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Preface

These are the lecture notes from a graduate-level Algebraic Number
Theory course taught at the Georgia Institute of Technology in Fall
2006. The notes are a revised version of those written for an Algebraic
Number Theory course taught at the University of Georgia in Fall 2002.

We assume that the reader is familiar with the material covered in
a one-year course on Abstract Algebra at the graduate level, including
various standard facts about groups, rings, fields, vector spaces, mod-
ules, and Galois Theory. A good reference for this material is Dummitt
and Foote’s book “Abstract Algebra”.

Our goal in designing this course was to cover as many of the funda-
mental ideas of Algebraic Number Theory as possible in one semester,
while retaining a concrete and motivated approach to the subject. We
do not claim any novelty in our approach, except perhaps in our se-
lection and organization of the material. Algebraic Number Theory is
often presented in either a very elementary way which does not take
full advantage of students’ backgrounds in Abstract Algebra, or in a
very abstract and high-powered way which runs the danger of divorcing
itself in the students’ minds from the concrete origins and applications
of the subject. We have tried to steer a middle ground between these
approaches. In the process, we have hopefully designed a course which
is at once accessible, motivated, and challenging, which fits neatly into
one semester, and which gives students a solid foundation for further
explorations in number theory.

We have benefitted from many different sources in assembling this
material, including (but not limited to) Marcus’ “Number Fields”, Es-
monde and Murty’s “Problems in Algebraic Number Theory”, Janusz’s
“Algebraic Number Fields”, Cassels’ “Local Fields”, and Neukirch’s
“Algebraic Number Theory”. We have also used some material from an
Algebraic Number Theory course taught by Paul Vojta at UC Berkeley
in Fall 1994.
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CHAPTER 1

Unique Factorization (and lack thereof) in number
rings

1. UFD’s, Euclidean Domains, Gaussian Integers, and
Fermat’s Last Theorem

We will begin by exploring the ring Z[i] of Gaussian integers. By
definition,
Z[i|={a+bi : a,beZ} CC.
We will see later that this ring is a unique factorization domain
(UFD), a fact which has many useful consequences.

1.1. Unique Factorization Domains. Let R be a commutative
ring with a multiplicative identity element 1. (All rings in this course
will be commutative with a multiplicative identity unless otherwise
specified.)

A wunit of R is an element with a multiplicative inverse.

A nonzero element € R is called irreducible if x is not itself a unit,
but whenever x = ab with a,b € R, one of a or b must be a unit. This
is one way to generalize the concept of a prime number to an arbitrary
ring.

Another way is with the notion of a prime element: a nonzero
element m € R is prime if 7 is not a unit, and whenever 7 | zy in R,
we have 7 | x or 7 | y. In an integral domain R, every prime element is
irreducible, but the converse is false in general — see §1 of Appendix A
for details.

Two elements z,y € R are called associate (written x ~ y) if there
exists a unit v € R such that x = uy. It is easy to see that ~ is an
equivalence relation.

By definition, a ring R is a UFD if:

e R is an integral domain, i.e., zy = 0 in R implies that one of
T,y 1S zero.

e Every non-zero non-unit element x € R can be written as a
product x = ¢; - - - ¢, of irreducible elements.

e The decomposition of x into irreducibles is unique up to units
and the order of the factors; in other words, if x = ¢;---¢,

1



2 1. UNIQUE FACTORIZATION IN NUMBER RINGS

and also x = ¢} - - - ¢, then r = s, and after relabeling we have
gi~q foralli=1,... 7.

1.2. A Diophantine Problem. We all know that Z is a UFD
(this is the “fundamental theorem of arithmetic”). It’s also true that
Z[i] is a UFD. Let’s assume this for the moment and see how to use
this fact to find all integer solutions to a famous diophantine equation.

Problem 1: Find all z,y € Z such that 2® —3? = 1.

Remark: This is a special case of a general problem known as
“Catalan’s conjecture”, which is that the only solution to 2™ —y™ =1
with x,y positive integers and m,n > 2 is 32 — 23 = 1. In other words,
the only consecutive perfect powers are 8 and 9. Catalan’s conjecture
was posed in 1844 and remained open until a proof was finally found in
2002 by the Swiss mathematician Preda Mihailescu. Mihailescu’s proof
uses the theory of cyclotomic fields, which is one of the main topics of
this course, although we will not have time to go into enough detail to
understand the proof of Catalan’s conjecture.

Remark: The equation y?> = 2® — 1 is an example of an elliptic
curve. Elliptic curves play an important role in modern number theory;
for example, they are central to Wiles’ proof of Fermat’s Last Theorem.

Before solving Problem 1, we need to determine the units of Z[i].
LEMMA 1.1. The units of Z[i] are 1, +i.

PROOF. It is clear that 4+1, 4+ are units. Conversely, suppose z =
a+0bi is a unit. Then there exists y = c+di such that xy = 1. Taking the
square of the complex absolute value of each side of this equation (and
using the fact that |zy| = |z| - |y|), we find that (a® + 0*)(c* + d?) = 1.
Since a, b, ¢, d are integers, this implies that a® + b? = 1, and therefore
that (a,b) € {(£1,0),(0,£1)} as desired. O

Note the key role played in the proof of the lemma by the function
N : Z[i] — Z given by N(a+bi) = a*>+b*. (We call N(z) the norm of
the Gaussian integer x.)

We see from the proof that for « € Z[i], N(x) = 1 if and only if x
is a unit. This easily leads to the following criterion for irreducibility
in Z[i]:

LEMMA 1.2. If x € Z[i] and N(x) is prime, then x is irreducible.

(Note: The converse is false!)

PRrOOF. If x = yz in Z[i] and N(z) = N(y)N(z) is prime, then one
of N(y), N(z) must be 1, hence one of y, z is a unit. As N(x) # 1, z is
not itself a unit. Therefore z is irreducible. U
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Solution to Problem 1: (Assuming Z[i] is a UFD)

Suppose 23 — y* = 1. We will prove in a sequence of steps that

(z,y) = (1,0).
PRrOOF. Step 1: If z is even, then
2* =0 (mod 8) = y* = —1 (mod 8).
But —1 is not a square mod 8. Therefore

x is odd and y is even.

Step 2: Factor the equation y? + 1 = 2% in Z[i]: we get
(y+i)y—i) ="

Step 3: We claim that y + ¢ and y — i are relatively prime, i.e.,
a common factor of both must be a unit. Suppose, for the sake of
contradiction, that there exists o € Z[i], @ not a unit, such that o | y+i
and o | y — 1.

Then a | (y+14)— (y—1) = 2i. But 20 = (1+4)2, so a | (14+14)%. Now
(1 + ) is irreducible (since its norm is 2, which is prime). By unique
factorization, since «v is not a unit, we must have (1 +1) | a.

But then (1+1) | (y +14)(y — i) = 2°, and by unique factorization,
(1 +4) | . Therefore there exists § € Z[i] such that z = (1 + 4)0.
Multiplying this equation by its complex conjugate, we get 2T = (1 +
i)(1 —4)38, ie., 22 = 233, so that 2 | #2. But then z is even, a
contradiction.

We conclude that no such « exists, proving the claim.

Step 4: By unique factorization, it follows that y ++¢ and y — ¢ are
each of the form u® for some unit u and some 8 € Z[i]. As +1,+i are
the only units in Z[i] and each is itself a perfect cube, we find that:

y + i,y — 7 are both cubes in Z[i].

Step 5: Write y + i = (a + bi)® with a,b € Z. Then
y+i=a®+ 3a*bi — 3ab® — b*i = (a® — 3ab®) + (3a*b — b%)i.

Comparing real and imaginary parts, we find that y = a(a? — 3b*) and
1 = b(3a* — b*). From the second equation, it follows that

b= =+1.

Step 6: If b =1, then 1 = 3a® — 1 = 3a® = 2, which is impossible.
Ifb=—1,then —1=3a>-1=a=0.
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So a = 0, and therefore, since y = a(a® — 3b?), it follows that y = 0.
As 23 = 9% + 1, we have = 1, so that

(z,y) = (1,0)
as claimed.

O

1.3. Unique Factorization in Euclidean Domains. The solu-
tion of Problem 1 relied crucially on the fact that Z[i] is a UFD. In
order to give a proof of this fact, we introduce the notion of a Euclidean
domain.

Let R be an integral domain, and let ¢ : R — Z be a function such
that ¢(x) > 0 for all z and ¢(0) = 0. (We call such a function a norm
on R.)

We say that R is a Fuclidean domain (with respect to ¢) if the
division algorithm holds: whenever we are given x,y € R with y # 0,
there exist ¢, 7 € R such that z = yg+r and either r = 0 or ¢(r) < ¢(y).
Note that ¢, r are not required to be unique.

It is a basic fact of arithmetic that Z is a Euclidean domain (with
¢(x) = |z|). Similarly, if £ is any field then the polynomial ring k[x] is
a Euclidean domain (with ¢(f) = deg(f) for f # 0).

By Theorem A.5, every Euclidean domain is a UFD.

Let N : Z[i] — Z be the norm given by N(a + bi) = a* + b*. Note
that N(z) = 0 iff = 0, which is stronger than what is required of ¢
in the definition of a Euclidean domain. We want to prove:

PROPOSITION 1.3. If x,y € Z[i] with y # 0, then there ezist q,r €
Z[i] such that v = yq + r with N(r) < N(y). In particular, Z[i] is a
FEuclidean domain (and therefore also a unique factorization domain).

PROOF. We can think of the elements of Z[i] as forming a lattice
inside the complex plane C. Intuitively, since ¢ is the “quotient” in the

division algorithm, ¢ should be close to the complex number z := £.

So we let g be any element of Z[i] such that |z — q| < |z — ¢| for eiyll
¢ € Z[i]. In other words, ¢ is the lattice point closest to 5 (and if
there is a tie for the “closest lattice point”, we simply choose one). By
elementary geometry, we have |z — ¢| < \/Li

Now let » = x — yq. Then

DN | —

N(r) = N(z—yq) = |a—yq|? = |y<§—q>|2 = [yPlz—q?* < =N(y) < N(y)

as desired. O
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1.4. Decomposition of rational primes in Z[i]. In this section,
we investigate how a prime number p factors into irreducibles in Z[i].
We will see that the type of factorization depends on the congruence
class of p modulo 4.

If p = 2, then we have 2 = —i(1+14)?, and (1+74) is irreducible. For
odd primes, we have the following proposition:

PROPOSITION 1.4. Let p be an odd prime number. Then:
(i) If p= 3 (mod 4) then p is irreducible in Z]i].
(ii) If p = 1 (mod 4) then p = 77 in Z[i], where 7 and T are
irreducible.

PROOF. We begin with some preliminary remarks. Since N(p) = p?

and N(zy) = N(z)N(y), we see that if 7 is irreducible in Z[i] and
7 | p, then N(m) = p or p*>. Moreover, if N(7) = p* then 7 and p are
associate, so that p is irreducible. In particular, p is irreducible if and
only if N(m) = p?.

Suppose p = 3 (mod 4). If some element m = a + bi has norm p,
then a® 4+ 0> = p = 3 (mod 4). But this is impossible, since 0 and 1
are the only squares modulo 4. So we conclude in this case that p is
irreducible.

Now suppose p = 1 (mod 4). By elementary number theory, —1 is
a square mod p, i.e., there exists an integer n such that p | n? +1 =
(n+4)(n —14). Suppose p is irreducible in Z[i]. Then since irreducible
elements of Z[i] are prime, we must have p | (n £ 14). However, if
p | (n + ) then it is easy to see that p | (n — ¢) also, and vice-versa.
It follows that p divides both n 4 ¢ and n — 7. It therefore also divides
(n+1i)+ (n— i) = 2n. As p is irreducible and its norm is odd, p 1 2,
so p | n. This contradicts the fact that p | n? + 1. We conclude that p
is not irreducible. Let 7 be an irreducible factor of p. Then we must
have N(m) = p, and it is easy to see that 7 | p as well, and N(7) = p.
By considering norms, we conclude that p ~ 7. Since p and n7 are
both positive real numbers and the only units of Z[i] are +1, 44, we
conclude that p = 77 as desired. O

As a corollary of the proof, we obtain a famous result of Fermat:

COROLLARY 1.5. Let p be an odd prime. Then p = a®+b? for some
integers a,b if and only if p =1 (mod 4).

Using this result, together with the fact that N(zy) = N(z)N(y),
it is straightforward to deduce:

COROLLARY 1.6. Let n be a positive integer. Then n = a® + b?
for some integers a,b if and only if all prime divisors of n which are
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congruent to 3 (mod 4) occur with even exponent in the factorization
of n.

1.5. Kummer and Fermat’s Last Theorem. In this section,
we give a brief glimpse of how the ideas discussed so far can be used
to try to tackle Fermat’s Last Theorem.

Let p > 5 be a prime number, and let { be a primitive pth root of
unity. Isis a standard result from algebra that the minimal polynomial
for ¢ over Qis @,(X) = XP~ '+ XP~2 ...+ X +1. (The point here is
that ®,(X) is irreducible; this follows, for example, from Eisenstein’s
Criterion.) Thus the set {1,¢,¢?,...,¢P~?} forms a basis for Q(¢) as a
vector space over Q.

Since X —1 = (X —1)(X =) --- (X —¢?7!), we have (substituting
—x/y for X, multiplying out the —1’s, and clearing denominators)

o +y? = (v +y)(x+yQ) - (@ +yCh.
So in the ring
Z[¢):={ao+arC+ -+ ap, oP7%  a; €Zfori=0,...,p— 2},
with (P71 = —(1+ (¢ + -+ + (P7?), the equation 2P + y? = zP becomes
(1.1) = (x+y)(r+yl)---(z+y¢" ).

Suppose z,y, z are nonzero integers with p f xyz (this is called the
“first case” of Fermat’s Last Theorem). Then it is not hard to prove
that the terms on the right-hand side of (1.1) are relatively prime in
Z[¢]. (Try this as an exercise.) Therefore, if Z[(] were a UFD, we could
conclude that x 4+ y¢ = ua? for some u, o € Z[¢] with u a unit.

Suppose we knew further that v = 47 for some j € Z. (Such
elements of Z[(] are clearly units, although we have no reason to believe
that all units are of this form.) Then writing o« = a9 + a1( + -+ +
a,—oCP~% with all a;’s in Z, it follows by the binomial theorem and
Fermat’s little theorem that o? = ap + a1 + -+ + a,—2 (mod p). In
particular, a” = a (mod p) for some a € Z. But then we would have
r+ y¢ = +al? (mod p) for some 0 < j < p — 1. Comparing powers
of ¢ on both sides, and using the relation (?"! = —(1 +( + -+ +
(P~2), it follows from the assumption p > 5 that zy = 0 (mod p), a
contradiction.

This is the starting point for the strategy used by Kummer to try
to tackle Fermat’s Last Theorem. However, Kummer realized that
Z[(¢] is hardly ever a UFD. (In fact, it turns out that Z[(] is a UFD if
and only if p < 19, but that wasn’t proved until long after Kummer’s
time!) Moreover, when p > 5 there are always infinitely many units in



2. RINGS OF INTEGERS AND DEDEKIND DOMAINS 7

Z[C]. So the above strategy has a very small (in fact, empty) range of
applicability!

Nonetheless, Kummer was able to make a lot of progress towards
resolving Fermat’s Last Theorem by suitably modifying this argument.
First of all, he realized that even though unique factorization of ele-
ments into irreducibles often fails in Z[(], a weaker property always
holds: every ideal factors uniquely into a product of prime ideals.
This discovery was really the birth of modern algebraic number the-
ory. Kummer then initiated a careful study of the discrepancy between
ideals of Z|[(] and elements of Z[(]. This involves studying the so-called
ideal class group, as well as the unit group, of the number ring Z[(]. In
this way, Kummer was able to sufficiently understand the units, and
to recover enough of a fragment of the unique factorization property
in Z[(], to show that Fermat’s Last Theorem holds for what are now
called “regular primes”. We will discuss all of this in more detail later
in the course. In fact, it can be fairly said that understanding the ideal
class group and unit group of a number ring is our primary objective
in this class..

2. Rings of integers, Dedekind domains, and unique
factorization of ideals

A number field is a field K which is a finite extension of . An
algebraic number is an element of a number field K, i.e., a root of some
nonzero polynomial with rational coefficients.

We want to define what it means for an algebraic number « to be
an algebraic integer. In particular, we will see that if K is a number
field, then there is a natural subring of K called the ring of integers of
K which consists of all algebraic integers lying in K. For example, the
ring of integers in Q(7) is just Z[i]. Rings of integers in number fields
will be the fundamental object of study in this course.

2.1. Integral Dependence. Let A and B be rings with A C B.
We say that an element x € B is integral over A if it is a root of a
monic polynomial with coefficients in A. In other words, x is integral
if it satisfies a relation of the form

2"+ ap 2" i+ a9 =0

with all ¢;’s in A.
It is clear that every element of A is integral over A, since a € A
satisfies the relation x — a = 0.
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We say that B is integral over A if every element of B is integral
over A.

This notion of integrality is a generalization of the relationship be-
tween Z and Q. In fact, we claim that x € Q is integral over Z if and
only if z € Z. To see this, write x = r/s where r, s € Z and (r,s) = 1.
If

(r/8)" 4+ an_1(r/s)" P 4 +ai(r/s) +ag =0
with a; € 7Z, then clearing denominators gives
P 4 AT 4 ars" T aps™ = 0.
Therefore s | 7™, which implies that s = 1 and therefore = € Z.

More generally, we define an algebraic integer to be an algebraic
number which is integral over Z. In other words, if K is a number
field, then the algebraic integers (or just integers, for brevity) in K are

the elements which are roots of monic polynomials with coefficients in
Z.

Note that it is not obvious that the sum or product of two algebraic
integers is again an algebraic integer. However, this is true! More
generally, we will prove that the set of elements of a ring B which are
integral over A forms a subring of B. The most convenient way to do
this is to use modules.

Recall that an A-module M is just an abelian group M together
with an action of A on M satisfying certain natural axioms generalizing
those of a vector space. We say that M is a finitely generated A-module
(or that M is finitely generated over A) if there exist my,...,m, €
M such that every element m € M can be written as m = a;mq +
-+ + a,m, for some ay,...,a, € A. In this case, we say that the
elements my, ..., m, generate M as an A-module. Note that we do not
require that the set of generators is unique, nor do we require that the
representation of m as a linear combination of the generators is unique.

It follows from the definitions that a module M is finitely generated
as a Z-module if and only if it is finitely generated as an additive group.

The notion of being finitely generated is transitive:

LEMMA 1.7. Let M be a B-module and let B 2 A be a ring. Suppose
that M s finitely generated as a B-module and that B is finitely gen-
erated as an A-module. Then M is finitely generated as an A-module.

PROOF. Let x1,..., 2, (resp. yi,...,y,) denote a set of generators
for M as a B-module (resp. for B as an A-module). Then we claim
that the set of products x;y; generates M as an A-module. To see this,
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let x € M, and write z = ). b;x; with b; € B. Also, for each i, write
bi == Ej Ai5Y; with Qg5 € A. Then

T = Z(Z a;jy;)T; = Z @i TiYj,
i J 1,7

so that z is a linear combination over A of the z;y;’s. 0

If z € B, we denote by A[z] the smallest subring of B containing
both A and z. In other words,

Alx] == {ap2" +ap_12"  +---+ax+ay : n€Nanda; €A forall i}

is the set of all polynomials in x with coefficients in A.

Under what conditions will A[x] be finitely generated as an A-
module? In other words, how do we determine whether or not we
need to look at polynomials in z of arbitrarily large degree to obtain
all of A[x]? The answer is closely related to integrality. To see this, we
need a lemma concerning determinants of matrices over an arbitrary
ring.

LEMMA 1.8. Let B be a ring, and let M be an B-module. If T =
(a;j) is an n x n matriz with coefficients a;; € B, and if Tv = 0 for
some vector v with coefficients in M, then (det T')v = 0.

PRrROOF. (Sketch) The key point is that if adj(T") = (b;;) is the
n x n matrix whose ij™ entry is (—1)"*7 times the determinant of the
4i"™ minor of T, then the identity adj(T) - T' = (det T)I holds, where I
is the n x n identity matrix. (The ji*® minor of T is the (n—1) x (n—1)
matrix obtained by deleting the jth row and ith column from 7'.) You
have probably seen this formula before in the context of linear algebra;
this identity is valid in any ring B, and the proof is the same as the
proof from linear algebra.

Given this formula, the proof of the lemma is immediate: multiply
the given equation 7'v = 0 on both sides by adj(7") to obtain (det T")v =
0. O

THEOREM 1.9. Let A C B be rings, and let x € B. The following
are equivalent:

(i) x is integral over A
(ii) Alz] is a finitely generated A-module
(iii) Alx] is contained in a subring of B which is finitely generated
as an A-module.

PROOF. (i) = (ii): If z is integral over A, then 2" +a, 12" '+ -+
a1x+ag = 0 with a; € A for all i, so 2" = —(an_lxn_l +---+ax+ag).
It follows that A[z] is generated as an A-module by 1,z, 2% ... 2" %
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(ii) = (iii) is obvious.

(iii) = (i): This is the trickiest direction. Suppose A[z] C C with
C a subring of B that is finitely generated over A. We want to show
that x satisfies a monic polynomial with coefficients in A. To see this,
first note that since C' is a ring, we have xC C C, i.e., whenever y € C'
we have xy € C as well. Let y,...,y, generate C' as an A-module.
If we express each product zy; as a linear combination of the y;’s, we
obtain zy; = Zj a;;y; for some elements a;; € A, 1 <14,7 <n. We can
encode the a;;’s in an n X n matrix T with coefficients in A, so that

TY1 Y1
: =T :
LYn Yn
This is equivalent to saying that
Y1
(I =T) | : =0,
Yn

where [ is the n x n identity matrix and (zI — T) is viewed as a
matrix with coefficient in B. Since 1 is a linear combination of the
y;’s, it follows from Lemma 1.8 that det(x/ —T') = 0. Expanding this
determinant in terms of the entries of x1 — T, we see that

det(zl —T) = 2" 4+ Q(x),

where Q(z) is a polynomial of degree at most n — 1 having coefficients
in A. So x satisfies a monic polynomial of degree n with coefficients in
A, and is therefore integral over A. O

COROLLARY 1.10 (Transitivity of integrality). If C is integral over
B and B is integral over A, then C' is integral over A.

Proor. This follows easily from Lemma 1.7 and Theorem 1.9. [

COROLLARY 1.11. If z,y € B are integral over A, then so are x+y
and xy. Therefore the set of elements of B which are integral over A
forms a ring.

PROOF. Since x is integral over A, it follows from Theorem 1.9 that
Alz] is finitely generated as an A-module. Since y is integral over A, it
is in particular integral over A[z], so that A[z,y] = (A[z])[y] is finitely
generated over A[z]. By Lemma 1.7, it follows that the ring A[z,y]
is finitely generated as an A-module. By Theorem 1.9, every element
of Alx,y] is therefore integral over A. In particular, = + y and xy are
integral over A. O
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In particular, let K be a number field, and let Ok be the set of all
algebraic integers in K. Then Ok is a subring of K. By definition, a
number ring is a ring of the form O for some number field K.

2.2. Examples of number rings. To recognize whether a given
element « of a number field K is integral (i.e., is an element of O ), one
can use the following lemma. Recall, for the statement, that if L/K is
an algebraic field extension and « € L, then the minimal polynomial of
a over K is the unique monic polynomial f, of minimal degree among
all nonzero polynomials f € K[z] with f(«a) = 0. If g € K[x] is any
nonzero polynomial with g(«) = 0, then f, | g.

LEMMA 1.12. Let a be an algebraic number, and let f,(x) € Q|x]
be its minimal polynomial. Then « is an algebraic integer if and only

if fo € Z[z].

PROOF. One direction is obvious: if f, € Z[x] then clearly « is an
algebraic integer.

Now suppose « is an algebraic integer, and let aq,...,«, be the
roots of f,. Since « is integral over Z, there exists a monic polynomial
h(z) € Z[z] with h(a) = 0. Since f, | h, we must have h(a;) = 0 for
all . Therefore all of the roots of f, are algebraic integers. Since f, is
monic, the coefficients of f, are the elementary symmetric polynomials
in the a;’s. In particular (since the set of all algebraic integers forms a
ring), the coefficients of f, are all algebraic integers. But they are also
in Q, and we have already seen that the set of algebraic integers which
lie in Q is just Z. Therefore f, € Z[z] as desired. O

One can use the lemma to prove the following useful result:

EXERCISE 1.13. Let d be a squarefree integer. Then the ring of
integers Ok in K = Q(V/d) is:

Z[Vd if d=2,3 (mod 4)

]
Z[MY4) if d =1 (mod 4).

It is very important to remember that O can be strictly larger

than Z[v/d]. A concrete example is that if w = 1+\2/?3, then w is not in
Z[v/—3], but w is integral, because it satisfies the equation z?+z+1 = 0.

It follows from Proposition 1.13 that if K is a quadratic field (which
is common parlance for “K is a number field of degree 2 over Q”), then
Ok is a free abelian group of rank 2. We will see soon that an analogous
fact holds for the ring of integers in an arbitrary number field.
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2.3. Ok is integrally closed. We begin with a simple lemma.

LEMMA 1.14. Let o be an algebraic number. Then there exists a
nonzero integer m € 7 such that ma is an algebraic integer.

PROOF. Let f(z) = apa™ + -+ + a1z + ag € Z[z], a, # 0, be a
polynomial with integer coefficients which is satisfied by a. Then a,, -«
is a root of the monic polynomial

"+ a, 2" 4+ Pagr + al lag € Za)
and is therefore an algebraic integer. We may thus take m =a,,. U

Recall that if A is an integral domain, its field of fractions L is the
smallest field containing A. Concretely, we have

Lz{g D w,y € Ay # 0}

endowed with the usual laws of addition and multiplication for frac-
tions.

COROLLARY 1.15. If K is a number field, then K is the field of
fractions of Ok.

PROOF. Let L be the field of fractions of Of. Clearly L C K. On
the other hand, if « € K, then ma = 3 € Ok for some nonzero integer
m, and therefore a = % is in L. O

A domain R with field of fractions K is called integrally closed if
whenever a € K is integral over R, we have a € R.

LEMMA 1.16. If K is a number field, then O is integrally closed.

PROOF. Suppose a € K is integral over Og. By definition, Ok is
integral over Z, and since integrality is transitive, it follows that « is
integral over Z, and therefore a € Ok. O

2.4. Ideals of number rings and lattices. In this section, we
prove the important fact that if K is a number field and Ok is its ring
of integers, then Ok is a lattice in K. More generally, we show that
any ideal I of Ok is a lattice in K, and we deduce from this that the
quotient ring Ok /I is finite.

Let k be either the field Q of rational numbers or the field R of
real numbers. Recall that a complete lattice in a finite-dimensional
vector space V over k is an additive subgroup of V' which is discrete
and spans V. (A subset A C V is discrete if every bounded subset of
V' contains only finitely many points of A.) If dimg(V) = n, then a
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discrete additive subgroup A of V' will span some subspace W of V; if
dimy (W) = m < n, we say that A is a lattice of rank m in V.

Convention: When we say that A is a lattice in V', without spec-
ifying the rank, we will mean (unless otherwise noted) that A is a
complete lattice.

PROPOSITION 1.17. Let V' be a finite dimensional k-vector space,
and suppose N C 'V is a Z-module which spans V. Let n = dimy(V).
Then the following are equivalent:

(i) A is discrete.
(ii) A s finitely generated.
(iii) A = Z" as Z-modules.

PROOF. The equivalence of (ii) and (iii) is a consequence of the
structure theorem for finitely generated abelian groups, since A C V
implies that A is torsion-free. We therefore focus on proving that (i) is
equivalent to (ii).

If A is free, let x1,...,z, be a basis. Then every point of V' can be
written uniquely as > \;z; with A; € k. Since the open neighborhood
DNz ¢ [N < 1V i} of 0 contains no non-zero element of A, it
follows easily that A is discrete.

Conversely, suppose that A is discrete. Let zq,...,x, be elements
of A which form a basis for V', and let Ay be the Z-module spanned by
X1,...,%,. Since A is discrete, there exists an integer M > 0 such that
if £ =5 Nwx; € A with all |\;| < 1/M, then x = 0. Let y1,s,... be
coset representatives for A/Ag. Without loss of generality each y; can
be chosen to lie in the cube

Cover C' by M™ boxes of the form T} < \; < m‘T“ with m; € Z and
0 <m; < M. Then |A/Ag| < M™, or else some distinct elements y;
and y; would lie in the same box, implying that

1.
yi—ijAﬂ{Z)\ixi : |)\Z|<M\V/Z}:{0},

a contradiction. Now we’re done, since A is generated by the z;’s and
the finitely many y;’s. U

For the proof of the next result, we recall the notion of norm for field
extensions. Let oq,...,0, be the n distinct embeddings of a number
field K into C, and define the norm Ng/g(7y) of an element v € K by

the formula
Nijo(y) = [J o) -
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By field theory, we have Ng/q(y) € Q, and Ng/g(y) = 0 iff v =
0. Moreover, if 7 is an algebraic integer then so is o;(7y) for each 1,
and therefore N g(v) € Z, since an algebraic integer which is also a
rational number must be an (ordinary) integer.

THEOREM 1.18. If a number field K having degree n over Q 1is
wdentified with the vector space Q", then Ok s a lattice in K.

PROOF. By Lemma 1.14, there exists a basis ay, ..., «a, for K/Q
with o; € Ok for each i. Suppose Ok is not discrete in K. Then
there are arbitrarily small A,..., A\, € Q such that a« = > N is
nonzero and in Og. Since o(a) = > \;jo(q;) for each embedding o of K
into C, it follows that Nk g(a) = ¢(A1, ..., A,) for some homogeneous
polynomial ¢ € Clzy, ..., z,] of degree n. Therefore [p(A1,...,\,)| <1
if the |\;| are sufficiently small. But Ng/g(a) is a nonzero integer, a
contradiction. U

COROLLARY 1.19. If I is a nonzero ideal of Ok, then I is a sub-
lattice of Ok in K.

PROOF. Since [ is a Z-submodule of O, it is discrete. Also, [
contains a basis for K, since if aq, ..., a, is a basis for K contained in
Ok, then cay, ..., ca, is a basis for K contained in [ for any nonzero
element ¢ € I NZ. (To see that I NZ # (0), note for example that
Nk jg(a) € INZ for any nonzero element a € I.) Thus [ is a sublattice

From this, we deduce the following important result:

ProprosiTiON 1.20. If Ok is a number ring and I is a nonzero
ideal in Ok, then the quotient ring Ok /I is finite.

PROOF. Since [ is a sublattice of Ok, we know from Proposi-
tion 1.17 that both Ok and [ are isomorphic to Z" as abelian groups.
By Theorem A.11, it follows that I has finite index in Og. U

2.5. Ok is Noetherian. Recall that a ring R is called Noetherian
if every ideal of R is finitely generated.

LEMMA 1.21. Let R be a ring. Then the following are all equivalent
to the condition that R s Noetherian:

(i) Ewvery ideal of R is finitely generated.
(i) If [y € I, C I, C --- is an increasing chain of ideals in R,
then there exists ng such that I,, = I,,, for n > ny.
(iii) Every non-empty set 3 of ideals of R has a mazimal element.
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PROOF. (i) implies (ii): Set I = U (I,; this is an ideal of R, hence
is finitely generated. The generators all lie in some I,,, and therefore
I, = I, for all n > ny.

(ii) implies (iii): If no such maximal element exists, then there must
be an infinite chain Iy C [} C I, € --- with each containment proper,
contradicting (ii).

(iii) implies (i): For any ideal I of R, let ¥; be the set of finitely
generated ideals contained in I. Since (0) € X;, we have X; # (.
Therefore ¥; has a maximal element I’. Suppose I’ # I, let x € I\I',
and define [” = (I';x). Then I"” € ¥; and I’ C I”, contradicting the
maximality of I’. Therefore I = I’ and I is finitely generated. O

From Proposition 1.20, we deduce:
COROLLARY 1.22. Ok is a Noetherian ring.

PrOOF. Let I = [ C [, € I, C --- be an ascending chain
of ideals in O, and assume without loss of generality that [y # 0.
Proposition 1.20, the quotient Ok /I is finite. Therefore there are only
finitely many ideals of Ok which contain I, and in particular the chain
I =1,C I CI, C--- must stabilize. By Lemma 1.21, it follows that
Ok is Noetherian. O

2.6. Ok has dimension 1. Let R be a ring. The (Krull) dimen-
sion of R is the supremum of all integers n > 0 such that there exists
a chain

PoCPLCP G- Chn
of prime ideals in R.

If R is an integral domain, then (0) is a prime ideal, and we have
the following straightforward lemma, whose proof is left to the reader:

LEMMA 1.23. Let R be an integral domain. Then dim(R) = 0 iff
R is a field, and dim(R) < 1 iff every nonzero prime ideal of R is
maximal.

As another corollary of Proposition 1.20, we deduce:

COROLLARY 1.24. If K is a number field, then Ok has dimension

PRrooOF. Clearly O is not a field, since OxNQ = Z. By Lemma 1.23,
it suffices to prove that if p is a nonzero prime ideal of O, then Ok /p
is a field. Since Ok /p is an integral domain, and is finite by Proposi-
tion 1.20, the desired result follows from the well-known fact that every
finite integral domain is a field. U
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2.7. Dedekind rings and Unique Factorization of Ideals. A
Dedekind ring is a ring R satisfying the following four properties:

(1) R is an integral domain.
(2) R is Noetherian.

(3) R is integrally closed.
(4) R is 1-dimensional.

The results of the previous sections imply:

THEOREM 1.25. If K is a number field, then Ok is a Dedekind
7ing.

EXERCISE 1.26. Show that a PID which is not a field is a Dedekind
ring.

Recall that the product of two ideals I, J in a ring R is defined as
the smallest ideal containing all products zy with z € [ and y € J. If
I=(ai,...,ay)and J = (by,...,b,) are finitely generated ideals, then
the product ideal I.J is generated by the products of the generators for
I and J:

An ideal of R is called proper if it is not the zero ideal or the unit
ideal.

We will say that a ring R admits unique factorization of ideals
(UFI) if every proper ideal can be written uniquely as a product of
prime ideals. (The uniqueness is only up to the order of the factors, of
course.)

The following result is one of the most important theorems in Alge-
braic Number Theory, and its proof will occupy the rest of this section.
It will enable us to bypass the unfortunate fact that we don’t always
have unique factorization of elements into irreducibles in a number ring.

THEOREM 1.27. If R is a Dedekind ring, then R admits unique
factorization of ideals.

REMARK 1.28. Conversely, it can be shown that if R is an inte-

gral domain which admits unique factorization of ideals, then R is a
Dedekind ring.

EXERCISE 1.29. Prove that Z[v/—3] is not a Dedekind domain, and
does not admit unique factorization of ideals.

As an illustrative example, consider the ring R = Z[v/—5]. We have
two distinct factorizations of the element 6 into irreducibles in this ring:

(1.2) 6=2-3=(1+v-5)(1—-+v-5).
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EXERCISE 1.30. Show that 2,3,1 4+ 1/—5 are all irreducible and
mutually non-associate. [Hint: Use the fact that the norm function
defined by N(z + yv/—5) = 2 + 5y? is multiplicative.]

In particular, Z[v/—5] is neither a PID nor a UFD.

Although 2,3,1 + /=5 are all irreducible, they do not generate
prime ideals. If we look on the level of ideals, then there is further
splitting of the above factorizations of 6. In fact, if we let p; = (2,1 +

V=B),p2 = (2,1 — v/=5),p3 = (3,1 + v/=5),ps = (3,1 — v/=5), then:

EXERCISE 1.31. (i) p1,...,ps are all prime ideals of Z[/—5].
(i) (2) = pip2, (3) = pspa, (1 + v/ =5) = paps, and (1 — v =5) =
papa.

So there is no failure of unique factorization on the level of ideals:
in terms of prime ideals, equation (1.2) becomes

(6) = (2) - (3) = (p1p2) (Pspa) = (P1p3)(P2pa) = (L +V=5)(1 — V/=5).

Note also that using ideals rather than elements lets us avoid having
to deal with units in the statement of the unique factorization property!

We now begin preparing for the proof of Theorem 1.27. The first
thing we will need are some lemmas about Noetherian rings and prime
ideals.

LEmMmA 1.32. Suppose Iy,...,1, are ideals of R and that p is a
prime ideal of R. If I ---I,, C p, then I; C p for some j.

PROOF. Suppose that for each j there exists a; € I; which is not
inp. Then oy -~y € I1--- I, TP, 80 ay -+, €P. As p is a prime
ideal, we must have a; € p for some j, a contradiction. O

LEMMA 1.33. If I is a nonzero ideal in a noetherian ring R, then
there exist nonzero prime ideals p1,...,p, of R such that py---p,. C I.

PROOF. Let ¥ be the set of all ideals for which the conclusion of
the lemma fails. If ¥ # (), then since R is Noetherian, 3 has a maximal
element J. Clearly J cannot be prime, so there exist a,b € R such that
abe Jbuta,b¢ J. Let a:= (J,a),b:=(J,b). Thena 2 Jand b D J,
so by maximality of J,

agpl...pm7 bgqqu”

where p;, q; are nonzero prime ideals. Since ab = (J?, aJ,bJ,ab) C J,
it follows that p; - pngi--- g, C J, a contradiction. Therefore ¥ = ()
and the lemma is true. ]
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Let R be an integral domain with fraction field K, and suppose I
is a nonzero ideal of R. We define /~! to be

IV '={re K : oI C R},

considered as an R-submodule of K. Note that R C I~ !, and that if
I = (a) is principal, then I~' = Ra™'.

Note also that we can multiply two R-submodules M and N of K
by defining their product M N to be the R-submodule of K generated
by all products of the form xy with x € M and y € N. If M, N are
ideals of R, this coincides with the usual ideal-theoretic product.

EXERCISE 1.34. If M, M', N are R-submodules of K with M C M’,
show that MN C M'N.

PROPOSITION 1.35. Let R be a Dedekind ring, let I be a nonzero
ideal of R, and let p be a nonzero prime ideal of R. Then p~'1 # I.

PrROOF. We first consider the special case where I = R. In this
case, we are trying to show that p~! # R, so we need to find an
element x € p~! which is not in R. Recall that by definition, z € p~*
if and only if xp C R. An idea for finding such an element z is to take
x = a~'b for cleverly chosen elements a,b € R so that bp C (a) (i.e.,
a™'b € p7!) but b & (a) (ie., a='b € R). Let a € p be any nonzero
element of p; we will try to then find an appropriate element b which
makes our strategy work.

By Lemma 1.33, we know that there exist nonzero prime ideals p;
such that pips---p,. C (a). We may assume without loss of generality
that r > 1 is chosen as small as possible. Since (a) C p, it follows from
Lemma 1.32 that one of the prime ideals p; must be contained in p.
But R is 1-dimensional, so p; is a maximal ideal, and therefore p; = p.
Without loss of generality, we may assume that ¢ = 1.

If r = 1, we conclude that p = (a), and then p~! = Ra™! cannot be
equal to R (or else a would be a unit and therefore (a) = (1), which is
not prime).

Now assume that » > 2. As py---p, € (a) by the minimality
of r, it follows that there exists b € py---p, such that b & (a). By
construction, bp = bp; C (a). As discussed above, it follows that
x:=a 'bisin p~'\ R, which proves the proposition in the special case

I =R.

In general, we can use the fact that R is Noetherian to write I =
(aq,...,ap). Suppose for the sake of contradiction that p~'I = I.
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Then for every x € p~!, we can write
(13) ro; = Z 718%]

j=1
with a;; € R. Let A = (a;;), and define T := z1,, — A, where 1, is the
n x n identity matrix over the fraction field K of R (which exists since
R is an integral domain). Then

631
T : =0
Qp

and therefore (since (1.3) is an equation inside the field K') det(7") = 0.
Since det(7") is a monic polynomial in x with coefficients in R, it follows
that z is integral over R. But R is integrally closed, so we must have
x € R. This implies that p~! = R, contradicting the special case which
was proved above. l

COROLLARY 1.36. Let R be a Dedekind ring, and let p be a nonzero
prime ideal of R. Then p~'p = R.

PROOF. By definition, we have xp C R for all z € p~!. We also
have R C p~!, so that p C p~'p C R. Note that p~!p is an ideal of
R, and p~!p # p by Proposition 1.35. Since R is 1-dimensional, p is a
maximal ideal, and therefore we must have p~'p = R as desired. [

We now come to the proof of the main theorem of this section.

PrROOF OF THEOREM 1.27. We need to prove the existence and
uniqueness of the factorization. Let’s prove uniqueness first. Suppose
we have

(1.4) I=pip2--pr =2 qs.

Then q1q2---qs = p1p2 - - - P C p1. Since p; is prime, we must have
q; C p; for some ¢ by Lemma 1.32. By relabelling if necessary, we
may suppose that q; C p;. Since R is 1-dimensional, q; is maximal,
so p; = q;. Multiplying both sides of (1.4) by p;!, we obtain (using
Corollary 1.36) pa+--p, = g2+ - - qs. Continuing in this fashion, we find
that » = s and (after relabelling if necessary) that p; = g, for all i.

We now prove existence, i.e., that I can be written as a product
of prime ideals. The argument will be a very clever use of the noe-
therian property, together with Proposition 1.35. Let 3 be the set of
all proper ideals of R which cannot be written as a product of prime
ideals. Suppose for the sake of contradiction that ¥ # (). Then since
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R is Noetherian, there exists a maximal element J of >. The ideal J
must be contained in a maximal ideal p, and the inclusion R C p~*
gives us

JCJp P Cppt =R

By the maximality of .J, together with Proposition 1.35 (which guaran-
tees that J # Jp~!), it follows that Jp~' = p; - - -p, for some nonzero
prime ideals p,. Multiplying both sides of this equation by p, we find
using Corollary 1.36 that J = py---p,p is a product of prime ideals,
a contradiction. We conclude that the set ¥ must be empty, which is
what we wanted to prove. O

As an application of Theorem 1.27, the reader might wish to try
the following exercise:

EXERCISE 1.37. A Dedekind ring is a UFD if and only if it is a
PID.

We conclude this section with a couple of simple but important
applications of Theorem 1.27.

EXERCISE 1.38. Let I be a nonzero ideal in a Dedekind ring R with
factorization I = p;y - - - p, into prime ideals. Then:

(a) I~ =p"oprt,
(b) II"' = R.

Let R be a ring. If a and b are ideals of R, we say that a divides b
(written a | b) if there exists an ideal ¢ of R such that b = ac.

LEMMA 1.39. If R is a Dedekind ring and a,b are ideals, then a | b
if and only if a D b. In other words, in a Dedekind ring:

TO CONTAIN IS TO DIVIDE.

PROOF. If a D b, then ¢ := ba™! C aa~! = R. Therefore ¢ is an
ideal of R and b = ac.
Conversely, if b = ac with ¢ an ideal, then a D ac = b. O

3. The ideal class group

3.1. Fractional ideals and the definition of the class group.
The reader will probably have noticed the important role played in the
proof of Theorem 1.27 by the gadget p~*. This is an example of what
is called a fractional ideal.

By definition, a fractional ideal of an integral domain R with frac-
tion field K is an R-submodule J of K such that aJ C R for some
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nonzero element a € R. Note that, in this situation, aJ will auto-
matically be an ideal of R. The element a should be thought of as a
“common denominator” for the elements of J.

EXERCISE 1.40. (a) Show that a fractional ideal of R is the
same thing as an additive subgroup J of K such that there
exists a nonzero element a € R for which aJ is an ideal of R.

(b) Show that the product of two fractional ideals (as R-submodules
of K) is again a fractional ideal.

(c) Prove that if R is noetherian, then J is a fractional ideal of R
if and only if it is a finitely generated R-submodule of K.

We have the following lemma:

LEMMA 1.41. If I is a nonzero ideal of an integral domain R, then
IV ={x € K : zI C R} is a fractional ideal of R.

PROOF. Let a € I be any nonzero element. Then al~' C R as
desired. 0

LEMMA 1.42. If R is a Dedekind domain, then the set of nonzero
fractional ideals of R forms an abelian group under multiplication with
wdentity element R.

PRrROOF. The only thing which needs to be checked is the existence
of inverses. Let J be a nonzero fractional ideal of R, and choose a
nonzero element a € R for which I := aJ is an ideal of R. Then al~!
is a fractional ideal of R, and
Jeal ' =aJ - I"'=I1I""=R.
O

We denote by I(R) the group of all fractional ideals of R.

A fractional ideal is called principal if it has the form xR for some
r € K. For example, the subgroup %Z of Q consisting of all half-
integers is a principal fractional ideal of Z.

EXERCISE 1.43. If R is a Dedekind ring, show that the set of all
principal fractional ideals of R forms a subgroup of I(R).

We denote by P(R) the group of all principal fractional ideals of R.

Let R be a Dedekind ring. The ideal class group of R is the quotient
group
ClI(R) :=I(R)/P(R) .
One can give an equivalent definition of CI(R) without ever men-
tioning fractional ideals, as follows. We say that two ideals I, J of R
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are equivalent (and write I ~ J) if there exist nonzero elements a, b of
R such that al = bJ.

EXERCISE 1.44. (a) Prove that ~ defines an equivalence rela-
tion.

(b) If I ~ 1" and J ~ J', show that 11" ~ JJ'. Deduce that there
is a natural group structure on the set of equivalence classes
of nonzero ideals.

(¢) Prove that the group of equivalence classes of nonzero ideals
of R is isomorphic to the ideal class group CI(R).

REMARK 1.45. Suppose K is a number field with ring of integers
Ok. By abuse of terminology, one often calls Cl(Ok) the ideal class
group of K (rather than of Ok ). We will write Clg instead of Cl(O)
when we wish to emphasize this point of view.

The ideal class group is one of the central objects of study in alge-
braic number theory. While it is not at all obvious, we will show the
ideal class group of the ring of integers in a number field K is always
a finite group. Note that this is a special fact about number fields, it
is not a general fact about Dedekind domains.

Theorem 1.27 extends in a straightforward way to fractional ideals:

EXERCISE 1.46. If R is a Dedekind ring, then every fractional ideal
J # (0), (1) has a unique representation as a product

J= 1] ».

peMax(R)

where Max(R) is the set of maximal ideals of R, v, € Z for all p, and
all but finitely many of the v, are zero. In other words, I(R) is the free
abelian group on the set Max(R).

3.2. The norm of an ideal. In this section, we define the norm
of an ideal in a number ring, which plays an important role in proving
the finiteness of the ideal class group.

Let Ok be the ring of integers in a number field K of degree n, and
let a be a nonzero ideal of Ox. We have already seen, in the proof of
Proposition 1.20, that both a and O are free abelian groups of rank
n, and therefore that the index [O : a] is finite. We define the norm
of the ideal a by the formula

N(a):[OK:a].

In other words, we have N(a) = |Ok/a|. By convention, we define the
norm of the zero ideal to be zero.
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Recall that we already have a notion of norm for elements: if a € K,
then N(a) := Ngjg(a) = o1(a)---on(a), where o4,...,0, are the
distinct embeddings of K into C.

The reader may be concerned at this point that if a = («) is a
principal ideal, then we will have to write N((«)) for the norm of the
ideal («) in order to distinguish it from the norm N(«) of the element
a. This would be typographically irritating. Fortunately, one has the
following fact:

PROPOSITION 1.47. If a = («) is principal, then N(a) = |N(a)].

Before giving the proof, we need to introduce the discriminant,
which is of independent interest and will be discussed in much more
detail later on.

Let L/ K be a separable field extension of degree n, and let a1, ..., a, €
L. Let 0y, ..., 0, be the distinct embeddings of L into an algebraic clo-
sure K of K, and form the matrix 7= T'(as, . . ., o, ) whose (i, 7)™ en-
try is o;(c;). The discriminant A(ay, . .., a,) is defined to be det(T')%.
By standard facts about determinants, this is independent of the la-
belling of the «;’s and o;’s. We clearly have A(ay, ..., q,) € L, but we
will see in a moment that in fact A(ay,...,a,) € K.

LEMMA 1.48. Let L/K be a separable extension of degree m, and
let ay, ..., € L. Then Aoy, ..., a,) € K, and Aaq,...,a,) =0 if
and only if aq, ..., ay are linearly dependent over K.

PrROOF. Let T := T(ay,...,q,), and let A = A(ay,...,«q,). If

a1, ...,q, are linearly dependent over K, then the columns of T' are
linearly dependent, and therefore A = 0.
Conversely, assume that as, ..., a, forms a basis for L/K. By the

theorem of the primitive element, we have L = K () for some 6 € L.
Then 1,60,6%,...,0" 1 is a basis for L/K, and by linear algebra there
exists a matrix M with coefficients in K, having nonzero determinant,
such that

a1 1

| =M
ay, enfl
Applying o; to this equation, and using the fact that M has coefficients
in K, we see that for each ¢ we have
g; (Oél) 1
. — M .

oi(c) o:(671)
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If follows that if 7" := T(1,6,...,60" ') and A’ := A(1,0,...,0" 1),
then T = T"M?, so that A = det(M)?A’, where det(M) is a nonzero
element of K.

It therefore suffices to prove that A’ € K and A’ £ 0. To see this,
we note that 7" is a Vandermonde matrix, whose determinant (by a
well-known formula from linear algebra) is

H (0:(0) — 05(0)),

which is nonzero since the o;(#)’s are all distinct (see the proof of
Proposition A.7).

Therefore
A= [ (eu(8) — 050))
i
is nonzero. It is also a symmetric function of o1(#), ..., 0,(#), which are

precisely the roots of the minimal polynomial f of § over K. Therefore
A’ is a polynomial (with Z-coefficients) in the coefficients of f, and

hence A’ € K as desired. d
PROOF OF PROPOSITION 1.47. Let wq,...,w, be a Z-basis for O.
Since a = () is principal, {aq, ..., a,} = {aw, ..., aw,} clearly forms
a Z-basis for a. Write
an w1
=A
ay, W,

with A an invertible n x n matrix with integer coefficients. Then by
Theorem A.11, N(a) = |det(A)].
We also have
Alay, ... ap) = det(A)PA(wy, ..., w,)

by linear algebra.
On the other hand, it follows from the definition of the discriminant

that A(aws, ..., aw,) is the square of the determinant of the matrix
o1(awy) -+ op(awy,)
onlawr) -+ op(awy)

This determinant is oy («) - - - 0, () times the determinant of the matrix
(0i(w;)). In other words, we have

Alaws, ..., aw,) = N(a)*Awi, ... ,wy).
Therefore N(a) = |det(A)| = |N(a)|. O
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EXERCISE 1.49. Let a € K, and let T, : K — K be the linear
transformation given by multiplication by o on K, considered as a
Q-vector space. Show that |N(«a)| = |det(T4,)].

3.3. The norm is multiplicative. In this section, we prove the
important fact that the norm function on ideals is multiplicative, i.e.,
that N(ab) = N(a)N(b). This has some important consequences, for
example Theorem 1.55 below. It will also be used in our proof that the
ideal class group of a number ring is finite.

We first show that if a and b are relatively prime ideals in Og
then N(ab) = N(a)N(b). Recall that two ideals a,b in a ring R are
called relatively prime if a + b = (1). This is a natural generalization
of the notion of two integers being relatively prime, since a,b € Z are
relatively prime iff am-+bn = 1 for some m,n € Z, i.e., iff (a)+(b) = (1).

We will in fact show that if a and b are relatively prime ideals of
Ok, then Ok /ab = Ok /a® Ok /b, from which the desired formula for
norms follows. This result is a special case of the Chinese Remainder
Theorem for rings, which we recall in the following form:

LEMMA 1.50. Suppose aq, ..., a, are pairwise relatively prime ideals
in the ring R. Then:
(a) For each x1,...,x, € R, there exists v € R such that x = x;

(mod a;) for all i.
(b) arN---Na, =ay---a,.
(c) R/(a1---a,) 2 ®R/(w).

PRrROOF. By induction, it suffices to prove the the result when n = 2.
Let a = a;, b = a,. For part (a), note that since a+b = (1), there exist
elements a € a,b € b such that a + b = 1. Now take x = axy + bxy.

To prove (b), note that we clearly have ab C anb. For the reverse
inclusion, let z € aN b. Then (taking a,b as above) we have z =
xa 4 xb € ab as desired.

For part (c), note that aNb is contained in the kernel of the natural
map from R to R/a® R/b, so there is an induced map ¢ : R/(anb) —
R/a @ R/b. The map ¢ is clearly injective, and surjectivity follows
immediately from part (a). Now apply part (b). O

We also have:

LEMMA 1.51. Let p,q be distinct prime ideals in a 1-dimensional
ring R, and let s,t be positive integers. Then p* and q' are relatively
prime.

PROOF. Let m = max(s,t). Then we claim that (p+q)>*™ C p*+q'.
To see this, note that every element of (p + q)*™ is a sum of elements
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of the form (z1 + y1)(x2 + y2) - - - (T2m + Yom) With z; € p and y; € q.
Furthermore, each expression (x1 + y1)(za 4+ ya) - - - (T2m + Yom) is itself
a sum of terms each of which contains at least m z;’s or m y;’s. By
the definition of m, all such terms are in either p* or q*. This proves
the claim.

Therefore it suffices to prove that p +q = (1). This follows from
the 1-dimensionality of R: since p # q we have p + q 2 p, and since p
is maximal this implies that p +q = (1). O

If p is a nonzero prime ideal of Ok and a is any ideal, we define
ordy(a) to be the largest integer m such that p" | a, if such an m exists.
Otherwise, we set ord,(a) = co. If o € O, we set ord,(a) = ord,(a),
where a = ().

EXERCISE 1.52. (a) If a £ (0), (1) is an ideal of O, show that
ordy(a) equals the number of copies of p which appear in the
factorization of a into a product of nonzero prime ideals. (In
particular, ord,(a) is finite.)

(b) If a, b are ideals of O, prove that ord,(ab) = ord,(a)+ord,(b).

We now prove:
THEOREM 1.53. If a,b are ideals of Ok, then N(ab) = N(a)N(b).

ProOOF. By the Chinese Remainder Theorem and the fact that p”
and q° are relatively prime when p # ¢, it is enough (using the factor-
ization of ideals in Ok into prime ideals) to prove that N(p™) = N(p)™
whenever p is a prime ideal.

For this, first note that we have a chain of ideals

Ok DpDOp*D---Dp™,

so it is enough to prove that for each 0 < k < m—1, [pF : p*T1] = N(p).
(Use induction and the fact that (Ox/p*™1)/(p*/p*Ft1) = (O /p*) as
abelian groups.)

We will prove something stronger, namely that for each k, there is
an isomorphism of abelian groups O /p = p*/p**1. To see this, first
note that there is a (non-canonical) group homomorphism

¢ : Ox — pF/pkt!

given by choosing an element v € p*\p**! and sending x € Ok to yz.

(We know that p* # p*™! by unique factorization, so such an element
certainly exists). If z € p, then vz € p**1, so ¢ induces a map (which
we continue to call ¢)

¢: Ok /p — p"/pFt.
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We will show that this map is an isomorphism.

Claim 1: () + p*+t = p*.
Given Claim 1, it follows immediately that ¢ is surjective.

Claim 2: (y) NpFtt = ~p.
Given Claim 2, it follows that if ¢(z) = 0, then vz € yp and hence
x € p, and thus ¢ is injective.

To prove Claim 1, let I = () + p**!. Then since p* | (v), we also
have p* | I. But I D p**! so I | pF*! and I # pF*l. By unique
factorization, we must have I = p* as claimed.

To prove Claim 2, let I’ = (y)Np**L. Since v € p*, we have yp C I'.
Conversely, let x € I' and write z = yy with y € Ok and vy € p*+1,
and note that ord,(y) 4 ord,(y) = ordy(vyy) > k+1. Since ordy(y) =k
by construction, it follows that ord,(y) > 1, i.e, y € p. Therefore

x =y € vp as desired. U

REMARK 1.54. Note that it took a bit of messy verification to prove
that Ok /p = p*/p**1. In the case where p = (7) is principal, this is
very simple: one proves easily in that case that multiplication by 7"
gives an isomorphism.

In general, there is a useful technique called localization which al-
lows one to prove certain results about Dedekind domains by first re-
ducing them to the case of a PID. We will see this in action later on.
Localization is also a very useful tool in other contexts.

As an immediate corollary, we obtain another fundamental result:

THEOREM 1.55. Let K be a number field of degree n, and let p be
a prime number. Write
(n) =[] »s"
i=1

with the p;’s distinct prime ideals. Then there exist positive integers f;
such that N(p;) = p’i for all i, and we have

r

Z eifi = n.

=1

PROOF. Since the norm is multiplicative, we have p" = N(p) =
[IN(p;). Therefore N(p;) is a power of p for all ¢ and >, e;f; =
n. U

We will prove a more general version of this result later on.
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3.4. Finiteness of the ideal class group. In this section, we
show that if K is a number field, then the ideal class group Cl(Of) is
finite. A preliminary result in this direction is:

LEMMA 1.56. Let K be a number field. For each M > 0, there are
only finitely many ideals of Ok having norm at most M.

PRrOOF. It suffices to prove that the set of ideals of norm equal to
m is finite for each m > 1. If N(I) = |Ok/I| = m, then mz = 0 in
Ok /I for all x € Ok, i.e., I contains the ideal mOf. As noted in the
proof of Corollary 1.22, since O /mOf is finite, there are only finitely
many ideals which contain mQOpg. Therefore there are only finitely
many possibilities for . O

Before giving the next lemma, we remark that every ideal class in
Cl(Ok) can be represented by a genuine ideal of Ok, and not just by a
fractional ideal; this follows from the definition of a fractional ideal and
the fact that [aJ] = [J] for every fractional ideal J and every nonzero
a € R.

LEMMA 1.57. Let K be a number field. The class group Cl(Ok) is
finite if and only if there exists a constant M (depending only on K)
such that every ideal class contains an ideal of norm at most M.

Proor. If Cl(Ok) is finite, let I1,. .., I, be ideals representing the
different ideal classes, and take M = maxj<;<p N(I;). The converse
follows from the previous lemma. 0

THEOREM 1.58. Let K be a number field. Then there exists a con-
stant M such that every nonzero ideal I of Ok contains a nonzero

element o with
IN(a)| < M- N(I) .
REMARK 1.59. Note that if w € I, then («) C I and thus N(I) <
[N ()]
REMARK 1.60. If we fix an integral basis (i.e., a Z-basis) oy, ..., o,

for Ok, and let oy,...,0, be the embeddings of K into C, then the
proof will show that M can be taken to be

n n
LD loilap)] = (joras] + - + |oran]) - - (Jonan] + - - + |onanl).
i=1 i=1
PROOF OF THEOREM 1.58. The idea of the proof is to use the
pigeonhole principle to find an element o € I whose coordinates with
respect to some integral basis are small, and then the norm of « will
to be small.
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Take aq, ..., a, to be an integral basis of Og. Let I be an ideal of
Ok and choose m € Z so that m™ < N(I) < (m + 1)". Consider the
subset ¥ of elements of O defined by

> = {ijozj:()gmj <m,m,; GZ}.
j=1
Since #3 = (m + 1)" > N(I) = |Og/I|, it follows by the pigeonhole
principle that there are two distinct elements of ¥, say x and y, which
are congruent modulo I. Taking their difference to be a = x — y, we
get a nonzero element of I of the form a =377 mja; with [m;| <m
for all 5. We estimate the norm of a:

IN(@)| =[] lowal < (Z my] - |o—iaj|>

i=1 ‘ j=1

n n
m” (H |O'iOéj|>
i=1 j=1

(I)- M.

IA

IA
=

4

COROLLARY 1.61. With M as in Theorem 1.58, every ideal class
in Ok contains a nonzero ideal of norm at most M.

PROOF. Let ¢ € Cl(Ok) be an ideal class and let I be an ideal of
O such that [I] = ¢~!. (Here [J] denotes the class of a fractional ideal
J in the group Cl(Ok).) Choose o € I such that |N(«)| < M - N(I).
By Lemma 1.39, it follows that I O (a) = (a) = I.J for some ideal J.
Clearly [J] = [I]7! = ¢, and multiplicativity of the norm implies that
N(J)=|N(a)|/N(I) < M as desired. O

Combining this result with Lemma 1.57, we obtain the following
fundamental result:

THEOREM 1.62. If K is a number field, then C1(Of) is finite.
We also obtain the following useful criterion for Ok to be a PID:

PROPOSITION 1.63. If every ideal of Ok of norm less than or equal
to M is principal, then Cl(Ok) = 1.

EXERCISE 1.64. Show that Ok is a PID if and only if every ideal
I of Ok contains an element o with |N(a)| = N(I).
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4. Exercises for Chapter 1

(1) Prove that the following rings are not UFD’s by explicitly find-
ing two distinct factorizations of the same element.

(a) Z[v/—13]

(b) Z[v/10] (Hint: Factor 6 in two different ways.)

(2) Prove that the following rings are Euclidean domains (and
hence UFD’s).

(a) Z[v/-2] (Hint: For x,y € Z[v/—2] with y # 0, write
x/y = a+by/—2 with a,b € Q, and choose ¢ = c+dy/—2 €
Z[\/=2] so that |c —a| < 1/2,|d —b| < 1/2.)

(b) Z[v/2] (Hint: Use the norm ¢(a + by/2) = |a® — 2b|.)

(3) Find all integers x,y such that 23 — y* = 2.

(4) (a) Prove that every quadratic number field (a field of degree

2 over Q) is of the form Q(+v/d) for some square-free integer
d.

(b) Find an explicit example of a cubic number field which is
not of the form Q(d'/3) for any integer d.

(5) (a) Determine the ring of integers in Q(v/d) for all square-free

integers d.

(b) Determine the unit group of the ring of integers in Q(v/d)
for all square-free integers d < 0.

(6) Let R = Z[v/—5], and define the following four ideals in R:
pr=(2,14+V=5),p2 = (2,1 = v/=5),p3 = (3,1 + V=5),ps =
(3.1 v=5).

(a) Show that py,...,ps are all maximal (hence prime) ideals
of R. (Hint: Prove in each case that the factor group
R/p; is a field.)

(b) Verify that (2) = p1p2, (3) = pspa, (1 +v/=5) = pips, (1 -
V=5) = papa.

(7) Let R = Z[/=3], and let I be the ideal of R generated by 2
and 1+ /—3.

(a) Show that I? = (2)I but I # (2). Conclude that proper
ideals in R do not factor uniquely into products of prime
ideals.

(b) Show that I is the unique prime ideal of R containing
(2). Conclude that the ideal (2) cannot be written as a
product of prime ideals of R.

(c) Why do parts (a) and (b) above not contradict the theo-
rem which says that every Dedekind domain admits unique
factorization of proper ideals into products of prime ideals?
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(8) (a) Prove that a PID is a Dedekind ring
(b) Prove that a Dedekind ring is a UFD if and only if it is a
PID.

(9) Let R be a Noetherian integral domain with fraction field K.
Prove that an R-submodule J of K is finitely generated if and
only if there is a nonzero element a € R such that aJ C R.

(10) If R is a Dedekind ring, prove that every fractional ideal J #
(0), (1) has a unique representation as a product

J= 1] »

peMax(R)
where v, € Z for all p, and all but finitely many of the v, are
zero.
(11) Which of the following are Dedekind rings?
(a) CIX,Y]/(Y? = X?)
(b) R={$€Q : abecZ, 31b}






CHAPTER 2

Examples and Computational Methods

1. Computing the ring of integers in a number field

1.1. The discriminant of a number ring and integral bases.
Let L/ K be a separable field extension of degree n, and let a, ..., a, €
L. Recall from Lemma 1.48 that A(ay, ..., «,) € K, with A(aq, ..., a,)

0 if and only if ay, ..., «a, are linearly dependent over K.
Note that in the case where L and K are number fields, if aq, ..., a,
are algebraic integers, then Ay, x(aq,...,ay) is also an algebraic inte-

ger. This follows from the definition of the discriminant, together with
the fact that if « is an algebraic integer, then so is 0;(«) for all i.

In particular, if K is a number field and «aq, ..., «, are algebraic in-
tegers which form a basis for K/Q, then Ag/g(a,. .., a,) is a nonzero
element of Z.

We now use our knowledge about discriminants to say something
about integral bases for rings of integers in number fields. (Recall that
i, ..., is an integral basis for O if it is a basis for Ok as a Z-
module.)

PrRoPOSITION 2.1. Let K be a number field of degree n, and let
aig,...,a, be elements of O which form a basis for K/Q. Let d :=
Aoy, ... ). Then Ok is contained in the Z-module spanned by

o1

On
7’...’7.

ProOOF. Let a € Ok, and write a = ciaq + - - - 4+ ¢, with each
c; € Q. We need to show that dc; € Z for all j.

Applying o; to the relation o = ciaq + -+ + cpap,, we find that
oi(a) = croi(ay) + -+ - + ¢poi(ay), so that

where T := (0;(a;)).
33
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Multiplying this equation on both sides by the adjoint of T, and
letting 6 := det(7"), we obtain

B G

: =0

On Cn
for some algebraic integers 3y, ..., G,.

Let m; := §3;. Then since §* = d, we have

my &1
=d

my Cn

Since 0 € Ok and each 3; € Ok, we have m; € O for all j. Since
each ¢; € Q, we have dc; € Q N Ok = Z as claimed. O

Note that Proposition 2.1 provides another proof of the fact that if
K/Q is a finite extension of degree n, then Ok is a lattice in K. Indeed,
Proposition 2.1 shows that Ok is contained in a finitely generated Z-
module of rank n, and therefore is itself a finitely generated Z-module
of rank at most n. Since Ok contains a basis for K, the rank must be
exactly n.

Integral bases are not unique. However, the discriminant of every
integral basis for Ok is the same, as the next lemma shows.

LEMMA 2.2. Ifay,...,q, and o, ..., ) are integral bases for O,
then A(ay, ..., 0n) = Ao, ..., al).

n

PrROOF. Let A = A(aq,...,ay), A" = A(a),...,al). Writing
each basis in terms of the other, we find that there are nonsingular nxn
matrices M, M’ with integer coefficients such that A = det(M)?A’ and

A’ = det(M')?A. The result follows easily from this. O

Because of Lemma 2.2, we may define the discriminant of Ok (or,
by abuse of terminology, the discriminant of K) to be the discrimi-
nant of any integral basis for Ox. We write A(Og) or Ay for the
discriminant of O.

Using an argument similar to the proof of Proposition 1.47, we see:

LEMMA 2.3. If aq,..., a0, € Ok form a basis for K/Q and M

denotes the Z-module spanned by ay, ..., oy, then

AK/Q(ala'”aaTZ) = ’OK/MP AK' .
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PROOF. Let wy,...,w, be an integral basis for Ok, and write
aq w1
=A
Q, Wn,

By Theorem A.11, we have |Ox /M| = | det(A)|. The result now follows
from the fact that

Agoloa, ... an) = det(A)*Awy, ..., w,) .

O
COROLLARY 2.4. If aq,...,a, € Ok form a basis for K/Q and
d = Agjg(an, ..., ay) is square-free, then o, ..., oy form an integral

basis for Ok.

A lemma which is useful in conjunction with Lemma 2.3 is the
following:

LEMMA 2.5. (a) If Ox J(Z-0n @ - -®Z-v,) is an abelian group
of exponent m, then
OkCZ 2o .az 20
m m
b) If Ok # Z-a1 ® -+ DL -y, then Og must contain some
element of the form
(03] (67
ml_ _l_ e _|_ mn_
m m
with 0 < m; <m — 1 and not all m; equal to zero.

PROOF. Let M =Z-a1 @+ -®Z- v, Part (a) follows immediately
from the fact that mOyx C M, and part (b) follows easily from part
(a) and the fact that

et Q,
{mi— 4+ m—]0<m <m—1}
m m
forms a set of coset representatives for (L M) /M. O

As an application of these ideas, we determine the ring of integers
Ok in K = Q(v/d) when d is a square-free integer (c.f. Exercise 1.13).
Let § = V/d, so that O contains Z[A]. We will determine when equality
holds, and describe Ok in all cases.

Let o1 be the identity map on K, and let o5 : K — C be the map
sending v/d to —v/d. Then

AxjolL,0) = det ( 1 \_ff/a )2 —4d.
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By Lemma 2.3, we know that |O/Z[f]|* divides 4d, and since

d is square-free, it follows that |Ox/Z[0]| equals 1 or 2. Suppose

|Ok/Z[0]| = 2. Then by Lemma 2.5, Z[¢] must contain either 1,

or 17”. The minimal polynomials of the first two elements do not have

integer coeflicients, so those can be ruled out. The minimal polynomial
110

of 12ﬁ is X2 - X + I%d, so —5- is an algebraic integer if and only if

d =1 (mod 4). From this, we conclude:

PROPOSITION 2.6. Let d be a squarefree integer. Then the ring of
integers in K = Q(v/d) is

O — { Z[Vd if d=2,3 (mod 4)

Z[MY4) if d =1 (mod 4)

and the discriminant of Ok is 4d if d = 2,3 (mod 4) and d if d =
1 (mod 4).

The following result is useful for computing discriminants.

EXERCISE 2.7. Let a be an algebraic integer of degree n, and let
f(x) be its minimal polynomial over Q. Define the discriminant of a,
denoted A(a), to be the discriminant of the basis {1,c,...,a" 1} for
Q(a)/Q, and let ay, ..., a, be the conjugates of a.

(a) Show that
A) = (=) ] f(@).

(b) Suppose « is a root of the polynomial f(x) = z" + azx + b,
where a,b € Z are chosen so that f(z) is irreducible. Use part
(a) to show that

Al) = (=17 ()" — )" e + )

In particular, show that if f(z) = z* + az 4+ b then A(a) =
a’? — 4b, and if f(z) = 2* + ax + b then A(a) = —4a® — 270%.

n(n—1)
2

EXERCISE 2.8. (a) Find an integral basis for the ring of inte-

gers of Q(6), where 6 is a root of the polynomial 23 — 2x + 3.

(b) Find an integral basis for the ring of integers of Q(6), where
is a root of the polynomial 2® — z — 4.

1.2. Example: The ring of integers in Q(+v/2). In order to
apply Corollary 2.4 in an efficient manner, one often requires some
supplemental information. The following proposition can be very useful
in this context.
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PROPOSITION 2.9. Let K be a number field of degree n, and let
a € K be a nonzero algebraic integer of degree n. Suppose the minimal

polynomial of o is Eisenstein with respect to the prime p. Then p does
not diwvide |Ok /Z[a].

PROOF. Let f(z) = 2™ +an_12" ' + -+ a1z + ap be the minimal
polynomial of . Recall that f(x) is Fisenstein at p if p | a; for 0 <
j<n—1and p*fae.

Suppose that p | |Ok/Z[a]|. Then the quotient group Ok /Z[a] has
order divisible by p, so by Cauchy’s theorem there exists £ € Ok such
that the class of £ has order p. It follows that p¢ € Z[a] and £ ¢ Z|a].

Write

p£ = bo + blOé + -+ bnflOén_l.
Then each b; € Z, and not every b; is divisible by p. Let j be the
smallest index with 0 < 7 <n — 1 for which p{b;. Then

b b bi_1 .
77::€_<_0+_105+"'+j_104]1)
p p

p

b . b . b
= Jof p Lt gn € Ok ,

p p P

since both £ and %0 + %04 +-- 4 bjT’lozj_l are in Og.
If n € Ok, then we also have

n

b a ‘
na It = Lot = (b + byt ba ) € O

p
Since .
a
o —(ap+ a1+ +a, 12" ) /pe Ok,
it follows that %a”_l € Ok. This implies that NK/Q(%a”_l) € Z.
However,
b b Ng o)™t bral™?
Nijo(=a"™h) = = wale)™_ b ¢Z
p p" p"
since p 1 b; and p* { ag. This contradiction proves that p t |O/Z[a]|
as claimed. U

As an application, we now find the ring of integers in Q(~/2).
PROPOSITION 2.10. The ring of integers in Q(¥/2) is Z[/2].

PROOF. Let M = Z[a] be the Z-submodule of Ok generated by
1,a,a?, and let m = |O/M]|. Using Lemma 2.3 and Exercise 2.7, we
have

m*A(Ok) = Akl a,0?) = —4-0° — 27+ (—2)* = —108.
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Since 108 = 22 - 33, the only primes that could divide m are 2 and
3.

We will use Proposition 2.9 to show that neither 2 nor 3 divides m;
it follows that m = 1, and consequently O = M.

Since 2® — 2 is the minimal polynomial of o and is Eisenstein at
2, Proposition 2.9 implies that 2 + m. Now set § := a — 2, so that
K = Q(a) = Q(). The minimal polynomial of (§ is g(z) = (x +
2)3 — 2 = 2% 4+ 62% + 12z + 6, which is Eisenstein at both 2 and 3.
Proposition 2.9 therefore tells us that 3 1 |Ox/Z[F]|. But one sees
easily that Z[5] = Z[a], and therefore 3 1 m as well. O

2. Kummer’s theorem on factoring ideals

In this section, we show how to explicitly factor ideals of the form
pOg where p is a prime number and Ok is a number ring. The main
result, Theorem 2.16 below, is very useful for doing computations in
algebraic number theory. Before studying the general case, we begin
by analyzing the special case where K is a quadratic number field.

We saw in §1.4 that if p is a prime number, then in the ring Z[i] of
Gaussian integers we have:
(a) (p) = p? if p =2, where p = (1 +1).
(b) (p) = pip2 if p = 1 (mod 4), where py,py are distinct prime
ideals.
(¢) (p) is prime if p = 3 (mod 4).

In case (a), we say that the prime ideal (p) of Z ramifies in Z[i]. In
case (b), we say that (p) splits completely in Z[i]. In case (c), we say
that (p) is inert in Z[i].

In case (b), we can describe (p) = (p)Z[i] explicitly: if we choose
positive a, b € Z such that a>+b* = p, then we have (p) = (a+bi)(a—bi).

REMARK 2.11. When we want to emphasize that we are thinking
of (p) as an ideal of Z[i] rather than Z, we will usually write pZ[i] or
(p)Z][i] rather than just (p).

Let’s see if we can generalize these results to other quadratic exten-
sions of Q.

PROPOSITION 2.12. Let K = Q(\/c_i) with d € 7 squarefree. Let p
be an odd prime number such that p does not divide d. Then:

(a) If (%) = 1 then pOk factors into prime ideals as (p,a +
Vd)(p,a—+/d), where a*> = d (mod p). Moreover, these prime

ideals are distinct.
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(b) If (%) = —1, then pOx is prime.
PRrOOF. For (a), note that in O, we have
(p,a + Vd)(p,a = Vd) = (v, p(a + Vd),pla = Vd),a* - d) C (p)

since a? —d = 0 (mod p). On the other hand, (p,a + Vd)(p,a — Vd)
contains both p? and p(a + V/d) + p(a — v/d) = 2ap, and therefore it
contains ged(p?, 2ap) = p. So we have pOx = (p,a + Vd)(p,a — Vd).

To see that the ideals on the right hand side are prime ideals, it
is enough to show that a + /d & (p), for then the norm of each ideal
must be p, and an ideal whose norm is prime is a prime ideal. But if
p | a++/d, then also p | a — V/d, so p | 2a, a contradiction.

To see that the ideals (p,a & v/d) are distinct, note that if a —
Vd € (p,a + v/d), then we would also have 2a € (p,a + V/d), so that
(1) = (p,2a) C (p,a+ v/d), a contradiction.

For part (b), it is enough to show that if p is any prime ideal of
Ok then N(p) # p. Equivalently, we need to show that Ok /p is not
isomorphic to Z/pZ. For this, consider the polynomial 2? —d. It has a
root in Ok and therefore in Ok /p. If the latter ring were isomorphic
to Z/pZ, then we would have (%) = 1, contrary to assumption. O

EXERCISE 2.13. Work out what happens for p = 2 and for p | d.

We now develop a general method for factoring the ideal generated
by a rational prime in a number ring which contains Proposition 2.12
as a special case. We begin with the following lemmas.

LEMMA 2.14. Let 0 be an algebraic integer with minimal polynomial
m(z) € Z[x]. Let p be a prime number, let f(x) € Z[z] be a polynomial,

and let f(x) (resp. m(x)) denote the reduction modulo p of f(z) (resp.
m(z)). Suppose f(x) | m(z) in Fy[z]. Then

Zlzx]/ (p, f(x)) = Z[0]/ (p, F(0))

PROOF. Let ¢ : Z[z] — Z[0]/ (p, f(6)) be the map sending = to 6.
It suffices to prove that ker(¢)) C (p, f(x)) as ¢ is clearly surjective and
(p, f(x)) C ker().

Let k(x) € ker(v), so that k() € (p, f(0)), implying that k(0) =
a(0)-p+b(0) f(0) for some polynomials a(x), b(x) € Z[x]. Define h(z) :=
a(x) - p+ b(x)f(x) — k(z). Since h(f) = 0 and m(x) is the minimal
polynomial of 6, we have m(z) | h(x), which implies that h(z) =
m(z)n(z) for some n(z) € Zlz]. As m(z) € (p, f(x)) by assumption,
we have h(z) € (p, f(z)). Hence k(x) € (p, f(z)) as desired. O
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LEMMA 2.15. Let K = Q(0) be a number field, where 0 is an al-
gebraic integer, and suppose that p is a prime number which does not
divide |Ok JZ]0]|. Then Ok /pOk = Z[0]/pZ[6)].

PROOF. Let ¢ : Z[0] — Ok /pOk be the natural map sending 6 to
6 (mod pOk). Clearly pZ[f] C ker(y)). Conversely, if a € ker(¢), then
a € Z[0] N pOk. Hence o = pf for some [ € Ok. Since ps € Z[0], the
image 3 € Ok /Z[0] has order divding p. Since p does not divide the
order of O /Z[f), it follows that 3 = 0. Thus 8 € Z[#], which implies
that a € pZ[f]. It follows that ker(v) = pZ|f).

Finally, we show that v is surjective. For this, note that if G is any
finite abelian group of order prime to p, then the multiplication by p
map [p] : G — G is injective and hence surjective. So if v € O, then
5 € O /Z[0)] can be written as ¥ = py’ for some 7 € O. But then
v—pY € Z[A]. So (v —py') =~ (mod pOk) as desired. O

THEOREM 2.16 (Kummer’s Factorization Theorem). Let K = Q(0)
be a number field, where 6 is an algebraic integer, and suppose that p
is a prime number which does not divide |Ok /Z[0]|. Let g(x) be the
minimal polynomial of 6, and write

9(x) = gi(x)* -+~ go(x)™  (mod p) ,
where g;(x) € Zlx], gi(z) := g;(x) (mod p) is irreducible over F,, and
the g;’s are pairwise distinct. Then
POk =pi'---py7,
where p; = (p, gi(0)) is a prime ideal and N (p;) = p’* with f; = deg(g;).
Moreover, the p;’s are all distinct.

Proor. By Lemmas 2.14 and 2.15, we have

Ok /pi = Ok /(p, 9:(0))
= 716/ (p, 9:(0))
= Z[zl/ (p, 9:(x))

~F,[x)/ (5:(x)) -

Since g;(x) is irreducible over F,, we know that F,[z]/ (gz(:c)) is a

field of degree f; := deg(g;) over F,. Therefore p; is a prime ideal with
norm p/i. Also, if n := [K : Q], then

r

(2.1) Z e f; = deg (@) =n.

=1
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We now prove that the p;’s are distinct. Given i # j, we know
that ¢;(x) and g;(z) are relatively prime in [F,[z]. So there exist
a(x),b(x) € Z[z] such that 1 = a(z) - gi(x) + b(z) - gj(x) in Fpylz].
But then 1 € (p,¢i(z),9;(x)) in Zlz], from which we deduce that
1€ (p,gi(0),9;(0)) € Ok. As (p,gi(0),9;(0))  (p,g:(0)) + (p, 9;(9)),
it follows that 1 € p; +p,. So p; # p, as desired.

Finally, we prove that

POk =py' -y
A simple inductive argument, plus the fact that g(f) = 0, shows that

P = (g0 (0) - (2,90 (0))”

- (pa 91(9)61 o 'g’/‘(e)er) = (p7g(0))
:p(’)K .

Therefore pOy | p7* - - - p&r, from which it follows that pOy = pill . 'p?;
with 0 < e} <e¢; for all i. By Theorem 1.55 and (2.1), we know that

T s

n = Zeéfz— < Zeifi =n.
i=1 i=1

Since e, < e; for every i, it follows that all terms in the dispayed
inequality must be equalities. Therefore e, = e; for all i. O

REMARK 2.17. Kummer’s Factorization Theorem applies to all primes
p if Ok = Z[0]. More generally, we know that p t |Of /Z[0]| whenever
p? 1 A(f), or if the minimal polynomial of 0 is Eisenstein at p.

Unfortunately, one can find a number field K and a prime p such
that p divides |Ok/Z[0]] for all algebraic integers § € K of degree n,
and in such examples Kummer’s theorem does not suffice to determine
the factorization of pOk into prime ideals.

3. The splitting of primes

3.1. Terminology. Let Ok be a number ring, and let p be a ra-
tional prime. By Theorem 1.55, we know that

POk = pi' - -p;7

with py,...,p, distinct prime ideals having norm Ny q(p;) = p/, and
that

r

Zeifi:n-

=1
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We call the prime ideals p; the prime ideals lying over (or dividing)
p. The integer e; is called the ramification index of p;, and f; is called
the residue degree of p;.

EXERCISE 2.18. Show that every nonzero prime ideal p of O lies
over a unique prime number p.

We say that p is ramified in Ok (or in K) if e; > 2 for some i, i.e.,
if p? | pOxk for some nonzero prime ideal p of Ok. In addition, p is
called totally ramified in Ok if pOgx = p" for some prime ideal p.

A prime p is said to be inert in Ok if pOk is a prime ideal, and p is
said to split completely in Ok if r = n, i.e., if pOg factors as a product
of n distinct prime ideals, each having norm p.

As a consequence of Kummer’s factorization theorem, we can de-
duce several useful results about the splitting behavior of rational
primes in number rings:

COROLLARY 2.19. Let 0 be an algebraic integer whose minimal poly-
nomial g(x) is Eisenstein at the prime p. If K = Q(0), then p is totally
ramified in Ok.

PrOOF. We know that 6 Eisenstein at p implies p 1 |Og /Z[0]|. By
the preceding remarks, it suffices to note that

g(x) =2"  (mod p) = pOk = p",
where p = (p,0) and [K : Q] = n. O

COROLLARY 2.20. If p 1 |Ok/Z[0)|, then p ramifies in Ok if and
only if p | Ak.

PRrROOF. Let 8 € Ok be a primitive element for K so that K =
Q(0). Let g(z) = [[;—,(z — 6;) be the minimal polynomial of §, where
01,...,0, are its conjugates. Let A = A(0) be the discriminant of 6.

Since
A= H(el - GJ)Q )
i<j

we know from field theory that g(z) will have a multiple root in F,, if

and only if p [ A. Moreover, it also follows from field theory that g(z)
has a multiple root in [, if and only if there exists an irreducible monic

polynomial h(z) € F,[z] such that h(z) | g(z) in F,[z].
But if p 1 |Ok /Z[0]|, then by Theorem 2.16, p ramifies in Ok if and
only if g(x) has a multiple root in F,,. O

COROLLARY 2.21. If K is a number field, then only finitely many
prime numbers p ramify in K.
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PROOF. There are only finitely many primes which divide either
|Ok/Z]0)| or Ak. O

One can show that Corollary 2.20 is true for any number field K
without the hypothesis that p 1 |Of /Z[0]|. We will see later that Ok
is not always of the form Z[f] for some § € Ok. (If O = Z[0], we say
that Ok is monogenic over Z.)

3.2. Examples of prime splittings.

EXAMPLE 2.22. We know that if K = Q(v/2), then O = Z[v/2].
Let p = 5; then 23 — 2 factors modulo 5 into irreducibles as

2® —2=(r—3)(2*+3x—1) (mod 5).

So the ideal 5Ok has the prime factorization 5Qx = pip2, where
f(p1/5) = 1 and f(pe/5) = 2. Here p; = (5,v2 —3),p2 = (5,V4 +
3v/2 — 1). Note in particular that the f;’s are not equal. (We will see
later that if K/Q is a Galois extension, then all of the f;’s are equal to
one another.)

EXERCISE 2.23. Prove that two quadratic fields K, K’ are isomor-
phic if and only if their discriminants are the same.

EXAMPLE 2.24. In contrast to the preceding exercise, there exist
non-isomorphic cubic fields with the same discriminant.

On the one hand, let 6 be a root of g(z) = 23+ 10z +1, K = Q(0).
We know the discriminant of 2% + az + b is —4a® — 270%. So A(0) =
—4027, which is prime (and hence square-free). Thus Ok = ZI[0]. It
is not hard to verify that g(z) (mod 17) is irreducible so that (17) is a
prime ideal in Ok.

On the other hand, let a be a root of f(z) = 23 —8z+15, L = Q(«).
Then A(a) = —4027, so again O, = Z[a]. However, f(x) = (z+4)(z+
6)(z+7) (mod 17), so (17) = p1paps splits completely in Oy. If follows
that L 2 K as fields since any field isomorphism would have to respect
rings of integers and the splitting types of rational primes.

Interestingly, 17 is the smallest prime that works in this example—
for all prime p < 13, f(x) and g(z) split the same way modulo p.

EXERCISE 2.25. Factor the ideals (2), (3), (7) into prime ideals in

R = 7Z[V2].

3.3. Computing ideal class groups. Kummer’s factorization
theorem can also be used to determine ideal class groups. We turn
now to a couple of examples which illustrate the general method.
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EXAMPLE 2.26. Let K = Q(1/2), so that O has the integral basis
1, V2. Then every ideal class contains a nonzero ideal of norm at most
5, since M = (1++v/2)? = (3+2V2) ~ 5.8 < 6.

Using Kummer’s factorization theorem, we factor 22 — 2 mod p for
p = 3,5, and we find that both (3) and (5) remain prime in O, and
therefore have norms 9, 25, respectively. So the only nonzero ideals of
norm at most 5 in Ok are (1), (v/2), and (2), all of which are principal.
It follows that O is a PID.

Note that if we had used the integral basis 1, —1 + /2 instead, we
could have obtained a better value of M, concluding that every ideal
class contains a nonzero ideal of norm at most 4. This would remove
the need to factor (5) in Ok.

EXAMPLE 2.27. Let K = Q(v/=5), so that O has the integral
basis 1,v/=5. We obtain M = (1 + v/5)? = 6+ 2/5 < 11, so that
every ideal class in Cl(Ok) contains a nonzero ideal of norm at most
10. Using Kummer’s factorization theorem, we find that

(2) = (2,1++/=5)? = p2
38) = (B 14+V=5)3,1-vV=5) = paps
(5) = (V-5)° = p:
(7) = (7,3+V=5)(T,3—=V=5) = prp}.

Note that po is not principal, since if it were equal to («), then
we would have |N(a)| = 2, and therefore N(«) = £2. However, if
o = a+ by/—5, then N(a) = a® + 5b® # £2, a contradiction.

Similarly, there are no elements of norm +3,+7 in Ok, so that
p3, P5, P7, p7 are not principal. The prime ideal p5, of course, is principal.

The nonzero ideals of norm at most 10 in O are all products of
P2, P3, Ph, Ps, P7, P to various powers between 0 and 3. Moreover, since
ps = (2), we have [ps]? = 1 in Cl(Of). We now seek to relate the
classes of p3 and p; to the class of py. For this, we search for elements
of K with norm divisible only by 2,3 (resp 2,7). This is simple: for
example, we have N (1 + v/=5) = 6, from which it follows easily that
(1 ++/=5) = paps. (Note that 1 + /=5 is in both p, and ps, so that
paps = po Np3 C (1 4+ +/—5) and therefore the equality of ideals follows
from the equality of the norms.) We conclude from this that

[ps] = [p2) " = [pal,

where the last equality follows from the fact that [ps]? = 1. Since
psps = (3), we also have

[05] = [ps] ™" = [pa] " = [pa].
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Similarly, it follows from the fact that N(3 + /—5) = 14 that
[p7] = [p%] = [p2], and therefore every ideal class in Cl(Ok) coincides
with either 1 or [ps]. We conclude that Cl(Ok) = Z/2Z. In particular,
the class number of Z[v/=5] (i.e., the order of its ideal class group) is
2.

It turns out that by using Minkowsi’s theory of geometry of numbers
(to be discussed later), we can dramatically reduce the value of M in
the above examples. For example, with K = Q(y/—5), Minkowski’s
theory will give the bound M = 2 instead of M = 10!

Finally, we end this section with a significant generalization of
Proposition 2.10.

PROPOSITION 2.28. Let p be a prime, and let a ¢ {0,£1} be a
squarefree integer not divisible by p. Let = ¥/a be a pth root of a.
Then O = Z[0] if and only if a?~' £ 1 (mod p?).

PROOF. Let K = Q(f). Assume a? # a (mod p?). By Lemma 2.3
and Exercise 2.7, the polynomial 2? — a has discriminant A() =
+pPaP~! and

A(0) = |0k /ZI0)* - Ak

Since xP — a is Eisenstein at every prime divisor of a, it follows that
|OK /Z]0)] is relatively prime to a, and thus is a power of p. Moreover,
the polynomial (x+a)? —a is Eisenstein at p by hypothesis, and Z[6] =
Z[0 — a]. Therefore p 1 |Ok/Z[0]| by Proposition 2.9. It follows that

Conversely, suppose Ok = Z[f]. Then by Kummer’s factorization
theorem, we have pOx = p? where p = (p, — a) is a prime ideal of
norm p. Clearly § — a € p, and since p € p?, we must have 6 — a & p>.
Thus

(0 —a) =pa
for some ideal a of O relatively prime to p. Since p is the only prime
ideal of Ok containing p, it is the only prime ideal of Ok whose norm
is a power of p, and thus (p, N(a)) = 1. Since the constant term of the
minimal polynomial of 6 — a is a? — a, it follows that

a” —a=|N(0 —a)| = N(pa) = pN(a) ,
so that p*{ a? — a as desired. O
3.4. Application: The Diophantine equation 3> = 23 — 5.

We now show how knowledge of the ideal class group can be of help in
solving certain Diophantine equations.



46 2. EXAMPLES AND COMPUTATIONAL METHODS

Earlier on, we used the fact that Z[i] is a UFD to solve the equation
y> = x3 — 1 in integers. We now use arithmetic in Z[y/—5] (which has
class number 2) to solve the equation y? = z3 — 5.

THEOREM 2.29. The equation y*> = x* — 5 has no integer solutions.

PROOF. Suppose (z,y) is an integer solution. If z is even, then y
is odd and y* = —1 (mod 4), which is impossible. Therefore x is odd.

Also, it is easy to see that  and y must be coprime, since the only
possible prime dividing both is 5, but if 5 | ,y then 5% would divide
the left-hand side but not the right-hand side of the above equation, a
contradiction.

We now factor the equation in R = Z[/—5] to obtain

(y+vV=5)(y — vV-5) =2 .

If a prime ideal p of R divides both (y++/—5) and (y —+/—5), then
p | (23) (and therefore p | (z)) and p | (2y). Since z is odd, and p | (),
p1(2),s0p | (y). This contradicts the fact that = and y are relatively
prime. Therefore the ideals (y +/=5) and (y — v/—5) are coprime.

It follows by unique factorization into prime ideals that (y++/—5) =
a3 and (y — v/—5) = b3 for some ideals a, b of R.

As [a]® = [b]> = 1 in CI(R), and as the class number of Z[y/—5] is
2, we conclude that a and b are principal ideals.

Since the only units in R are +1, it follows in particular that

Y+ V5 = (a+ b5y

for some a,b € Z. This implies that 1 = 3ba® — 5b> = b(3a? — 5b%), so
that b = 1. But then 3a® — 5 = %1, which is impossible.
This contradiction proves that no integral solutions (x,y) exist. [

4. Cyclotomic Fields

4.1. The cyclotomic field Q((,,) with m a prime power. Let
m = p* be a prime power. In this section, we determine the ring of
integers in Q((,,) and the factorization of certain ideals into products
of prime ideals. The case of a general positive integer m will be dealt
with in a subsequent section.
It is well-known that the polynomial
2 — 1

(22) Pu(2) =

is irreducible over Z, and therefore is the minimal polynomial of (,,.
This polynomial has degree ¢(m), where ¢ is Euler’s ¢-function.

— x(pfl)pkil + :L-(p*Q)pk71 I xpkfl +1
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The irreducibility of ®,,(z) is most conveniently proved using the

fact that ®,,(z + 1) is Eisenstein at p. To see this, note that
@+ D" =1 _ @+ -1 _ o

Em(r+1) = (x+1)P" =1 (2" 1) -1 ‘
and that @,,(1) = p # 0 (mod p?).

In particular, ®,,(z + 1), and therefore ®,,(z), is irreducible over
Z, and [Q(Gn) : Q] = ¢(m).

More generally, for any positive integer m, the minimal polynomial
D, (z) of ¢, has degree ¢(m), and therefore [Q((n) @ Q] = o(m).
However, one cannot in general write down a simple explicit formula
for @,,(z) as in (2.2). We will sometimes write K,, to denote the
cyclotomic field Q((,).

We recall for later use that K,,/Q is a Galois extension with Galois
group isomorphic to (Z/mZ)*. The fact that K,,/Q is Galois follows
from the fact that, by the irreducibility of ®,,(z), ¢! € K,, is a root
of ®,,(x) whenever 1 < t < m and ged(t,m) = 1. Furthermore,
the map from (Z/mZ)* to Gal(K,,/Q) sending t to the automorphism
oy : Cm — ¢!, is a group isomorphism.

(mod p),

In order to compute the ring of integers in Q((,,,) when m is a prime-
power, we will use the following lemma (which applies more generally
to any positive integer m):

LEMMA 2.30. Let m be a positive integer, and let d = ¢(m) be
the degree of the minimal polynomial ®,,(x) of ¢, over Q. Then the
discriminant A(Gy) of (G divides a positive integral power of m.

PRrOOF. Since ®,,(z) | 2™ — 1, we have 2™ — 1 = &, (x)g(z) for
some g(z) € Z[x]. Differentiating and setting = = (,,, we obtain
(2.3) mgﬁ;—l = 0, (Cn)g(Gn) -

Noting that the constant term of ®,,(z) must be +1 and taking the
norm of both sides of (2.3), we obtain

m* = £A(Gn) - N /e(9(Cm)) -
As g((n) is a nonzero algebraic integer, its norm is a nonzero element

Of Z.. 0

THEOREM 2.31. If m = p* is a prime power and (,, = e*™/™ is a
primitive p*th root of unity, then:
(a) The absolute value of the discriminant of Q((y) is a power of
p.
(b) The ring of integers in Q((n) is Z[(m).
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PROOF. Part (a) is an immediate consequence of Lemma 2.30,
since the discriminant of Q((,,) divides the discriminant of the basis
{1, Gn G G for QUGn)/Q.

Part (b) follows from the fact that ®,,(z 4+ 1) is Eisenstein at p,
since on the one hand this implies that p {1 |Ok,, /Z[(x]|, and on the
other hand we have

which implies that |Ok,, /Z[(x]| is a power of p. O

As a consequence of Kummer’s factorization theorem, we obtain:

COROLLARY 2.32. (a) If m = p¥, then p is totally ramified in
K., and p is the only prime which ramifies in K,,.
(b) The principal ideal (1 — () has norm p, and

PL[Gn] = (1= )™

ProoFr. Part (a) follows from Theorem 2.31 using Corollary 2.19
and Corollary 2.20.

For (b), note that 1—(,, is aroot of ®,,(x+1), 1—(,, generates Ok, ,
and ®,,(r + 1) = 2™ (mod p). Therefore pZ[(,n] = (p, 1 — ()™ =
(1 — (n)?™, since N(1 — (,,) = #p implies that p € (1 — (). O

4.2. The first case of Fermat’s Last Theorem for regular
primes. Our next goal is to establish a result concerning the units
of Z[(,] which was used by Kummer to prove the first case of Fer-
mat’s Last Theorem for regular primes. Before stating the first of
several preliminary lemmas, we remark that if the integer m is odd,

then Q(Gn) = Q(Cam)-

LEMMA 2.33. If m is a positive integer, the only roots of unity in
Q(¢n) are the mth roots of unity, if m is even, and the 2m™ roots of
unity, if m is odd.

PRrROOF. It is enough to prove the statement when m is even, so
we assume this from now on. Let ¢ be a primitive £ root of 1 in
K. = Q(¢n). We want to show that k | m, for then ¢ will be an m'™
root of unity as desired. Without loss of generality (replacing ¢ by an
appropriate power), we may assume that ¢ = ¢ = e>™/*.

Since K, contains both (; and (,,, we claim that it contains (.,
where r = lem(k, m). To see this, note that r = km/d, where d =
ged(k,m), and that there exist a,b € Z such that ak + bm = d. Tt
follows that K, contains (% == C,lzm/ meak/k — gamilbmetak)/km — ¢ ag
claimed.
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But then Q(¢.) € Q((n), so that ¢(r) < ¢(m) by a consideration
of degrees. Since m | r, it follows from Exercise 2.34 below that r = m.
Therefore k | m as desired. U

EXERCISE 2.34. If m,r are even positive integers with m | r and
o(r) < ¢(m), then m = r.

We also note that since ¢, = €>™/™ has complex absolute value
1, the complex conjugation automorphism 7 of Gal(kK,,/Q) coincides
with the automorphism o € Gal(K,,/Q) sending ¢, to ¢,'. And since
Gal(K,,/Q) is abelian, 7 commutes with o for all o € Gal(K,,/Q).
Concretely, this implies that if « € K,,, and ¢ € Gal(K,,/Q), then

o(a) =o(a).
The following lemma is usually attributed to Kronecker.

LEmMA 2.35. If a € C is a nonzero algebraic integer, all of whose
conjugates have complex absolute value at most 1, then « is a root of
unaty.

PROOF. Let f(z) € Z[z] be the minimal polynomial of «, and let
n = deg(f). Since the coefficients a; of f(z) are elementary symmetric
functions of the conjugates of «, it follows from the triangle inequality
that |a;] < 2" for all 4. Therefore there are only finitely many possi-
bilities for the polynomial f(z), and hence for a. Applying the same
reasoning to o/ for each positive integer j, we see that {a,a? a?,...}
is a finite set. Therefore there exist positive integers j < k such that
ol = oF, from which it follows that a*=7 = 1. O

The next lemma is a simple application of the binomial theorem.

LEMMA 2.36. If o € Z[(p], then there exists an element a € Z such
that o? = a (mod p).

PROOF. Write a = ag + a1{, + -+ + a,—2¢?"2. By the binomial
theorem, if oy, a0 € Z[(,] then (aq + a2)? = of + of (mod p). By
induction, it follows that a similar statement holds for the sum of n
elements for all n > 2, and in particular

of = alf +afC? + -+ ab_,(C2*)P (mod p).
Using Fermat’s little theorem and the fact that ¢! = 1, we obtain
o’ =ap+ay+ -+ a,—o (mod p).
Set a :=ap+a;+ -+ a,_o. O

We can now prove the following result due to Kummer:
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PROPOSITION 2.37. Let p be an odd prime number. If u € Z[(,)] is
a unit, then u/u = C;]f for some integer k.

PROOF. Let a:= u/u € Z[(,) C C. We claim that all conjugates of
« have absolute value 1. To see this, note that for all o € Gal(Q((,)/Q),
we have

o(a) = o(@) = o(@/u) = ola™) = a(a) ™.
In particular,
lo(@)? = o(a)o(a) =1
as claimed. By Lemma 2.35, it follows that « is a root of unity.

By Lemma 2.33, we must have a = j:g“j for some integer k. We need
to show that the plus sign holds. Suppose for the sake of contradiction
that o = u/u = —¢}. Then (raising both sides to the pth power) we
have u? = —wuP. Furthermore, we know from Lemma 2.36 that there
exists an integer a € Z such that u”? = a (mod p). Therefore w’ = a
(mod p) also, and we have a = —a (mod p). Since p is odd, this implies
that a = 0 (mod p), so that p | uP. This contradicts the fact that u is
a unit. U

COROLLARY 2.38. If p is an odd prime, then every unit in Z[(p]
can be written as rgg for some integer 0 < j < p—1, where r is a real
number belonging to the field Q((,).

PROOF. Let u be a unit in Z[(,]. By Proposition 2.37, we know
that u/u = C;f for some integer k. Choose an integer 0 < 7 < p—1
such that 2j = k£ (mod p). Then u(;j = ﬂg] Setting r 1= u ;j, we
have r =7, L.e., r € R. Therefore u = r() with r € R, as desired. [

We now turn to the “first case” of Fermat’s Last Theorem for reg-
ular primes. We recall first that if p is a prime number and ¢, = **/?,
then Z[(,] is the ring of integers in Q((,). Also, since the minimal
polynomial of ¢, is 2Pt + P2 + - - +2? + & + 1, it follows that every
element a € Z[(,] can be written uniquely in the form

a = Qg + Gle + -+ Clp72C£72

with a; € Z.

A prime p is called regular if p { h,, where h,, is the class number of
Z[(p). Otherwise p is called irregular. It can be shown that there are
infinitely many irregular primes, the smallest of which is 37. However,
heuristics show that “most” primes are regular.

We now prove the first case of Fermat’s Last Theorem for regular
primes, following Kummer. The case p = 3 is easy to handle directly,
so we assume in the proof that p > 5.
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THEOREM 2.39 (Kummer). Supposep > 5 is a reqular prime. Then
the equation zP + y? = 2P has no solution in nonzero integers x,y, z
with p { xyz.

Proor. Without loss of generality, we may assume that z,y, z are
pairwise relatively prime.
We factor the given equation in Z[(,] into ideals:

(2.4) (@+y)(@+yG) (@ +yg) = ()"

By Exercise 2.40 below, we know that the ideals on the left-hand
side of (2.4) are pairwise relatively prime. Therefore (x 4+ y(,) = I? for
some ideal I (and similarly for the other terms on the left-hand side of
(2.4)). The ideal I has the property that [I]” = 1 in the class group of
Z[(p). Since p is regular, the order of the class group is not divisible by
p. It follows that I is principal, so that

T + y¢, = ual

for some a € Z[(,] and some unit u € Z[(,].
Claim: z =y (mod p).
Assume the claim for the moment. By symmetry, since we can also

write 2P + (—z)? = (—y)?, it follows that z = (—z) (mod p) as well.
But then
22P = 2P + yP = 2P = —2P (mod p),

so that p | 32P, a contradiction. (We're assuming that we’re in the first
case, so p{x, and also p > 3 by assumption.)

So we’ll be done once we prove the claim. For this, we note by
Lemma 2.36 that there exists a € Z such that z + y(, = ua? (mod p).
Noting that ¢, = ¢, it follows that z + y( ' = = + y(, = ua” (mod

¥4 7
p). It is easy to see that p { a, and it follows that

(x +yCp)u= (v + pr_l)u (mod p).

But u/u = ¢* for some 0 < k < p — 1 by Corollary 2.38, so we
obtain:

(2.5) z+yG = () +yC " (mod p).

Since every element « of Z[(,] is uniquely expressible in the form
o= ag+ a1y + -+ ap_2CP7%, it follows that p | o if and only if p | a;
for all 7.

Since p t xy and p > 5, it is not hard to see that (2.5) yields a
contradiction unless & = 1, in which case = + y(, = z(, + y (mod p).
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(If k. = p — 1, it is necessary to first make the substitution C{;’l =
—(1+ ¢+ + ¢ in (2.5).) Thus z =y (mod p) as claimed. [

EXERCISE 2.40. Show that the ideals (x + y¢}) and (z + y(J) are
coprime in Z[(,] whenever ¢ and j are distinct modulo p.

EXERCISE 2.41. Prove the first case of Fermat’s last theorem in the
special case p = 3.

We see from this argument that it is very useful to understand the
structure of the unit group of a number field. A general result known
as Dirichlet’s unit theorem says that the unit group in a number ring
is always a finitely generated abelian group. We will prove Dirichlet’s
unit theorem later on by utilizing Minkowski’s geometry of numbers.

4.3. The cyclotomic field Q((,,) for arbitrary m. We seek to
generalize the facts we already know concerning Q((,,) when m is a
prime power to arbitrary positive integers m. To do this, first note
that by Theorem 2.31, if m = pF and m' = ¢, with p,q distinct
primes, then the discriminants of K,,, K,, are relatively prime.

We will need the following result.

PROPOSITION 2.42. Let K, K' be number fields of degrees m and
m/, respectively. Assume that:

(i) K and K' are Galois over Q
(ii)) KNK' =Q.
(iii) The discriminants d and d' of K and K’ are relatively prime.
Ifoq, ... o (Tesp. o, ..., ) is an integral basis for Ok (resp. Ok ),
then ozioz;- (1<i<m,1<j<m) isan integral basis for Ok .

REMARK 2.43. Let L be an overfield containing both K’ and K,
and let K K" be the compositum of K and K’ in L (i.e., the smallest
subfield of L containing both K and K’). Then by Galois theory, the
hypothesis K’ N K = Q implies that:

(a) KK'is Galoisand [K K’ : Q] = mm/. In fact, there is a natural
isomorphism Gal(KK'/Q) = Gal(K/Q) x Gal(K'/Q).

(b) The mm' elements a;a; form a basis for KK'/Q.

(c) There are natural isomorphisms Gal(K'/Q) = Gal(KK'/K)
and Gal(K/Q) = Gal(KK'/K'). In particular, [KK': K] =
m’ and [KK': K'| =m,

(d) fGal(KK'/K) ={o},...,0,,}and Gal(KK'/K") = {01, ...,0m},
then Gal(KK'/Q) = {oxo;} (1 <k<m,1<1<m).

REMARK 2.44. One can show under the hypotheses of the propo-
sition that the discriminant of KK’ is d" d"™.
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PROOF. Let a € Ok be arbitrary, and write
o = Zaijozioz;, Qg5 € @
i,J

We want to show that each a;; € Z. We claim first that da;; € Z for
all 7, 5.

Assuming the claim for the moment, we show how to conclude. By
symmetry (switching the roles of K, K”), we also have d'a;; € Z for all
i,j. But we are assuming that d and d' are relatively prime, so there
exist s,t € Z such that sd +td' = 1. Therefore a;; = sda;; +td'a;; € Z
as desired.

We now prove the claim. Set 3; = ). a0} and let T' be the n x n

matrix whose (I, 7)™ entry is (o;a;). Also, set
o1 B
a:= | : , b=
TnC Bn
By Galois theory, the n embeddings of K into C are just the
restrictions of the embeddings oy,...,0, to K. Therefore we have

d = det(T)?. Also, by definition we have a = Th. Multiplying both
sides of this identity by adj(7T"), we obtain adj(T)a = det(T")b. There-
fore det(T")adj(T)a = db. Since the entries of T', adj(T), and a are all
algebraic integers, it follows that the entries of db are also algebraic
integers, i.e.,

dﬁj = Z d(lijOZ; S OK/ Vj

As the set {a}} forms an integral basis for O, it follows that
da;; € Z for all ¢, j, as claimed.

O
We can now prove:

THEOREM 2.45. Let m > 1 be a positive integer and let K,, =
Q(&m). Let the prime factorization of m be m = pi' - - - pks. Then:
(a) The field K,, is the compositum of the fields sz_ei for all i.
(b) [Km : Q] = ¢(m) and K,,,/Q is Galois with Galois group iso-
morphic to (Z/mZ)*.
(¢) Ak, is divisible only by the primes p;.
(d) The ring of integers of K, is Z[(n)-

PRrROOF. Parts (a) and (b) are proved in Section 14.5 of Dummit
and Foote’s “Abstract Algebra”, along with the fact that if m = m'm”
with m” = p* and p t m/, and if K/ = K,y and K” = K, then
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K'Nn K" = Q. We refer to Dummit and Foote for those facts, or leave
them as exercises for the reader.

Part (c) follows from Lemma 2.30, and in particular, this shows
that the discriminants of K’ and K" above are relatively prime. Part
(d) now follows by induction from Theorem 2.31 and Proposition 2.42,
since

{gn/gw}ogig(m/)A = {Cﬁl}ogk@(m)—l
0<j<gp(m’)~1
by the Chinese remainder theorem. O

5. Exercises for Chapter 2

For some of these problems, you may wish to use the following
theorem of Minkowski, which will be proved in the next chapter:

Theorem: Let K be a number field. Then every ideal class in O
contains a nonzero ideal of norm at most M, where

My = 2 Qe /B4

n"m
is Minkowski’s constant. (Here n = [K : Q], Ak is the discriminant of

K, and 7y is one-half the number of complex embeddings of K. An em-
bedding o : K — C is called real if 0(K) C R, and complez otherwise.)

(1) Let K be a number field, let o € K, and let T,, : K — K be
the linear transformation from the QQ-vector space K to itself
corresponding to multiplication by «. Show that | det(T,)| =
Nisla)l

(2) Let a be an algebraic integer of degree n, and let f(x) be its
minimal polynomial over Q. Define the discriminant of o, de-
noted A(a), to be the discriminant of the basis {1, a,...,a" "'}
for Q(«)/Q, and let ay, ..., a, be the conjugates of a.

(a) Show that

Af) = (=) ] f(@).

(b) Use part (a) to compute the discriminant of « if « is a
root of the polynomial f(x) = 2"+ ax + b, where a,b € Z
are chosen so that f(x) is irreducible.

(c) Find an integral basis for the ring of integers of Q(0),
where 6 is a root of the polynomial 2® — 2x + 3.

(d) Find an integral basis for the ring of integers of Q(#),
where 6 is a root of the polynomial 2® — x — 4.
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(3) Let K be a number field of degree n, let ay,...,q, € Ok,
and let d = Ag/g(a1,...,0y). Show that d =0 or 1 (mod 4).
In particular, this implies that the discriminant of a number
field is congruent to 0 or 1 (mod 4). (Hint: Let oy,...,0,
be as usual. Then the determinant of (o;(c;)) is a sum of n!
terms, one for each permutation of {1,... ,n}. Let P (resp.
N) be the sum of the terms corresponding to even (resp. odd)
permutations, so that d = (P — N)?. Show that P + N and
PN are in Z.)

(4) Let I be an ideal in a Dedekind ring R. Show that I can
be generated by 2 elements. (Hint: Let o € I be arbitrary,
and write I = [[p%. Show that (a) = (J]p?) ] q; for some
b, > a; and ¢; > 1, and use the Chinese Remainder Theorem
to show that there exists 3 € R such that 8 € p*\pi*! and
B & q;foralli,j.)

(5) (a) Prove that a Dedekind ring with only finitely many prime
ideals is a PID. (Hint: Use the Chinese Remainder The-
orem to prove that every prime ideal is principal.)

(b) Deduce from this and the fact that Z[v/=5] is not a UFD
an incredibly indirect proof of the fact that there are in-
finitely many prime numbers in Z.

(6) Factor the ideals (2),(3),(7),(29), and (31) into prime ideals
in R =7Z[v?2].

(7) Let K = Q(0), where 0 is a root of f(z) = 2% — 2z — 2.

(a) Show that [K : Q] = 3 and that Z[f] is the ring of integers
in K.
(b) Show that Cl(Of) is trivial.

(8) Let K = Q(v/—6). Determine which rational primes p split,
ramify, and remain inert in K. Your answer should be ex-
pressed in terms of congruence conditions on p. (Hint: Use
quadratic reciprocity.)

(9) Let p be a prime, and let a be a squarefree integer which is
relatively prime to p. Let K = Q(6), where § = ¥/a. Show
that O = Z[#)] if and only if a?~' # 1 (mod p?).

(10) Determine the ideal class group of Z[v/2].

(11) Determine the ideal class groups (not just their orders) of:
(a) Z[v/—14].
(b) Z[v—21].






CHAPTER 3

Geometry of numbers and applications

1. Minkowski’s geometry of numbers

1.1. Embedding the ring of integers as a lattice in R". In
order to enable more efficient computation of the ideal class group,
we now introduce a new technique for studying number fields due to
Minkowski. It will be a very powerful tool, which will also help us
better understand topics as diverse as the discriminant, the group of
units, and the zeta function of a number field.

Minkowski’s idea is to view the ring of integers in a number field as
a lattice in a suitable Euclidean space. Minkowski’s lattice embedding
is slightly different from the one which we studied earlier. We now
explain in detail how this works.

Let K be a number field of degree n with ring of integers Og.
An important role will be played by the n embeddings o, ..., 0, of
K into C. In particular, it is important to divide these embeddings
into two categories: the real embeddings (those for which ¢(K) C R)
and the complex embeddings (those for which ¢(K) ¢ R). Note that
the complex embeddings come in conjugate pairs: if ¢ is a complex
embedding then so is . Following the traditional notation, we let r;
denote the number of real embeddings and r, the number of pairs of
complex embeddings, so that r; 4+ 2r, = n.

Furthermore, we label the embeddings so that o4, ..., 0,, are real,
and we let 7y,...,7,, consist of one representative from each pair of
complex conjugate embeddings.

The basic fact, which will be established below, is that if we embed
K into the vector space R™ x C™ by the map

a— (op(a),...,00 (@), 71(@),...,Tm(a))

and then identify R™ x C"™ with R™ using the isomorphism C = R?
given by

z = (Re(z), Im(2)),
then the image of Ok in R" is a lattice of rank n.

57
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Recall that a lattice of rank n in R” is the Z-span of a vector space
basis for R™. (More generally, A is a lattice of rank m in R™ if it can be
written as A = Z(, & - - - ® Zf,, with (y,..., 3, linearly independent
over R.)

Before proving that the image of Ok in R"™ under the embedding
t : K — R"™ described above is a lattice of maximal rank, we first
explain why we chose to distinguish one embedding from each complex
conjugate pair. Had we not done this, we could have defined a map
/K — R x C?2 = R4z = R*H22 byt the image of O would
clearly not be a lattice of maximal rank, since if 7;(a) = x; + iy;, the
coordinates of ¢/(a) would be

(... ,xj’yj’--- 7xj7_yj"“>

and therefore ¢/(K) would lie in a linear subspace of codimension 215
in R™+2r2,

We now prove:

PROPOSITION 3.1. The image t(Ok) of Ok in R™ is a lattice of
rank n.

ProOF. It suffices to prove that if aq,...,a, is an integral basis
for Ok, then t(aq),...,t(ay) is a basis for R”, since the image of Ok
is clearly the Z-span of {¢(a1),...,t(ayn)}.

For this, we need to show that the n x n matrix A obtained by
writing out the n column vectors {¢(ay),...,t(a,)} in terms of their
coordinates in R™ has nonzero determinant.

Explicitly, the determinant of the matrix A is

0'1(061) 0'1(Oén>
o, (1) s oy (an)
Re(mi(a1)) -+ Re(mi(an))
Im(r () -+ Im(m(ay))
Re(rr,(a1)) - Re(ri,(a))
Im(7,, (1)) -+ Im(7,(an))

By elementary row operations, and viewing A as an n X n matrix
over C, we can relate det(A) to the discriminant of O as follows.
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First, we add iIm(7;(;)) to Re(7;(e;)) to find that det(A) equals

0'1(061) O'l(Oén>
on(ar) e onlay)

71 (1) o m(ap)
Im(7i(aq)) -+ Im(m(ay))
Try (1) T %7"2 (o)
Im(7, (1)) -+ Im(7, ()

Next, we multiply Im(7;(a;)) by —2i to find that (—2¢)" det(A)
equals

o1(aq) ceop(ay)

or, (1) o (o)

71 (on) e (o)
—2iIm(ri () -+ —260Im(r(an))
.7}2 (Oél) T ;—7“2 (an>
—2iIm(7,,(ay)) --- —20m(7, ()

Finally, we add 7;(«;) to —2ilm(7;(c;)) and find that (—24)™ det(A)
equals

0'1(@1) O'I(Oén>
Ory Oq) : '07"1 an)
7'1(6!1) . Tl(an)
mi(ar) o Tilow) ||
m(on) o i)
Tra (Q1) Tra (Ctn)

which equals £+|A K|1/ 2 where A is the discriminant of Ok-.
Since Ag # 0, we find that | det(A)| = 27"2|Ak|/? # 0 as desired.
O

Given a lattice A in R™ of rank n, we define a fundamental domain
for A to be a set of the form

F .= {Zajvj Doaj eR,0< a; < 1},
=1
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where vy,...,v, is a Z-basis for A. It is easy to see that given any
x € R™, there exists a unique point ' € F such that x — 2’ € A. In
other words, there is a unique translate of x by a lattice point which
lies in the given fundamental domain.

Since F' is always a a parallelotope in R", it follows from multivari-
able calculus that the n-dimensional Euclidean volume of F' is the ab-
solute value of the determinant formed by the coordinates of vy, ..., v,.
Moreover, it follows from linear algebra that any two Z-bases for A give
rise to the same determinant (up to £1). Therefore it makes sense to
define the covolume of a lattice A, written covol(A) or vol(R"/A), to
be the volume of any fundamental domain for A.

As a corollary of the above proof, we note the following important
calculation:

COROLLARY 3.2. If A = 1(Ok), then vol(R"/A) =272 /|Ak|.

If A is a rank n lattice in R™ and A’ is a Z-submodule of A of rank
n, then it is easy to see that A’ is also a rank n lattice in R”, and
by the structure theorem for finitely generated abelian groups (Theo-
rem A.11),
vol(R™"/A") = [A : A'lvol(R™/A).
Applying these remarks to the image in R” of an ideal I of Ok, we
find:

COROLLARY 3.3. If I is an ideal of Ok, then
vol(R™/u(I)) = 27"\/|Ak|N(I).

Now recall from §3.4 that the key to proving the finitness of the
class number is to find a constant M such that every ideal I of Ok
contains an element a such that |N(«)| < M - N(I). Moreover, the
smaller the value of M the better for the purpose of estimating the
class number of O.

With our new geometric picture in mind, we see that if we define a
norm function on R™ = R"*2"2 by setting

N(a17a27 vy Qpyy L1, Y1, 22, Y2, - - - 7I7"27y7"2) =
ajag - - am(x% + y%)(l’% + yg) e ($72"2 + y32)7

then for all & € K, we have Nk/g(a) = N(¢(a)). In other words, the
function N on R" is compatible with the norm function on K under
the embedding ¢.

This allows us to view the norm on O geometrically in terms of
the function N restricted the lattice A. Minkowski’s brilliant idea was
to prove a general result (the convex body lemma) about lattices in



1. MINKOWSKI'S GEOMETRY OF NUMBERS 61

Euclidean space which implies a much sharper version of the key result
used for proving the finiteness of the class number. We will discuss this
result and its applications next.

1.2. Minkowski’s convex body theorem. Let S be a subset of
R"™. We say that S is convex if whenever z,y € S, all points on the
line segment joining x and y are also in .S. More formally, S is convex
if z,y € S implies Az + (1 — A\)z € S for all real numbers A € [0, 1].

We call S symmetric if it is symmetric with respect to reflection
across the origin. In other words, S is symmetric if x € S implies
—x € 8.

We will need to use some properties of volumes of convex sets in
R™. For our purposes, we just need to know that every convex set is
measurable, i.e., it has a well-defined volume. The reader who is not
familiar with measure theory should take on faith the following facts:

There is a large class M of bounded subsets of R™, called (Lebesgue)
measurable sets, containing all convex sets, such that:

o If A € M then the volume vol(A) is well-defined.

e If A is a convex set, then the volume of A coincides with the
volume as defined by the Riemann integral.

e If A is a finite (or more generally countable) disjoint union
of measurable sets A;, then A is measurable and vol(A) =
Z VOI(AZ) .

e If A C B are measurable sets, then vol(A) < vol(B).

Let S C R™ be a bounded measurable set. We say that T": S — R"
is piecewise volume-preserving if S can be written as a finite disjoint
union of measurable subsets S; such that vol(7(.S;)) = vol(S;) for all 4.

The following result is a geometric analogue of the pigeonhole prin-
ciple:

LEMMA 3.4. Let S C R"™ be a bounded measurable set, and suppose
that T : S — R" is piecewise volume-preserving. If vol(S) > vol(T'(S)),
then T is not injective.

Proor. If T is injective, then T'(S) is the disjoint union of the sets
T(S;), and therefore

vol(T'(S)) = Z vol(T'(S;)) = Z vol(S;) = vol(S).

O

EXERCISE 3.5. Let F' be a fundamental domain for a lattice A in R,
and consider the map T : R — F which sends z € R” to the unique
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point T'(z) € F such that z — T'(z) € A. Show that T is a piecewise
translation, and in particular 7" is piecewise volume-preserving.

The following famous result of Minkowski gives conditions which
guarantee the existence of nonzero elements of a given lattice A inside
a given convex symmetric set S.

THEOREM 3.6 (Minkowski’s Convex Body Theorem). Let A C R™
be a rank n lattice, and let S C R™ be a bounded, convex, symmetric
set. If

vol(S) > 2" vol(R"/A),

then S contains a nonzero element of A. If S is compact, then the same
conclusion holds with the weaker hypothesis

vol(S) > 2" vol(R"/A).

REMARK 3.7. The constant 2" in the lemma is sharp, as shown the
example of the standard lattice Z" in R™ spanned by e, ..., e, together
with S = {aieq1 +--- +ane, @ a; € (—1,1)}.

Proor. We will prove just the first part, and leave the proof of the
second part of the theorem (the compact case) as an exercise.
Suppose that vol(S) > 2" vol(R™/A). Consider the lattice

N=2A={2z€R"” : x€ A} CA.

By our previous remarks, we have vol(R"/A’) = 2" vol(R™/A).

Let F' be a fixed fundamental domain for A’, and consider the map
T : R* — F’ which sends z € R" to the unique point 7'(z) € F'
such that z — T'(z) € A’. By Exercise 3.5, the map T is a piecewise
volume-preserving.

Since vol(S) > vol(F') > vol(T'(S)) by hypothesis, it follows from
Lemma 3.4 that the restriction of T" to the set S is not injective. There-
fore there exist distinct points 2,y € S such that T'(z") = T'(v/).

In particular, it follows that P’ := 2’ — 4/ is a nonzero element of A’.
Write P’ = 2P with P a nonzero element of A. Since S is symmetric,
—y' isin S, and since S is convex, we find that P = $P' = 12/ 4+ 3(—y/)
is also in S. Therefore P is a nonzero element of SN A, as desired. [

EXERCISE 3.8. Let A C R™ be a rank n lattice, and let S C R™ be
a compact, convex, and symmetric set. If

vol(S) > 2" vol(R"/A).

prove that S contains a nonzero element of A.
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We would like to apply Minkowski’s theorem to the study of ideal
classes in Q. For this, we want to find a symmetric, convex, compact
set S contained in the set {z € R® : |N(x)] < 1}, where N is
the norm function on R™ defined above. If we do that, then we can
apply Minkowski’s theorem to the homogeneously expanding region
{tS : t > 0} as follows:

PROPOSITION 3.9. Suppose S is a symmetric, convex, compact set
contained in {x € R™ : |N(z)| < 1}. Then for each nonzero ideal 1
in Ok, there exists a nonzero element o € I such that

2”2_T2\/’AK|
IN(a)] < T@N(I) :

Proor. Consider the region ¢S for real ¢ > 0; it is bounded, sym-
metric, and convex, its volume is t” vol(S), and since N (tx) = t"N(x),
tS is contained in the set {x € R™ : |N(x)| < t"}. If we choose the real
number ¢ so that " vol(S) = 2" vol(R"/¢(1)), then by Minkowski’s the-
orem ¢S contains a nonzero element of ¢(I). It follows that there exists
a nonzero element o € I such that |N(a)| < ¢". Since vol(R" /(1)) =
2772\ /|Ak|N(I), this gives the desired upper bound for |N(a/)]. O

It is pretty clear that such a set S exists: for example, take S to be
any sufficiently small closed ball around the origin in R™. This already
gives another proof of the finiteness of the class number. However, for
applications we would like to find a set S as above having as large a
volume as possible. The first obvious candidate for a set contained in
H:={zxeR" : |N(z)| <1} is the set H itself. Explicitly, we have:

H = {[B: (ala"'7a7“27x17y17"'7x1“27yr2) e R" :
jas -~ ar, (27 +y7) - (27, +y7,)] < 1}

Unfortunately, however, the set H is in general neither bounded
nor convex. For example, consider the case where K is a real quadratic
field. Then r; = 2,75 = 0, and H = {(a,b) € R*> : |ab| < 1}. This
is the region in Ry bounded by the hyperbolas xy = 1 and zy = —1,
which is clearly not bounded or convex. However, the diamond-shaped
region D := {(a,b) € R? : |a| + |b| < 2} is contained in H, and it is
bounded and convex! Geometrically, this is clear if you graph the two
regions that D C H. To see this algebraically, we can use the inequality
between the geometric and arithmetic means: since \/zy < (z +y)/2
for all nonnegative real numbers z, y, we have (for (a,b) € D):

(lal+[0)* _ 4

lab] < ——— <

S =1
4 4
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We can use a similar idea in general to produce a suitable region
S. In fact, define

S:{.ﬁIf: (ab"'7a7“27x17y17"'ax7“27yr2) € R" :

] - Jan [+ 2(\/ g +yi ool Fy7) S i
The set S is clearly symmetric and compact. In addition:
EXERCISE 3.10. Show that S is convex.

Since for all € S the average of

2 2 2 2 2 2 2 2
|a1’7"'7’ar1|7 \/5171 +y17\/x1 +y17"'7\/zr2 _'_ym’ \/xrz +yr2

is at most 1, it follows by the arithmetic-geometric mean inequality
that |N(z)| <1 for all z € S as desired.

It remains to use some basic tools from multivariable calculus to
compute the volume of S:

LEMMA 3.11. The volume of S s

,’,L’I'L

" oon ro
‘ 2 (2) .
Assuming this calculation, we state the big final result as follows.

THEOREM 3.12. Let K be a number field. Then every ideal class
in Ok contains a nonzero ideal of norm at most Mg, where

My =Ly JTAR

ntom

18 Minkowski’s constant.
ProoFr. We calculate that

2m27r2 /|A I 4
gl = Ly T,

ne2r (2 nne
and then apply Proposition 3.9. U

Theorem 3.12 is an extremely useful result, primarily because g—i(%)”

goes to zero rapidly as n increases. The constant Mg, obtained by geo-
metric methods, represents a substantial improvement over the previ-
ous value of M obtained using the pigeonhole principle applied to linear
combinations of an integral basis. For example, if K = Q(v/-5), we
previously showed that every ideal class contains a nonzero ideal of
norm at most 10, and by working with the primes above 2,3,5,7, we
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were able to show that K has class number 2. Applying the Minkowski
bound instead, we find that

2! 4., 44/5
My = 22(7r) V20| = - < 3,
so every ideal class contains a nonzero ideal of norm at most 2. It
follows that we only have to check that the prime above 2 is non-
principal (which is simple) in order to conclude that K has class number
2.

We conclude this section with another useful consequence of The-
orem 3.12. Since every nonzero ideal in a number ring has norm at
least 1, Minkowski’s constant My must be at least 1, and thus we can
deduce from Theorem 3.12 the following result:

COROLLARY 3.13 (Minkowski’s discriminant bound). If K is a
number field, then

... n"
VA = Gl

n!

An elementary induction argument shows that 7o < n/2 and n™/n! >
27=1 for all n > 2. Therefore for n > 2 we have

VIAg] > (%)n/?znf1 =122 > 7/2> 1,

from which we can deduce:
COROLLARY 3.14. If K # Q is a number field, then |Ax| > 2.

Omne can show that p | Ak iff p is ramified in O. (This was
proved in the special case where Ok is monogenic in Corollary 2.20.)
Therefore Corollary 3.14 implies the important fact that in any number
field K # Q, there is some prime number p which ramifies in O.

1.3. A volume computation. We now finish the proof of Theo-
rem 3.12 by establishing Lemma 3.11.

PRroOOF. It suffices to prove that if

STlﬂ"z = {I‘ = (CLl, . 7aT2,$17y1, e ,$T2,yr2> - Rn :
ar| 4+ A+ fan |+ 2(Vat i+ + /2, + ) S 1L
then
2
‘/7“177“2 = VOI(‘STl,Tz) - _(

n!
For this, we note that

Viire = / day - - - da,,dx,dy; - - - dx,,dy,,,
Ry

™

T2
2) )
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where

Ry = {Jay| + -+ |an | +2(4/ 23 +y3 + - + x32+y32) <1}

We now change each pair (z;,y;) to polar coordinates (u;,6;) with
0 <6; <27 and u; > 0 to obtain

Viirs = fR2 Uy -+ Upyday -+ dap, duy -+ dug,dfy - - - db,,
= (27-(-)7"2 fR2 Uy -+ - ur2da1 e darldul e durz’

where
Ry = {laa| + -+ |ap, | + 201 + - -+ + 2u,, <1, u; > 0V}
If we change the region of integration to
Ry :={a1+- - +a,, +2u1 + - +2u,, <1, aj,u; > 0Vj},

so that the a;’s are required to be positive, then the integral over 2y
is 2" times the integral over R3. If we furthermore make the change
of variables 2u; = w; for j = 1,...,ry (so that u; = (1/2)w; and
du; = (1/2)dw,), then we obtain

‘/;’1,7’2 =2"47" (27T)r2 Wm,rz (1)a

where

Wiy iy (t) = / wy - Weyday - - dap, dwy - - - dw,,
Ry4(t)

and
Ry(t) ={a1+--+a, +wi +---+w, <t, a;,w; >0Vj}.
It suffices, then, to show that W,, ,, = =

m.
Note that by homogeneity, W,, ,,(t) = t" 22 W, .. (1). If r; > 0
then as a; ranges from 0 to 1 in R4(1), the sum as + -+ + a,, +wy +

-+ + 4+ w,, ranges from 0 to 1 — a;. Therefore

1
Wim(1) = / W11 — )y,
0

which by homogeneity is

1
1
W, _1.,.(1 1—u) 22y = ———— W,y
1 1,2( )/(;( ul) Uy i+ 21y 1—1,r2
By induction, we obtain (letting n = 1 + 2r9)
1
WT1,T2(1) = W07T2(1)'

nn—1)---(n—mr +1)
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Similarly, we have
Worn(1) = fol Wo,r2—1(11— Uy )urdug
= WO,Tzl—l(l) Jo (1= 1) 2uyduy
= (27“2)(27"2—1) W07T271(1)’
so that by induction we find

1 1
(1) = —— 1) = ——.
WO’ 2( ) (27’2)!W0’0< ) (27”2)'
Therefore
1 1 1
W’I" ro 1 fry = —
(1) nn—1)---(n—r;+1)(2r)! nl
as desired. 0

1.4. Application: Representing integers as the sum of four
squares. Our goal in this section is to use Minkowski’s theorem to
prove a famous theorem of Lagrange which asserts that every positive
integer is a sum of four integer squares. As a warm-up, we give a new
proof of Fermat’s theorem that every prime congruent to 1 modulo 4
is a sum of two squares.

THEOREM 3.15. Ifp =1 (mod 4) is prime, then there exist a,b € Z
such that a® + b = p.

PROOF. From elementary number theory, we know that the equa-
tion 22 = —1 (mod p) has an integer solution u. Let A C Z? be
the lattice in R? consisting of all pairs (a,b) € Z such that b = au
(mod p). An easy computation (see Exercise 3.18(a) below) shows that
covol(A) = p. By Minkowski’s theorem, if 7r* = 4p then the closed
disk of radius r centered at the origin in R? contains a nonzero element

of A. So there exits a point (a,b) € A such that
4
0#£a*+b0"<r’=_-p<2p.
T

Since
A+ b =ad*+ad*u*=0 (modp),
it follows that a® + b? = p as desired. O

We now apply a similar argument to prove Lagrange’s theorem. We
begin with the following lemma:

LEMMA 3.16. Ifp is an odd prime, then the congruence x*+y* = —1
(mod p) has a solution (u,v) € Z*.
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ProOOF. Counting 0, there are (p 4+ 1)/2 squares in F,. Letting
A={1+2?:2€F,} and B={-y*:y €F,}, we have |A| + |B| =
p+ 1> p, and therefore |A| N |B| # 0. O

THEOREM 3.17. Ewvery positive integer n is a sum of four integer
squares.

PROOF. It suffices to consider the case where n = p is prime, thanks
to the identity

(a® +b* 4+ +d*)(A* + B* + C* + D?)
= (@A —bB — ¢C — dD)*> + (aB + bA + ¢D — dC)?
+(aC — bD + cA+dB)* + (aD + bC — cB + dA)* .

(Conceptually, this identity comes from the fact that the norm of a
product of two Hamilton quaternions is the product of their norms.)

Since 2 = 12 + 12 4+ 0% + 0%, we may assume that p is odd. By
Lemma 3.16, we may choose (u,v) € Z? such that u?® + v* = —1
(mod p). Let A C Z* be the lattice in R* consisting of all (a,b,c,d) €
Z* such that

c=ua+vb d=ub—va (mod p) .

By Exercise 3.18(b), we have covol(A) = p?. If B, is the 4-dimensional
closed ball of radius r centered around the origin in R?*, then by Exer-
cise 3.18(c) we have vol(B,) = w%r*/2. By Minkowski’s theorem, if r
is chosen so that 7?r%/2 = 16p?, then B, contains a nonzero element
(a,b,c,d) of A. Since

42

04+ 4+ +d><r*=""p<2p
e

and
A+ b0+ +d*=a®+ b+ (ua+vb)? + (ub—va)*> =0 (mod p) ,
it follows as before that a® 4 b? + ¢ + d? = p. O

EXERCISE 3.18. Let p be a prime number.

(a) Let u be an integer relatively prime to p, and define A C Z?
to be the lattice in R? consisting of all pairs (a,b) € Z such
that b = au (mod p). Show that covol(A) = p.

(b) Suppose u* +v? = +1 (mod p), and let A C Z* be the lattice
in R* consisting of all (a,b,c,d) € Z* such that

c=ua+vb d=ub—wva (mod p) .

Show that covol(A) = p?.
(c) Show that the volume of a ball of radius r in R* is w%r1/2.
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2. Dirichlet’s Unit Theorem

2.1. Statement of Dirichlet’s theorem. Dirichlet’s unit theo-
rem tells us the structure of the unit group in a general number field.
Recall that if K is a number field, then 7y (resp. r3) denotes the num-
ber of real (resp. half the number of complex) embeddings of K into
C. Dirichlet’s result is the following:

THEOREM 3.19 (Dirichlet’s Unit Theorem). Let K be a number
field, and let O3 be the group of units in Okg. Then Oj; is a finitely
generated abelian group. More precisely, let Wx denote the group of
roots of unity contained in K. Then W s a finite cyclic group, and
O3 = Wy x Z"71, where r =1 + rs.

We give some concrete examples of Dirichlet’s theorem.

ExampLE 3.20. If K is an imaginary quadratic field, then r; =
0,79 = 1, so that » — 1 = 0 and therefore O} = Wy is a finite group.

This agrees with what we already know from studying the norm
function on K: the unit group in an imaginary quadratic field K =
Q(V/d), with d < 0 a squarefree integer, is:

= {41, +i) d=—1
= {41, tw,+w?} d=-3
o = [£1} d< -5

ExAaMpPLE 3.21. If K is a real quadratic field, then we must have
W = {£1}, since +1 are the only roots of unity in R. Also, we have
ry = 2,79 = 0, so that » — 1 = 1. Therefore Dirichlet’s theorem implies
that O3 = {+1} x Z. In particular, there exists a unit u € O}, such
that Of = £{u™ : m € Z}. If we fix an embedding of K into R,
then u is uniquely determined by requiring that « > 1. This generator
of Oy, is called the fundamental unit of K.

For example, let K = Q(v/2). (By thinking of v/2 as the positive
square root of 2, we have secretly fixed an embedding of K into R.)
We claim that the fundamental unit of K is then v = 1 + /2, so that
every element of O% can be written uniquely as +u* with k € Z.

It is clear that u is a unit of O, since v/2 — 1 is an inverse for u.
It is also clear that u is not a root of unity, since (for example) it does
not have absolute value 1. It remains to show that every positive unit
in Ok is a power of u. Assuming Dirichlet’s unit theorem, it is easily
checked that this is equivalent to proving that if v is any unit of Ok
with v > 1 then v > w.

For this, suppose v > 1 is a unit, and write v = a + by/2 with
a,beZ. Let 7: K — R be the embedding sending V2 to —v/2. Then



70 3. GEOMETRY OF NUMBERS AND APPLICATIONS

a? — 2b> = (a + bv2)(a — bv/2) = £1. Suppose that a® — 2b*> = 1.
Then we must have 0 < 7(v) = a — bv/2 < 1. Since a + byv/2 > 1 and
a—bv2 > 0, it follows that a > 1. And since a — 2 < 1, we must
have b > 1, and thus v > wu.

Similarly suppose a? 4+ 2b*> = —1. Then —1 < a — by/2 < 0. The
inequalities a — bv/2 > —1and a+bv/2 > 1 imply that @ > 1, and then
a—bv2 < 0 implies that b > 1. So again, we must have v > u = 1—1—\/5,
as claimed.

EXERCISE 3.22. If K = Q(v/d) is a real quadratic field with d
squarefree, show that the units of K are in bijection with the set of
integer solutions to the Pell equation

a’? —db* =+1 d=2,3 (mod 4)
a’? —db?* =+4 d=1 (mod 4).

By the previous exercise, Dirichlet’s unit theorem gives us informa-
tion about the solutions to Pell equations. For example, it follows from
Dirichlet’s theorem that a? — db®> = 1 is always solvable in integers
when d = 2,3 (mod 4) is a positive squarefree integer. In addition,
Dirichlet’s theorem tells us that every solution to this equation can be
derived in a simple way from a single fundamental solution. Note, how-
ever, that Dirichlet’s theorem by itself does not provide us with a way
to determine, for example, whether or not the equation a? + db*> = —1
has a solution. The rules which govern whether the fundamental unit
in K has norm +1 or —1 turn out to be rather subtle.

ExaMpPLE 3.23. If K = Q((,,) is a cyclotomic field, then we have
already determined Wiy it consists of the group of all m'" roots of
unity when m is even, and the group of all 2m'™ roots of unity when
m is odd. The field K clearly has no real embeddings when m > 2, so
we have 11 = 0,79 = ¢(m)/2. Therefore the rank of the unit group of
Kisr—1=¢(m)/2 —1. Where do all these units come from?

Suppose, for simplicity, that m = p* is a prime power, and consider
the subgroup C' of O generated by Wy and

1 — (@

{1_C:7 1§a§(p—1),(a,p):1}.

We leave it as an exercise to show that the elements of C' are indeed
units. It is not hard to show that C'is a finitely generated abelian group
of rank at most ¢(m)/2 — 1, called the group of cyclotomic units in K.
What is in fact true, but is harder to prove, is that C' has rank exactly
®(m)/2—1, so that C' in fact has finite index in O}. In general, one has
[O5 : C] > 1, which is an indication that units in cyclotomic fields are
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rather complicated objects. A lot of beautiful and deep mathematics
has been developed to try to understand the situation more completely
— see, for example, Larry Washington’s book “Cyclotomic Fields”.

2.2. Lattices and logarithmic space. In order to prove Dirich-
let’s unit theorem, we need to establish a geometric setting for the prob-
lem to which Minkowski’s convex body theorem will apply. Our pre-
vious method of embedding Ok as a lattice in the “Minkowski space”
R™ is very beautiful, but it sheds no direct light on the structure of
the unit group. This is because we were embedding O as a subgroup
of the additive group of K into Minkowski space, but the unit group
O} is a subgroup of the multiplicative group of K. Therefore, in order
to apply geometric methods to the current problem, we need to find a
multiplicative analogue of our previous embedding.

This is accomplished as follows. As before, let o4, ..., 0,, denote the
real embeddings of K into C, and let 74, ..., 7,,, be complex embeddings,
consisting of one representative from each complex conjugate pair. We
define a map L : K* — R" by

L(a) == (log o1 (a)l, ..., log|oy, ()] log|mi ()%, .. . . log| 7, (a) [°).
It is easy to verify that L is a group homomorphism. We call the image
space R" “logarithmic space” (as opposed to Minkowski space). The
reason for squaring the absolute values of the 7;(a)’s is that it implies
the following identity:

%,

log [N ()] = S(L(a)),

where S : R” — Ris the linear transformation defined by S(z1, ..., z,) :=
Ty 4+ T

Let G = L(Oj) be the image of the unit group of K under the
homomorphism L, so that G is an additive subgroup of R". Unlike the
“analogous” situation in Minkowski space, G' does not contain enough
linearly independent vectors to span logarithmic space. This follows
from the simple observation that since N(u) = %1 for every unit u €
Oy, every x = (21,...,2,) € G satisfies the relation S(z) = 0. In
other words, G lies in the hyperplane (i.e., r — 1-dimensional subspace)
H of R" defined by 1+ - -4+ 2, = 0. Our main goal in the next section
will be to prove that G is in fact a lattice of maximal rank » — 1 in H.

2.3. Proof of Dirichlet’s theorem. We start out by character-
izing the group Wy in terms of the map L.

LEMMA 3.24. The kernel of the restriction of L to O} is finite, and
1s precisely the group Wy of roots of unity contained in K*.
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PRroor. If we fix an embedding of K into C, then it is easy to see
that the kernel of L (restricted to OF ) consists of the set of u € O}
such that all conjugates of u have absolute value 1. By Lemma 2.35,
the set of such w is finite, and consists precisely of the set of roots of
unity contained in K. U

REMARK 3.25. Since Wi is a finite subgroup of the multiplicative
group of K, it must be cyclic.

REMARK 3.26. A word of caution: if we do not restrict at least
to Ok, then there are many more elements in the kernel of L. For
example, let K = Q(i), and let (a,b,c) be any Pythagorean triple.
Then both conjugates of a := (a/c) + (b/c)i have absolute value 1,
so that « is in the kernel of L. It is easy to see that infinitely many
distinct o’s arise in this way. (The point, of course, is that these a’s
are not algebraic integers, so in particular they are not units!)

By the structure theorem for finitely generated abelian groups, to
prove Dirichlet’s theorem it suffices to prove that G = L(Oj) is a
lattice of rank » — 1 in R". Since G is an additive subgroup of the
hyperplane H, it suffices to prove that:

(D1) G is discrete.
(D2) G contains r — 1 vectors which are linearly independent over

R.

For once we know that G is discrete, it follows by Proposition 1.17
that GG is a lattice of rank at most r — 1. If, moreover, G contains r — 1
vectors which are linearly independent over R, then the rank must be
exactly r — 1.

The discreteness part is easy, and follows from the following simple
lemma (compare with Lemma 2.35):

LEMMA 3.27. Let M > 0, and for each n > 1 define Syr(n) to be
the set of all algebraic integers of degree n whose conjugates all have
complex absolute value at most M. Then Sy;(n) is a finite set.

PROOF. Suppose a € Sy, and let f(z) € Z[z| be the minimal
polynomial of «, so that deg(f) = n. Since the coefficients a; of f(z)
are elementary symmetric functions of the conjugates of «, it follows
from the triangle inequality that |a;| < 2"M for all i. Therefore there
are only finitely many possibilities for the polynomial f(z), and hence
for a. U

Property (D1) now follows:

COROLLARY 3.28. G is a discrete subset of R".



2. DIRICHLET’S UNIT THEOREM 73

PROOF. Let M > 1 be any real number; it suffices to show that
the intersection S of G and the closed ball Bjogar(0) of radius log M
around 0 in R" is finite. Note that if & € O}, maps to an element of S,
then all conjugates of o have absolute value bounded by M. Therefore
(L)~*(S) is contained in the finite set Sy;(n) defined in the statement
of Lemma 3.27. It follows that S is finite. U

It remains to prove (D2). Our strategy for obtaining this result will
be based on the following elementary lemma:

LEMMA 3.29. Let A = (a;;) be an r x r matriz with coefficients in
R such that:

(i) The enties in every row of A sum to zero.
(ii) The diagonal entries of A are all positive.
(iii) The off-diagonal entries of A are all negative.

Then A has rank r — 1.

PROOF. It suffices to prove that the first »—1 columns of A are lin-
early independent. Suppose for the sake of contradiction that Z;;} cjvj; =
0, where v; is the jth column of A and ¢; € R are not all 0. By rescal-
ing, we may assume that there is an index k£ with 1 < k <r — 1 such
that ¢, = 1 and ¢; < 1 for all j # k. Since a; < 0 for all j # k, we
have cja;; > ajj, for such j. Similarly, since £ < r we must have

r—1 r
E ag; > E Q-
i=1 i=1

Just by focusing in on the kth row of A, we therefore see that

r—1 r—1 r
0= E CjL; > E Ak > E akj:O,
j=1 j=1 j=1
a contradiction. OJ

Now comes the crucial step in which we use Minkowski’s convex
body theorem. For this, we will use the fact that the Minkowski space
R™ x C™ and logarithmic space are related in the following way. Recall
that the embedding ¢ : O — R™ x C™ is given by

) = (o1(a),...,00 (), T(a), ..., Tr()).

If we define 7 : R™ x C™ — R" to be the map given by

(X1, Ty, 21, - 2y) = (log |m1], ... log |2, |, log | 21]?, . . . 1og |20, %),

then it follows from the definitions that for a € O3, we have L(a) =
o ().



74 3. GEOMETRY OF NUMBERS AND APPLICATIONS

LeEMMA 3.30. Fix any integer k with 1 < k < r. There is a constant
C' (depending only on K) such that given any o € Og, there exists
0 € Ok satisfying the following two properties:
(i) IN(B)| < C.
(ii) If L(a) = (aq,...,a,) and L(B) = (by,...,b.), then b; < a; for
all i # k.

ProoFr. We will work in the Minkowski space R™ x C"2, and for
simplicity of notation, we will write a point z € R xC" as (x4, ..., ;).

We claim that we can take the constant C' to be (2)™4/|Ak|. Let
n=I[K:Q|,and for 1 <i<r=r;+r, definee tobe 1if 1 <i <
and 2 if r; +1 < ¢ < r. Choose real numbers a/,...,a. such that
a, < a; for all i = 1,...,r. Define E to be the subset of R™ x C'?
defined by inequalities of the form

|z < C,

where C; = e% for i # k and CY is chosen so that [[,C; = C. It is
easy to see that F is symmetric, compact, and convex. Moreover, a
straightforward computation shows that

vol(E) = 2na [[,C; = 27 (2)2/|Ak]
— i Tay)

= 27 vol(R"/1(Ox)).

By Minkowski’s convex body theorem, F must contain a nonzero
element of 1(Ok). The lemma is proved by taking [ to be the corre-
sponding element of O. U

REMARK 3.31. The exact value of the constant C' is irrelevant if
we just want to prove Dirichlet’s theorem as stated (though it becomes
relevant if we are interested in finding “small” generators for the unit
group). The qualitative version of the argument we have just given is
as follows. The region E' is a product of lines and circles in R” in which
all but one of the coordinates is constrained to lie in a thin strip. The
other (k') coordinate is constrained linearly in terms of the constant
C. By choosing C sufficiently large, we can make the volume of F
as big as we like. In particular, for sufficiently large €', Minkowski’s
theorem implies that E contains a nonzero lattice point.

We now prove Dirichlet’s unit theorem.

PROOF. By Lemma 3.29, we see that to prove (D2) (and hence
Dirichlet’s theorem), it suffices to prove that for any given integer
k with 1 < k < r, there exists a unit u € O} such that L(u) =
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(ay,...,a,) with ap > 0 and a; < 0 for ¢ # k. For this, we use
Lemma 3.30.

Let oy € Ok be any nonzero element. Applying Lemma 3.30 re-
peatedly, we produce a sequence of elements a; € Ok such that for all
j=1,2,..., we have (letting L(a;) = (a1(j), - .., a-(J))):

(i) [N(ay)| < C.
(ii) a;(j) < ai(j — 1) for all i # k.

Since there are only finitely many ideals of norm at most C, there
must be distinct positive integers j; > jo such that (ay,) = (aj,). Let

U= ajl/ajz'

Since «;, and «;, generate the same ideal, it follows that u is a unit.
Moreover, since a;(j1) < a;(jo) for all i # k, it follows that

L(u) = (ay,...,a,)

with a; < 0 for ¢ # k. Finally, we must have aj > 0, since "\, a; =
0. 0

EXERCISE 3.32. Choose a basis €, ..., €, 4,1 for the free abelian
group Oy /Wi, and let M be the (11 +72 —1) x (1 +72) matrix whose
7™ row is

(log a1 (€;)], - log oy (¢;)], 21og |ma(€;)l; - . 21og |7, (¢;)]) -

Let M’ be the (r; +ry — 1) x (r1 + re) matrix obtained by deleting any
column of M. Show that | det(M)|, which is called the regulator of K,
is independent of which particular column is deleted, and is a nonzero
real number which depends only on the field K. [Hint: Use the fact
that the columns of M add up to zero.]

It is not hard to see that the regulator of K, defined in Exercise 3.32,
is the covolume of the lattice O} under its logarithmic embedding into
the Euclidean space H = R"~! ¢ R". It is therefore the “multiplica-
tive” version of the quantity 27"24/|A k|, which is the covolume of O
under its embedding ¢ into Minkowski space.

2.4. Units in real quadratic fields. The most efficient proce-
dure for finding the fundamental unit in a real quadratic field is to use
continued fractions. We state the relevant results mostly without proof
(see, for example, §9.3-9.5 of Koch’s book “Number Theory: Algebraic
Numbers and Functions” for details). *

LOur exposition here is based on H. Koch’s book and on J. S. Milne’s online
“Algebraic Number Theory” lecture notes.
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A continued fraction is an expression of the form

1
(3.1) a; + ———
as + a3+a4.1;_...
where a1, as,... are positive integers called the successive quotients.

For typographical reasons, we abbreviate (3.1) by the expression

[ab A2, a3, a4, . . ] .

The truncated expression

1
[al,ag,...,an]:a1+—a n -
2 a3+---+i

is called the n'™ convergent to the continued fraction, and the value of
the continued fraction is lim,,_,.[a, as, ..., a,], which one can shows
always exists.

It is known from elementary number theory that every irrational
real number o > 1 has a unique continued fraction expansion, and this
expansion is periodic if and only if [Q(«) : Q] = 2. (See, for example,
Chapter X of Hardy and Wright’s “An Introduction to the Theory of
Numbers”.)

To obtain the continued fraction expansion of a real number o > 1,
one proceeds inductively as follows. Set oy = «, and a; = [« (where [-]
denotes the greatest integer function). If a € Z, the continued fraction
terminates at this point. Otherwise, continue inductively by setting

1
Apy1 = 5 Apn4+1 = [an—i-l] .
Qp — Ap
If a,, 11 € Z for some n, then the continued fraction expansion of « ter-
minates with a, 1 = a,,1; otherwise, one obtains an infinite sequence
ai,0as,as, .... The numbers «,, are called the successive remainders.

EXERCISE 3.33. Show that the continued fraction expansion of «
terminates if and only if « is rational.

Define a sequence Fy, P, ... of 2 X 2 matrices with positive integer
coefficients by setting, for n > 1:

and

Po P-1 0 Pn DPn—1
_ _ . B = = A Ay Ay
’ (qo QI) (0 1) (qn in) 1
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Then one checks easily that p,.1 = api1pn + pro1 and g1 =
Gpi1Gn + @n—1 for all n > 0, and from the relation

Pndn—1 — Pn—14n = det Pn = H(_l) = (_1>n )
i=1

one finds that ged(p,, q,) = 1 for all n > 1. Moreover, it is clear that

O<pr<pa<---, O<g<q@<---.
From this, one shows easily that if & > 1 is irrational, then
n 1
|a — p— < - -
Qn qn

p

In particular, it follows that o = lim,,_ . More precisely, one

has the formula

Pn
lay,...,a,) =—,
dn
and therefore
. . Dn
lim [aq,...,a,] = lim — =« .
n—oo n—oo qn

The main theorem connecting continued fractions and units of qua-
dratic fields is:

THEOREM 3.34. Let d be a square-free positive integer with d = 2,3
(mod 4), and let € > 1 be the fundamental unit for Q(\/d). Let k be
the period of the continued fraction expansion for \/d. Then

e=pr+qVd .

COROLLARY 3.35. With notation as in Theorem 3.34, if d is a
square-free positive integer with d = 2,3 (mod 4), then all solutions to
the Pell equation x* — dy* = £1 are given by

v +yvVd = £(p, + VA"
with m € 7.

In general (if d is not necessarily congruent to 2 or 3 (mod 4)),
one can proceed as follows. An irrational number 6 > 1 is said to be
reduced if

1
—@>1,

where ¢’ denotes the conjugate of f. According to a theorem of Galois,
the continued fraction expansion of @ is purely periodic if and only if 6
is reduced. (Purely periodic means that

« = [ag, az, -~ -, ax)
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for some integer k£ > 1; the minimal such k is called the period of the
continued fraction expansion of a.) Then:

THEOREM 3.36. Let D be the discriminant of K = Q(\/d), let 6 be
a reduced element of K having discriminant D, and let [a7, az, ..., ax]
be the continued fraction expansion of 0, with period k. Then the fun-
damental unit of Ok 1is

€= qr1tqb .
In applying this theorem, the following exercise is useful:

EXERCISE 3.37. If
Lo B itd=1 (mod 4)
Vd ifd=2,3 (mod4),

show that the second successive remainder
1

w = [w]

9:()(2:

of w is reduced.

The advantage of Theorem 3.36 over Theorem 3.34 is that it ap-
plies even when d =1 (mod 4). We illustrate both theorems with the
following example.

ExAaMPLE 3.38. Let K = Q(\/1_9) Then one computes that
V9= 4213135,
and the period of this continued fraction is 6. We have
(P-1, D0, P1, D2, P3, 1, P5, ps) = (0,1,4,9,13,48,61,170) ,
(q-1,90, 015 G2, @3, 44, 45, 96) = (1,0, 1,2,3,11, 14, 39)
and therefore, by Theorem 3.34, we have
€ = ps + ¢sV/19 = 170 + 39+/19 .

On the other hand, we have
1

0 — — —
V19 —4

and for this continued fraction we get

=[2,1,3,1,2,8],

(qfla do, 41, 92, 43, 44, 45, q6) = (17 07 17 17 47 57 147 117) :
By Theorem 3.36, the fundamental unit € of K is

g+ qef = 14+ 117 - = 170 + 39v/19 .

1
V19 -4
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REMARK 3.39. The coefficients of the fundamental unit can be
quite large, even when d is small. For example, using the above proce-
dure one checks that the fundamental unit of Q(1/94) is

€ = 2143295 + 221064v'94

and the constant coefficient of the fundamental unit of Q(1/9199) has
88 decimal digits.

2.5. The fundamental unit in cubic fields with negative
discriminant. We begin with a result which explains the meaning of
the sign of the discriminant.

EXERCISE 3.40. If K is a number field, show that the sign of Ag
is (—1)".

Therefore a cubic field has negative discriminant if and only if it
has precisely one real embedding. For example, every ‘pure’ cubic field
of the form Q(\?/E) has this property. By Dirichlet’s unit theorem, such
fields have a unit group of rank one (and the torsion subgroup is just
{£1}). It therefore makes sense to define the fundamental unit of a
cubic field with negative discriminant as in the quadratic case: If we
identify K with a subfield of R via the unique real embedding, then

7o = {£€™} for a unique unit € > 1, called the fundamental unit of
K.?

LEMMA 3.41. If K is a cubic field with negative discriminant, then
the fundamental unit € of K satisfies the inequality

AT
4

PROOF. It is easy to check that K = Q(e) (since [K : Q] = 3 is
prime) and that Ng/q(e) = 1, since if €;, €5 denote the other conjugates
of € = ¢, then €3 = &. Write ¢ = u? with 4 > 1, and since |e|* =
1/u?, we may assume without loss of generality that e; = u~'e? with
0 <6 < m. A determinant calculation and some trigonometry shows
that

IA()]V? = 2i(u® +u™® — 2cosf)sinf .

Setting 2a = u® 4+ u~3, we obtain
|A(e)]*? = 4(a — cosf) sin 6 |
which by calculus is maximized (for a given value of u) when
acosf = cos® —sin” = 2cos’ 0 — 1 .

2The statement and proof of the next lemma are adapted from J. S. Milne’s
online Algebraic Number Theory lecure notes.



80 3. GEOMETRY OF NUMBERS AND APPLICATIONS

If we substitute z = cos 6 and let g(z) = 222 — ax — 1, then we are
trying to solve the equation g(x) = 0 for some = with |z| < 1. Since
u > 1, we have a > 1 and therefore g(1) =1 —a < 0. As g(x) > 0 for
x sufficiently large, it follows that ¢g(z) has a root bigger than 1. Also,
g(—55) =3(u®—1) < 0and g(—1) =1+ a > 0. It follows that g(x)
has exactly one root zy € [—1, —#] Therefore

[A(e)]Y? < 4(a— o)(1 — )2
which, in view of the fact that azq = 222 — 1 and a®2% = 4daj — 423 + 1,
yields
|A(e)| < 16(a* — 2axg + 23)(1 — x7)
= 16(a® — a®x§ — 5xp + 375 + 2)
=16(a®>+ 1 — 23 — x)
= 4u® + 24 + 4(u® — 42 — 4x7)
< 4ub +24
=4¢’ +24 .
Since |Ag| < |A(e)|, we are done. O

EXAMPLE 3.42. Let o = v/2. We can use Lemma 3.41 to show that
the fundamental unit € in the field K = Q(«) is u = 1 + a + o?. This
is indeed a unit, since 1/u = —1+ a € Ok, and it is clearly not a root
of unity, since v > 1 is real. Since o < 2, we have 1 < u < 7 < 21%/3,
and since Ax = —108, it follows from Lemma 3.41 that

108 — 24
> —— =21,
4
and therefore
(3.2) 1<u<21?? <é.

But we know that u = +€™ for some m € 7Z, and since u > 1, we must
in fact have u = €™ with m > 1. By (3.2), it follows that m = 1 as
desired.

EXAMPLE 3.43. Let K = Q(«) with « the real root of X?+10X +1,
which has discriminant —4027. Since 4027 is prime, we know that
Ok = Z[a]. By Lemma 3.41, the fundamental unit € of K satisfies

14027 — 24
€> 1 — 10.002499 . . .

Since Ng/g(a) = —1, it follows that « is a unit. A calculation shows
that 8 := —a™' ~ 10.00998..., so that 1 < 3 < €2, and as in the
previous example it follows that € = (3.
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Knowledge of the fundamental unit is often of great utility when
trying to compute the ideal class group. We illustrate this in the fol-
lowing example taken from Cassels’ book “Local Fields”.

EXAMPLE 3.44. We now calculate the group of units in the field
K= Q(W ), and use this information to compute the ideal class group
of OK

Let @ = +/11. Since 112 # 1 (mod 9), it follows from Proposi-
tion 2.28 that Ok = Z[a].

The discriminant of K is Ax = —3%- 112, and the Minkowski con-
stant of K is

31 4
My = g5 (V3112 <17,
m

so we need to see how 2,3,5,7,11, and 13 factor in Og. Using Kum-
mer’s factorization theorem, we find that:

((@=1)(z*+x+1)  (mod2)
(z+1)° (mod 3)
311 = (z—1)(z*+2+1)  (mod5)
o ) 23 -4 (mod 7)
3 (mod 11)
L 2% +2 (mod 13)

Letting (2) = pop, with N(p2) = 2, (3) = p3, (5) = psp; with
N(ps) = 5, and noting that (11) = p$, with p;; = () principal, it
follows that Cl(Of) is generated by [ps], [ps], and [ps].

We now find some relations between these generators by searching
for elements of Ok with small norm. For ¢t € Z, the minimal polynomial
of @ —tis (z +t)3 — 11, and therefore N(a —t) = —t* — 11. Plugging
in various small values of ¢ gives the following information:

() =p11 ,(@—1) =paps , (@ —2) =p3 , (a+ 1) = p3ps .

This tells us that [p3] = 1,[ps] = [p2]™!, and [ps]> = 1. Thus
computation of Cl(Of) boils down to the question: is the ideal po
principal? To answer this question, we need to first calculate the unit
group of K.

First, we try to find some nontrivial unit of Ox. We do this by
looking at principal ideals whose factorizations involve only py and ps.
We have already seen that ps = (o — 2) and p3p3 = (o + 1). We have
also seen that p3 = (3) for some 3 € O, and we know that

B)la=2)=(a+1),
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so we can take
a+1
b= a—2
We also have (3)% = p3 = (a — 3), since N(a — 3) = 16 and
(o — 3) # pap,, or else we would have 2 | a — 3, which is clearly not the
case. Therefore

=a’+2a+5.

2
u=— s 3 = 1802 4+ 40 + 89 ~ 266.9889 . . .
a_

is a unit in Og.
Let € be the fundamental unit of K. By Lemma 3.41, we have
5/3267 — 24

——— ~0.3437 ...
€ > 1 9.3437

and thus
e > 87, e > 815,

from which it follows that u = € or u = €2.

We rule out u = €* by constructing a homomorphism from Z[«] to
IF,, for which the image of u is not a square in F,. Since p5 = (5, — 1)
has norm 5, reduction modulo p; gives a homomorphism ¢ : Z[a] — Fj5
sending « to 1. As ¢(u) = 2 and 2 is not a square in F5, we win.

We conclude that € = v and that O3 = {£u™}. We note that the
unit group modulo +1 is also generated by v = 1/u = —2a% + 4a + 1,
which is a bit simpler to work with algebraically.

We now show that ps is not principal. Recall that p2 = (3), where
B = a®+ 2a + 5. Suppose for the sake of contradiction that py = ()
is principal. Then we would have

P =(08) ="
and thus
+0™f =+
for some v € Z[a]. Without loss of generality, we may assume (after
multiplying by the appropriate power of v=2) that m = 0 or 1. We
therefore conclude that either (a) 8, (b) —f, (c¢) vf3, or (d) —v( is a
square in Z|a/.

We rule these possibilities out by again using a cleverly chosen ho-
momorphism from Z[a] to a finite field. In this case, using Kummer’s
factorization theorem, we see that 19 splits completely in K, and the
cube roots of 11 in Fq9 are 5, —3, —2. Therefore there is a homomor-
phism v, : Z]a] — Fi9 sending « to 5. A simple calculation shows that
1 (B) = 2 and 91 (vB) = —1, both of which are non-squares in Fyg.
This rules out (a) and (c).
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The other elements —f3 and —v( must go to squares under 1y,
since 19 = 3 (mod 4). However, sending a to —2 gives a different
homomorphism 15 : Z[a] — Fi9, and we calculate that io(—3) = —5
and Yy(—vf) = —1, both of which are non-squares in Fig. This rules
out (b) and (d)!

We conclude that ps is not principal, and therefore that Cl(Of) =
7)27.

3. Exercises for Chapter 3

(1) Let m be a nonzero integer.
(a) Let t € Z and define A C Z? to be the lattice in R? con-
sisting of all pairs (a,b) € Z such that b = at (mod m).
Show that covol(A) = m.
(b) Let u,v € Z, and let A C Z* be the lattice in R* consisting
of all (a,b,c,d) € Z* such that

c=ua+vb, d=ub—va (modm) .

Show that covol(A) = m?.
(2) (a) Show that the volume of a ball of radius r in R* is w2 /2.
(b) A quaternion is an expression of the form a+ bi + cj + dk,
where 4, j, k are formal symbols satisfying i? = j? = k? =
—1 and 75 = —k. Quaternions can be added componen-
twise (like complex numbers). They can also be multi-
plied, but unlike with complex numbers, multiplication
of quaternions is associative but not commutative. If
z = a + bi + ¢j + dk is a quaternion, its conjugate Z
is given by a — bt — ¢j — dk. Show that 2z is always a
positive real number, so that we can define the norm of
2 to be v/2Z. Prove that the norm of a product of two
quaternions is the product of their norms.
(3) Let A C R” be a rank n lattice, and let S C R™ be a compact,
convex, and symmetric set. If

vol(S) > 2"vol(R"/A).
prove that S contains a nonzero element of A.
(4) For x = (z1,...,2,) € R™, let

n

LZ(ZL‘) :Zaijxj s 1 SZS’I’L

J=1

be n linear forms with coefficients a;; € R. If A,..., A, are
positive real numbers for which A;--- X, > |det(a;;)| > 0,
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prove that there exist integers yi,...,y, € Z, not all zero,
such that |L;(y1,...,yn)] < A for all ¢ = 1,...,n. (Bonus:
Does the conclusion still hold if det(a;;) = 07)

(5) Let p be a prime number which is congruent to 5 modulo 12.
If p > 3", show that the ideal class group of K = Q(\/—p)
contains an element of order greater than n. In particular,
it follows from Dirichlet’s theorem on primes in arithmetic
progressions that the class number of an imaginary quadratic
field can be arbitrarily large. (Hint: Factor (3) in Ok.)

(6) Let d be a square-free even positive integer, and suppose d =
a™ — 1 for some integers a,n > 2.

(a) Show that (1 ++/—d) = a” for some ideal a of Z[v/—d.
(b) Show that the class of a has order exactly equal to n in
the ideal class group of Q(v/—d).
(7) Let k > 0 be a squarefree positive integer such that:
(i) k=1,2 (mod 4).
(i) k # 3a* £+ 1 for any integer a.

(iii) 3 does not divide the class number of Q(v/—k).

(a) Prove that the Diophantine equation y? = 23 — k has no
integral solution.

(b) Find two integers k which satisfy the above 3 hypotheses.
(c) Show that all 3 hypotheses are necessary. (Hint: For
hypothesis (iii), consider k = 61.)

(8) (a) If p=4n—1 > 11 is a prime number, show that Q(\/—p)
has class number 1 if and only if 2% + o + n is prime
whenever 0 < x <n — 2.

(b) Find a monic quadratic polynomial f(z) € Z[z] which has
prime values at 40 consecutive integers.

(9) Choose a basis €1, . . ., €, 4,1 for the free abelian group O}, / Wk,
and let M be the (r{ +7y— 1) X (ry +75) matrix whose j* row
is

(1Og |O-1(€j)|’ s 710g |OT1 <6j)|7 21Og |7—1(€j)|7 SRR QIOg |TT2(€j>|) :

Let M’ be the (ry + 12 — 1) x (r; + 72 — 1) matrix obtained
by deleting any column of M. Show that | det(M’)|, which is
called the requlator of K, is independent of which particular
column is deleted, and is a nonzero real number which depends
only on the field K. [Hint: Use the fact that the columns of
M add up to zero.|

(10) Let K = Q(+/223).
(a) Find the group of units of K.
(b) Show that the ideal class group of O is cyclic of order 3.
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(11) Which of the following Diophantine equations have integer so-
lutions?
(a) X2 —223Y2 = +11.
(b) X? 223y = 1%
(c) X2 —223Y2 = £1119,
(a) If @ € K is a root of a monic polynomial f € Z[z], and if
f(r) = £1 with r € Z, show that o — 7 is a unit of Ok.
(b) Find the fundamental unit in Q(+/7).
(13) Show that 1 — (,, is a unit in Z[(,,] if and only if m is not a
prime power.
(14) Let K = Q((p), where p is an odd prime.
(a) Show that the ring of integers in Q({,+¢, ") is Z[G,+, ']
(b) Show that the unit group of O is the direct product of
the cyclic group generated by (, and the unit group of

26+ ¢

(12)






CHAPTER 4

Relative extensions

1. Localization

1.1. Introduction to localization. We now introduce the tech-
nique of localization. This is a way of starting with one ring R and
constructing from it a ring R’ in which some of the prime ideals of
R have been “removed”. Frequently, if R is a Dedekind ring, we can
arrange for the localized ring to be a PID.

An example you already know of localization is the field of frac-
tions K of an integral domain R. This is a ring in which all nonzero
prime ideals of R have been deleted! The process of adding all nonzero
elements of R as denominators is a bit too drastic, since K does not
retain much arithmetic information about the original ring R. So the
idea is to invert some, but not all, elements of R, to form a ring R’
which is intermediate between R and K. This ring will hopefully be
close enough to K to be simple, but also close enough to R to still
contain interesting information about R.

When we are interested in studying quantities related to a particular
prime ideal p of R, such as the ramification index or residue degree of
p, localization allows us to focus on p without letting the other prime
ideals make our view too “hazy”.

That was probably sufficiently vague — now let’s actually define
localization and prove some of its important properties.

For simplicity, let R be an integral domain with field of fractions
K. (You should be aware that one can define localization in a more
general context.) Let S be a multiplicative subset of R, which we define
to mean a subset which is closed under multiplication and contains 1
but not 0. One of the main examples to keep in mind is where S is the
complement of a prime ideal p. Note that R\p is indeed a multiplicative
subset of R, since if x € p and y € p, then xy & p by the definition of
a prime ideal.

The localization ST'R is the subring of K given by

SR = {g . reR,se S}

87
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The fact that S is closed under multiplication guarantees that S™'R
is closed under the usual addition and multiplication of fractions, and
therefore S~ R is indeed a ring.

When S = R\p for some prime ideal p, we will often write R, for
S~'R. We call R, the localization of R at the prime ideal p.

Note that by definition, the field of fractions K is just Ry, the
localization of R at the prime ideal (0). In general we always have
RCST'RCK.

The most important thing to know about localization is its effect
on prime ideals. We denote by Spec(R) the set of prime ideals of a ring
R.

PROPOSITION 4.1. The prime ideals of R' := S™'R are in bijection
with the prime ideals of R which are disjoint from S.

PRrROOF. The correspondence is as follows: we associate to any q €
Spec(R) disjoint from S the ideal S~'q =qR' ={% : g€ q,s € S}in
R, and to any q" € Spec(R’) the ideal ¢’ N R in R. We need to check
that these associations establish the claimed bijection.

Suppose first that q € Spec(R) is disjoint from S. We claim that
the ideal S~'q of R’ is prime. Indeed (with the obvious notation),
suppose © = 1,y = 22 € R and zy € gR". Then 122 = %, so clearing
denominators we have r175s € q. But s € q since SNqg=10,s0r; €q
or ro € g, which implies that z € S7'q or y € S7'q. We also need to
check that S™'q # R', but this is easy: we cannot have ¢ = 1 with
geqand s € S since qN S = 0.

Next suppose that q" € Spec(R'). We claim that ¢’ N R is a prime
ideal which is disjoint from S. The fact that it is a prime ideal is
clear. To see disjointness, suppose s € SN q. Then 1 = %s €q,a
contradiction.

Finally, we verify that the maps q — S7!'q and ¢ — ¢’ N R are
inverse to one another, i.e.:

(a) STlqN R =g
(b) STMd'NR) =1

For (a), it suffices to show that S™'q N R C g, since the other
direction is clear. If x = 1 € g, then sz € q, and since s ¢ q, we must
have x € q as desired.

For (b), it suffices to show that ¢’ C S~!(g’ N R), since the other
containment follows directly from the fact that g’ is an ideal. If = € ¢/,
we can write x = £ with r € R,s € S. Then r = sz € ¢' N R and
therefore z € S7'(q' N R). O
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EXERCISE 4.2. Prove that every ideal of S™!'R is of the form S~
for some ideal I of R.

COROLLARY 4.3. The prime ideals of the ring R, are in bijection
with the prime ideals of R contained in p.

PROOF. If S = R\p, then qN S =0 iff g C p. O

In particular, the corollary shows that R, is a local ring, i.e., a ring
having just one maximal ideal. The proof of Proposition 4.1 shows that
the unique maximal ideal of Ry, is just p2,. For notational convenience,
we will sometimes write m, instead of pR,.

For example, the ring R' = Z) consists of all rational numbers
which, when written in reduced form, have odd denominator. The
unique maximal ideal M’ in this ring is the set of all rational numbers
with even numerator and odd denominator. Note that every element
of R\M'" is a unit in R'. Also, since the difference of any two elements
of R\M’ is in M’, we see that the quotient ring R'/M’ is isomorphic
to Z/27.

We generalize some of these observations.

LEMMA 4.4. Let R be a local ring with maximal ideal m. Then
every element of R\m is a unit in R.

Proor. This is clear, since every non-unit element of a ring is
contained in some maximal ideal. O

LEMMA 4.5. Let m be a mazimal ideal in a ring R. If s € R\m
then m"™ + (s) = (1) for alln > 1, i.e., S is a unit in R/m".

ProoOF. This is clear when n = 1 by maximality of m. For general
n it follows by induction:

() =m" '+ (s) = m=mm" '+ (s)) Tm" + (s).
By maximality of m, it follows that m™ 4 (s) = (1) as desired. O
LEMMA 4.6. If R is an integral domain and p is a mazximal ideal of
R, then for each n > 1 the natural map
¢: R/p" = Rp/my.
is an isomorphism of rings. In particular, the residue fields R/p and

R, /my, are isomorphic.

PROOF. To see that ¢ is injective, let x € R be such that x € my,
ie, v =¥ with y € p" and s ¢ p. By Lemma 4.5, 5 is a unit in
R/p™. On the other hand, since sz =y € p", we have ST = 0 in R/p".

Therefore T = 0 in R/p™, i.e., x € p" as desired.
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To see that ¢ is surjective, let = € R, with » € R,s ¢ p. By
Lemma 4.5, there exists ' € R such that 7 = r’s (mod p"). But then
£ =7' (mod my), so that ¢(r') = £ +my. O

Next, we will show that any localization of a Dedekind ring is again
a Dedekind ring (or a field), and that the localization of a Dedekind
ring at a nonzero prime ideal is a PID.

We start with a couple of easy lemmas. In the statements, R will
denote an integral domain, and S will be a multiplicative subset of R.

LEMMA 4.7. If R is a noetherian integral domain, then so is S™1R.

PROOF. Asnoted in Exercise 4.2, every ideal of S™' R is of the form
S for some ideal I of R. If x1, ..., x, generate I, then it is easy to
see that x1,..., 7, also generate S~'I. 0

LEMMA 4.8. If R is integrally closed, then so is ST'R.

PROOF. Suppose z = § € K satisfies a monic polynomial relation
"+ ap_12" P+ - 4+ a1 + ag = 0 with coefficients a; = :—z € SR
Then letting s = sps1---s,-1 € S and multiplying through by s" to
clear denominators, we find that

(s2)" + an_18(s2)" ' 4+ a18" 7 (sx) + aps™ = 0.

Since sa; € R for all 7, this shows that sx is integral over R. As R
is integrally closed, we must have sz € R, and therefore z € S™'R as
desired. O

PROPOSITION 4.9. If R is a Dedekind ring and S is a multiplicative
subset of R, then S™'R is either a field or a Dedekind ring.

PROOF. It is clear that S™'R is an integral domain, since it is a
subring of the fraction field K of R. The two lemmas above show that
S™IR is noetherian and integrally closed. Finally, note that since the
prime ideals of S™' R are in bijection with the primes ideals of R disjoint
from S, and since this bijection is inclusion-preserving, it follows that
S7'R has dimension at most 1. This implies the desired result. O

COROLLARY 4.10. If R is a Dedekind ring, then R, is a PID for
every nonzero prime ideal p of R.

PROOF. We know that R, is a local Dedekind ring whose only prime
ideals are (0) and m,. Since every nonzero ideal in a Dedekind ring is
a product of prime ideals, it follows that every nonzero ideal of R, is
a power of m,. Therefore to show that R, is a PID, it suffices to show
that m, is principal. For this, choose any element 7 € p\p*. We claim
that m, = mR,. To see this, note that we must have 7R, = m’; for
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some k > 1. If k > 2 then 7 € m) N R = p°, a contradiction. Therefore
k =1 as desired. O

REMARK 4.11. A discrete valuation ring (DVR) is by definition a
local PID. The name comes from the fact that every element x of such
a ring R can be written as = urn™ for some integer n > 0, where
u is a unit and 7 generates the maximal ideal of R. The function
v(ur™) = n is an example of a discrete valuation; it has the property
that (a) = (7)"® for all nonzero elements a € R. The valuation
v extends naturally to a function v : Q* — Z by setting v(a/b) =
v(a) — v(b).

With this terminology, Corollary 4.10 says that if R is a Dedekind
ring, then R, is a DVR for all nonzero prime ideals p of R.

ExaMPLE 4.12. The localization of Z at the prime ideal pZ is the
ring
a
Z(p):{ge(@ ca,beZ, pib}.

The unique maximal ideal pZ, of this ring consists of all rational
numbers a/b (written in lowest terms) such that p | @ and p { b, and
the unit group Zf, consists of all a/b such that p { a,p { b. The
associated valuation v, : Q* — Z is called the p-adic valuation, and
has the property that if z = pk% € Q* with k£ € Z and a, b relatively

prime to p, then v,(z) = k.

We now prove a converse to Corollary 4.10. We begin with the
following lemma. In the statement, Max(R) denotes the set of maximal
ideals of R.

LEMMA 4.13. If R is an integral domain, then
R = ﬁ)JESpec(R)f{p = ﬁ)JEMaX(R)Rp .

PROOF. It suffices to prove that Npemax(r)fp € R. Suppose § €
NpRp, with a,b € R. Define I = {y € R : ay € bR}. Then [ is an
ideal of R. Let p be a maximal ideal of R. Then by assumption, we
have

@ ngwithxeRandyéfP-
b by

But then ya = xb and thus y € I\p. It follows that I is not contained

in any maximal ideal p of R, and hence that I = R. But then a =
l-a€bR,ie., { €R. O

THEOREM 4.14. If R is a Noetherian integral domain which is not
a field, then R is a Dedekind ring if and only if R, is a PID for all
nonzero prime ideals p of R.

€ Ry =
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PRrROOF. We already know that if R is Dedekind then R, is a PID
for all p. Conversely, suppose R, is a PID for all nonzero p € Spec(R).
It follows from Proposition 4.1 that every nonzero prime ideal of R is
maximal, since this is true in each R,. So it suffices to prove that R
is integrally closed. But each R, is a PID, hence integrally closed, and
therefore N, R, = R is integrally closed as well. U

1.2. Rings of S-integers, S-units, and the S-class group.
Let R be an integral domain with field of fractions K. It is easy to see
from the definition of a prime ideal that if S is any set of prime ideals
of R, then the set

T:={re€R : x¢&Upsp}

is a multiplicative subset of R.
For the rest of this section, let S be a finite subset of Spec(R).
Define

RS::T‘lR:{geK . z,y€ Randy ¢ pforall p ¢ S} .

If R is a Dedekind ring, then R® consists of all elements of K which
can be written as z/y with (y) divisible only by the prime ideals in S.
It follows from Proposition 4.9 that R® is also a Dedekind ring.

EXAMPLE 4.15. If R =7 and S = {(2), (3)}, then

R% .= {E €Q : z,y € Z and y = £2°3" for some integers a,b > 0} .
Y

The relationship between the ideal class groups and unit groups of
R and R® is encoded by the following exercise:

EXERCISE 4.16. Let R be a Dedekind ring, and let S be a finite
subset of nonzero prime ideals of R. Show that there is a canonical
exact sequence of abelian groups

1 — R* — (R%)" — ®pes (K*/R;) — CI(R) — CI(R°) — 1,

and that K*/Ry = Z for each p € S. [Hint: Use Lemma 4.13 to show
that R* = N,R;.]

When R = Og is the ring of integers in a number field K, then
O3 is called the ring of S-integers in K, the group Cl3. := CI(O%) is
called the S-class group of K, and K* := (O%)* is called the group of
S-units of K.

It follows from Exercise 4.16 and the finiteness of Cl(Of) that the
S-class group of a number field K is finite. Moreover, from Dirichlet’s
unit theorem and Exercise 4.16 we see that the torsion subgroup of K*



1. LOCALIZATION 93

is the group Wx of roots of unity contained in K, and (since CI%, is
finite) that K is finitely generated of rank

rank(K®) = rank(O}) + rank(®pesZ) = |S| + 71 +1r9 — 1.
In summary, we have:

PROPOSITION 4.17. If K is a number field and S is a finite subset
of nonzero prime ideals of Ok, then Cli s finite and

K% 2 Wi x ZlSmtre=t

The latter half of this proposition is sometimes known as Dirichlet’s
S-unit theorem.

EXERCISE 4.18. Let Q denote an algebraic closure of Q. Show that
a subgroup G of Q is finitely generated if and only if G C K* for some
number field K and some finite set S C Spec(Ok).

The main utility of rings of S-integers is that if S is large enough,
then O3 is always a PID, as the following result shows:

PROPOSITION 4.19. If K is a number field, then there exists a finite
set S of nonzero prime ideals of Oy such that O% is a PID.

PRrOOF. By Exercise 4.16, for every S the natural map p : C1(Of) —
Cl(O%) given by sending the class of a to the class of aQ%, is surjective.
(The surjectivity comes from the fact that the prime ideals of O3 are
in bijection with the prime ideals p ¢ S, and Cl(O3-) is generated by
the classes of such prime ideals.) Let ay, ..., a; be nonzero ideals of Ok
whose classes generate the finite group Cl(Of), and let S consist of the
set of all nonzero prime ideals of Ok dividing some a;. For p € S, we
have pO3 = (1), from which it follows easily that p([a;]) = 1 for all
i. Therefore p(Cl(Og)) = {1}, from which it follows that C1(O%) is
trivial. This is equivalent to the statement that O3 is a PID. O

The reader should note that the ring O% is much “closer” to Ok
than the ring (O )y, since we have inverted many fewer elements. Thus
Proposition 4.19 is a stronger result than Corollary 4.10 in the context
of number rings.

1.3. Siegel’s theorem and the S-unit equation. This section
can be skipped without any loss of continuity. The purpose is to il-
lustrate how to use Proposition 4.19 in practice to prove interesting
things.

We begin by stating the following theorem, whose proof is beyond
the scope of this course.
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THEOREM 4.20 (Siegel, Mahler). Let K be a number field, let S be
a finite set of nonzero prime ideals in Ok, and let K% = (O3)* be the
group of S-units in K. Then the equation x +y = 1 has only finitely
many solutions with x,y € K?.

The equation = 4+ y = 1 with x,y € K is called the S-unit equa-
tion. Theorem 4.20 can be proved using methods from the theory of
Diophantine approzimation, for example Roth’s theorem. See §D.8 of
Hindry and Silverman’s book “Diophantine Geometry: An Introduc-
tion” for details.

Our goal in the rest of this section is to show that Theorem 4.20
implies a famous theorem of Siegel’s which says that there are only
finitely many integral points on an elliptic (or more generally hyperel-
liptic) curve. Without defining these terms, we show more concretely
that Theorem 4.20 implies the following result:

THEOREM 4.21 (Siegel). Let K be a number field, and let S be
a finite set of monzero prime ideals of Ok. Let f(x) € Klx] be a
polynomial of degree at least 3 with distinct roots in K. Then the
equation
Y2 = f(X)
has only finitely many solutions (x,y) with x,y € O% (and in particular
only finitely many solutions with x,y € Ok ).

REMARK 4.22. Even if one is only interested in proving the finite-
ness of solutions with z,y € Ok, the argument we give below requires
working in O3 for a sufficiently large finite set S, and it turns out to
be no harder to prove the more general result which we have stated.

Proor. Without loss of generality, we may replace K by a finite
extension in order to assume that

X)) =a(X —ar)- (X —an)

with a,aq,...,a, € K, a # 0. By hypothesis, we have n > 3 and the
o;’s are all distinct.

We may also clearly enlarge S if we wish. By doing so, we may

assume that:
l.ae K%and ay,...,q, € O3
2. a; —a; € K¥ for all i # j.
3. OF is a PID.

Let L be the compositum (inside a fixed algebraic closure K of K)
of the fields K (y/u) for all u € K®. Since K® is finitely generated
(by Dirichlet’s S-unit theorem), the group K*/(K®)? is finite, and
therefore L is a finite extension of K.
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Let T be the set of prime ideals of O containing some element of
S, and let O be the ring of T-integers in L.

Now suppose that y? = f(x) with z,y € OF-.
If p is a prime ideal of O3 and p | (x — «;), then for j # i we have
r—aj=@x—0)+ (—a;) =a;—a; 0 (mod p) ,

so that p divides at most one term x — ;.

Since

(r—ay) (v —a,) =a 'y

and a € K¥, it follows by unique factorization in the Dedekind ring O3
that every prime ideal dividing the ideal (x — «;) divides it to an even
power. Therefore there exist ideals a; of O% such that (v — ;) = a?
for1 <i<n.

As 0% is a PID, we have a; = (a;) for some a; € O%, so that there
exist S-units u; € K with

r — o = uia?

for all 4.

Furthermore, we can write u; = v? with v; € LT. Therefore

T —o; =vial = w;
with w; € OF.

All of this work so far has been to show that x — «; is a perfect
square in the ring OF for all i. The key point here is that the ring OF
is independent of z. We now show that this unusual situation places
such limitations on x that there are only finitely many choices for it!

We have

aj — a; = w} —wj = (w; — w;)(w; + wy).

Since a; — a; € K*, it follows that w; — w; and w; + w; are in LT
for all 7 # j.

We now use the fact that n > 3 (we have to use this somewhere!)
to write down Siegel’s identities, which are very useful and completely
trivial to prove:

Wy — W W — W3
- =1
Wy — w3 Wy — w3
and
w1+U)2 w2+w3_1

wp — w3  Wp — W3
By Theorem 4.20, the equation A 4+ B = 1 with A, B lying in the
finitely generated group L has only finitely many solutions.
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Therefore there are only finitely many choices for
(w1 - w2> <w1 +w2) -y
wy — W wy —ws ) (wy — ws)?’
and hence only finitely many choices for w; — ws.
Therefore there are only finitely many choices for

a3 — Qg

w1 + W3 = ——
w1 — W3

and hence only finitely many choices for

1
w1, = 5 ((w1 — w3) + (ZU1 + wg)) .

It follows that there are only finitely many choices for
rT=ao1+ wf.

Finally, since y? = f(x), we see that for any given value of z, there
are at most 2 possibilities for y. O

2. Galois theory and prime decomposition

2.1. Relative extensions. We first recall the statement of The-
orem 1.55: Let K be a number field of degree n, and let p be a prime
number. Write pOx = [[;_, pi" with the p;’s distinet prime ideals of
Ok . Then there exist positive integers f; such that N(p;) = p’i for all
i,and Y . e f; =n.

In this section we will prove a more general version of this result for
relative extensions where the base field is not necessarily Q. We will
use localization to simplify the otherwise more laborious proof.

To state the result, we first need to introduce some notation and
definitions. Suppose L/K is a finite extension of fields, and that B O A
are Dedekind rings whose fraction fields are L, K respectively. Assume,
moreover, that B is a finitely generated A-module. (For example, if L
and K are number fields and B = O, A = Ok, then B is a finitely
generated A-module, since it is even finitely generated as a Z-module.)
Recall that this implies that B is integral over A.

Note in this situation that B N K = A. This is because every
element of B is integral over A, and A is assumed to be integrally
closed in its fraction field K.

REMARK 4.23. One can show that if L/K is a finite extension of
fields, and if A is a Dedekind ring with field of fractions K, then the
integral closure B of A in L is again a Dedekind ring, and B is finitely
generated as an A-module. When L/K is separable, this can be proved
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using the fact that the bilinear form (x,y) = Try/k(2y) on the K-
vector space L is non-degenerate if L/K is separable. The general case
requires some additional facts from the theory of purely inseparable
field extensions.

Now suppose p is a nonzero prime ideal of A. The field A/p is called
the residue field of p. We say that a prime ideal q of B lies over p (or
that p lies under q) if q contains p. This is equivalent to saying that q
divides the ideal pB of B, which by definition is the smallest ideal of
B containing p. (The ideal pB may of course not be a prime ideal in

B).
LEMMA 4.24. A prime ideal q of B lies over p if and only if gqNA =

PrOOF. If qN A = p then certainly q D p, i.e., q lies over p.
Conversely, if ¢ O p then qN A is a prime ideal of A containing p. Since
A is 1-dimensional, p is maximal, so we conclude that g N A = p as
desired. U

Let q1, ..., q, be the prime ideals of B lying over p, which are exactly
the prime ideals appearing in the factorization of the ideal pB. This is
well-defined because of the following lemma.

LEMMA 4.25. If p is a nonzero prime ideal of A, then pB # B.

PROOF. Let 7 € p\p?, so that 7A = pa with p not dividing a. Then
p and a are relatively prime in A, so we can write 1 = b+ a with b € p
and a € a. If pB = B, then we would have aB = apB C mB. But then
a = mx for some r € B. Asz =% € K, we havex € BN K = A and
therefore a € TA C p. But then 1 = b+ a € p, a contradiction. O

EXERCISE 4.26. Show that the residue field B/q; is a finite-dimensional
vector space over the residue field A/p. (Note that if R C S are rings,
I is an ideal of R, and J is an ideal of S containing I, then S/J is
naturally an R/I-module.)

Let f; = f(q:/p) := [B/q; : A/p] be the residue degree of g; over p.
Also, write the prime ideal factorization of pB as
pB=ar'ay’ g,
We call e; = e(q;/p) the ramification index of q; over p.
With this terminology, we have:

THEOREM 4.27. Let L/K be a finite extension of fields. Let B O A
be a finitely generated extension of Dedekind rings with fraction fields
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L, K respectively. Let qq,...,q, be the prime ideals of B lying over the
nonzero prime ideal p of A. Then

r

> e(ai/p)f(ai/p) = [L: K].

i=1

PROOF. Let S := A\p. We claim that in order to prove the desired
formula, we may replace A by A’ = S7'A, B by B’ = S7'B, p by
p’ = pA’, and each q; by ¢, = q;B’. A few remarks are in order to
justify this claim:

(i) Since S is a multiplicative subset of A, it is also a multiplicative
subset of B. Therefore S™!'B is well-defined.

(ii) By Proposition 4.9, A" and B’ are both Dedekind rings.

(iii) Since B is finitely generated over A, it follows that B’ is finitely
generated over A’ (use the same set of generators).

(iv) The f;’s don’t change after localization. To see this, first note
that p’ is a maximal ideal in A" and A/p = A’/p’ by Lemma 4.6.
Similarly, since q; A = p, we have q; S = (), and therefore ¢/
is a maximal ideal of B’. In addition, we have B/q; = B'/q!.

(v) The e;’s don’t change after localization. Indeed, it is straight-
forward to check that after localizing both sides of the equation
pB = q7" ---q¢, we obtain the factorization pB’ = (q})°* - - - (¢..)°".

T

For simplicity of notation, we now write A instead of A, etc. What
has this localization accomplished? Well, we have reduced to the case
where A is a PID! This simplifies the rest of the argument. (Note
that B is not necessarily a PID, since Corollary 4.10 only applies to
localization at a prime ideal.)

Since A is a PID and B is a finitely generated torsion-free A-module,
the structure theorem for finitely generated modules over a PID tells
us that B is a free A-module of finite rank. By Exercise 4.28 below,
the rank of B over A must be n = [L : K], and [B/pB : A/p] = n as
well.

We have pB = q7'q5* - - - 457, so by the Chinese Remainder Theorem,
there is a ring isomorphism

B/pB = & B/q;" .

It therefore suffices to prove that dimy(B/q;") = e; f; for each i, where
k=A/p.
As in the proof of Theorem 1.53, by considering the chain of ideals

A>poOpio .-
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it is enough by induction to prove that dimy(q"/q7"™) = f; for each
m > 0. And for this, it suffices to prove the stronger fact that there is
an isomorphism B/q; = q/q7"™ for each m > 0.

This can be verified as in the proof of Theorem 1.53. Alternatively,
since B/q* = By, /(q;Bg,)™ for each m, we may without loss of gener-
ality replace B by B,, and assume that B is a PID. Writing ¢, = (7;),
the map B/q; — q"/q7"* given by multiplication by 77" is then easily
checked to be an isomorphism. O

EXERCISE 4.28. In the proof of Theorem 4.27, assuming that A is
a PID, show that the rank of B over A is n = [L : K], and that the
dimension of B/pB over A/p is also n. [Hint: For the first part, show
that if z1, ..., z, is a basis for B as an A-module, then it is also a basis
for L as a K-vector space. For the second part, show that z1,...,7,
gives a basis for B/pB as a vector space over A/p.]

If L/K is a Galois extension, then we can say more about the e;’s
and f;’s.

LEMMA 4.29. If in the setting of Theorem 4.27 the extension L/ K
is Galois, then the Galois group G of L/K acts transitively on the set
of prime ideals of B lying over p.

PROOF. Let q;,q; be distinct prime ideals of B lying over p. Sup-
pose oq; # q; for all o € G. Then by the Chinese Remainder Theorem,
there exists x € B such that x = 0 (mod q;) and z =1 (mod ogq;) for
all 0 € G. It is easy to see that Ny /x(v) = [[,cq0x liesin BNK = A,
and in fact liesin g; N A=p. But x € o7 'q; for all 0 € G, s0 oz & q;
for all ¢ € G. This contradicts the fact that [ .. oz belongs to the
prime ideal p. U

COROLLARY 4.30. Ifin Theorem 4.27 the extension L/ K is Galois,
then ey = ey = -+ =e,. and f; = fo = --- = f.. Therefore, letting e
(resp. f) denote the common value of the e;’s (resp. the f;’s), we have
ref =[L: K].

PROOF. Since the Galois group G of L/K acts transitively on the
qi’s, given 4, j we can find o0 € G mapping q; to q;. Then applying o
to both sides of the relation

pB=di'ay a7,
we get

pB = (0q1)"(0q2)” - (0q,)" .
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As oq; = q;, it follows from unique factorization that e; = e;. More-
over, it is easy to see that ¢ induces an isomorphism of residue fields

o . B/qz;B/q] ,
so that f; = f; as desired. O

EXERCISE 4.31. Prove that e and f are multiplicative in towers, in
the sense that if p; C po C p3 are nonzero prime ideals contained in
the Dedekind I'il'lgS A C Ay C A3, then 6(]33/]31) = 6(]33/]32) . 6(]32/]31)

and f(ps/p1) = f(p3/p2) - f(p2/p1).

2.2. Decomposition and inertia groups. For simplicity, we
suppose throughout this section that L/K is a Galois extension of
number fields, ' and we let p be a nonzero prime ideal of Ok-.

We have already seen that the action of the Galois group G =
Gal(L/K) on the set of prime ideals of Oy, lying over p is transitive.
Our goal now is to understand some of the finer structure associated
with this action. This investigation will have a number of payoffs. For
example, we will be soon able to:

e Describe how rational primes factor in the ring of integers of
a cyclotomic field.

e Give examples of number rings which are not monogenic.

e Give a short and insightful proof of Gauss’ law of quadratic
reciprocity.

Let S be the set of prime ideals of Op lying over p, and fix a
particular prime ideal q € S. Since the action of G on S is transitive,
it follows from group theory that the stabilizer of q is a subgroup of G
of order n/r = ef, where e = e(q/p) and f = f(q/p) are independent
of g. We denote this stabilizer by Dy, (or simply by D, when p is
understood), and call it the decomposition group of q. As we will see
later, the decomposition group is so named because it is closely related
to the factorization of p in Op. By definition, we have

Dgjp:={0€G : o(q) =a}.

In order to understand the decomposition group better, we now
introduce an important homomorphism. Let & (resp. ¢) denote the
residue field Ok /p (resp. Or/q). Then ¢/k is an extension of finite
fields of characteristic p, where pZ = p N 7Z. By definition, we have

fo=Fa/p) =[£: K]

'n principle, everything we are doing here works in the more general context
where L/K is a Galois extension of Dedekind domains, all of whose residue fields
are finite.
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It follows from the theory of finite fields that ¢/k is a Galois ex-
tension. Moreover, the Galois group Gal(¢/k) is cyclic, with a natural
generator given by the Frobenius automorphism of . (Recall that the
Frobenius automorphism is the map which sends « to z*! for all 2 € ¢.)

An important observation is the fact that every o € Dy, induces
an automorphism @ of Gal(¢/k) in a natural way. Indeed, if T € ¢, we
can lift it to some element z € Oy, and then we can define 7(Z) to be
the class of o(x) mod q. We claim that the map o +— 7 is well-defined
(independent of the choice of a lifting of Z). Assuming this, it follows
easily that this map gives us a natural homomorphism from Dg/, to
Gal((/E).

To see that the map o +— 7 is well-defined, suppose x, 2’ are both
lifts in Op of T, so that x = 2’ (mod q). We need to show that
o(z),o(x") are congruent modulo q. But this follows directly from the
fact that o € Dyp, since x — 2’ € q implies that

o(x) —o(a') €o(a) =q.
The next proposition has numerous applications.

PROPOSITION 4.32. The natural homomorphism Dy, — Gal({/k)
sending o to T 1s surjective.

PROOF. As (/k is separable, there exists a primitive element @ for
this extension. Since an element of Gal(¢/k) is uniquely determined by
what it does to @, it suffices to prove that every conjugate of @ is of
the form & (@) for some o € Dg,.

Let a € Of, be a lift of @ such that a € ¢’ for all q’ # q lying over
p. We can find such an o by the Chinese Remainder Theorem, since
this is equivalent to solving the system of congruences

a=a (modq), «=0 (modq) .

Let f(z) € Oklx] be the minimal polynomial of o over K, and let
g(x) € k[z] be the minimal polynomial of @ over k. Since every root of
f(x) is a Galois conjugate of «, there exists a subset H of G such that

f(x) =[] = a(a)) .

oceH

Let H = H N Dgy),. Note that if 0 € G and 0 € Dgjp, then
0t & Dgyjp. Therefore o~'q # ¢, so that a € o~'q by our choice of a.
Equivalently, we have o(a) € q whenever o € G\ Dy,. Therefore, if we
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use a bar to denote reduction modulo ¢, then we have

fx) = llen(r —a(@)) o
= loen (@ —0(a) [1ogn (x — o(a))
= 2" [lem(z —7(@))
for some positive integer m. _
In particular, all nonzero roots of f(x) are of the form &(@) with
o € Dyp. But f(a) = f(a) =0, 50 g(x) | f(z). Since 0 is not a root
of g(z), we must have

9@) | [[ = —7@) .
oceH’
Therefore every conjugate of @ is of the form 7 (@) for some o € Dy,
as desired. 0

The kernel of the natural map Dg/, — Gal(¢/k) is called the inertia
group of q in GG, and is denoted I/, or simply I3 when p is understood.
Explicitly, we have:

Iy ={ceG : o(x) =z (mod q) Vx € Or} .

Proposition 4.32 implies that Dy, /14, = Gal(¢/k). In particular, since
the cardinality of Dy is e(q/p)f(q/p) and the cardinality of Gal(¢/k) is
f(q/p), we obtain the following:

COROLLARY 4.33. The wnertia group I/, has cardinality equal to
e(q/p). In particular, q/p is unramified if and only if I/, = 1.

Similarly, we deduce the following important result:

COROLLARY 4.34. The quotient group Dqsp/1qp is cyclic of order
f(a/p), and there is a canonical element Froby,, € Dgqp/1q/p having
the property that its image in Gal(£/k) is the Frobenius automorphism.
In particular, if q/p is unramified, then Frobg, is well-defined as an
element of the decomposition group Dg,.

2.3. Decomposition and inertia fields. We will now use Galois
theory to study the fixed fields of the groups Dy, and I = I, defined
in the previous section.

We will maintain the basic setup from the previous section. To
simplify notation, we fix a prime q over p and write D = D/, and
I = I,. We also write e = e(q/p) and f = f(q/p). If H is any
subgroup of G, we denote by L the fixed field of H. By Galois theory,
Gal(L/L") = H.

We now introduce some common sense terminology: the fixed field
LP of the decomposition group is called the decomposition field of q/p,
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and the fixed field L’ of the inertia group is called the inertia field of
q/p. We have the following chain of inclusions:

KcIPcL'cClL.

If K’ is any intermediate field between K and L, we let p’ be the
prime ideal g N Ok of Ok, and we let D’ (resp. I’) be the decompo-
sition group (resp. the inertia group) of q/p’, which is a subgroup of
Gal(L/K").

LEMMA 4.35. Let H be a subgroup of G and let K' := L. Then
D=DNHandI'=1NH.

Proor. This follows immediately from the definitions: D is the
stabilizer of q in G, while D’ is the stabilizer of qin H,so D' = DNH.
Similarly, I is the kernel of D — Gal(¢/k) and I’ is the kernel of
D' — Gal({/k') C Gal(¢/k),so I'=1IND =1INH. O

We note that, by Galois theory, if H and H' are subgroups of G,
then LYH" = LH LA Using this fact, we will see that the decomposi-
tion and inertia fields have the following pleasant (and useful) charac-
terizations:

PROPOSITION 4.36. (i) LP is the largest intermediate field K'

Jor which e(p'/p) = f(p'/p) = 1.
(i) L! is the largest intermediate field K' for which e(p’/p) = 1.

PROOF. First, we claim that if K’ = L? then e(p'/p) = f(p'/p) =
1. To see this, note that by Lemma 4.35, we have D' = D, so that
e(q/p ) f(a/y’) = e(q/p)f(q/p). By the multiplicativity of e and f in
towers (Exercise 4.31), we must have e(p’/p) = f(p’/p) = 1 as claimed.
Similarly, if K’ = L, then I’ = I and we deduce that e(p’/p) = 1.

We now prove that if K’ is any intermediate field between K and
L with e(p’/p) = f(p'/p) = 1, then K’ C LP. For this, write K’ =
L for some subgroup H, and note that since D’ = D N H, we have
LP" = LPK'. The hypothesis e(p’/p) = f(p'/p) = 1 implies, using
multiplicativity of e and f in towers, that |D'| = e(q/p’)f(q/p") =
e(qa/p)f(a/p) = |D|. Therefore D' = D and LP = LP" = LPK’, so
that K’ C LP as desired.

Similarly, suppose K’ = L is any intermediate field between K
and L with e(p’/p) = 1. Then on one hand we have L = L'K’' and
on the other hand (by multiplicativity of ramification indices) we have
II'| = e(q/p’) = e(q/p) = |I|, so that I’ = I. Therefore L' = L' =
LK’ so that K' C L' as desired. O
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EXERCISE 4.37. Let L/K be a Galois extension of number fields.

Suppose q is a nonzero prime ideal of Op, lying over the nonzero prime
ideal p of Ok. Let D = Dy, and I = I,),. Show that:

(i) LP is the smallest intermediate field K’ such that q is the only
prime ideal of O lying over p’ = O N q.

(ii) L' is the smallest intermediate field K’ such that g is totally
ramified over p’ = Ok N q.

We have the following useful corollary of Proposition 4.36:

COROLLARY 4.38. Suppose L1, Lo are finite extensions of the num-
ber field K, and let p be a nonzero prime ideal of Ok. Then p is
unramified (resp. splits completely) in both Ly and Ly if and only if p
is unramified (resp. splits completely) in LiLs.

Proor. We will treat the unramified case; the case where p splits
completely works exactly the same.

If p is unramified in L;Ly, then p is unramified in both L; and
Lo by multiplicativity of the ramification index in towers. Conversely,
suppose p is unramified in L; and Ly. Let p’ be a prime of Oy, 1, lying
over p. Let M be a Galois extension of K containing L, L, and let g
be a prime ideal of Oy lying over p’. Let I = I/, and let M be the
corresponding inertia field. Then M’ contains both L; and Ls, since
qN Op, and q N Oy, are unramified over p. Therefore M D LiL,,
which implies that ¢ N Op,r, = p’ is unramified over p. U

COROLLARY 4.39. Suppose L 1is a finite extension of the number
field K, and let M be the Galois closure of L/K. Let p be a nonzero
prime ideal of Ok. Then p is unramified (resp. splits completely) in L
if and only if p is unramified (resp. splits completely) in M.

PROOF. If p is unramified in L/K, then clearly p is also unramified
in 0(L)/K for each embedding o of L into C which fixes K. Since M is
the compositum of all such fields o(L), the result follows by induction
from Corollary 4.38. (Again, the case where p splits completely follows
from the exact same argument.) U

2.4. A number ring which is not monogenic. In this section,
we apply Corollary 4.38 to give examples of number fields K whose
ring of integers are not monogenic, i.e., is not of the form Z[«| for any
o€ OK

Note that we have already shown that the ring of integers in every
quadratic and cyclotomic field is monogenic, so we will have to look
elsewhere to find our examples.
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Let dy, dy be distinct squarefree integers (different from 1). Define
K, = Q(\/d_l), K, = Q(\/d_2)7 and K = K| K.

EXERCISE 4.40. Show that [K : Q] = 4.

Suppose now that Ok = Z[a] for some a € Ok. Let f(z) be the
minimal polynomial of o over Q. According to Kummer’s decomposi-
tion theorem, a rational prime p splits completely in K if and only if
f(z) splits into four distinct linear factors mod p. If p = 3, for exam-
ple, then this is impossible, since the field Z/pZ contains only 3 distinct
elements. In particular, 3 can never split completely in K.

By Corollary 4.38, we will have a contradiction if 3 splits completely
in both K7 and K5, since this would imply that 3 splits completely in
K. By Kummer’s decomposition theorem, 3 splits completely in Q(v/d)
if and only if d = 1 (mod 3). We have therefore proved:

THEOREM 4.41. Let dy,dy # 1 be distinct squarefree integers con-
gruent to 1 mod 3, and let K = Q(\/dy,/dy). Then Ok is not mono-
genic.

As a concrete example, the ring of integers in Q(y/7,/10) is not
monogenic.

REMARK 4.42. In fact, we have proved more: the argument just
given shows that under the hypotheses of Theorem 4.41, we have 3 |
|Ok /Z|a]| for any a € Ok such that K = Q(«).

2.5. Frobenius elements in Gal(L/K). Suppose that L/K is a
Galois extension of number fields with Galois group G, and let p be
a nonzero prime ideal of Og. The first question which we address in
this section is how the decomposition groups D/, and Dy, (vesp. the
inertia groups) are related when q,q" are distinct primes of O lying
over p.

LEMMA 4.43. Suppose q,q" are distinct primes of Op, lying over p,
and write ' = oq with o € G. (This is always possible by Lemma 4.29.)
Then

Dy jp = UDq/p‘f1
and
Lypp = olypo .

Proor. We give a proof for the decomposition group, and leave
the corresponding fact for the inertia group as an exercise.
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Dy = {re€G:19d=¢q"}
{reG : 10q=0q}
{reG : o'roq=4q}
{oTo7 € G : Tq=4q}
oc{reG : Tq=qlo!

= achfl.

0

COROLLARY 4.44. If L/K is abelian (i.e., if L/K is Galois and
the group Gal(L/K) is an abelian group), then the groups Dgj, and
Iy depend only on p, and not on the chosen prime q above p.

Because of this corollary, when L/K is abelian we frequently write
Dy, instead of Dg/, or Dy, and similarly for inertia groups.

Assume now that L/K is Galois and that p is a prime ideal of Ok
which is unramified in Op. This is equivalent to assuming that I/, is
trivial for all q lying over p.

Fix a prime ideal q lying over p, and let ¢/k be the corresponding
extension of residue fields. As discussed in Section 2.2, there is then a
canonical generator Froby = Frobg/, of Dg. It is the unique element of
Dy which maps to the Frobenius automorphism in Gal(¢/k). Equiva-
lently, Frobq can be characterized as the unique automorphism o in D,
such that

(4.1) o(z) = 2¥® (mod q) Yz € Oy,

since N(p) = |k| by definition.
In fact, Frob, is the unique element of the Galois group G with this
property, since (4.1) clearly implies that oq = q and hence o € D,
This is important enough of an observation to state it as a propo-
sition:

PROPOSITION 4.45. Frobq is the unique element o € G such that
o(z) = zV® (mod q) Vz € Oy

The importance of Frob, can partly be seen in the fact that its order
in G is precisely f(q/p). We will exploit this fact in the next section.

Next, we would like to know how Frob, depends on q. The answer
is not surprising, in view of Lemma 4.43, and we leave it as an exercise
to supply a proof.

EXERCISE 4.46. Let L/K be a Galois extension of number fields
with Galois group G. Suppose q,q are prime ideals of Oy, lying over
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p, and assume that p is unramified in L. If ¢ = oq with o € G, show
that
Froby /p, = o Froby, ot

REMARK 4.47. We see, in particular, that if L/K is abelian, then
the Frobenius element Frobg,, of G depends only on p, and not on the
choice of a particular prime g lying over p.

In general, there is at least a well-defined conjugacy class Frob, in
G (depending only on p) whenever p is unramified.

If L/K is abelian and p is unramified in L, then Frob, satisfies (4.1)
for all q | p. Since pOy is the product of all the prime ideals of O
lying over it, we conclude by the Chinese Remainder Theorem that:

PROPOSITION 4.48. If L/K s abelian and p is a nonzero prime

ideal of Ok unramified in O, then Frob, is the unique element o €
Gal(L/K) such that

o(z) = 2V® (mod pO,) Vz € Oy

2.6. Factorization in cyclotomic fields. Suppose K, = Q((,,)
is a cyclotomic field, with (,, a primitive mth root of unity for some
positive integer m. Since Ok, = Z[(,] by Theorem 2.45(d), we know
that to find the prime factorization of a rational prime p in Ok, , it
suffices by Kummer’s criterion to factor the minimal polynomial ®,,(z)
of ¢, mod p. A priori, it is not obvious that there is a simple rule
governing how ®,,(x) factors mod p. But in fact, there is a simple
and elegant way to determine this factorization. The rule is as follows
(where for simplicity, we stick to the case ptm).

THEOREM 4.49. Let m be a positive integer, and let p be a prime not
dividing m. Let f be the order of p in (Z/mZ)*. Then the factorization
of (p) into distinct prime ideals in Z[(,] has the form (p) = p1--- by,

where f(p;/p) = f for all i and r = ¢(m)/f.

COROLLARY 4.50. With m,p, f,r as above, the cyclotomic poly-
nomial ®,,(z) splits into r distinct irreducible factors mod p, each of
which has degree f.

Before proving the theorem, we need to study Frobenius elements
in cyclotomic fields.

Note that since p { m by assumption, it follows from Corollary 2.20
and Theorem 2.45(c) that the prime p is unramified in K,,. Therefore
I, = 1 for all p | p. Also, K,,,/Q is abelian, so it follows from Re-
mark 4.47 that Frob, is well-defined as an element of Gal(K,,/Q). The
following lemma identifies the Frobenius element Frob, explicitly; for
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the statement, recall that Gal(K,,/Q) consists of the elements o; for
(t,m) = 1, where 0;(Cn) = (..

LEmMMA 4.51. If K., = Q((n), p is a prime with p{m, and p is a
prime ideal of Z[(y] lying over p, then Frob, = o,.

PROOF. Let n = ¢(m). By Proposition 4.48, Frob, is the unique

element o of G = Gal(K,,/Q) such that o(z) = 27 (mod p) for all
x € Z[(y]. But the automorphism o, has this property, since

ap+ arCl, + - + a1 G
(ap + a1Gm + -+ 4+ an_1 L H)P

modulo p by the binomial formula and Fermat’s Little Theorem. There-
fore Frob, = o,,. U

Up(aO + alCm + -+ an—ngqil)

For future use, we note the following corollary:

COROLLARY 4.52. Let m be a positive integer, and let p be a prime
number with p ¥ m. If we identify the Galois group G of K,,/Q with
(Z/mZ)*, then the decomposition group at any prime above p is iden-
tified with the cyclic subgroup (p) C (Z/mZ)* generated by p.

We can now prove Theorem 4.49.

PROOF. We know already that p t m implies that p is unramified
in K. Also, since K,,/Q is Galois, we know that f(p,/p) = -+ =
f(p-/p) = f" for some f'. We also know that rf’ = [K,, : Q] = ¢(m).
It therefore suffices to prove that ' = f.

We do this by showing that if p is a fixed prime ideal of Ok, lying
over p, the decomposition group D of p/p has order f. (Note that since
e(p/p) = 1, the decomposition group has order f(p/p) = f).

For this, we recall from above that D is cyclic of order f’, and is
generated by the Frobenius element Frob, = o, inside G taking ¢, to
(. Since (0,)" = (opt), the order f" of the automorphism Frob, is
clearly the smallest positive integer ¢ such that p' = 1 (mod m). In
other words, f' = f as desired. 0

As an example, let’s see how the prime ideals (2) and (31) factor in
the ring Z[(5).

Since the order of 2 mod 15 is 4 and ¢(15) = 8, we find that
(2) = p1p2 with pq, py distinet prime ideals of norm 16.

On the other hand, the order of 31 mod 15 is 1, so that (31) =
g1 - (s in Z[(31], where the g;’s are distinct prime ideals of norm 31.

The polynomial counterpart of these results is as follows. Let
Oi5(z) = 2% — 2" + 25 — 2 + 23 — 2 + 1 be the minimal polynomial
of the primitive 15th roots of unity. Kummer’s decomposition theorem
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tells us that over Fy, ®15(x) splits into 2 distinct irreducible factors of
degree 4, and that over Fs;, ®y5(x) splits into 8 distinct linear factors.
Indeed, according to MAPLE ? we have

Dy5(x) (xt 4+ 22+ 1)(2* + 2+ 1) (mod 2)
15(x) (x+3)(z+ 11)(z + 12)(x + 13)(x + 17) - - -
(x +21)(x + 22)(x + 24) (mod 31).

As an immediate consequence of Theorem 4.49, we obtain the fol-
lowing important result:

COROLLARY 4.53. The rational primes which split completely in
Z[CGn) are exactly the primes congruent to 1 mod m.

Finally, we mention that one can formulate the following more gen-
eral version of Theorem 4.49, which deals with the ramified primes as
well. We leave this stronger formulation as an exercise for the reader:

EXERCISE 4.54. Let m be a positive integer, and let p be a prime
number. Let p¥ be the largest power of p dividing m, let m’ = m/p,
and let f be the order of p in (Z/m/Z)*. Then the factorization of (p)
into distinct prime ideals in Z[(,,] has the form (p) = (p1---p,)?®"),
where f(p;/p) = f for all i and r = ¢(m/)/ f.

2.7. Gauss’ law of quadratic reciprocity. In this section, we
will give a proof of Gauss’ celebrated law of quadratic reciprocity. This
result is almost certainly in the top five (along with the “Big Kahuna”
— Fermat’s Last Theorem) in terms of its historical impact on the de-
velopment of Algebraic Number Theory. First, though, we need some
background material on subfields of cyclotomic fields.

Let p be an odd prime, and let K, = Q((,). The extension K,/Q
is Galois, with Galois group isomorphic to (Z/pZ)* = Z/(p — 1)Z.
Since a cyclic group of order m has exactly one subgroup of every
order dividing m, it follows by Galois theory that K, contains a unique
subfield of order m for all m | p—1. In particular, K, contains a unique
quadratic subfield L, which we will now determine explicitly.

The “abstract” way to determine L is to use ramification. We know
that p is the only rational prime which ramifies in K, and it is totally
ramified. Since ramification indices are multiplicative, it follows that p
is the unique prime which ramifies in L. But for quadratic fields (which
are necessarily monogenic), we know that a rational prime ¢ ramified

2To obtain these results, use the Maple commands:
with(numtheory); Phi(x) := cyclotomic(15,x); Factor(Phi(x)) mod 2; Fac-
tor(Phi(x)) mod 31;
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in L if and only if ¢ | Ay. Furthermore, if L = Vd with d squarefree,
then A;, = d (resp. 4d) if d = 1 (mod 4) (resp. d = 2,3 (mod 4)).
Therefore the only quadratic field in which p is the unique prime which
ramifies is L = Q(y/p*), where p* = (—1)%]9. This is because p* = 1
(mod 4), so that |Ag 7| = p, whereas |Ag /== | = 4p.

In summary, we have proved:

PROPOSITION 4.55. Let p be a prime number, and let p* = (—1)%]9.
Then the cyclotomic field K, contains a unique quadratic subfield L,

and L is isomorphic to Q(\/p*).

REMARK 4.56. A more constructive proof of Proposition 4.55 will
be given in §2.8.

We have the following alternative characterization of the unique
quadratic subfield of K.

LEMMA 4.57. Let p be a prime, and identify the Galois group of
K,/Q with (Z/pZ)*. Let L be the unique quadratic subfield of K,.
Then L = K[, where H is the index 2 subgroup of (Z/pZ)* consisting
of all elements which are squares.

PROOF. It is clear from group theory that H has index 2 in (Z/pZ)*.
By Galois theory, Kf has degree 2 over O, and must therefore coincide
with L. U

Combining our two different characterizations of L (as K’ on the
one hand and Q(/p*) on the other), we obtain:

THEOREM 4.58 (Gauss’ Law of Quadratic Reciprocity). Let p,q be
distinct odd primes. Then

PROOF. Since (’71) = (—1)(1571 by elementary considerations, qua-

dratic reciprocity is equivalent to the assertion

*

=)=

q p

Now note that on one hand, since L = Q(/p*), it follows by Kum-
mer’s criterion that ¢ splits completely in L if and only if 2% — p* factors
into linear factors modulo ¢, i.e., if and only if (%*) = 1.

On the other hand, let D = (¢) C (Z/pZ)* be the decomposition
group at any prime ideal q lying over ¢ in K,/Q, and recall that Ké) is
the largest subfield of K, in which ¢ splits completely. Since L = Kf ,
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where H is the subgroup of squares in (Z/pZ)*, we find by Galois
theory that

q splits completely in L < L = Kf C Kf sD={(q CH< (g) - 1.
p

O

Although there are many more elementary proofs of quadratic reci-
procity, this proof we have just given is arguably the most important
and most insightful one. It guided E. Artin to formulate and prove
a deep result now known as Artin’s Reciprocity Law, which is one of
the cornerstones of Class Field Theory and generalizes all previously
known reciprocity laws.

2.8. Gauss sums. In this section, we give a more constructive
proof of Proposition 4.55 using Gauss sums. We also use Gauss sums
to give another proof of the law of quadratic reciprocity.

Let ¢, = *™/? as usual, and let

o= Y Gezg,).

te(Z/p2)*

We need:
LEMMA 4.59. Let b € Z. Then

3 Cbt_{o b # 0 (mod p)
p —
W p b=0 (mod p).

Proor. This follows easily from the fact that if b Z 0 (mod p),
then

t Czlzp_l
> G ZFZO‘

te(Z/pZ)

PROPOSITION 4.60. In Z[(,], we have the relation g* = p*.

REMARK 4.61. In particular, this gives an independent proof of the
fact that K, contains the quadratic field Q(y/p¥).

PROOF. For a € (Z/pZ), define g, = 372+ (5)G"- We claim
that g, = (%)g. If a = 0, this formula follows from the fact that

the number of squares in (Z/pZ)* equals the number of nonsquares.
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Otherwise, if a € (Z/pZ)* then multiplication by «a is an automorphism
of (Z/pZ)*, and therefore
u b
G'= >

a at
(=)ga = Z (—) -
ve@/pzy- ¥

re(z/pzy ¥

)¢ =g,

which proves the claim.
We now prove the proposition by evaluating the sum

Y. g

a€(Z/pL)

in two different ways.
On one hand, the claim implies that

_a,—a o |0 a=
9a9—a = (];)(?)g - { (71 2 a 7& 0.
Therefore
-1 -1
Y Gaga= Y. (—)=0p- D"
a€(Z/pZ) a€(Z/pZL)*
On the other hand, we have

x y axr -—a xy a\r—
Jafa= Y OGG™ = > (;)qﬁ v),
z,yE€(Z/pL)* z,yE€(Z/pL)*

Using Lemma 4.59, we therefore have

Y Gaga= ) (%y) > G =pp-1).

a€(Z/pZ) x,y€(Z/pL)* a€(Z/pZ)
The result follows. ]

We conclude this section with a second proof of the law of quadratic
reciprocity.

PROOF. Let p,q be odd primes, and let g = Zf;g(%)g; By the
binomial theorem and Lemma 4.59, we have
p—1 ¢ q
9"=D (D) =g,=(2)g (mod ¢Z[()) -
=0 P p
By Proposition 4.60, if we multiply both sides of this congruence by g,
we obtain

pr-(p) e = (2—9)19 (mod ¢Z[G))
and therefore (since p and ¢ are relatively prime)

q—1

(4.2) (p")7 = <§> (mod ¢Z[¢,)) -
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On the other hand, Euler’s criterion from elementary number theory
implies that

(4.3) (p)'7 = <%> (mod ¢Z[G,)) -

Combining (4.2) and (4.3), and using the fact that ¢ is odd, yields
the desired equality

3. Exercises for Chapter 4

(1) Let A be an integral domain, and let S be a multiplicative
subset of A.
(a) Prove that every ideal of S7™*A is of the form S~!I for
some ideal I of A.
(b) Let g : A — B be a ring homomorphism such that g(s)
is a unit in B for all s € S. Prove that there is a unique
ring homomorphism » : S™'A — B such that g = ho f,
where f: A — S7'A is the natural inclusion.
(2) Let R be a Dedekind ring, and let S be a finite subset of
nonzero prime ideals of R.
(a) Prove that R* = N, Ry,
(b) Show that there is a canonical exact sequence of abelian
groups

1—- R — (RS)* — Dpes (K*/R;) — CI(R) —>C1(RS) 1

(¢) Prove that K*/R; = Z for each p € S.
(d) If K is a number field and R = Op, use Dirichlet’s unit
theorem to show that

(RS)* ~ WK % Zrl—i-rg—l—i-\S\ )

(3) Let Q denote an algebraic closure of Q. Show that a subgroup
G of Q" is finitely generated if and only if G C (O%)* for some
number field K and some finite set S of nonzero prime ideals
of OK.

(4) Prove that e and f are multiplicative in towers, in the sense
that if p; C po C p3 are nonzero prime ideals contained in
the number rings A; C Ay C As, then e(ps/p1) = e(ps/p2) -
e(p2/p1) and f(p3/p1) = f(p3/p2) - f(p2/p1)-

(5) Find a prime number p and quadratic extensions K and L of
Q illustrating of each of the following;:
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(a) p can be totally ramified in K and L without being totally
ramified in K L.

(b) K and L can each contain unique primes lying over p
while KL does not.

(¢) p can be inert in K and L without being inert in KL.

(d) The residue degrees of p in K and L can be 1 without
being 1 in K L.

(6) Let L/K be a Galois extension of number fields with Galois
group G. Suppose q,q" are prime ideals of O lying over p,
and assume that p is unramified in L. If ¢’ = oq with o € G,
show that

Frobq//p =0 Frobq/p o L

(7) Let L/K be a Galois extension of number fields. Suppose q
is a nonzero prime ideal of Op, lying over the nonzero prime
ideal p of Ok. Let D = Dy, and I = I,. Show that:

(a) LP is the smallest intermediate field K’ such that g is the
only prime ideal of Of, lying over p’ = Ox N q.

(b) L' is the smallest intermediate field K’ such that q is
totally ramified over p’ = O N q.



CHAPTER 5

Introduction to completions

1. The field Q,

We now turn to the study of absolute values on number fields,
and the corresponding completions. The idea is to generalize the
well-known construction of the real numbers as equivalence classes of
Cauchy sequences of rational numbers to a wider context. This opens
up the door to many new techniques for studying number fields.

Before we give formal definitions, we describe the prototypical ex-
ample (other than R) of a completion, namely the field Q, of p-adic
numbers. Because of the large number of details which need to be
checked, we proceed in this section mostly without proof. The moti-
vated reader should be able to fill in most of the details herself without
too much trouble.

For many more details, and for a number of examples and applica-
tions, see e.g. the book “p-adic Numbers” by Fernando Gouvea.

Let p be a prime number, and for € Z, x # 0, let v,(z) = ord,(z)
be the maximum power of p dividing z. We can extend v, to Q in
a natural way by setting v,(z/y) = v,(z) — v,(y) when z,y € Z and
y # 0. We also set v,(0) = +o0o by convention.

For z € Q, define the p-adic absolute value |z|, of x to be p~ (@),
where by convention we have |0, = 0. The intuition is that = and y are
“p-adically close” when x — y is divisible by a large positive power of p.
So for example, [20—2[3 = 5= and |3 —2[3 = 1, which means that 2 and
29 are closer 3-adically than 2 and 3. It is easy to check that Q, together
with the function |-|,, defines a normed vector space, and in particular
that Q together with the distance function d(x,y) = |z — y|, defines
a metric space. In fact, the p-adic absolute value satisfies stronger
properties than those required to define a metric. More precisely, it is
easy to verify that for z,y € Q we have:

(1) |z, =0iff z = 0.

(2) lzyly =[xl - yl,

(3) |z — ylp < max{[z|,, |yl,}-
115
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The third of these properties goes by various names such as the
ultrametric inequality or the non-archimedean triangle inequality. The
point is that it is much stronger than the usual triangle inequality

lz —y| < |z| + |yl

We want to consider the completion @Q, of Q with respect to the
absolute value |- |,. Recall that a sequence of elements {z,} in a metric
space X is a Cauchy sequence with respect to the metric | - | if given
e > 0, there exists N such that for m,n > N, we have |z, — z,| < €.
We put an equivalence relation on the set of such Cauchy sequences by
declaring that {z,,} ~ {y,} if lim,_ |2, — yn| = 0. By definition, the
completion of X with respect to | - | is the set of equivalence classes of
Cauchy sequences in X.

EXERCISE 5.1. Verify that the completion Q, of Q@ with respect to
the p-adic absolute value is naturally a field.

We call the field Q, described in Exercise 5.1 the field of p-adic

numbers.

EXERCISE 5.2. Show that the absolute value | - |, extends in a
natural way to Q,, and that this extension still satisfies properties (1)-
(3) above for z,y € Q,.

The key property possessed by Q, which Q does not have is that
it is complete, i.e., every Cauchy sequence in @, converges. In fact, Q,
is the completion of Q with respect to | - |, in the sense that it is the
unique field L (up to isomorphism) containing Q for which:

e There is an absolute value on L satisfying (1)-(3) above which
extends | - |, on Q.

e Qis dense in L (with respect to the topology induced by |-|,).

e L is complete with respect to | - |,.

Inside Q,, there is the important subring Z, of p-adic integers,
which can be defined as the completion of Z with respect to |- |,, or as

Z,={x€Q, : |z, <1}.
EXERCISE 5.3. Show that
pL, =z €Z, : |x|, <1}
is the unique maximal ideal of Z,. In particular, Z, is a local ring.
EXERCISE 5.4. Show that there is a natural isomorphism
Ly/pLy = L[PL .
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We rarely think of R in terms of Cauchy sequences, and the same
is true for Q,. In fact, there are several alternate ways to think of Q,.
For simplicity, we give the descriptions for Z,, and simply note that Q,
can then be described as the field of fractions of Z,. One concrete way
to think of Z, is in terms of coherent sequences of integers modulo p”,
as follows.

For every integer n > 1, suppose we are given elements a, € Z
such that 0 < a, < p" —1 and a, = a,_; (mod p"!). We call such
a sequence {a,} a coherent (p-adic) sequence. For example, if p = 3,
then {1,4,22,...} is the beginning of a coherent sequence, since 4 = 1
mod 3 and 22 =4 mod 9.

We claim that there is a bijection between coherent sequences and
elements of Z,. For on one hand, it is easy to see that a coherent
sequence is Cauchy with respect to | - |,, so defines an element of Z,.
Conversely, if © € Z,, then it is not hard to show that there exists a
unique coherent sequence which converges to x.

Algebraically, this means that the ring Z, is the inverse limit of the
rings Z/p"Z.

Using this characterization of elements of Z,, one can then form “p-
adic expansions” analogous to the decimal expansion of real numbers:

THEOREM 5.5. Every p-adic integer v € Z, can be written uniquely
in the form

x=by+bip+---+bp"+---
with b, € {0,1,2,...,p— 1} for all n.

The proof just comes down to the fact that the sequence of partial
sums

{bo, by + bip, by + bip + bep?, .. .}

is a coherent sequence, and conversely every coherent sequence can be
written uniquely in this way.

EXERCISE 5.6. Show that a p-adic integer b = by + byp + bop?® + - - -
is a unit in the ring Z, if and only if by # 0.

Similarly:
THEOREM 5.7. Every x € Q, can be written uniquely in the form
T=bgp b pap T by bip b
for some integer k, where b_ # 0 and 0 < b, < p—1 for all n.
EXERCISE 5.8. Show that v,(z) = —k, so that |x|, = p.
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Arithmetic in Q, is done in the “obvious” way. For example, sup-
pose p = 3 and

r=1+1-3+2-32+2-3+0(39),
y=1-342-32+1-3*+0(3%),

where O(3°) means that all remaining terms are divisible by 3°, and so
are 3-adically “small”.
Then we have, for example,

r+y=1+2-3+1-32+1-3%4+0(3%),

which we obtain by adding componentwise and “carrying” the remain-
ders to the right, so for example

2:324+2-3%=4-3=(1+3)-3*=1-3*+1-3%

EXERCISE 5.9. Devise a similar algorithm for multiplication of p-
adic expansions.

EXERCISE 5.10. Verify the following identities in Z,:
(1) = =14+p+p*+-+p"+---
(2)

| —

[= (=1 +(p—Lp+-+(p—Lp" +---

An important property of p-adic numbers is described by the fol-
lowing result:

PROPOSITION 5.11. A polynomial F(z) € Z[x] has a root in Z, if
and only if F(x) has a root modulo p™ for alln > 1.

PRrROOF. If F(x) has a root in Z,, then from the natural map Z, —
Z/p"Z we see that F(z) has a root modulo p™ for all n. Conversely,
suppose F'(x) has a root modulo p" for all n. Let (z,,) be a sequence
of integers such that F'(z,,) =0 (mod p") for n =1,2,.... Since Z/pZ
is finite, there are infinitely many terms x,, which reduce to the same

element y; € Z/pZ. Therefore there is a subsequence ) of x, for
which

2 =y (mod p) and F(zY) =0 (mod p)
for all n. Continuing inductively, we find that for each k£ > 1 there is a
(k) o (k1) :
subsequence x5, of xy, for which

¥ =y (mod p*) and F(z®) =0 (mod p*)

for some y, € Z/p*Z such that y, = yp_1 (mod p*~1). Then (yi)r>1
forms a coherent sequence, and hence defines an element y € Z, for
which F(y,) =0 (mod p*) for all &, i.e., for which F(y) = 0. O
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EXERCISE 5.12. Show that the equation z? = 2 has two solutions
in Z7, and no solutions in Zg.

EXERCISE 5.13. Extend Proposition 5.11 to the multivariable case
by showing that F(zq,...,2,) € Z[xy,..., T, has a root modulo p”
for all n > 1 iff F(xy,...,x,) has a root in (Z,)™.

2. Absolute values

2.1. Absolute values on a field. Our goal in this section is to
present the abstract notion of an absolute value on a field K, and to
classify such objects in the case where K is a number field. We continue
to omit most proofs for the time being, in order to give an overview of
what completions and absolute values are all about.

Let K be a field. An absolute value on K is a function |- | : K — R
such that for all x,y € K:
(1) |x| >0, and |z| = 0 iff z = 0.
(2) [zy| = |2| - lyl.
(3) |z +yl < x|+ [yl
If | - | satisfies the stronger inequality
(3) |z +y| < max{fz], |y[},
then it is called a mon-archimedean (or wultrametric) absolute value.
Otherwise, | - | is called archimedean.

If | - | is an absolute value, the function v :  — —log|z| (or any
scalar multiple of this function) is called a valuation. For example, |- |,
is an absolute value on Q, and v, = —log, |z, is the corresponding
valuation.

An absolute value makes K into a metric space using the rule

d(z,y) = |r — y|. If two absolute values | - |,| - | define the same
underlying topology on K (i.e., if (K, |-|) and (K, |-|') have the same
open sets), then we call them equivalent and write |- | ~ |-’

The trivial absolute value on K is the function sending r € K to
1if x # 0 and 0 if z = 0. Every other absolute value on K is called
non-trivial.

A place of K is an equivalence class of nontrivial absolute values on
K. We are typically interested only in those properties of an absolute
value which depend only on the underlying place. For example, it is
not hard to see that whether or not an absolute value is archimedean
depends only on the underlying place. Archimedean places are also
called infinite places, and the non-archimedean ones finite places.
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LEMMA 5.14. Let ||, |-|" be absolute values on K. Then the following
are equivalent:
(1) |-1|,|-|" are equivalent.
(2) |z] <1< |z < 1.
(3) There is a constant s > 0 such that |z|' = |z|* for all x € K.

PrROOF. If |- | = |- |® with s > 0, then |- | and | - |" are clearly
equivalent. Also, |z| < 1 if and only if the sequence (2") converges to
zero, so if |- |,|-|" are equivalent then |z| < 1 & |z|" < 1. It remains to

show that if |z| < 1 < |z|" < 1, then there is a constant s > 0 such that
|z|" = |z|® for all x € K. For this, fix a nonzero element y € K with
ly| < 1. If z is a nonzero element of K, then |z| = |y|* for some a € R.
Let " be a sequence of rational numbers with n; > 0 converging to «
=, and therefore ]ZZ < 1, which
" < 1. This in turn shows that |z|" < (Jy|')*. Using a

sequence 7 converging to a from below shows that |z|" > (|y|')*, and

from above. Then |z| = |y|* < |y

implies that | 5%

thus |z|" = (|y|)*. It follows that for all nonzero x € K, we have

log ||” _
loglz| "7
where )
_ logly|
S=7T—""77,
log [y|
and thus |z|" = |z|°. Since |y| < 1 implies |y|" < 1, we must have
s> 0. 0
LEMMA 5.15. Let | -| be an absolute value on K, and suppose there
exists N > 0 such that |n| < N for all n € N. Then | -| is non-
archimedean.

PROOF. If 2,y € K, then by the binomial theorem and the triangle
inequality, we have

[z +y|" < N(n+1) max{]z], [y|}"
for all n > 1. Taking n'® roots and letting n — oo gives
|z +y| < max{|z], |y}
as desired. 0
We have the following famous theorem describing all places of Q:

THEOREM 5.16 (Ostrowski). Every archimedean absolute value on
Q is equivalent to the usual absolute value | - | on R, and every non-
trivial non-archimedean absolute value on Q is equivalent to the p-adic
absolute value | - |, for some prime number p.
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PROOF. Let |-| be a non-trivial absolute value on Q. Suppose first
that | - | is non-archimedean. Then |n| < 1 for all integers n > 1, and
there exists a prime p such that |p| < 1 (or else | - | would be trivial).
The set I = {n € Z : |n| < 1} is an ideal of Z containing p, and
since |1| = 1, we have 1 ¢ I. Therefore I = pZ. If n = mp* € Z
with (m,p) = 1, then m & I, so |m| = 1 and |n| = [p|* = |n|3, where
s = —log, |p|. Therefore | - | is equivalent to | - [,.

Now suppose that | - | is archimedean, and fix integers n,m > 1
with n large enough so that |n| > 1. Write m in base n as m =
ap+ ain + - -+ apn® with a; € {0,1,...,n —1}. Then k < log, m and
la;| < a;]1] < n, so that

ml <> lail - [n]* < (1 +log, m)n - |n[5™ .

(Here we have used the fact that |n| > 1 implies |n|* < |n|* for i < k.)
Substituting m! for m, taking the t'" root of both sides, and letting
t — oo gives |m| < |n[°e»™. Switching the roles of m and n and
rearranging the terms gives

(51) |m|1/logm: |n|1/logn

whenever |m|, |n| > 1. Let s = log|n|/logn, which by (5.1) is inde-
pendent of n. Since |n| > 1 by assumption, we have s > 0. For every
positive rational number x, we can write x = m/n with m,n large
enough so that |m|, |n| > 1, and it follows that

|$|io — eslogaz _ eslogm/eslogn _ elog\m\/elog|n| _ |m‘/‘n‘ _ ’l" )
Since | — 1] = |1], it follows that |z|5, = |z| for all x € K, and therefore
|z| is equivalent to |z|. O

In summary, Q has one archimedean place, corresponding to the
“usual” absolute value, and it has one non-archimedean place for each
prime number p.

We let Mg denote the set of places of Q, and for v € Mg, we
let | - |, be the usual absolute value on Q if v is archimedean, and
the normalized p-adic absolute value | - |, if v corresponds to a prime
number p. We have the following simple but extremely useful result:

PROPOSITION 5.17 (The product formula for Q). For every nonzero
rational number x € Q, we have

IT 1zl =1

UGMQ
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We leave the (almost trivial) proof to the reader.

We conclude this section with one more useful general result about
absolute values, due to Artin and Whaples, which is known as the
Weak Approximation Theorem. It should be thought of as a valuation-
theoretic analogue of the Chinese Remainder theorem.

THEOREM 5.18 (Weak Approximation Theorem). Let |- |1,...,]| |,
be pairwise inequivalent absolute values on a field K, and letaq, ..., a, €
K be arbitrary. Then for every € > 0, there exists x € K such that
|z —a;|; <€ foralll <i<n.

PROOF. Since |- |; and | - |, are not equivalent, it follows from
Lemma 5.14 that there exists & € K such that |af; < 1 and |af, > 1.
Similarly, there exists § € K such that |§], < 1 and |5]; > 1. Setting
y = [B/a, we have |y|; > 1 and |y|, < 1. We claim that there exists
z € K such that |z|; > 1 and |2]|; < 1 for j = 2,...,n. We prove
this by induction on n. We have just proved this for the base case
n =2, and if |w|; > 1 and |w|; < 1 for j = 2,...,n — 1, then either
|w|,, <1, in which case we can set z = w™y for m sufficiently large, or
else |w|, > 1, in which case we can set z = %y for m sufficiently
large. This proves the claim.

Finally, since 1 jjm converges to 1 with respect to |-|; and to 0 with
respect to | - |; for 2 < j < n, for each 1 <1i < n we can (by symmetry)
find an element z; € K which is arbitrarily close to 1 with respect to
|-|; and arbitrarily close to 0 with respect to |-|; for j # i. The element

T =a121 + "+ an2p

will then have |z — a;|; < e for all 1 <i <mn. O

2.2. Absolute values on number fields and their comple-
tions. Suppose now that K is a number field. Let Ok be the ring of
integers of K, and let p be a nonzero prime ideal of Ok . Then p defines
an absolute value | - |, on K as follows. Set |0|, = 0, and if a € K is
nonzero, define v,(a) = ordy(a) to be the power of p appearing in the
factorization of the fractional ideal () into prime ideals. Now define

(5.2) jalp = (Np) (@)

(The reason for this normalization will become apparent when we state
the product formula for K below.) Then it is easy to verify that ||, is a
non-archimedean absolute value. The completion K, of K with respect
to | - |, is easily verified to be a field containing K, and |- |, induces an
absolute value on K, which extends the given one on K. Furthermore,
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K is dense in K, K, is complete with respect to the induced absolute
value, and K, is in fact the unique field with these properties.

We denote by @p the corresponding completion of O, which is a
subring of K. It is not hard to see that

Op={rekK, : |z, <1}.
Moreover, the set
m,:={r e K, : |z|, <1}

is clearly an ideal in (f)p. In fact, @p is a local ring and m, is its unique
maximal ideal, since if z € O,\m, then |27, = 1 and thus 7! € O,.

Note that the value group
K[ = {lalp + 2 € K"} ={(Np)* : keZ}

is discrete in R*. The maximal ideal m, of @p is therefore principal;
this follows from the following more general result:

LEMMA 5.19. Let |-| be a non-archimedean absolute value on a field
K, let K be the corresponding completion, let A= {z e K : |z| <1
be the valuation ring of K, and let m = {x € A : |z| < 1} be the
unique mazimal ideal of A. Then m is principal if and only if |K*| is
discrete.

PROOF. Suppose |K*| is discrete, and let 7 € m have maximal
absolute value. We claim that m = wA. Indeed, if + € m, then
|z/m| < 1 and thus /7 € A, so that z € mA. Conversely, suppose
m = wA is principal. Then every x € K* can be written as u - 7 with
t € Z and u € A*, and therefore |K*| = {|n|* : t € Z, which is a
discrete set. 0

EXERCISE 5.20. With the notation of the preceding lemma, show
that |K*| = [(K)*|.

The quotient @p /m, is canonically isomorphic to the residue field
O /p, which one sees by an argument similar to the proof of Lemma 4.6.
More generally, the natural map

(5.3) Y Ok /p" — Op/my
is an isomorphism for all n > 1.

We sketch a topological proof of (5.3). Since every x € O N ﬁig
is a limit of elements of p”, and since p" = {z € O : |z|, <
1/(Np)"} is closed in the p-adic topology on Ok, it follows that
is injective. Similarly, since O is dense in (’)p, everything in (’)p is
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congruent modulo m} to an element of O, which means that 1 is
injective.

As with Q,, elements of K, have ‘p-adic expansions” of the following
type. Let m be a uniformizer in O, i.e., an element of p\p?. Let S be
coset representatives in Ok for the N (p) distinct residue classes O /p.
Then we have:

THEOREM 5.21. Every element x € K, can be written uniquely in
the form
(5.4) xr = Z A",

where a,, € S for all m and a_,, # 0. Moreover, we have n = vy(x)
and al, = N(p)".

PROOF. Let A = @p and let m = m, be its unique maximal ideal.
We have just seen that m = wA. For any sequence (a,)m>—n With
a, € S, let Sy = Zn]‘f:_n a, ™", and choose N > M. Then |Sy —
Sn| < |7|M*+1 from which one deduces that (Sy) is a Cauchy sequence.
This shows that series of the form (5.4) are convergent in A = K,.
Conversely, suppose a € K. Since \k | = |K|, we can write o = u - 7"
with u € A*. By the definition of S and the isomorphism (5.3), there
exists ap € S such that u —ag € m. As (u — ag)/7m € A, there exists
a; € S with =% —a; € m, ie., m(u— (ag+ a;m)) € m*. Continuing in
this way, we find a sequence aq, as, . .. for which

u:a0+a17r+a27r2+-~-

and therefore

o =1"(ag + a1m + agm + -+ ) .
We leave the uniqueness part, as well as the other assertions of the
theorem, to the reader. O

The same proof shows that if A is any complete discrete valuation
ring with maximal ideal m = 7wA, then every element x € A can be
written uniquely in the form

(o]
E amm™"
m=0

with a,,, € S, where S is any fixed set of coset representatives for A/mA.

EXERCISE 5.22. Prove that @p is isomorphic to the inverse limit of
Ok/p™ as n — 0.
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The generalized version of Ostrowski’s theorem (Theorem 5.16),

whose proof we omit, gives a complete description of the places of a
number field K:

THEOREM 5.23. Fvery archimedean absolute value on K is equiva-
lent to the restriction to K of the usual absolute value on C for some
embedding of K into C, and every non-archimedean absolute value on
K is equivalent to the p-adic absolute value |-|, for some nonzero prime
ideal p of Ok. More precisely, there are bijections:

{non-archimedean places of K} < {nonzero prime ideals p of O}

{archimedean places of K} < {real embeddings K — R} U
{congugate pairs of complex embeddings K — C} .

The product formula (Proposition 5.17) can be generalized to num-
ber fields as follows. Let My denote the set of places of K. If v
corresponds to a nonzero prime ideal p of Ok, define |z|, = |z|, to
be the corresponding p-adic absolute value, as defined in (5.2). If v
correponds to an embedding o : K < R, define |z|, = |0(2)|s, where
| - |o denotes the usual absolute value on R. Finally, if v correponds
to a complex embedding ¢ : K — C, define |z|, = |o(z)|%,, where
| - | denotes the usual absolute value on C. (In this last case, note
that | - |, is not itself an absolute value, since | - |2 doesn’t satisfy the
triangle inequality.) With these normalizations, we have the following

fundamental result, whose proof we omit:

THEOREM 5.24 (Product formula for number fields). For every
nonzero element v € K, we have

IT lzle=1.
vEME

We also state without proof the following theorem, which illustrates
one of the many uses for completions in algebraic number theory:

THEOREM 5.25. If K s a number field and p is a nonzero prime
ideal of Ok lying over the rational prime p, then K, is a finite extension

of Q, of degree
[Ky = Qp] = e(p/p) - f(p/p) -
Moreover, if KQ is Galois, then so is K,/Q,, and

Gal(K,/Qp) = Dy -
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3. Hensel’s Lemma
Consider the following two examples.
EXAMPLE 5.26. 2 is not a square in Q5. Indeed, suppose that
a € Qs satisfies @ = 2. Then |als = 1, since |2|5 = 1, and in particular
a € Zs. Let @ denote the image of « in the residue field Zs/5Zs; then
a? = 2. But since Zs/5Zs = 7, /57, this would imply that 2 is a square
modulo 5, which it is not.

On the other hand:

EXAMPLE 5.27. —1 is a square in Q5. More precisely, we claim that
the equation 22 = —1 has 2 solutions in Zs, one congruent to 2 and one
congruent to 3 modulo 5. To see this, we will find the 5-adic expansions
of these numbers explicitly. Write o« = ag + a; -5 + ay - 52 + - -+ with
a; € {0,1,2,3,4}, and suppose that a* + 1 = 0. Since

o® +1=(ai+ 1)+ 2apa; - 5" + (2apas + a?) - 5% + O(5%) ,

it follows in particular that a3 +1 =0 (mod 5), and therefore ag = +2
(mod 5). Suppose ag = 2 (the other case works the same way). Then
the equation o + 1 = 0 (mod 5%) implies that

(2+a;-5)?+1=0 (mod 5?),

so that 5+ 20a; = 0 (mod 5%), which implies that a; =1 (mod 5), so
that a; = 1. Similarly, suppose that we have found ¢, = ag + a; - 5* +
-+++a,-5" such that ¢2+1 =0 (mod 5"*!), and we want to find a,,
such that

(ag+ay -5+ 4 ap-5" +appr-5")?+1=0 (mod 5""?) .
Then we need to solve the equation
(Cn+ ape1 - 5" +1=0 (mod 5"*)

which simplifies to

—1-72
anan+1 = W (mOd 5) 3
which means (since ¢, =2 (mod 5) and 4 = —1 (mod 5)) that
1+¢2
Apy1 = W (mOd 5) .

This allows us to inductively solve for all the coefficients of a.

The same argument which was used in the last example can be used
to prove a general result called Hensel’s lemma. A closer look reveals
that what actually made the previous argument work was the fact that
2 is a simple root of f(x) = x? + 1 modulo 5.
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PROPOSITION 5.28 (Hensel’s Lemma). Let A be a complete discrete
valuation ring with mazimal ideal m = wA. Let f(z) € Alx], and let
ag be a simple root of f(x) modulo 7, i.e., f(ay) = 0 (mod 7) and
f'(ag) £ 0 (mod 7). Then there exists a unique root o € A of f(x)
with o = oy (mod 7).

Proor. We prove by induction on n that for each n > 0, there is
an element o, € A such that f(a,) = 0 (mod 7"!), and such that
a, = a,_1 for n > 1. The base case n = 0 is obvious. Suppose we
have constucted «,, with the required properties, and write a, 1 =
a, + an™t! for some a € A to be determined. The condition on «a is
that

flant1) = flan + a7rn+1) =0 (mod 7rn+2) )

which by Taylor’s expansion is equivalent to
flan) + f(a)(br™™) =0 (mod 7"*2) .
By hypothesis, this equation has the unique solution

_ o)
b= —m (mod 7T) s
which makes sense because 7" | f(a,) and f'(a,) = f'(ag) Z 0
(mod ). O

EXAMPLE 5.29. As an application of Proposition 5.28, since x¥ — x
splits into linear factors over F, and has derivative —1, we see that
Z, contains p — 1 distinct (p — 1)** roots of unity, one in each nonzero
residue class modulo p.

Hensel’s lemma can be viewed as a p-adic version of Newton’s method
from calculus for approximating roots of polynomials. Indeed, the proof
we have just given can be generalized to show:

PRrROPOSITION 5.30 (Hensel’s Lemma, Version II). Let K be a field
which is complete with respect to a non-archimedean absolute value |- |,

and let A = {x € K : |z| < 1} be the valuation ring of K. Let
f(x) € Alz], and suppose there exists ag € A with |f(ap)| < |f'(c)|*
Then the sequence defined inductively by

flan)

Qi1 = Qp —
f'(aw)
converges to a root « of f(z) in A, and

f(a)

v = | <
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Hensel’s Lemma can be generalized in many different ways. We
give one more version here:

PROPOSITION 5.31 (Hensel’s Lemma, Version III). Let K be a field
which is complete with respect to a non-archimedean absolute value |- |,
and let A = {x € K : |z| < 1} be the valuation ring of K, with
mazximal ideal m. Let f(z) € Alz] be a primitive polynomial, meaning
that f(x) € (A/m)[z] is nonzero, and suppose that

with g(z), h(xz) € (A/m)[z] relatively prime polynomials. Then there
exist polynomials g(x), h(z) € Alz] with deg(g) = deg(g) such that

g(x) =g(x) (mod m) and h(z) = h(x) (mod m) .

EXERCISE 5.32. Let p be an odd prime. Show that an element
z € Q, is a square if and only if z = p*"y?® for some n € Z and y € Z;.
What happens for p = 2?7

4. Introductory p-adic analysis

Let K be a field which is complete with respect to a non-archimedean
absolute value | - |, and let A denote the valuation ring of K. In this
section, we will investigate some basic properties of power series with
coefficients in K. Applications to Diophantine equations and linear
recurrence sequences will be given in the next section. In both this sec-
tion and the next, we follow rather closely the exposition from J.W.S.
Cassels’ book “Local Fields”.

Perhaps the most basic fact in p-adic analysis is the following result,
which we leave as a simple exercise to the reader:

EXERCISE 5.33. A series )~ a, with a, € K converges if and only
if |a,| — 0. In particular, a power series f(z) = >~ a,2" € K[[z]]
converges for all x € A if and only if |a,| — 0.

Note that the corresponding statements over R are are utterly false,
despite the beliefs of many Calculus II students.

The radius of convergence of a power series f(z) = > >~ ja,z" €
K[[z]] is defined as in the real or complex case to be

1

~ limsup, |a,[/"

€ [0, 4o00] .
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EXERCISE 5.34. Let

D={reK : Z a,x" converges }

n=0
be the domain of convergence of f. Then:
(1) If R =0, then D = {0}.
(2) If R =00, then D = K.
(3) If 0 < R < oo and |a,|R™ tends to 0, then D = {x € K

|z < R}
(4) If 0 < R < o0 and |a,|R™ does not tend to 0, then D = {z €
K : |z| < R}.

EXERCISE 5.35. Show that a power series f(z) = Y 2 a,2" €
K{[z]] is continuous on its domain of convergence.

The following result, concerning rearrangement of double series, is
another result whose real or complex analogue is much more delicate:

EXERCISE 5.36. Let b;; € K for 4,5 = 0,1,2,... Suppose that for
every € > 0, there exists M such that |b;;| < e whenever max(i, j) > M.

Then the series
=) S5

i
both converge, and their sums are equal.

The next result again has no real or complex analogue, and is one
of the most useful facts in p-adic analysis:

THEOREM 5.37 (Strassmann’s theorem). Let f(z) = >~ a,z"
with a, € K, and suppose that |a,| — 0 (i.e., f(x) converges for all x
in the unit disc A). Suppose furthermore that not all of the coefficients
a, are zero. Define the nonnegative integer N = N(f) by

lay| = max |a,| , |a,| < |an| forn > N .
Then f(z) has at most N zeroes in A.

PRrROOF. The proof is by induction on N. For the base case N = 0,
note that if f(a) = 0 for some a € A, then

Jal = | — ;anof‘l < max |ana”| < maxfa| < |ao |
nz
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a contradiction. Now suppose that N > 1, and suppose f(a) = 0 with
a € A. Then for any # € A, we have

f(B)=f(B) — fla) = Zan(ﬁ" —a")=(f—a) Zianﬁjan—l—j '

n>1 n>1 j=0

By Exercise 5.36, we have f(3) = (6 — «a)g() with

g(z) = Z bzl | b = Z ajp10
j=0 t=0

It is easy to check that N(g) = N(f) — 1, and therefore by induction
we may assume that g(x) has at most NV —1 zeros in A. Since f(5) =0
iff 5= aor g(f) =0, it follows that f(z) has at most N zeros in A,
as desired. l

We conclude our very brief introduction to p-adic analysis with a
p-adic version of the binomial theorem.

For t € Q, and n a positive integer, define the binomial coefficient

(») by
(t) _{ T(r—l)-;l(!r—n-i-l) n 0
n) 1 n = 0.

LEMMA 5.38. Ift € Z,, then (:L) € Z, for all integers n > 0.

PROOF. If t € Z, then it is well-known that (!) € Z. For fixed

n, the map ¢t — (fl) is continuous in the p-adic topology on Z,, and
|({)|, < 1forall t € Z. Since Z is dense in Z,, it follows that |(})], <1
O

t
for all t € Z,. !

EXERCISE 5.39. (1) If n € N and p is a prime, prove that
In!|, = p~™, where
M = vy(nl) = [n/p] + [n/p?] + [n/p°] + - -

(Here [-] denotes the greatest integer function.)

(2) Let s be the sum of the digits in the base p expansion of n.
Show that

n—s

p—1"

(3) In particular, show that |n!|, > p 1.

vp(n) =

The p-adic binomial theorem has two parts; the first is analogous to
the usual binomial theorem, and the second is unique to p-adic analysis
in that it expands (1 4+ x)" as a power series in t, rather than in x.
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THEOREM 5.40 (The p-adic binomial theorem). Let p be an odd
prime.

1. If t is a nonnegative integer, then

(5.5) (1+z) = ; (i) "

for all x € pZ,.
2. If x € pZ,, then there exists a power series

O, (1) = t" € Qy[[t]]

converging for all t € Z,, such that
P, (t) = (1+ )
forallt € Z.

REMARK 5.41. With slight modifications, the statement and proof
can be modified to work for p = 2, and more generally for any finite
extension K of Q,.

PRroOF. Since |(})|, < 1 for all ¢,n, the right-hand side of (5.5)
converges and is continuous for all x € pZ,. The left-hand side of (5.5)
is continuous for all z € Q,, since it’s a polynomial in z. Also, if x € Z,
then (5.5) holds by the usual binomial theorem. As pZ is dense in pZ,,
it follows that (5.5) holds for all « € pZ,. This proves (1).

To prove (2), suppose first that ¢ > 0. We use the fact that () =0
when n >t to write (5.5) as

n

(5.6) (1+x)t:it(t—1)---(t—n+1)%.

n=0

Since |z|, < 117 by assumption, it follows from Exercise 5.39 that
]%]p — 0 as n — oo. By Exercise 5.36, we may therefore rearrange
the terms of (5.6) according to powers of . Doing so, we obtain a

power series representation
(5.7) (L+a) = "
n=0

where each v, € Q, is independent of ¢ and |v,|, — 0 as n — co. This
proves the desired result for ¢ > 0.



132 5. INTRODUCTION TO COMPLETIONS

Now suppose t < 0. Then p™ +t > 0 for m sufficiently large, and
applying (5.7) with ¢ replaced by p™ + t gives

(5.8) (1+2)P" T = Z%p +t)"

As m — oo (in the usual sense), it follows from (5.7) that (1 +
z)?" — 1 in the p-adic topology, and therefore the left-hand side of
(5.8) tends to (1 + z)*. The right-hand side of (5.8) tends to Y v,t",
since p™ — 0 and a power series is continuous in its domain of conver-
gence by Exercise 5.35. Therefore (5.7) holds for ¢ < 0 as well. O

EXERCISE 5.42. If p is an odd prime, show that v,(n!) <n—2, and
conclude that for x € pZ, and t € Z,, we have

®,(t) =1+txr (mod p?) .

EXERCISE 5.43. Using Lemma 5.38, we see that if p is an odd prime,
t € Zy, and x € pZ,, then the binomial series

(5.9) B(t,z) = i (;) "

n=0
converges p-adically. Show that the right-hand side of (5.9) with p = 7,
t =1/2, and z = 7/9 converges to 4/3 in R and to a 7-adic number
a#4/3 in Q.

EXERCISE 5.44. (1) Show that the power series
l — _1 n+1 (.ﬁL’
oy (2) = S-S

(called the p-adic logarithm) converges if and only if |z — 1], <
1.
(2) Show that the power series
o0 l’n
exp,(7) = Z ol
n=0

(called the p-adic exponential) converges if and only if |z|, <
—-1/(p—1)
P :

5. Applications to Diophantine equations

5.1. The Diophantine equation 2% — 11y% = 1. In this section,
we illustrate the utility of p-adic analysis by finding all integer solutions
to the Diophantine equation 2% — 11y% = 1.
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We begin with the observation that if z,y are integers for which
23 — 11y® = 1, then = — yv/11 is a unit of norm 1 in the cubic field
K = Q(+/11). Let a = v/11. Recall from Example 3.44 that the
fundamental unit in K is

u = 180a% + 40 + 89 ,

and that v = 1/u = —2a® + 4a + 1. A short calculation shows that
both of these units have norm 1. Since every unit in Ok has the form
+v" (n € Z), and since Ng/g(—1) = —1, it follows that every unit of
norm 1 in K can be written as v" for some integer n. We will now
show that = — y€/ﬁ = v" implies that n = 0.

PROPOSITION 5.45. If x —yv/11 = v™ with x,y,n € Z, then n = 0.

PROOF. As noted in Example 3.44, the prime 19 splits completely
in K. Equivalently, there are three distinct roots in 19 to the equation
23 — 11 = 0. By Hensel’s Lemma, there are three distinct solutions
aq, s, a3 to 22 — 11 = 0 in Qy9, and a short computation shows that,
after relabelling if necessary, we have

ay = —3+5-19+0(19%)
ay = —2+8-19+0(19%)
as =5+6-19 + 0(19?)

The three different cube roots of 11 in Q9 correspond to three
different embeddings 11, 19,13 of K into Q9. A calculation shows
that, letting v; = 1;(v) € Q9, we have:

v =9+2-194+ 0(19%)
vy =4+ 0-19 4+ 0(19?)
v3=9+6-19 4+ O(19%)

Since z—yv/11 = v™ in K, we have z—ya; = vl in Qg for i = 1,2, 3.
In particular, noting that

o) + ay + az = —{ coefficient of #* in 2® — 11} =0 ,
a2 + a3 + a3 = —{ coefficient of 2% in #* — 11°} =0 ,
it follows that
(5.10) a1v] + apvy + agvy =0 .

The advantage of (5.10), of course, is that we have eliminated the
unknown quantities x and y. We would like to use the p-adic binomial
theorem to expand the left-hand side of (5.10) as a power series in
n. Unfortunately, we cannot do this directly, since vy, v9,v3 are not
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congruent to 1 modulo 19. However, with a bit of manipulation, we
can rewrite (5.10) in such a way that the p-adic binomial theorem will

apply.
Since Nk/g(v) = 1, it follows as above that vivv3 = 1 Multiplying
both sides of (5.10) by vjv}, we obtain

(511) aq + O./Qﬁg + Ozgﬂg = O

with B2 = v3vz = 11 (mod 19) and B3 = v = 1 (mod 19). In
particular,

2—-2-11"=0 (mod 19),
which means that 11" = 1 (mod 19), i.e., n = 0 (mod 3). Writing
n = 3m, expressing (5.11) as
(5.12) ar + a(B3)" + as(B)™ =0,
and noting that
B3 =1+7-19+0(19%)
B3 =1+11-194+0(19%),

it follows from the p-adic binomial theorem that we can express (5.12)
in power series form as

(5.13) > yimt =0
i=1

with v; € Q9. Moreover, the proof of the p-adic binomial theorem
allows us to explicitly calculate the coefficients ;. In particular, by
Exercise 5.42 we have

BH"=(1+7-19" =1+ (7-19)m (mod 19?)
B)"=(1+11-19)" =1+ (11-19)m  (mod 19?)
a + (B +az(B)" = (—2-7T+5-11)-19-m (mod 19?),

from which it follows that |yi]19 = 55 and |yj|19 < 155 for j > 2. By
Strassmann’s theorem, we conclude that m = 0 is the only solution to
(5.13) in Zyg. In particular, m = 0 is the only solution to (5.13) in Z,
and therefore n =3 -0 = 0 is the only solution to (5.10). O

As a consequence, we find:

COROLLARY 5.46. The only integer solution to x® — 11y® = 1 is
(z,y) = (1,0).
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5.2. The Diophantine equation 222+1 = 3™. The Diophantine
equation
(5.14) 22 +1=3"

with x,m nonnegative integers, clearly has the solutions (x,m) =
(0,1),(1,1),(2,2), and (11,5). Are there any others? We will answer
this question by once again employing p-adic methods.

Let K = Q(v/—2), and let o = 1 4+ 2v/—2 € O = Z[\/—2|. Then
letting N = Nk /g and @ = 1 — 2/—2, the equation (5.14) becomes

No=3".

Since Na = aa and 3 = 10 with g1 =14+ +v—-2and =1 — /-2
both irreducible, and since Z[v/—2] is a PID, it follows that

o =+ g

with my, my nonnegative integers. Without loss of generality, we may
assume that m; < may. Since Tr(a) = a + @ = 2, we have

O G B = 2
Multiplying by 35" gives
B (0 ) = 42

in Ok, which by unique factorization implies that m; = 0. Therefore
(setting n = my), we have

Oy + By = +£2,
where (1, 02 € Q(v/—2) are the two roots of the polynomial f(z) =

x? — 2z + 3 € Zx].
So we will be finished once we establish the following result:

PROPOSITION 5.47. There are at most 4 integer values of n for
which

(5.15) B+ = £2,

where (31,32 € Q(v/=2) are the roots of the polynomial f(x) = x* —
2z + 3.

PROOF. By Hensel’s lemma, there are two roots of f(x) = z* —
2x + 3 in Zq;, and this allows us to define two embeddings of K =
Q(v/—2) into Qq;. Identifying K with a subfield of Q;; via one of
these embeddings, we may identify the two roots of f(z) in Q; with
(1 and (3, respectively. Without loss of generality, we have 3; = 9
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(mod 11) and 8 = 4 (mod 11). Since 32 =1 (mod 11) for i = 1,2, if
we let \; = 37 —1 € 11Zy;, we have (writing n = k+5t with 0 < k < 4):

(5.16) BEAL+A) + B3 (1+ ) = £2.
Looking at this equation modulo 11, we see that we need only consider

k=0,1,2.
For example, consider £ = 0. Then (5.16) reduces to

(5.17) I+M)'+(1+X)=2,

since the left-hand-side cannot be congruent to —2 modulo 11. We now
use the p-adic binomial theorem to expand

Do(t) = (1 + X))+ (1+ ) =2

as a power series in t. Doing so, we obtain
t
Ba(t) =0+ -+ )t + 02+ (5) +--

tt—1 t
::(7.1124—10.1134—10-114y£—§——24—8.1j4. (4) + O(11°)

=yt + Yot 4 yst® + - -

with |y]11 = 1172, |2]11 = 1172, and |y,|11 < 117* for n > 3. Tt follows
by Strassmann’s theorem that there are at most 2 roots of ®g(¢) in Z,
and in particular there are at most two solutions to (5.16) in Z when
k= 0.

Similarly, when k& = 1 we find at most 1 solution to (5.16) in Zi,
and when k£ = 2 we also find at most 1 solution in Z;;. All together, this
shows that there are at most 4 integer solutions to (5.15), as claimed.

O

COROLLARY 5.48. The only solutions to (5.14) with x,m nonneg-
ative integers are (x,m) = (0,1),(1,1),(2,2), and (11,5).

Note that (5.15) is equivalent to the equation a, = %2, where
a, is the linear recurrence sequence defined by ag = 2, a; = 2, and
Qpto = 20,41 — 3a, for n > 2. Therefore we have proved:

COROLLARY 5.49. Let a,, be the linear recurrence defined by ag = 2,
ay = 2, and apy0 = 20,11 — 3a, forn > 2. Then a, = £2 only for
n=0,1,25.

The p-adic method used to prove Proposition 5.47 is the main idea
behind the proof of the following beautiful general theorem:
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THEOREM 5.50 (The Skolem-Mahler-Lech Theorem). Let a,, be a
sequence of elements in a field K of characteristic zero satisfying a
linear recurrence relation over K, and let ¢ € K. Then either a, = c
for at most finitely many n, or else a, = ¢ for all n in some arithmetic
Progression.

REMARK 5.51. Theorem 5.50 is false if K has characteristic p, as
the following example shows. Let K = F,(¢), and define a,, by a, =
(t4+ 1) —t". Then a, = 1 iff n is a power of p.

The idea behind the proof of Theorem 5.50 is the following (see §5.5
of Cassels’” “Local Fields” for further details). If F(x) € K[x] denotes
the generating polynomial for the linear recurrence, then

a, = Z Pj(n)0}
J

with 6; € L and Pj(x) € L[z] for some field L which is finitely generated
over Q. The Cassels-Lech Embedding Theorem (see Theorem 1.1 in
Chapter 5 of Cassels’ “Local Fields”) asserts that if £/Q is a finitely
generated field extension and C' is a finite set of nonzero elements of
k, then there are infinitely many primes p for which there is a field
embedding « : k — Q, such that |a(c)|, = 1 for all ¢ € C. Applying
this result to the situation at hand, we see that there exists a prime
p > 2 and an embedding ¢ : L — Q, such that [¢(6;)|, = 1 for all j.
Setting \; = 1/1(9§7_1 — 1), it follows from Fermat’s Little Theorem that
I\l < Ilj. Writing n =7+ (p — 1)s with 0 < r < p — 1, for each fixed
r we can use the p-adic binomial theorem to develop

Arq(p-1)s — C= —C+ Z Pi(r +(p—1)s)05(1 + \))°
J

as a power series ®,(s) in s which converges for all s € Z,. If ®,(s) =
0 for some r, then a, = c for all n = r (mod p — 1). Otherwise,
Strassmann’s theorem ensures that each ®,(s) vanishes for at most
finitely many s € Z,, which gives the desired result.






APPENDIX A

Some background results from abstract algebra

1. Euclidean Domains are UFD’s

In this section, we show that every Euclidean domain is a UFD
(unique factorization domain). See §1.1 and §1.3 for the definition of a
UFD and a Euclidean domain, respectively. The usual way to do this
is to show that every Euclidean domain is a PID, and every PID is a
UFD. Here, we give a somewhat more direct argument.

Recall that a nonzero element 7 € R which is not a unit is called
prime if whenever 7 | zy in R, we have 7 |  or 7 | y, and is called
irreducible if whenever m = ab with a,b € R, one of a or b must be a
unit.

LEMMA A.1. In any integral domain R, every prime element is
wrreducible.

PROOF. Suppose 7 is prime, and that m = xy for some x,y € R.
By the definition of primality, we have 7 | z or 7 | y. Suppose WLOG
that = | y, so that y = 73 for some § € R. Then 7 = 7z in R.
Since R is an integral domain and 7 # 0, we must have x(3 = 1, which
implies that x is a unit. Therefore 7 is irreducible. U

The converse of the above lemma is false. Here is an example, which
also gives an example of a ring of the form Z[v/d] which is not a UFD.

Example: Consider the ring Z[v/—5]. By considering the norm
function N(a + bv/—5) = a? + 5b%, one shows easily that +1 are the
only units in Z[v/=5|, and that N(x) = 1 iff z is a unit. Note that we
have the identity

6=2-3=(1++v-5)(1—+v-5).

We claim that 2,3,1 &+ /=5 are all irreducible. To see this, it
suffices to note that there are no elements of norm 2 or 3 in Z[+/5], and
N(2)=4,N(3) =9,N(1++/-5) = 6.

Note also that 2 is not associate to either 1 + /—5 or 1 — /—5.
This is clear, since associate elements must have the same norm. We
therefore have two genuinely distinct factorizations of 6 into irreducible

139
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elements in Z[v/=5]. Also, 2 is an example of an irreducible element
which is not prime, for we have 2 | (1 + v/=5)(1 — v/=5), but we
cannot have 2 | 1 £ /=5 or else (taking norms), we would have 4 | 6,
a contradiction. (If z | y then y = 23 for some 3, so ¥ = 3 and
therefore |y|*> = |z|?|8)? and N(z) | N(y).)

We need a few simple lemmas before being able to prove that Eu-
clidean domains are UFD’s. The first concerns elements of norm zero
in a BEuclidean domain.

LEMMA A.2. Let R be a Euclidean domain and suppose that x is a
nonzero element of R with ¢(z) = 0. Then x is a unit.

ProOF. Use the division algorithm to write 1 = xq +r with r =0
or ¢(r) < ¢(x). The latter is impossible since ¢(z) = 0 and ¢(r) > 0.
Therefore 1 = xq and x is a unit. O

We need the notion of a least common multiple in an integral do-
main R. Let a,b,m € R, a,b,m # 0. We say that m is a least common
multiple (LCM) of a and b if a and b both divide m, and if m | M for
every other common multiple M of a and b.

LEmMA A.3. If R is a Fuclidean domain, then any two nonzero
elements a,b € R have a least common multiple.

PrROOF. Let S = {M € R : a | M,b| M}. Then ab € S, so
S # (). Choose a nonzero element m € S of least possible norm. We
claim that m is an LCM of a and b. To see this, suppose that M € S
is any common multiple of a and b, and write M = mq + r with r =0
or ¢(r) < ¢(m). Since r = M — mq, we have r € S, and since ¢(m) is
minimal among all nonzero elements of S, we must have r = 0, so that
m | M as desired. O

The following lemma is the key to proving that Euclidean domains
are UFD’s.

LEmMMA A4, If R is a Euclidean domain, then every irreducible
element is prime.

PROOF. Let p be an irreducible element of R and suppose p | ab
with a,b # 0. Suppose p does not divide a; we claim that p | b. Let m

be an LCM of a and p. Then m | ap, so x = 2 is in R. As a | m, we

have p = z”*. Since p is irreducible, either x or 2 is a unit. If 2 is a
unit, then m ~ a, and since p | m we would have p | a, a contradiction.
Therefore x is a unit, so m ~ ap. As ab is a multiple of both a and p,
we have m | ab, and therefore ap | ab. This implies that p | b, so we are

done. O
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We can now prove the main theorem of this section.
THEOREM A.5. A Fuclidean domain is a UFD.

Proo¥r. To show that every element of the Euclidean domain R has
(at least one) factorization into irreducibles, it suffices by induction to
prove that up to multiplication by units, every element of R has only
finitely many divisors. (Convince yourself that this suffices!)

In other words, it suffices to prove:

Claim: If z € R then there exist x1,...,x, such that if y |  then
y ~ x; for some 1.

To prove this, suppose y | x, and write y = gz + r with r = 0 or
o(r) < ¢(x). If r = 0 then = | y, and it follows easily that y ~ z.
Now suppose ¢(r) < ¢(x). Then by induction on ¢(z), we can assume
that there exist ry,...,r, such that every divisor of r is associate to
one of 71, ..., 7. (If () = 0 then x is a unit and we're done, which
establishes the base case of the induction). But y = gz +r and y | =,
so y | r, and therefore y is associate to one of r1,...,7r,. So we can

take {x1,..., 2z} ={z,r1,...,rm}.

For uniqueness, suppose that fi--- f,, = g1---g, with each f;, g;
irreducible. Since f; is irreducible and R is Fuclidean, f; is prime.
Since f1 | g1+ - - gn, it follows that f; | g; for some i. As g; is irreducible
and f; is not a unit, we must have f; ~ g;.

After relabeling, we may assume WLOG that ¢ = 1, so that f; = ¢;.
We find that fi(fo - fmn — g2---9n) = 0, and since R is an integral
domain, this implies that fs--- f,,, = g2+ g,. We are now finished by
induction on the number of factors. O

In particular, this theorem gives us a proof of the Fundamental
Theorem of Arithmetic.

2. The theorem of the primitive element and embeddings
into algebraic closures

Let K be a field, and fix an algebraically closed field K containing
K.

Recall that a field extension L/K is separable if the minimal poly-
nomial over K of every element a € L has distinct roots in K. This
does not depend on the choice of K. We recall the following basic
results from field theory. The first is often proved as a consequence of
Galois theory, but one does not really need Galois theory in order to
prove it.
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THEOREM A.6 (Theorem of the primitive element). If L/K is a
separable field extension of degree n, then there exists an element 6 € L
of degree n.

Proor. If K is a finite field, then the result follows from the fact
that the multiplicative group of a finite field is cyclic. We therefore
assume that K is infinite. By induction, it suffices to prove that if
L = K(«, ), then in fact L = K(0) for some 0 € L.

Let f and g be the minimal polynomials over K of o and 3, respec-
tively. Suppose that f and ¢ factor over K as

fla) =@ =) (z = a,), g(z) = (x = Br) -~ (= By),

with oy = a and 3, = 5. Note that the «;’s are distinct (since L/K is
separable), as are the ;’s.

In particular, the fact that the ;s are distinct implies that for each
i and each k # 1, there is at most one element 7' € K such that

& +v0k=a+70.

There are only finitely many such equations, and K is infinite, so we
can find an element v € K such that for each ¢ and for each k # 1,

i + Y0k # a+ B

Define 6 := a + v, and note that by construction, 6 is not of the
form o; + 0 for any (i,k) # (1,1).

We claim that L = K (). Clearly K(#) C L, and since v € K and
a = 0 — ~f3, it suffices to prove that § € K(0).

Let L' := K(0). Since f(6 —v3) = f(a) = 0, if we define h(zx) :=
f(@—~z) € L'[x], then h(B) = 0. We claim that 3 is the only common
zero of g(z) and h(z) in K, so that the GCD in K|z] of g(x) and h(x)
is (x — B). Indeed, if A € K and g(\) = h()\) = 0, then ) is one of the
B;’s and 6 — A\ is one of the a;’s. By our choice of 8, this implies that
A = [ as claimed.

Let G(z) be the minimal polynomial of § over L. Then G(x)
divides both g(z) and h(z), so it divides their GCD. But then we must
have G(z) = (z — ), and in particular g € L’ as desired. O

The following is a standard result in Galois theory, but can also be
proved directly using the primitive element theorem as follows.

ProposITION A.7. If L/K is a separable extension of degree n,
then there are precisely n distinct embeddings of L into K which fix
every element of K.
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PROOF. By the theorem of the primitive element, there exists an
element 0 € L of degree n. Let 6y, ...,0, € K be the conjugates of 6.
By basic field theory, there exists a unique embedding (i.e., injective
field homomorphism) o; : L — K which fixes K and sends 6 to 6;. Let
fo be the minimal polynomial of # over K. If ¢ is any embedding of L
into K fixing K, then fy(o(6)) = o(fs(8)) = 0, so that o(f) = 6; for
some ¢. Therefore o = o; for some 1. O

COROLLARY A.8. Let L/K be a finite separable extension, and let
o1,...,0, denote the embeddings of L into K. If 3 € L is fized by o;
foralli=1,...,n, then 8 € K.

PROOF. Let d = [K(() : K]. Then there are exactly d embeddings,
call them 71, ..., 74, of K(3) into K which fix K, and they are given by
sending [ to each of its conjugates over K. If o is a primitive element
for L/K, so that L = K(«), then each 7; must send a to one of its

conjugates over K, and therefore must equal o; for some j. Since the
o;’s all fix 3, we conclude that d =1, i.e., 8 € K. O

3. Free modules over a PID

Let R be a commutative ring with 1. An R-module M is called
torsion-free ift m € M, r € R, and rm = 0 imply that either m = 0
or r = 0. A module M is free of rank n if there is a generating set
my, ..., my, with the property that rym; +--- + r,m, = 0 if and only
if r; = 0 for all 4. In this case, M is isomorphic to a direct sum of n
copies of R, and the set {my,...,m,} is called a free basis for M.

The following result is proved as Theorem B.3 of Appendix B in
[Janusz.

THEOREM A.9. Suppose R is a PID, and let M be a finitely gen-
erated, torsion-free R module which can be generated by n elements
but no fewer. Then M is free of rank n, and any generating set of n
elements gives a free basis of M.

COROLLARY A.10. If K is the quotient field of the PID R and L/ K
s a finite field extension, then every finitely generated R-submodule of
L is free of rank at most [L : K].

PROOF. Since R is a subring of the field L, any R-submodule M of
L must be torsion-free. By Theorem A.9, M is free of rank n for some
n. By clearing denominators, one shows easily that the elements of a
free basis of M over R are linearly independent over K. Therefore the
rank of M is at most [L : K]. O
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We will also use the fundamental theorem for finitely generated
abelian groups, in the following (slightly non-standard) form.

THEOREM A.11. Let G be a free Z-module of rank n, and let H be
a subgroup of G. Then:

(a) H is free of rank m < n.

(b) There ezists a basis aq,...,a, for G and positive integers
Cl,...,Cm Such that ciaq, ..., cpay, forms a basis for H.

(¢) The index |G : H]| is finite if and only if m = n. In this case,
let z1,...,x, (resp. y1,...,yn) be any basis for G (resp. H),
and write

Y1 1
: =A
Yn Iy

with A € M,,(Z). Then [G : H| = |det(A)|.

PROOF. (Sketch) Although part (a) follows from Theorem A.9, we
sketch a direct proof by induction on n. If n = 1 then H = aZ for some
a € Z and therefore H is free of rank 1 (if a # 0) or 0 (if a = 0). In
general, we identify G with Z™ and let 7 : Z" — 7Z be projection onto
the last coordinate. Let H' = ker(m) N H and let H” = w(H). Then by
induction H' is free of rank < n—1 (since H' is isomorphic to a subgroup
of Z"1) and H" is free of rank at most 1. If H” = (0) then H = H' and
we are done. Otherwise, H"” = aZ is free of rank 1. Choose x € H such
that 7(z) = a. Then © maps G” := xZ isomorphically onto H”, so to
prove (a) it suffices to prove that H = H'@&G”. This is straightforward
and we leave it to the reader.

We assume m = n and prove (b) and (c) at the same time. (We
leave the case m < n to the reader). Let z = [x1,...,2,]" (resp.
Yy = [y1,-..,yn]") be a basis for G (resp. H), and write y = Az with
A € M,(Z). The reader can verify that multiplying A on the right by a
unimodular matrix 7" (i.e., an element of M, (Z) with determinant +1)
corresponds to replacing = by another basis /. Similarly, multiplying
A on the left by a unimodular matrix 7" corresponds to replacing y by
another basis y/. Therefore, it is enough to prove that by performing
elementary row and column operations on A, we can change it into a
diagonal matrix. (Convince yourself that this is enough).

For this, it is enough by symmetry and induction to use elementary
row operations to obtain a matrix A’ with a}; = 0 for all ¢ > 1. This can
be done using the division algorithm and induction on M := max{|a;| :
i > 1}: Let ¢(z) = |z| and swap two rows if necessary so that ¢(ay1) <
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¢(a;1) for i > 1. Then add a suitable integer multiple of row 1 to row
1 for each 7 > 1 so that M is decreased. U

REMARK A.12. The theorem is in fact valid when 7Z is replaced by
any PID R. The proof we have given works whenever R is a Euclidean
domain.






