrees
with f in n 4+ 1 points. Then it follows that f — g, a polynomial of degree n, has n + 1
roots, and hence has to be 0. Moreover, in this case f = g. Now g(z) is simply the Lagrange
interpolation of f in the n + 1 points, (0, f(0)), (1, f(1)),...,(n, f(n)):

g(rlr)=Z<f(j) I1 ‘ijj)

Jj=0 0<m<n,m#j
By assumption, g(z) € Q|z], which proves the statement. O]

Theorem 1.1.9. Let K be a number field and o € K. Then N(«),T(a) € Q. Furthermore
if ais an algebraic integer then N(«),T(«a) € Z.

Proof. We will prove the first statement using Galois theory. To that end, let K = Q(0)
with p(z) the minimal polynomial of §. Furthermore, let L be the splitting field of p(x), so
that L/Q is a Galois extension. We introduce the auxiliary polynomial f, defined as
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fa(z) = (x = 01(a)) - (2 — on(a))

Observe that the constant term in f,(z) is (—=1)? N(a) and the coefficient in front of z"~* is
—T'(«) for some integer j. Hence, if we are able to prove that f,(z) € Q[z], the first claim
will follow. As o € K = Q(0), there is a polynomial r(z) € Q[z] so that a« = r(f). By
Theorem 1.1.3 it follows that o;(a)) = oy(r(0)) = r(0:(0)) = r(0;) where 6; = 0,(0) as in
Theorem 1.1.3. Now let 7 € Gal(L/Q). Then if x € Q we have

T(fa(2)) =7 (H (z — T‘(%)) =[[@—rr(60) = H (z —r(7(6:)))

=1

Now 7 will send a root of p(x) to a root of p(z) and as it is injective it will actually permute
those. As the product runs over all the roots of p(x), this implies that 7(f,(x)) = f.(z) and
as T was arbitrary in Gal(L/Q) it follows by the fundamental theorem of Galois theory that
fo(z) € Q[z]. To prove the second claim, we first show that f,(t) = (pa(t))*, where k € N
and p, is the minimal polynomial of o over Q. Since one of the embeddings of K into C is
identity on K, f,(a) = 0. Hence p, | fa, and we can write (p)*h = f, where h € Qlx] is
relatively prime to p,. Suppose h is not constant. Then there must be some o;(«) so that
h(o;(a)) = 0. Now av = r(#) for some r(z) € Q[z] so that h(c;(«)) = h(r(6;)). That is 0; is a
root of h(r(z)). Let py be the minimal polynomial of € - then it is also the minimal polynomial
of 0; and so py(x) | h(r(x)). Hence h(r(#)) = 0 as well, and so h(«) = h(r(f)) = 0, but then
h and p, shares a root, which contradicts that they are relatively prime. Since f, is monic,
h = 1. For the final step: let « be an algebraic integer. Then its mimimal polynomial p,, over
Q has coefficients Z, so f, must also have integer coefficients. This finishes the proof. O

Example 1.1.10. In the field Q(z), the norm and trace is given by

N(a+ i) = (a+ Bi)(a—B) =a®+ 2 T(a+pi)=2a

We introduce some notation for the sake of space: [a;;] will denote the matrix having a;; in
the ¢th row, jth column. In the same spirit |a;;| will denote the determinant of the same
matrix. Discriminant and trace have a close relation.

Theorem 1.1.11. Let K be a number field, o, ...,a, € K. Then
disc(ov, ..., ) = [T (0yey)|
Proof. Firstly [oi(a;)| [oi(a;)] = [o1(ci)or(a;) + - + onlai)on(a))] = [T(aue;)]. For a

square matrix, we have det(A”) = det(A), and so |T(q;a;)| = |oi(;)|? = disc(ay, ..., ap).
0

Corollary 1.1.12. With the notation above, disc(ay, ..., an) € Q, and if ay,...,q, € A,
then disc(ay, ..., a,) € Z.
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Proof. By Theorem 1.1.9, T'(«;j) € Q, so [T(a;a;)] € Q. As we will see in Lemma 1.2.4,
A is a ring, thus products and sums of algebraic integers are still algebraic integers. If all
ai,...,on € A, then T(aya;) € Z for all 4, j by Theorem 1.1.9 and so |T(o;)| € Z in that
case as well. By Theorem 1.1.11 this is enough. O

We end this section with determining when the discriminant is zero. Before proving this we
need a lemma from linear algebra, on the Vandermonde determinant.

Lemma 1.1.13. Let R be a commutative ring and ay,...,a, € R. Then
1 a1 e a/"f_l
1 a9 e anfl
o 2: - H (as —ar)
: : : 1<r<s<n
1 Ap - az_l

Proof. The proof is by induction. The base case n = 2 is trivial, so assume the statement
holds for n = k. Let f € R[z] be any monic polynomial of degree k. Since elementary
column operations do not change the value of the determinant we have

1 a - af I ar - flar)
1 a2 “ .. a/é: B 1 Cl/2 ) f(a2)
1 oapyr - af, I agqr -+ flaw)

Now we choose f(z) = (z — a1)(z — ag) - - - (x — ag) which is indeed a monic polynomial in
Rlx]. This yields

1 aq s a’f 1 aq . 0

1 a2 cee CL’; 1 Qs e 0
: - : : .. : = (_1)2k+2f(ak+1) H (as - ar>
K . ' ' ’ 1<r<s<n

]

Theorem 1.1.14. Let K be a number field and (o, ..., a,) € K™. Then disc(aq, ..., a,) =
0 if and only if {an,...,a,} is a linearly dependent set over Q.

Proof. Assume first that {«ay,...,a,} is a linearly dependent set over Q. Then there exists
ai,...,a, € Q, not all zero, such that ajaq + - -+ + a,a, = 0, and hence for any i =1,...,n
we have ay0;(c) + -+ + a,0i(a,) = 0. Thus

Ul(al) 01(%)
aq : + - tay : =0

on(on) on(atn)
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so the columns of the matrix [0;(c;)] are linearly dependent, and hence the determinant is
zero. We prove the converse contrapositively. Let K = Q(f) - then {1,0,...,0" 1} is a

basis for K over Q. Another basis is {a, ..., a,}. Hence there is an invertible matrix [c;;]
such that o; = Z;:S ¢;;607 and hence [o;(a;)] = [0:(6)]]ci;]". Taking determinants on both
sides and remembering |c;;| = |c¢;i| yields disc(ay, ..., a,) = |c;jlAdisc(1,0,...,60" ). Hence

it is enough to prove that disc(1,6,...,6"1) # 0. But this is the square of a Vandermonde
determinant and hence if we denote 6; = 0;(), then

disc(1,0,...,0" ") = ( H (0; _Qi)>

1<i<j<n

Clearly this product is 0 if and only if §; = 6, for ¢ # j, but K is a seperable extension of Q
and hence any minimal polynomial has no double roots. O

Remark: Let {ay,...,a,} and {f,...,5,} be two bases for K over Q. Furthermore
let a; = Z?Zl ¢ijfBi- Then a part of the argument over is easily generalized to show that

disc(a, . .., ay) = |cij|*dise(By, . . ., B,). We will use this relation later.

1.2 Ring of integers of K

Central to this chapter will be the notion of free abelian groups.
Definition 1.2.1. A free abelian group is a free Z-module.

Lemma 1.2.2. Let G be a free abelian group of rank n, and let H be a subgroup of G. Then
H is free abelian of rank < n.

Proof. The proof is by induction. If GG is of rank n = 1, then G = Z. A subgroup of Z is of
the form nZ, which is also free abelian. Hence any subgroup H of G is free abelian of rank
at most one. Now assume the result holds for n — 1. Let G = Z x - -+ x Z (n times). Define
the homomorphism

TlX o XTL—7 (1, ..y Tp) — Xy

Then ker(w) = Z"'. Let H be a subgroup of G (viewed as a subgroup of Z"). Then
H Nker(r) is a subgroup of Z"~! and hence by the induction hypothesis is free abelian of
rank < n—1. Now the image of H, m(H), is a subgroup of Z, and hence either infinite cyclic
or {0}. If 7(H) = {0}, then H C ker(n), and hence H = H Nker(n), and hence H is free
abelian of rank < n — 1. For the other case, fix some h € H so that w(h) generates m(H).
We want to prove that H = Zh & (H Nkern). Let © € H, then n(z) = kmr(h) = w(kh) for
some k € Z. Then clearly w(x — kh) = w(x) — w(kh) = 0, so x — kh € H Nker(w). Hence
for any v € H, v = kh+ (v — kh) € Zh + (H Nker(m)). If y € Zh N (H Nker(m)) then
y = kh € ker(w), that is 0 = 7(y) = w(kh) = kn(h) and hence kK = 0 so y = 0. As Zh and
(H Nker(m)) clearly are subgroups of H, this shows that H = Zh & (H Nker ) - a direct
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sum of two free abelian groups, one of rank 1, the other of rank < n — 1. Hence H is free
abelian of rank < n. O

The next thing we want to establish is that the algebraic integers A actually form a ring!
We start by finding an equivalent definition of algebraic integers, that will be easier to work
with.

Lemma 1.2.3. An element o € C is an algebraic integer if and only if Ty = (1,a,02,...)
1s a finitely generated abelian group.

Proof. 1f T',, is finitely generated, then there exists some n € N such that o™ = ayg + a1 +
<o+ a,_1a" ! for a; € Z, but this is exactly saying that o satisfies some monic polynomial
with integer coefficients. Conversely, suppose a € C is an algebraic integer. Then for some
n € N we have o" = a9+ aja+ - - - + a,_1a"* where a; € Z. We claim that (1,a,...,a" 1)
genereates 'y, and want to show this by induction. The base case m = 0 is clear. Assume
a™m = py +ba+ -+ b,_1a" L, b € Z. Then

an—}—m _ aan-{—m—l

= a(bo + blOé + -+ bn_loz”_l) = boOé + b1042 + -+ bn_loz"
=boa +bya® + -+ b, 1(ag +aja+ -+ a,_1a"Y)
= bn_la() + (bo + bn_lal)a + -4 bn_lan_lan_l € (1, a, ... ,Ozn_l)

Which finishes the proof by induction. O

We are now just one lemma away from a very important definition in this thesis.

Lemma 1.2.4. The algebraic integers, A, form a subring of C.

Proof. A is non-empty as 1 € A. What is left to show is that Vo, € A, a — § € A and
aff € A. By Lemma 1.2.3 it is enough to show I',_s and I',3 are finitely generated. Since
a, 5 are algebraic integers, we know I',, I's is finitely generated, say by {1,a,...,a™} and
{1,8,..., 8%} respectively. Then {a'(37}o<icmo<j<k generates a (finitely generated) abelian
group where both I'y_s and I',s are contained. Since a subgroup of a finitely generated
abelian group is finitely generated!, we are done. O]

As an immediate consequence of the lemma, A N K becomes a ring for any number field K.

Definition 1.2.5. The ring of integers of (a number field) K is defined as A N K, and is
denoted by Ok. In other words, Ok consists of every element in K that satifies a monic
polynomial with integer coefficients.

Ok has a very nice structure. Most importantly is perhaps the fact that every proper non-
zero ideal in Ok factors into prime ideals uniquely, so that ideals in Ok behave almost like
ordinary numbers. This fact isn’t just specific to Ok - domains where this fact hold are

LA proof of this fact can be obtained by a similar argument as in Lemma 1.2.2. For details see [9,
Proposition 3.18]
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known as Dedekind domains, and we will define those more specifically and study them in
more detail in the next section. In the last part of this section we prove three central facts
about Ok, which we will see in the next section is the very definition of a Dedekind domain.
The first fact we are going to prove is that Ok is Noetherian. We start with two lemmata.

Lemma 1.2.6. Let o be an algebraic number. Then there exists 0 # m € Z such that ma
18 an algebraic integer.

Proof. As a is an algebraic number, let f(z) = 2 + - + Z"—:lla:"_l + 2" be its minimal

polynomial over Q, where without loss of generality, ged(a;,b;) = 1 for each i. Set m =
bZ—le—Q A bg Then

bO bn—l
= agb? I B+ a2 b (g < bp1a) + - + (boby - - a1 )"

= aobgflb? S b+ CLll)g’lIJ?’2 e ij(ma) + -+ (ma)”

Hence ma is an algebraic integer. O]

Lemma 1.2.7. Let K be a number field with [K : Q] = n. Then there exists a basis
{ai,...,a,} consisting entirely of algebraic integers for K over Q.

Proof. Pick a basis for K over Q, say {f1, ..., 5,}. By Lemma 1.2.6 we find non-zero integers

my, ..., my, such that a; = m;[; is an algebraic integer. Now, for any = € K:
a a
$:a131+“'+am@n=—1041+---+—n04n
mi my,
so {aq,...,a,} spans K over Q. Furthermore if a;aq + - - - + a,a, = 0, then aymy B + -+ +
aymy B, =0, and as {f1, ..., B} is a basis, this implies that a;m; = - -+ = a,m,, = 0, hence
ay=---=a,=0asm; #0. O

Theorem 1.2.8. Ok viewed as an additive group is free abelian of rank n.

Proof. The proof is by contradiction - suppose Ok is not free abelian of rank n. This is
the same as saying that Ok does not possess any integral basis. Let {wy,...,w,} be a basis
of algebraic integers for K over Q (which exists by Lemma 1.2.7) that makes the absolute
value of the discriminant minimal. Since this cannot be an integral basis there exists some
v € Ok such that v = ajw; + - - - + a,w, where not all a; € Z. Let us choose the numbering
such that ay € Z. Then a; = a+7r where a € Z, 0 < r < 1. Let ¢ = v —aw; and 9; = w; for
i=2,...,n. Since Ok is aring, 11, ...,1, are all in Ok. In fact, we claim that {¢1,...,¥,}
is another basis for K over Q. To this end, assume b1 + - -+ 4+ b, = 0. This is the same
as

0="01(y — awy) + bows + - - - + byw, = by(a; — a)wy + (by + brag)ws + - -+ + (b, + bray)wy
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Since {wy,...,wy} is a basis, by(a; — a) = 0. We cannot have a; = a, because then r = 0.
Hence b; = 0, but then we must have by = --- = b, = 0 as well. Thus {¢1,...,9,} is a basis
for K over Q. By the remark after Theorem 1.1.14 we get the following equality:

2

a —a az asz --+ Qp
0 1 0 --- 0
|disc(¢1, ..., ¥,)| = |det 0 o 1 - 0 |disc(wy, - . ., wy)|
0 0 O 1
but then as 0 < r? < 1:
|disc(e1, .. ., )| = (a1 — a)?|disc(wy, . . ., w,)| = r?|disc(wy, . . ., w,)| < |disc(wy, . . ., w,)]
which contradicts the minimality of {wy, ..., wy}. O

Corollary 1.2.9. Ok is Noetherian.

Proof. Let I be any ideal of Og. Then [ is an additive subgroup of Ok viewed as an additive
group. But by theorem 1.2.6, Ok is free abelian of rank n, and by Lemma 1.2.2 I must also
be free abelian of rank < n and hence finitely generated. m

If {v1, -, 7} and {wy,...,w,} are two integral bases for O, then the change of basis ma-
trix between them consists of integers. It is a well known fact that an invertible matrix with
integer entries has determinant +1. Hence it follows by the remark following Theorem 1.1.14
that the discriminant of those two bases are equal. This justifies the following definition.

Definition 1.2.10. Let K be a number field. We define disc(Ok) to be the discriminant of
some integral basis for Ox. We can generalize the remark after Theorem 1.1.14 to a non-zero
ideal I as well, because [ is free abelian of rank < n and we can restrict the embeddings of
K into C to I. Thus we also define for non-zero ideal I, disc(/) to be the discriminant of
some integral basis for I (which is well-defined by the paragraph above).

Lemma 1.2.11. A finite integral domain D is a field.

Proof. Take a # 0 in D. Since D is finite, the list 1, a, a?, a3, ... repeats itself at some point
where a™ = a™,n < m, whence a"(1 —a™ ") =0 and as a # 0 and D is an integral domain

1=a™"=aa™ "' s0 a has an inverse. O

Theorem 1.2.12. Ok has Krull dimension 1 - that is every non-zero prime ideal of Ok s
mazximal.
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Proof. Let p be a non-zero prime ideal of Ok. Let 0 # o € p. Then we have N(a) =
aoy(a) -+ o,(ay), where o1(a) = « if o7 is the identity embeddings of K into C. Hence,
let us write N(a) = aff with § = o3(«) - - - 0,(«). By Theorem 1.1.9, N(«) € Z, and since
a # 0, N(a) # 0. Since o sends an algebraic integer to an algebraic integer 5 € A. We also
have 5 = Néa) € K so B € Og. Since p is an ideal, N(a) = aff € p, so (N(a)) C p. From
the third isomorphism theorem it follows that

Ok/(N@)

p/(N(a))
Now as O = Z", (N(«)) = kZ" for some k and hence |Ok /(N («))| = |Z"/kZ"| = k™. This
shows that the left hand side of the isomorphism above is finite, and so Ok /p is also finite.
But p is a prime ideal, so O/p is a finite integral domain which we know are all fields.
Finally, O /p can be a field iff p is maximal, which finishes the proof. O]

Theorem 1.2.13. Suppose o € C satisfy a monic polynomial with coefficients in A. Then
a € A.

Proof. Let a; € A, not all zero, such that
ap+aoe+---+a" =0

We aim to prove that Zlag, . .., a,_1](1, @, a?,...) is finitely generated abelian. Clearly T, =
(1,a,a?,...) is a subgroup of this group, and as a subgroup of a finitely generated abelian
group is finitely generated this is enough by Lemma 1.2.3. Because the a;’s are algebraic
integers, the I';.’s are finitely generated and hence Z[aq, . . ., a,_1] is finitely generated. Now
we have that

o™t = aa”
=a(—ay—aa—--—a" " = —gpa — a1a* —--- —a"
= —apar — a1 — - — ap_o™ "t — (ag +aja + -+ a7
= —ap — (ap+ a1)a — (a1 + az)a® — -+ — (@p_2 + a,_1)a" "
€ Zlag, ..., an_1](1,a,...,a™ ")

By induction it follows that o™ € Z|ao, . . ., an_1](1, @, ...,a"" ') for m € N. This finishes
the proof, by the remarks in the beginning of the proof. O]



Chapter 2

Dedekind domains

In this chapter we prove that every non-zero ideal in a Dedekind domain factorizes uniquely
into prime ideals. Afterwards we prove some other nice properties of Dedekind domains.
First that a Dedekind domain is a PID if and only if it is a UFD. Secondly that ideals are
generated by at most two elements. As we will see, the ideal theory of Dedekind domains is
very nice: the ideals here behave somewhat like numbers.

2.1 Unique factorization in Dedekind domains

Definition 2.1.1. Let R be an integral domain. Then R is called a Dedekind domain if
(DD1) R is Noetherian.

(DD2) R has Krull dimension 1, that is every non-zero prime ideal is maximal.

(DD3) R is integrally closed in its field of fractions K = {% o, ER,B# 0} - that is if
%
Corollary 1.2.9, Theorem 1.2.12 and Theorem 1.2.13 show that the ring of integers of any
number field is a Dedekind domain. However this is not the only class of Dedekind domains,
another one comes from algebraic geometry: if X is a non-singular affine curve over a field
k, the coordinate ring I'(X/k) is a Dedekind domain. Our first goal will be to prove that
every non-zero ideal in a Dedekind domain factorizes uniquely into prime ideals. For this
we need a few lemmata. Throughout the rest of the chapter, R is always assumed to be a
Dedekind domain with field of fractions K.

is a root of a monic polynomial with coefficients in K, then % € R.

Lemma 2.1.2. Let I be a non-zero ideal in R. Then I contains a product of non-zero prime
tdeals of R.

Proof. Assume there is a non-zero ideal I that does not contain a product of prime ideals.
Then the set

P ={I C R:1Iideal, #P,,..., P, non-zero prime ideals such that P, --- P, C I}

15
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is non-empty. Since R is Noetherian, P contains a maximal element, call it M. Since M € P,
M cannot be prime. Hence we can find rs € M such that r,s ¢ M. The ideals M + (r) and
M + (s) are strict supersets of M, and hence by maximality of M cannot be in P. Thus
we can find non-zero prime ideals P, ..., P, Q1,...,Q, such that P,--- P, C M + (r) and
Q1 Qi C M+ (s). But as M is an ideal and (rs) C M we get

P PQu+ Qe © (M 4 (n)(M -+ (5)) © M 4 M(s) + M(r) + (rs) € M
which contradicts that M € P. O]

Lemma 2.1.3. Let A be a proper ideal of R. Then there is an element v € K\R such that
YA CR.

Proof. Let a € A be non-zero. By Lemma 2.1.2, P, --- P, C (a) for some non-zero prime
ideals Py, ..., P, in R. Choose t such that it is minimal. Every proper ideal is contained in a
maximal ideal (this follows from Zorn’s lemma, see [3, Corollary 1.4]). So fix a maximal ideal
P (and hence prime ideal) such that (a) C P. Hence P contains the product P - -- P;, and
because it is a prime ideal P O P; for some i, say ¢+ = 1. However, R is a Dedekind domain
so DD2 implies that P; is a maximal ideal as well, and hence P = P;. Since t was minimal
3b € Py P\(a). Now let v = b/a. Then v € R, because if it was then b = 2. a € (a).
Now take ¢ € A. Sincec€ AC P=Py,cbe€ P,--- P, C (a). Hence ¢b = ar for some r € R.
Thatiswc:gc:reR. O]

Now we are ready to prove a central theorem: a non-zero ideal is just a multiplication away
with some other ideal from being principal. From this theorem the prime factorization of
ideals will follow.

Theorem 2.1.4. Let I be a non-zero ideal in R. Then there exists a non-zero ideal J such
that 1J = («) for some non-zero a € I.

Proof. We show that J = {# € R: I C (a)} works for any non-zero a € I. First of all we
have to show that J is a non-zero ideal. To that end let z,y € J,r € R. Since I C («) and
yl C () we get (z —y)I C (a). Furthermore (rz)l = r(zl) C r(a) C (o). Hence J is an
ideal, and non-zero since a € J. If now z € I,w € J, then zw € («), so I.J C (). We now
proceed to show that this actually is an equality. To this end, define A = i[ J. Since 1J is
an ideal, and IJ C («), it follows that A is an ideal. If A = R then («) = I.J, in which case
we are done. We now complete the proof by showing that A being a proper ideal yields a
contradiction. If A is a proper ideal, then by Lemma 2.1.3, there exists v € K\ R such that
vA C R. Since a € I, the ideal J is contained in A. It follows that vJ C yA C R. Now
(v I =~JI = yaA = a(vyA) C aR = (a), so by definition of J we have vJ C J. By DD1
we can find a generating set aq, ..., a,, for J, and so yo; = a1 + - - - + @imu, for a;y, € R.
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This gives us the following system of linear equations:

aq 11 - Qim aq

7% m1 *°°  Amm (6799

Let us call the matrix in the system of equations above for M. Since not all a; can be zero,
the above shows that (M — ~1,,)x = 0 not only has the trivial solution. We then know from
linear algebra that det(M — ~1I,,) = 0. Expanding this gives a monic polynomial in R[z]
where 7 is a root. By DD3, v € R which is a contradiction as v € K\R. O]

From this we get three important corollaries: two of them says that (non-zero) ideals in
Dedekind domains have the cancellation property and that divisibility of ideals and inclusion
is equivalent. The last tells ut that the ideal classes of a Dedekind domain form an abelian
group (!). This group is called the ideal class group and we will study it more in the next
chapter. As we will see, in some sense the order of the ideal class group, called the class
number, measures how far away a Dedekind domain is from being a unique factorization
domain. The ideal class group will be our main focus after this chapter and throughout the
thesis. In fact we will establish a formula for calculating the class number, via the theory of
Dedekind zeta functions. We postpone this third corollary to the next chapter.

Corollary 2.1.5. Let A, B, C' be non-zero ideals in R. Then AB = AC implies B = C.

Proof. By Theorem 2.1.4 we find an ideal J such that AJ = (a), @ # 0. Multiplying
AB = AC with J gives us («)B = («)C, so for any b € B, thereisa c € C' and an r € R we
have ab = rac, so b=rc € C, that is B C C'. That C C B is proven analogously. n

Corollary 2.1.6. Let A, B be non-zero ideals in R. Then A| B <= A D B.

Proof. 1f A | B, there exists a non-zero ideal C' in R such that A O AC' = B. Conversely,
we can find an ideal J and a non-zero element « such that AJ = («) (Theorem 2.1.4). Now
if C' = 1JB then

1

Ac = Atip= LB =5
(6] «

What is left to prove is that C' is an ideal in R. If we are able to prove éJ B C R this will
follow since JB is an ideal. Now LJB C LJA = L(a) = R. O

Now we are finally ready to prove on of the big theorems of this chapter:

Theorem 2.1.7. Every proper non-zero ideal in a Dedekind domain R factorizes uniquely
into prime ideals.

Proof. We first show existence. Suppose for a contradiction that

P = {I non-zero proper ideal in R : I does not factorize into prime ideals} # ()
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By DD1, P has a maximal element M. Again as in Lemma 2.1.3, we can fix a maximal (and
hence prime) ideal P of R such that M C P. By Corollary 2.1.6 there is an ideal C' such
that PC' = M. Now C strictly contains M, because if C' = M then PM = PC'= M = RM,
which by Corollary 2.1.5 would imply P = R. That the inclusion is strict implies that
C = P;--- P, for prime ideals P;, but then M = PC = PP, --- P, which contradicts that
M € P. This shows existence. For the uniqueness part, let I be any non-zero ideal in R,
and suppose

I=P--P=Q, - Q

for prime ideals P, Q); say with t > ¢. Then P, | Q1---Q so P O Q1 ---Qy by Corollary
2.1.6. Since P is prime, it contains some ;. After rearrangement, say )1 C P;. Since ()4
is prime and non-zero, DD2 gives that (); is maximal and hence @)1 = P;. By Corollary
2.1.5 it follows that Py -+ P, = Qs - -- Q. If t = ¢ we get the uniqueness and we are done. If
t > ¢ we have Py -+ P, = R, so Py | R, that is P,yy 2 R, which contradicts Py, being
prime. [

Theorem 2.1.4 told us that for every non-zero ideal I, there exists an ideal J such that I.J
is a non-zero principal ideal. Another way to interpret this is that a Dedekind domain R
is not too far away from being principal. We can strengthen this even more: every ideal
in a Dedekind domain is generated by at most two elements. To prove this we start by
generalizing ged and lem from Z to R. Remember in Z that ged is the greatest common
divisor of two integers, so the greatest common divisor of two ideals should be the greatest
ideal that divides both. From Corollary 2.1.6 we know A | B <= A D B. So if D is the
greatest common divisor of I and J we have D D I and D O J. Furthermore if C' | I, C'| J
as well, then C' | D and so C' O D. From this we see that the greatest common divisor of I
and J should be the smallest ideal that contains both.

Definition 2.1.8. Let I, J be non-zero ideals of R. We then define

ged(L,J)=1+J lem(I,J)=1INJ

Lemma 2.1.9. If I, J are ideals in a Dedekind domain R such that 1 € I + J, then 1 €
™+ Jm™ for all m,n.

Proof. Since 1 € I + J, write l = a+ 3,a € I, € J. By the binomial theorem

m-+n

m+n\ , ’
1= m+n _ 1 Qm~+n—1
=3 (7" )
" /m+n il m-+n
. an E : i am—1 m § : i—m Qm-4n—1u
1=0 i=m-+1
Because " € J™ and o™ € I™, the absorbance property of ideals finishes the proof. O

Theorem 2.1.10. Let I be any non-zero ideal in a Dedekind domain R, and let o be any
non-zero element of I. Then there exists an element € I such that I = (a, 3).
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Proof. Suppose that we find a § € R such that I = ged((«), (5)). Then I = (a)+(8) = (o, B)
by the definition above. In that case I = (a, ) 2 (5) and so § € I, which is what we want.
With this strategy in mind, start by factorizing I into primes:

I=pPp...pm

such that all the P; are distinct. Since (o) C I, P/ --- P/" = I | () and so («) is divisible
by all the P*". There may be more divisors: denote those by Q1,...,Q,. We must construct
a ( such that none of these @; divides (f) and such that P" is the exact power of P; that
divides (/). In other words we want to find /5 such that

t 4
5 m(PnZ Pnﬁ-l m R\QJ
=1 7j=1

We now show such 3 exist, which would finish the proof. By unique factorization we can fix
non-zero elements 3; € P/\ P/"*'. Consider the congruences

r=p (mod Pt i=1,...,t
r=1 (mod Q,) j=1...,¢

The ideals P/, ..., P/", Q1,- - , Qy are all pairwise relatively prime by Lemma 2.1.9 and thus
the Chinese Remainder Theorem gives a solution x to the congruences over. This solution
satisfy « € P but since f3; is non-zero ¢ P/**'. Also such a solution will by definition
satisfy x ¢ ();. This solution z is exactly the 8 we are seeking. m

Recall that every PID is a UFD, but the converse is not in general true. However, for
Dedekind domains the converse is true.

Theorem 2.1.11. A Dedekind domain R is a UFD if and only if it is a PID.

Proof. Assume R is a UFD. Let I be a non-zero ideal of R. By Theorem 2.1.4 we find an
ideal J such that I.J = (a),a # 0. Hence I | («). Since R is a UFD, « factorizes into prime
elements in R. Any such prime divisor p will generate a prime ideal (p). Hence I divides
a product of principal ideals whom are all prime. It follows that [ itself is a product of
principal prime ideals, and hence a principal ideal. O]

2.2 The Ideal Norm

We now go back to the special case where our Dedekind domain R is the ring of integers
Ok for a number field K. There is also a notion of norm for ideals, defined as ||| = |R/I]|.
While this can be defined in any Dedekind domain (or any ring whatsoever), we get some
very nice properties of the ideal norm when restricting to Ok.

Theorem 2.2.1. Let I, J be non-zero ideals in O. Then ||I|| < oo and | IJ| = ||I]|||]]|-
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Proof. The finiteness of the norm follows from the exact same argument as in the proof of
Theorem 1.2.12. For multiplicativeness, we first prove that ||[P™| = ||P||™ for P a prime
ideal. Since Ox O P D P%2 D --- we get by the third isomorphism theorem that

(O /P™)/(P™/P™) = Og /P!
(O /PP 1) /(P2 Pt = O/ P2

(Ox/P*)/(P']P*) = O /P!
Considering orders we get

[P = [Pt/ PP
= [Pt/ pripmr P P
=...=|P™t/P™|...|P"/P!|

Hence to prove ||[P™| = ||P||™ it is enough to show that |P¥/P*l| = ||P| for all k =
0,...,m—1. Here P’ = O.

Let a € P¥\P**1 (that such an « exists follows from unique factorization). Let us now
consider those ideals as additive groups. We get a canonical isomorphism R/P — aR/aP.
Since o € P* we get an inclusion aR < P*. This induces a homomorphism to the quotient
Y aR — P¥/P*1. Clearly ker(v) = P! N aR and Im(¢) = (aR + P*1) /P11 Now
aR + P = ged(aR, P). Since aR C P* it follows that P* | aR. However as a €
PR\ P*1 we also have aR ¢ P*! so it follows that ged(aR, P**1) = P¥. Now we continue
with working out P**' N aR. First observe that P**' N aR C P* N aP C aP because
aP C P*. Conversely if # € aP C aR then o € P**! because o € P¥. We conclude that
PN aR = aP. Piecing all this together and using the first isomorphism theorem we get
an isomorphism aR/aP — P*/P*1 50 we have our desired isomorphism R/P — P*/P*1.
This proves ||[P™|| = || P||™.

Now let T" be any non-zero ideal and P a non-zero prime ideal such that P does not divide
T. Then P™ and T are relatively prime for any exponent m by Lemma 2.1.9, because P
and T are relatively prime. The Chinese Remainder Theorem then gives us an isomorphism
R/P™ x R/T — R/P™T from which by taking norms, and using what we proved earlier
yield || P|™|T|| = ||P™||IIT|| = ||P™T|. Using the last equation repeatedly finishes the proof,
because I = P --- P, J = Q7' --- Q% for some primes P; and Q. H

In the case where our ideal is principal the norm is easily calculated. To see this we first
need a few more results. We first state a theorem that we will need.

Theorem 2.2.2. Let G be a free abelian group with finite rank n and H a non-zero subgroup.
Then there exists a basis {1, ..., 0n} of G, an integer r > 1 and positive integers dy | -- - | d.
such that {dy/1,...,d.B.} is a basis for H.

For a proof see [5, Theorem II.1.6]. If I is a non-zero ideal of Ok we know that ||I|| < oo,
that is |Ok /1| < co. As [ is also free abelian of rank < n, it follows from |Og/I| < oo that
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I needs to be free abelian of rank n. The discriminant of I (see Definition 1.2.10) is closely
related to disc(Ok):

Theorem 2.2.3. Let I be a non-zero ideal of O where [K : Q] =n. Then I is free abelian
of rank n and disc(I) = |Og /I |*disc(Ok).

Proof. We have already proven the first claim. By Theorem 2.2.2; fix a basis {w1,...,w,}
for Ok such that {djwi,...,d,w,} is a basis for I for some positive integers dy,...,d,. As
mentioned in Definition 1.2.10, the remark after Theorem 1.1.14 can be used in this case as
well. Now every basis element is just multiplied by a positive integer. The determinant in
that formula then becomes (d; - - - di)?. Now look at the homomorphism

0: 0 = Z/d\Z X -+ X L]dZ arwy + -+ apw, — (ag, ..., an)

which is clearly surjective and has kernel /. Hence |G/I| = d; - - - dj by the first isomorphism
theorem, which finishes the proof. n

Corollary 2.2.4. Let a € Ok be non-zero. Then ||(a)|| = |N(a)].

Proof. A basis for (a) is {aw,...,aw,} where {wi,...,w,} is a basis for Ok. Hence
disc(awy, . . ., aw,) = ||(a)]|*disc(ws, .. .,w,) from Theorem 2.2.3. From basic determinant
rules we get that

disc(awy, . . ., aw,) = |N(a)|*disc(wy, . . ., w,)
The proof follows by combining this with the previous formula. O]

There are some relations between prime numbers and prime ideals via the norm as well.

Theorem 2.2.5. Let I be a non-zero ideal of Or. Then ||I|| € I. Furthermore if ||I||
is prime, I is also prime. Conversely, if I is prime, then ||I|| = p™ for some exponent
m < [K : Q]. Finally, given a positive integer t, there are at most finitely many non-zero
ideals I, satisfying ||I]| = t.

Proof. Consider Ok as an additive group. For any =z € O, || is zero in Og/I by
definition of ||I]|. That is z||I|] € I. Now let x = 1.

For the next statement, start by uniquely factorizing: I = P;*--- Pf*. Taking norms we

obtain ||| = ||P]|* - - - || P||**. Since ||I]| is prime then necessarily all but one e; are 0, and
for this non-zero e;, ¢; = 1. Hence we have I = P;. Now assume [ is prime. Since ||I|| is an
integer we have some unique factorization ||| = pi™ ---p;"*. By the first statement of the

theorem, I | (|[1]]) = (p1)™ --- (p:)"™. It follows that I | (p;)™ for at least one i. Since [ is
prime, we get that I | (p;). If there was another (p;)™ such that I | (p;)™, then again since
I is prime I | (p;). Since (p;), (p;) are coprime, we can find a,b € Z such that ap; + bp; = 1,
thus (p;) + (pj) = Ok. Then as I | (p;)) <= I 2 (pi), we get Ox = (pi) + (p;) € 1, so
I = Ok, but [ is prime and cannot be the whole ring. Hence we have a contradiction, and
so I'| (p;) for exactly one i. Taking norms we get ||I]| = ||(p;)|| = |N(pi)|- pi being a prime in
Z is fixed by all embeddings of K into C, and hence |N(p;)| = pl'. It follows that ||I|| = p"
for m < n.
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For the last part of the theorem, consider such a positive integer t. By unique factorization,
(t) has finitely many divisors, or equivalently: (¢) belongs to only a finite number of ideals
Og, and hence t only belongs to a finite number of ideals of Ok (if ¢ is belongs to some
ideal, then necessarily (¢) also must belong there). Let I be an ideal such that |||| =¢. By
the first statement of this theorem, ¢ = ||I|| € /. From what we just proved, there can be at
most finitely many I where ¢ belongs. In other words, there are at most finitely many ideals
I satisfying ||| = t. O



Chapter 3

Geometry of numbers

In this chapter we interpret number fields geometrically via lattices. More specifically we
will use the embeddings of a number field K into C, to map Ok onto a lattice R™ for some n.
We also introduce two groups: the ideal class group and the unit group. Roughly speaking,
the ideal class group measures how much unique factorization of elements fail in Ox. We will
show that this group is finite and give a nice bound on its order. The unit group consists of
the units of Ok. We will give a explicit description of it. Finally we will use these geometric
ideas to study the distribution of ideals in Ok. This will be important in the next chapter
where we (finally!) introduce Dedekind Zeta functions.

3.1 The ideal class group

Given any Dedekind domain R, we have an equivalence relation ~ defined for non-zero ideals

of R:
I ~J <= «l = fJ for some non-zero o, 8 € R

Definition 3.1.1. The ideal class group consists of the (non-zero) ideal classes of R with
respect to the equivalence relation above, with ideal multiplication as the operation.

Lemma 3.1.2. The ideal class group is indeed a group (with multiplication of ideals).

Proof. Let C1,Cy be two equivalence classes of ideals and choose representatives I,1" €
C1,J,J € Cy. We want to show that IJ ~ [I'J so that the multiplication in this group
is well-defined. Since I ~ I' we have al = I’ and since J ~ J we have vJ = §J where
a, 3,7, 0 are non-zero. Combining this we get aylJ = 01'J’, so IJ ~ I'J'. Associativity is
clear, and the identity is the class of R. What we need to show is that every ideal class has
an inverse. To this end let C' be an ideal class and pick a representative /. From Theorem
2.1.4 there is some ideal J such that 1(I.J) = I.J = (a) = aR for some non-zero a € I. That
is IJ ~ R. O

Let («), (B) be any two non-zero principal ideals of a Dedekind domain R. Then f(a) = a(f)
so (a) ~ B. That is, any two non-zero principal ideals are equivalent. Suppose now that all

23
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non-zero ideal of R are equivalent and let I be some non-zero ideals of R. Then we have
al = BR for some o, f € R. Then there is some 1 € I such that an = 3, so g =nelCR
and hence [ = §R is principal. This argument shows that the class group of R is trivial if
and only if R is a PID. From Theorem 2.1.11 we then get

Theorem 3.1.3. A Dedekind domain R is a UFD if and only if its class group is trivial.
Proof. This follows from Theorem 2.1.11 and the paragraph above. O

This justifies the idea that the ideal class group measures how far a Dedekind domain is
from having unique factorization. Our next goal is to prove that in the case R = Ok, the
ideal class group is indeed finite. The idea of the proof is to find a common element « of
any non-zero ideal I of Ok with a certain bound on its norm. This will give us finiteness
of the ideal class group. The proof we will give is by no means the easiest, but one of its
strengths is that it gives a better bound on the order than more elementary methods. For a
more elementary proof see [8, Theorem 35 & Corollary 2].

To get us started, fix a number field K with degree n over Q. Any embedding of K into C
is either purely real (that is its image is contained in R) or has purely imaginary elements
in its image as well. In the latter case, such an embedding 7 has a conjugate 7 which also is
an embedding of K into C. We thus list up our embeddings as

0-17"'70-7"77—177__17"‘77—577—_3

where o1,...,0, are the ones whose image is contained in R. Theorem 1.1.3 tells us that
r+2s=n.

Definition 3.1.4. Let K be a number field with [K : Q] = n and with the notation above,
so that r + 2s = n. Then we define the following mapping K — R™:

Latg : K — R" a— (o1(@),...,00(a),Re(m (), Im(7 (), ..., Re(rs(a)), Im(7s(x))
where Re and Im denote real part and imaginary part respectively.

The name of the function Laty comes from the fact that it maps Ok onto a lattice in R™.

Definition 3.1.5. A lattice A in R" is a subgroup of the additive group R", so that A has
a Z-basis which spans an additive group isomorphic to R” for some 0 < r < n. If r = n we
say A has full rank. A fundamental parallellotope for A is a set of the form

{Zr: av; : a; €10, 1)}

where {vy,...,v,} is any Z-basis for A.
Before we continue we need to agree on precisely what we mean by an n-dimensional volume.

Definition 3.1.6. For any Lebesgue-measureable subset X C R™ we define the n-dimensional
volume of X, vol(X), to be the Lebesgue measure of X.
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The Lebesgue measure coincides with any reasonable intuitive way of thinking of n-
dimensional volume. This is rather vague, but we will not explain this any further. From
linear algebra we know that the n-dimensional volume of a parallellotope as described above
is the absolute value of the determinant whose rows are vy, ..., v,. Since any change of basis
matrix between two Z-bases has determinant +£1, it follows that the volume is well-defined.

Definition 3.1.7. Let A be a lattice of full rank in R™. By vol(R"/A) we mean the volume
of a fundamental parallellotope of A as defined above.

Theorem 3.1.8. Let K be a number field with [K : Q] = n = r + 2s. Denote the image
Latx (Ok) by Ao,. Then Ao, is an n-dimensional lattice in R™ with

VOl(R" /Aoy, = -/ Idisc(O)

Proof. If we view Latg as an additive homomorphism K — R™ then it follows from the defi-
nition of Lat that ker(Laty) is trivial. Hence Lat is an embedding of K* into R™. Now, let
us fix an integral basis {a, ..., a,} for Og. Then {Latg(aq), ..., Latx ()} generates Ao,
over R". It will follow that Ap, is a n-dimensional lattice in R™ if {Latg (), ..., Latg(a,)}
is linearly independent over R. To this end assume

alLatK(al) + -+ anLatK(an) =0
for a; € R. From this we get a system of equations:

0= alal(al) + -+ an01<04n)

0=ao.(1) + -+ apo. ()
0 =aRe(m(a)) + -+ - + apRe(m1(an))
0=aIm(m (o)) + -+ a,Jm(m ()

0 =a1Re(7s(aq)) + - -+ + aRe(7s(an))
0 =aIm(r5(aq)) + -+ - + a,Im(7s ()

Thus it will follow that a1 = ay = --- = a,, = 0 if the determinant of the following matrix is
NON-ZEero:
o1(aq) o1(ay) o1(a) o1(an)
Ur(al) UT(O{n) O-r(oﬂ) O'T(CEJ)
Re(ri(an)) -~ Re(mi(ay)) [ _ | 7o oo Do)
Im(ﬁ (Oél)) Im(Tl (Oén)) = (a1)§‘r1 (1) o (an);ﬁ (on)
Re(7s(aq)) Re(7s(an)) —Ts(al);r?s(al) Ts(ocn);ﬁ(ocn)
Im(75(ay)) Im(7s(av)) 7s(01)~Ts (1) Ts(an) =T (an)

2
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Elementary row operations on this matrix shows that the determinant of the matrix is

1
disc(O
From Theorem 1.1.14 we know that disc(Of) is non-zero so we indeed get a; = - -+ = a, = 0.
The last claim of the theorem also follows since the absolute value of the determinant we
calculated is indeed the volume of a fundamental parallellotope of Ap,.. m

Now that we know that Ok corresponds to a certain lattice Ay, , we want to also establish
a link between non-zero ideals of Og and n-dimensional sublattices of Ao, .

Corollary 3.1.9. A non-zero ideal I of Ok corresponds to an n-dimensional lattice A; of

AOK with
vol(R"/A;) = \/|dISC (O]

Proof. Following the proof of Theorem 3.1.8, we see that [ is a n-dimensional sublattice A;
of Ao, as I is also free abelian of rank n (Theorem 2.2.3). Because Ao, is free abelian of
rank n, let us by Theorem 2.2.2 fix a basis {1, ..., A\, } of Ap, such that for positive integers
di,...,dy, {di)\,...,d,\,} is a basis for A;. The homomorphism

0: Aoy — LT % -+ x T)d, T
has kernel A;. Hence |Ao, /Ar| = dy - - di. We also have
VOl(R™ /A7) = | det(diM, . ., dua)| = di - - di| det(Ms - ., An)| = [Aoy /AzlvOl(R™ /Ao, )

We must have |Ok/I| = |Ao, /A;| and hence by the formula from the previous theorem we

get
vol(R"/A;) = |(9K/I| \/|dISC (Ok)| = S\/|disc((9K)H|IH

]

Now we transfer the norm we have defined on K to a norm on R™. Let us denote the
usual norm on K as defined earlier as N¥. As usual [K : Q] = n = r + 2s. For a vector
(x1,...,2,) € R" we define the norm as

N(z) = ‘$r<xz+1 + $72"+2) T (xi—l + $i)
If « € K then
N¥(a) = a1(a) -+ o (@)m (a)Ti(@) - - - i (a)Ti (@)
=01(a) - ou(a)((Re(ri(a)))? + Im(1y(@))?) - - - (Re(7s(e)))? + (Im(75(@)))?)

so N|xg = NX. This justifies the notation N for this special norm. Our goal is to show that
any n-dimensional lattice in R™ has some non-zero point x with a certain bound, from which
the finiteness of the class group will follow. Interestingly, but perhaps not so surprising by
now, it will also give us a lower bound for the discriminant. The existence of such a point
will follow from a classical result due to Minkowski. Before we proceed we remark the three
following properties of the Lebesgue measure, and hence our notion of volume in this specific
setting.
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1. The Lebesgue measure is countably additive: if Fp, Es,... are pairwise disjoint
Lebesgue-measureable sets then

vol <G Ez) = iVOI(Ez)

2. The Lebesgue measure is translation-invariant: if £ C R” is Lebesgue-measureable
then for any z € R" we have vol(E + x) = vol(E).

3. If A, B C R" are Lebesgue measureable and A C B then vol(A) < vol(B).
We also need two definitons.
Definition 3.1.10. Let £ be some subset of R”.

1. FE is said to be convex if for any x,y € E the line segment joining x,y is contained in
E.

2. FE is said to be centrally symmetric if z € F implies —x € E.

Theorem 3.1.11. (Minkowski’s theorem)
Let A be a n-dimensional lattice in R™ and suppose that E is a convex, Lebesque-measureable,
centrally symmetric subset of R™ such that

vol(E) > 2"vol(R"/A)

Then there is some non-zero x such that x € ENA. If E is compact, then the inequality
assumption can be weakened to vol(E) > 2"vol(R™/A)

Proof. Let F be a fundamental parallellotope of A. By definition, R" is a disjoint union of
translations of F: x+ F, x € A. More specifically, any subset of R" is contained in a disjoint
union of translations of F. Hence we get

%E: |_| ((%E) m(x+}“)>

TEN

where tE = {te : e € E} with t € R and where U denotes disjoint union. By assumption we
get

1 1
vol(F) < 2—nvol(E) = vol <§E>

where the latter equality follows from the fact that E is a subset of R", so scaling it down
by a half scales it volume by 2% By countable additivity and translation invariance of the
Lebesgue measure we get that

vol <|?A| ((%E) N (a:+]-"))> = xezAvol (< E> N (x+.7-"))
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vol(F) < :CEZAVOI <((%E) - x) N ]—")

This strict inequality shows that not all sets ((%E) — x) NJF can be disjoint, because if they
were the latter volume sum would be bounded above by vol(F), which is absurd. Hence we
may fix distinct z,y € A such that

((27) =) ((zr) =) 20

Then x —y # 0 and %e—$: %e’—yfor some e, e’ € E, that is x —y = %e—%e’. Since F is
centrally symmetric, —e¢’ € E. Since E is convex, the line segment between e and —¢’ is in
E, that is (1 —t)e —te’ € E for 0 <t < 1. Hence with ¢t = % we see that %e — %e’ € E. This
finishes the proof in the case that E is not necessarily compact. Now suppose E is compact
and that the inequality is weakened to >. It is a classical result in general topology that
compact is equivalent to closed and bounded for subsets of R". We have

and hence

m m

vol <(1 + i) E) = (1 + l)nvol(E) > vol(E) > 2"vol(R"/A)

form =1,2,---, so the part we proved earlier implies there is a non-zero

e ((1+2) 5 s

Now we consider the sequence {2, }mez., made of such z,,. Since E is bounded, 2F is also
bounded, and {z,, },,» C 2F so the sequence {x,,},, is bounded. Since all z,, € A and {2, }n
is bounded, there cannot be more than finitely many distinct elements x,, in the sequence
(The intersection of a ball with finite radius and a lattice is a finite set. For a proof of this see
[10, Theorem 6.1]). Hence we may fix an element 2* € {2y, }n, so that z* is in (1 + L) E for
infinitely many m. Hence 2* € E, but E is closed so E = E, and z* € E,so 2* € ENA. O

Now we only need one more lemma before the main theorem of this section. Before this
lemma we state a well-known inequality in mathematics, the so called Arithmetic Mean-
Geometric Mean inequality (often abbreviated AM-GM).

Theorem 3.1.12. (The AM-GM Inequality)
Let xq,...,x, be non-negative real numbers. Then

1+ -+ Ty
n

Z VX1 T

Proof. This elegant proof is due to Pélya. Let f(x) = ¢! — 2. Then f’(z) = e*! > 0 so
f is convex and hence x > ¢!, Let A = #&=*2u_ Then the inequality gives

X

_ .,L‘n _ _ 1t FxTn _
Anl'1"'.’L' _ _>€x1/A 1"'6$7L/A 1:6714 n n-n _ q

Rearranging we get the desired inequality. O
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Lemma 3.1.13. There is a compact, convez, centrally symmetric set A CR", n = r + 2s,
with vol(A) = 212" (2)° and such that a € A = |N(a)| < 1.

Proof. We will prove that the following A work:

A:{@l""’xn)eRn:|x1|+"'+|x7“‘+2(‘/x72~+1+x72n+2+"'+\/$%1+$’21> gn}

Suppose a = (x1,...,2,) € A. Then by Theorem 3.1.12

N(a)|V" = J a2y + g\ a2+ a2\ Jad Ry

S+t Vel el Vel et Ve Ve 4

n
n
<“=1
n

so N(a) < 1. If a € A, then we easily see that also —a € A. A is clearly bounded. That the
inequality in the definition of A is non-strict shows A is closed. Hence A is compact.

Now we show that A is convex. Suppose z,y € A, © = (z1,...,2,),y = (Y1,---,Yn). Then

we first claim xTer € A. By the normal triangle inequality:
T+ T, + Yy 1
S e [T < gl L+l L)

By the triangle inequality in R?:

2 2 2 2
‘/'E’f' + T ','C’r‘ + T xnf + n— ajn"i_ n
5 \/(HTE/H) +(HT?J+2) ++\/(1#3~/1> +( zy)
2 2 2 2 2 2 2 2
xr—&—l Ir+2 yr—i—l yr+2 ‘rn—l xn yn—l yn
§2<\/ 22 *7*\/?*?*'“*\/22 +§+\/22 +§)

= o2 a2 a2 iR s 1R 02

Combining those two inequalities and using that =,y € A we get that %ﬂ’ €A Letx,y € A
Since A is closed under taking midpoints, the set £,, = {(1 —t)z +ty : 0 < ¢t < 1} has a
dense subset M that is contained in A. Since A is closed it follows that A must contain the
closure of M, which is indeed £, ,. Hence A is convex.

n

What is left to prove is that vol(A) = %727 (%)S To show this we integrate over A to get

the volume. By V; 4(t) we mean the volume of the subset of R", n = r + 2s, defined by

|x1|+---+|xT|+2(1/x3+1+x3+2+~--+\/x%1+x%> <t

Since we are dealing with n-dimensional volumes we have V, ;(¢) = t"V, ;(1). Thus we only
have to calculate V, 4(1). If » = 0, then s > 0 and we only have to calculate V; 4(1). Either
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way it actually reduces down to this (but not neccesarily with s > 0). To see this, suppose
r > 0. Then

2
r—+2s

1 1
V,o(1) = 2/ Vio1s(1—2)de = 2%175(1)/ (1—2) 1" dy = Vio1.4(1)
0 0

If we use this repeatedly we can reduce V; 4(1) to

27"

Vis(1) = (r+2s)(r+2s—1)---(2s+1)

Vos(1)

where V(1) = 1. So it is enough to calculate V; 4(1) for s > 0 as claimed. We start similarly
as for the reduction procedure from V; (1) to V;_1 4(1):

Vos(1) = // Vos—1(1 — 2¢/2% + y?) dady
a2 4y2< g

Then changing to polar coordinates gives

20 p1/2 12
Vos(1) = /0 /0 Vos—1(1 —2p)pdpdf = 27‘(“/073_1(1)/0 (1—2p)2Vpdp

The last integral is easily calculated by a subsitution u = 1 — 2p and we finally get

s 1

Vo,s(1) = Vo,s—1(1)§m

Using this repeatedly we get a similar formula as above, namely

Voul1) = () (22)!

and piecing everything together we get

21"

T\ 2"
Vis(1) = (r+2s)(r+2s—1)---(2s+ 1)%’8(1> - (5) (r + 2s)!

and thus finally we get

vol(A) = (r + 25)" 2V, (1) = %27’ (g)

which finishes the proof. m

Theorem 3.1.14. Fvery n-dimensional lattice A in R™, where n = r + 2s, contains some
non-zero point x with

IN(z)] < ”—; <§>SVOI(R"/A)

n ™
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Proof. By Lemma 3.1.13, there is some subset A of R™ that is compact, convex and centrally

symmetric with vol(4) = 212" (Z)* and the property a € A = |N(a)| < 1. Let

n 2n n
t= \/VOI(A)VOl(R /A)

Then tA is convex, centrally symmetric and compact. Furthermore

vol(tA) = t"vol(A) = Vo?(nA) vol(R"/A)vol(A) = 2"vol(R"/A)

It follows from Minkowski’s theorem that there is a non-zero z € tA N A. Hence x = ta for
some a € A and because |[N(a)| < 1:

n

n n o__ 2 n
IN@)| = IN{1a)] < 1IN {0)] < " = ool (R'/A)

Inserting the value of vol(A) gives

nl252m
2T

8

IN(z)| < vol(R"/A) = % <;) vol(R™/A)

[]

Corollary 3.1.15. Let K be a number field with [K : Q] = n = r+2s. Then every non-zero
tdeal I of Ok has a non-zero element o such that

Nl < 2 (2) Vidse@uin

Furthermore, every ideal class of O (under the equivalence relation described in the start
of this section) contains an ideal J such that

n! /4\°
<™ (2} Vi
191 < 2 (3) Vidise(@x)

As a consequence, the ideal class group of Ok is finite.
Proof. From Theorem 3.1.14, the lattice A; has a non-zero point x satisfying the bound in

the referenced theorem. Then z = N(a), 0 # a € I. Using the bound given from the
theorem and also Theorem 3.1.8 we get the bound

V@< % (2) Vo

Take any ideal class C in the ideal class group. Since the ideal class group is indeed a group,
there is an inverse class C™!. Let I € C7!. We know from Theorem 2.1.4 that for any
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non-zero a € I, there is a non-zero ideal J such that I.J = («). Then I.J ~ Ok, so J € C.
Take o € I to be the same as the « in the first part of this proof. It then follows that

B [ O SN L W 7o T
=it = g < 32 (7) Vi@

nn

For the last part of the statement, let \* be the least positive integer such that \* > \. For
eachi=1,2,...,\*, there are at most finitely many ideals J satisfying ||.J|| < ¢ by Theorem
2.2.5. Hence there can be at most finitely many ideals satisfying ||J|| < A. But every ideal
class has an ideal that is equivalent to some ideal with norm < A. Thus there cannot be
more than finitely many ideal classes. This proves the finiteness of the ideal class group. [J

3.2 The unit group

The goal of this section is to prove the unit theorem due to Dirichlet. The geometric ideas
from the previous section give us a quite explicit description of the group of units of Ok.
Again we use our embedding of K into a lattice and Minkowski’s theorem to get the existence
of certain algebraic numbers satisfying specific inequalities. This time however we introduce
another space as well: the logarithmic space.

Definition 3.2.1. Let K be a number field with degree n = r+2s over Q. For (z1,...,2,) €
Ao, \{0}, define log : Ap,.\{0} — R"** by

(xla e ,I’n) = (log |.171|, e ,10g |x7‘|7log(x$+1 + 'r72“+2)’ s 710g($$7,—1 + 1'721))

Here the log in the coordinates is just the normal (natural) logarithm. This is well-defined:
first we show that |x4],. .., |z,| are all strictly positive. Recalling the definition of Lat x we see
that if one of these are zero, then all x4, ..., z, are zero and also all 22, +22,,,...,22_ +22.
This is because all the embeddings in Latx have trivial kernels. Similarly if one of the
x},, + x7,, are zero, then this can happen if and only if 2,41 = 2410 = 0, which again
implies that all of @1, ..., z,, 22, + x2,,,...,22_; + 22 are zero. Hence the log function is
well-defined. If U is the group of units of Ok we have the following sequence:
log

U — O\ {0} =5 Ao, \ {0} =& R™*

From now on we will denote the composition log oLaty by log and R""* as the logarithmic
space. Given this slight redefinition of log we prove some nice properties.

Lemma 3.2.2. Let K be a number field with degree n = r 4 2s over Q. Let U be the group
of units of Og. Then log is a group homomorphism U — R™ . Furthermore, its image is
contained in a hyperplane H C R defined by y1 + - - - + yris = 0. Finally, any bounded set
in R™* has a finite preimage (by log) in U.

Proof. 1f o; is a purely real embedding then

log |oi(ab)| = log |oi(a)ai(b)| = log|oi(a)| + log|os(b)|
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If 7; is an embedding that is not purely real then observe that (Re(7;(ab)))?+ (Im(7;(ab))? =
|7;(ab)|? and hence

log((Re(r;(ab)))” + (Im(r;(ab)))*)
= log((Re(ri(a)))* + (Im(i(a)))*) + (Re(7:(0)))* + (Im(7:(b)))”

These two equalities show that log is a group homomorphism as we get log(af) = log(a) +
log(p) for a, 5 € Ox\{0}. Now suppose a € U. Then there is some § € U such that o5 = 1.
We then have N(a)N(5) = N(af) = N(1) = 1. Since «, 3 are algebraic integers, the norm
is a non-zero integer (see Theorem 1.1.9), hence N(a) = £1. Let Latg(a) = (z1,...,2,).
Using that log(ab) = log(a) + log(b) for a,b € RT we get

log |1] + -+ - + log |, | +log(a?,, + a7 y) + -+ +log(al_; + x}) = log [N ()] = 0

which proves the second claim. Let M be any bounded subset of R""*. Then we can find a
polydisc A™(x;&) = {(z1, ..., Trss) & |21] <&, ..., |Tres| < &} which contains M. Let us first
consider log |z| : R\{0} — R, and moreover the preimage of B'({) = {z € R : |z| < {}:

log” ' BY(¢)|={z eR:loglz| < &} ={z eR: |z] <} =B (")

Next let us consider the logarithm of the form log(z?,, + 7, ,), which we for simplicity name
0. Then we have

0" (B'(€) = {z € R? : log(a},, +afp,) < &} = {z € R? 1 ayy + a7y, < e} = B*(e*/?)

where B?(¢) is the 2-dimensional ball with radius €. It follows that the preimage of the
logarithm in our lattice (that is we don’t consider the composition log Latyx but only log) is
such that

log ' (M) C log™ H(A™(x;€)) C Bl(eg) X - x Bl(ef) x ]B%Q(eé/z) X oo X 32(65/2)

which shows the preimage of M is also bounded. However a bounded set in a lattice can
clearly only contain finitely many points, and so the preimage of M in the lattice is finite.
As Lat g is injective it follows that the preimage of M by the composition log Latg is finite.
This proves the last claim. O

Observe that the third point in the lemma actually implies that any bounded subset of
log(U) is finite: for let M be a bounded subset of log(U) and suppose that M is not finite.
Then since log is surjective onto log(U) and M C log(U), this forces the preimage log™" (M)
to be infinite, but this is a contradiction to the lemma we just proved. This is an important
observation because it acutally implies that log(U) is a lattice:

Lemma 3.2.3. Let G be a subgroup of R™ such that every bounded subset of G is finite.
Then G is a lattice.

Proof. G contains a lattice {0}, so there exists a (not necessarily unique) lattice A of maximal
dimension, say d, contained in G. Let {vy,...,v4} be a Z-basis for A. Let v € G. Then
{v,v1,...,v4} must be a linearly dependent set in R™ since otherwise this would contradict
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the maximality of A. Hence G is contained in the subspace of R™ generated by A. Now
we claim that G/A is finite. To see this fix a fundamental parallellotope F for A. Let
v+ A, v € GG be a a coset. Since (G is contained in the subspace of R™ generated by G, there
are a; € R such that

g=av1 + -+ aquq

For each a; let us write a; = n; +1r; where n; € Z and 0 < r; < 1. Then rjv; + -+ 1rqvq €
(v+A)NF. This shows that every coset has a representative in F. Now F NG is a bounded
subset of G and hence is finite. As F N G contains a representative from each coset v + A,
this shows G/A is finite. From this it is easy to see that |G/A|G C A, because if we pick any
g € G, then |G/Alg =0 (mod A), that is |G/Alg € A. Let us write r = |G/A|. By Lemma
1.2.2 we get that rG is a free abelian group of rank < d. From this we can conclude G is
actually free abelian of rank d. Fix a basis {rwy,...,rwy} for rG. Then {wy,...,w} is a
basis for GG, so G is free abelian of rank < d. However A C (, so the rank has to be d. We
now have all the ingredients to show that G is a lattice. Namely, fix a Z-basis {wy, ..., wq}
for G. This must be R-independent because G contains a basis for A of cardinality d which
is R-independent. Hence G is a lattice and we are done. O

Before we prove the unit theorem we need two lemmata.

Lemma 3.2.4. Let K be a number field with group of units U, and [K : Q] = n =r + 2s.
Let k be an integer such that 1 < k < r + s. Then there is some p € U with the property

that if log(p) = (y1, - -, Yrrs), then y; <0 for all i # k.

Proof. We first prove that for any non-zero a € Ok there is some 3 € Ok such that

Vol < (2) Vids©)

and such that if log(a) = (aq,...,ar4s),log(B) = (b1,...,br1s), then b; < a; for all i # k.
We achieve this by Minkowski’s theorem. Let

E={(z1,...,2015) ER™ i |ay| <eryoo o] S opa 4020 <oty 0o 22 < Crps )
where 0 < ¢; < e* for all ¢ # k and

2\° -
1= (2) VIBRIOK]

Since ¢, is not bounded we can meet this equality requirement. We need to check that F
satisfies the assumptions of Minkowski’s theorem. It is clear that F is centrally symmetric.
For the convexity: observe that F is a cartesian product of convex sets (intervals and discs).
That the inequalities are non-strict implies that E is closed (F is a cartesian product of
closed lines and discs), and E is clearly bounded. The volume is easily calculated:

vol(E) = (2¢1) -+ (2¢,)(7epsn) - -+ (merps) = 27754/ |disc(Ok )| = 2"vol(R" /Ao, )
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where the last equality is due to Theorem 3.1.8. Then Minkowski’s theorem gives us a
non-zero 3 € Ok such that

2\° -
VO e e = (2) VidOw)
Furthermore if Latg (3) = (w1, ..., wys), then for i = 1,... r i # k we have |w;| < ¢; < e
and fori=r+1,...,r+s—1,i#k, we have w? + w?,; < ¢; < e*. Taking log gives
log |w;| < a; log(w? +w} ) < a;

so if log(B) = (b1, ...,br1s) we get b; < a; for all ¢ # k, as desired. Now we can prove the
statement in the lemma. If we start with any non-zero ay, we can use what we just proved
to get a sequence oy, as, ag, - -- € Ok such that for each ¢ # k, and for each j > 1, the ith
coordinate of log(a;) is larger than the ith coordinate of log(a;11). Furthemore each «; is
such that

)] = 1N(@)| < (2) VIse(Ox]

The quantity on the right is finite, and hence, just like the proof in Theorem 3.1.15, this
implies that there can be at most finitely many such ideals («;). Hence fix some ¢, ¢ such
that (ay) = (o) with ¢t > ¢. Then we have p,v € Ok such that oy = vay, ay = poy. Hence
ap = vay = uvay, so pr = 1 since Ok is an integral domain. Hence p is a unit: p € U and
wo= 2 It makes sense to talk about the composition logoLaty for all of K\{0} as well

Qy
(log is still well-defined), and log(a) = log(a) + log(p) still. Taking logs we obtain

log(j1) = log (j—z) — log(ay) + log (%) ~ log(ay) — log(a)

l

It follows that log(p) = (y1, ..., Yrts) is such that y; < 0 for all i # k because t > £. O

The next lemma is pure linear algebra

Lemma 3.2.5. Let M = (my;) be an { x {-matriz with entries in R, such that the diagonal is
positive: my; > 0 for all i, and everything else is negative: m;; < 0 for alli # j. Furthermore
suppose each row sums to 0. Then the rank of M is ¢ — 1.

Proof. Let the first £ — 1 columns of M be vq,...,v,_1 and suppose t;v1 +---+t;_1vp_1 = 0,
t; € R. Suppose not all ¢; are zero. Divide the expression by the largest t;. Then we can
without loss of generality assume ¢, = 1 and all other ¢; < 1. Now we calculate:

/-1 /-1 /-1 l
0= thmkj = My + Z tjmkj > kaj > kaj =0
=1 j=1 j=1

j=1,j7k

The first inequality comes from the fact that all my;, k # j, are negative, the last inequality
comes from the fact that they are strictly negative. The inequality 0 < 0 gives a contra-
diction, so all ¢; are zero. This shows that the rank(M) > ¢ — 1. By assumption we have
0 =my +---+my so my = —my + -+ +m;_1) from which it follows v, = —v; — -+ —vp_;.

Thus rank(M) # ¢ which finishes the proof. O



36 CHAPTER 3. GEOMETRY OF NUMBERS

We are now ready to prove the unit theorem.

Theorem 3.2.6. (Dirichlet’s Unit Theorem)

Let K be a number field with degree n over Q and n = r 4+ 2s. Let U be the group of units
of Og. Then U =W xV where W is a finite cyclic group that consists of the roots of unity
of K, and V' is a free abelian group of rank r + s — 1.

Proof. By Lemma 3.2.2, the preimage of {0} by log in U is finite. That is, the kernel of
log is finite and hence every element ( in the kernel has finite order: ¢! = 1. Hence the
kernel consist of roots of unity. Conversely, if ¢ is a root of unity in K, say ¢ = 1, then
0 = log(¢*) = £log(¢) and hence log(¢) = 0 so ¢ € kerlog. It is a classical result from field
theory that all finite subgroups of F™* for any field F' are cyclic. The roots of unity in K is as
shown above a finite subgroup of K™, and hence cyclic. Continuing, the remark leading up
to Lemma 3.2.3, as well as the lemma itself, implies that log(U) is a lattice. We also know
from Lemma 3.2.2 that it is contained in a hyperplane H C R"** and hence the rank of
log(U) is at most 7+ s — 1. As we have just seen, log(U) is free abelian of rank d < r+s—1,
so fix uy,...,uq € U, such that log(uy),...,log(us) is a Z-basis for log(U). Now we claim
that the V' in the theorem is the subgroup of U generated multiplicatively by uy, ..., uqy. We

first prove that uy, ..., uq generate V freely. To that end, assume u'fl e ufld = 1. Taking log
we get

kilog(uq) + -+ + kqlog(ug) = 0
which implies ky = -+ = kg = 0 as {log(u1),...,log(us)} constitutes a Z-basis of log(U).

This shows V' is free abelian of rank d. Now we claim that indeed U = W x V. To show
this, we first show W NV = {1}. Let z = u}" -- -5 € VN W. Then there is some non-zero
integer ¢ such that 2 = 1. Taking log we obtain

Ckylog(uy) + - - + lkqlog(ug) = 0

which by linear independence in log(U), implies ¢ky = --- = lkqy = 0, and hence ky = -+ =
kq = 0. It follows that z = 1. Now let x € U. Then log(z) = ailog(uy) + - - - + aqlog(ug) =
log(ui* - - - ug®), which goes to show that

log(zuy ™ - uy*) =1 = zu;™ -+ uy" € kerlog

so there is some z € kerlog = W such that z = zui* - - - uj? € WV. Conversely VW C U,
as both V and W are multiplicative subgroups of U. Now define p : W x V — WV by
(C,ui* -+ -uy®) — Cui'---uy’. Since uq,...,uq generate V freely this is well-defined. Since
any x € U can be written as a product in WV it follows that ¢ is surjective. Suppose
Cui'---uy? = 1. Then Cui'---uy € W N V. Multiplying, it follows that ( € V and
ui -+ -ug? € W. This implies ¢ = u{* ---uj? = 1. Hence we have a trivial kernel, and ¢ is
injective, and hence furthermore an isomorphism: U = WV = W x V. The only thing that
is left to prove is that d = r+s—1. We do this the completely obvious way: produce r+s—1
elements in U whose images in log(U) are linearly independent. Lemma 3.2.4 gives us the
existence of yuy, . .., ftr4s such that all coordinates of log(u;) are negative excect the jth row.
Since log(u;) is contained in a hyperplane H defined by y; + - - - + y,1s = 0, this forces the
Jjth coordinate to be positive. If we now form the (r + s) x (r + s)-matrix M with log(s,)
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as its jth row, we get a matrix where the diagonal is strictly positive, and strictly negative
elsewhere. Furthermore each row sums to zero since log(U) is contained in the hyperplane
H. By Lemma 3.2.5 we see that M has rank r + s — 1. Hence {log(p1),...,log(u,+s)} has
r + s — 1 linearly independent vectors. This finishes the proof. m

3.3 Distribution of ideals in O

We now give a rather explicit description of the distribution of ideals in Ok with respect to
their ideal norm. From this distribution the class number formula will follow without too
much work. For each real number ¢ > 0 we define

i(t) = #{I|I ideal in Ok, ||I|| < t}
i.e. the number of ideals in Ok with norm at most ¢. Given some ideal class C' we define
ic(t) = #{I|I ideal in Ok, I € C,||I|| < t}

i.e. the number of ideals in C' with norm at most ¢. Summing over all ideal classes we get

i(t) = io(t)
c
Since the ideal class group is finite (Corollary 3.1.15) this sum is finite. We will show that

ic(t) = kt + O <t1_%> for any ideal class C', where n = [K : Q] and & is some constant

independent of C'. Since the sum is finite, it will then follow that
i(t) = hit + O (tlﬁ)

where h is the class number (the order of the ideal class group). We will also determine the
constant k. It turns out that this constant x encodes many invariants of a number field:

_ 27rreg(Of)

wy/|disc(Ok)|

where as before r is the number of real embeddings of K into C and s is half the number
of non-real embeddings K in C. Furthermore w is the number of roots of unity in K and
finally reg(Of) is the regulator of O. We will come more back to this, but say for now
that it, loosely speaking, measures the density of the units: a small regulator means many
units. We will need two lemmata for the distribution theorem:.

Lemma 3.3.1. Let f : G — G’ be a homomorphism of abelian groups and let S be a
subgroup of G which is sent isomorphically to a subgroup S' of G' by f. If D' is a set of
coset representatives for S" in G', then D = f~1(D') is a set of coset representatives for S

mn G.
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Proof. First take x,y € D such that x # y and assume z =y (mod S). Then x —y € S so
f(x —y) € S, in other words f(z) = f(y) (mod S’). Since f|g is an isomorphism we have
f(z) = fly) = f(z —y) # 0 since x # y. But f(z), f(y) € D', so they cannot be not equal
while congruent modulo S’ since D’ is a set of coset representative of S’ in G'. This shows
that the elements in D represent different cosets of S in G. To see that we hit all, let z be
a coset represenative in G/S. Then f(z) = w (mod S’) for some w € D’. Since f|g is an
isomorphism, there is w € S such that f(w) = f(2) —w so w = f(z —w). Hence z—w € D.
Since w € S, z — w = z (mod S) this gives us the desired coset representative. H

For the next lemma we need a definition.

Definition 3.3.2. A bounded set B C R™ is said to have (n — 1)-Lipschitz parameterizable
boundary if its boundary 0B is contained in the union of the images of finitely many Lipschitz
functions f : [0,1]"' — R". That f is Lipschitz in this case means that there is a constant

C' such that
‘f(x) - f(y)’
T —y

<C zyelo!

Lemma 3.3.3. Let A be any n-dimensional lattice in R™ and B any bounded subset of R™.
If B is (n — 1)-Lipschitz parameterizable then

vol(B)

AnaB| = —2B)
[ANaBl = TR A

a® + O(a"’l)

A proof of Lemma 3.3.3 can be found in [8, Lemma 6.2]. The idea is to first reducing the
problem to Z™ and then consider translates of n-cubes [0, 1]".

Theorem 3.3.4. Let K be a number field, n = [K : Q]. For any ideal class C,
ic(t) = Kt + O (tlﬁ)
where k is the aforementioned constant.

Proof. This proof is rather long. We start by summarizing what we are going to do, to try
to avoid getting completely lost in the details. Start by fixing an ideal J € C~! (the inverse
ideal class). Then we claim there is a bijection

{ideals I € C with ||I|| <t} «— {principal ideals («) C J with ||(«)|| < t||J]|}
I—1J

This reduces the counting of ideals with norm at most ¢ to counting principal ideals in J
with certain bounded norm. Now counting principal ideals is almost like counting elements
apart from the fact that « is determined from («) up to a unit factor. It would be nice if we
could ignore this problem. To do this we construct a subset of Ok in which no two elements
differ by a unit factor and every non-zero element of Ok has a unit multiple. After we
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have passed to this set, we can simply count elements of J there. This set is exactly a set
of coset representatives for the unit group in the multiplicative semigroup Ox\{0}. Then
we pass to a lattice via the log-mapping and show that the problem reduces to calculating
the volume of a certain domain in R”™. Then we count another way and compare to get a
formula for i¢(t). How this is done more specifically will get more clear later in the proof.

Let us get going: first we show that the map above is well-defined. Since IJ ~ O there
are non-zero v,0 € Ok such that vIJ = dOg. Hence there is non-zero n € I.J such that

vn = 9. Thus % =nelJ COg. Hence IJ = (%) is a principal ideal and is contained in J

as IJ C J. Finally H(%)H = ||IJ]| < t||J||. This shows well-definedness. If I.J = I'J then

I = I' by Corollary 2.1.5, so the map is injective. Finally let (z) C J. Then by Corollary
2.1.6, J | (z), that is there is an ideal I so that IJ = (z). Since () ~ Ok, I € C and finally
NN = 1IJ] = ||[(z)|] < t||]]| so |[I]| <t. This shows surjectivity, proving the bijection.

Now we move on to constructing the set of coset representatives mentioned above. Actually
it will be sufficient to construct a set of coset representatives for a free abelian subgroup
V C U of rank r + s — 1. Such a V exists by Dirichlet’s Unit Theorem: recall U =V x W
where W is the group of roots of unity in K. Such a V' is not unique so let us fix one such V.
We will see why this is sufficient soon: it comes down to the fact that we can easily account
for the roots of unity. We have the following sequence of maps:

log

Ve U Og\{0} — R"**

where we by log really mean log oLat g as mentioned earlier. In the proof of Dirichlet’s Unit
Theorem we saw that log(U) is a lattice, which we from now on denote Ay. From the same
proof we also saw that W is the kernel of the log-map. Since U = V x W it thus follows
that the restriction of

U Ox\{0} =& R

to V' is an isomorphism onto Ay. Let us now change our perspective slightly. Before we
viewed Ao, as a subset of R - now we instead think of Ap, as a subset of (R)” x (C)*
and hence Ap, \{0} as a subset of (R*)" x (C*)®. This requires a slight redefinition of the

log-map as well where we identify R? with C:
z = a+ bi — log(a® + b*) = log(|z*) = 21og(|2])
so in other words we now have the map
(T1y ey Ty 215 e ey Zs) 08, (log |z1], - .., log|z,|,210og |z], ..., 2log |z])
and the map Latg is now
a— (o1(a),..., o0 (), 7 (a),. .., 7s(a))

where the o; are the real embeddings, and 7;,7; are the non-real embeddings with their
complex conjugates as usual. The restriction of Latx to Ox\{0} defines a multiplicative
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embedding, and so V' maps isomorphically onto a subgroup V' of (R*)" x (C*)*. Thus we can
obtain a set of coset representatives for V' in Og\{0} from a set of coset representatives for
V' in (R*)" x (C*)®. This is called a fundamental domain for V’. Since Latg takes ideals in
Ok to sublattices A; of Ay, , counting members of the ideal J in the desired subset of coset
representatives of V' is the same as counting elements of A; in the fundamental domain for
V', Let us translate the norm criterion [|(«)|| < t||.J|| to this setting: recall that we had a
norm on R”, namely N¥ that was the same as N when restricted to the image of K. Now
with our change from R""2 to R” x C* this norm is defined by

N(Z1, oo Ty 21,y 26) = X1 |21 [P+ | 26

By Lemma 2.2.4 we get

(@)l = [N(@)] = |or(@) - - ov(@) (@)Ti(@) - - 7o (@)Ts(e) | = [N (Latk (o))

J

()2 Ire(@)]2

Hence if we let x denote the image of a in (R*)" x (C*)*® then ||(«)| < t||J]| is equivalent to
|IN(x)| < t||J]|. Thus what we have to do is find a set D of coset representatives for V’ in
(R*)" x (C*)* and count elements z € Ay N D with |N(z)| < t||J||. The number of such x is
almost the number of principal ideals (o) C J with ||(«)]] < ¢]|J||, but remember that we
are counting inside a set of coset representatives for V' - not for the whole of U. Thus each
ideal () is counted |W| times. From the bijection in the very beginning it follows that the
number of z € A; N D with |[N(x)| < t||J|| is [Wlic(t). With the help of Lemma 3.3.3 we
will count the number of x € A; N D another way and from that deduce a value of i (t).
However there is an unknown volume in that expression that we need to calculate.

First however, let us construct the set D of coset represenatives for V' in (R*)" x (C*)*. To do
so we instead construct a set D’ of coset representatives for Ay in R™**, then apply Lemma
3.3.1 to the homomorphism log : (R*)" x (C*)* — R"™* remembering that log(V’) = Ay.
From now on, fix a fundamental parallellotope F for the lattice Ay. Recall that Ay lies
inside a hyperplane H defined by y; + -+ + 3,05 = 0 (Lemma 3.2.2). By Dirichlet’s Unit
Theorem, Ay is a full lattice in H. We define its volume by using volume on H induced
by the inner product. Let L be any line through the origin, but not contained in H. Then
F @ L is a set of coset representatives for Ay in R"™™*, and hence we let D' = F & L. We
want to choose a “good” L. Another way to describe D’ is by fixing a vector v € R""5\ H
and then let D' = F @ Rv. Then by Lemma 3.3.1 the set

D ={x € (R")" x (C*)°:logz € F & Ruv}

is a fundamental domain for V' in (R*)" x (C*)*. We will choose v = (1,...,1,2,...,2)
where there are  ones and s twos. We will denote this vector (1,...,2) from now on. This
is a good choice as then D becomes homogenenous: D = aD for all a # 0. With the set
of coset represenatives in place, let us count the elements in Ay N D with |N(x)| < ¢[|J] in
another way as promised. To do so we introduce the notation

D,={x € D:|N(x)| <a}
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Then D, = {/aD;. If we assume for a moment that D; is bounded and (n — 1)-Lipschitz
parameterizable and think of (R*)" x (C*)® the obvious way, then it follows from Lemma
3.3.3 that

VOl Dl) 1-1
A iy D = - n
‘ 70 /T Dy A +O<t )
Using Corollary 3.1.9 we then get
25vol(Dy) 1
Ay R/t )| D :—t+O tw
‘ 70 VI, [disc(Or)] ( )

and hence comparing with our count of |A; N D| earlier we arrive at

25vol(D 1
ic(t) = vol(D1) t+0<t1‘ﬁ>

[WI/|dise(Ok)|

which was what we wanted to prove, up to the calculation of vol(D;). What we have left
to prove is that D; is bounded and (n — 1)-Lipschitz parameterizable and a calculation of
vol(D;). We start with the first. That |N(z)| < 1 is the same as |zy---x,27--- 2% < 1.
Taking the logarithm we get

log |z1] + - - - + log |z, | + 2log |z1] + - + 2log |2z, < 0

and so
re D < logx € F®(—o00,0/(1,...,2)
Since F is bounded it follows from the definition of the log-map that the preimage of log

by F @ (—o00,0](1,...,2) is bounded. Hence D; is bounded. To show that dD; is (n — 1)-
Lipschitz parameterizable we reduce to the subset

Df =Din{(xy,...,20, 21, ,26) i X1, ..., 2 > 0}

By how we have defined log we have that 0D, is (n — 1)-Lipschitz parameterizable if and
only if DT is (n — 1)-Lipschitz parameterizable and furthermore vol(D;) = 2"vol(Dy). If
we have some Z-basis {v1, ..., 0451} for Ay, then we write

r+s—1
—{Z tkvk:OStk<1}

k=1

For each k& we denote

v = (v,(fl), o ,v,(JJFS))

Recall that x € Dy <= logx € F & (—00,0|(1,...,2) so we can characterize a point



42 CHAPTER 3. GEOMETRY OF NUMBERS

(1,...,2,21,...,2) € Dy by

r4+s—1
log(zy) Z tkvk +u

r+s—1
log(z,) Z tkvk +u

r+s—1
2log |z1| = Z ter + 2u

r+s—1
2log |z = Z tv”s + 2u

where the z; are positive, ¢, € [0,1) and finally u € (—o00,0]. Define ¢,,, = €. Let us
write each z; in polar coordinates zj = p;e’i. Then we get a new characterization of
(z1,..., 2., p1e", ..., psei?s) € DI by applying the exponential function:

= tryse R ey
rs—1y (T‘+j)

P;j —t+e2z

0; = 27t 154y

where ¢, € (0,1] and all other 3 € [0,1). Hence all the ¢; parameterize D} by the equation
above: that is we have a parameterization of D]” by a half-open n-cube. If we let the t; take

on their boundary value, then we get a parameterization of D_f To see this, let us first give
our function a name

f:0,1]" - R" x C* (t1, ... tn) = (z1,..., 2, pre™, ... pe™)

Then we claim f([0,1]") = Df. We observe that f is continuous, so as [0,1]" is compact,
f([0,1]") is compact. Of course D C f([0,1]"). As f([0,1]") is compact, it is closed,
so D C f([0,1]"). But the half-open n-cube is dense in [0,1]", so Di must be dense in
£(10,1]™), so we conclude that DY = ([0, 1]").

Let us write Dy = Interior(D;") UOD{ = I U B where U denotes disjoint union as before.
The boundary of the n-cube is the union of 2n (n — 1)-cubes. Now, assume that we knew
f((0,1)*) C I. Then as f([0,1]") = D;" we would necessarily have B C f(9[0, 1]"), so in
other words B would be covered by the images of 2n maps from (n — 1)-cubes. If we were
able to show f is Lipschitz as well, then all those maps would be Lipschitz and this would
all together prove that 0D; is (n — 1)-Lipschitz parameterizable. Hence we aim to prove
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f((0,1)™) = I and that f is Lipschitz.

Let us first show f((0,1)™) C I. To do this we prove that f is an open map, that is it maps
open sets to open sets. Then necessarily (0,1)" needs to be mapped into I. To prove this
we show that f is the composition of four open maps

(0,1)" LH R 2 R LU R % (0,00)* x RY LS R x €

where the maps are defined as

o fi(tr,...,tn) = (t1,...,l0g(trss),- .., t,) (where log is only in the (r + s)th-entry)

o fouy,...,uy) = (uy,...,u,) U where Y is the n x n-matrix defined by
U1
0

Urts—1
U= 1...2

1 0 0

0 0 .0

0 0 1

Here 1...2 denote the vector (1,...,2) described earlier in the proof.
i f3(£1a SR 767“4—28) = (651, s 76&7 %e&drl? cr %65r+37 27T€T+S+17 R 27T€7~+25)
o fulTr, o Ty Prye s Py 01y 05) = (21, . 1y, pre, L paei®)

We see by direct calculation that f = fifsfofi. The map f; is open as it is the identity
in all coordinates except one, where it is the logarithm, hence it sends a product of open
intervals to a product of open intervals. The same argument also goes through for f3 and
f1. To prove f5 is open, we prove that U defines a linear transformation 7' of full rank.
Then T-! exists and since any linear transformation from R” to another vector space is
continuous it follows that 7! is continuous, or in other words the preimage of an open set
by T~' is open. Hence T(U) = (T~1)"}(U) is open if U is open. To see that U has full
rank we first observe that by definition vq,...,v,45-1 and (1...2) are linearly indepedent
in R""$. Clearly the other row vectors in the matrix are linearly independent, with those
vectors as well. This shows that f((0,1)") C I.

From the definition of f we note that all partial derivatives of f exist and are continuous.
Since we are working on a (bounded) closed interval, the continuity of the partial derivatives
imply that they are bounded. By passing from C to R? and using the mean value theorem
for RY it follows that f is Lipschitz.

With this proven we are only left with the calculation of k. As we have shown earlier we only
need to calculate vol(D{") for this. Our starting point is the integral definition of volume,
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remembering we are using polar coordinates:

vol(Df) :/ p1- - psday -+ -da,dpy - -dps - --dby - - - db,
Df
We now substitute accordingly to how we defined the parameterization of D_{r by [0, 1]™
(it will not make any changes in the integral if we consider the parameterization by a
half-open n-cube or the n-cube). We calculate the Jacobian of this substitution: denote
T1yeves Xy Ply oy Psy 01, .., 0s by wy, ..., w,. Then for £ < r+s and then k = r+ s we have

(4)

, ; w;
dw; U j=r dw; Lo j<r+s
Tl v w; r<j<r+s T trys ©
F 0 j>r+s T 0 Jj>r+s
If K> r+ s we have
8wj . 2w j =k
Oty 0 j#k
Hence the Jacobian matrix J(t1,...,t,) is
vgl)wl e UY)wr %UYH)@UTH . %UYJFS)ZUHS o0
oo - v o e S0 w0
J(t1, ... ty) = T Srte e 0
2w
0
2
Taking the absolute value of the determinant and using determinant rules we get
1 ﬂ'sx DR l”r DY s
[det(I(tr, o )] = (27) e - w0y det U)] = = PL P et ()|
r+s
Now
r4+s—1
T xrp% .. pg — t?+s eXp ( Z tk <U]E;1) + e _'_ U]E;T+S))> — t:f+s
k=1
where we have used that v,il) + - F v,(fﬁ) = (0. This is true as each v, € Ay which is
contained in a hyperplane H defined by y; + - - - + y,+s = 0. Hence the integral reduces to
1
vol(Dy) = 7°| det(U)| troldty - dt, = 7| det(U)]—
[0,1]? n

We define reg(Ok) = 2| det(Uf)|. Of course we have to show that this is well-defined (inde-
pedent of choice of basis of Ay). Putting everything we have done together we get

s9s+r 1
io(t) = 2 e Ox), g <t17>

V/ |discOk|

which finishes the proof modulo the well-definedness of reg(Ok). O




3.3. DISTRIBUTION OF IDEALS IN Ok 45

We end by showing that reg(Ok) is well-defined and justify what we said earlier about the
regulator meausuring the density of units. Recall that we have a volume on H induced by
the inner product. When we write vol(H/Ay) in the theorem and its proof its the volume
of Ay in H we mean.

Theorem 3.3.5. The definition of reg(Ok) is independent of the choice of a Z-basis of Ay
and furthermore

reg(Or) =

1
mvol([—[ /Av)
Proof. Fix a Z-basis vy, ..., 0451 for Ay. We first observe that the (absolute value of the)
determinant of U (from the proof of Theorem 3.3.4) is the same as the determinant of the
(r+5) X (r + s)-matrix having rows vy, ..., v,4s1, (1...2). Let us call this matrix ¢. This
matrix has coordinate sum 0 for all rows, except the last. Let V denote any matrix that is
obtained by changing the last row of & with any other vector that has the same coordinate

sum. We claim that det(V) = det(U). To see this, we observe that det(U) — det(V) is
the determinant of the matrix having the same rows as U in the first r + s — 1 rows and
the difference between the old and the new vector in the last row. Adding together all
the columns of this matrix we see that we get the zero vector. Hence the vector with 1’s
everywhere is an eigenvector to this matrix associated to the eigenvalue 0, but then this
matrix can’t be invertible, hence the determinant is 0, or in other words det(U) = det(V).
The coordinate sum of the last row in I/ is n, so if we change the last row with the vector

with 2=, we get the same result, and hence the same determinant by the claim over.

Now let A be the lattice spanned by vy, ..., v.15_ 1, (T”?, cee T”?) Since vy, ..., V451 all

are in the hyperplane H defined by y; +- - - +y,4+, = 0, they are orthogonal to the last vector

(TLJFS, ,r—is) Hence
1
I(R™*/A) = length o ) Nol(H Ay) = 1(H/A
VIR 2/) = gt ) vol(/Ay) = n— Ll

Note that by definition, vol(R"**/A) = nreg(Ok) and hence the claim for the formula of
reg(Op) follows. Finally this also shows that reg(Ok) is indepedent of Z-basis, since the
volume of the fundamental parallellotope of the lattice Ay; in H is independent of the Z-basis
we choose (see the discussion after Definition 3.1.6). This finishes the proof.

]
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Chapter 4

Dedekind zeta functions

In this chapter we introduce the Dedekind zeta function (x of a number field K. We
prove that it defines a holomorphic function in the half plane Re(z) > 1, and then give
an analytic continuation for Re(z) > 1 — £ where n = [K : Q]. The latter as well as the
class number formula will follow almost immediately from Theorem 3.3.4. Finally we prove
that the Dedekind zeta function of Q((,,) for (,, a primitive m-th root of unity factorizes,
more or less, into Dirichlet L-functions, and from this deduce the non-vanishing of Dirichlet
L-functions of non-principal Dirichlet characters. We then show how this implies Dirichlet’s
theorem.

4.1 The Class Number Formula

From now, all earlier use of r, s, n to denote the number of real and complex embeddings, as
well as the dimension of a number field K over Q, stop. Following tradition, we will denote
a complex number by s = o + it. We will assume the reader knows some basic complex
analysis. We need one lemma which is an easy consequence of Morera’s theorem in complex
analysis:

Lemma 4.1.1. Let {f, : Q@ — C},, be a sequence of holomorphic functions that converge to
a function f : Q — C. Suppose that the convergence is uniform on every compact subset of
Q. Then f is analytic in §Q.

For a proof, see [2, Theorem 5.1]. Before we define the Dedekind zeta function we need a
general lemma on Dirichlet series.

Lemma 4.1.2. Let {a,} be a sequence of complex numbers and suppose that 3, ., a, = O(t")
for somer >0 and allt > 1. Then

o0
an

ns
n=1

converges for all s with o > r and defines a holomorphic function on that half-plane.

47
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Proof. By Lemma 4.1.1, it is enough to show convergence of the sum for all s with o > 7,
and that the convergence is uniform on all compact subsets of that half-plane. Define A, =
Zk_ a,. Then by partial summation we have

n=1
M—1
ap, AM Am—l ]. 1
On _ _ A= - ——
ns M3 ms +1;n (ns (n—i—l)s)

By assumption |A;| < BE" for some constant B > 0. Furthermore n=* — (n + 1)7% =

fn+1 dt
_ <l
— | | ‘t|3+1 | | |t|‘7+1 — no

n s+1 SO
Putting all this together with the result we got from partial summation we get

M—-1
<B <Mr—a +m’ 7 + |S’ Z nr—a—l)

Since o0 > r,r—o—1 < —1, so the sum Zﬁgﬁ n"~°~1 converges as M — oo. Also since o > 7,
M7 m"~? — 0 as m, M — oo. Letting M — oo, then m — oo afterwards, we see from
the bound just proven that the tail 2 a,n~® tends to 0. To show uniform convergence,

observe that the integral test gives us the bound Zii;i ntol < f;ofl tr-o-tdt = %
for all M. Furthermore, if we are on a compact subset of the halfplane o > r, then necessarily
we have to be bounded away from o = r - that is there is an € > 0 such that ¢ —r > e.
Furthermore on a compact subset |s| < B’ for some constant B’. Putting it all together we

have for compact subsets of the halfplane o > r that

M

n=m

1

n’ (n—|—1

M

Qp,
2

n=m

which is independent of s, hence uniform. O

The Riemann zeta function is defined as

n=1 n®
which by Lemma 4.1.2 defines a holomorphic function for ¢ > 1. Observe that we have
absolute convergence for ¢ > 1 as well. If K is any number field, let j,, denote the number
of ideals with ideal norm equal to n. Then we define the Dedekind zeta function of K as

e n
Ck(s) = _15

Observe that j, = 1 when K = Q so (g = (. From Theorem 3.3.4 we have ) _, jn, = O(t)
so (x defines a holomorphic function for ¢ > 1. We will however analytically continue this
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very shortly to o > 1 — K# To do this we must first analytically continue the Riemann

zeta function to o > 0. To this end, define the Dirichlet eta function as

?7(5)22(_;#_1

n=1

By the alternating nature of this sum, Lemma 4.1.2 gives that n is a holomorphic function
for 0 > 0 and we have absolute convergence for ¢ > 1. Now for ¢ > 1 we have n(s) =
C(s) —25C(s) = (1 —27%) ((s). Hence outside some possible poles we have

(5) = ——grn(s)

for o > 1. This defines an analytic continuation to o > 0, with possible poles where 2175 = 1.
We claim the only pole of this analytic continuation of  is s = 1. To that end, let us write

pe =1+ lggé’;) for k= +1,4+2,.... Let us define

1 2 1 1 2
h(s) =1+ —— =4+ —+———+...
T e
The alternating nature of h gives, by Lemma 4.1.2, that h defines a holomorphic function for
o > 0, and the convergence is uniform for o > 1. Now h(s) = ((s) —33:¢(s) = (1—3"7%)((s),
and hence this also provides an analytic continuation for ((s)

1

C(S):l_—gl,s

h(s)

with possible poles at p, = 1 + % for k = 0,£1,42,..., but we claim that the only pole

is when & = 0. By the identity theorem in complex analysis,

e hls) = ——(s)

1—21-s

for o > 0 outside the possible poles py,pr, but observe that p, are distinct from the py
whenever k # 0, so when s — pg, k # 0, the right hand side is finite, and vice versa when
s — pr. Hence we have an analytic continuation of {(s) to ¢ > 0 with only one pole in
s = 1. This pole is simple because (1 —2'*)|,—; = In(2). We are now ready to prove the
class number formula and at the same time analytially continue the Dedekind zeta function.

Theorem 4.1.3. (Class Number Formula)

Let K be a number field. Let h be the class number of K, w the number of roots of unity
i K, r1 the number of real embeddings of K into C and finally ro the number of pairs of
non-real embeddings of K into C. Then (k(s) has a simple pole at s = 1 with residue

T1HT2 T2
lim(s — 1)Cx(s) = h2 "?reg(Ok)

s—1 w4/ |disc(Ok)|
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Proof. Let k = %. The limit is two-sided so we first have to show that this
isc(Og

makes sense, i.e. give an analytic continuation of (x to the left for ¢ = 1. To this end,
observe that we have for o > 0 that

]n_

Ck(s) = hr((s

By Theorem 3.3.4 we have ) _ (j, — hx) = O (tl_[Ki{@]), so Lemma 4.1.2 implies that the

sum » > (jn — hk) n~* defines a holomorphic function for ¢ > 1 — ﬁ In particular this
implies
. = ]n - h/f -
lim(s —1) ) == =0
so it enough to show that ((s) has residue 1 in s = 1. Now
: B s—1 @)
i (s = 1)¢(s) = lim 7=7=n(s) = 1155 =1

where 1(1) = In(2) follows from considering the Taylor series of In around 0. Hence we can
conclude that limg_,;(s — 1)k (s) = hk as desired. O

We have given an analytical continuation of (x(s) to ¢ > 1 — ﬁ but remark that
much more can be done. Erich Hecke was the first to show that (x(s) can be analytically
continued to the whole complex plane with only one pole at s = 1 and furthermore it
satisifies a functional equation similar to the functional equation of the Riemann zeta
function. The proof is similar to the proof for the Riemann zeta function using Poisson
summation formula, but this time it is the higher analogue of the Poisson summation
formula in multidimensional Fourier analysis. The details can be found in Lang’s book [7,
Chapter XIII|. Another approach was taken by John Tate in his PhD thesis, where he did
Fourier analysis on the locally compact ring of adeles. This recast of Hecke’s argument
turns out to be very fruitful and there are many interesting results resulting out from it.
Tate’s thesis can be found in [1, Chapter XV].

Our next and last goal in this thesis is to establish Dirichlet’s theorem. To do this we first
show that the Dedekind zeta function has an Euler product. The Dedekind zeta function
converges absolutely for o > 1, and hence we can write

1
)= 2 i
I
where the sum goes over all non-zero ideals of O.

Lemma 4.1.4. Let K be a number field. Then for o > 1 we have
1 1
) = s T 1 pl—s
ZIZIIIHS 1I:[l—IIPII ;

where the product is over all (non-zero) prime ideals of Of.
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Proof. Let us order the prime ideals by their norms: Py, P, ... so that ||P,11] > || B]]. We
observe that the factors in the product are geometric series:

=)
BELINNE o (i 1
L=mr = NP

Fix t. Then by multiplicativeness of the ideal norm and the fact that ideals factorize uniquely
into prime ideals in Ok we get

H#: <i<upll||s>n> (i@plt”s)n) - > ﬁﬂws)

n=0 n=0 <[Pl

Here we must have R(s) <> ;. p, [[{[[~* and this tends to 0 when ¢ — oo as (x converges.
Hence letting ¢ — oo we get the desired conclusion. O

4.2 Dirichlet’s Theorem

To prove Dirichlet’s theorem we first need to study the factorization of ideals a bit more.
More specifically we want to take a prime p € Z and study how it splits in O. By unique
factorization we can write

pOy = P& ... P

We say that the prime ideals P; lie over p. The exponent e; is called the ramification index,
often denoted e(P;/p). We say that p ramifies in K if e; > 1 for some i. If not then p
is said to be unramified in K. Recall that Ok has Krull dimension 1, so F; is a maximal
ideal, hence Ok/P; is a field. Of course Z/pZ is also a field. We have a natural inclusion
homomorphism Z — Ok inducing a homomorphism Z — Ok /P;. The kernel of this map
is clearly Z N P;. We claim this intersection is indeed pZ. Since P; | pOk it is clear that
pZ C pOk C P;. Hence pZ = pZ NZ C P;NZ. Now Z N P; is an ideal of Z, and as pZ is a
maximal ideal we must have Z N P, = pZ or Z N P, = 7Z. The latter cannot be true because
then 1 € P,. Hence Z N P; = pZ. By the first isomorphism theorem we get an embedding
of Z/pZ — O/ P,. Since the ideal norm is finite, this is an embedding of a finite field into
another finite field. We denote the degree of this field extension by f; or f(P;/p) and we call
it the inertia degree of P; over p. We have

t

POk = H Py

=1

so taking ideal norms and remembering that the ideal norm of a principal ideal is the norm
of the generator itself, we get
ph =[P LR

where n = [K : Q]. Finally, as ||P,|| = p* for some k; and Ok /P; is a field extension of
Z/pZ of degree f; it follows that k; = f;. Comparing both exponents we see that we get
n = fieg + -+ + faen, and so we see that ||P|| = p/i. The theory of prime splitting is
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rich and beautiful, and we will only merely touch it. The interested reader can find a nice
account of this in [§].

It turns out that there is a close relation between the primes that do ramify and the discrim-
inant. We will not prove this, but remark that one can prove this by building the theory of
splitting of primes further.

Theorem 4.2.1. A prime number p € Z ramifies in K if and only if p | disc(Ok).
For a proof, see [8, Theorem 24 & Theorem 34].

We now assume that K = Q((,) for a primitive n-th root of unity ¢,. We proved earlier that

1
(k(s) = H TP

P

The plan is to split this up into those primes p € Z that do ramify and these that are unram-
ified. We can do this by calculating the discriminant, but this is a somewhat complicated
task. Luckily for us Theorem 4.2.1 implies that at most finitely many primes do ramify and
this is enough for us. We need to show that the ramification degree and inertia degree is the
same for all P lying over p. To this end, we study the extension K/Q which is Galois with
Galois group canonically isomorphic to (Z/nZ)* (see [4, Theorem 18.1.4]).

Lemma 4.2.2. Let L be a Galois extension of Q and p a prime in Z. Then Gal(L/Q)
permutes the primes in O lying over p transitively. As a consequence, if () and P are

primes in Or, lying over p then e(Q|p) = e(P|p) and f(Q|p) = f(P]p).

Proof. First we show that o € Gal(L/Q) restricts to an automorphism of Op. Since o is the
identity on Z it must map algebraic integers to algebraic integers so o(Op) C Op. If a € Oy,
then ag+aja+---+a,_10t  +al = 0 for some ay, . ..,a,_1 € Z. Since o is an automorphism
of L there is some 3 € L such that a = (). In other words ag + a;0(8) + -+ o(8)! =0
and after applying 0! to this equation we get ag + a;3 + -+ + 8" = 0 so 3 € Oy, which
shows that o restricts to an automorphism of Oy.

Now let P be a prime of Oy, lying over p and o as before. Then o(pZ) = pZ and so o(P) is
still a prime ideal lying over p. If ) is another prime lying over p we claim that there exists
a o € Gal(L/Q) such that o(P) = Q. Assume o(P) # @ for all 0 € Gal(L/Q). By the

Chinese Remainder Theorem we then get the existence of x € O, such that
=0 (mod Q) r=1 (mod o(P)) Yo € Gal(L/Q)

Since (@ is an ideal and x € @ we have N(z) € @. Furthermore N(x) is an integer by
Theorem 1.1.9. Hence N(x) € Q NZ = pZ. However by the congruences above we have
r & o(P) for all 0 € Gal(L/Q). Hence o=!(z) ¢ P for all 0. We can write N(z) as a
product over all o71(x) and none of these are in P. Since P is a prime ideal this implies
that N(x) ¢ P, but this is a contradicition since N(x) € pZ C P.
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Finally let us show the claims on ramification and inertia. Write pOp = P;* -+ Pf*. By the
above we can find o, € Gal(L/Q) so that o,(P;) = P, for any 1 < ¢ < t. Remembering that
o¢(pOr) = pOy, and then applying o, gives pOp, = P;* - - - 04(FP;)° so e(FP|p) = e(Py|p). This
shows the claim about the ramification index. To show the claim on inertia index, let o, be
as before and define ¢ : Op — O /0,(P1) by a — o,(a) + o(Py). This is a surjective group
homomorphism with kernel Py, hence we get an isomorphism O /P, =2 Oy /o,(P1) = O/ F,
and thus f(Pi|p) = f(FP|p), which finishes the proof. O

Recall that we saw earlier that if there are r primes lying over p then n = fie; +--- + faen
where f;, e; are the inertia index and ramification index of the primes lying over p. As we
have now shown, in Galois extensions the ramification and inertia is only dependent of the
one prime lying under and hence we get that n = rye, f, in this case. We now state without
proof what the discriminant of Q((,) is.

Lemma 4.2.3. Let n > 2 and (, be a primitive nth root of unity. Then
nen)
len pe()/(p=1)

disc(Q(n)) = (—1)#™/2

For a proof see [11, Proposition 2.7]. When n = 2, the cyclotomic extension is just Q itself,
which has discriminant 1. From this we see that the only primes that ramify are those
dividing n. Take any P lying over an unramified p, in other words p t n. Then it can be
proven that f, = ord,(p). For a proof see [11, Theorem 2.13].

There are only finitely many primes that ramify and hence there can be at most finitely
many prime ideals P lying over primes that do ramify. Since every prime ideal P lies over
one unique prime p we split up the product of the Dedekind zeta function as

1 1
o= I o 11 e

P lying over ramified p P lying over unramified p

We are not going to try to get good control over the first part of the product, and since it is
finite we will see that we can really ignore it in the application to Dirichlet’s theorem that
we are aiming for. For all unramified primes p, we still let r, denote the number of prime
ideals P lying over p, and f, their inertia degree (only dependent on p as we have showed).

Then | . .
0 e I )

P lying over unramified p p unramified

We now define Dirichlet characters and their corresponding Dirichlet L-functions.

Definition 4.2.4. A Dirichlet character modulo m is a multiplicative homomorphism Yy :
(Z/mZ)* — C*. We can extend this to a function y : Z — C by extending x on residue
classes modulo m and defining x(k) = 0 whenever gced(k, m) > 1. The Dirichlet L-function
L(s, x) associated to x is defined as

L(s,x) =Y _ Xg)
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Since (Z/mZ)* has order p(m) we observe that for £ € (Z/mZ)* that 1 = x(£#™) = x(£)#™
so the image of x consists of ¢(m)th roots of unity. We will now define characters on any
finite abelian group - especially we want to study the characters of Gal(Q((,,)/Q), but as we
will explain this is the same as studying the Dirichlet characters modulo m. First we remark
that since the Dirichlet character y modulo m is multiplicative we get an Euler product for

L(s, x): ) 1
L) = 1] v—m== 1l

porime L XD L X(0)PT

This can be proven by observing that the factors in the Euler product are geometric series
and multiplying all these together yield the Dirichlet L-series by the fundamental theorem
of arithmetic.

Definition 4.2.5. Let G be a finite abelian group. Then a character ¢ on G is a homomor-
phism G — C*. The set of all characters of G is denoted by G.

Since G is a finite group the image of ¢ is actually contained in the unit circle as for Dirichlet
characters. By pointwise multiplication G is a group, in fact G = G.

Theorem 4.2.6. Let G be a finite abelian group. Then GG,

Proof. We first prove the statement in the case G is a cyclic group, then let the fundamental
theorem of finite abelian groups do the rest of the work, which says G is isomorphic to
a product of cyclic groups, that is G = Z/niZ x --- X Z/ngZ. This is enough because
Homy([[, Z/niZ, C*) = 1%, Homy(Z/n;Z, C*). So let G be a cyclic group of order n. Let
a generate GG. A character on G is uniquely defined by where it sends a. Let (, = exp (2%14),

and define a map on G by x,(a) = {;. To check that this is a homomorphism we see that
xe(@®a™) = ¢ = GG = xo(a®)xe(a™)

All the homomorphism x, are different, so |CA}'| > n. Conversely let x € G. Then x(a) =
exp(2L) for some ¢ and so actually xy = x,. Hence |G| = n. Finally observe that for any
¢, we actually have x, = x4, so x1 generate G. Since there is only one cyclic group of each

finite order up to isomorphism, it follows that G~G. O]

Hence there are ¢(m) Dirichlet characters modulo m. Since (Z/mZ)* is a group, multipli-
cation by an element k with ged 1 to m induces a bijection of (Z/mZ)*. Hence

doxtmy= > xm)= D xkn)=x(k) > x(n)
- ne(zfm)" ne(zjm)" ne(zjm)"

As long as y is not the principal character (the trivial character defined by x(n) = 1 for all
n with ged(n,m) = 1), there exists a k with ged(k,m) = 1 so that x(k) # 1, and hence in
this case we can see by comparing the second sum and the last sum that the sum is 0. If x
is the principal character it is easy to see that the sum is ¢(m). We have proved:
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Lemma 4.2.7. Let x be a Dirichlet character modulo m. Then

. _ Je(m) if x is principal
ZX(TL) B { 0 otherwise

From this lemma it follows by the residue class nature of a Dirichlet character modulo m
that as long as y is non-principal then

> x(n)

n<t

< p(m) =0(1)

and hence by Lemma 4.1.2 we conclude that L(s, x) defines an analytic function for Re(s) >
0. When y is principal, let us call it x(, we see that

L(s, x0) = H 1_1 ZC(S)H(l—i>

1 ps
p prime,ptm p® plm

so taking the analytic continuation of ¢ from the last chapter we get that L(s, o) is a
meromorphic function for Re(s) > 0 with a simple pole at s = 1. We are now done with the
prerequisites we need for showing non-vanishing of L(s, x) for non-principal .

Theorem 4.2.8. Let x be a non-principal Dirichlet character modulo m. Then L(1,x) =
Cy # 0 where C, is some constant depending on x.

Proof. We consider the function F(s) =[], L(s, x) where the product runs over all Dirichlet
characters modulo m. As we have seen, as long as y is non-principal L(s,y) defines an
analytic function for Re(s) > 0. Hence there is one simple pole at s = 1 in the product
coming from the principal character. If L(1,x) = 0 for some other y then this will cancel
out the pole and the product defines an analytic function for Re(s) > 0. When K = Q((,,)
we will see that (i is more or less F'(s), but by the class number formula (x has a simple
pole at s = 1, and hence so must F'(s) also have, so we cannot have L(1,x) = 0 for any
non-principal character.

Our next claim is the following: if G is a finite abelian group and we fix g € G and let x run
through G then x(g) will run through all the ords(g)th roots of unity and moreover it will
take each value equally many times. Here ordg(g) denotes the order of g in G. To prove
this, define v, : G — C* by Yy(x) = x(g). Then 1, is a group homomorphism. We have

ker g, = {x € G : x(9) = 1} = G/(9)
By the first isomorphism theorem we then get

e G
I (y,)] = ==L = — orde(g)
G/ s

Since the image has order ordg(g) it consists of all of the ordg(g)th roots of unity. Above
G|
ordg(g)

we showed there are characters that take the value 1 in g. Two characters 1, x2 will
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take the same value on g if and only if (x7 x2)(g) = 1, so two characters will take the same
(€]

ordg(g)

runs through G it takes on all the ordg(g)th roots of unity equally many times.

value exactly times. Since the image is of order ordg(g) this implies that when y

We now apply this on G = Gal(Q((,,)/Q), which is canonically isomorphic to (Z/mZ)* as
mentioned earlier. Hence the characters of G are exactly the Dirichlet characters modulo m.
From now, let f denote the order of p modulo m. Letting wy,...,ws denote the fth roots
of unity, we then get

I(1-22) = (r- %)“m)“...( . %)Wf

pS pS

= St (P = @) (p" = w))
L e e _ (L A/
= s (P ) N\

p P

Now recall that we proved at the start of this section that f, = f for all prime ideals lying
over primes p that does not ramify. Furthermore for any prime P lying over p that does not
ramify, write pOx = P;---FP,. Then since the P; are comaximal, taking the quotient and
applying the Chinese Remainder Theorem gives O /pOx = Ok /Py X --- Ok /P,. Taking
norms we get p?™ = ||(p)|| = p/* - - - pfr = p'»/» (vecall r, is the number of prime ideals P
lying over p), and hence p(m) = r,f, = r,f, or more importantly r, = ¢(m)/f. Hence

1 e(m)/f
HL(SaX):H<1_ 1 )

xe@ pim F

Recall that we split (i up into two products; one for ramified primes, the other for unramified
primes. The product of P lying over primes p that may be ramified primes, let us call it
[yam, is finite and each factor is analytic and non-vanishing in a neighborhood of s = 1,
hence ['yam is as well. Using the splitting of (x into ramified and unramified primes we
finally arrive from this that

Ck(8) = I'ram(s) H L(s, x)

xeG

which finishes the proof by the first paragraph of this proof. ]

Now that we know L(1, x) # 0 for y non-principal, Dirichlet’s theorem is not that far anyway.
However, we first remark that the factorization of (x into Dirichlet L-functions (modulo some
finite product coming from ramified primes) can be generalized to any abelian extension.
This comes basically down to the fact that any abelian extension can be embedded into a
cyclotomic extension (this is the Kronecker-Weber theorem). More is true: if K/Q is Galois,
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then (x factors into Artin L-functions L(p, s) where p is a representation of the Galois group

Gal(K/Q).
Lemma 4.2.9. Let X1, ..., Xe@m) be the Dirichlet characters modulo m and k,{ € (Z/mZ)*.

Then
©(m)
> Xalk)xa(0)
n=1

_ {so(m) if k=¢ (mod m)
0 if k£ ¢ (mod m)

Proof. Let a € (Z/mZ)*. Then 1 = |x(a)|*> = x(a)x(a). Hence ¥ = x~!. Hence we can
rewrite the sum as

©(m) ©(m)

(m)
Z Xn(k Z Xn(B)Xn(0) =) xR
n=1

If £ = ¢ (mod m), this sum is clearly p(m). If not there exists a Dirichlet character x;
modulo m so that x;(k¢~') # 1, and since the group of Dirichlet characters modulo m is
finite, multiplication by this induces a bijection on this group and we get

p(m) p(m)
D Xk = (xexm) (k) = xe(kt™! Z X (KL
n=1 n=1
Since x;(k¢~1) # 1 the desired conclusion follows. O

Let s > 1 be real. We want to take the logarithm of L(s, x), but since L(s, x) is complex-
valued we must watch out. Why we can take the logarithm is justified in [6, p. 256,261].
Starting from the Euler product of L(s, x) and taking the logarithm we get

bt ¥ w(-2)- § $uw

p prime, ptm p prime, pfm n=1

where we in the last term have used the power series of In. To ease the notation from now on,
p under the sum means a summation over the prime numbers. Assume ged(a,m) =1 or in
other words a € (Z/mZ)*. Multiply the expression above with y(a) and then a summation

over all Dirichlet characters x1, ..., Xe(m) modulo m yields
(m) 00 i (p oo p(m) i (p
ZXk IImL(sa) =D Y ) o mmw =y Yy
k=1 pim n=1 p ptm n=1 k=1

The interchanging of summation order is justified by absolute convergence. Using Lemma
4.2.9 on the inner sum yields
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Now we bound R, (s) with Re(s) > 1: observe that |xx(p*)xx(a )1 p~ ™| < p~™ and hence

ROISTE(5) =S s Ty <o

p n=2

and hence |R,(s)| remains bounded as s — 17. Say x; is the principal character - we do a
final manipulation of our sum formula to make the conclusion clearer:

M@ x) =¢m) 3~ |emRy(s) = > xe(@ n L(s, xi)

p=a (mod m) p k=2

Since L(s, x) # 0 for non-principal x and R,(s) is bounded as s — 1% it follows that the
expression inside [] is bounded as s — 17. But as we have seen L(s, x1) has a simple pole
at s =180 as s — 17, we have In L(s, x1) — oo and hence the same has to be true for the
right hand side - the only way this can be true is if the sum has infinitely many terms, hence
the set {p prime : p = a (mod m)} has to be infinite. But this set is exactly the primes in
the arithmetic progression a +m,a + 2m,a + 3m,.... We have proved:

Theorem 4.2.10. (Dirichlet’s theorem)
Let ged(a,m) = 1. Then there are infinitely many prime numbers p in the sequence a +
m,a+2m,a+3m,....
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