Algebraic Number Theory
Term 2, 2018-19
Martin Orr

1. INTRODUCTION

Gaussian integers.
The simplest example of what we will study in Algebraic Number Theory is the
Gaussian integers

{a+bi:a,beZ}.

If you did Introduction to Number Theory, you will have seen these before, but
whether you have or not we will see them in this course as a special case of a much
broader theory.

The key points about the Gaussian integers:

(1) We can describe the irreducible Gaussian integers in terms of the ordinary
prime numbers (depending on whether a prime is 1 or 3 mod 4).

(2) Every Gaussian integer can be uniquely factorised as a product of irre-
ducible Gaussian integers.

Gaussian integers are an example of algebraic integers i.e. numbers which are a
root of a monic polynomial with integer coefficients. Algebraic Number Theory is
about doing number theory with other algebraic integers, for example describing
the primes in a ring of algebraic integers or deciding whether a ring of algebraic
integers has unique factorisation.

Usually, a ring of algebraic integers does not have unique factorisation. We
will define factorisation of ideals, instead of elements of the ring, and see that
this restores the uniqueness of prime factorisations. We will also define the “class
group” of an algebraic number ring, which measures how far it is away from having
unique factorisation of elements.

Practical information about the course.

The course involves a lot of down-to-earth calculation with examples e.g. deter-
mining how a prime factorises in a number field or computing the class group of
a number field. There is also a good deal of theory underpinning these calcula-
tions. Lectures will focus on the theory; example sheets and support classes on
the examples.

Assignments — four pieces, best 3 of 4 will count (15% of module mark)
Deadlines: Friday 2pm in weeks 3, 6, 8, 10
Example sheets and lecture capture will be available on Moodle.

My email address: martin.orr@warwick.ac.uk

Office hours: Fri 2-3, Zeeman C2.11
1



Course outline.

(1) Number fields and embeddings
(2) Rings of integers

(3) Ideals and factorisation

(4) Class group

(5) Dirichlet’s unit theorem

Related courses.

MA249 Algebra 2 — prerequisite. Rings, fields, ideals and factorisation of
polynomials will be used throughout this course. We will also need quotient rings
and the First [somorphism Theorem for rings. Revise this!

MA257 Introduction to Number Theory — not strictly a prerequisite, but
it will provide very helpful background.

MA3D5 Galois Theory — There is some overlap in the first 1-2 weeks, with
various definitions and lemmas related to field extensions. We shall go through
these again in this course.

Field extensions.
Our main object of study will be number fields. A number field is defined as a
finite extension of the field Q. Let’s unpack this definition.

Definition. Let K and L be fields. If K is a subfield of L, we say that L/K is a
field extension (often, we will just call it an extension).

cg. C/R, R/Q, Q()/Q, C/Q(i) but not R/Q()
where Q(7) = {a + bi : a,b € Q}.

Definition. Let L/K be a field extension and o € L. We say that « is algebraic
over K if there exists a non-zero polynomial f € K[X] such that f(a) = 0.

e.g. i € C, v/7 € R are algebraic over Q
w1 is algebraic over R but not algebraic over Q

Lemma 1. Let o be algebraic over K.

(i) There exists a unique monic polynomial pko(X) € K[X]| of smallest degree
such that g () = 0. (monic means that the leading coefficient is 1 — this
forces the polynomial to be non-zero.)

(i1) If f € K[X] satisfies f(a) =0, then pug o divides f.

(111) pirk o is irreducible.
() If f € K[X] is monic and irreducible and f(a) =0, then f = lk q-

Proof.
(i)+(ii) Let I = {f € K[X]: f(a) = 0}. One can check that this is an ideal in K[X].
Recall from Algebra 2 that K[X] is a PID (principal ideal domain) so
I = (ug,q) for some pg o € K[X].
Since « is algebraic over K, I # {0} so puxa 7# 0. Therefore we can
multiply px o by a scalar to ensure that it is monic.
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Clearly pux o has the smallest degree of all polynomials in 7, and it satisfies
(ii) by the definition of a principal ideal.
(ii) implies that there is no other monic polynomial in I with the same
degree as i q, 1.€. it is unique.
(iii) Suppose pxo = fg. Then f(a)g(a) = 0. Since L is a field, either f(a) =0
or g(a) = 0. Without loss of generality, f(a) = 0. By (ii), k. divides f so
g must be a constant. Thus 1k, is irreducible.

(iv) Consequence of (ii). O
Definition. The polynomial jix o from Lemma 1 is called the minimal polyno-

mial of o over K.
We will write ji, instead of j1x o if the base field K is clear from the context.

But! K matters for determining the minimal polynomiall e.g. o =i+ /2 € C.
e Over K = C: the minimal polynomial is uc(X) =X — a.

e Over K = R: a € R, so the minimal polynomial has degree > 1. A
calculation shows that pig o(X) = X2 — 2¢/2X + 3.

Question. What is the minimal polynomial of a =i + v/2 over Q?



2. ALGEBRAIC EXTENSIONS

Example from last time.
e Over K = R: We have

(a—V2)2=-1 so a®>—2v2a+3=0.
X?%—-2y/2X +3 € R[X] is irreducible over R because it is a quadratic with
no real roots. So g (X) = X2 — 2v/2X + 3.
e Over K = Q: « is algebraic over Q because

(0?4 3)%=(2v2a)? =8a® so a’—2a*4+9=0.

One can check that X* —2X? + 9 € Q[X] is irreducible over Q, so this is
p.- We will see a quicker proof later (avoiding checking irreducibility by
hand).

Definition. Let a € L be algebraic over K. The degree of o over K is the
degree of the polynomial jix 4.

e.g. i +1/2 has degree 1 over C, 2 over R, 4 over Q.

Field generation.

Definition. Let L/K be a field extension and let S be a subset of L. The
extension of K generated by S is the smallest subfield of L containing both
K and S.

This means: the intersection of all subfields of L which contain both K and S.
Check that this intersection is a field!

Written K(S). If S is finite set {aq,...,q,}, we write K(aq,...,q,) as an
abbreviation for K({a,...,a,}).

e.g. C=R(i)
If d is a non-square rational number, then
Q(Vd)={a+bVd:a,beQ}.
This is a field because
(a4 bVd)(c + eVd) = (ac + bed) + (ae + be)Vd
and
(a4 0Vd)™" = (a — bVd)/(a® — db?)

(the denominator is non-zero because d is not the square of a rational number).

But! Q(+/d) # {a+bv/d : a,b € Q} because this is not closed under multiplica-
tion. We will soon see how to write down a basis for Q(v/d).

In general, K(S) is the set of everything of the form f(ay,...,.)/g(B1,. .., Bs)
where f, g are polynomials (in any number of variables) with coefficients in K,

Aty .0, Py, Bs € Sand g(By, ..., Bs) # 0.



Algebraic and finite extensions.

Definition. An extension L/K is algebraic if every a € L is algebraic over K.

e.g. Q(v/d)/Q is algebraic since a + bv/d is a root of (X — a)? — b*d € Q[X].
R/Q is not algebraic.

Definition. If L/K is a field extension, then L is a K-vector space. The degree
of L/K, written [L : K], is the dimension of L as a K-vector space.

Definition. L/K is a finite extension if its degree is finite.

eg [QWd):Q =2, [C:R]=2.
Q(7)/Q has infinite degree, even though it is generated by the finite set {7},
because 1,7, 72, ... are Q-linearly independent.

Lemma 2. If L/K is a finite extension, then it is an algebraic extension.

Proof. Let m = [L : K] < co. Let a € L. Then 1,a,...,a™ are m + 1 elements
in a K-vector space of dimension m, so they are K-linearly dependent. In other
words, there exist Ao, ..., A\, € K, not all zero, such that

Ao+ A+ -+ Apa™ =0.
Thus « is the root of the polynomial A\g + M X + -+ + A\, X™ € K[X], so it is
algebraic over K. O

The converse is false: the field of all algebraic numbers in C is an algebraic
extension of @, but not a finite extension of Q (though we have not proved that
this is a field yet).

Tower law.
Often we build field extensions by stacking one on top of another. The following
theorem tells us how to calculate the degree of such an extension.

Theorem (Tower Law). Let M/L and L/K be two finite field extensions. Then
M/K is also a finite extension, and

(M : K] =[M: L|[L:K].
Proof. Let r = [L : K| and s = [M : L|. Let {{1,...,¢.} be a K-basis for L and
let {m,...,ms} be an L-basis for M.

One can check that {{;m; : 1 <i<r1<j <s}isa K-basis for M. O
eg. M =Q(a) wherea=i++v2, L=0Q(H\2), K=Q
We saw that )
a4+ 3
2 =
\/_ 2a
so L C M.

Now M = L(«). To prove this: certainly L and « are both contained in M, so
L(a) € M. Furthermore, L(«) is a field which contains Q and «, so the definition
of Q(«) tells us that L(a) 2 Q(a) = M. Thus L(a) = M.
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In fact, L(a) = L(i) because i = o — /2 and /2 € L (this is slightly simpler
than the argument I gave in the lecture, using the quadratic formula). Note that
i ¢ L because L C R. We can show that [L(i) : L] = 2 for the same reason as
[Q(V/d) : Q] = 2. Thus we get [M : L] = 2.

We also have [L: K] = [Q(v/2) : Q] = 2.

So the Tower Law tells us that [M : K] =2 x 2 = 4.

The fact that 19, has degree 4 is not a coincidence! We will see how to relate
these facts (and thereby prove that ug, has degree 4) in the next lecture.



3. SIMPLE EXTENSIONS AND NUMBER FIELDS
Simple extensions.
Definition. An extension L/K is simple if L = K(«) for a single element o € L.

Note that a simple extension need not be finite, e.g. Q(7w)/Q. But if it is
algebraic, then it is finite and we can describe the extension in terms of the
minimal polynomial of a:

Theorem 3. Let v be algebraic over K, with minimal polynomial p, € K[X]. Let

n = deg(ua). Then:

(1) K(«) is isomorphic as a ring to K[X]/(ua). More precisely, the following is
a well defined isomorphism K[X]/(pa) — K(a):

J(X) + (pe) = fla).

(2) K(a) has K-basis {1,a,...,a" 1}
[K(a): K] =n.

Proof. (1) Define ¢: K[X] — K(«a) by ¢(f(X)) = f(a).
One can check that this is a ring homomorphism.
From the proof of Lemma 1, we see that

ker(¢) = {f € K[X]: f(a) =0} = (ka).

Hence by the first isomorphism theorem, ¢ induces an isomorphism K[X]/(1q,) —
im(¢). We just have to check that im(¢) = K(a).

Step 1. First we prove that 1,c,...,a" ! span im(¢) as a K-vector space.

For any 8 € im(¢), we have 5 = ¢(f) for some f € K[X]|. By the division
algorithm for polynomials, we can write

f=aqpa+r
where ¢, € K[X] and deg(r) < det(u,). Then

B=fla)=r(a) =co+cra+---+ca°
where ¢y, ¢y, ..., ¢, € K and s = deg(r) < n. Thus $isinthespanof 1,q,...,a" %
Step 2. We show that im(¢) is a field. This is just one of many possible proofs.
We know that im(¢) is a ring, so we just have to show that every x € im(¢)\ {0}
has a multiplicative inverse in im(¢).
Given x € im(¢) \ {0}, define a K-linear map m,: im(¢) — im(¢) by

me(y) = zy.

This is injective because im(¢) C K(«) which is a field.

Therefore by the rank-nullity theorem, m, is surjective (this uses the fact that
im(¢), is finite-dimensional as a K-vector space, which follows from Step 1).
Therefore there exists y € im(¢) such that m,(y) =11ie. y=1/x.

Thus im(¢) is a field.
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Conclusion of (1). im(¢) contains K and a = ¢(X), so by the definition of K(«),
K(a) Cim(¢). But also im(¢) C K(«). Thus im(¢) = K(a).
(2) We saw in Step 1 {1, ,...,a" '} spans im(¢) = K(«a) as a K-vector space.
We just have to show that 1, ¢, ...,a" ! are K-linearly independ

Suppose we have by, ...,b,_1 € K such that

b() + blOé + -+ bnflOénil = 0.

Then g(X) = bo+b X+ -+b,_1 X" ! is a polynomial in K[X] such that g(a) =0
and deg(g) < n—1 < deg(ua) so the definition of minimal polynomial forces g = 0
i.e. b():bl:"':bn_l. O

e.g. We can immediately read off that {1,+/d} is a Q-basis for Q(+/d) (as we
saw already).
If d € Q is not a cube, then X? —d is irreducible so it is the minimal polynomial

of Vd. So [Q(V/d) : Q] = 3 and
Q(Vd) = {a+bVd + C(W)Q ca,b,c € Q}.

Returning to the example from the previous lecture: o =i+ v/2, M = Q(a).
Using the Tower Law, we proved that [M : Q] = 4. Therefore Theorem 3 tells us
that deg(pg.a) = 4.

We also saw that « is a root of the polynomial g(X) = X* —2X?% + 9. Hence
Ho.o = g and g is irreducible over Q (by Lemma 1).

Theorem 3 tells us that a Q-basis for Q(«) is given by

{1,a,0 0®} = {1,V2+1i,1 + 2v/2i, —V/2 + 5i}.

We can get a different Q-basis for Q(«) from the proof of the Tower Law. Indeed,
Q(v/2) has a Q-basis {1,/2} while Q(a) has a Q(v/2)-basis {1,i} (follows from

the argument with the quadratic formula). Thus the proof of the Tower Law gives
us the following Q-basis for Q(«):

{1,v2,i,iv/2}.

Number fields.
Definition. A number field is a finite extension of Q.

Lemma 4. Let K be a number field and let L/K be a finite extension. Then L
is also a number field.

Proof. This follows from the Tower Law. O
Definition. An algebraic number is an element of C which is algebraic over Q.

Lemma 5. If ay,...,«, are algebraic numbers, then Q(ayq, ..., a,) is a number

field.



9

Proof. Let K; = Q(av,...,q;) for 1 <i <n. We prove that K; is a number field
by induction on 1.

The base case is that Ky = Q is a number field.

For ¢ > 1: Since q; is an algebraic number, it has a minimal polynomial pg ;-
We have g, (X) € QX] C K,;_1[X], so «; is algebraic over K; ;. Hence by
Theorem 3, K; = K;_1(q;) is a finite extension of K; ;. By induction, K; ; is a
number field, so Lemma 4 tells us that K; is a number field. O

This gives us a way to construct lots of number fields, of which we have already
seen several examples.
There is the following converse.

Lemma 6. If K is a number field, then K is isomorphic to Q(ay, ..., o) for
some algebraic numbers aq, ..., ay,.

It is easy to show that K = Q(fs, . .., 8,) for some f3, ..., 3, which are algebraic
elements of the extension K/Q. But the definition of algebraic numbers requires
them to be in C. So the hard part of the theorem is showing that every number
field K can be embedded in C, even if it was constructed by some abstract method
which had nothing to do with C.
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4. NUMBER FIELDS AND ALGEBRAIC NUMBERS

Lemma 6. If K is a number field, then K is isomorphic to Q(ay,. .., ) for
some algebraic numbers oo, . .., ay,.
In particular, every number field is isomorphic to a subfield of C.

Proof. Let (y,..., B, be a Q-basis for K. Then K = Q(f1,...,[,). By Lemma 2,
b1, - .., B, are algebraic elements of the extension K/Q.

Let K; = Q(pa,...,B:). We shall prove by induction that K; is isomorphic to
a field of the form L; = Q(ay, ..., a;) where oy, ..., a, are algebraic numbers (in
particular, L; C C).

Base case: Ky = Q. There is nothing to prove.

For ¢ > 1: We have K; = K;_1(f;). Because §; is algebraic over Q, it is also
algebraic over K;_1 (pg.a; € Q[X] C K;_1][X]). Let p; be the minimal polynomial
of o; over K;_;.

By induction, there is an isomorphism o; 1: K; 1 — L; 1 = Q(ay,..., ;1) C
C. Let v; € L;_1[X] be the polynomial obtained by applying o;_; to the coefficients
of p;. Then we can think of v; as a polynomial over C, and it is non-constant. By
the Fundamental Theorem of Algebra, v; has a root «; € C. Since v;(a;) = 0 and
v; is monic and irreducible over L;_ 1, v; is the minimal polynomial of a; over L;_;.

By Theorem 3 (twice), we have isomorphisms

Ki=K,1(8) = Ki1[X]/ (i) = Lia[X]/(13) = Lia(0g) = L(oa, ..., 041, Oéz')l-:’

The field of algebraic numbers.

Lemma 7. Let a, 8 € C be algebraic numbers. Then a+ 3, a — 3, aff and /3
(if B # 0) are also algebraic numbers.

Proof. Q(«, 8) is a number field by Lemma 5. Hence every element of Q(«, ) is an
algebraic number. But a+ 3, « — 3, a8 and o/ are all elements of Q(«, 5). O

This is quite incredible! In a simple example, we had to do some work before to
show that i + /2 was algebraic (and more to find its minimal polynomial). For
example, if « is a root of

X10000 4 5XT3 4 oX® —6X — 22

and [ is a root of
X999 L 777X? - 5

then there is a polynomial with rational coefficients which has a + § as a root.
Finding this polynomial is a hard computation problem (can you guess what its
degree might be?) but the theorem tells us that it exists.

Definition. Q = {« € C : « is an algebraic number}.

Corollary. Q is a field.

Proof. Immediate corollary of Lemma 7. U
Question. Why is Q not a number field?
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Quadratic fields.

The simplest example of a number field is Q. Indeed Q is the only number field
of degree 1. (Why?)

The next simplest examples are quadratic fields. We will use these a lot in this
course.

Definition. A quadratic field is a number field of degree 2.

We have already seen some examples: if d € Q is not the square of a rational
number, then Q(\/E) is a quadratic field. There is some redundancy here e.g.

Q(v2) = Q(v8) = Q(V18) = Q(y/1/2) = Q(,/9/8) = - -
We can eliminate this by insisting that d is always a square-free integer.

Definition. d € Z is square-free if it is not divisible by m? for any integer m > 1.
(Note: 1 is square-free, 0 is not.)

In fact all quadratic fields have this form.

Proposition 8. Let K be a quadratic field. Then K = Q(\/E) for some square-free
integer d # 1.

Proof. Since [K : Q] = 2 > 1, we can pick @ € K which is not in Q. Then
{1, a, &*} are linearly dependent over Q i.e. there exist a,b, c € Q such that

ac® +ba +c = 0.
If @ = 0 then o € Q giving a contradiction. Thus a # 0 and the quadratic formula

gives
—b+ VA
a_Z\/_’ where A = b* — 4ac € Q. (*)
a
Rearranging this, we see that VA = +(2aa +b) € K.
Now write 1
A=Y= —Uv
v

where u, v € Z. Then uv € Z and uv = vW/A € K.

Finally we can write uv = 2%y where z is an integer and u is a square-free
integer (use the prime factorisation of uv). We get \/y = 1/uv € K.

Note that VA ¢ Q (otherwise (*) would force a € Q). Hence ,/y ¢ Q. So
[Q(VA): Q] =2.

By the Tower Law,

so K = Q(\/7). O

Furthermore, the square-free integer d such that K = @(\/E) is unique — this is
on example sheet 1.
Note that Proposition 8 does not generalise to higher-degree fields. For example

a cubic field (i.e. a field of degree 3) does not have to have the form Q(v/d). We
will need some more theory before proving this.
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5. PRIMITIVE ELEMENT THEOREM, NORM AND TRACE
Cyclotomic fields.

Definition. Let n be a positive integer and let ¢, = exp(2mi/n). We call Q((,)
the n-th cyclotomic field.

Lemma 9. Ifn = p is prime, then the minimal polynomial of ¢, is XP~1 + XP~2 4
-+ X +1 and hence [Q((,) : Q] =p — 1.

Proof. This is on the example sheet. You will need to use Eisenstein’s criterion
from Algebra 2.

(Note that there was a typo on the first version of the example sheet: it said
X?P 4 ...+ 1 where it should be X?7! 4 ... +1.) O

If n is not a prime, then [Q((,) : Q] = p(n) (the Euler ¢-function). There is no
general formula for the minimal polynomial of {,, when n is not prime, so this is
harder to prove.

Primitive element theorem.
The primitive element theorem tells us that every extension of number fields is
a simple extension. For example, we saw that Q(4,1/2) is a simple extension of Q:

it is equal to Q(i + v/2).

Lemma 10. Let K be a number field contained in C. Let f € K[X] be an
irreducible polynomial over K of degree d. Then f has d distinct roots in C.

Proof. By the Fundamental Theorem of Algebra, we know that f has d roots in C
counted with multiplicity. The problem is to show that f has no repeated roots.

Suppose for contradiction that o € C is a repeated root of f.

Let f’ denote the derivative of f, and note that it also has coefficients in K.
Since « is a repeated root of f, it is also a root of f’. Hence X — « is a common
factor of f and f"in C[X]. It follows that HCF(f, ') is a non-constant polynomial.

Now HCF(f, f') has coefficients in K (we can calculate it using Euclid’s algo-
rithm, and f, f’ both have coefficients in K). But HCF(f, f’) is a factor of f, it
is non-constant, and

deg(HCF(f, f')) < deg(f') = deg(f) — 1.
This contradicts the hypothesis that f is irreducible over K. O

The name of the lemma is because it is related to the notion of “separable field
extension” in Galois theory.

Note that Lemma 10 works only because number fields have characteristic zero —
this is needed to ensure that f’ # 0. (Over a field of characteristic p, the derivative
of X? is 0. Then the argument about the degree of the HCF would break down.)
If you have done Galois theory, this is related to the idea of a separable extension
(and the fact that every extension in characteristic zero is separable).

In order to prove the Primitive Element Theorem, we start with an extension
generated by adjoining two elements. We can then build up other extensions by
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induction on the number of elements we need to adjoin. The idea for K(a, f) is
motivated by the example of Q(i + v/2): we try adjoining a linear combination of
«a and . Just taking o+ 3 does not always work so we have to be a little cleverer
about which linear combination we choose.

Lemma. Let L/K be an extension of number fields such that K = L(c, ). Then
there is some v € L such that L = K (7).

Proof. Thanks to Lemma 6, we may assume that L (and hence also K) is a subfield
of C, allowing us to apply Lemma 10.

Let f, g be the minimal polynomials of «, 5 respectively over K. Let ..., ayy,
be the roots of f and let 1, ..., 3, be the roots of g in C. We may label the roots
so that a; = a and £, = 5.

For any 7 and any j # 1, the equation

a+cf=a;+cp;

has a unique solution ¢ = ¢;; € C (this is just solving a linear equation for c).
Since K is infinite, we can choose ¢ € K different from all the ¢;; (there are only
finitely many ¢;; because 1 <7 <m, 2 <j <n). Thus

a+cff # o+ cf; (1)

for all 7 and for all j # 1.

Let v = a + ¢f. We shall show that L = K(v). It is enough to show that
B € K(v) because then a = v — ¢ € K(7) (because ¢ € K).

Consider the polynomial h(X) = f(y — ¢X) € K(v)[X]. Observe that h(g) =
f(a) =0.

If §" is any root of h other than 3, we have f(y —¢f’) =0 and so v —¢f' = o
for some i. The fact that ¢ does not satisfy any of the equations (}) implies that
B' # B for any j =2,...,n.

Thus the only common root of g and h is 5. Looking at the factorisations of ¢
and h in C[X], we conclude that HCF(g,h) = (X — )" for some r.

Because ¢ is a minimal polynomial, it is irreducible over K. Therefore by
Lemma 10, ¢ has no repeated roots in C, so in fact we must have HCF(g, h) =
X — 8.

Since g and h both have coefficients in K(v), so does HCF(g,h). Thus g €
K(v). O

Theorem 11 (Primitive Element Theorem). Let L/K be an extension of number
fields. Then there is some v € L such that L = K (7).

Proof. Write L = K (.S) for some finite set S (this is always possible: for example,
let S be a K-basis of L). Induct on the size of S, applying the previous lemma to
reduce the size by 1 repeatedly. U
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Norm and trace.

Let K be a number field. We define two functions K — Q which can be helpful
in transforming questions about elements of K into questions about rational
numbers.

Recall that K is Q-vector space and for any o we can define a QQ-linear map
Mpa: K — K by mgo(f) = af.

Definition. The trace of « is Tr(mg o) — written Trg/g(cv).
The norm of a is det(mg o) — written Nmpg g ().

The notation (subscript K/Q) reminds us that Trg /g and Nmpg/q are functions
K — Q.

Note that you could generalise this: instead of always having Q as the base
field, you could define Try/x and Nmp, /i for any extension of number fields L/K.
These would be functions L — K. The definition is essentially the same but we
won’t need this generalisation in the course.

e.g. Let K = Q(v/d). We want to work out the norm and trace of a = a + bv/d.
To do this, we will write mg: K — K as a matrix with respect to the basis

{1,+/d}. We get
mia(l)=a-14+b-Vd, mg(Vd)=bd-1+a-Vd

so the matrix of mg, (with respect to this basis) is
a bd
b a)’

Trio(a + bWd) = 2a.
Nmyg(a + bvV/d) = a® — bd,

Thus
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6. CHARACTERISTIC POLYNOMIAL, EMBEDDINGS

Lemma 12. The trace is additive and the norm is multiplicative. In other words,
for all o, B in K, we have

TI"K/Q(OC + 6) = TrK/Q<04) + TrK/Q(ﬂ)a
Nmg/g(af) = Nmg/g(a) Nmg/g(5).

Proof. Observe that mg o1 = mg o +mig and mg g = mg mgz. Thus the
lemma follows from the properties of trace and determinant of linear maps. [

Characteristic polynomials.
Let V' be a Q-vector space and let f: V — V be a Q-linear map. Recall that
the characteristic polynomial of f is the polynomial

Xf(X) = det(XT — f) € QX].

This polynomial is monic of degree n = dim (V). We can read off the determinant
and trace of f from the coefficients of the characteristic polynomial: if x; =
X"+ ap X" P+ 4+ a1 X + ag, then

Tr(f) = —an-1, det(f) = (=1)"ao. (*)

According to the Cayley-Hamilton theorem, x;(f) = 0.
Consequently we can read off the norm and trace of a € K from the character-
istic polynomial of mg ,, which we denote xx q-

Lemma 13. Let K = Q(«). Then the characteristic polynomial of mg o: K — K
is equal to the minimal polynomial of o over Q.

Proof. Let Xro(X) = X"+ a,1 X" '+ + a1 X + ag denote the characteristic
polynomial of mg .. By the Cayley-Hamilton theorem, Xk o(mx ) = 0. In other
words,

~1
m’}ga +ap_ 1My, + - Famga +ay =0

(in the ring of Q-linear maps K — K). Applying both sides to 1 € K, and noting
that mf (1) = o, we get

Q"+ " ajadag =0

or in other words Xk () = 0.
Furthermore x ko € Q[X], Xk, is monic and deg(xk,o) = [K : Q] = deg(1g.a)
(the latter holds because K = Q(«)). Hence by Lemma 1, Xk, = fg.a- O

Note that the characteristic polynomial xx , depends on K as well as a. The
following lemma tells us how.

Lemma 14. Let L/K be an extension of number fields and let o € K. Let Xk
and Xr. be the characteristic polynomials of mi.: K — K and mp,: L — L

respectively. Then
[L:K]
XL, = XK, -
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Proof. Let 0y, ...,0, be a Q-basis for K and let Mg , be the matrix of mg , with
respect to this basis. Let ¢q,...,¢s be a K-basis for L. By the Tower Law, a
Q-basis for L is given by

91¢1792¢17"'70T¢1a 91¢27"'a92¢r7 R 91¢87"'79T¢5-

We can calculate that

mra(0i9;) = abid; = mia(b:) - ;.
Thus my, o(6;¢;) lies in the Q-space spanned by 61¢;, . .., 0,¢; (for fixed j), and the
coeflicients needed to express my, (6;¢;) as a combination of these basis vectors
are the same as the coefficients needed to express mg o(6;) as a combination of
01,...,0,; in other words, they are entries of My 4.
Consequently the matrix for my, with respect to the basis {6;¢;} is block
diagonal with blocks that are copies of M q:

Mygo 0 - 0

0 Mgy -- 0

ML,a = . . . .
0 0 - Mga

There is one block for each ¢; i.e. s blocks. This is consistent with the fact that
M is an s x s matrix and My, , is an rs X s matrix.

The characterstic polynomial of a block diagonal matrix is the product of
the characteristic polynomials of the blocks (because the same thing holds for
determinants). Thus

XL,a(X) = XKa(X)*. O
Corollary 15. Let L/K be an extension of number fields. If o € K, then
Trpjga) = [L : K] Trgg(e),
N g(ar) = Ny g(a)!#.
Proof. Let r = [K : Q] and s = [L : K]. Write
Xkal®) = X"+ a1 X"+ -+ a1 X + ay,
Xi.o(®) = X +bps 1 X+ + 51 X + by

By Lemma 14, we have X1 = X¥,- Expanding this out and comparing coeffi-
cients, we see that

brs—l = SQp—_1, bO = CLS.
The corollary now follows from (*). O

By combining Lemmas 13 and 14, we can work out the characteristic polynomial
of an arbitrary o € K in terms of the minimal polynomial:

K:Q(a
Xk = M([@’QQ( )]

It can be useful to apply this in reverse: by choosing a basis for K, we can work

out the characteristic polynomial x .. This must be a power of an irreducible
polynomial, which will be the minimal polynomial of a.
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Embeddings of number fields.

Definition. Let K be a number field. An embedding of K is a field homomor-
phism o: K — C.

Lemma 16. Any homomorphism of fields o: K — L is injective.

Proof. The kernel of ¢ is an ideal in K. Since K is a field, its only ideals are 0
and K. But ker(c) # K because o(1) =1 # 0. O

Lemma 17. Let K be a number field and let 0: K — C be an embedding. Then

o(a) =a for all a € Q.

Proof. By the definition of a ring homomorphism, ¢(1) = 1 and ¢(0) = 0. For any

positive integer n, we have
on)=cl+---+1)=0c(l)+--+o(l)=1+---4+1=n.

Furthermore o(—n) = —o(n) = n.

Finally, any rational number can be written as m/n where m,n € Z, and
o(m/n) =o(m)/o(n) = m/n. O
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7. EXTENDING EMBEDDINGS

Embeddings of quadratic fields.

We showed last time that any embedding of a number field must restrict to
the identity on Q. Hence, there is exactly one embedding o: Q — C, namely the
inclusion.

What are the embeddings of a quadratic field Q(v/d)? Thanks to Lemma 17,
every embedding o: Q(v/d) — C must satisfy

o(a+bVd) = a+ bo(Vd).
Hence the embedding is fully determined once we know o(v/d). This must satisfy
o(Vd)?=d

so there are two choices: o(v/d) = v/d or o(v/d) = —v/d. Thus we get two possible
embeddings:

o1(a+bVd) = a+bVd), oy(a+bVd) =a—bVd.

We should really check that both of these are field homomorphisms. This is not
hard by calculation, or it follows from Proposition 18 which we are about to prove.

Extending embeddings of number fields.

Definition. Let L/K be an extension of number fields. Let 0: K — C and
7: L — C be embeddings. We say that 7 extends o if g = 0.

In order to state the next proposition about extensions of embeddings, we need
to introduce a piece of notation: If o: K — L is a field homomorphism, then
it induces an injective ring homomorphism K[X] — L[X] which we also call o,
defined by

olag+ a1 X + -+ a, X") =0(ag) +o(a))X + -+ o(a,) X"

Proposition 18. Let L/K be an extension of number fields of degree n. Let
o: K — C be an embedding.

(1) There are exactly n embeddings L — C which extend o.

(2) Suppose that L = K(«). Let u, be the minimal polynomial of o over K
and let ay, ..., a, be the roots of o) in C. Then for each i =1,... n,
there is a unique embedding 7;: L — C extending o such that 7;(a) = «;.

Proof. By the Primitive Element Theorem (Theorem 11), we can write L = K ().
Let p, be the minimal polynomial of a over K
By Theorem 3, deg(ps) = n. Since p,, is irreducible over K, by Lemma 10 tells
us that o(pue) has n distinct roots in C, which we call o, ..., a,. Thus we can
use (2) to prove (1).
To prove (2) we have to prove two things:
(i) For each i = 1,...,n, there is an embedding 7;: L — C extending o such
that 7;(a) = a.
(ii) For each i = 1,... n, there is only one such embedding.
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To deduce (1), we have to prove:
(iii) There are no other embeddings L — C extending o, except those coming
from (2).

Proof of (i). Same method as the proof of Lemma 6. We have o(u,) € o(K)[X],
0(pha) is monic and o(K)-irreducible and o(p)(co;) = 0. Hence o(ug) is the
minimal polynomial of «; over o(K). Therefore, using Theorem 3 twice, we have

L = K(a) = K[X]/(1) = 0(K)[X]/(0(u) = 0(K) (@) €C. ()

The resulting homomorphism L — C extends o (because the middle isomorphism
in (*) is given by applying o to the coefficients of the polynomials) and maps «
to a; (because the isomorphism from Theorem 3 maps « to X the first time, then
X to «; the second time), so this is the desired 7;.

Proof of (ii). Let 7: L — C be an embedding extending . Thank to Theorem 3,
we can write any [ € L in the form

B=0by+bia+-+b, 1"
for some by, by,...,b,_1 € K. Then
7(8) = a(bo) + o (br)7(a) + -+ + o (bp1)7(a)"
Thus knowing 7(«) = «; uniquely determines 7.

Proof of (iii). Let 7: L — C be an embedding extending 0. We have

0 (1) (1(0)) = (1) () = T{j1aa)) = 7(0) = 0.
Thus 7(«) is a root of o(j,). In other words, it is one of ay, ..., a,. O

Corollary. A number field L has ezxactly [L : Q] embeddings.

Proof. By Lemma 17, every embedding L — C extends the unique embedding
Q — C. So it suffices to apply Proposition 18 to the extension L/Q. Il

Real and complex embeddings.

Definition. Let 0: K — C be an embedding of a number field. We say that o is
a real embedding if o(K) C R and o is a complex embedding if o(K)  R.

Note that complex embeddings come in conjugate pairs: if o is an embedding
of K, then
o(a) = o(a)
is also an embedding of K (where the bar denotes complex conjugation). If o is
a complex embedding, then o and ¢ are different. If o is a real embedding, then
o=0.

Definition. The signature of K is (1, s) where r = number of real embeddings
of K, s = number of pairs of complex embeddings of K.

e.g. Signature of a real quadratic field is (2,0)
Signature of an imaginary quadratic field is (0, 1)
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8. CONJUGATES, ALGEBRAIC INTEGERS

Signature.

Let K be a number field with signature (r, s).

Counting up all the embeddings and applying the Corollary from the previous
lecture, we see that [K : Q] = r + 2s. (We have to multiply s by 2 because it
counts pairs of embeddings.)

We often label the embeddings a o1, . .., o, (the real embeddings), 0,41, ..., 0ris,
0,41, - - - 0rrs (the complex embeddings).

Conjugates.

Definition. Let o be an algebraic number. The conjugates of « are the roots
(in C) of f1g.a, the minimal polynomial of o over Q.

By Proposition 18, the conjugates of a are oy(«),...,0,(a) where oy,...,0,
are the embeddings of Q(«).
We can express the norm and trace in terms of the conjugates of .

Lemma 19. Let 04,...,0, denote the embeddings K — C. Then for any o € K,

TrK/Q(a) = Z 0'1'(04),

N g(a) = H oi(a).

Proof. First suppose that K = Q(«a). Let p,(X) € Q[X] be the minimal polyno-
mial of & over Q. By Lemma 13, p1, = Xk,o = the characteristic polynomial of
mg.q. The roots of x g, are the eigenvalues of mg .

Thus the eigenvalues of m , are the conjugates of «, that is, (), ..., o,().
Furthermore there are no repeats among the roots of p, by Lemma 10.

Since there are no repeated eigenvalues, the trace of mg, is the sum of its
eigenvalues and the determinant of mg , is the product of its eigenvalues. Thus
we get

Triesg(a) =) oi(a),
i=1

Nimgg(a) = [[ oia).

i=1

Now consider a field K # Q(«a). Let s = [K : Q(«)] and r = [Q(«) : Q].
Thanks to Proposition 18, for each embedding of Q(«), there are s embeddings of

K extending it. Hence the values o1 («), ..., 0,(a) consist of each of the conjugates
T1(a),...,7(a), repeated s times (where 1, ..., 7, are the embeddings of Q(«)).
Thus

oi(a@) = s- ) mi(a) = s Trg)o(@) = Trk/g(a)

n T
=1 =1

(2
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where the second equality holds because we have already proved the lemma for
Q(a), and the third by Corollary 15.
The same argument works for norm, considering products instead of sums. [

ALGEBRAIC INTEGERS

Definition of algebraic integers.

We have finished understanding number fields as fields. But fields are not the
main thing we study in number theory - it is like we have been studying the
rational numbers, while number theory is really about integers. In fields, we
can’t say interesting things about primes and factorisation because every non-zero
element of a field divides every other element.

So we want to talk about a version of “integers” inside number fields, where
we will have interesting properties relating to factorisation and primes. We have
already seen one example: in Q(), we have the Gaussian integers

Z[i) ={a+bi:a,beZ}.
So maybe we could generalise this, and define the “integers” in Q(«) to be
Za) = {ap + aryy + axy* + - -+ 1 a; € Z}.
Unfortunately, this doesn’t work: it depends on «, even when the field Q(«) stays
the same. For example, Q(v/2) = Q(v/8) but Z[v/2] # Z[/8] (and Z[\/g] is worse!)

For quadratic fields, maybe v/d where d is a square-free integer provides natural
choice of 7, but there is no analogue for higher-degree fields. (And Z[\/c_l] turns
out not to always be the correct choice for quadratic fields either, as we shall soon
see.)

Definition. An algebraic number is an algebraic integer if its minimal polyno-
mial (over Q) has coefficients in Z.

e.g. V/d (where d € Z) is an algebraic integer because it is a root of X2 — d.

HT‘/T?’ = (g is an algebraic integer because its minimal polynomial is X% — X 4 1.
This one might be a little surprising, especially when you compare with 1+—2*/§ which
is not an algebraic integer: the minimal polynomial of 1+—2‘/g is X2 —X —1 & Z[X].

Just as for algebraic numbers, which are defined as a root of any polynomial
with coefficients in Q, then shown to have a minimal polynomial, many books
define an algebraic integer to be a root of emphany monic polynomial with integer
coefficients. The following lemma shows that this is equivalent to the definition
above.

Lemma 20. An algebraic number is an algebraic integer if and only if it is a root
of some monic polynomial with coefficients in Z.

The word monic is essential in this lemma: any algebraic number is the root
of some polynomial with integer coefficients, because you can take a polynomial
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with coefficients in Q and multiply by a lowest common denominator, but that
might give you a leading coefficient which is greater than 1.

Before we prove this, we need to recall primitive polynomials and (a version of)
Gauss’s Lemma from Algebra 2.

Definition. Let f(X) = a, X"+a, 1 X" '+ -4+a; X +ag € Z[X] be a polynomial
with integer coefficients. We say that f is primitive if HCF(aq, aq, ..., a,) = 1.

Lemma (Gauss’s Lemma). A primitive polynomial is irreducible in Z|X| if and
only if it is irreducible in Q[X].

(The key property that makes Gauss’s Lemma work is that Z is a unique
factorisation domain.)

Proof of Lemma 20. If « is an algebraic integer, then its minimal polynomial gives
an example of a monic integer polynomial which has « as a root.

The main thing we have to prove is the other direction. Let o be an algebraic
number which is the root of some monic polynomial with integer coefficients.

Choose f(X) to be a monic polynomial in Z[X] such that f(a) =0, of smallest
degree.

Let pq(X) € Q[X] be the minimal polynomial of o over Q. By Lemma 1, p,
divides f in Q[X]. Hence deg(f) > deg(iia)-

Assume for contradiction that deg(f) > deg(uy). Then the fact that p, di-
vides f shows that f is reducible in Q[X]. Since f is monic, it is primitive. Hence
by Gauss’s Lemma, f is reducible in Z[X], i.e.

f = fifo where fi, fo € Z[X] and deg(f1),deg(f2) < deg(f).

The leading coefficient of f is the product of the leading coefficients of f; and
fa. Thus these are integers whose product is 1, so both f; and f; have leading
coefficient +1. Changing the sign if necessary, we may ensure that f; and f, are
both monic.

Since f(a) = 0, either fi(a) =0 or fo(a) = 0. Thus either f; or fo gives us a
monic polynomial in Z[X] with « as a root, contradicting the fact that f has the
smallest degree.

Thus in fact deg(f) = deg(uq). Since pu, divides f and p, and f are both
monic, this implies that p, = f and so p, € Z[X]. O
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9. RINGS OF INTEGERS
The algebraic integers form a ring.
Notation. We write Z = {a € C : « is an algebraic integer}.

We want to prove that the algebraic integers form a ring. The method is similar
to the proof that the algebraic numbers form a field, but harder. The key point
there was that if o, 3 € Q then a + 3 and o8 are contained in a finite extension
of Q, and hence are algebraic numbers. In the same way, instead of considering
the ring of algebraic integers all at once, we focus in on just two of them and
show that if a, 8 € Z then o + 3 and af3 are contained in a ring which is finitely
generated as an abelian group.

The next lemma is the hard part of proving that Z is a ring. The idea of
“finitely generated as an abelian group” is the analogue of “finite extension” for
fields. In this lemma, it is important to distinguish between “generated as a ring”
and “generated as an abelian group.”

Lemma 21. Let « € C. Then « is an algebraic integer if and only if Z]a] is
finitely generated as an abelian group.

Proof. First we assume that « is an algebraic integer. Let f(X) = X"+a,_ X" 1+
-+ a1 X + ag be the minimal polynomial of a over Q and let n = deg(f).
We claim that Z[a] is generated as an abelian group by {1,a,...,a" '}. In
fact, we shall show by induction on m that o™ € Z.1 +Z.cv + - - - + Z.a" L.
Indeed, if m < n this is trivial. If m > n, then since f(a) = 0, we get

Q™ =" """ = o™~ — - — gy — ag).

(The fact that f is monic is crucial here!) Thus o™ is a Z-linear combination
of smaller powers of «, and hence by induction it is a Z-linear combination of
La,...,a"

Since the powers of a generate Z|a] as an abelian group by definition, we
conclude that 1,a,...,a""! generate Z[a] as an abelian group.

Conversely, suppose that Z[«] is finitely generated as an abelian group, say by
b1, ..., B-. We can write each of the ; as

Bi = bio + Baa+ - + B, 0™ (*)

Let n be the maximum power of a which appears in any of these expressions.
Then we can write

" =i+ o,

for some ¢y, ..., ¢, € Z. Substituting (*) into this equation, we get
" =g, + a0+ aja+ ag
for some ay, . ..,a, € Z. Thus « is a root of the monic polynomial
X", X" —a, X"~ — ) X — ag € Z[X]
and so « is an algebraic integer. U

In order to prove that Z is a ring, we will use both directions of Lemma 21.
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Lemma 22. 7Z is a ring.

Proof. Let o, 3 € Z. We have to show that o + 5 and af3 € Z.

By Lemma 21, Z[a] and Z[3] are finitely generated as abelian groups. Let
01,...,0, be generators Z[a] and let ¢q,...,ds be generators Z[5] as abelian
groups.

Write Z[a, ] for the smallest ring containing « and 3, that is,

Zla, B = { > cija'B im e N, ¢y € Z}.
i,j=0
Each o'’ is a Z-combination of s multiplied by a Z-combination of ¢s. Thus it
is a Z-combination of 0x¢s. Hence {Orpp : 1 < k <1, 1 < < s} generates Z[a, f]
as an abelian group (this is like the Tower Law, except that we are talking only
about generating sets, not necessarily about bases).

Thus Z|o, B] is finitely generated as an abelian group. Every subgroup of a
finitely generated abelian group is finitely generated, so in particular Z[a + ] and
Z|af] are finitely generated as abelian groups. Hence by the reverse direction of
Lemma 21, a + 8 and «af are algebraic integers. O

We have the following simple property of algebraic integers, which says that
every algebraic number can be written as a “fraction” with an algebraic integer
as the numerator and a rational (ordinary) integer as the denominator. Always
having rational integers as denominators is convenient because it makes it easier
to do things like find a common denominator for several fractions.

Lemma 23. Let a be an algebraic number. Then there exists m € Z, m # 0, such
that ma is an algebraic integer.

Proof. Let the minimal polynomial of o be f(X) = X" +a, X" '+ -+a; X +ay,
where ag, . ..,a,_1 € Q. Let m be the lowest common multiple of the denominators
of ag,...,a,_1 (when we write them as fractions in lowest terms). Then

g(X) =m"f(X/m) = X" +ma, 1 X" +m’ap, o X"+ +m" Ty X +m"ag

is a monic polynomial with coefficients in Z. We have g(ma) = 0, and so ma is
an algebraic integer. U

Ring of integers of a number field.

Definition. If K is a number field, the ring of integers of K is Z N K, written
Ok.

Since Z and K are both rings, so is their intersection Ok-.

e.g. The ring of integers of Q is Z, because the minimal polynomial of a € Q is
X —a.

In order to avoid confusion with algebraic integers, we sometimes call an element
of Z a rational integer.

Lemma. If o € Ok, then Nmg g(a) and Trgg(o) are rational integers.
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Proof. Let X be the characteristic polynomial of mg ,. By Lemmas 13 and 14,
XK,a is a power of [ig o SO Xk, has integer coefficients.

Nmg/g(a) and Trg q(cr) are coefficients of x o (multiplied by +1) so they are
in 7Z. U

This can be a handy test for showing that a number is not an algebraic integer.
The converse is false, except when K is a quadratic field (we will prove that the
converse holds for a quadratic field next time).
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10. DISCRIMINANT OF A BASIS
Ring of integers of a quadratic field.
Proposition 24. Let d # 1 be a square-free integer and let K = Q(\/c_i) Then

{Z[\/E] if d = 2,3 mod 4
Ok =

Z[*Y4) if d =1 mod 4.

(Note that d # 0 mod 4 because it is square-free.)

Proof. Any element of Q(v/d) can be written as a = a + bv/d with a,b € Q. If
a € Q (i.e. b=0), then we know already that « is an algebraic integer if and only
if it is in Z.

Otherwise, K = Q(«a) so the minimal polynomial of o over Q is the same as its
characteristic polynomial, i.e.

X? — Trgjg(a) - X + Nmgjg(a) = X* — 2aX + (a® — db?).

In passing, we see that a is an algebraic integer if and only if Trg/g(a) and
Nmg/g() are both in Z.
Hence if a + bv/d is an algebraic integer, then 2a € Z. Also a® — db* € Z, from
which we deduce that 4db* € Z. Since d is square-free, this implies that 2b € Z.
Thus every element of Ok must differ from an element of Z[v/d] by one of

{0, %, g, 1+T\/&} The minimal polynomials of % and g are X — % and X2 — %

respectively, so % and @ are never algebraic integers.

Finally, the minimal polynomial of 1+T\/3 is X2—-X +1%d. So 1+T\/E is an algebraic
integer if and only if d = 1 mod 4.

Thus if d = 2 or 3 mod 4, o € Ox = « € Z[V/d]. It is obvious that Z[v/d] C Ok,
so in fact Ox = Z[V/d].

If d =1 mod 4, then we have shown that

ozGOK:>a:a+b\/E—l—c# with a,b € Z,c € {0, 1}.

To show that such an « is in Z[Hzﬁ], we need to show that v/d € Z[1+2‘/a]. This
is true because

Vi =2(t5l) -1

Thus o € O = a € Z[#]. Meanwhile, # € Ok and Ok is a ring so

Z[HT‘/E] C Ok, completing the proof. O

e.g. Since —1 = 3mod 4,0q;) = Z[i] i.e. the Gaussian integers, but since
—3 = 1 mod 4, we have

Ogy=3) = Z[HY=E] = 7]

1+v/-=3

(where (3 = === is a primitive cube root of unity).
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Discriminant of a basis.

It is not so easy to calculate the ring of integers by hand for number fields of
degree greater than 2. The discriminant of a number field is a tool which we can
use to calculate the ring of integers, and for other practical calculations such as
the class group later in the course. It will also be important as a theoretical tool
in some of the proofs.

The discriminant is a number which measures the size of the ring of integers of
a number field (in a more refined sense than the degree). We begin by defining
the discriminant of a basis of a number field, which varies depending on the basis
we choose; we will subsequently pick a special kind of basis and use that to define
the discriminant of the number field itself.

There are two equivalent formulae for the discriminant of a basis. Here is the
first.

Definition. Let K be a number field with n = [K : Q]. Let o01,...,0, be the
embeddings of K and let {a,...,a,} be a Q-basis for K.

The discriminant of {a;,...,a,} is defined to be
Ag(ay, ... a,) = det(o;(a;))?
(usually we will just write A(ayq, . .., @) with no K). In other words, A(ay, ..., o)
is the square of the determinant of the matrix with entries o;(c;) i.e.
oi(n) oi(az) -+ oi(on)
02(041) 0'2(&2) Og(an)
on(ar) op(az) -+ onlan)

(Note that there are [K : Q] embeddings by the Corollary to Proposition 18, so
this is indeed a square matrix and its determinant makes sense.)

Why is this a measure of “size”? This measures the “size” of the basis in the
following sense: The volume of the parallelepiped in R™ with edges vy,...,v, is
given by the determinant of the matrix which has vy, ..., v, as columns (up to
sign). So if we think of the basis element «; € K as being represented by the
vector (o1(q;),09(), ..., 0n(c;)) € C™, then A(ay,...,a,) is the square of the
volume of the parallelepiped formed from these vectors. Thus in some way it
measures the “volume” of the basis.

Why do we need to square the determinant? Here are several reasons:

(1) If we swap two of the embeddings, or two of the «;, then that swaps two of
the rows or columns of the matrix, so it multiplies the determinant by +1.
Thus squaring gives us something which is independent of the orderings.

(2) We have to square the determinant to match the second formula (which
we are about to give)!

(3) A(a,...,a,) € Q but det(o;(e;)) need not be in Q. This is not obvious:
the entries of the matrix are algebraic numbers so all we can immediately
see is that A(aq,...,q,) is an algebraic number. In order to prove that
A(aq, ..., ap) € Q, we shall use the second definition of discriminant below.
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(If you did Galois theory, you might try to prove this directly from the first
definition.)

Example: if K = Q, we can calculate

A(1, \/E) = det G _%) = (_2\/3)2 —

Due to Proposition 24, it might also be interesting to calculate the discriminant
of the basis {1, 1+2‘/g}. We have

1+va\ 2
A(1, 1+2‘/3) = det G 1_2\@) = (—Vd)* =d.
2

Lemma 25. Let K be a number field of degree n. Let {a,...,a,} be a Q-basis
for K. Then

Ao, ..., an) = det(Trg/g(icy;)).
(Note that the determinant is not squared this time!)

Proof. Let M be the matrix with entries o;(c;). Then
Alay, ..., ap) = det(M)? = det(M") det(M) = det(M"' M)
The ij-th entry of M'M is

n

Z Mkokj = Z My My,; = Z or(i)ok(aj) Z or(aia;) = Trjo(aia;)
k=1

k=1 k=1 k=1
where the last equality is Lemma 19. U

One can check that calculating with Lemma 25 gives the same values when
applied to the bases of a quadratic field which we considered previously:

A(1,Vd) = det (Tﬁ%) T{%g)) — det (g 20d> _ 4d,

Vd
N Tr(1) Tr(H4d) \ 2 1)
A(171+)_det< 1+x/3> Tr(1+di2¢&) = det 1 1xd =d.
4
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11. MORE ON DISCRIMINANTS

Last time, we proved that
Aoy, ..., ap) = det(Trg g(asa;j)).

Since Trg/q(asa;) is always in Q, this immediately tells us that A(aq, ..., a,) € Q.
Furthermore, if oy, ..., @, are all in Ok, then the traces Trg g(o;c;) are in Z and
so Alay,...,q,) € Z.

While we calculated the discriminant of a quadratic field using the first def-
inition last time, if you want to calculate the discriminant of a specific field it
is usually better to use the second formula. This is because the first formula
involves calculating the determinant of a matrix whose entries are algebraic num-
bers, usually quite a hard calculation, while for the second formula you begin by
calculating some traces and thereafter just have rational numbers to deal with.
The first definition of discriminant will more often be useful in proofs, where you
don’t have to calculate a specific example.

Discriminants and change of basis.

We said that the discriminant depends on the choice of basis of K. When we
change the basis, the discriminant gets multiplied by the square of the determinant
of the change-of-basis matrix.

Lemma 26. Let {ay,...,a,} and {p1,..., B} be Q-bases for K. Let the change-
of-basis matriz from {B1, ..., B} to {a1,...,an} be (c;5) i.e

B = Z Cij Qi
j=1
with ¢;; € Q. Then

A(ﬁl, ce ,ﬁn) = det(cij)2 A(Ojl, ce ,Ojn).

Proof. We can prove this using either formula for the discriminant. Let’s use the
first definition.

Let A and B be the matrices with entries 0;(c;) and 0;(;) respectively. Let C
be the matrix with entries ¢;;. Then

Bij = 0:(8)) = i (X cwu) = Y- eworilan) = Y Aucry
k=1 k=1 k=1

(using the facts that o; is a field homomorphism, and that it restricts to the identity
on Q). Hence B = AC' as matrices and so

A(Br,.... B) = det(B)? = (det(A) det(C))” = det(C)? Alan, ..., a,). O

We can use this to prove an essential property of the discriminant.
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Lemma 27. For any Q-basis {a1,...,a,} of K, the discriminant A(ay, ..., ay)
15 NON-2€ro.

Proof. We will prove this first for a special choice of basis. By the Primitive
Element Theorem, K = Q(«) for some o € K. By Theorem 3, there is a Q-basis
for K of the form {1,q,...,a"'}. Now A(1,q,...,a™ ') is the square of

1 0'1(04> e 0’1(042:1) 1 01(a> R 0’1(0&)::1
1 op(e) -+ op(am™h) 1 op(@) -+ onla)™!

This is a special kind of matrix called a Vandermonde matrix and it is well-known
that its determinant is
[T (oi(@) —0j(a)).

1<i<j<n
Thus
ALa,...,a" )= [ (oi(e) — o))
1<i<j<n
By Proposition 18, the o;(«) are pairwise distinct so this is non-zero.
Now consider an arbitrary Q-basis (1, ..., 3, of K. By linear algebra, we can
express this in terms of the basis {1,,...,a" '} as

n
B = cya' ™
i=1
where the matrix (¢;;) has non-zero determinant. Hence by Lemma 26,

A(Bry ...y Bn) = det(ci;)® - Al a ..., a" 1) #£0. O

Note that we only defined the discriminant for a basis of K, but we could apply
the same formulae to any set of n elements {a1,...,a,} C K. (The proof that

the two formulae give the same value still works.) In fact, {ay,...,a,} forms a
basis of K if and only if A(ay,...,a,) # 0.

Integral bases.

Definition. Let K be a number field. An integral basis for K is a set of elements
ai, ..., an € O which form a Z-basis for the abelian group (Og,+). In other
words, every element of Ok can be written uniquely in the form xya; +- - -+ 24,
with x1,...,2,, € Z.

Lemma 28. Let {ay,...,a,} be an integral basis for a number field K. Then
{ai,...,an} is a basis for K as a Q-vector space. In particular, m = [K : Q].

Proof. Lemma 23 tells us that {aq,...,a,} spans K as a Q-vector space.

If {a1,...,a,} were Q-linearly dependent, then we could multiply up by a
common denominator to get a non-trivial Z-linear relation between them, contra-
dicting the fact that 0 can be written as a Z-linear combination of the integral
basis elements in only one way. U
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For example, Proposition 24 gives us an integral basis for Q(v/d) where d is a
square-free integer:

o {1,V/d} if d =2,3 mod 4;
o {1, 1+2‘/a} if d =1 mod 4.

Note that if {«ai,...,a,} is a Q-basis for K and «q,...,a, € Ok, this is
not enough to establish that {aq,...,,} is an integral basis. For example, if
d = 1 mod 4, then {1,V/d} is a Q-basis for Q(v/d) consisting of algebraic integers
but it is not an integral basis because 1+T‘/E € Ok but not in Z.1 + Z.v/d. (If we
have a Q-basis for K consisting of algebraic integers, then the “uniquely” part of
the definition of integral basis is always satisfied. But, as here, the basis might
fail to generate Ok over Z.)

It is not obvious that an integral basis exists for every number field: we will
prove this next lecture. It is worth pausing to reflect on why this is not obvious.
The structure theory of finitely generated abelian groups tells us that every torsion-
free finitely generated abelian group is isomorphic to Z" for some n and hence
possesses a Z-basis. The group (Ok, +) is torsion-free (because number fields have
characteristic 0). However it is not obvious that (O, +) is finitely generated —
this is true, but we will only discover it as a corollary of the existence of an integral
basis.

Z[%] C Q is an example of a subring of a number field which is not finitely
generated as an abelian group and so does not have an integral basis, demonstrating
that we are really going to have to use some properties of algebraic integers to
show that (O, +) is finitely generated.

One key property of algebraic integers was Lemma 21: if « is an algebraic
integer, then Z[a] is finitely generated as an abelian group. However we can’t
apply this to Ok because Ok need not be of the form Z[a] for any « (there is no

analogue for the Primitive Element Theorem for rings of integers).
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12. DISCRIMINANT AND INTEGRAL BASES

CORRECTION. The proof of Lemma 29 in the original version of these notes
(and maybe in the lectures) contained a mistake: I used the matrices P and () the
wrong way round. This should be fixed now.

Existence of an integral basis.
The following lemma refines Lemma 26 on discriminant and change-of-basis.
The proof is largely a revision of Algebra 1.

Lemma 29. Let {oy,...,a,} and {B1,...,Bn} be Q-bases for K. Let ¢;; € Q be
such that

n
Bj=>_cijon.
=1

Let G=7.0n +---+Z.avy and H =7.61+ -+ 7Z.53,.
Suppose that H C G. (In other words, By, ..., 0, € G.)
Then H has finite index in G and [G : H| = |det(c;;)|. Consequently,

ABr, ... B) =[G H2 A, ..., ).

It is unfortunate that the notation [G : H| for the index of a subgroup clashes
with the notation [L : K] for the degree of a field extension. Both are very standard
notations. We will never want to talk about the index of a subgroup of a field
(in characteristic zero, the index of one field as a subgroup of another is always
infinite) so hopefully this will not cause confusion.

Proof. Since 1, ...,0, € G, ¢;j € Z for all 4, j.
By a result from Algebra I, we can write

C = PAQ

where P, () are unimodular (i.e. integer matrices with determinant +1) and A is in

Smith Normal Form (i.e. A is diagonal A = diag(d,...,d,) with d; nonnegative

integers and d; | d;41 for all i — we don’t care about the divisibility condition).
Let

n
/
Oéj = E PijOéi.
=1

Since P is unimodular, P and P~! both have integer entries so in fact {a},..., o)}
is another Z-basis for GG. Similarly, if we let

B = 2(62_1)23’5%’7
then {3],..., 3} is a Z-basis for H.
Now 3, = >, Ayjal = d;a so
G/H2Z/Z % - x T)d,Z.
We also have
|det(C)| = |det(PAQ)| = |det(A)| = dyds - - - d,,
since |det(P)| = |det(Q)| = 1. Since det(C) # 0, we deduce that d; # 0 for all 1.
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Thus G/H is finite and
G : H| = dydy---d, = |det(C)].
The final formula, relating the discriminants, follows by Lemma 26. U
Theorem 30. Every number field K possesses an integral basis.

Proof. First note that there exists a (Q-basis of K consisting of algebraic integers.
Indeed, if we take any Q-basis of K, then by Lemma 23, we can multiply each of
the basis elements by a non-zero rational integer to obtain something in Ok.

Choose a Q-basis {a, ..., a,} for K, consisting of elements of O, such that
|A(aq, ..., )| is as small as possible. (Since |A(ay, ..., a,)| is always a positive
integer for ay, ..., a, € Ok, this minimum value is attained.)

We shall show that this set {a,...,a,} is an integral basis for K.

Suppose not. Since {ay,...,a,} is a Q-basis for K, a,...,a, are certainly
linearly independent over Z. Hence the only way in which they can fail to be an
integral basis is if they do not generate (Og, +). Thus there is some § € Ok such
that 0 & Z.cy + -+ + Z.«v,. Let

H=7Z.cn +Z.ao + -+ Z.cvy,,

G = Zﬁ + Z.Oél + Z.Oég + -+ Z.Oén.
G is a finitely generated abelian group, so by the structure theory of finitely
generated abelian groups, it is isomorphic to Z™ for some m and hence has a
Z-basis [, ..., Bm.

Now f1,...,Bn span K as a Q-vector space because they generate aq, ..., a,,
and they are linearly independent because they are a Z-basis. Hence {51, ..., Bn}
is a Q-basis for K and m = n. (This is the same argument as in the proof of
Lemma 28.)

By Lemma 29, we have

Alay,...,op) =[G : HPA(B, ..., Bn).
Since f ¢ H, [G : H] > 1 and so

IA(an, ... an)| > [ABL -, B,

But {f1,...,8,} is a Q-basis of K consisting of algebraic integers (because each
B; is a Z-linear combination of 3, ay, ..., a,). Hence this contradicts the fact that
|A(ay, ..., )] is as small as possible. O

Discriminant of an integral basis.
An important observation is that all integral bases for a given number field have
the same discriminant.

Lemma 31. Let {aq,...,a,} and {B1,...,Ba} be integral bases for K. Then
A(al, ce ,Ozn) = A(ﬁl, ce ,Bn).
Proof. From the definition of integral basis, we have

Ok =Z.ay+ - +Zan=2p1 4+ Z.5,.
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Hence by Lemma 29,
ABr, ..., Bn) =[Ok : Ox* Ao, . . ., a).
We are done because [Of : Ok| = 1. O
Consequently the following definition makes sense.

Definition. Let K be a number field. The discriminant of K, written A, is
the discriminant of any integral basis of K.

The discriminant of K is always a non-zero integer.
e.g. according to calculations from lecture 10, the discriminant of Q(+/d) (for
d # 1 a square-free integer) is as follows:

Agiva = AL, Vd) = 4d if d=2,3mod 4,

Agva = AL, 154 = d if d =1 mod 4.

We have the following easy sufficient criterion for recognising an integral basis.

Lemma 32. Let {ay,...,a,} be a Q-basis for K such that aq,...,a, € Ok. If
Aoy, ..., ) is square-free, then {ay, ..., an} is an integral basis for K.

Proof. Let H = Z.coy + -+ - + Z.av,. Let {P1,..., .} be an integral basis for K
(which exists by Theorem 30). By Lemma 29,

Alay,...,an) =[Ok : HPABy, ..., Bn).

Here [Ok : H|? is a square and A(fy, ..., 3,) is an integer, while A(ay, ..., ay) is
square-free, so [Ok : H| = 1. Thus H = Ok, and so ay, ..., a, form an integral
basis. U

This is only a one-way implication. For example, we saw that if d is square-free
and congruent to 2 or 3 mod 4, then {1,+/d} is an integral basis for Q(v/d) but
A(1,Vd) = 4d is not square-free (because it is divisible by 4). Lemma 32 is only
useful when A is itself square-free, which often doesn’t hold.

Finding an integral basis.

Suppose we have a basis {«, ..., a,} for K consisting of algebraic integers but
its discriminant is not square-free. We want to either find an element of O which
is not in Z.ay + - -+ + Z.av,,, thus showing that {«q,...,a,} is not an integral

basis (but getting us closer to finding an integral basis) or else prove that no such
element exists.

The following lemma, which we will prove next time, gives a finite list of elements
of K such that it suffices to check whether each element of the list is in Og.

Lemma. Let {aq,...,a,} be a Q-basis for K such that aq,...,a, € Og. If
{ai,...,a,} is not an integral basis, then there exists a prime p and uy, . .., u, € Z
such that p* | A(ay, ..., ap), 0 < w; < p for all i, the u; are not all zero, and

ULQ + - F Uy
p

€ Ok.
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13. FINDING AN INTEGRAL BASIS

We can give an algorithm based on the proof of Theorem 30 which allows us
to find an integral basis (and hence to calculate the discriminant and the ring of
integers) of any number field. The key ingredient is the following lemma.

Lemma 33. Let {ay,...,a,} be a Q-basis for K such that ay,..., o, € Ok. If
{ai,...,a,} is not an integral basis, then there exists a prime p and uy, . .., u, € Z
such that p* | Aoy, ..., ap), 0 <u; < p for all i, the u; are not all zero, and

U101 + - +unan
p

Proof. Let H = Z.ay + -+ + Z.v,,. Since {ay, ..., } is not an integral basis,
H # Ok so we can pick a prime p which divides [Ox : H|. By Lemma 29,
Alay,...,a,) =[Ok : H? Ak and so p* | Aoy, ..., ap).

Now Ok /H is a finite abelian group and p divides #Of /H. Cauchy’s theorem
states that Ok /H contains an element of order p. (Cauchy’s theorem is a general
theorem about finite groups; in the case of abelian groups, it can easily be deduced
from the structure theory of finite abelian groups.) Thus we can choose € O
such that 5 + H has order p in Ok /H.

Then pS € H so pf = x10q + -+ - + x,0, for some xy,...,x, € Z. Write
x; = py; + u; where y;,u; € Z and 0 < u; < p, and let

U0 + -+ Uy,

€ O.

B =
p
Then /- = y1a1+ - -+y,, € H C Ok. Hence ' € Ok. Finally '+ H = f+H
has order p in Ox/H, so ' ¢ H. Thus uy,...,u, are not all zero. O

Algorithm to find an integral basis.

(1) Pick a Q-basis {a,...,a,} for K, such that ay,...,qa, € Ok.
(2) Calculate A(ayq, ..., an).

(3) List all primes p such that p? | A(ay, ..., q,).

(4) For each p in the list, and each number of the form

Uog + - Uiy

8=
p

with 0 < u; < p not all zero, check whether § is an algebraic integer.
(5) If some [ is an algebraic integer, then find a Z-basis for the subgroup of
Ok generated by aq,...,qa, and 8. You can do this as follows:
(a) By reordering the basis elements, assume that u; # 0.
(b) Let z,y € Z be a solution to the equation wyxz + py = 1 (possible
because u; and p are coprime).
(C) Let ﬁl = CEB + yog.
(d) Now {f1, a9, ,...,,} form a Z-basis for the group generated by
ai,...,an, and (.
Go back to step 2 of the algorithm with this new basis. (Actually, you can
skip step 2 because A(Sy, aa, . .., o) = Alag, o, . . ., ay,) /p* by Lemma 26.)
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(6) If you did not find any § which was an algebraic integer, then you have
found an integral basis (thanks to Lemma 33).

This algorithm is guaranteed to terminate because |A(ay, ..., ;)| gets smaller
each time round.

Shortcut using Eisenstein’s criterion.

Step 4 of the algorithm above can certainly be implemented on a computer, but
it is a lot of work to carry it out by hand. There is a shortcut which is often useful,
if K is generated by an element whose minimal polynomial satisfies Eisenstein’s
criterion, which we recall from Algebra 2.

Definition. Let f(X) = X"+ a, 1 X" ' +-- 4+ a; X + a¢ be a monic polynomial
in Z[X]. We say that f satisfies Eisenstein’s criterion at a prime pif p | g;
for 0 <i<n—1and p?1ta.

Proposition 34. Let f(X) € Z[X] be a polynomial which satisfies Eisenstein’s
criterion at a prime p. Let K = Q(«) where f(a) =0 and let n = [K : Q]. Then:
(i) p"~t divides Ay
(i7) W, foru; € Z, 0 < u; < p and u; not all zero, is never an algebraic
integer.

This proposition can be proved using the methods of this course but it is a bit
long so we will skip the proof (for part (ii), we already have the tools to prove it;
for part (i), the easiest proof uses the Dedekind—Kummer theorem which we will
study later). You need to know the statement of the proposition and be able to
use it to replace step 4 of the algorithm.

One example in which this shortcut is useful is cyclotomic fields. Let ¢ =
exp(2mi/p) where p is an odd prime number and let K = Q(¢). According to
example sheet 1 Q4, {1,¢,..., (P '} is a Q-basis for K and one can calculate

AL ¢, P72 = (1) D2p2,
(This calculation is on example sheet 2.) The only prime factor is p and so by
Lemma 33, we only need to check whether
Ug + UIC + -+ Up_gcp_2
p

is an algebraic integer for u; € Z, 0 < u; < p.

Let w = ( — 1. The minimal polynomial of w satisfies Eisenstein’s criterion at p,
so we can apply Proposition 34 to the basis {1,w,...,wP 2}

8=

Uy + Ww + - -+ + Up_owP 2
p

is never an algebraic integer unless u; = 0 mod p for all i. Since

ZA+ZC+- +Z22=Z21+Zw+ -+ Z.wP?
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we can deduce that
uy + ujw + - ul w2
p
is never an algebraic integer unless u; = 0 mod p for all i.
Hence by Lemma 33, {1,(,...,(?? is an integral basis and O = Z[(].

Example sheet 2 Q7 takes you through a few steps which prove Proposition 34
for the cyclotomic case.

This ends the discussion about discriminants and integral bases. Next lecture we
will look at factorisation and ideals, starting with some more Algebra 2 revision.
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14. FACTORISATION IN INTEGRAL DOMAINS
We need to recall several definitions relating to factorisation from Algebra 2.
Units.

Definition. Let R be a ring. An element z € R is a unit if there exists y € R
such that zy = 1.

The set of units in R forms an abelian group under multiplication. We write
R* for this group. (That’s a “times” symbol in the superscript, because it’s a
group under multiplication. Some people call this group R*.)

Lemma 35. Let Ok be the ring of integers of a number field. An element x € Ok
is a unit if and only if Nmg g(x) = £1.

Proof. If x is a unit, then z, 27!

are both rational integers. Since

are both in O so Nmpg/g(z) and Nmg g(z™")

Nmy/g(z) Nmgg(r™") = Nmg/g(za™) =1

we conclude that Nmg/g(z) = £1.

Conversely, suppose that x € Ok and Nmg g(z™!) = £1. Assume that K C C
(which we can do by Lemma 6). Label the embeddings of K as oy,...,0, such
that oy is the inclusion K — C. Let y = o3(z)o3(x) - - - 0,(z). Then

xy = o1(x)og(x) - - op(r) = Nmgg(z) = 1

by Lemma 19. Thus y = +1/x € K.

Also each o;(z) is an algebraic integer (they all have the same minimal polyno-
mial as z) and so y is an algebraic integer. The o;(x) are not necessarily in K,
but we have shown that y € K, so y € Ok. Thus ty is an inverse of z in Ok, so
x is a unit in O |

Factorisation.

Let R be an integral domain.

Recall that “x | y” (“x divides y”) means that there exists z € R such that
Yy =1x2.

Definition. Elements x,y € R are associates if there exists a unit z € R* such
that z = yz.
An element € R is:

e irreducible if it is non-zero, not a unit and whenever we can write x = ab
with a,b € R, then either a is a unit or b is a unit;

e prime if it is non-zero, not a unit and whenever z | ab with a,b € R, either
z|aorz|b.

Definition. An integral domain R is a unique factorisation domain (UFD)
if, for every non-zero non-unit a € R:

(i) @ can be written in the form a = zy25 - -z, for some irreducible elements
T1,..., T, € R;
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(ii) given another factorisation a = 41y, - - - ¥, into irreducibles, we must have
m = n and after permuting y1,...,ym, each y; is an associate of the corre-
sponding x;.

The following facts were proved in Algebra 2.

Facts. In any integral domain, every prime element is irreducible.
In a UFD, every irreducible element is prime.
FEvery principal ideal domain (PID) is a UFD.

There are UFDs which are not PIDs, for example Z[X] ({2, X) is a non-principal
ideal). However we will prove later that if the ring of integers of a number field is
a UFD, then it is a PID.

A classic example of an integral domain which is not a UFD is the ring of
integers of K = Q(v/=5). The ring of integers is Ox = Z[v/—5]. We have two
factorisations of 6 in Og:

6=2-3=(1++v-5)-(1—+=5).

We can prove that 2,3,1+ /=5 and 1 — /=5 are all irreducible by considering
their norms.

For example, Nmg g(1 ++/=5) = 6 so if 1 + /=5 = ab with a,b € Ok, then
either a, b have norms +1,+6 or +2, +3 (in some order). There are no elements
of Ok of norm 2 (because the equation x* + 5y* = 2 has no solutions in rational
integers), so the norms of a,b must be +1,4+6. But by Lemma 35, if one of a,b
has norm =1, then it is a unit in Ok. This shows that 1 4+ /=5 is irreducible.

To show that our two factorisations of 6 in Ok are truly different, observe that
Nmpg/g(2) = 4 is not equal to Nmy/g(1 4+ v=5) = Nmg/g(1 —/=5) =6 s0 2 is
not an associate of either 1 ++/—5 or 1 — /—5.

Thus Z[v/=5] is not a UFD. Looking at the factorisation above, we see that
2,3,1+ +/—5 and 1 — /=5 are irreducible but not prime in Z[y/—5].

Since Z[v/—5] is not a UFD, it cannot be a PID. An example of a non-principal
ideal is I = (2,1 + v/=5). Indeed, if I = (a) then a divides both 2 and 1 + /=5.
Since 2 and 1 + /=5 are irreducible but not associates of each other, this forces
a to be a unit and so 1 € I. However, one can check that every element of I has

the form = 4+ y+/—5 with x = y mod 2 so 1 + 0/—5 & I.

Product of ideals.

It will turn out that while not all rings of integers are UFDs, they always have
unique factorisation of ideals. In order for this to make sense, we need to define
the product of ideals.

Let R be a ring and let a,b be ideals in R. The set {ab : a € a,b € b} is
not necessarily an ideal because it might not be closed under addition (to find

an example of this, you will need both a and b to be non-principal). Instead we
define

ab={a1by +- -+ anbn - meN, ay,...,a, €a, by,... b, €b}.
This is an ideal in R.
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Ifa={(ai,...,a,) and b = (by,...,bs), then
ab=(a;b;: 1 <i<r, 1<j<s).
e.g. We will calculate the square of the ideal (2,1 4 1/—5) in Z[/—5].

I=(2,1+V=5)%=(2-2, 2(1 + V=5), (1 +vV=5)(1 ++v=5))
= (4, 24 2v/=5, —4+2V/=5).

Now (2 +2v/=5) + (=4 +2y/=5) = =2 € [ so 2 € I and hence (2) C I.

Meanwhile 2 divides all of 4, 2 + 2¢/=5, —4 +2y/=5s0 I C (2).

Thus (2,1 +/—=5)2 = (2).

We see that the square of a non-principal ideal can be principal. Of course it
doesn’t always happen that a product of ideals is principal, but it usually does
happen that after working out the products of all pairs of generators, you can
reduce down to a smaller number of generators by taking some combinations.
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15. PRIME AND MAXIMAL IDEALS

Prime and maximal ideals.

Yesterday we defined prime elements in an integral domain. Today we make
the analogous definition for ideals. I don’t think the following definitions were in
Algebra 2. (You might have come across them in Commutative Algebra.)

Definition. Let R be a ring. An ideal a C R is:
e prime if a # R and for all z,y € Rif xy € a, then x € a or y € q;
e maximal if a # R and there is no ideal b satisfying a C b C R.

Observe that for a # 0, the principal ideal (a) is prime if and only if a is a prime
element. (It’s a historical quirk that the element 0 is defined not to be prime, but
the ideal (0) can be prime — in fact (0) is prime if and only if R is an integral
domain.)

These properties of ideals are closely related to properties of the quotient ring.
Lemma 36. Let R be a ring and let a C R be an ideal.

(1) a is a prime ideal if and only if R/a is an integral domain.

(7i) a is a maximal ideal if and only if R/a is a field.
Proof. (This proof is pure algebra and non-examinable.)
(i) Consider x +a, y+ a € R/a. Then

(x+a)(y+a)=0in R/a < zyc€a
and hence the definition of a being a prime ideal is equivalent
to
(x4+a)(ly+a)=0 = zx+a=0ory+a=0
i.e. the definition of R/a being an integral domain.

(ii) The map b +— b/a is a bijection from {ideals of R containing
a} to {ideals of R/a}. Thus a is a maximal ideal of R if and
only if R/a contains no ideals except {0} and R/a itself. A
ring is a field if and only if its only proper ideal is {0}. U

Corollary. In any ring R, every mazimal ideal is prime.

Proof. 1If a C R is a maximal ideal, then R/a is a field. Hence R/a is an integral
domain, so a is a prime ideal. Il

Whenever we form a product of ideals ab, we have ab C a (because b C R.
Thus multiplying ideals makes them smaller as sets, so the following definition is
reasonable.

Definition. Let a,b C Ok be ideals. We say that a divides b (written a | b) if
bCa.

As further justification for this definition, consider principal ideals. For any
a, B € R, we have

alf & (Bl & (]|
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We can use this to give an alternative (equivalent) definition of a prime ideal
which looks much more like the definition of prime element.

Lemma 37. Let R be any ring and let p be a proper ideal in R. Then p is a prime
ideal if and only if, for all ideals a,b C R, whenever p | ab, thenp | a orp | b.

Proof. (Again this purely algebraic proof is non-examinable.)

Let p be a prime ideal. Suppose for contradiction that p | ab but
ptaand pfb. Then a € p so we can pick z € a\ p. Similarly we
can pick y € b\ p. Then zy € ab C p. So the definition of prime
ideal tells us that x € p or y € p, which contradicts how we chose
x and y.

Conversely, suppose that p satisfies the condition of the lemma
and let z,y € R satisfy zy € p. Then p | (z)(y) so by the condition,
p|(x)orp|(y). Thusz € poryepie pisprime. O

Ideals in the ring of integers of a number field.
Now we turn to properties which are special for the ring of integers of a number
field.

Lemma 38. Let K be a number field. Let a be an ideal in Og. If x € a, then
Nmg/q(z) € a.

Proof. This is similar to the proof that if Nmg/g(z) = £1, then z is a unit.
Assume that K C C and label the embeddings of K as oy,...,0,, so that oy is
the inclusion K — C. Let y = oa(x)os(z) - - - 0,(x). Then

zy = o1(x)0oa(x) - - 0u(2) = Nmyg(z).
Since Nmg g(x) € Q and x € K, we deduce that y = Nmg/g(z)/z € K. Since

oo(x), ..., on(x) are all algebraic integers, y is an algebraic integer. Hence y € Ok.
Since € a and a is an ideal in Ok, we deduce that xy € a. Il

Consequence: if a is a non-zero ideal in O, then it contains a non-zero rational
integer (pick any x € a\ {0} and then Nmg/g(x) is a non-zero rational integer).

Lemma 39. Let K be a number field. Let a be a non-zero ideal in Ok. Then
Ok /a is finite.

Proof. Thanks to Lemma 38, a contains a rational integer N. Then (N) C a and
so Ok /(N) surjects onto Ok /a.

Because of the existence of an integral basis, O is isomorphic as an abelian
group to Z". Hence Ok /(N) is isomorphic as an abelian group to Z/NZ™ and
this is finite. This implies that Ok /a is finite. O

Lemma 39 is a very special property of subrings of a number field — very few
other integral domains have this property. (One example which does is F[X]
where F'is a finite field. It turns out that you can do a lot of things very similar
to Algebraic Number Theory in F[X] or its finite extensions — called function field
arithmetic.)
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Definition. Let K be a number field and let a be a non-zero ideal in Q. The
norm of a, written Nm(a), is defined to be [Ok : a] (meaning the index of a as
an abelian subgroup of (O, +)).

This definition makes sense because of Lemma 39, and Nm(a) is always a positive
integer.

We have now defined the “norm of an element of K and the “norm of an ideal
in Og.” The definitions look completely different, but they are compatible in the
case of principal ideals, as the following lemma shows (except that the norm of an
ideal is always positive, while the norm of an element may be positive or negative,
so we need to take the absolute value).

Lemma 40. Let K be a number field and let o € Ok \ {0}. Then
Nm({e)) = [Nmg/g(a)]

Proof. Choose an integral basis (1, ..., 8, for K. Let C be the matrix (with entries
in Q) representing “multiplication by «” with respect to this basis. Thus

n
afy =3 Cyoi.
=1

Then afy,...,ap, form a Z-basis for the ideal («) and C' is the the change-of-
basis matrix from {af,...,af,} to {f1,..., B} The argument from the proof
of Lemma 29 shows that

Ok + ()] = |det(C)].

Meanwhile the definition of norm of an element says that

Nmp g(a) = det(C). O

Prime and maximal ideals in a number field.
(There is no Lemma 41 because I skipped it out in the numbering during the
lecture.)

Lemma 42. A finite integral domain is a field.

Proof. (This proof is pure algebra, but it is fundamental to the properties of O,
so it is examinable.)

Let R be a finite integral domain and let x € R\ {0}. The map m,: R — R
given by m,(y) = zy is injective because R is an integral domain. Since R is finite,
this implies that m, is a bijection R — R. Thus there exists y € R such that
mz(y) = 1. In other words, y is a multiplicative inverse for x. U

Corollary 43. In the ring of integers of a number field, every non-zero prime
ideal s maximal.

Proof. Let a be a non-zero prime ideal in Of. By Lemma 39, Ok /a is finite. Since
a is a prime ideal, Ok /a is an integral domain. Hence by Lemma 42, Ok /a is a
field and so a is a maximal ideal. U
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This property is not quite as special as Lemma 39. For example all rings K[X]
possess it where K is any field, but not the two-variable polynomial rings K[X,Y].
From the perspective of Algebraic Geometry, this corollary can be interpreted as
saying that “Of is a one-dimensional geometric object” (in a very abstract sense).

Lemma 44. Every proper ideal in O is contained in a maximal ideal.

Proof. Let a C Ok be a proper ideal. Let S be the set of proper ideals of Ok
which contain a. S is non-empty because a € S. Since every non-zero ideal has
a norm which is a positive integer, we can choose an element b € S of minimum
norm.

We claim that b is a maximal ideal. Indeed, if there is some ideal ¢ such that
b C ¢ C Ok, then ¢ is a proper ideal and a C b C ¢ so ¢ € S. But because ¢ C b,
Nm(c) < Nm(b), contradicting the fact that b has minimal norm. O

This will be a proof strategy we will use several times: form a set of ideals,
pick an ideal in the set of smallest norm, then prove that actually there must
be an ideal of smaller norm in the set to get a contradiction. It is a bit of a
cheat to use ideal norms in this strategy: really we are using the fact that Ok
is a Noetherian ring (which you may have encountered in Rings and Modules,
or maybe in Commutative Algebra) — but using ideal norms allows us to avoid
introducing the concept of Noetherian rings.
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16. FRACTIONAL IDEALS

Fractional ideals.

Our goal for the next two lectures will be to prove the unique factorisation of
ideals in the ring of integers of a number field. One of the key tools, both in
this proof and for the rest of the course, will be fractional ideals. Confusingly, a
fractional ideal is not necessarily an ideal!

Definition. Let K be a number field. A fractional ideal of Ok is a subset
a C K satisfying the following conditions.

(a) if z,y € a, then x 4+ y € a;

(b) za C a for every x € Ok;

(c) there exists some non-zero x € Ok such that xa C Ok.

Conditions (a) and (b) are the ordinary conditions from the definition of an
ideal of Of. However, a fractional ideal doesn’t have to be an ideal of Ok because
it might not be contained in Of. (Also, it won’t be an ideal of K because K is
a field so its only ideals are 0 and K itself.) Condition (c) says that a fractional
ideal is not too far away from being contained in O (for example, it implies that
K itself is not a fractional ideal).

e.g. For Z, (3) := 1Z is a fractional ideal which is not contained in Z.
More generally, for any number field K and any a € K, we can form the
principal fractional ideal («) := aOf. This will be an ideal of Ok if and only if

a € Ok.
The following is clear.

Lemma 45. An ideal of Ok is a fractional ideal.
A fractional ideal is an ideal of Ok if and only if it is contained in Of.

The following lemma justifies the idea that “fractional ideals are fractions of
ideals.”

Lemma 46. A subset a C K is a fractional ideal if and only if there exist an ideal
b C Ok and an element x € Ok such that a = ib.

Proof. 1t is clear that, if b is an ideal of Ok and x € Ok, then %b is a fractional
ideal.

Conversely, if a is a fractional ideal then condition (c) gives us z € Ok such
that za C Of. Thanks to conditions (a) and (b), b = za is an ideal of Ok and
we have a = %b. g

Thanks to Lemma 38, we can actually arrange that = € Z in Lemma 46 (thus
we get an “ideal version” of Lemma 23).

We can define the product of two fractional ideals in the same way as the
product of two ideals: ab is the set of all finite sums a1b; + - -+ + a,,b,, where
a; € a, b; € b. The product of fractional ideals is a fractional ideal (you can prove
this directly, or use Lemma 46).
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One of the benefits of working with fractional ideals instead of ideals is that the
non-zero fractional ideals form a group under this multiplication operation. We
will not be able to prove this until after we have proved unique factorisation of
ideals. For now, we define a fractional ideal which will ultimately turn out to be
the inverse of a.

Definition. Let a be a non-zero fractional ideal of Q. We define a=! to be

a'={ze€K:xaC O}

! should be an inverse to a, but that is not the

1 as an inverse to a until we have

The notation suggests that a~
definition! So we have to be careful not to use a~

proved that it actually is an inverse.
e.g. if a € K\ {0}, then

() '={r e K :2{a) COk} ={r € K :ra € Ok}
:{mEK:in@K}:<§>.

1

Lemma 47. a! is a fractional ideal of Ok, and a ta C Ok.

Proof. If z € a=! and y € a, then the definition of a~! shows that xy € Ok. Hence
a’la g OK

To show that a™! is a fractional ideal: conditions (a) and (b) are clear. If we
pick any x € a\ {0}, then (from the previous paragraph) za C O so condition (c)
is satisfied. O

Factorisation of ideals.

We have seen that the ring of integers of a number field is not always a UFD.
One of the central results of this module is that it does have unique factorisation
of ideals into prime ideals.

Theorem 48. Let Ok be the ring of integers of a number field and let a C Ok
be a non-zero proper ideal. Then:

(1) there exist prime ideals py,...,p, such that a = pips---p,;
(7i) if we have another list of prime ideals qi,...,qs such that a = q1qs2- - (s,
thenr = s and q1,...,qs are a permutation of py,...,P,.

Note that the uniqueness condition is simpler than for a UFD: because we are
talking about ideals instead of elements, we don’t need to mention associates (if
x,y are associates, then they generate the same ideal).

This looks a bit like primary decomposition, which you might encounter in
Commutative Algebra. However primary decomposition is much weaker, because
it involves intersection of ideals rather than products and primary ideals rather
than prime ideals. This allows primary decomposition to work in any Noetherian
ring, while Theorem 48 is a special property of rings of integers of a number field.

The proof of Theorem 48 goes through a number of steps. Several of these steps
will prove things which “obviously should be true” but each step depends on the
previous ones, often in quite a subtle way, so we have to be careful to prove them
in the right order.
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Step 1. Every non-zero ideal a C Ok has the following property:
(*) there exist non-zero prime ideals pq, ..., p, such that p1ps---p, C a.

Proof. Suppose that the claim is false. So there exists at least one ideal which
does not have property (*).

We use the same strategy as for the proof of Lemma 44: among the non-zero
ideals of O which do not have property (*), choose a so that its norm is as
small as possible. The minimum norm is attained because the norms of ideals are
positive integers.

Now a is not a prime ideal, otherwise we could just take r = 1, p; = a. Also
a # Ok, or we could just pick » = 1, p; = any non-zero prime ideal.. Hence
(negating the definition of a prime ideal) we can pick z,y € Ok such that z,y € a
but zy € a.

Let b = (a,z) and ¢ = (a,y). Then

be = a® + za+ya+ (zy) C a.

Since a C b, we have a surjection Ok /a — O /b. Since x ¢ a, this surjection
is not injective. Hence Nm(b) < Nm(a). Because Nm(a) was minimal (among
non-zero ideals which do not have property (*)), b has property (*) i.e. there are
prime ideals py,...,p, such that p1ps---p,. C b.

Similarly Nm(c¢) < Nm(a) and so ¢ does not have property (*) i.e. there are
prime ideals q1,...,qs such that q; ---qs C .

But now

pl...prql...qs g bcga
contradicting the fact that a does not have property (*). g

Aside: just as with Lemma 44, we could replace “pick an ideal of smallest norm
.7 by the fact that Ok is Noetherian. Thus Step 1 works for any Noetherian ring.
The subsequent steps in the proof of Theorem 48 will use more special properties
of the ring of integers of a number field.
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17. PROOF OF UNIQUE FACTORISATION OF IDEALS
We complete the proof of the unique factorisation of ideals in O (Theorem 48).
Step 2. If p C Ok is a non-zero prime ideal, then O C p~ L.

Proof. Since p C Ok, we have Ok C p~t. The hard part is to prove that p~! #
Ok.

We want to apply Step 1 but applying it directly to p is no use, because p is
already a prime ideal. Instead, pick a non-zero element o € p and apply Step 1
to (). We get non-zero prime ideals py, ..., p, such that

pip2- -0y C ().

Choose these prime ideals so that r is as small as possible.
Since (a) C p, this implies that

pip2---pr S P
Since p is a prime ideal, Lemma 37 tells us that p contains one of the p,. WLOG

p1 C p. By Corollary 43, p; is maximal ideal of Ok and so p; = p.
Since we chose py,...,p, so that r is as small as possible,

paps - pr € ().
Therefore we can choose 3 € ps - - - p, which is not in («). But Sp C ppops -« - p, C

{(a). Therefore a™1f8p C O ie. a~ ' € p~L. But since 8 & (a), fa™t &€ O. O

Aside: in Step 2, we used Corollary 43, so this no longer applies in an arbitrary
Noetherian ring.

The next step is a bit of a break from all these calculations with ideals — it is
more of a fact about algebraic integers than about ideals (and it definitely only
applies to rings of the form Ok).

CORRECTION. In the original version of these notes (and probably in the
lectures), the proof of Step 3 said that Bv = Sv when it should be BTv = Su.
Since B and BT have the same eigenvalues, this does not matter. It is now fixed.

Step 3. If a C Ok is a non-zero ideal and f € K is such that Ba C a, then
b€ Ok.

Proof. Assume that K is a subfield of C, by Lemma 6.

Since a is a subgroup of Ok, it is a finitely generated torsion-free abelian group.
Hence it has a Z-basis {«q, ..., a,}. Since fa C a, the matrix B of 5 with respect
to this basis has coefficients in Z i.e.

Boy = Z Bijo
i=1
where B;; € Z.

Let v be the column vector (ay, ..., a,,)" € C™. Then

BTy = Bu
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and so [ is an eigenvalue of B”. Thus f3 is a root of the characteristic polynomial
of BT, which is a monic polynomial with integer coefficients. So 3 is an algebraic
integer. U

Now we can put the previous steps together. The next step looks like a small
strengthening of Step 2, but it is actually a big step forward because it uses Step 3
as well.

Step 4. If p C Ok is a non-zero prime ideal and a C Ok is a non-zero ideal such
that a C p, then a C p~ta C Ok.

Proof. Since 1 € p~1, it is clear that a C p~ta. Since a C p, p~! C a~! and so
p_la - OK.

The key point is proving that a # p~'a. Assume for contradiction that a = p~'a.
Then for every 3 € p~ !, we have Bp C p. Hence by Step 3, 3 € Ok.

Thus p~! C Ok, contradicting Step 2. O

Now it is quite easy to prove that “p~!” means what we expect, at least for
prime ideals (the general case will come tomorrow).

Step 5. If p C Ok is a non-zero prime ideal, then pp~! = Ok.

Proof. We know that pp~! is a fractional ideal contained in O, so pp~! is an ideal
of Ok. By Step 4, we have p C pp~!. Since p is a maximal ideal, this implies that
pp~' = Ok. 0

At last we can prove existence and uniqueness of factorisation of ideals.

Step 6 (Existence of factorisation into prime ideals). For any non-zero proper
tdeal a C Ok, there exist prime ideals 1, ..., p, such that a = p1py---p,.

Proof. This strengthens Step 1 because a is equal to the product, rather than
containing it. The proof strategy will be the same as for Step 1, but making use
of all the steps we have proved since then.

Assume for contradiction that there exists some non-zero proper ideal of O
which is not a product of prime ideals. Choose such an ideal a so that Nm(a) is
as small as possible.

By Lemma 44, a C p for some maximal ideal p.

By Step 4, p~'a is an ideal of Ok which strictly contains a. Hence Nm(p~'a) <
Nm(a). Assume that p~'a # Ok (we'll return to the case p~'a = O later). Then
because Nm(a) was as small as possible, p~'a is equal to a product of prime ideals
ie.

pla=pipzop
for some prime ideals py,...,p,. Multiplying on both sides by p and using Step 5,
we get

ppips- - pr=pp la= Oga=a.

This contradicts our assumption that a was not a product of prime ideals.
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We still have to deal with the case p~'a = Ok. We do the same thing: multiply
on both sides by p and use Step 5 to get

p=pOx=pp la=0Oga=a
so a is a product of prime ideals (of the single ideal p). O

Step 7 (Uniqueness of factorisation into prime ideals). Let a C Ok be a non-zero
ideal and suppose that

a:pl...pT:qlnn.qs
where P1, ..., P, q1,--.,qs are prime ideals. Then r = s and p1,...,p, form a
permutation of qq,...,qs.

Proof. We proceed by induction on 7.

If » =0, then a = Ok and s = 0 so there is nothing to prove. (If you are
not comfortable thinking of Ok as being the product of “the empty list of prime
ideals,” you can interpret this as meaning that the proof for » = 1 is the same as
the proof for r > 1.)

If » > 1, since py | q192 - -, and the g; are prime ideals, by Lemma 37, we
must have p; | q; for some j. WLOG p; | q;. Since q; is a maximal ideal, this
implies that p; = q;. Hence using Step 5 twice,

po-- P, :pf1p1p2...pr :p;la: q;la: q;lChCIQ"'CIs =2 (s
By induction, we conclude that »—1 = s —1 and that ps, ..., p, are a permutation

of qo,...,0s. U
This completes the proof of Theorem 48.

Aside (non-examinable, for people with an interest in commutative algebra or
algebraic geometry):

Looking back over the proof of Theorem 48, the properties of O which we used
were:

(1) Ok is Noetherian (in Steps 1 and 6);

(2) every non-zero prime ideal is maximal (in Step 2);

(3) if @ € K is a root of a monic polynomial in Ok[X], then a € Ok (this is
called “integral closedness” and is the property which makes Step 3 work).

An integral domain with these properties is called a Dedekind domain and
Theorem 48 works in any Dedekind domain. Besides O, the other important
example are rings of the form K[X] where K is any field, and “finite extensions
of K[X]” which have a geometrical interpretation as “the ring of functions on a
smooth curve.”
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18. PROPERTIES OF IDEALS OF NUMBER FIELDS

Group of fractional ideals.

We promised to prove that fractional ideals form a group. This is an easy
consequence of the unique factorisation of ideals.

First we extend Step 5 from prime ideals to all ideals.

Lemma 49. Let a C Ok be a non-zero ideal. Then aa™!' = Ok.

Proof. We can write a as a product of prime ideals: a = py1ps-- - p,.
Let b = p;'py '+ -p-t. By applying Step 5 repeatedly, we see that ab = O.
Hence by the definition of a=!, we have b C a.
Using the facts that ab = O (just proved) and a™'a C Ok (Lemma 47), we
have
al=a'0k =alab C Oxb =b.

Thus b =a'. O

Proposition 50. Let K be a number field. The set of non-zero fractional ideals of
Ok forms an abelian group under the operation of multiplication, with (1) = Ok

being the identity element. The inverse of a is a™'.

Proof. Associativity and commutativity and the fact that O is the identity ele-
ment are obvious. Inverses is basically Lemma 49, but we have to check that it
works for fractional ideals as well as ideals in Og.

Let a be a non-zero fractional ideal. By Lemma 46, we can write a = ib for
some ¢ € Ok and an ideal b C Of. We can see from the definition of a=! that
a ! = 267!, Then by Lemma 49,

aal=z7lbab =z 2bb7 = 1 Ok = Ok. O

Recall that we defined a | b to mean b C a. This looks rather different from
the definition of divisibility of elements a | b which says “there exists ¢ such that
b = ac” We can now verify that our definition of a | b is actually equivalent to an
“ideal version” of the definition for elements.

Lemma 51. Let a and b be non-zero ideals of Ok such that b C a (i.e. a | b).
Then there exists an ideal ¢ C Ok such that b = ac.

Proof. Let ¢ = a~'b. Since b C a, we have ¢ C a~'a C Og. Thus ¢ is an ideal of
Ok (not just a fractional ideal). By Lemma 49,

ac=aa 'b=0Oxb=0. O

Ideal norms are multiplicative.

Now we prove a much harder, but fundamental, fact about the norms of ideals:
when we multiply ideals, the ideals multiply. The analogous statement for elements
of a number field was immediate from the definition. But for ideals, we will have
to use unique factorisation — and even then it is non-trivial.

We begin with the case of multiplying by a prime ideal.
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Lemma 52. Let a C Ok be a non-zero ideal and let p C Ok be a prime ideal.
Then

[a:ap] =[O - p].
Proof. Since p # Ok and the fractional ideals form a group, a # ap. Hence we
can choose o € a '\ ap.

Let b = (a,ap). Then b is an ideal and ap C b C a. Multiplying by a™!, we
get p C a~'b C Ok. Now p is a maximal ideal (Corollary 43), so this implies that
a b =0k ie. a=0.

Define a group homomorphism (of the additive groups) ¢: Ox — a/ap by

o(r) = xa+ ap.
We want to apply the First Isomorphism Theorem to ¢, in order to obtain an
isomorphism Ok /p = a/ap.

Claim: ¢ is surjective. Indeed, if y 4+ ap € a/ap, then we have

yc€a=>b=xap)

so we can write y = xa + z where z € Ok and z € ap. Then y + ap = ¢(x), so ¢
is surjective.

Claim: ker(¢) = p. Indeed,
ker(¢) = {x € O : va € ap} = O Na 'ap.

Now a~'ap is a fractional ideal, so O N« 'ap is an ideal in Of. (Note: it was
not obvious that ker(¢) was an ideal, because ¢ is only a group homomorphism
and not a ring homomorphism.)

Since @ € a, p C ker(¢). Since a & ap, ¢(1) = a+ap # 0+ ap and so
ker(¢) # Og. Thus ker(¢) is an ideal and p C ker(¢) C Ok. Since p is a maximal

ideal, we must have ker(¢) = p.

Using both Claims, the First Isomorphism Theorem for groups tells us that
Ok /p = a/ap
as additive groups, and so [Ok : p| = [a : ap]. d

Lemma 53. Let a C Ok be a non-zero ideal and let a = py - - - p,. be its factorisa-
tion into prime ideals. Then

Nm(a) = Nm(p,) Nm(p,) - - - Nm(gy).

Proof. By induction on r. The case r = 1 is trivial.
When r > 1, let b = p1ps---p,_1. Then
Nm(a) = [Ok : a] =[Ok : b][b : ]

(this follows from the Third Isomorphism Theorem for groups). By Lemma 52, we
have
[6:a] =[b:bp] =[Ok :p]
Thus
Nm(a) = [Ok : b][Ok : p] = Nm(b) Nm(p)
and we conclude by induction. U
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Corollary 54. Let a,b C Ok be non-zero ideals. Then
Nm(ab) = Nm(a) Nm(b).
Proof. Apply Lemma 53 to each of a, b and ab. O

Easy facts about norms of ideals.

We prove a few basic facts which don’t even require unique factorisation of
ideals.

We have already used this first lemma (whenever we said “pick an ideal a
of smallest norm, construct b C a, then Nm(a) < Nm(b)), so really we should
have proved it earlier! Since the proof doesn’t use factorisation of ideals, this
doesn’t lead to a circular argument. It is pretty easy, but we include the proof for
completeness.

Lemma 55. Let a,b be non-zero ideals in Ok. If a C b and Nm(a) = Nm(b),
then a = b.

Proof. Since a C b, we have
Nm(a) =[Ok : a] =[Ok : b][b : a] = Nm(b)[b : a].
Hence if Nm(a) = Nm(b), then [b: a] = 1 or in other words a = b. O
One reason for explicitly stating Lemma 55 is the following consequence:
If o € a and |[Nmg g(a)| = Nm(a), then a = (o).
This will be valuable later for as a method of proving that an ideal is principal:
you just have to find an element of the ideal which has the correct norm.

This next lemma might remind you of Lemma 38 but it is not the same:
Lemma 38 tells us that the norm of any element of a is in a; now we prove
that the norm of the ideal itself is in a.

Lemma 56. Let a C Ok be a non-zero ideal. Then Nm(a) € a.

Proof. Since Nm(a) = #0Ok /a, Lagrange’s theorem for the additive group Ok /a
tells us that Nm(a) - (1 +a) =0 in Ok /a. In other words Nm(a) € a. O
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19. DEDEKIND-KUMMER THEOREM

Prime ideals of a number field.
We have shown that ideals in Ok have unique factorisation into prime ideals.
Now we want to describe the prime ideals in Ok.

Definition. We shall use the phrase rational prime to mean a prime in Z (just
the usual meaning of prime number) — similar to how we sometimes say “rational
integers” to avoid confusion with algebraic integers. The purpose of this is to
avoid any possible confusion with “prime ideals in Og” (or even “prime elements
in Ok”). Sorry if it causes more confusion!

Proposition 57. Let K be a number field. Let p be a non-zero prime ideal in
Ok. Then Nm(p) = p" for some rational prime p and some positive integer n.
Furthermore, p | (p) and p 1t {(q) for any rational prime q # p.

Proof. By Corollary 43, p is a maximal ideal so Ok/p is a field. Furthermore
Of /p is finite by Lemma 39. By a result from Algebra 2, the order of any finite
field is a prime power. So

Nm(p) = #0xk/p = p"

for some p and n.

By Lemma 56, we deduce that p™ € p. If n > 1, we write p” = p - p"~ ! and use
the definition of prime ideal to deduce that either p € a or p"~! € p. If p"~! € p,
then we can repeat the process; eventually we conclude that p € p or in other
words p | (p).

Finally we want to show that there is no other rational prime ¢ # p such that
p | (¢). Assume for contradiction that such a prime exists. Then ¢ € p. By
Euclid’s algorithm, we can find x,y € Z such that zp + yq = 1. Since p,q € p, we
deduce that 1 € p and so p = Ok. But this contradicts the fact that p is a prime
ideal. U

Dedekind—Kummer theorem: statement.

By Proposition 57, each non-zero prime ideal of Ok divides exactly one rational
prime. Thus in order to determine the prime ideals of Ok, we just have to
determine the prime ideals which divide each rational prime. Because (p) has a
unique factorisation into prime ideals of O, there are finitely many prime ideals
dividing p.

The Dedekind—Kummer theorem tells us how to find these ideals. The statement
of the theorem may look rather long, but it gives a very clear recipe which we can
apply in practice.

Notation. If p is a rational prime, we write [, for “the field with p elements” i.e.
Z,/pZ. We use this notation to emphasise that it is a field (of course Z/pZ is only
a field when p is prime).
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Theorem 58 (Dedekind-Kummer). Let K = Q(«) be a number field where « is
an algebraic integer. Let p be a rational prime which does not divide O : Z[a]].

Let f(X) € Z[X] be the minimal polynomial of o, and let f(X) € F,[X] denote
the reduction of f modulo p. Let the factorisation of f into monic irreducible
polynomials be

f=R

where f1(X), ..., f.(X) € F,[X] are pairwise distinct.

For each i, choose a polynomial fi(X) € Z[X] such that f; = f; modulo p.

Let p; denote the ideal (p, fi(a)) in Ok.

Then:

(i) the p; are distinct prime ideals of O;

(ii) the p; are the only prime ideals in Ok dividing (p);
(i) Nm(p;) = p*st/);
(i) (p) = p1" - by

Most of the words of this theorem are just carefully defining notation for the
factorisation of f mod p.

There is one condition which it is important not to forget: p 1 [Ok : Z[a]]. We
want to apply the Dedekind—Kummer theorem with O = Z[«] whenever possible,
because then [Of : Z[a]] = 1 and so the condition p 1 [Of : Z[a]] is satisfied for
every prime p.

However, it is not always possible to choose a such that Ox = Z[a] and then
we have to exclude the finitely many primes which divide [Ok : Z[«a]] when using
the Dedekind-Kummer theorem.

Example of the Dedekind—Kummer theorem.

K = Q(y/=10)

Since —10 = 2 mod 4, we have O = Z[/—10]. so we can apply Dedekind—
Kummer with o« = +/—10 for every rational prime p. The minimal polynomial of
Vv=10is f(X) = X% + 10.

e p=2: f(X)= X%mod 2.

In the notation of Theorem 58, we have r = 1, f1(X) = X, e; = 2.

So the only prime ideal of Ok dividing (2) is p; = (2, fi(a)) = (2,/—10).
By (iii), Nm((2, /=10)) = 2de(¥) = 21 = 2,

By (iv), (2) = (2,v/—10)2.

e p=23: f(X)=X?—2mod 3. This is irreducible (because it is quadratic,
it suffices to check that it has no roots; it has no roots because 2 is not a
quadratic residue mod 3).

Thus in the notation of Theorem 58, we have r = 1, f1(X) = X? — 2,
€1 = 1.

Hence the only prime ideal of Ok dividing (3) is (3,a* —2) = (3, —12) =
(3)-

In fact, we could have deduced this without any calculations using (iv):
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since 7 = e; = 1, (iv) tells us that (p) = p* = p;.
This gives us a general conclusion (valid for any p and K):
If f(X) is irreducible in F,[X], then (p) is a prime ideal of Of.

e p=>5: (5) = (5,4/—10)? (similar to p = 2).

op="7 f(X)=X?—4=(X+2)(X —-2) mod?7.
In the notation of Theorem 58, we have r = 2, f1(X) = X — 2, fo(X) =
X+2761:€2:1.
Since f(X) has two distinct irreducible factors, there are two prime ideals

of Ok which divide (7), namely
(7, Fi(@)) = (7,2 4+ V/=T0) and (7, fo(a)) = (7,2 + V=T0).

By (iv),
(7) = (7,2 ++/—10) (7, =2 + /—10).

(You can check this product by hand!)
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20. PROOF OF DEDEKIND-KUMMER THEOREM

Another example of Dedekind—Kummer.

K =Q(/=7)

Since —7 = 1 mod 4, we have O = Z[a] where a = HT*E The minimal
polynomial of ais f(X) = X2 — X + 2.

For p =2, we have f(X) = X? - X = X(X — 1) mod 2.

Thus (2) = pq where p = (2,a) = (2, HT‘E> and g = (2, — 1)

In fact, Nm(p) = 29°¢(X) = 2 while NmK/Q(H’Tﬁ) =(3)?+7(3)*=2s0

1+ v/—7
= ()

— <2’_1+T\/j7>‘

Similarly, q = <_1++E>

The Dedekind-Kummer theorem tells us that the ideals p and q are distinct.
We could also see this directly because if p = q, then this ideal would contain
a — (a— 1) = 1, contradicting the fact that it must be a proper ideal of Ok.

We would have got the wrong answer if we tried to use o = /—7 instead of
HT\E! The Dedekind-Kummer theorem is not valid for p = 2 and a = /-7,
because

Ok : ZV-T]] = 2,
so this is not a contradiction. Rather it is a warning that the condition p{ [O :
Z[v/—7]] is important (and that making sure you use the correct ring of integers
for a quadratic field is also important).

Indeed, the minimal polynomial of /=7 is X? + 7 = (X + 1)? mod 2, so if we
(incorrectly) used Dedekind—Kummer for /=7 we would conclude that (2) is the
square of a prime ideal, but we saw that in fact p and q are distinct prime ideals.

Note that, if p # 2, then pt [Ox : Z[/17]] so we can apply Dedekind-Kummer
either for a = HT‘E or for & = /=7 and both will give the right answer.

Proof of Dedekind—Kummer theorem.

This proof may look a bit intimidating because of its repeated use of the isomor-
phism theorems for rings and the heavy notation for elements in several different
rings, but it is actually shorter and simpler than the proof of unique factorisation
of ideals.

We recall the notation from the statement of Theorem 58:

Notation. Let K = Q(«) be a number field where « is an algebraic integer. Let
p be a rational prime which does not divide [O : Z[a].

Let f(X) € Z[X] be the minimal polynomial of o, and let f(X) € F,[X] denote
the reduction of f modulo p. Let the factorisation of f into monic irreducible
polynomials be S ~

f=rr
where fi,..., f, are pairwise distinct monic irreducible polynomials in F,[X]. For
each i, let fi(X) € Z[X] be a polynomial in Z[X| such that f; = f; modulo p.
Let p; denote the ideal (p, fi(a))oy -
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Because we will need to work with ideals in several different rings, the notation
(o) might get confusing — it means the ideal generated by «, but in which ring?
To avoid this confusion, we will often include the ring as a subscript: we will write
(o) g to mean “the ideal of the ring R generated by a.”

For simplicity, we shall assume that Ok = Z[a] — in practice, this is usually the
situation in which we shall want to use the Dedekind—Kummer theorem. (Without
this assumption, it is not much harder — there is just an extra step showing that
Ok /(p)ox = Z]a]/{p)zja), which is where the hypothesis p { [Ok : Z[a]] gets used.)

The goal of the first few steps is to obtain a ring isomorphism

Fp [ X]/(F)eyix) = Zlel/(p)zja)-

We do this by constructing two homomorphisms from Z[X] to the two sides of
this desired isomorphism, which both have the same kernel, and then applying
the First Isomorphism Theorem.

Let I = <p7f<X)>Z[X}
Step 1. There is a ring homomorphism ¥y : Z[X] — F,[X]/{f)r,m which has

kernel I and such that ¥ (X) = X + (f)r,[x]-

Proof. Define ¢1(g) = g+ (f)r,x] (where g € F,[X] means “the reduction of g
mod p.”) Clearly ¢, (X) is what we want, and we can calculate

g€ker(r) &  ge (frx

& g = hf for some h(X) € F,[X]

& g = hf mod p for some h(X) € Z[X]

& g=hf+ pr for some h(X),r(X) € Z[X]

& g€ f(X)zx =1 O

Step 2. There is a ring homomorphism 1)y: Z[X] — Zla|/(p)zja) which has ker-
nel I and such that ¥2(X) = o + (p)z[a]-

Proof. Define 1»(g9) = g(a) + (p)zjo). Clearly 1o(X) is what we want. The
calculation of the kernel is similar to Step 1, except with the roles of p and f(X)
swapped.

g € ker(tpy) g9(a) € (p)zp

g(a) = ph(a) for some h(X) € Z[X]

(9 — ph)(a) = 0 for some h(X) € Z[X]

g —ph € (f(X))qx) for some h(X) € Z[X] (defn of minimal poly)
g —ph € (f(X))zx) for some h(X) € Z[X] (Gauss’s lemma)

g €(p, f(X))zix) = 1. O

(R R R
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Step 3. There is a ring isomorphism

¢: Fp[X]/(f(X))r,x7 = Zla]/(P)z)a)
such that (X + <f_>IF‘p[X]) = a + (P)zfa)-

Proof. The homomorphisms ¥4, ¥, from Steps 1 and 2 are both surjective (because
in each case the image of X generates the codomain as a ring). So by the First
Isomorphism Theorem, we get isomorphisms

¢1: ZIX]/T = B[ X]/(f)m, o),
¢2: ZIX]/T = Zla]/(p)za)-

Now ¢ = ¢g 0 ¢p; * is the desired isomorphism.
The claim about ¢(X + (fr,[x])) follows from what we know about ;(X) and

o (X). O

Step 4. The p; are distinct prime ideals of Ok, and they are the only prime ideals
of Ok dividing (p).

Proof. By the Third Isomorphism Theorem for rings (twice) and using the isomor-
phism ¢, we get bijections between the sets of ideals

{ideals in F,[X] containing (f)g,x]} <> {ideals in F,[X]/(f)r,x1}
+ {ideals in Z[a|/(p)zja)}

< {ideals in Ok /(p)o, }
> {ideals in Ok containing (p)o, }-

(In the middle, we used our assumption that Ox = Z[«].)

Using Lemma 36 and the third isomorphism theorem, we see that if R is a ring
and a, b are ideals such that a C b, then b is a prime ideal of R if and only if b/a
is a prime ideal of R/a. Hence the bijections above match prime ideals with prime
ideals, and we get a bijection

{prime ideals in F,[X] containing (f)} <+ {prime ideals in O containing (p)}.

The right hand side is what we are interested in; we can describe the left hand
side by factorising f in F,[X].

Since F,[X] is the polynomial ring over a field, it is a PID. Hence its prime
ideals are simply the ideals of the form (g)r,x] where g(X) € F,[X] is (monic
and) irreducible. In particular,

{prime ideals in F,[X] containing (f)r,x1}
= {(f)) : fi(X) € F,[X] is an irreducible factor of f}.

Because ¢(X + (f)r,1x]) = a + (p)o, . the sequence of bijections above map the

ideal <ﬁ»>FP{X] to <fz(a) + <p>OK>OK/<p>O , and thence to (p, fi(a))o, = pi. O
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21. THE CLASS GROUP AND END OF PROOF OF DEDEKIND-KUMMER

End of proof of Dedekind—Kummer theorem.

Step 5. Nm(p;) = piestfi),

Proof. Since (p)o, C p; and (f)r,x] C (fi)r,[x], we can use the Third Isomor-
phism Theorem for rings (twice) and the isomorphism ¢ to obtain

Ok o, Ox/ox ~ FplX]/{Nlrix) o FplX]

pi o Pi/ox  Few/(Dex e

I

Hence
Nm(p;) = [Ok : ps] = [Fp[X] : <]?1>Fp[x]]-

The quotient F,[X]/(fi)r,(x] is an F,-vector space with basis 1, X, ... , X des(fi)—1
(see Theorem 3). Thus it is a [F,-vector space of dimension deg(f;), so

[FP[X] : <fi>]Fp[X]] = pdeg(ﬁ)- O

Step 6. (p) =pi'---p& in Ok.
Proof. Since fi(X)e--- f(X)* = f(X), the product of ideals Hf:1<ﬁ>§;[X] maps

to the zero ideal in the quotient F,[X]/(f)r,x]- Applying ¢ from Step 3, we
deduce that []/_; p;* maps to the zero ideal in Ok /(p)o,.. Thus [T._; p;* C (p)oy -
We compare norms. By Lemma 40 and Corollary 15,

Nm((p)o,) = [Nmg g (p)| = pEY.

Meanwhile by Lemma 53 and Step 5,

T

Nm(pil ce pfnr) — H Nm<pl)el _ Hpei deg(fi).

i=1 =1

Finally because f(X) = [T f;(X)%, we have

T

Z: e; deg(f;) = deg(f) = deg(f) = [K : Q]

(the equality deg(f) = deg(f) is because f is monic, so its highest-degree term
does not vanish mod p). Thus plX® = ]7_, p=deelfs) and so

Nm({p)r,(x]) = Nm(p* - - p;").

Since we showed that [ p;" C (p)o,, we are done by Lemma 55. O
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The class group.
The class group of a number field K is a finite abelian group which measures
“how badly unique factorisation fails in Og.”

Definition. Let K be a number field. Write:

e [ = the group of non-zero fractional ideals of K (under multiplication);
e P = the group of non-zero principal fractional ideals of K (under multi-
plication).
The class group of K is the quotient group CI(K) = I/ Pk.
The elements of CI(K') are called ideal classes. If a is a non-zero fractional
ideal of K, we write [a] for its class in CI(K).

Observe that [a] = [b] if and only if a = b for some v € K.

We showed that [x was a group in Proposition 50. Pk is a subgroup of Ik
because (a)(8) = (af) and {(a){a~') = Ok. The group If is abelian because mul-
tiplication is commutative, and hence every subgroup of Ik is a normal subgroup.
Therefore the quotient I/ Pk is a group (indeed, an abelian group).

Observe that

We said that CI(K) is finite but this is far from obvious. Notice that Ix and
Py are both infinite groups — indeed, they are non-finitely generated groups (by
unique factorisation of ideals, the set of all non-zero prime ideals forms a minimal
generating set for I ). Hence it is not at all obvious that their quotient is finite.
The finiteness of the class group is one of the deepest theorems of the course.

Minkowski’s theorem.

In order to prove the finiteness of the class group, we will use Minkowski’s
theorem. Minkowski’s theorem is also useful for calculating the class group of a
particular number field, because it gives us a way to find ideals which represent
every class in Cl(K).

Definition. Let K be a number field of signature (r,s) and degree n = r + 2s.
Let Ag be the discriminant of K. The Minkowski bound of K is

4\% n!
By = () 2 Akl
m n

Theorem 59 (Minkowski’s theorem on ideal classes). Every ideal class in Cl(K)
has a representative a which is an ideal of Ok (not just a fractional ideal) and
satisfies Nm(a) < Bp.

e.g. As an example, we will use Minkowski’s theorem to prove that Ox = Z[v/6]
is a PID, where K = Q(1/6). The degree is 2, the signature is (2,0) and Ax =
4 x 6 = 24 so the Minkowski bound is

4\ 2! 1
Bg = () “ V24 =_V24=V6<3.
w) 22 2

So by Theorem 59, every ideal class in CI(K) has a representative of norm 1 or 2.
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The only ideal of norm 1 is Ok itself.

An ideal of norm 2 must be a prime ideal dividing (2) (by Proposition 57). We
use Dedekind-Kummer to factorise (2). Of = Z[v/6] and the minimal polynomial
of v6is X2 —6= X2 mod 2. So (2) = p? where p = (2,1/6). Thus p is the unique
ideal of norm 2 in Ok.

Is p principal? We look for an element x + yv/6 € Ok with

Nm /g (z + yV6) = 22 — 6y° = £2.

r =2,y = 1 gives a solution to this equation, and we can see that 2 + /6 € p.
Thus p = (2 + /6) is principal.

We have shown that all ideals of norm < 3 in Ok are principal. By Theorem 59,
this implies that the only ideal class in CI(K) is the trivial class. In other words,

Z[+/6] is a PID.
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22. COMPUTING THE CLASS GROUP

UFDs and PIDs.
The following lemma justifies the slogan that CI(K) measures how badly Ok
fails to be a UFD.

Lemma 60. Let K be a number field. Then CI(K) = {1} if and only if Ok is a
UFD.

Proof. From the definition of Cl(K), we saw immediately that
CI(K)={1} < OgisaPID.

Every PID is a UFD. So what we have to prove is: if Ok is a UFD, then it is a
PID.

Since every proper ideal of O is a product of prime ideals, it suffices to prove
that every prime ideal of O is principal.

Let p be a non-zero prime ideal of Ok and let a € p \ {0}. Write

Q= TTg * * * Tp.

where 7, ..., m, € Ok are irreducible elements.

In a UFD, irreducible elements are prime. In any integral domain, the ideal
generated by a prime element is a prime ideal. Hence the ideals (m;) are prime
ideals of O.

In Ok, every non-zero prime ideal is maximal. So (m;) are maximal ideals.

We have
pl ()= (m) - (m).

By the definition of prime ideal, we deduce that p | (m;) for some i. In other words
(m;) C p. Since (m;) is maximal, we conclude that p = (m;). O

Computing the class group.

Generalising our example for Q(v/6), we can use Minkowski’s Theorem (Theo-
rem 59), together with the Dedekind—Kummer Theorem (Theorem 58), to compute
some more class groups.

Theorem 59 tells us that we only need to look at ideals of norm < By in order
to hit every class in CI(K). In fact, we only need to look at prime ideals of norm
< Bg: these don’t necessarily hit every ideal class, but they do generate Cl(K).
For convenience, we state this as a lemma.

Lemma 61. Let K be a number field. The group CI(K) is generated by the classes
of prime ideals in Ok of norm < Bg. Furthermore, any such prime ideal divides
(p;) for some rational prime p; < B.

Proof. By Theorem 59, every class in CI(K) has a representative a C Ok such
that Nm(a) < Bg. We can write a as a product of prime ideals:

a=pipa---pr.

Because ideal norms are multiplicative, Nm(p;) < By for each i.
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By Proposition 57, p; | (p;) for some rational prime p;, and Nm(p;) = p;"* for
some n; € N. Hence p; < Nm(p;) < Bg. O

Thus we have the following strategy for finding Cl(K):

(1) Calculate the Minkowski bound By.

(2) For each rational prime p < Bp, use Dedekind-Kummer to factorise (p)
into prime ideals of Ok. (When we do this, some of the prime ideals we
obtain may have norm > Bg. We can throw these away.)

(3) Check whether each of the prime ideals we have found is principal.

(4) For any non-principal ideals, look for relations between their ideal classes,
and eventually prove that we have found all the relations. This is an ad
hoc process — if we only found a single non-principal prime ideal, then it
is just a matter of finding the smallest power of that ideal which becomes
principal. If there are multiple non-principal prime ideals of norm < By,
then this may require more tricks.

Class group examples.

K - Q(/=T0)
Since —10 = 2 mod 4, Ok = Z[/—10] and A = —40. The signature is (0, 1).
Thus the Minkowski bound is

ANL 2! f—— 2 2
Thus by Lemma 61, C1(K) is generated by prime ideals dividing (2) or (3).
We work out these prime ideals using the Dedekind-Kummer theorem with
a=+/=10, f(X) = X?+ 10:
e p=2: f(X)= X?mod 2 so (2) = p2 where py = (2,1/—10).
e p=23: f(X)= X?—-2mod 3 which is irreducible since 2 is not a quadratic
residue mod 3, so (3) is a prime ideal of Of.

We can discard (3) because it has norm 9 > Bg. Thus CI(K) is generated
by [pa].

By Theorem 58(iii), Nm(py) = 29°8(X) = 2. Thus to test whether p, is principal,
we look for elements of Ok of norm £2. The equation Nm(x + y/—10) =
22 + 10y? = £2 has no solutions in Z, so Ok contains no elements of norm £2.
Hence p5 is not principal.

On the other hand, from the Dedekind—Kummer calculation above, p3 = (2) is
principal. So [po] # [1] in CI(K) but [ps]? = [(2)] = [1]. Thus [ps] has order 2, so
CIK) = Z/27Z.

K = Q(y~TI)
Since —14 = 2 mod 4, Og = Z[/—14] and A = —56. The signature is (0, 1).
Thus the Minkowski bound is

AN 2! 2 2 16
Br=(2) 2./1-56] = V56 < 2 x8 = 0
K <7r) V=56l = 2veb < gx 8=



65

This is only just over 5, and the inequality is quite weak because 56 is a long way
from 8% = 64. So it seems likely that By < 5. It would be a shame to make extra
work for ourselves by having to factorise (5), so we get out the calculator and find

By ~4.76 < 5.

(You could also prove this by hand, by noting that 56 < 56.25 = 7.52.)
Thus by Lemma 61, C1(K) is generated by prime ideals dividing (2) or (3).
Using the Dedekind-Kummer theorem with o = /14, f(X) = X? + 14:
e p=2: f(X)= X%mod 2 so (2) = p35 where py = (2,/—14).
ep=23 f(X)=(X—-1)(X+1)mod 3 so (3) = psqs where p3 = (3, —1 +
v—14) and q3 = (3,1 + /—14).
Now CI(K) is generated by [ps], [p3] and [q3]. Since p3 = (2) and p3qs = (3) are
principal, we have
o] = 1], [ps]las] = [1].
The latter implies that
[as] = [pa] ™"
so CI(K) is generated by [po] and [ps]. We still have to figure out if there is any
relation between [po] and [ps).
We know that [po]* = [(2)] = [1] and [ps][as] = [(3)] = [1] so [q5] = [ps]™". But
we still have to figure out if there is any relation between [ps] and [p3].
One way to do this is to try looking for principal ideals whose norm is a product
of small powers of 2 and 3. You find that Ok contains an element of norm 18:

Nm(2 +v/—14) = 4 + 14 = 18.

(How did we find this? Maybe just by luck/intelligent guesswork. If I set this as a
question on an exam, there would be some sort of hint like: “Find an element of
Ok of norm 18.7)

Let’s factorise the ideal (2 + v/—14). Since its norm is a product of powers of 2
and 3,

(2+ V=14) = pip3as.
Comparing norms, and since Nm(2 ++/—14) =2 x 3% we get a = 1 and b+ c = 2.
We can’t have b = ¢ = 1 because then p3q3 = (3) divides (2 + /—14), but
342+ \/—14. Finally 2+ 14 € (3, —1 + /—14) = py. Thus
(2 4+ V/—14) = pop3.
In CI(K), this tells us that
[p2][ps]* = [1].
Since [ps] = [p2] ™!, we deduce that
[p2] = [ps]?
and so [p3] generates C1(K), with [p3]* = [p2]? = [1]. Thus CI(K) = Z/47Z.
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23. MINKOWSKI’'S THEOREM
Recall Minkowski’s theorem on ideal classes.

Theorem (Theorem 59). Every ideal class in C1(K) has a representative a which
is an ideal of Ok (not just a fractional ideal) and satisfies Nm(a) < By, where

4N\% n!
B =(—) —/|Ag]|.
K (7T> n" | |
Today we will use Minkowski’s theorem to prove the finiteness of the class group
(easy) and start the proof of Minkowski’s theorem (harder).

Finiteness of the class group.
Starting from Minkowski’s theorem on ideal classes, it is easy to prove that the
class group is finite. We just need a lemma about ideals.

Lemma 62. For any positive integer N, there are only finitely many ideals in Ok
of norm N.

Proof. Let @ C Ok be an ideal of norm N. By Lemma 56, N € a so (N) C a.
Hence by the Third Isomorphism Theorem, a/(N) is an ideal in O /(N).
Thus a — a/(N) is an injective map

{ideals of Ok of norm N} — {ideals of Ok /(N)}.
Since Ok /(N) is a finite ring, it contains only finitely many ideals. O
Theorem 63. Let K be a number field. Then C1(K) is finite.

Proof. Thanks to Lemma 62, Ok has finitely many ideals of norm < Bg. Thus
we are done by Theorem 59. |

Definition. For any number field K, the class number of K is the size of CI(K)
(it is often denoted hy).

Proof of Minkowski’s theorem.
The proof of Minkowski’s theorem on ideal classes (Theorem 59) relies on two
other theorems of Minkowski:

Minkowski’s theorem on ideal classes

T (easy, examinable)
Minkowski’s theorem on ideals
0 (harder, non-examinable)

Minkowski’s theorem on lattices

We will next prove that Minkowski’s theorem on ideals implies the theorem on
ideal classes — this proof, and the statement of Minkowski’s theorem on ideals, are
examinable material for this module.

We will then spend the rest of this lecture and all of tomorrow’s lecture outlining
the proof that Minkowski’s theorem on lattices implies the theorem on ideals —
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this is non-examinable. A (slightly simplified) version of Minkowski’s theorem on
lattices was in Introduction to Number Theory, so we will skip the proof of the
lattice theorem altogether.

Theorem 64 (Minkowski’s theorem on ideals). Let K be a number field. Let a be
a non-zero ideal of Og. Then a contains a non-zero element o such that

INmgg(a)| < Bx Nm(a).

Proof of Theorem 59. There is one subtle point to watch out for in this proof —
we apply Theorem 64 to a representative of the inverse of the ideal class we are
interested in!

Let C be an ideal class in CI(K). Pick a fractional ideal b € I which represents
the inverse class C~1. Thanks to Lemma 46, we may assume that b is an ideal in
Ok. By Theorem 64, we can find a € b\ {0} such that |Nmg,g(a)| < Bxg Nm(b).

Let a = ab™!. Then [a] = [b]7} = C, a C Ok because a € b (by the definition
of b71), and

Nm(a) = [Nmg/g(a)| - Nm(b) ™' < Bg. O

Lattices (non-examinable).

The proof of Minkowski’s theorem on ideals (Theorem 64) is quite long. Surpris-
ingly, it relies on geometry and analysis, even though we are proving a theorem
which appears algebraic! That’s how 7 appears in Bg. This method is called
“geometry of numbers.”

First we need to define lattices in R™.

Definition. A lattice in R" is a subgroup of (R",+) which is generated by a
basis of R".

e.g. Z" is a lattice in R™ because it is generated by the standard basis.
Every lattice in R” is isomorphic to Z" as a group, but it might be a different
subgroup of R™.

Definition. Let L C R" be a lattice, generated by the basis {v;,...,v,}. The
covolume of L is the volume of the parallelepiped

{101+ -+ 20, 21,..., 2, ER0< 2q,...,2, < 1}

The prefix “co” is here because this is not the volume of the lattice itself (that’s
zero because it is a countable set of points!); rather it is the volume of the “spaces
in between the lattice.”

Note that any lattice has many bases, and the covolume is the same whichever
basis we choose. To prove this, we will use another way of defining the covolume:
if C' is the matrix with v;,...,v,, as columns, then

covol(L) = |det(C)|.

(This is just the formula for the volume of a parallelepiped.) If we have two bases
which generate the same lattice L, then the change-of-basis matrix between them
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has determinant +1, proving that the covolume of L is independent of the choice
of basis.

Minkowski’s theorem on lattices (non-examinable).

Suppose we have a lattice L C R", and a compact set S C R". If we make S
big enough, can we guarantee that it contains an element of L? How big does it
need to be?

This is a trick question: you can make S as big as you want without ever
intersecting L by drawing a set which has holes round the lattice points! Even if
you insist that S is no holes (is simply connected), you still draw a set S which
wiggles in and out around the lattice points. We can rule this out by insisting
that S is convex.

Definition. A subset S C R" is convex if for all z,y € S and all ¢ € R with
0<t<1,wehavetr+ (1—t)y€S.

It turns out that this is not enough. We need one more condition on S.
Definition. A subset S C R" is symmetric if for all z € S, we have —x € S.

Now it looks like we have gone too far: A convex symmetric set S automatically
1

contains 5 + %(—x) =0 for any x € 5, so SN L is always non-empty. We will
ignore 0.

Thus the right question to ask is: if we make a convex symmetric set S large
enough, can we guarantee that it contains an element of L \ {0}7 How large we
will need to make S obviously depends on how big the gaps between elements of
L are, i.e. on covol(L).

The following theorem answers this question.

Theorem 65 (Minkowski’s theorem on lattices). Let L be a lattice in R™. Let
S CR"™ be a compact, convex, symmetric set. If
vol(S) > 2" covol(L),
then S contains a non-zero element of L.
In Introduction to Number Theory, you proved Theorem 65 for lattices which

are contained in Z". One can reduce to that case by a linear transformation, so
we will omit the proof of Theorem 65.



69

24. PROOF OF MINKOWSKI’'S THEOREM

(All of this lecture is non-examinable.)
We are aiming to prove Minkowski’s theorem on ideals:

Theorem (Theorem 64). Let K be a number field. Let a be a non-zero ideal of
O. Then a contains a non-zero element o such that

INmg/g(a)| < Bx Nm(a).

In order to prove Theorem 64, we need to pick a lattice L and a compact,
convex, symmetric set S and calculate their volumes. Then we will be able to
apply Theorem 65.

Canonical embedding of a number field.

In order to obtain lattices related to a number field, we need to put K inside a
real vector space. K is isomorphic to Q", so we can put it inside R". We will do
this in the following way, using the real and complex embeddings of K:

Definition. Let K be a number field of signature (r,s) and degree n = r +
2s. Label the real embeddings of K as oy,...,0, and the complex embeddings
as Opi1y---,004s, Opil,---,0r15. The canonical embedding of K is the map
t: K — R" defined by

va) = (o1(a), ..., o.(a), Reo,1(a),Imo,ii(a), ..., Reois(a), Imo,5(a)).
(Note that we couldn’t just use the embeddings of K directly i.e.

(01 (Oé), s >0T(a>7 Or+1 (a)>m(a)7 s 70T+8(a)7m(a))

because this has values in C", not R™.)

Lemma 66. Let a be a non-zero ideal in O. Then 1(Ok) is a lattice in R™ with
covolume

2= /| Akl

Outline proof. Let ay, ..., a, be an integral basis for K. Let C' € M, »,(R) be the
matrix with columns ¢(aq), ..., t(ay).

We will calculate det(C'). We will see that det(C) # 0, so ¢(ay),. .., (o) form
a basis of R"™. Consequently the subgroup which they generate, namely ¢(Ok), is
a lattice. Furthermore the covolume is given by |det(C)].

In order to calculate det(C), consider a different matrix B € M,»,(C) with
columns

o1(a;)

O'n(Oéi)
By the definition of discriminant, we have

AK = det(B)2.
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To get from B to C', we multiply by a matrix of the form

1
1
1 1
2
— 30 §z
1 1
2
— 20 %21
1 1
For each pair of complex embeddings, we have a block <_21 ; 122.> because
2t 2
1N\ /2 Re z
(—21i 122) (5 “\Imz /-
2t 2
1 1
The determinant of < A ) is %z SO
—52 52

det(C) = (34)* det(B).

Consequently
covol(1(Ok)) = |[det(C)| = 27%|det(B)| = 2%/ |Ak]. O

Since a is a finite-index subgroup of Ok, t(a) is also a lattice and to get its
covolume we just multiply by the index i.e. Nm(a):

covol(v(a)) = 27°1/|Ak| Nm(a).

Proof of Minkowski’s theorem on ideals.

Now «(a) is a lattice in R", and we have calculated its covolume. In order to
apply Theorem 65, we need to choose a compact, convex, symmetric set S. If
z € SNu(a), then the fact that x € «(a) tells us that z = ¢(«) for some a € a. So
we want the fact that z € S to tell us that Nmg () is bounded.

We extend Nmpg /g from a function on K to a continuous function on R".

Define a function N, ,: R™ — Ry by

Nr,s(xla ey Iy Y1, 215 - e 71/3723) = ‘I1’ T |I'7«’ (y% + Z%) e (y? + Zg)

We have labelled the coordinates in this way in order to relate them to the canonical
embedding of K: the x;s correspond to real embeddings of K, the y;s to the real
part of complex embeddings, the z;s to the imaginary part of complex embeddings.
This relation with the canonical embedding also explains why N, s involves factors
y? + 22 which look like the norm of a complex number.
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The significance of this function N, , is that, for all « € K, we have

Nrs(u(@) = lov(@)] -+ lor (@) |orra (@) -+ [orss(a) [

= low(@)] -+ |ov(@)] |or i (@) [ari(@)] - - |ors(@)[[ors(e)]
= 1]1|0i(04)| = [Nmgg(a)].

(The final step is Lemma 19).
Let

Y. o(T) ={z € R": N, ,(z) <T}.

We have to show that Y, (Bx Nm(a)) contains a non-zero element of «(a).
Unfortunately we cannot deduce this directly from Theorem 65 because the set
Y, s(T) is usually neither compact nor convex. In the lecture I drew pictures:

e for an imaginary quadratic field, n = 2, (r,s) = (0, 1),
Yoo(T) = {(y.2) €R* 1 y* + 2 < T}.

Thus Y, 4(T) is a disc, which is compact and convex. (This is the easy
case!)
e for a real quadratic field, n = 2, (r,s) = (2,0),

Y, (T) = {(z1,22) € R? : |z||2e| < T}

This set is bounded by hyperbolae — it is the set A in Figure 10.1 of Stewart
and Tall, p. 175. It is neither compact nor convex.

We will choose a compact convex set inside Y, 4(T"), and apply Theorem 65 to
that. If we only want to prove the finiteness of the class group, we don’t need to
describe exactly which compact convex set we choose because we don’t need an
exact value for By, just that there exists some By — so we could just say that
when we make 7" large enough, we know that Y, (7") will always contain a compact
convex set which is large enough for Theorem 65 to apply.

On the other hand, in order to calculate class groups via Minkowski’s theorem,
we need a value for Bg. In order to get the best value we can, we choose the
largest compact convex set we can inside Y, ¢(7'). In the real quadratic field case,
this will be set B in Stewart and Tall, Figure 10.1.

To define this new set, we define a new function ¢, s: R" — R by

¢r7s($1,...,$7~,y1,21,...,y5,25) = |l‘1|+'~'+|$r|+2\/y%—i—Z%—F-'-—i—Q\/yg—l—Z?.
By the AM-GM inequality, we have

Nr,s(@)l/n < Tr,s (l)

1
Consequently, if we choose A = n(Bx Nm(a))'/", then the set
X s(A) ={z e R": T, (z) < A}
is contained in Y, ¢(Bx Nm(a)).
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The set X, 4(\) is compact, convex and symmetric. All that remains is to
compute its volume. It turns out that

S/TNs 1
vol(X,.5(\)) = 2 (5) SRR
We will skip the calculation (which is quite fiddly, especially to get the correct
powers of 2) but broadly speaking: the 2" comes from integrating the z;s, because
a bound on |z;| allows both positive or negative values of x;, the (7/2)® comes
from the circles defined by 24/y? + 22, and the 1/n!- A" comes from the fact that
when we integrate a constant n times we get 1/n! - ¢".
Inserting our choice of A into this formula, we get
vol(X,s(\)) = zr(g)s% B Nm(a) = 27+ /| A x| Nm(a) = 2" covol(u(a)).
Hence by Theorem 65, X, ;(\) contains a non-zero element z € «(a). Write z = ¢(«)
where a € a. Since X, ¢(\) is contained in (*), we have

[Nmgg(@)| = Np.s(z) < Bx Nm(a)

as required.

(End of non-examinable material)
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25. MORDELL EQUATION

One of the purposes of all this theory of algebraic numbers is to solve Diophantine
equations i.e. polynomial equations in ordinary integers. We will consider one
example: the so-called Mordell equation

y2:l‘3—|—]€

where k € Z.

Mordell proved that, for each k, this equation has only finitely many solutions
with x,y € Z. We will not prove this, but we will look at a method which allows
you to find the integer solutions for a given value of k.

e.g. Consider the equation
y? = 2% —13.
We rearrange this to get
23 =9 +13.
In order to factorise the right hand side, we will work in the field K = Q(y/—13).

We get
* = (y+v—13)(y — V-13). (1)

If Ok = Z[v/—13] were a UFD, then we could say: y++/—13 and y — /—13 are
coprime and their product is a cube, so y ++/—13 and y — v/ —13 must themselves
be cubes (at least up to multiplying by a unit).

Unfortunately, Z[v/—13] is not a UFD. (We can use the Minkowski and Dedekind—
Kummer theorems to show that CI(K) = Z/27Z.) However, it does have unique
factorisation of ideals, so we will try to follow a similar method using ideals instead.
Calculating the class group will allow us to deduce that certain ideals are principal,
and so turn equations of ideals back into equations of elements.

We will need the following lemma.

Lemma 67. Let a,b C Ok be ideals which are coprime (have no common prime
ideal factors). Suppose that

ab =¢"
for some ideal ¢ C Ok and some n € N. Then there are ideals a’,b’ C O such
that
a=(a)", b=(b)".
Proof. This is an easy consequence of the unique factorisation of ideals (Theo-

rem 48) — think about how you would prove the same result for rational inte-
gers. U

Equation (1) implies the following equation of principal ideals:

(@) =y +V-13){y — V-13). (2)
If we want to use Lemma 67 here, we have to show that the ideals (y + +/—13)
and (y — /—13) are coprime.
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Suppose p was a prime ideal which divides (y + v/—13) and (y — v/=13). Then
(y+vV-13) = (y - V-13) =2v/-13 € p.
Hence Nm(p) divides
Nmyg(2v/—13) = 4 x 13 = 52.

Since Nm(p) is a prime power (by Proposition 57), it must be either 13 or a power
of 2.

If Nm(p) = 13, then 13 divides Nmg/q(y + v~13) = y* + 13. Consequently
13 | y. But then 2% = y* + 13 will be divisible by 13 but not by 132, which is
impossible for a cube. Thus Nm(p) # 13.

If Nm(p) = 2, then 2 divides Nmy/q(y + v/—13) = y* + 13. Hence y is odd, so
y?> = 1 mod 8. Consequently 2® = y? + 13 = 6 mod 8. This forces x to be even,
but then 8 | * which gives a contradiction.

We deduce that there are no prime ideals of Ok which divide both (y + /—13)

and (y ++/—13).
Therefore we can apply Lemma 67 with n = 3. The equation (2) implies that
there is an ideal a such that

(y+ V=T3) = o (3)
(and similarly for (y —/—13), but we won’t need that).

Now we use the class group. Using the Minkowski bound and Dedekind-Kummer
theorem, we can calculate Cl(Q(v/—13)) = Z/2Z. From equation (3), we get the
following equation in the class group:

[a]? = [(y + v=13)] = [1].
Since the class group has order 2, [a]? = [1] so we deduce that [a] = [1]. In other
words, a is principal, so we have

a= (u+vv—13)

for some u,v € Z.
Substituting this into (3), we get

(u+vv/=13)* = (y + vV/~13).
This implies that

(u+vv/—13)* = a(y + vV—13)
where « is a unit in Z[v/—13]. The only units in Z[/—13] are &1 (because a unit
must have norm +1, and the only integer solutions to z* + 13y = +1 are (+1,0)).

So we get
(u+vV/—13)* = +(y + vV/—13).

Multiplying v and v by —1 if necessary, we may assume WLOG that
(u+vV/—13)* =y + /—13.
Expanding this out, we get

u? 4 3utvy/—13 — 3 x 13uwv® — 130°/~13 = y + v/ —13. (4)
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Because {1,+/—13} is a Q-basis for Q(v/—13), we can group together the terms
to get
u(u® = 390%) =y, (5)
v(3u® — 13v%) = 1. (6)
From (6), we deduce that v = 1 (since u,v € Z).
If v = +1, then 3u? — 13 = 1 so 3u? = 14 which has no integer solutions.
If v = —1, then 3u? — 13 = —1 so 3u® = 12 so u = £2.
Substituting (u,v) = (£2, —1) into (5), we get
y = u(u® — 390%) = £2 x (4 — 39) = £70.
We could find z by substituting this back into the original equation:
23 =9? + 13 = 4913.

Of course, we could calculate v/4913, but I don’t know +v/4913 off by heart!
With a little more manipulation of algebraic numbers, we can avoid calculations
involving big numbers. In fact, our original equation (1) can be rewritten as

2 = Nmgg(y +v/~13).
Since norms are multiplicative, this becomes
2® = Nmpg o(u + vv/—13)°.

Both sides of this equation are in Z, where the only cube root of 1 is 1 itself. Thus
we get
z = Nmpgg(u+ovvV=13) =u* + 130v° =4+ 13 = 17.
Hence the only integer solutions to y? = 2® — 13 are
x =17, y==£70.

This equation has solutions which are rather large to find by manual brute force
search. Of course a computer could have found them quickly, but it could not
prove that they are the only solutions. This method allows us to do both — find
the solutions and prove that there are no more — entirely by hand.
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26. DIRICHLET’S UNIT THEOREM

Our final topic will be to understand the units in Og. We have seen that
r € Ok is a unit if and only if Nmg g(z) = £1.

Out of laziness I might say “unit of K” to mean “unit of Ox” (the true units
of K are not very interesting — just all the non-zero elements of K, because it is a
field).

The following lemma shows that the property “« is a unit in Og” doesn’t depend
on which number field K we choose to look at (providing o € K of course).

Lemma 68. Let L/K be an extension of number fields and suppose that o € K.
Then « € Oy if and only if « € OF .

Proof. If a € OF, then « € Ox € Op and ! € Ox C Op so a € OF.

If € OF, then a,a™! € Of so a,a™! are both algebraic integers. We are
given that o € K since K is a field, this implies that o~ € K (note that o # 0
because o € OF). Thus «, o' are both algebraic integers contained in K i.e. they
are both in Og. Hence a € Of. O

Roots of unity.
Definition. Let K be a number field. We write

pr = {¢ € K : ( is a root of unity}.
Lemma 69. ux C Of.

Proof. Let ¢ € pug. Then ¢ is a root of X™ — 1 for some n, so ( is an algebraic
integer. Since ¢ € K, we deduce that ( € Ok.
We have (7! = ("1 € Ok (because Of is a ring) so ( is a unit in Ok. O

Indeed, roots of unity are elements of O of finite order w.r.t. multiplication;
conversely, any element of O of finite order is a root of unity.

Lemma 70. For any number field K, ug is a finite cyclic group under multipli-
cation.

Proof. 1t is clear that pug is closed under multiplication and under multiplicative
inverses, and contains 1, so ux is a group under multiplication.

To prove that g is finite: let ¢ be a primitive n-th root of unity (i.e. (" =1 but
¢(m#1if 1 <m <n—1). The minimal polynomial of ¢ is the n-th cyclotomic
polynomial ®,(X), which has degree ¢(n) (Euler’s totient function) — this was
proved in Algebra 2. Hence [Q(¢) : Q] = ¢(n). Furthermore, ¢(n) > /n for
all n > 3 (you can prove this using the formula for ¢(n) in terms of the prime
factorisation of n).

So if ( € K, we must have

(K- Q] > [Q(¢) : Q] > V/n.
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Since K is a fixed number field, this means that there are only finitely many
possible values of n. In other words, there are only finitely many possible values
for the order n of a root of unity in K.

Furthermore for each n, there are only finitely many n-th roots of unity. Hence
K contains only finitely many roots of unity.

To show that ug is cyclic, we use another result from Algebra 2: any finite
subgroup of the multiplicative group of a field is cyclic. O

Lemma 71. If K has at least one real embedding, then ux = {£1}.

Proof. Let o be a real embedding of K. For ( € ug, we have (" = 1 for some n.
Then o(¢) € R and o(¢)" = 1, which implies that o(¢) = £1.

But of course ¢(1) = 1 and o(—1) = —1. Since o is injective, we must have
¢ = +1. 0

On the other hand, if all the embeddings of K are complex, then there is no
shortcut to finding pux-.
For imaginary quadratic fields, we can easily work out all the units.

Lemma 72. Let d be a square-free positive integer and let K = Q(v/—d). Then
O = ug. More precisely,

{£1, i} ifd=1
OF = {{£1,£(, £¢%}  if d =3, where { = exp(27i/3) = /=3
{£1} otherwise.

Proof. If d = 1 or 2 mod 4, then O = Z[v/—d]. So any o € O can be written
as ¢ + yv/—d, with x,y € Z and

Nmp/g(a) = 2> + dy* = £1.

Now 22 + dy? is always positive, so there are no solutions to 2%+ dy? = —1. To get
a solution to x2 4+ dy? = 1, we must have 22 = 1,dy* = 0 (giving x = &1, y = 0 —
this corresponds to the units 41, which exist in every field) or else 2? = 0,dy* = 1
(this is only possible if d = 1, in which case x =0, y = +1 so a = =+1i).
If d = 3 mod 4, then Oy = Z[*¥Y=1]. So any a € O} can be written as T/~
with z,y € Z. Since Nmg g = (2% + dy?) /4, we get
2 + dy? = +4.
This implies that 22 < 4 so we get three cases:
e v = 0. Then dy* = 4. This forces d = 1, 2 or 4 but none of these are
= 3 mod 4.
e v = £1. Then dy? = 3. So we must have d = 3, y = £1. Thus we get the
units %‘/j’ = £(, +C%
e v = £4. Then dy? = 0 so y = 0. This gives the units &1, in any field. O
Thus for imaginary quadratic fields, we see that Oy is finite.

For real quadratic fields, Lemma 71 tells us that ux = {£1}. But we shall
show that O is always infinite. For now, observe that this is true for K = Q(v/2)
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because 14 v/2 € Ok and Nmg /g1 + V2)=—1,501++2€ OFf. But 1++/2is
not a root of unity (it is real and not in £1) so the set {(1 ++/2)" : n € Z} is an
infinite set of units in Z[v/2].

Dirichlet’s Unit Theorem.

Dirichlet’s Unit Theorem gives us a description of Oy as a group under multi-
plication. We have seen that the torsion elements are the roots of unity px, which
form a finite cyclic group. The theorem tells us that the group O is the product
of ux with a finitely generated abelian group, and furthermore it tells us the rank
of that finitely generated abelian group in terms of the signature of K.

Theorem 73. Let K be a number field of signature (r,s). Let uyx denote the set
of roots of unity in K. Then OF is isomorphic to ux X Z" =1 as an abelian group
(with the operation of multiplication).

e.g. K = @Q: the signature is (1,0) so r +s — 1 = 0. Thus O = ux = {£1},
which matches what we know about Z*.

Similarly for an imaginary quadratic field: the signature is (0,1) sor+s—1 = 0.
Thus O = uk is finite, agreeing with Lemma 72.

Meanwhile a real quadratic field has signature (2,0) so r + s — 1 = 1. Hence
Ok = ug X Z = {£1} x Z by Lemma 71. Thus Of is infinite, matching what we

saw for Q(/2).
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27. UNITS OF A REAL QUADRATIC FIELD

Fundamental units.
Let K = Q(\/;l) be a real quadratic field. We saw yesterday that Dirichlet’s
Unit Theorem implies that
Op = {£1} x Z.
In other words, there is some ¢ € O such that
x={xe" :neZ},

and ¢ is not a root of unity.

There may be more than one possible choice of € such that O has this form:

indeed, —¢, e7! or —e~! will also work. In fact, these are the only possibilities.

This could be considered obvious from the structure of the group {£1} x Z, but
let’s prove it carefully.

Lemma 74. Let K be a real quadratic field and suppose that
x={xe" :neZ}.
Let n € O be such that we also have
r={En" :neZ}.
Then
n € {+e, £}
Proof. From the defining property of ¢ and since n € O, we have
n=ue"
for some n € Z and u € {£1}.
Similarly from the defining property of 1 and since € € Oy, we have
g=uwn
for some m € Z and v € {£1}.
Now
SO
"t = w" = £,
Since 7 is not a root of unity, this implies that mn —1=0and som=n=1 or
m=n=—1. U

We consider K as a subfield of R (via the embedding for which v/d > 0).
Replacing € by —e if necessary, we may assume that ¢ is positive. Then replacing
¢ by 7! if necessary, we may assume that ¢ > 1. We then have

—e< -1, —-l<-e't<0, O0O<el<l
In conclusion we see that there is a unique € > 1 such that
x={x":neZ}.

We call this ¢ the fundamental unit of K.
The following proposition tells us how to find the fundamental unit.
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Proposition 75. The fundamental unit is given by x + y\/d where (z,v) is the
solution to
2 —dy® = £1
with the smallest possible value of x, where
e 1.y are positive integers if d = 2,3 mod 4,
e 1,y are positive half-integers if d = 1 mod 4.

Proof. First let 7 be any unit of O greater than 1. Since O = Z[\Vd] if
d =2,3mod 4 or Z[HT‘/&] if d =1 mod 4, we can write n = u + vv/d where u, v
are integers or half-integers respectively. Since n € Oy, we have

(u+ vVd)(u —vVd) = u® — dv* = Nmg q(n) = 1.

Hence u — v\/c_l = :i:nfl.
We conclude that the four elements 4u + uv/d are in fact +n,+7~! in some
order. Since n > 1, it is the largest of these four elements, so u, v are both positive.

Let € be the fundamental unit. Applying the above argument to €, we can write
e=x+yVd

where x, y are positive integers or half-integers as appropriate, satisfying 22 —dy? =
+1.

If (u,v) is another solution of the equation with u,v positive integers (when
d = 2,3 mod 4) or positive half-integers (when d = 1 mod 4), then 7 := u + vv/d
is in O}. (To prove this, we first check that u + vv/d € Ok; then the equation
tells us that the norm is 41, so it is in Ok. If d = 2 or 3 mod 4, then u,v € Z
so certainly u 4+ vvd € Ox = Z[v/d]. But if d = 1 mod 4, then we are only given
that 2u, 2v € Z and we have to check that u +vv/d € Z[HT*/&]. In other words, we
have to check that v and v are either both integers or both non-integers — we can
rewrite this as 2u = 2v mod 2 (remember this is a non-trivial congruence because
u, v might not be integers). This follows from the equation (2u)? — d(2v)? = +4,
since d is odd.) Consequently nn = +¢" for some n € Z.

Furthermore since u,v > 0, 77 is the largest out of {+u & vv/d}, and as above
this set is equal to {£n, +n7'}. Hence n > n~! so > 1. Therefore

n=c¢c" withn > 1.
Hence n > ¢. Thus ¢ is the smallest unit greater than 1.
It remains to show that “smallest € > 1”7 is equivalent to “smallest x > 0.”

If Nm(e) = +1, then also Nm(n) = +1. We want to show that z < u. Assume
for contradiction that > u. Then

2 2
o u'—1 z°-1 9
() — < == .
d i 7
Since y,v are both positive, we get y > v. But now z + yvd > u + vVd,

contradicting the fact that ¢ <.
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If Nm(e) = —1, then Nm(n) may be +1 or —1. Again assume for contradiction
that x > u. We get
, w1l 2?41,
V= <=y
Thus again y > v so = + yv/d > u + vV/d, contradicting the fact that ¢ < 7.
At the end of the lecture, someone suggested another way of getting from “c < n”

to “ax < u”: write out the binomial expansion of
u+vvVd = (z +yVd)".

Since 1, v/d are Q-linearly independent, you get u = z" + positive terms. If 2 > 1,
this immediately implies that + < u. If x = %, then you have to work a little
harder but can still finish it off. O

e.g. 1+ /2 is a unit of Q(v/2) which is bigger than 1. It has = 1, which
is certainly the smallest possible value for a positive integer! So 1 + /2 is the
fundamental unit of Q(+/2), proving that

ZIV2)* = {+(1+V2)" :n € Z}.

e.g. We find the fundamental unit of K = Q(+/6).

Here 6 = 2 mod 4 so we look for solutions to 2% — 6y = +1 with x,y positive
integers.

If z =1, then 6y> =1+ 1 = 0 or 2, leading to the solution x = 1, y = 0. But
we are looking for y to be a positive integer, so this doesn’t count. (We have just
rediscovered that 1 € Op, but it is a root of unity!)

If x = 2,3 or 4, then there are no integer solutions for y.

If x =5, then 6y = 25 £ 1 = 24 or 26. This has a solution y = 2. Thus the
fundamental unit of Q(y/6) is

5+ 2V/6.

Consequently all the units of Z[v/6] are given by
O ={£(6+2V6 :neZ}.

We have
Nmg/g(5 + 2v6) = 25 — 24 = +1.
Hence all units of Q(v/6) have norm +1.

We can translate the fact that 5+ 24/6 is the fundamental unit into a statement
about solutions of Pell’s equation: the integer solutions of 22 — 6y> = 1 are
precisely

{(z,y) 1z +yV6 = £(5+2V6)",n € Z}.
There are no units of norm —1, so the equation 22 — 6> = —1 has no solutions
(we could also have proved this by working mod 3!).

On the other hand, if the fundamental unit turned out to have norm —1, then
solutions of Pell’s equation 22 — dy? = 1 would be given by even powers of the
fundamental unit, while solutions of 22 — dy? = —1 would be given by odd powers
of the fundamental unit.
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28. PELL’S EQUATION

Pell’s equation for d = 1 mod 4.
We want to use the theory of units in quadratic fields to study solutions of the
Diophantine equation

2 —dy? =1,

where d is a positive square-free integer, known as Pell’s equation.
We saw yesterday that, if d = 2 or 3 mod 4, and if the fundamental unit ¢ of
Q(v/d) has norm +1, then all the integer solutions to Pell’s equation are given by

{(x,y) :  +yVd = £&" for some n € Z}.

Similarly, if the fundamental unit € has norm —1, then all the integer solutions to
Pell’s equation are given by

{(x,y) : & + yVd = £ for some n € Z},

In particular, if d = 2 or 3 mod 4, then Pell’s equation always has infinitely many
integer solutions.

If d =1 mod 4, then O = Z[HT‘/&] and so € might not be in Z[v/d]. This means
we have to work a bit harder to guarantee that Pell’s equation has a non-trivial
integer solution.

We will prove this by doing “modular arithmetic in Og.” More specifically, we
will work modulo the ideal (2) (a natural choice because of the denominator of
1+T\/g)‘ In order to do this, we need to understand the structure of the quotient
ring O /(2), and we shall find this using a version of the Chinese Remainder
Theorem.

Recall the abstract form of the Chinese Remainder Theorem from Algebra 2.

Theorem 76 (Chinese Remainder Theorem). Let I1, ..., I, be a finite set of ideals
inaring R. Let J =1, N---N1,. Suppose that for every pair of ideals I;, I;, we
have I; + 1; = R. Then there is a ring isomorphism R/J — [1i-, R/I;.

Corollary 77. Let pi,...,p, be distinct non-zero prime ideals in the ring of
integers of a number field Ok . Let a =[[_ p;. Then there is a ring isomorphism
Rfa =TIy R/pi.

Proof. Since pq,...,p, are distinct maximal ideals, they satisfy the condition
p; +p; = Ok for each pair 7, j. Hence by Theorem 76, there is a ring isomorphism
Ok /b =TI, Ok/p;, where b =p; N ---Np,.

This is not quite what we want: we have to check that p; N ---Np,, =14 pi.
First, it is clear that [T ; p; S p1N---Np, i.e. a € b. Hence there is a surjection
Ok/a — Og/b. Composing with the isomorphism from Theorem 76, we get a
surjection

o: (’)K/a—> ﬁOK/pz

i=1
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Since ideal norms are multiplicative, we have
#0x/a = Nu(a) = [T Nm(p:) = # (T[ Oxc /).
i=1

Thus ¢ is a surjection between finite sets of the same size, so it is a bijection. [

Lemma 78. Let K = Q(\/d) where d is a square-free integer with d = 1 mod 4,
d#0 or 1. Then Ok /(2) is isomorphic (as a ring) to either Fy x Fy or the field
of order 4.

Proof. Let a = 1+T\/g7 so that O = Z[a]. The minimal polynomial of « is

f(X)=X?- X+ 14
If d =1 mod 8, then f(X) = X(X —1) mod 2 and so by the Dedekind-Kummer
theorem, (2) = pq where p, q are distinct prime ideals each of norm 2. By
Corollary 77, there is a ring isomorphism Ok /(2) — Ok /p x Ok /q. Since each
of p and q is a maximal ideal, the quotient rings O /p and Ok /q are fields; since
Nm(p) = Nm(q) = 2, they are both isomorphic to Fy. Thus Ok /(2) = Fy x Fs.
If d = 5mod 8, then f(X) = X? + X + 1 mod 2, which is irreducible in
Fy[X]. Hence by the Dedekind-Kummer theorem, (2) is a prime ideal in Ok.
Consequently it is a maximal ideal, so Ok /(2) is a field. We have Nm((2)) = 4,
so Ok /(2) must be the field of order 4. O

We now use another result of modular arithmetic: a version of the Fermat—Euler
theorem for Og.

Lemma 79. Let K be a number field and let a C Ok be an ideal. Let f =
#(Ox/a)*. For every B € OF, we have ¥ € 1+ a.

Proof. It B € OF, then 37! € O. So we have the following equation in O /a:
B+~ +a)=1+a
Thus 5+ a € (Og/a)*.
By Lagrange’s theorem in the multiplicative group (O /a)*, we get
Blra=(B+af =1+a
and so 7 € 1+ a. O

Lemma 80. Let K = Q(v/d) where d is a square-free integer with d = 1 mod 4,
d# 1. For every a € O, we have o® € Z[\/d|.

Proof. In order to apply Lemma 79, we need to calculate the size of (Ox/a)*.

If Ok /(2) = Fy xFy: the only unit in Fo xFy is (1,1) so (Ok /(2))* = (Fy xFy)*
is the trivial group.

If Ok /(2) is the field of order 4: every non-zero element of a field is invertible.
Hence the field of order 4 contains 4—1 = 3 invertible elements, i.e. #(Of/(2))* =
3

Thus #(Ok/a)* = 1 or 3. So Lemma 79 tells us that for any a € O,
a® €14 (2) ie. o® =14 28 for some § € O. Since Ok = Z[*5Y4], we have

26 € Z[\/d] and so 1 + 23 € Z[/d]. O
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Now let ¢ be the fundamental unit of Q(v/d) where d = 1 mod 4. If € € Z[/d],
then we can get all the solutions of Pell’s equation 22 — dy? = 1 in the same way
as before.

If ¢ ¢ Z[/d], then Lemma 80 tells us that €3 € Z[/d], and also £3" for every
n € Z. Thus Pell’s equation still has infinitely many solutions: an infinite set of
solutions is given by

{(z,y) :  + yVd = £*" for some n € Z} if Nmg g(e) = +1,
{(z,y) : © + yVd = £ for some n € Z} if Nmgg(e) = —1.

(End of examinable material)
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29. PROOF OF DIRICHLET’S UNIT THEOREM

(All of this lecture is non-examinable.)
Our goal today is to outline the proof of Dirichlet’s unit theorem.

Lattices and discrete subgroups of R".
First we need some more facts about lattices.

Lemma 81. Let L be a subgroup of (R™,+). Then L is a lattice if and only if
both of the following conditions are satisfied:

(i) L is discrete;

(7i) there exists a compact set C such that L + C = R™.

Lemma 82. Let L be a subgroup of (R™,+). Then L is discrete if and only if, for
every bounded subset B C R", the intersection B N L is finite.

(In the lecture, I said that Lemma 82 holds for every subset of R™. This is false —
it only holds for subgroups.)

Corollary 83. For any positive real number R, the set
{a € Ok :|o(a)| < R for all embeddings o of K}
is finite.

Proof. We use the canonical embedding ¢: K — R" from lecture 24.
Since ¢(Of) is a lattice in R™, it is a discrete subgroup. The set

{1, T Y1, 21,5 Ysy 2s) ER™ ] < Rfor 1 < <ryJy?+22 < Rforl<i<s}

is a bounded subset, so its intersection with ¢(Of) is finite. g

The logarithm map.

The group Oj has multiplication as its operation, but in order to use lattices
we need additive groups. So we will use a logarithm map to map O into an
additive group.

We can only take the logarithm of non-zero numbers, so let

(RH_QS)* = {(xl, s Ty Y1, 215 - - -5 Ysy Zs) S RT+2S C T 7£ 07 (yiﬂ Zl) 7é (07 0) for all Z}

Note that we can make (R"2*)* into a multiplicative group. Formally we define

/ / / / / /
(T1y ey Ty YLy 21y e 5 Usy Zs) - (T, o X YL, 20, e Yy 25)
_ / ! ! ! ! / ! ! ! !
- (xlmla ey :L‘Tmrv ylyl - lela ylzl + Zlyla ceey ysys - Zszsv ZSZS + Zsys)'

In other words: we just multiply together the x;s coordinate-wise. We treat each
pair y;, z; as a complex number y; + 7z; and multiply these as complex numbers,
then split back up into real and imaginary parts.

With this definition, ¢ restricts to a homomorphism of multiplicative groups
K* — (R™2%)*. (Indeed, we have just defined a ring structure on R""2% isomor-
phic to R"xC#, and ¢ is a ring homomorphism i.e. both additive and multiplicative.)
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Recall that we defined N, : R™"* — R by

Nr,s(xla--'axraylazla"'aywzs) = |ZL‘1| |w7‘|(y% +Z%)(yg+zg)

Observe that
(RT-F?S)* ={z € R+25 . Nys(z) # 0}

and N, restricts to a homomorphism of multiplicative groups (R"*%$)* — R*,
Define £: (R"2$)* — R"* by

Uxy,y oo Ty Y1, 21y - -5 Ysy 25) = (log|z], - .. ,10g|xr|,10g(yf—l—zf), . ,log(y?—l—z;f)).

This is a homomorphism from a multiplicative group to an additive group.
Let \=/{o1: K* — R"5,
We will study the kernel and the image of A restricted to O%.

The kernel of the logarithm map.
The map A: O — R"*5 is not injective. Its kernel is

{a € Of : |o(a)| =1 for all embeddings ¢ of K}.

By Corollary 83, ker(\) is finite. Since ker(\) is a group, every element of it must
be torsion i.e. every element of ker()\) is a root of unity.
Conversely, if { is a root of unity, then every embedding of ( satisfies |o(()| = 1.
Thus ker(\) = ugk-.

The image of the logarithm map.

We would like to show that A\(Oj) is a lattice in R™* — but this cannot quite
be true, because it is contained in a linear subspace of R" "%,

Indeed, observe that if z € (R""*)* and ¢(z) = (uy,. .., Ur1s), then

Uy + o+ U = log N, ().
If a € Ok, then N, ;(v(a)) = [Nmgg(a)| = 1 so if M) = (u1, ..., upss), we get
Uy + -+ Upys = 0.
In other words, A\(OF) is contained in the linear subspace
H={(uy, ..., upps) ER™ gy + -+ +u, =0}
It will be useful to consider a “multiplicative” version of H. Let
S={zeR": N, 4(z)=1}.
Then the fact that A(Og) C H can be broken up as:
(OF)C S, (S)CH.
Now H is a R-vector space of dimension r + s — 1. We will use Lemma 81 to
show that A\(O) is a lattice in H. The easier part is showing that it is discrete.

Lemma 84. \(Oj) is a discrete subgroup of (H,+).
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Proof. Let B C H be a bounded subset. Then B’ = ¢~!(B) is a bounded subset of
R™2% (if all coordinates of elements of B are bounded by R, then all coordinates
of £71(B) are bounded by exp(R)). Hence by Lemma 82, B’ N 1(Of) is finite.
Applying ¢, we deduce that B'NA(Of) is finite and so we are done by the other
direction of Lemma 82. O

Now we have to prove the second condition from Lemma 81. We shall deduce
this from an analogous result for ((Ox) C S C R".

Lemma 85. There exists a compact set C' C S such that S = 1(Of).C" (in the
multiplicative group structure on S; note that S is a subgroup of (R"2¢)* ).

Proof. Choose a compact, convex, symmetric set X C R" of volume at least
2" covol(¢(Ok)). (Unlike when we used Minkowski’s theorem to study ideals, we
don’t care what compact set we use, only that it is large enough.)

Since X is compact, the continuous function N, s is bounded on X i.e. we can
pick N such that N, (z) < N for all x € X.

We know that Ok contains only finitely many non-zero ideals of norm < N;
hence it contains only finitely many non-zero principal ideals of norm < N. Pick
ag, ..., € Ok such that (aq),...,{(a,,) is the list of all non-zero principal
ideals of Ok of norm < N. Now if 3 is any non-zero element of Ok of norm < N,
(B) = () for some i and so § = eq for some € € Of.

Consider any v € S. Multiplication by 7 gives a linear map m.,: R"2 — R" 25,
and det(m,) = N, s(y) = 1. Hence

vol(.X) = vol(X) > 2" covol(¢(Ok)).

Hence by Minkowski’s theorem on lattices, v.X N ¢(Ok) # {0} i.e. we can choose
B € Ok \ {0} such that +(5) € v.X. Multiplying by v does not change N, s, so

INmgo(B8)| = Nps(e(8)) < N.

Hence 5 = eq; for some i and some ¢ € Oj; as above. Then
yepB T X =cla; X
So if we let
m
C'=Ja;'XnNS§S,
i=1
we get v € OF%.C". Furthermore C” is compact because o; '.X is compact for each i,

so the union of finitely many such sets is compact; and then we are intersecting
with S which is closed in R". U

Using the fact that ¢: S — H is surjective, we deduce that A(Ox) +C = H
where C" = ¢(C'). Combining these lemmas establishes that ¢(¢(O)) is a lattice
in H, so it is isomorphic to Z4™(H) = Zr+s=1,

So Ao : O% — H has kernel px and image isomorphic to Z"71. Tt follows
that O is a finitely generated abelian group. By the structure theorem for finitely
generated abelian groups, it is isomorphic to A x Z™ where A = (O )tors 1S a
finite group and m is a nonnegative integer. We know that (O )iors = ptx, and
then the fact that O /ux = Z"5! establishes that m =r + s — 1.
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