CHAPTER 1

Number Fields

1. Example : Quadratic number fields

Before we consider number fields in general, let us begin with the fairly concrete
case of quadratic number fields. A quadratic number field is an extension K of Q
of degree 2. The fundamental examples (in fact, as we shall see in a moment the
only example) are fields of the form

Q(Vd) ={a+bVd|a,beQ}

where d € Q is not the square of another rational number.

There is an issue that arises as soon as we write down these fields, and it is
important that we deal with it immediately: what exactly do we mean by vd?
There are several possible answers to this question. The most obvious is that by
V/d we mean a specific choice of a complex square root of d. Q(\/&) is then defined
as a subfield of the complex numbers. The difficulty with this is that the notation
“d’ is ambiguous; d has two complex square roots, and there is no algebraic way
to tell them apart.

Algebraists have a standard way to avoid this sort of ambiguity; we can simply
define

Q(Vd) = Q[z]/(z* — d).

There is no ambiguity with this notation; v/d really means z, and z behaves as a
formal algebraic object with the property that 2 = d.

This second definition is somehow the algebraically correct one, as there is no
ambiguity and it allows Q(\/(j) to exist completely independently of the complex
numbers. However, it is far easier to think about Q(v/d) as a subfield of the complex
numbers. The ability to think of Q(v/d) as a subfield of the complex numbers also
becomes important when one wishes to compare fields Q(v/d;) and Q(+/dz) for
two different numbers d; and do; the abstract algebraic fields Q[x]/(z? — dy) and
Q[y]/(y* — dz) have no natural relation to each other, while these same fields viewed
as subfields of C can be compared more easily.

The best approach, then, seems to be to pretend to follow the formal algebraic
option, but to actually view everything as subfields of the complex numbers. We
can do this through the notion of a complex embedding; this is simply an injection

o :Q[z]/(2* — d) — C.

As we have already observed, there are exactly two such maps, one for each complex
square root of d.

Before we continue we really ought to decide which complex number we mean
by vd. There is unfortunately no consistent way to do this, in the sense that we

5



6 1. NUMBER FIELDS

can not arrange to have
Vdiy/dy = \/dids
for all dy,d, € Q. In order to be concrete, let us choose Vd to be the positive
square root of d for all d > 0 and V/d to be the positive square root of —d times i
for all d < 0. (There is no real reason to prefer these choices, but since it doesn’t
really matter anyway we might as well fix ideas.)
With this choice, our two complex embeddings are simply

o1:Qlz]/(2? —d) — C

oy : Qlx]/(2* —d) — C
defined by

o1(a+ bx) = a+ bVd,

oa(a+br) =a—bVd.
Given any a + bx € Q[z]/(2? — d), we define its conjugates to be the images o1 (a +
bz) = a4+ bvd and oy(a + bz) = a — bV/d.

Note that these maps have the same image. This gives us yet another way to

view the ambiguity: we can take Q(v/d) to be the subfield {a + bv/d | a,b € Q} of
C, and we remember that Q(v/d) has an automorphism

a—&—b\/&»—wt—b\/&.

This is the approach we will take; that is, we will regard Q(\/&) as a subfield of
C via our choice of v/d, but we always remember that v/d is ambiguous, and thus
that we have an automorphism of this field exchanging v/d and —v/d. From this
point of view, the conjugates of an element a + bv/d are a 4+ bv/d and a — bv/d.

Let us now analyze these fields K = Q(v/d). Note first that every a € K has
degree either 1 or 2 over Q, and it has degree 1 if and only if it is actually in Q. In
particular, if o ¢ Q then we must have K = Q(«).

Let us now compute the norms and traces from K to Q. We take 1,v/d as our
basis for K over Q. Multiplication by a = a + bv/d takes 1 to a + bv/d and Vd to
bd + a\/d, so the matrix for the linear transformation m,, is

a bd

b a |-
The characteristic polynomial of this matrix is

2% — 2ax + (a* — bd?).
Thus
Ny /o) = a® — bd?
and
Trg /o) = 2a.
Note also that we have
Nk /o(a) = (a+bVd)(a — bVd)
and
Tro(@) = (a+bVd) + (a — bVa).

That is, the norm of « is the product of its conjugates and the trace of « is the

sum of its conjugates. This follows immediately from the fact that the conjugates
of « are the two roots of the characteristic polynomial of a.
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It turns out that every quadratic field is of the form Q(\/ﬁ) for some d € Q.
In fact, in the case of quadratic fields it is actually possible to give a complete
classification, as described in the following theorem.

THEOREM 1.1. Let K be a number field of degree 2. Then K is isomorphic to
Q(Vd) for a unique squarefree integer d # 1.

PROOF. First we will show that every extension of QQ of degree 2 is isomorphic
to one of the desired form. So let K/Q have degree 2 and choose a primitive element
a for K, with minimal polynomial

f(z) =2® + ax + b,
a,b € Q. By the quadratic formula we have

—a++va? —4b
2 b

put differently,
(2a + a)2 = a? — 4b.

Thus K contains an element 8 = 2a + a of square a? — 4b € Q. Note also that
a? — 4b is not a square in Q, for otherwise f(z) would not be irreducible. It follows
that 3 has degree 2 and thus is a primitive element for K. a? — 4b may not be a
squarefree integer, but one sees easily from unique factorization in Z that we can
find some rational number ¢ such that c¢?(a? — 4b) is a squarefree integer. cf3 still
generates K over Q, and it is now in the form we considered above. This shows
that every extension of Q of degree 2 can be generated by the square root of a
squarefree integer.

We now show that no two fields Q(v/d) with d a squarefree integer (other than
1) are isomorphic. So let dy and dy be distinct squarefree integers and suppose that

there is an isomorphism

¢ : Q(Vdi) = Q(Vdy).
We will show that d; = dy. Consider the element o = ¢(v/dy) € Q(v/d2). « has
minimal polynomial z? — d;, so we read off that

N, q(e) = —di
and
Trg, o(a) = 0.
Writing o = a + bv/dz, our formulas for the norm and trace imply that a = 0 and

b2dy = di. One now shows easily that the fact that d; and dy are squarefree integers
implies that b = 1 and d; = ds, as claimed. O

This sort of analysis does not work for any degree other than 2; even the cubic
and quartic “formulas” are too complicated to use, and beyond that there aren’t
any formulas at all.

2. Complex embeddings

A number field is a finite extension of the rational numbers Q. (This is not
quite the same as the definitions given in [9] and [13], but it seems to be the most
common definition.) We define the degree of a number field K to be the positive
integer [K : Q]. The fundamental examples are fields of the form

Qlal/(f(x))
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where f(z) € Q[z] is an irreducible polynomial. In fact, Proposition A.2.3 shows
that every number field K is isomorphic to one of this form: simply choose a
primitive element o € K with minimal polynomial f(z) € Q[z]. Then K = Q(«)
and Lemma A.2.1 shows that K is isomorphic to Q[z]|/(f(x)).

Let K and K’ be number fields and suppose that there is a homomorphism

p: K — K.

Then ¢ is automatically Q-linear: this is because it must send 1 to 1; it follows
from the fact that it is an additive homomorphism that it must be the identity on
all of Z, and it follows from the fact that it is a multiplicative homomorphism that
it must be the identity on all of Q.

We now investigate complex embeddings of arbitrary number fields. That is,
for a number field K we wish to determine all of the possible injections K — C.
Recall that in the quadratic case we did this by exhibiting complex square roots.
We will use the same method in the general case, although of course the polynomials
of interest will now have larger degree.

Fix a number field K of degree n and choose a primitive element a € K with
minimal polynomial f(x) € Q[z]. Since C is algebraically closed, f(z) splits into n
linear factors over C; since f(z) is irreducible over Q, these linear factors must be
distinct (see Problem 1.12), and thus f(z) has n distinct roots oy, ... ,a, € C.

For each root «; we define a (necessarily Q-linear) map

JiZKi@(ai)gC

sending « to «;; that is,

0; (ao + a1+ a2a2 + 4 an,lanfl) =ap+ a0 + agaf + 4 an,lcﬁf1
where the a; are all in Q. This map is well-defined since «; satisfies f(x), it is
injective since all non-zero maps of fields are injective, and it is surjective since «;
generates Q(«;) over Q.

We have now embedded K as a subfield of C in n distinct ways. (Note that we
mean that the maps are distinct; the images of the embeddings could still be the
same.) We claim that the o; are the only embeddings of K into C. To see this, let
o : K — C be any such map. Then o(«) must have the same minimal polynomial
f(x) over Q as «; thus o(a) must be one of the complex roots of f(z), which are
precisely the ;. Therefore o(a) = «; for some 4, and since « generates K over Q,
this implies that ¢ = ¢;. This proves the claim.

In particular, this implies that the embeddings o; are independent of the choice
of primitive element «, since any other choice would yield n embeddings of K into
C which by the above argument must be the same as the ¢;. Combining all of this,
we see that there are exactly n distinct embeddings of K into C. We state this as
a proposition.

PROPOSITION 2.1. Let K be a number field of degree n. Then K has exactly n
distinct complex embeddings.

EXAMPLE 2.2. Consider the number field Q[z]/(z® — 2). This has degree 3
over @, so there should be three complex embeddings. These are determined by
the three roots of 2% — 2 in C. If we let a be the real cube root of 2 and let ¢ be
a third root of unity in C, then these roots are o, Ca and ¢2a.. The three complex
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embeddings are then the three maps

Qlz]/(a® ~2) - C
sending = to o, Ca and (2a respectively. Note that in contrast to the case of

Q[z]/(2* — 2) these maps have different images; for example, the first map has
image inside of R, while the other two do not.

Let « be an arbitrary element of K with minimal polynomial f(z) € Q[x] of
degree d. We define the conjugates of « to be the d complex roots of f(z); that
is, they are simply the complex numbers which behave exactly the same as a does
algebraically. Alternately, if 7, ... , 74 are the d complex embeddings of the subfield
Q(a) of K (which is a number field since K is), the conjugates are precisely

(@), ... ,1a(a),

as is clear from the above discussion. In particular, if « is a primitive element for
K, then its conjugates are the n complex numbers

o1(a),... ,on().

As with the quadratic case we would like to be able to think of number fields as
specific subfields of the complex numbers. As we have just seen, we can do this in
n different ways, where n is the degree of the number field K. In general, however,
these embeddings have different images. Thus, although it is often useful to think
of K in terms of these complex images, there is no single field that one can point
to and say is the best choice for a complex version of K. We will always attempt to
be careful about this point. For example, when we write Q(4/2), we do not mean
to single out any of the three complex versions of it; if we wish to do so, we will
make it explicit.

This sets up a slightly strange situation: whenever we say “let K be a number
field”, we want to regard K independent of any complex embedding of K. On the
other hand, our examples will usually involve specific subfields of C in order to
fix ideas. In particular, keep in mind that a subfield of C can still have complex
embeddings, just like any number field.

The one case where one can safely identify a number field with the images of
its complex embeddings are when all of these complex embeddings are the same.
In this case we will say that K is Galois (over Q). We will return to the theory of
Galois extensions later.

3. Example : Cyclotomic fields

3.1. Cyclotomic polynomials. Before we define cyclotomic fields abstractly,
let us work with subfields of the complex numbers. Recall that a complex number
¢ is an m* root of unity if (™ = 1; it is a primitive m** root of unity if m is the
smallest positive integer which works. The complex m'™" roots of unity are precisely
the numbers

eQTrzk/m

for k=0,1,...,m — 1, and the primitive m' roots of unity are those for which k

and m are relatively prime. In particular, there are m complex m™ roots of unity
and o (m) complex primitive m'" roots of unity, where p(m) is the Euler ¢-function.
(See Appendix B.)

Let ¢, be a fixed complex primitive m*™® root of unity. ¢, is a root of z™ — 1,
but for m > 1 this can not be its minimal polynomial, as it is not irreducible. We
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wish to determine the minimal polynomial f(x) € Q[z] of (,,; we will do this by
determining the complex roots of f(x).

PROPOSITION 3.1. If p is a prime not dividing m, then &, is a root of f(x).
PROOF. f(z) divides 2™ — 1 in Qlx]; thus we can write

a™ =1 = f(x)g(x)
for some monic g(x) € Q[z], and by Exercise 1.4 we actually have f(z), g(z) € Z[z].
Since (&, is a root of ™ — 1, to show that it is a root of f(x) it will suffice to show
that it is not a root of g(x).

So suppose that ¢g(¢2) = 0. Let h(z) € Z[z] be the monic polynomial g(zP?).
Then h(¢n) = 0, so f(x) divides h(z) in Q[z]. Writing h(x) = f(z)g(x), Exercise 1.4
again shows that g(x) is actually in Z[z].

We now work modulo p. For any polynomial s(z) € Z[x], we denote by §(z) its
image in F,[z] after reducing the coefficients modulo p. We have h(z) = f(z)q(z);
also,

h(z) = g(z") = g(x)?
by Exercise 1.15. Thus f(x) divides g(x)? in Fp[z]. Since F,[z] is a unique fac-
torization domain, this implies that f(z) and g(z) have a monic common factor of
positive degree, say 7(x).

We have f(z)g(z) = 2™ — 1 € F,y[z], so 7(x)? divides 2™ — 1 in F,[z]. By
Exercise 1.11, this implies that 7(z) divides ma™~!. Since p does not divide m (this
is the only place where we use that hypothesis), ma™~! is a non-zero monomial,
so 7(x) must also be a non-zero monomial. But 7(z) also divides ™ — 1; the only
monic monomial with this property is 1, so 7(x) = 1. This contradicts the fact that
7(z) has positive degree, so the initial assumption that g({?,) = 0 must be false.
Thus f(¢?,) = 0, which completes the proof. O

COROLLARY 3.2. The conjugates of (,, are precisely the other primitive m™

roots of unity.

PROOF. As before let f(x) be the minimal polynomial of (,,. Let (¥ be any
other primitive m*™® root of unity. Then k is relatively prime to m, so it is divisible
only by primes not dividing m. Write k = p1ps - - - pn, with the p; not necessarily
distinct. Then Proposition 3.1 shows that (P! is a root of f(z). In particular, f(x)
is also the minimal polynomial of ¢?!. Applying Proposition 3.1 with respect to
the primitive m'" root of unity (P shows that (P2 is also a root of f(z), and
continuing in this way we see that (¥ is a root of f(x). Thus all primitive m'®
roots of unity are roots of f(x), and therefore conjugates of (.

To complete the proof we must show that (,,, has no other conjugates. But if
« is any other conjugate of (,,, then there is an isomorphism of Q((,,) and Q(«)
sending (,, to «; it follows that a must also be a primitive m*™ root of unity, as
claimed. O

We now define the m** cyclotomic polynomial ®,,(x) € Z[z] to be the minimal
polynomial of the complex primitive m*™ roots of unity. Since it is a minimal
polynomial ®,,(z) is irreducible, and our above arguments show that it has degree
e(m).

Since we have now shown that all primitive m'" roots of unity are essentially
“the same” from the point of view of algebraic number theory, we might as well fix
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specific complex values for each (,,. Let us take
Cm _ eZ‘n’i/m cC
for all m. These roots of unity have the nice property that

Cg/m = Gm

whenever m divides n. (While it may appear to be true even if m doesn’t divide
n, one then has all sorts of multiple-valued function stuff to worry about.) More
generally, any choice of (,, with this compatibility would be fine, but we will stick
with these for concreteness.

Corollary 3.2 gives the expression

‘I)nz(x): H (33_ nkq)

However, this formula is not very useful for actually computing the ®,,,(z) by hand.
For this we have the following result, which gives an expression for ®,,(z) entirely
in terms of integer arithmetic.

ProrosiTiON 3.3. We have
2™ —1 =[] ®al2)
dlm

and
D) = [ = 1)/
dlm

where p is the Mobius function.

PROOF. The first equality is clear since each side has exactly the same complex
roots; namely, each m'" root of unity is a root of exactly one of the ®4(x) with
d dividing m. The second equality comes from Mobius inversion of the first. See
Example B.2.5. O

Using this formula we see immediately that for any prime p,
P —1

1 =Pt aP T P L
z —

Py(2) =

The first few cyclotomic polynomials are

O(z)=2a—-1

Oy(z)=a+1

Os(z) =2+ o +1

Py(x) =2 +1

Os(z) =2+ 23+ + 241
Pg(z) =2 —x +1
Pr(x)=ab + 25+t +a a1
Pg(x) =2 +1
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(x)
Po(z) =2t ¥+ —x 41
<I>11(9r:):$10+x9+x8+m7+x6+m5+x4+x3+x2+x—|—1
Prp(z) =2t —2? +1

There are many patterns which can be found among the cyclotomic polynomials;
we leave these to the reader. (We will at least point out that it is not true that
every ®,, has only coefficients £1 and 0, although ®;¢5 is the first which violates
this.)

3.2. Abstract cyclotomic fields. We define the m! cyclotomic field to be

the field

Q[z]/ (P ()
where ®,,(z) is the m'® cyclotomic polynomial. Q[z]/(®,,(x)) has degree ¢(m)
over Q since ®,,(x) has degree p(m). The roots of ®,,(x) are just the primitive
m™ roots of unity, so the complex embeddings of Q[z]/(®,,(z)) are simply the
¢(m) maps

o : Qlal/ (B () — C,

1<k <m, (k,m)=1, where

ox(x) = (s
(m being our fixed choice of primitive m'™ root of unity. Note that (¥ € Q(¢n)
for every k; it follows that Q((,) = Q(¢F) for all k relatively prime to m. In
particular, the images of the o; coincide, so Q[z]/(®,,(x)) is Galois over Q. This
means that we can write Q((,) for Q[z]/(®,,(x)) without much fear of ambiguity;
we will do so from now on, the identification being (,, — x. One advantage of this
is that one can easily talk about cyclotomic fields being extensions of one another,
or intersections or compositums; all of these things take place considering them as
subfields of C.

We now investigate some basic properties of cyclotomic fields. The first issue
is whether or not they are all distinct; to determine this, we need to know which
roots of unity lie in Q(¢,,). Note, for example, that if m is odd, then —(,, is a 2m'h
root of unity. We will show that this is the only way in which one can obtain any

non-m*" roots of unity.

LEMMA 3.4. If m divides n, then Q((y,) is contained in Q((y).

PROOF. Since Cﬁ/m = (m, we have (,, € Q((n), so the result is clear. O

LEMMA 3.5. If m and n are relatively prime, then

Q(Cvm Cn) = Q(Cmn)
and

Q(Gm) N Q) = Q.
(Recall that Q((m, Cn) is the compositum of Q(¢,,) and Q(&)-)

PROOF. One checks easily that (,,(, is a primitive mn*® root of unity, so that
Q(¢mn) € Q(Gm, Cn)- Furthermore, by Lemma A.3.3,

[Q(Cm, Gn) : Q] < [Q(Gm) = QQC) = Q] = (m)p(n) = p(mn);
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since [Q(Cmn) @ Q] = w(mn), this implies that

We now have a field diagram

Q(Cm, Cn)

We know that Q((m,¢n) has degree ¢(mn) over Q, so we must have
[Q(CﬂnCﬂ) : Q(C’m)] = W(n)

and

[Q(Cm Cn) = Q(CR)] = p(m).
Now Lemma A.3.3 shows that
[Q(Gm) : Q) NQ(Gn)] = (m)
and thus that Q((r,) N Q(¢,) = Q. O

PROPOSITION 3.6. For any m and n,

and
Q(Cm) n Q(Cn) = Q(C(m,n))y

here [m,n| and (m,n) denote the least common multiple and the greatest common
divisor of m and n, respectively.

ProOF. Write m = pi*---p* and n = pi' pﬁk where the p; are distinct
primes. (We allow e; or f; to be zero.) By Lemma 3.5 we have

Q(Cm) = Qe )Q(Cpez) -+ - QCex )
and

Q) = 010G ) QG 1)
Thus

(G ) - QUG ) QG ) -+~ QL 1)
(G5 )QUC 1) - QUG )QUC 1)

(Cp;nax{eufl}) B @(Cp:m«{ek,m)
(
(

Cpxlnax{elyfl}___pkmax{ek,fk})



14 1. NUMBER FIELDS

the third equality uses Lemma 3.4, the fourth uses Lemma 3.5 and the last uses a
standard expression for least common multiples. An entirely similar computation

shows that Q(¢m) N Q(¢n) = Q(Cim,n))- U

COROLLARY 3.7. If m is even, then the only roots of unity in Q((,,) are the
mt roots of unity. If m is odd, then the only roots of unity in Q(Cn) are the 2m®™
roots of unity.

PROOF. Suppose that ¢, € Q((n). Then (¢, is a [m,n]*™® root of unity, so
Q(C[m,n]) c Q(Cm) Thus
p([m,n]) < ¢(m).
One easily shows that this can happen only if m is odd and n divides 2m, or if m
is even and n divides m. This proves the corollary. O

COROLLARY 3.8. If m < n and Q((n) = Q(Cn), then m is odd and n = 2m.

4. Galois theory of number fields

Let K be a Galois extension of Q of degree n. Recall that this means that
if 1,...,0, denote the complex embeddings of K, then the o; all have the same
image in C. Let us denote this image by K for the remainder of this section. We
wish to reinterpret the complex embeddings as automorphisms of K. To do this,
fix one embedding, say o1 : K — K. Consider the n maps

afloai:K—>K.

These maps are all automorphisms of K (that is, isomorphisms from K to K) since
the o; are all isomorphisms from K to Kj.

We claim that in fact these are all of the automorphisms of K. So suppose that
o0 : K — K is any automorphism of K. Then oy 00 : K — Ky — C is a complex
embedding of K, and thus equals one of the ¢;. Thus o = Ufl o gj, as claimed.

In general, if M is any sort of object, then the set of automorphisms of M form
a group with composition as the group law; this is because the composition of two
automorphisms and the inverse of an automorphism are again automorphisms. We
define the Galois group Gal(K/Q) of K over Q to be the group of automorphisms
of K; our above arguments show that as a set Gal(K/Q) is just the maps o ' o0y
K — K. Note in particular that

(o7 ooi)o(or " 00y)

and

1 1

(07t 0o) =07 ooy
are again of the form o' o g}, for some k, although it is not at all clear which k it
is.

Note that Gal(K/Q) has order n; even if K is not Galois one could still consider
the automorphisms of K, but the above construction no longer works and it is
somewhat harder to determine how many automorphisms there are.

When one actually computes Galois groups, it is usually much simpler to con-
sider the fields as subfields of C. So let K be a Galois number field which is also
a subfield of C. The automorphisms of K are now simply its complex embeddings
0; : K — K C C. (With our earlier notation, we really are just considering the
case where o7 is the identity map.) Note in particular that ; 00; and o, L are also

complex embeddings of K, although it is not immediately clear which.
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To determine which, let o be a primitive element for K over Q and let oy =
a,Qa, ... ,q, be its conjugates, so that the complex embeddings of K are given by
o;(a) = ;. We can now determine o; o g; simply by determining for which & we
have

o;00j(a) = ag;
we then have o; 0 0; = 0y,

EXAMPLE 4.1. Let d be a squarefree integer (other than 1) and consider the
field Q(v/d). This has the two embeddings ; and oy characterized by

o1(Vd) = Vd

and

02(\/&) - —\/g.
o903 (Vd) = 02(—Vd) = —02(Vd) = Vd;

that is, 03 = o1. This confirms that
Gal(Q(Vd)/Q) = Z/2Z
as it must be; o7 is the identity element and o is the non-trivial element.

EXAMPLE 4.2. Consider the field Q(v/2,v/3). This field has degree 4 over Q,
with complex embeddings characterized by

01(V2) = V2, 01(v3) = V3

02(V2) = V2, 09(V3) = V3

03(vV2) = V2, 03(vV3) = —V3
(V2) = —V2, 04(V3) = —V3

We find that

SRS

04

One computes easily that each of o3, 03 and o4 have square o7 and that the
product of any two of them is the third, so that Gal(Q(v/2,+/3)/Q) is isomorphic
to Z/27 x Z/2Z.

ExaMPLE 4.3. Cousider the cyclotomic field Q(¢,,). This has ¢(m) complex
embeddings oy, (for (k,m) = 1), where o1,((n) = % . We compute
akaj(gm) = O'k(Cfn) = ak(gm)j = Cvjrfa
if jk =1 (mod m), then this shows that oy0; = 0y. In particular, we obtain a map
Gal(Q(¢m)/Q) — (Z/mZ)*

sending oy, to the class of k in (Z/mZ)*; the above calculation shows that this is a
group homomorphism. It is also clearly bijective by our characterization of the oy.
Thus we have obtained an isomorphism

Gal(Q(Gm)/Q) — (Z/mZ)".
Note that if ¢ = ¢!, is any m*™ root of unity in Q((,,), then
1(¢) = 0k ((h) = 01 (Gm)' = Gt = ¢~
This means that the above isomorphism is completely canonical, in the sense that

the automorphism corresponding to k € (Z/mZ)* has the effect of exponentiation
by k on any m™ root of unity in Q((,,). Note also that Gal(Q((,,)/Q) is abelian;
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in some sense this is the fact which will make all of the applications in this class
work.

EXAMPLE 4.4. For a non-abelian example, let v/2 be the positive real fourth
root of 2 and consider the field Q(+/—1, {‘@) The conjugates of v/2 are v/2, v—1v/2,
—v/2, —/—1+/2. This field has degree 8 over Q, with embeddings oy, ... , o7 char-

acterized by ‘
0i(V2) = V-1V2

oi(ﬁ)_{\/?l i=0,1,2,3;

and

—V/=1 i=4,5,6,T.

(To see that this field has degree 8, it is enough to show that [Q(+/2) : Q] = 4 and
that v/—1 ¢ Q(+/2). The first of these follows from Exercise 1.8 and the second can
be done in the same way as Exercise 1.16.)

We compute easily

_Jv=1  bothi,je{0,1,2,3} or both i,j € {4,5,6,7};
7i05(V=1) = {—\/j otherwise.
On the other hand,
0:0;(V2) = 0:(v=1'V2)
= 0i(V=1)/a:(V2)
_ FJF\/ i€{0,1,2,3};
VI)I=T V2 e {4 5.6, 7
”“2 i€{0,1,2,3};
V=T 'Y2 i€ {4,5,6,7)

For example,

o305(V—1) = —V1
0305(V2) = \/—718\4@ = V2,

S0 0305 = 04. On the other hand,

o5o3(V=1) = —v/—1

and

and

0’50’3(%) = \/—12\4/5 = —\‘75
so 0503 = 0. Thus Gal(Q(v/2,7)/Q) is non-abelian; with a little squinting one
discovers that it is isomorphic to the dihedral group of order 8.

5. Relative extensions

5.1. Relative embeddings. Let L and K be two number fields such that
LOK;setn=[L:Q], m=[K:Q],d=I[L:K]=mn/m. We wish to relate the
complex embeddings of L to those of K. Let us fix an embedding

c: K—C

and determine how many complex embeddings of L restrict to o on K. (Such an
embedding of L is said to extend o.)
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Choose a primitive element o for L/K and let f(z) € Klz] be its minimal
polynomial. Let g(z) = o(f(x)) € C[z]. Since C is algebraically closed and g(x) is
irreducible in K|[z], g(z) has d distinct roots aq,... ,aq in C. For each such root
we can define a map

7 : L—C
to be 0 on K and to send « to «;. This procedure yields exactly d distinct embed-
dings of L into C, all of which restrict to ¢ on K. Explicitly, we have
7i(a0+arataga®+- - +an10"t) = o(ag)+o(ar)ai+o(az)ai+ - +a(ap_1)a" !
where the a; are all in K.

We can actually conclude that these are all of the embeddings of L into C
extending o by a counting argument. Specifically, for any of the m complex em-
beddings ¢’ of K the above procedure yields d complex embeddings of L restricting
to ¢’ on K. In this way we can therefore obtain md = n distinct complex embed-
dings of L. But these are then all of the n complex embeddings of L; this implies
that each embedding of K has exactly d extensions to L, as if it had any more then
we would obtain too many complex embeddings of L.

Summarizing our work to this point, we have shown that each complex embed-
ding of K extends to d complex embeddings of L. In the case that K = Q, o must
be the unique embedding of QQ into C, and this all reduces to our original discussion
of complex embeddings.

We extend some of our earlier terminology to this situation. Given a € L with
minimal polynomial f(x) over K of degree e, we say that the o-K -conjugates of «
are the e (distinct) complex roots of o(f(z)). Continuing to let 71,...,74 be the
extensions of o to L, we find that each o-K-conjugate of o occurs precisely d/e
times among the numbers 71 (a), ... ,74(a). To see this, fix a o-K-conjugate a; of
a and consider the embedding p : K(a) — C given by ¢ on K and sending « to
a1. By the above discussion applied to L/K («), there are exactly [L : K(«)] = d/e
embeddings of L extending p, which means that there are exactly d/e embeddings
of L extending ¢ and sending « to o, as claimed. In particular, in the case K = Q
we find that each conjugate of « appears exactly d/e times among the images of «
under the complex embeddings of L.

EXAMPLE 5.1. Let K = Q(\/i), L = Q(\/i7 \/3) Let 0; : K — C be the
complex embedding

o1(a+bv2) = a+bv2.

The two extensions 71,72 : L — C of ¢ to L are given by

m(a+bvV2+ V3 +dV6) =a+bvV2+ V3 +dve
mo(a+bvV2 + V3 +dV6) = a+ V2 — evV/3 — dV6.

Similarly, the two embeddings extending the other embedding o9 of K are

m3(a+bV2 4+ V34 dV6) = a — b2 + ¢v/3 — dV6

To(a+bV2 4 V34 dV6) = a — bv/2 — ¢v/3 + dV6.
Let « = V2 + 3 € K. The o;-K-conjugates of a are () = V2 + 3
and 73(a) = V2 — /3. The oy-K-conjugates of o are 73(a) = —v/2 4+ /3 and
74(a) = —v/2 — /3. Together these give the four conjugates of a.
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5.2. Relations to characteristic polynomials. Our next goal is to relate
complex embeddings to norms and traces. We first work with characteristic poly-
nomials.

LEMMA 5.2. Let L/K be an extension of number fields of degree d and let o
be a primitive element for L/K. Let o be a fived complex embedding of K and
let T1,...,7q4 be the extensions of o to L. Let g(x) € Klz| be the characteristic
polynomial (and thus the minimal polynomial) of a for L/K. Then

d
a(g(x)) = [ [(x = 7i()) € Cla].

i=1

PrROOF. We know that the 7; are constructed by taking the complex roots

a1,...,aq of o(g(z)) and mapping « to each «;; that is, we have 7;(«) = ;. Thus
the 7;(«) are precisely the complex roots of o(g(x)), which is the statement of the
lemma. O

PROPOSITION 5.3. Let L/K be an extension of number fields of degree d and
let o be an arbitrary element of L. Let o be a fized complex embedding of K and
let Ty, ... ,7q be the extensions of o to L. Let g(x) be the characteristic polynomial
of a for L/K. Then

d
o(9(@)) = [ (@ - 7i(a))-

i=1

PROOF. Let a have minimal polynomial f(x) of degree e over K and consider
the tower of fields L/K(a)/K. Let p1,...,pe be the extensions of o to K(«). By
Lemma 5.2 we know that

e

o(f(2)) = ][ (@ = pila)).

i=1

By Corollary A.4.4 we know that g(z) = f(2)%°. We also know, from the discussion
of the previous section, that each o-K-conjugate p;(«) of « occurs exactly d/e times
among 71 (), ... ,74(«). Combining all of these facts yields the proposition. O

The next result gives the fundamental connection between embeddings and
norms and traces.

COROLLARY 5.4. Let L/K be an extension of number fields of degree d. Let
o : K — C be a complex embedding of K and let 7,...,7q be the d complex
embeddings of L extending o. Then for any o € K,
o(Np/g a) = 1i(a)---14(a)
and
U(TI”L/K Oé) = 7'1(04) + -+ Td(a).
PRrROOF. This is immediate from Proposition 5.3 and the definitions of the norm

and trace in terms of characteristic polynomials. O

For convenience, let us restate our main results in the case of an extension

K/Q.
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COROLLARY 5.5. Let K be a number field of degree n with complex embeddings
O1y---,0n. Let a be an element of K with characteristic polynomial g(x). Then

n

g(@) = [ [(@ - ai(e).

i=1
Furthermore,
Ngga =oi(a)---on(a)
and
Trgga=o1(a) +-- +ou(a).

5.3. Relative Galois extensions. Let L/K be an extension of number fields
of degree d. Fix a complex embedding o of K with image Ky, and let 71,... ,74 be
the extensions of o to L. If the 7; all have the same image Lg in C, we will say that
L is Galois over K. (We will check in a moment that this definition is independent
of the choice of o.)

Let us define the Galois group Gal(L/K) to be the group of K-linear auto-
morphisms of L; that is, it is the group of automorphisms of L which fix every
element of K. As with Galois groups over Q, we can describe Gal(L/K) in terms
of embeddings. Specifically, fix the embedding 7 and consider the d maps

Tl_IOTi:L—>L.

These are automorphisms of L, since the 7; are all isomorphisms; furthermore, they
are the identity on K, since both 7; and 7y act on K as 0. Thus we have exhibited
d K-linear automorphisms of L.

We claim that all K-linear automorphisms of L are of this form. So suppose
that 7 : L — L is another such automorphism. Then 7 o7 : L — Ly is a complex
embedding of L. Furthermore, it is simply ¢ on K, since 7 is the identity on K.
Thus 71 o 7 must be one of the 7;, so that 7 = Tfl o T;, as claimed.

Notice now that the definition of Gal(L/K) made no mention of . In particu-
lar, let o’ : K — C be another complex embedding of K with extensions 71,. .., 75.
We claim that the 7/ all have the same image. To see this, note that for every
p € Gal(L/K), 1{ o p is a complex embedding of L which extends o. The d dif-
ferent elements of Gal(L/K) yield d different such embeddings, all with the same
image 7{(L); these must be nothing more than 77, ... , 7}, since those are all of the
embeddings of L which extend o. In particular, this shows that the property of L
being Galois over K is independent of the choice of embedding of K.

As before, one can actually compute Gal(L/K) by considering L and K as
specific subfields of C and then considering the action on o-K-conjugates of gener-
ators.

EXAMPLE 5.6. Take L = Q(v/2,v/3) and K = Q(v/2). We computed Gal(L/Q)
in Example 4.2. Of the four automorphisms given there, 01 and o3 are the identity
on K, so we can identify

Gal(L/K) = {0'1,0'3} = Z/2Z

Notice in particular that if L/Q is Galois, then Gal(L/K) is a subgroup of
Gal(L/Q). The main theorem of Galois theory is a generalization of this fact.
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THEOREM 5.7. Let L/K be a Galois extension of number fields. There is a
bijective correspondence between subgroups of Gal(L/K) and subfields of L, given
by

HC Gal(L/K) — L¥ = {x € L;h(z) = x for all h € H}
{c € Gal(L/K);o| =id} « L.

This correspondence is inclusion reversing, and L is Galois over each subfield L
with Galois group Gal(L/L") = H. Lastly, L™ is Galois over K if and only if H
is a normal subgroup of Gal(L/K), in which case Gal(L* /K) = Gal(L/K)/H.

COROLLARY 5.8. Let L/K be a Galois extension and let a be an element of L.
Then o € K if and only if o(a) = a for all o € Gal(L/K).

PrOOF. The fact that o(a) = a for all @ € K and all 0 € Gal(L/K) is part of
the definition of the Galois group. Conversely, by Theorem 5.7, the subfield K of L
must correspond to the largest subgroup of Gal(L/K); that is, it corresponds to the
entire group G = Gal(L/K), and thus by the definition of the Galois correspondence
we find that K = LY, as claimed. O

We conclude with the promised strengthening of Lemma A.3.3.

LEMMA 5.9. Let M/K be an extension of number fields and let Ly and Lo be
subfields of M containing K. Suppose that Lo is Galois over Ly N Lo. Then L1Lo
is Galois over Ly and

Gal(Lng/Ll) = Gal(Lg/Ll n Lg)

In particular,

[L1L2 : Ll] = [Lg : L1 N LQ]
and

[LlLQ : LQ] = [Ll LN LQ]

PROOF. Set d = [Ly : L1 N Ly]. Let o be an element of Gal(Ly/L; N Lg). We
define an automorphism & of L1 Ls to act as 0 on Lo and to be the identity on Lq;
one checks easily that this is well-defined, since o is the identity on LyNLs. Applying
this construction to every element of Gal(Ls/L; N Lz), we obtain d automorphisms
of Ly Ly fixing L;.

Let now 7: L1 — C be a complex embedding and let p : L1 Ly — C extend 7.
Then the d maps p o ¢ are all distinct complex embeddings of L; Ly extending 7,
and they all have the same image. By Lemma A.3.3,

[LlLQ . Ll] S d,
so the existence of these embeddings implies both that
[L1L2 : Ll] =d

and that Ly Lo is Galois over Ly, since we have exhibited d automorphisms of L Lo
over Lj.
Our map o +— & can now be interpreted as a map

Gal(Lg/Ll n LQ) — Gal(Lng/Ll)

One checks immediately that the map restricting an automorphism of LiLs to Loy
gives an inverse map, so they must both be isomorphisms. This proves everything
but the last equality of the lemma; this follows from Lemma A.1.1 and the second
to last equality. O



CHAPTER 2

Rings of Integers

1. Unique factorization

1.1. Factorization in subrings of number fields. Let K be a number field.
Although there is much information which can be obtained just by considering K,
answering many of the most interesting questions will require some sort of notion
of factorization into primes. Factorization in K itself is not very interesting: every
non-zero element is a unit, so there are no primes at all. In order to obtain these
primes we must somehow define a special subring of K; this ring should have lots
of primes, and factorizations in it should hopefully yield interesting arithmetic
information.

EXAMPLE 1.1. As a first example of the useful of factorizations, let us solve
the diophantine equation

22 —y? =105.

(When we speak of solving a diophantine equation, we always mean that we are
interested in solutions with z,y € Z, or occasionally Q.) We can solve this equation
by first factoring it as

(z +y)(z —y) = 105.

Since both =z + y and = — y are integers, we see that we are searching for pairs of
integerss d = x + y, e = x — y such that de = 105. The fact that = and y are
integers implies that d and e must be congruent modulo 2, so we are really looking
for complimentary pairs of divisors of 105 which are congruent modulo 2. These
pairs (up to reordering and negation) are

(d,e) = (105,1), (35, 3), (21, 5), (15,7);
they yield the solutions
(z,y) = (53,52),(19,16), (13,8), (11,4)

and their negatives. This example illustrates the usefulness of factorizations for
solving diophantine equations. On the other hand, when one has an equation like
2241? = p which can not be factored over Z, it becomes necessary to add additional
numbers with which to factor. In this case, 2% + y? does factor over Z[i].

The question, then, is which subring. We take as our model the subring Z of
the number field Q. Of course, we have a very good theory of factorization in Z:
every non-zero n € Z factors uniquely as a product
n = :I:p‘lil .ka

where the p; are distinct positive primes and all e; > 0. This sort of factorization

actually extends to the field Q : any non-zero rational number 7 € Q can be

23
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uniquely written as a product

m

== St pit
where now we allow the e; to be negative as well. Of course, the p; are not really
prime in Q, but so long as we remember that they come from Z we can still consider
them as distinguished elements to be used in factorizations. In any event, note that
this sort of factorization shows that we have an isomorphism

Q =7/2Zx Pz
p

where the direct sum is over all positive primes p of Z.

It is probably worth pausing a moment here to clarify the sign issue. In 7Z
we have two “copies” p and —p of each prime. They behave exactly the same in
factorizations (the £ sign absorbing any changes), and there is no real reason to
prefer one over the other. For the time being just assume that we have chosen one
of them to use in factorizations; in the case of Z, the positive primes are the natural
choice, but later on, when we have rings with lots of non-trivial units, there will be
no obvious natural choices. Fortunately, all of this confusion will go away as soon
as we begin working with ideals rather than elements.

Returning to the previous discussion of factorization in Z, our first requirement
must be that we have some sort of good factorization theory in our special subring
R of K. We shall see later that it is unreasonable to ask for unique factorization,
but we would like something close.

First condition (vague): R should have a good theory of factorization.

Our second requirement should be that the factorizations in R should extend
to K in some way. The easiest way to insure this is to require that K be the field of
fractions of R; this just means that every element of K can be written as a quotient
of two elements of R. In particular, the subring Z of K, while a wonderful ring in
many ways, has field of fractions Q, so it is not suitable for a theory of factorization
in any number field larger than Q.

Second condition: The field of fractions of R should be K.

We will in fact obtain a stronger version of the second condition, and since it
is easier to check we state it as well.

Second condition (strong form) : Every a € K can be written as o’ /n
where o/ € R and n € Z.

All of the above conditions amount to asking that R be “big enough”; this is
clear for the second condition, while for the first we will see that in order to get a
good factorization theory one must not leave out too many elements of K.

Now, it happens that Q has lots of subrings with all of Q as field of fractions.
For example, for any set of primes S we have the ring.

S17 = {% € Q| all prime factors of b are in S} .

In terms of unique factorization in Z, rational numbers are in S~!'Z if and only if
they can be written as

:I:pil ce pzk
where we allow e; to be any integer for p; € S, but we require e; to be positive if
p; ¢ S. Of course, these rings seem somewhat contrived; we are really just adding
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some denominators to Z. In fact, it is easy to see that all p € S are now units in
S~1Z, so the primes of S~'Z are just the primes of Z not in S. Thus factorizations
into primes of S~!Z contains less information than those in Z. Somehow, then, in
order to get the most information we want to choose for R the smallest subring of
K which satisfies the first two conditions.

Taking advantage of our knowledge that Z is a good prototype for R, one
possibility for this third condition is to require that RN Q = Z.

Third condition: RN Q = Z.

Our goal, then, is to find a good interpretation of the first condition, and then
we will hope that there is a natural subring of K satisfying the three conditions.

1.2. First attempts. In order to help us figure out what interpretations to
give to our first condition, let us begin by making some guesses. Let K be a
quadratic number field. We know that we can write K = Q(\/E) for a unique
squarefree integer d. Let us take our guess for the special subring to be

R =7Z[Vd|.

Now, while there are many other d’ € Q such that K = Q(v/d’), this ring R has
several things recommending it. First of all, if d’ is not an integer, then d’ € Z[v/d']N
Q, so this intersection is larger than Z; this would violate our third condition. Also,
if d’ is a non-squarefree integer, then we can write d’ = e2d, so

Vd € R

but
Vd ¢ ZIVd).

Thus Z[v/d'] seems to missing the element v/d which it really ought to contain,
while R does not appear to be missing anything. (Later we will see that sometimes
R is missing some non-obvious elements, but let us not worry about this yet.)
Considering all of this, then, Z[v/d] seems to be the most natural choice for special
subring R.

As a second example, take K = Q((,). This time there is really only one
obvious ring to write down, that being R = Z[(;]. (Note that R is independent
of the choice of primitive m™ root of unity ¢, since every primitive m*™ root of
unity is a power of every other one. One can also check that if m is odd, then
Z[¢m) = Z[Cam], so that we have defined the same ring no matter which m is used
to define K.) So for lack of any better choices, we will take R = Z[(,,] to be our
guess for Q(¢,).

The astute reader will have noticed that we have now made two different choices
for the special subring of K = Q(v/—3). On the one hand, K is a quadratic field,
so we have chosen R = Z[y/—3]. On the other hand, K is also a cyclotomic field:

we have K = Q((3), since
~1+V=3
G=—7F —

In this case we have the choice R’ = Z[_l%‘/jﬁ], which is actually larger than R.
Right away we see that one of these must be wrong. We will figure out which one
it is a bit later.

Ignoring that issue, note that at the very least these choices all satisfy the
strong form of our second condition, and one can show without too much difficulty
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that they satisfy the third condition. The main remaining consideration is the
factorization condition.

1.3. Example : the Gaussian integers. Just to see that at least sometimes
we have obtained the nice theory we were looking for, let us analyze in detail the
case of K = Q(i) and R = Z[i], where i = /—1. Since i> = —1, we have

Q@) ={a+bi|abeQ}
and
Z[i| ={a+bi|a,beZ}.

We claim that Z[i] is a unique factorization domain. The proof of this rests
upon the fact that there is a division algorithm. In order to state it we need some
measure of the size of a Gaussian integer; the most natural measure is the norm
No(s) /0, which explicitly is just

NQ(,’)/Q(CL + bZ) =a? + b2.

Let us just write N for this norm for the remainder of the section; we also write
a + bi for the conjugate a — bi (recalling our earlier conventions, this is just the
image of a + bi under the other complex embedding), so that

N(o)=a-a

for all v € Q(7). Note also that

and that if o € Z[i], then N(«) € Z.
LEMMA 1.2. For any «, 0 € Z[i] with 8 # 0, there exists q,r € Z[i] such
a=pq+r
and

0<N(r) < 3 N(B).

The key here is to reduce to a division problem in Z. Specifically, the equation

a=pg+r
is equivalent to
af = BBq + pr,
and now 33 € Z.
PRrROOF. Write
af =a+bi

with a,b € Z; by division in Z we can write
a=N(B)g1 +r
and
b = N(ﬁ)QQ —+ T2

with ¢1,¢2,7m1,72 € Z and 0 < ry,79 < N(f). In fact, replacing the ¢; by ¢; + 1 and
the r; by r; — N(/3), if necessary, we can obtain the stronger bound

1
0 < Iral,Iral < 5 N(3).
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‘We now have
a+bi =N(B)(q1 + ¢g21) + (r1 + 7r21)

af = BB(q1 + q2i) + (r1 + r2d)
1+ T’Qi

a=B(q1 + q2) + 3

Note that this equation implies in particular that
r1 + Tgi
B
Write r € Z[i] for this quotient and set ¢ = ¢1 + g=21, so that we have
a=[q+r.

It remains to show that r satisfies the desired bound. We calculate

=a— f(q + q2i) € Z[i].

Br =1y + roi
N(B)N(r) = N(ry + r29)
N(ry 4+ 791
N = TR
r% + T%
N(3)
iN(B)® + 1 N(B)?
N(5)
1N
2 N(B)

1
SN)

as claimed. O

IN

Since Z[i] is obviously noetherian (it is a quotient of the noetherian ring Z[z]),
this shows that Z[i] is Euclidean. By Proposition C.4.7 we conclude that Z[i] is a
unique factorization domain.

Before we begin actually factoring elements of Z[i], we should determine the
units.

LEMMA 1.3. w € Z[i] is a unit if and only if N(u) = 1; in particular, the only
units are £1 and +i.

PROOF. Suppose first that N(u) = 1. Then uwa = 1 and @ € Zli], so u is a
unit. Conversely, if u € Z[i] is a unit, then there exists v € Z[i] with uv = 1. Thus
N(u)N(v) = 1. Since N(u) and N(v) are integers, this implies that N(u) = +1.

Since it is not possible in Z[i] to have N(u) = —1, this proves the first statement
of the lemma. Writing v = = + yi with x,y € Z, the last statement of the lemma
amounts to solving the equation 22 + y? = 1. O

The key to the determination of the primes of Z[i] is to use our knowledge of
the primes of Z. The connection comes from the next lemma.

LEMMA 1.4. Let m € Z[i] be a prime element. Then © divides (in Z[i]) some
prime p of Z.
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PRrROOF. Note that N(7) = 77 € Z and 7 divides this integer. If N(r) is prime,
then the lemma is immediate. If N() is not prime, then factor N(7) as a product
of primes of Z; since 7 is prime in Z[i], the definition of prime implies that 7 must
divide one of these factors. O

Lemma 1.4 implies that we can determine all primes of Z[i] by determining how
all primes of Z factor in Z[i]. Later on we will see a general method for approaching
this problem, but for now let us not worry about motivating our next few steps.
So let p be a positive prime in Z such that p = 3 (mod 4). Suppose that p factors
over Z[i], say as a3, with o and 3 not units. Then

p* =N(p) = N(a) N(B),
so Lemma 1.3 implies that
N(a) =N(B) = p.
Writing o = a + bi, this implies that p = a? + b>. But this is impossible, since
modulo 4 all sums of two squares are congruent to 0, 1 or 2. Thus p is still prime
as an element of Z[i].

Now let p be such that p = 1 (mod 4) and suppose that p does not factor in
Z[i]. By Exercise 2.2 we have that there exists a € Z such that

a®>=-1 (mod p).

Thus p divides a? + 1 in Z. Factoring a® + 1 as (a+1)(a — i) over Z[i], we have that
p divides the product (a + i)(a — ¢). Our assumption that p is prime in Z[i] now
implies that p divides one of these factors. But this is absurd, since p would then
divide the coefficient of ¢, which is +1. This is a contradiction, so such a p is not
prime. We summarize all of this in the next proposition.

PROPOSITION 1.5. Let 7 be a prime of Z[i]. Then one of the three following
conditions holds:

1. 7 is associate to a rational prime p such that p =3 (mod 4);

2. N(m) = p where p is a rational prime such that p =1 (mod 4). In this case
every prime of norm p is associate to exactly one of m and 7;

3. m is associate to 1 4 1.

PrROOF. By Lemma 1.4 we know that 7 divides some rational prime p. If
p = 3 (mod 4), then p itself is prime in Z[i], so 7 must be associate to p. The
p =1 (mod 4) case is Exercise 2.3. Lastly, if p = 2, then the fact that 2 factors as
—i(1 +4)? shows that = must be associate to 1+ i. O

EXAMPLE 1.6. Let us factor o = —133 — 119¢ € Z[i]. We compute that
N(a) = 31850 = 2- 5% - 72 - 13.

Since 2 divides N(«), we know that 1 4 ¢ divides . Since 7 = 3 (mod 4), we
know that 7 is prime in Z[i], so we must have that 7 divides . To determine what
happens with the primes of norm 5 and 13 we must determine what these primes
are. We have
5=24+14)(2-1)
and
13 = (3 + 24)(3 — 2i).
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To finish the factorization we simply have to figure out which of the prime factors
of 13 divides a and whether one or both of the prime factors of 5 divide . One
finds that (2 +1i)? and 3 + 2i divide .. Up to a unit, then, the factorization of « is

(1+d)-(24+4)2-7-(3+ 26);
multiplying it out we find that the unit is 4, so that
—133 —119i =4 - (1 +14) - (2+4)% - 7- (3 + 20).

Our analysis of factorization in Z[i] seems to have suggested some connection
with primes of the form 2% 4 2. In fact, using our knowledge of the arithmetic of
Z][i], we can easily obtain the full result.

PROPOSITION 1.7. A positive rational prime p can be written as x2 + y? with
x,y € Z if and only if p factors in Z[i].

PROOF. Suppose that p = 22 + y2. Then p = (z + yi)(x — yi), and one easily
checks that neither factor could be a unit; thus p factors in Z[i]. Conversely, if p
factors in Z[i], say as af3, then N(a) = N(8) = p. If @ = z + yi, then we conclude
that p = 22 4+ y2, as desired. O

COROLLARY 1.8. A positive rational prime p can be written as x2 + y> with
x,y €Z if and only if p=2 or p=1 (mod 4). Furthermore, this decomposition is
unique up to switching x and y and negating either (or both) x ory.

PRrROOF. Everything but uniqueness is immediate from Proposition 1.5 and
Proposition 1.7. In fact, uniqueness also follows easily, since there are exactly 8
primes x + yi dividing any p = 1 (mod 4) (two conjugates times four units) and
these all have x and y the same up to negation and switching the factors. O

1.4. Failure of unique factorization. Having given one example where ev-
erything works perfectly, let us now give several where things do not work. Before
we do, we state a simple lemma which is extremely useful in factoring and finding
irreducibles.

LEMMA 1.9. Let R be a subring of a number field K such that Nk g(a) is an
integer for every a € R. Let a and 3 be elements of R such that o divides § in
R. Then Ng () divides Ngo(8) in Z. In particular, if Nk q(c) is prime in Z,
then « is irreducible in R. Also, o is a unit if and only if Ngg(a) = £1.

We leave the proof to the reader.

Let us begin with the field K = Q(v/—5) and the ring R = Z[\/=5]. Consider
the factorization of 6 in Z[y/—5]. On the one hand, 6 = 2-3. Both 2 and 3 are
irreducible in R, as is easy to check using Lemma 1.9. On the other hand,

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

and both of these factors are also irreducible. R has only the two units £1 (use
Lemma 1.9 to prove this), so none of these are associates. (This could also be seen
directly from the norms.) Thus R is not a UFD.

All is not lost, however. The problem, as Kummer realized, is simply that R is
missing some “elements”. He repaired unique factorization with his theory of ideal
numbers. In modern terms, we use the somewhat simpler method of factorization
into ideals. Specifically, the factorizations above are only using principal ideals,
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and it turns out that R is not a principal ideal domain. We need the non-principal
ideals in order to solve our factorization problem.
The ideals we want (we will see later how to compute them) are

a = (2,1++/-5)
a = (3,1+v/-5)
az = (3,1—v=5).
Note that we can also write
a; = (2,1 —v=5)
since 2 € a;. We now find that
02 = (22,2 (1= V=5),(1+ V=5) - 2,(1+ V=5) - (1 - v=5))
= (4,2 -2V-5,2+2V-5,6)
- @)

since 2 = 6 — 4 € a? and every generator is divisible by 2. Similarly, one finds that

a1t = (1 + v 75)

araz = (1 —+v-5)

o203 = (3)
In particular,

(6) = (2)(3) = (a1a1)(az013)
and
(6) = (L+V=5)(1 = V=5) = (a1az)(a103)

are really the same factorization in terms of ideals. The two different factorizations
in terms of elements comes from regrouping the non-principal factors in two different
ways. (Before it becomes too confusing let us acknowledge the fact that it can often
be difficult to tell in an equation when symbols like (2) are ideals or simply elements.
We will usually try to write principal ideals with slightly large parentheses, like (2),
if there is any chance of confusion. Fortunately, it rarely matters very much whether
one is working with principal ideals or with actual elements, and hopefully whenever
it does matter it will be clear which is being done.)

So, then, while we do not have unique factorization of elements in Z[\/g], we
can still hope that we have unique factorization of ideals. This is not perfect, but
it is a pretty good substitute.

Let us now consider K = Q(¢) and R = Z[(] where { = (23. Here things are

much more complicated (K has degree 22 over QQ), but we should at least state
Kummer’s famous counterexample to unique factorization. He found that

A+ ++CHE T+ A+ + T+ P+
is divisible by 2. (Work it out. It’s not nearly as bad as it looks. You will need to
use the identity
C22:_1_C_<2_"'_<21
which is just the statement that ®23(¢) = 0.) He also showed that 2 is irreducible

in R (a non-trivial fact in this situation), and that 2 doesn’t divide either factor.
Thus R can not possibly be a UFD.
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Here again one can show that unique factorization is restored if factorizations
are considered as factorizations of ideals. We will not even attempt to write them
down, however. (One might ask why we went all the way up to Q((23) to give our
counterexample. The answer is fairly remarkable: for m < 22, every ring Z[(,,] is
a UFD.)

Let us consider one last example. Take K = Q(y/—3) and R = Z[y/—3]. Recall
that for this field we already suspected that something was wrong, as we had another
possible choice for R. It turns out that in this ring things go very wrong. First of

all, we have

4=2-2=(14+v-3)(1-v=3),
and 2, 1 ++/—=3 and 1 — +/—3 are all easily checked to be irreducible. Thus R is
not a UFD.

This time, however, we do not even have unique factorization of ideals. Let a
be the ideal (2,1 + v/=3). Then we compute

a® = (4,24 2V=3,(1+v-3)%)
= (4,2+2vV-3,-2+2V-3)
= (4,2+2v-3)
=(2)(21+V-3)
= (2) a.
But a # (2), since 1 + v/—3 ¢ (2). Thus we have an example of non-unique
factorization of ideals.
Luckily, we did have another choice for this ring. In fact, the ring R’ =
Z[_l%‘/j‘“’} not only has unique factorization of ideals, it is actually a UFD. (See
Exercise 2.5. Note that in this ring,

(2.1+v78) = (2

since now 2 does divide 1 + y/—3.) Thus it is certainly a much better choice than
R. The problem with R is that it is missing certain elements; we will see the full
solution in the next section.

2. Algebraic integers

2.1. Integrally closed rings. The key to our search for the right special
subring of a number field K is the “good factorization theory” condition. As we
have seen, it is unreasonable to expect unique factorization, although there is still
some hope that we may be able to get unique factorization of ideals. What we
need, then, is some condition which is weaker than UFD but still strong enough
to eliminate the problem case of Z[v/3]. The correct condition turns out to be the
following.

DEFINITION 2.1. Let R be an integral domain contained in some field K. An
element o € K is said to be integral over R if it satisfies some monic polynomial in
Rlx]. R is said to be integrally closed in K if every element in K which is integral
over R actually lies in R.

Note that the definition says nothing about monic polynomials in R[x] actually
having roots in K; it says only that if they do have roots in K, then these roots
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lie in R. Note also that there is nothing about the minimal polynomial of « in the
definition; any monic polynomial at all will do, irreducible or not.

EXAMPLE 2.2. Let R = Z and K = Q. Suppose that there is some £ € Q
(with r and s assumed to be relatively prime) satisfying some monic polynomial

"+ ap_12" 4+ ag € Z[a).

r\n r n—1
() roer (=
S S

Then

SO

Pt an_ 15t 4 ags” =0

1 n—2 _ ..

$(—=ap_1m""" — sap_or )

— aps ="

Thus s divides ™. Since r and s were assumed to be relatively prime, this implies
that s = 1. Thus £ € Z. This shows that if a monic polynomial with integer
coefficients has a rational root, then the root is actually an integer; in other words,
Z is integrally closed in Q.

The exact same proof works for any UFD R with field of fractions K, thus
yielding the desired connection between integrally closed rings and UFDs.

PROPOSITION 2.3. Let R be a UFD with field of fractions K. Then R is inte-
grally closed in K.

EXAMPLE 2.4. The converse of Proposition 2.3 is false. For example, it is not
too hard to show that Z[/—5] is integrally closed in Q(+/—5) (we will do this soon),
but as we saw before Z[v/—5] is not a UFD.

EXAMPLE 2.5. Proposition 2.3 does not hold if K is replaced with a larger
field. For example, take R = Z and K = Q(¢). Then the element ¢ € Q(7) satisfies
the monic polynomial 22 + 1 € Z[z], but i ¢ Z; thus Z is not integrally closed in

Q).
EXAMPLE 2.6. Let R = Z[v/—3] and K = Q(v/—3). Consider the polynomial
2? + 2+ 1€ R[]
By the quadratic formula this has roots
14—
= % € K.

These roots are not in R, so R is not integrally closed in K. On the other hand,
R = Z[—1+2\/—73]

(0%

is integrally closed in K, as we will show shortly. We have therefore
found a way to distinguish between these two choices for special subring of K.

Note that as promised the property of being integrally closed corresponds to R
being “large enough” in K; that is, R can not leave out any elements of K which
are integral over R. What we are looking for, then, is a ring R which has K as its
field of fractions, which is integrally closed in K, and which is as small as possible
given the first two conditions. That such a ring exists is not immediately clear; we
will show that it does and give a more concrete description of it in the next section.
In order to do this we first should define the notion of integral closure of a ring in
a field.
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DEFINITION 2.7. Let R be a subring of a field K. The integral closure of R in
K is defined to the subset of K of elements which are integral over R.

Note that it is not at all clear that the integral closure R’ of R is even a ring,
let alone integrally closed if it is. (R’ contains all elements which are roots of
monic polynomials with coefficients in R, but what about monic polynomials with
coefficients in R'?)

2.2. Rings of integers. Let K be a number field. We define the ring of
integers Ok of K to be the integral closure of Z in K. Thus Ok consists of all
elements of K which satisfy monic polynomials in Z[z]. (While every element of
K satisfies a monic polynomial with rational coefficients and also satisfies a not
necessarily monic polynomial with integral coefficients, it is not true that every
element of K satisfies a monic polynomial with integer coefficients.) An element of
Ok will be called an algebraic integer. Note that by Example 2.2, we have Og = Z.
From now on, in order to avoid confusion we will refer to elements of Z as rational
integers.

EXAMPLE 2.8. Let K = Q(v/d) with d a squarefree integer. Then v/d € Ok,
since it satisfies the monic polynomial 22 — d € Z[x]. More generally, if a,b € Z,
then a + bVd € O, as it satisfies the polynomial

2% — 2ax + (a® — db?) € Z[x].

Thus Z[vd] € Ox. We will see later that this is the entire ring of integers if d = 2,3
(mod 4), but that there are more integers if d = 1 (mod 4).

Our first goal is to prove that O really is a ring. To do this we must find ana-
logues for algebraic integers and Z-modules of the fundamental relations between
algebraic numbers and Q-vector spaces. Recall that a Z-module A is said to be
finitely generated if there is some finite set aq,... ,a,, € A such that every element
of A can be written as a Z-linear combination of the q;.

PROPOSITION 2.9. Let K be a number field. For any o € K, the following are
equivalent:

1. « is an algebraic integer;

The minimal polynomial of o has coefficients in Z;

The ring Z[a] is a finitely generated Z-module;

« 1s contained in some subring A of K which is a finitely generated Z-module;
There is some finitely generated Z-submodule A of K such that A C A.

Ol W

PrOOF. We show first that each statement implies the next. For (1) implies
(2), suppose that « is an algebraic integer, so that it satisfies some monic polynomial
f(z) € Z[z]. Let g(x) € Q[x] be the minimal polynomial of a. Then g(x) divides
f(z) in Q[z]. By Exercise 1.4, g(x) actually lies in Z[z], as claimed.

To show that (2) implies (3), note that

Zz)/(9(x)) = Z]o]
where g(z) is the minimal polynomial of a. (Just consider the map sending z to
«, which is easily seen to be an isomorphism.) Since g(x) is monic, the elements
1,2,...,2" 1 (where n is the degree of g(x)) are a Z-basis for Z[x]/(g(z)). (This
is certainly not true if g(z) is not monic, since then, while some multiple of z"
can be written in terms of 1,x,...,2" !, the power 2" itself can not be. For an
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example, compare Z[x] /(2% +1), which is generated as a Z-module by 1 and z, with
Z[z]/(2x — 1), which requires infinitely many Z-generators.) Thus 1,q,... ,a" !
is a Z-basis for Z[a], so Z[a] is a finitely generated Z-module. That (3) implies (4)
and (4) implies (5) is clear.

It remains to show that (5) implies (1). So suppose that there exists a finitely
generated Z-submodule A of K such that «A C A. Since A is a submodule of K
and K is Z-torsion-free (being a field of characteristic 0), A is also torsion-free.
Since A is finitely generated by hypothesis, it follows that it is a free Z-module of
finite rank. (See Appendix C, Section 5.) Let aq,... ,a,, be a Z-basis for A. Since
multiplication by o maps A to itself we can view it as a map

Ma : A — A;

expressing this in terms of the Z-basis a1, . .. , a,,, we can represent m, as an m xm
matrix M with coefficients in Z. Let f(x) be the characteristic polynomial of m,
which is just the determinant of xI — M. The Cayley-Hamilton theorem shows that
f(M) =0 (if you are uncomfortable with the Cayley-Hamilton theorem over rings,
note that for this calculation we can consider M as a matrix over the rationals and
apply Cayley-Hamilton there); since the map f(M) : A — A is just multiplication
by f(a) and A is torsion free, this implies that f(a) = 0. But f(z) is clearly a
monic polynomial with coefficients in Z (every characteristic polynomial is monic,
and f(z) has integer coeflicients since M has integer entries), so « is an algebraic
integer, as claimed. O

From this proposition it is easy to obtain the fundamental properties of Ok.
Note first that the fact that the minimal polynomial of an algebraic integer has
rational integer coefficients implies that its norm and trace are rational integers.
In particular, Lemma 1.9 applies. The next lemma is just the strong form of our
second condition on the special subring.

LEMMA 2.10. Let o € K. Then there is some a € Z such that ace € O .

PROOF. Let f(z) = 2" +a,—12" '+ +ag € Q[z] be the minimal polynomial
of a. Let a € Z be some integer such that af(x) € Z[z]. (Such an a clearly exists.)
Let g(z) be the monic polynomial

"+ aan_12" "+ a2an_0x™ % + - + a"ay,
which is in Z[z] since af(x) is. We have
glaa) = a"a" + a"an, 12"t -+ a"ag = a" f(a) = 0.
Thus a« satisfies a monic polynomial with integral coefficients, and therefore lies

in OK L]

We next show that O really is a ring. The proof of this is quite similar to the
proof that the set of algebraic elements of a field form a field.

LEMMA 2.11. Let a, 3 be elements of Ok. Then Zlo, 3] is a finitely gener-
ated Z-submodule of K. More generally, if aq,... ,a., are elements of O, then
Zlag, ... ,aum) is a finitely generated Z-submodule of K.

Proor. If ay,... ,a,, are Z-generators of Z[a| and by, ... , b, are Z-generators
of Z[3], one shows easily that the products a;b; are Z-generators of Z[a,3]. The
general case is similar. O
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PROPOSITION 2.12. The sum and product of algebraic integers of K are again
algebraic integers of K. In particular, O is a ring.

PROOF. Let «, be in Ok. By Lemma 2.11 the ring Z[a, f] is a finitely-
generated Z-module. This ring contains o + 0 and «; it now follows from Propo-
sition 2.9 that o + 8 and «af are algebraic integers, and therefore that Ok is a
ring. O

Next we show that O is integrally closed in K this is our first condition.

LEMMA 2.13. Let f(x) be a monic polynomial with coefficients in O. Let

a € K be a root of f(x). Then a € Ok. In particular, Ok is integrally closed in
K.

PROOF. Let f(z) = 2" + ap_12" 1 + -+ + ag with a; € O. Let S be the
ring Zlag, ... ,an—1]; Lemma 2.11 show that S is a finitely generated Z-module.
Now, since f(x) is monic with coefficients in S, the ring S” = S[a] will be finitely
generated over S, with generators 1,c,...,a" ! (not necessarily a basis). Thus
S’ is finitely generated over S, which in turn is finitely generated over Z; it follows
easily that S’ is finitely generated over Z. Since a € S’, we now conclude by
Proposition 2.9 that « is an algebraic integer. O

The last thing we need to show is that O satisfies the third condition.
LEMMA 2.14. Ox NQ =Z.

PROOF. Let a be a rational number which is integral over Z. Then by Propo-
sition 2.9 the minimal polynomial z — « has coefficients in Z; that is, a € Z. O

More generally, we have the following.
LEMMA 2.15. Let K and L be number fields such that K C L. Then
O =0 NK.

PrOOF. Op is the subset of L of elements which satisfy monic integer poly-
nomials. Therefore, Oy N K is just the set of elements of K which satisfy monic
integer polynomials; in other words, Ok. O

We have seen, then, that Ok satisfies all of the conditions which we had set
down. In the next section we give the fundamental algebraic description of Ok .

2.3. Integral bases. Let K be a number field of degree n. Recall that K is
a Q-vector space of dimension n. A natural question is whether or not a similar
statement can be made about Ok as a Z-module. Remarkably, it turns out that
the strongest analogue of the Q-statement is true: Ok is a free Z-module of rank
n. We will prove this fact in this section. (Note that if we knew that O was a
finitely-generated Z-module, then the fact that it was a free Z-module would follow
immediately from the fact that it was torsion-free. However, the fact that Ok is a
finitely-generated Z-module is not immediately clear. Even if we knew it was, and
thus that A is a free Z-module, it still would not be obvious that it actually had
rank n.)

To begin with, let aq,...,a, be a Q-basis for K. Further assume that the «;
are all algebraic integers; this can be done by applying Lemma 2.10 to any Q-basis
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for K. Since the «; satisfy no linear dependence with Q-coefficients, they certainly
satisfy no linear dependence with Z-coefficients; thus
Zoy + Zag + - - + Za,
is a free Z-module of rank n. Furthermore, it is clearly contained in Og; thus Ok
contains a free Z-module of rank n. To complete the proof we will just need to find
some free Z-module of rank n which contains O.
This direction requires a bit more care. Our basic strategy is the following: let

ai, ... ,an be a Q-basis for K consisting entirely of algebraic integers. Then any
a € K can be written uniquely as

a10q + -+ anoy

for some a; € Q. We want to find some bound on the possible denominators for the
a; in the case that « is an algebraic integer; the desired result will follow easily from
this. The bound in question is a number which comes up very often in algebraic
number theory.

DEFINITION 2.16. Let K be a number field of degree n with complex embed-
dings oq,... ,0,. Let aq,... , a, be elements of K. The discriminant A(aq, ... , o)
of this n-tuple is defined to be the square of the determinant of the n x n matrix

(O’i(aj)).
ExXAMPLE 2.17. Take K = Q(\/ﬁ) and o1 = 1, ap = v/2. Then
A(1,V?2) :det< 1 _\/\% > =(—vV2-Vv2)?=38.

Note that the squaring kills any —1 factors coming from changing the order of
the a;, so that A(aq,... ,a,) depends only on the numbers themselves and not on
the order. The discriminant has a second fundamental expression.

LEMMA 2.18. Let K be a number field as above and let aq, ... ,ay be elements
of K. Then Aoy, ... ,an) is equal to the determinant of the n x n matriz

(Trrjqlaiay)).
PROOF. Let A = (0i(c;)). Since det A* = det A (where A’ is the transpose of

A), we see that A(aq,...,ay,) is equal to the determinant of A'- A. The ij entry
of this matrix is

> ok(a)on(ay) =Y or(aiay) = Triglaiay)
k=1 k=1

by Corollary 1.5.5. This proves the lemma. O

COROLLARY 2.19. A(ay,...,a,) € Q; if the ay are all algebraic integers, then
Alay, ... ,ap) € Z.

PrOOF. This follows immediately from Lemma 2.18 and the corresponding
results for the trace. O

ExAMPLE 2.20. We will use Lemma 2.18 to recompute the discriminant of
Example 2.17. We have Trg 5 /q(a + bV/2) = 2a, so

A(1,V/2) det< T?("% T;Eg) ) det( 20 > _
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as before.

The first use of the discriminant is in determining if a collection of elements of
K is a basis; that is, a1,... ,ay, is a Q-basis for K if and only if A(ay,... ,qp) is
non-zero. (See Exercise 2.20.) The second use of the discriminant is the following
result.

PROPOSITION 2.21. Let K be a number field of degree n and let aq, ..., be
a Q-basis for K consisting entirely of algebraic integers. Set A = A(aq, ... ).
Fix o € Ok and write
a=a101 + ...+ a0
with each a; € Q. Then Aa; € Z for all i.

ProoF. Note that by Corollary 2.19 and Exercise 2.20 A is a non-zero integer,
so the statement of the proposition makes sense. To prove the proposition, apply
the embedding o; to the expression for «, yielding

oi(a) = aroi(ar) + - + apoi(ay).

This can be considered to be a system of n linear equations in the n “unknowns”

ai,...,ay; that is, we have the matrix equation
o1(a) o1(ar) o1(aa) - o1(ay) ax
oa(a) B oa(ay) oa(ag) -+ oa(an) as
on(a) on(ar) op(az) -+ op(ay) an
By Cramer’s rule, this has the unique solution
ai =i/0

where 4 is the determinant of A = (0;(a;)) (so that 62 = A; in particular, the
solution is unique since A # 0) and ~; is the determinant of the matrix obtained
from A by replacing the i*" column by (o;(c)). Note that both ~; and § are algebraic
integers, since each entry in each matrix is. Since 62 = A, we have

The left-hand side is rational and the right-hand side is an algebraic integer, so both
sides must be rational integers by Lemma 2.14. This proves the proposition. O

THEOREM 2.22. Let K be a number field with ring of integers O . Let n =
[K : Q). Then Ok is a free Z-module of rank n.

PRrROOF. Let ai,...,a, be a Q-basis for K consisting entirely of algebraic
integers. We have
ZOZ1+"'ZOZn g OKv

and by Proposition 2.21 we have

1
Ok C 5 (Zay + -+ Za)

where A = A(ay,...,a,). Thus we have shown that O lies between two free
Z-modules of rank n; it follows from Appendix C, Section 5 that Ok itself is free
of rank n. O

COROLLARY 2.23. Let K be a number field with ring of integers Ok . Then
Ok is noetherian.
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PROOF. By Theorem 2.22 we can find a Z-basis a1, ... ,a, for Og. Thus, in
particular,
Ok =Zoa, ... ,aq).
(This is far weaker than Theorem 2.22, but it is all that we need at the moment.)
This allows us to define a surjective homomorphism

Zlzy,... ,xp] > Ok
sending x; to «y. Since Z[xy, ... ,x,] is noetherian (see Example C.3.2) and quo-
tients of noetherian rings are noetherian (see Exercise 2.8), this implies that O is
noetherian. O

A Z-basis for O is called an integral basis. In contrast to the situation
with number fields, it is not always possible to find an integral basis of the form
1,a,a2,... ™ L; that is, one can not always write O = Z[a] for some «. This
tends to complicate things quite a bit; fortunately, in the situations we will be most
interested in we will always have an expression of this form.

We conclude with one last definition. We define the discriminant Ax of the
number field K to be the discriminant of any integral bases of K; that this is
independent of the choice of integral basis is Exercise 2.21. The discriminant is an
extremely useful invariant of the number field, although we will not make much use
of it in this course.

2.4. Integers in quadratic fields. Let K = Q(v/d) be a quadratic field,
where d is a squarefree integer distinct from 1. In this section we will determine
the ring of integers Ok

Lemma 2.14 tells us that O N Q = Z, so we need only consider a € K which
do not lie in Q. We can write such an « as a = a + bv/d with b # 0. Since a is
automatically a primitive element for K, its minimal polynomial is the same as its
characteristic polynomial. This we computed in Section 1.3; it is just

2 — 2ax + (a® — b*d).
By Proposition 2.9, a is an algebraic integer if and only if
2a € Z and a® — b*d € Z.

It is immediately clear from this that Z[v/d] C Ok, as then both a,b € Z; however,
it is still possible that there are additional integral elements.

Suppose first that a € Z. Then a? € Z, so b*d € Z. Since d is squarefree this
implies that b € Z; thus we do not get any additional integers in this case.

The other case is that a = a1 /2, where a; € Z is odd. Since

2

ay 9
1 7,
1 b°d €

we must have b = by /2 where by in Z is also odd. Substituting this in, we find that
a? —b2d=0 (mod 4),
this being an ordinary congruence over the integers. Now, since a; and b; are both
odd,
a?=b=1 (mod 4).
Substituting these in, we find that
l—-d=a3-b3d=0 (mod 4),
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S0
d=1 (mod 4).

Thus in the case that d = 2,3 (mod 4) there are no algebraic integers with a half
an odd integer; if d =1 (mod 4), then there are additional integers of the form

a + bl\/g
2

where a; and by are odd. (Note that d = 0 (mod 4) can not happen since d is
squarefree.) We summarize this in the following proposition.

PROPOSITION 2.24. Let K = Q(v/d) be a quadratic field with d a squarefree
integer. If d = 2,3 (mod 4), then Ox = Z[Vd] = Z[z]/(2*> — d) and Ok is free
of rank 2 over Z with basis 1, v/d. If d = 1 (mod 4), then O = Z[#] =

Zlz]/(2* — x + 15%) and O is free of rank 2 over Z with basis 1, 1+2\/E'

ProOOF. The previous discussion makes the proposition clear in the case that
d = 2,3 (mod 4); it is easy to see that Z[v/d] is free of rank 2 over Z with the
asserted basis. If d =1 (mod 4), then we have

bVd
OK—{a+b\/E|a,beZ}u{a+2fa,beZ, a,bodd}.

One can then check that Ok = Z[1+2\/3] by direct computation; we leave this to the

reader. The minimal polynomial of # is 22 —x + %d, which yields the other
expression for Og. O

2.5. More examples of rings of integers. Given an arbitrary number field
K it is a difficult computational task to determine the ring of integers. There are
several very clever algorithms available; see [5]. We will content ourselves with
stating a few more examples.

We first consider the case of biquadratic fields; these are fields of the form K =
Q(Vd, v/e) = Q[z,y]/(x* — d,y*> — e) where d and e are distinct squarefree integers.
That such a field has degree 4 was (pretty much) shown in Exercise 1.17. Note first
that K contains the square root of one other squarefree integer: f = de/(d,e)?.
Note also that if one starts with e and f, the third integer computed is d, and
similarly if one starts with d and e.

PROPOSITION 2.25. Let K = Q(v/d,\/e,\/f) be a biquadratic field as above.
Then we have the following possibilities for the ring of integers Ok :

1. Ifd=3 (mod 4) and e, f =2 (mod 4), then
17\/a7 \/g’ \/é_; \/7

s an integral basis for Ok .
2. Ifd=1 (mod 4) and e, f =2 or 3 (mod 4), then

1’1+2\/8’\/é7\/g'|2‘\/f

1s an integral basis for O .
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3. Ifd,e, f =1 (mod 4), then

1+Vd 1+e [(1+Vd\ [1+VF
T2 T2 o\ 2 ( 2 )

1

is an integral basis for O .

ProoOF. See Exercise 2.11 for the case of Q(ﬁ, \/3) The general case is sim-
ilar. Note that despite appearances the cases listed cover all possible cases, up to
re-ordering of d, e, f. O

Next we consider the case of a pure cubic field K = Q(v/d) = Q[z]/(2® — d)
where d is a cubefree integer. (In contrast to the quadratic case, not all cubic fields
are of this form.) Write d = ef? where e and f are squarefree and relatively prime;
this amounts to grouping all of the p such that p? divides d into f and putting the
rest in e.

PROPOSITION 2.26. Let K = Q(¥/d) be a pure cubic field as above. Then we
have the following possibilities for the ring of integers Ok .

1. Ifd=0,2,3,4,5,6,7 (mod 9), then
\3/&2
17 \B/a?T

is an integral basis for Ok .
2. Ifd=1 (mod 9), then

3 2 3
1,Vd, vd ﬂ:f\/g+f2

is an integral basis for Ok .
3. Ifd=8 (mod 9), then

1. ¥d WZ—fQ\S/(j-FfQ
b b) 3f

is an integral basis for Ok .

PROOF. We omit the proof. For a sketch see [13, Chapter 2, Exercise 41]. 0O

As a final example we consider cyclotomic fields. In this case, thankfully, things
work out to be somewhat simpler.

PROPOSITION 2.27. Let K = Q((n) be the m™ cyclotomic field. Then O =
Z[Cm); thus Ok has integral basis

]‘7 Cm? A 7(’!9‘2("7()71’

We will prove this proposition in the case that m is a prime (which is the only
case we will need in the applications) in Section 4.
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3. Unique factorization of ideals in Dedekind domains

3.1. Dedekind domains. Our next goal is to prove that rings of integers of
number fields have unique factorization into ideals. The proof we will give works
for a larger class of rings called Dedekind domains; as is often the case in algebra,
the proof becomes somewhat easier to follow when abstracted to the appropriate
axiomatic setting.

DEFINITION 3.1. Let R be an integral domain with field of fractions K. R is
said to be a Dedekind domain if it has the following three properties.
1. R is noetherian;
2. R is integrally closed in K;
3. Every non-zero prime ideal of R is a maximal ideal. (R is said to have
dimension < 1.)

Of course, in order for this to be useful to us we must show that rings of integers
are Dedekind domains. We will need the following useful lemma in the proof.

LEMMA 3.2. Let K be a number field and let a be a non-zero ideal of O . Then
aNZ is non-zero; that is, a contains some non-zero integer.

PrROOF. Let a be any non-zero element of a; in particular, « is an algebraic
integer. We claim that Ny /() € a; since it is a rational integer, this will prove
the lemma.

In order to prove this we will need to consider K as a subfield of the complex
numbers. Solet o : K < C be some fixed complex embedding of K. Let aq,... ,qa,
be the images of « under the different complex embeddings of K, ordered so that
a1 = o(a). By Corollary 1.5.5 we have

Ng/gla) = ay -+ ap.
Set o = ag---a,. o is an algebraic integer since it is a product of algebraic
integers, and it is in o(K) since

N o
o = Nx/e(@)
(€3]
and both factors on the right are in o(K). Thus o' is in 6(Ok). Let o/ € Ok be
such that o(a’") = o'. Since a is an ideal and « € a we have

oo € a;
since o’ a = Nk /g(c) this completes the proof. O

PRrROPOSITION 3.3. Let K be a number field. Then the ring of integers Ok is a
Dedekind domain.

PRrOOF. That Ok is noetherian is Corollary 2.23, and that it is integrally closed
in K is Lemma 2.13. Thus it remains to show that every non-zero prime ideal of
Ok is maximal. So let p be a non-zero prime ideal of O . By Lemma 3.2 there is
some non-zero rational integer m in p. (We will see later that m could be taken to
be a prime number, but we don’t need this at the moment.) Thus there is a natural
surjection
Now, by Theorem 2.22, Ok is a free Z-module of rank n = [K : Q]. It follows
easily that Ok /(m) is finite and has size m™. Since this ring surjects onto O /p,
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it follows that O /p is finite. Finally, since p is prime Ok /p is an integral domain;
since it is also finite, Exercise 2.6 implies that it is actually a field, so that p is a
maximal ideal, as claimed. O

There are other examples of Dedekind domains that come up in mathemat-
ics (for example, the local ring of a nonsingular point on an algebraic curve is a
Dedekind domain), but we will not take the time to consider them here.

Before we begin the proof of unique factorization into ideals, let us consider
briefly some of the peculiarities of ideal arithmetic. The main issue is that every-
thing seems to happen backwards. For example, let (m) and (n) be ideals in Z.
Then the ideal (m)(n) = (mn) is smaller (as a set) than either of the ideals (m)
and (n), although the integer mn is larger in absolute value than either m or n.
Thus the larger the number, the smaller the ideal. The same sort of behavior holds
in arbitrary Dedekind domains, and one must always remember to take it into ac-
count. In particular, in a Dedekind domain the prime ideals are the largest ideals
even though one would usually think of them as being the “smallest” elements.

3.2. Invertible ideals. Let R be a Dedekind domain with field of fractions K
and let a be a non-zero ideal of R. The key step in the proof of unique factorization
of ideals is to show that there is some other ideal b of R such that ab is principal;
after we prove this result, the remainder of the proof is pretty easy, as it is easy to
do manipulations with principal ideals.

We will eventually need to prove that every ideal of R equals a product of prime
ideals. We begin with a weaker statement.

LEMMA 3.4. Let a be a non-zero ideal of R. Then there exist (not necessarily
distinct) non-zero prime ideals p1,... ,pr of R such that

a2py-Pr.

PROOF. Let S be the set of non-zero ideals of R which do not contain a product
of non-zero prime ideals. Suppose that S is non-empty. Since R is noetherian S
has a maximal element, say a. a is certainly not prime, since then it would contain
a product of prime ideals (namely, itself). Thus there exist «, 8 € Ok such that
a, 3 ¢ abut af € a. Consider now the ideals a+ (a) and a+ (ﬂ), which are strictly
larger than a and thus not in §. Therefore a + (a) and a + (ﬁ) both contain a
product of non-zero prime ideals, by the definition of S. But then the same is true
of

(a4 (a))(a+(B) =a-a+aa+ Ba+ab Ca

This is a contradiction, so S is empty; this proves the lemma. O

Note that the proof of this lemma is very similar to the proof of Proposi-
tion C.3.3.

The next step is to show that pairs of ideals of R can be distinguished from
each other by a single element of K, even though the ideals themselves may not be
principal. We will only need this at the moment in the case that one of the ideals
is all of R, so we prove only this version.

LEMMA 3.5. Let a be a non-zero ideal of R such that a # R. Then there exists
v € K such that v ¢ R and vya C R.
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The lemma just says that a is significantly distinct from R in the sense that
there is some non-integral element of K we can multiply it by which will not cause
the ideal to become non-integral. R itself certainly does not have this property, for
example.

PRrROOF. Fix any non-zero « in a. By Lemma 3.4 the principal ideal (a) contains
some product of non-zero prime ideals; choose (not necessarily distinct) primes
P1,-.., Pk such that

(Oé) DPp1-cPr
and k is as small as possible. Since R is noetherian, it is also true that a is contained

in some maximal ideal p. (Some might claim that this statement is true independent
of whether or not R is noetherian.) Thus

p2ad(a) Dpr-- P

It follows from Exercise 2.9 that p contains one of the p;; we assume without loss
of generality that it is p;. Since R is Dedekind, p; is a maximal ideal, and thus
p=p

Now, since (a) contains no product of k — 1 prime ideals, there must exist
some 3 € pa---pg such that [ ¢ (a). Set v = B/a. We claim that v satisfies the
conditions of the lemma. First of all, v ¢ R since § ¢ (a). For the other part, if
o' € a, then
,_ bl

«

Yo
But @’ € a Cp =pq, so

Ba € pip2---pi C (a);
thus yo' = o’ /a € R, as claimed. O

We are now in a position to prove that every ideal of R is “invertible”, using
the above two lemmas and the fact that R is integrally closed in K. (Note that we
used the fact that R is noetherian very explicitly in Lemma 3.4 and the fact that
R has dimension < 1 in Lemma 3.5.)

PROPOSITION 3.6. Let R be a Dedekind domain and let a be a non-zero ideal
of R. Then there is some non-zero ideal b of R such that ab is principal.

PrROOF. Fix any non-zero a € a and set
b={BcR|BacC (a)}.

One checks easily that b is a non-zero ideal, and by definition we have ab C (a).
We will prove that we have equality.
To do this, we consider

1
¢ = —ab.
(6%

One checks immediately that ¢ is an ideal of R, and to show that ab = (a) is visibly
the same as to show that ¢ = R. So suppose that ¢ # R. Then by Lemma 3.5 we
can find v € K such that v ¢ R and v¢ C R. We will show that ~ is satisfies a
monic polynomial with coefficients in R; since R is integrally closed in K, this will
imply that v € R, which is a contradiction.
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We want to apply the methods of Proposition 2.9 (5) = (1). At the moment
we have a submodule ¢ of K such that y¢ C R, which isn’t quite good enough.
Note, however, that b C ¢ since o € a. Thus

vb6 C~vc C R.

We will show that vb C b.
So, take an arbitrary element 3 € b. We want to show that v3 € b. To do this
we will show that for all o’ € a, we have

vBa’ € (a);
this will imply that v3 € b by the definition of b. (Note that 73 € R since

7B € b6 C ¢ € R.) So fix o’ € a. Then 8o/ € (a) by definition of b, so we can
write Ba’ = ad for some 6 € R. Now, visibly § € ¢, so 7§ € y¢ C R. So, finally,
vBa’ = (vé)a € (a).

Thus v € b; since this is true for all § € b, we have vb C b. But b is an ideal of R,
and thus finitely generated over R. We can not directly apply Proposition 2.9, since
that requires that b be finitely generated over Z, but the same method as used there
constructs a monic polynomial with coefficients in R which ~ satisfies. Specifically,
let by,...,bx be a finite R-generating set for b (we do not require that they are
a basis; this is important, since b need not be free), and let A be the matrix for
multiplication by « with respect to this basis. The Cayley-Hamilton theorem still
applies to show that + satisfies the characteristic polynomial of this matrix, which
is a monic polynomial with coefficients in R. (Convince yourself that it doesn’t
matter that the b; are not a basis.) Since R is integrally closed, this implies That
~v € R, which is the desired contradiction. O

3.3. Factorizations of ideals. With Proposition 3.6 in hand it will not be
difficult to prove unique factorization of ideals. We first give some useful preliminary
results. We continue to let R be a Dedekind domain with field of fractions K.

LEMMA 3.7. Let a,b,c¢ be ideals of R. Suppose that ab = ac. Then b = ¢.

PROOF. Let a be an ideal of R such that aa’ is principal; a’ exists by Propo-
sition 3.6. Let « be a generator of aa’. Then

a’ab = d’ac
ab = ac

which implies that b = c¢. O

This lemma is not true if R is not a Dedekind domain; see the case of Z[v/—3]
in Section 1.4.

If a and b are ideals of R, we say that b divides a if there is some third ideal

¢ such that a = bc. Note in particular that this implies that b O a; in Dedekind
domains these statements are actually equivalent.

LEMMA 3.8. Let a and b be ideals of R. Then b divides a if and only if b O a.

PROOF. We have already seen one direction, so suppose that b D a. Let b’ be
such that bb’ is principal, say bb’ = (3). One verifies easily that ¢ = %b’a is an
ideal of R (using the fact that b O a). We compute

VP DO
bc-Bbba—ﬂ(ﬂ)a a,
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so b divides a, as claimed. O

We now prove the unique factorization theorem. We will say that an ideal a of
R factors into primes if we can write

a=p1...Pk

where the p; are non-zero prime ideals of R. We will say that a factors uniquely
into primes if any two such factorizations are the same up to rearrangement of
the factors. (Note that the whole business of units and associates does not enter
into these definitions since units are irrelevant on the level of ideals and associates
generate the same ideal.)

THEOREM 3.9. Let R be a Dedekind domain. Then every non-zero ideal of R
factors uniquely into prime ideals.

ProOF. We first show that every non-zero ideal of R actually factors into
primes. Let S be the set of non-zero ideals of R which do not factor into primes.
Suppose that S is non-empty. Since R is noetherian, S has a maximal element,
say a. We know that a is contained in some maximal ideal p; by Lemma 3.8 this
implies that a = pb for some ideal b. Lemma 3.8 now implies that b D a; in fact,
we also have b # a since if it did, Lemma 3.7 would imply that R = p, which it
does not. Thus b ¢ S, since a is a maximal element of S, so it factors into primes;
now so does a = pb, which is a contradiction. Thus S is empty, so every non-zero
ideal of R factors into primes.

We now show that this factorization is unique. Let a be an ideal with two
factorizations, say

pLecpr=a=gqds.
Lemma 3.8 shows that p; O ¢;...qs, and now Exercise 2.9 implies that p; D g;
for some i. Reordering the g; if necessary, we assume that p; 2 g;. Since every
non-zero prime of R is maximal, this implies that p; = q;. Using Lemma 3.7 we
can cancel p; = g1 from both sides, leaving us with

P2 Pr =0q2- Qs

Continuing in this way we find that r = s and that the factors on each side are
identical. This proves the theorem. O

4. Rings of integers in cyclotomic fields

Let p be a rational prime and let K = Q((,). We write ¢ for ¢, for this section.
Recall that K has degree ¢(p) = p — 1 over Q. We wish to show that Ok = Z[(].
Note that ¢ is a root of P — 1, and thus is an algebraic integer; since Ok is a ring
we have that Z[¢] € Og. We need to show the other inclusion.

Following [14], we give a proof without assuming unique factorization of ideals.
We begin with some norm and trace computations. Let j be any integer. If j is
not divisible by p, then ¢ is a primitive p** root of unity, and thus its conjugates
are (,(2,...,(P~L. Therefore

Trg/o(¢/) =C+ ¢+ + (P = () ~1=-1.
If p does divide j, then ¢ =1, so it has only the one conjugate 1, and
Trr/(¢’) =p—1.
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By linearity of the trace, we find that
Trre/q(l = ¢) = Trryg(l = ¢%) =+ = Trgo(l = ¢F71) =p.
We also need to compute the norm of 1 — (. For this, we use the factorization
P g1 = By(@) = (- O — () (- PV,
plugging in x = 1 shows that
p=01-01-¢)--(1-¢).
Since the 1 — ¢/ are the conjugates of 1 — ¢, this shows that
Nk/o(l=¢) =p.
The key result for determining the ring of integers Ok is the following.

LEMMA 4.1.
(1-¢)0xkNZ=ypZ.

PrOOF. We saw above that p is a multiple of 1 — ( in Ok, so the inclusion
(1-0O0kNZ2pL

is immediate. Suppose now that the inclusion is strict. Since (1 — {)Og NZ is an
ideal of Z (check the definition) containing pZ and pZ is a maximal ideal of Z, we
must have

(1-¢)0xkNZ="21.
Thus we can write
l=a(1-¢)
for some o € Ok. That is, 1 — ( is a unit in Og. But this is impossible by

Lemma 1.9, since we know that 1 — ¢ has norm p, while units have norm +1. This
is a contradiction, which proves the lemma. O

COROLLARY 4.2. For any a € Ok,
Trg/o((1—¢)a) €p-Z.
PROOF. We have
Trij((1 = Q) = o1 ((1 = a) + -+ op-1((1 = (a)
o1(1 = Q)or(a) + -+ 0p-1(1 = ()op-1(e)
=1-oi(a)+-+ (1 —¢P Hop_1(a)

where the o; are the complex embeddings of K (which we are really viewing as
automorphisms of K) with the usual ordering. Furthermore, by Exercise 2.12 1—¢7
is a multiple of 1 — ¢ in O for every j # 0. Thus

Trg/g(a(l =) € (1 -()Ok.

Since the trace is also a rational integer, Lemma 4.1 completes the proof. O

PROPOSITION 4.3. Let p be a prime number and let K = Q((,) be the p*
cyclotomic field. Then

Ok = Z[Gp] = Z[z]/(®p(x));
thus 1,Cp, ... 74572 is an integral basis for Ok .
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PROOF. Let a € Ok and write
a=ag+a(+ - +ap ("7
with a; € Q. Then
a(l=¢) =ao(l = ¢) +ar(¢— %)+ +ap2(¢P7? = (P

By the linearity of the trace and our above calculations we find that
Trijq(a(l - ¢)) = pao.

By Corollary 4.2 we also have
TrK/Q(a(l — C)) € pZ,

so ag € Z.
Next consider the algebraic integer

(@—ao)(™" = a1 +agC + - +ap 2P

this is an algebraic integer since (! = ¢P~! is. The same argument as above shows
that a1 € Z, and continuing in this way we find that all of the a; are in Z. This
completes the proof. O

One can use an almost identical proof in the case where ( is a p*-root of unity
for some k. The case of (,, where m has multiple prime factors is usually handled
by a general lemma on rings of integers in compositums of number fields (see [13,
Chapter 2, Theorem 12]).



CHAPTER 3
Prime Splitting

In this chapter we will investigate how to explicitly factor ideals in rings of
integers of number fields. A common theme will be considering ideals of one ring
in another. Specifically, we will often have the following situation: K and L will
be number fields with K C L (so O C Op), a will be an ideal of Ok, and we will
consider the ideal aQy, of O, generated by a. We will be especially interested in
the case where a = p is a prime of Ok; determining how pQp factors into primes
of Ok (even though p is prime in Ok, it doesn’t still have to be prime in O) will
be the key to our factorization results.

One other construction which is sometimes useful is to take a prime P of Of,
and to consider the ideal B N Ok of Op; this ideal is necessarily prime since there
is an injection

OK/‘BQOK — OL/m

and subrings of integral domains are again integral domains.

Very often we will be considering the case of an extension K/Q, in which case
the relevant ideals are of the form pOy for rational primes p. Note that we could
also write these ideals as (p)7 assuming that the ring the principal ideal is formed
in is clear from context.

1. Example : Quadratic number fields

1.1. The prime ideals. Before we restrict to the case of quadratic number
fields, we prove the following useful fact about prime ideals.

LEMMA 1.1. Let K be a number field and let p be a non-zero prime ideal of
Ok . Then p contains a rational prime.

Proor. By Lemma I1.3.2 we know that p contains a non-zero integer. Let n
be the smallest positive integer in p; n is not 1 since p # Ok. Suppose that n is
not prime in Z. Then n factors as ab for some a,b € Z™; since p is a prime ideal
it must contain at least one of a and b. But both of these factors are smaller than
n, which contradicts the definition of n. Thus n must be prime, which proves the
lemma. O

Lemma 1.1 tells us that every prime of Ok contain a rational prime; it then
follows from Lemma II1.3.8 that all non-zero primes of Ok divide an ideal of the
form pOg for some prime p of Z. In particular, we can determine all primes of Ok
simply by determining the factorization of these ideals pOk. Our main results will
be explicit determinations of these factorizations.

In the calculations below we will be working with polynomials both in Z[z] and
in Fy[z]. We will write g(z) for polynomials in Fy[z], and we will then let g(z)

51
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denote some choice of a polynomial in Z[x] reducing modulo p to g(z); the precise
choice of g(x) will never matter.

We now restrict to the case of quadratic number fields. Let K = Q(v/d) be
a quadratic number field, where d is a squarefree integer. Set a = v/d if d = 2,3
(mod 4) and o = 1+—2‘/E if d =1 (mod 4), so that Ox = Z[a]. Let f(z) be the
minimal polynomial of «, so that f(z) = 2% —d if d = 2,3 (mod 4) and f(z) =
22—+ 14 ifd=1 (mod 4).

Let p be a rational prime. To determine the factorization of the ideal pOf in
Ok we will compute in an easier setting. Specifically, pOg is the kernel of the map

Ok — Ok /pOk,

and we will find a second expression for this kernel. To do this, recall that O =
Z[z]/(f(z)), where under the isomorphism « corresponds to . We now have

Ok /pOxk = (Z[z]/f(x)) /p = L[]/ (p, f(x))-

This last ring is isomorphic to

Fpla]/(f (),
and here we can finally compute easily.

There are three possibilities for the factorization of f(x) in Fp[z]. First of
all, f(x) could be irreducible. Second, f(z) could factor as a product of distinct,
monic linear (and therefore irreducible) polynomials. Third, f(z) could factor as
the square of a single monic linear polynomial. We will consider all three cases
separately.

Suppose first that f(z) is irreducible in F,[z]. Then F,[x]/(f(z)) is a field, so
Ok /pOk is as well. pOk is therefore a prime ideal of Ok, by the definition of
prime ideal, so it does not factor any further.

Before we do the next case, let us determine exactly what all of these maps are,
since this will be important in determining the kernel. The sequence of maps is

O ——— Ok /pOxk

J” k

Z[z)/(f(x)) — Z[2]/(p, f(x)) —— Fplal/(f(z))

Both of the horizontal maps of the square are the natural quotient maps, and the
two vertical isomorphisms send « to x. The last horizontal isomorphism simply
sends z to z. (All maps always send 1 to 1, of course, which determines what
happens to all of Z.) The ideal pOk has now been expressed as the kernel of the
map
Ok — Fplal/(f(2))

sending « to x.

Suppose now that f(x) factors as g(z)h(z) in F,[z], where g(z) and h(z) are
distinct, monic, linear polynomials. Then the Chinese remainder theorem (see
Exercise 3.5) gives an isomorphism

Fplo]/(f(2)) — Fpla]/(g(x)) x Fp[a]/(h(x))
sending z to (z,z). Note that both of these factors are fields since g(x) and h(x)
are irreducible in F,[z]; in fact, they are both isomorphic to F,.
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Consider now the composite map

O — Fypla]/(g(x)) x Fpla]/(h(z))

sending « to (x,z), which still has kernel pOg. The kernel into the first factor is
the ideal (p,g(a)) of Ok (since o maps to z in this factor), and the kernel into the
second factor is (p,h(a)). Thus the kernel of the map (which by construction is
just pOk) can also be written as

(p,9(e)) N (p, h(a));

however, these ideals are easily seen to be relatively prime (see Exercise 3.3), so
Exercise 3.4 shows that

(p.g9(@) N (p, h(@)) = (p, g(e)) (p, h(e)).

Furthermore, both of these ideals are prime, since as we saw above

Ox/(p, 9(a)) = Fplal/(g(x)), O /(p, h(e)) = Fpl]/(h(x))

are fields. Thus we have determined the prime factorization

POk = (p,g(a)) (p, h(a))

of pOk. (Note that it does not matter which lifts of g(x) and h(z) are chosen, since
any two lifts differ by multiples of p and p lies in these ideals.)

The last case is the case where f(x) = g(z)? for some monic, linear polynomial
g(x) € Fplz]. In this case the above analysis does not quite work since the Chinese
remainder theorem does not apply. However, it suggests strongly that

2
pOx = (p.g(a))”,

and this we can check directly. We check the case where d = 2,3 (mod 4) and

p # 2; the other cases are similar. We have that f(z) = 2® — d is a square in F[z].

One checks easily that this implies that p divides d (since p # 2), so we can take

g(z) = . Thus the claim is that

pOK = (p,@)”.
To check this, we simply compute
(p, @) (p, @) = (p*,pa, 0®).

Since a? = d is divisible by p, every generator of the ideal is divisible by p. Fur-
thermore, since d is squarefree, p? does not divide d; it follows that p is a linear
combination of p? and d, so that p lies in the ideal. Thus the ideal is simply pOx
as claimed.

We summarize our results in a proposition.

PROPOSITION 1.2. Let K = Q(v/d) be a quadratic number field with d a square-
free integer and let

fz) =

2% —d d=2,3 (mod 4);
2> —z+154 d=1 (mod4).

Let p be a rational prime and let

f@) =gi(@)™ - go(a)*
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be the factorization of f(z) in Fy[z]. (Of course, we haver =1 or 2 and e; =1 or
2.) Then the factorization of pOg into primes of Ok s

POk = (,91())" -+ (. gr ()"

We will say that pOg is inert in K if it is a prime ideal in Ok; that it splits
in K if it is a product of distinct prime ideals in Og; and that it ramifies in K
if it is the square of a prime ideal. Our above results show that pOy is inert if
and only if f(x) is irreducible modulo p; it splits if and only if f(z) factors into
distinct linear factors; and it ramifies if and only if f(x) is the square of a linear
polynomial. Determination of the ramification in a number field turns out to be of
great importance, and our above analysis yields the following result.

COROLLARY 1.3. Let K = Q(v/d) be a quadratic number field with d a square-
free integer. If d =1 (mod 4), then a prime of Z is ramified in Ok if and only if
it divides d. If d = 2,3 (mod 4), then a prime of Z is ramified in Ok if and only
if it is 2 or it divides d.

PROOF. First take d = 2,3 (mod 4). Modulo 2 we have
22 —d=(z—d)? (mod?2),

so p = 2 is always ramified. It was shown above that otherwise ramification occurs
if and only if p divides d, which completes the analysis in this case.

When d =1 (mod 4), 22—z + % is never a square modulo 2, since all squares
have no linear term. Thus p = 2 never ramifies. The fact that all p dividing d do
ramifiy follows from the determination of the roots of 22 — x4 % by the quadratic
formula; we leave the details to the reader. O

ExAMPLE 1.4. Let K = Q(v/—5) and Ok = Z[/-5]. Let us factor the first
few primes. First take p = 2. Then

22 +5=(z+1)> (mod 2),

so 20k ramifies:
20k = (2, vV—5+ 1)2.
For p = 3, we have
2 +5=(x+1)(x+2) (mod 3),
so 30k splits as
30k = (3,V-5+1)(3,V=5+2).
(Note that these factorizations agree with those in Chapter 2, Section 1.4.) For
P=9,
22 +5=2> (mod 5),
SO
50k = (5,v/=5)".
Note that the second ideal is just the principal ideal (v/=5), since /=5 divides 5
in Z[/—5]. This illustrates the general fact that the above algorithm does not tell
you whether or not the factors are principal ideals. Note also that 20k and 50k
are the only primes which ramify in K, as we proved above that in this case that
either p = 2 or p divides d = —5.
Continuing,
22 +5=(z+3)(x+4) (mod?7),
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70k = (7,V=5+3)(7,V-5+4).

Next, 22 + 5 is irreducible in Fq;[z], so 110 is still a prime ideal in Z[/—5]. For
a final example, take p = 29. Then

2?2 +5=(z+13)(z +16) (mod 29),
SO
290k = (29,v/—5+13) (29, V=5 + 16).

In this case, however, we also find the element factorization
29 = (3 —2v-=5)(3+2v-5).
One can show with a little calculation that

(29, V=5 +13) = (3 — 2v/=5)
(29, V=5 +16) = (3 +2v/=5),

so we actually have the ideal factorization
(29) = (3—2vV-5)(3+2V-5)
of (29) into principal ideals.

1.2. Quadratic forms. There are many deep and important connections be-
tween quadratic forms and the splitting of primes in quadratic fields. In this section
we investigate some of the simplest; for more information on this subject, see [7].

We begin by refining our results of the previous section. Let K = Q(\/a)
and let p be a a rational prime. Recall that the behavior of the prime ideal pOg
was determined by the factorization of a certain polynomial in Fp[z]. The various
behaviors of pOg are captured well by the Legendre symbol.

DEFINITION 1.5. Let p be an odd prime. We define the Legendre symbol

() :Z)pZ — {0,+1}

p

1 if a is a non-zero square modulo p;

(“): 0 ifa=0 (modp);

—1 if a is not a square modulo p.

By abuse of notation we use the same symbol for a € Z.

The fundamental properties of the Legendre symbol are in Exercise 3.9 and
Exercise 3.10. It is possible to extend the definition of the Legendre symbol to
include the case p = 2, but we will not do so here.

PROPOSITION 1.6. Let K = Q(\/d) be a quadratic number field and let p be an
odd rational prime. Then the prime ideal pOg splits in K if and only if (%) =1;1t

ramifies in K if and only if (%) = 0; and it is inert in K if and only if (%) =—1.
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PRrROOF. First suppose that d = 2,3 (mod 4). Then the behavior of pO is
determined by the factorization of the polynomial 2% —d in Fp[z]. If d = 0 (mod p),
then this polynomial has the repeated factor x, so pOk ramifies; if d is a non-zero
square modulo p, then it splits into distinct linear factors, so pOg splits; and if d
is not a square modulo p, then it does not factor, so pOf is inert. This is precisely
the statement of the proposition in this case.

Now take d =1 (mod 4). This time the behavior is determined by the factor-
ization of the polynomial 22 — z + 354 in F,[z]. By the quadratic formula (which
applies since p # 2), this polynomial has roots

1+vd
2 )
from which the same analysis as above proves the proposition. O

We now turn to quadratic forms. Recall that in the cases of Q(i),Q(v/—2)
and Q((3) = Q(+/—3) the natural quadratic form to study were the “norm forms”
22 + 92, 22 +29% and 2% — 2y + 3% If d = 2,3 (mod 4), then the appropriate
quadratic form is

Nijo(r +yvVd) = a* — dy?,
while if d =1 (mod 4), then it is

1++Vd
2

1-d
::c2+xy+7y2.

N
K/Q <x+y 4

(We get a different quadratic form for Q(v/—3) here because we are using a different
generator of the field; we nevertheless will obtain an equivalent result.) Write
gk (z,y) for the quadratic form attached to K. Then an integer n can be written
as gk (z,y) if and only if n is the norm of some element of O.

Note in particular that we can not at the moment study “natural” quadratic
forms like 2 4 3y?; the correct quadratic form for Q(v/=3) is 2 +zy+y?. To study
other quadratic forms one must work in certain subrings of Ok, where factorization
is more complicated; we won’t go into it here.

The basic result is the following.

PROPOSITION 1.7. Let K = Q(v/d) be a quadratic number field and let qx (x,y)
be its norm quadratic form. Let p be a positive rational prime number. Then (at
least) one of +p is of the form qi (xo,yo) for some xg,yo € Z if and only if p splits
(or ramifies) in K into principal ideals. If d < 0, then it is always p which is of
this form, and never —p.

PROOF. Suppose first that p factors into principal ideals in Ok, say pOx =

(7r) (77’). Then 77’ is an associate of p, say 77’ = up for some unit u. Thus
N(7) N(n') = N(u) N(p) = +p?

by Lemma I1.1.9. Tt follows that N(7) = = N(n') = £p, which gives the desired
expression for p.

Now suppose that £p is of the form ¢x(zo,y0) for some xg,yg € Z. By the
definition of g (x,y),

+p = Nk /o(@o + Yoav),

where « is V/d or 1+—2\/3, as appropriate. This implies that

POk = (w0 + yoar) (zo + yod),
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where @ is the conjugate of a. Thus pOf splits (or possibly ramifies) into principal
ideals. The fact that p must be positive for d < 0 follows immediately from the
fact that gx (z,y) is positive definite in that case. O

COROLLARY 1.8. With the above notation, +p = qx (xo,yo) for some g, yo €
Z only if (%) =0 or 1. The converse is also true if Ok is a PID.

In non-PID cases our answer is still far from complete. We will return to this
question and give some surprising results in the next chapter.

2. Abstract factorization of primes

2.1. Factorization of rational primes. Before we extend the methods of
Section 1 to more general number fields, it will be useful to give the abstract
factorization results. We begin with the factorization of rational primes in number
fields. Let K be a number field of degree n. If p is a prime ideal of Ok and p is a
rational prime, we say that p lies above p if pNZ = pZ. 1t is clear from Lemma 1.1
that every non-zero prime of Ok lies above a unique prime of Z, and it follows
from Lemma II1.3.8 that the primes of Ok lying above p are precisely those ideals
occurring in the prime factorization of pOy .

Let p be a prime of O lying over p € Z. Let e be the exact power of p
dividing pOg. We call e the ramification index of p/p and write it as e(p/p). The
factorization of pOf is thus

pOK = H pe(p/P)'
pPNZ=pZ
We will also need a way to measure the relative “sizes” of ideals. The most natural
way to do this is to consider the residue field Ok /p, which we proved earlier is a
finite field. Since it clearly has characteristic p, it must have order pf for some f.
We define the inertial degree f(p/p) of p/p to be this integer f.

EXAMPLE 2.1. Take K = Q(+/—5). Our calculations in Example 1.4 yield the
following values for e and f:

e((2,v/=5+1)/2)
(3F+1/3)
(
(
(

Il
vl\.')
ﬁ
ot
_|_
—_
~—
~
[\)
~—
Il

(

(3,V/=5+2)/3)
(5,v/=5)/5) =
(7,

(

AAA/—\/—\/—\
9w
lm
o
= 4
AN
N—
\
W
S—
[

O = e

e((7,v/=5+3)/7)
(1)

The values of f can be computed using expressions for quotients of F,[z]; for
example,

— =N = =N
+
B~
S~—
\
\]
S—
I

Ok/(3,V=5+1) 2 Fsz]/(z + 1) = F3.

It is useful to have a notion of the size of an ideal for non-prime ideals. Since
in this case we can no longer isolate a specific rational prime of interest, we define
the norm N q(a) of an ideal a to be the size of the quotient ring O /a; that this
is finite follows easily from Lemma I1.3.2 and Theorem 11.2.22. (We will prove later
that the ideal norm agrees with the absolute value of the usual element norm in the
case that a is a principal ideal; hopefully this notation should cause no confusion
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until then.) It follows immediately from the definition of inertial degree that if p is
a prime of Ok such that p NZ = pZ, then

N}(/Q(P) = pl/p),

A first indication that the ideal norm behaves like the usual norm is given by the
following lemma.

LEMMA 2.2. The ideal norm is multiplicative; that is,

NIK/@(C‘[’) = /K/Q(a) /K/Q(b)
for any non-zero ideals a,b of Ok.

PRrROOF. Suppose first that a and b are relatively prime. Then by the Chinese
remainder theorem (see Exercise 3.5) we have

OK/Clb = OK/CL X OK/EJ,

from which the lemma follows immediately. It will therefore be enough to prove
that for any prime p of O we have

x0(P™) = Nik/0P)™

the lemma will then follow from unique factorization of ideals and the relatively
prime case.
Note that it is immediate from elementary group theory that

N o(P™) = #(Ox /p™) = #(Ox /p) - #(p/p%) - #(0* /9°) - - #(B™ 1 /p™).

(All quotients here are simply as abelian groups.) Thus it will suffice to show that

#(p*/p" ) = #(Ok /p)
k+1.

for any k. To do this let v be any element of p* which does not lie in p¥+1; such a
v must exist since if the containment p¥ O p*+! were an equality it would violate
unique factorization of ideals. We claim that the map

Ok [p — pF /pht!

[o7) — o

is an isomorphism; we leave the details to the reader. O

We can now give the fundamental relationship between the numbers e(p/p),
f(p/p) and the degree n of K/Q.

PROPOSITION 2.3. Let K be a number field of degree n and let p be a rational
prime. Let
PO =B i
be the factorization of pOk into primes of Okx. (Thus e; = e(p;/p).) Set f; =
f(pi/p). Then

T

Z eifi =n.

i=1
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PRrROOF. Both pOg and pi* - - p¢ have the same norm, so by Lemma 2.2

N /0(POx) = Nk jg(p1)® -+ - N o (pr)*

— pflel .. ,pf7~€r

— pf1€1+"'+fr6r.

On the other hand, we know that Ok /pOx has p™ elements, since Of is a free Z-

module of rank n. Thus N’ /o(POk) = p™ and the proposition follows immediately.
O

EXAMPLE 2.4. Let K be a quadratic number field and let p be a rational prime.
We saw that there were three possibilities for the factorization of p: first of all, pO g
could still be prime, in which case f(pOk/p) = 2 and e(pOk /p) = 1. Next, pOk
could factor as p1p> where f(p1/p) = f(p2/p) = 1 and e(p1/p) = e(p2/p) = 1.
Lastly, pOx could ramify as p2, in which case f(p/p) = 1 and e(p/p) = 2. In all
three cases we do indeed have the equality of Proposition 2.3.

2.2. Localizations of integer rings. Before we extend the above results to
the case of relative extensions we will need to introduce an additional piece of
machinery. Very often in algebraic number theory it is convenient to work “one
prime at a time”. More precisely, given a number field K with ring of integers Ok
and given a prime p, we would like to find a larger subring of K in which the only
non-zero prime ideal is p. We will construct such a ring in this section.

The definition of the ring is actually fairly simple. We define the local ring of
O at p to be the ring

(’)K’p:{geK|ae(’)K7ﬁe(’)K—p}.
That is, Ok p consists of all elements of K which can be written as ratios of integers
with the denominator not in p. (The terminology here is influenced by algebraic
geometry. In fact, in a suitably general setting one can think of a ring of integers
Ok as a curve, where the points are the non-zero prime ideals. In this setting the
ring Ok, really is the ring of regular functions on the curve O at the point p.)
One can check easily that Ok , is actually a ring.

EXAMPLE 2.5. Let K = Q. Then the local ring Z, is simply the subring of Q
of rational numbers with denominator relatively prime to p. (We considered such
rings in Chapter 2, Section 1.) Note that this ring Z,) is not the ring Z, of p-adic
integers; to get Z, one must complete Z,), which is a process which we will not go
into here.

The usefulness of O, comes from the fact that it has a particularly simple
ideal structure. Let a be any proper ideal of O , and consider the ideal aNOg of
Ok. We claim that

a= (aﬂ OK)OK,p;

that is, that a is generated by the elements of a in a N Ok. It is clear from the
definition of an ideal that a O (a N Ox)Ok,p. To prove the other inclusion, let o
be any element of a. Then we can write « = 3/ where 8 € Ok and v ¢ p. In
particular, 8 € a (since 5/ € a and a is an ideal), so 8 € aNOk. Since 1/y € Ok,
this implies that a = 8/y € (a N Ok )Okp, as claimed.
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We can use this fact to determine all of the ideals of O ,. Let a be any ideal
of Ok , and consider the ideal factorization of a N O in Og. Write it as

anNnOx =p"b

for some n and some ideal b, relatively prime to p. We claim first that bOg , =
Ok p. To see this, note that b is not contained in p since b is assumed to be relatively
prime to p, and thus is not divisible by it. In particular, b contains elements of
Ok — p; these are units in Ok, so bOk p, = Ok .

We now find that

a= (Cl n OK)OK,;J = pnbOKm = pnOKm

since bOg , = Ok p. Thus every ideal of Ok has the form p" Ok , for some n; it
follows immediately that Ok, is noetherian.

It is also now clear that pOg , is the unique non-zero prime ideal in O .
Furthermore, the inclusion Og — Ok, induces an injection

Ok /p — Ok p/pOk

since pOk , NOk = p, as the reader can easily check. This map is also a surjection,
since the residue class of a/3 € Ok, (with a € Ok and 3 ¢ p) is the image of
af~! in Ok /p, which makes sense since 3 is invertible in O /p. Thus the map
is an isomorphism. In particular, it is now abundantly clear that every non-zero
prime ideal of O, is maximal.

To show that Ok, is a Dedekind domain, it remains to show that it is integrally
closed in K. Solet v € K be a root of a polynomial with coeflicients in Ok ; write
this polynomial as
Om—1 m—1 Qo
ﬂm—l v * * 60
with a; € Ok and §; € Og —p. Set 8= [ByfB1 - Bm—1. Multiplying by ™ we find
that [+ is the root of a monic polynomial with coefficients in O . Thus gy € Ok;
since B ¢ p, we have Bv/8 = v € Ok, Thus Ok, is integrally closed in K.

Let us summarize our results in a proposition.

"+

PROPOSITION 2.6. Let K be a number field and let p be a non-zero prime of
Ok . Then Ok, is a Dedekind domain and every ideal of O , has the form p" Ok ,
for some n > 0. In particular, pOgk p is the only prime ideal of Ok .

We have now shown that Ok, is a Dedekind domain with a unique non-zero
prime ideal. Such a ring is called a discrete valuation ring or a DVR. These rings
will be useful to us for the following reason.

PROPOSITION 2.7. Let R be a discrete valuation ring. Then R is a principal
ideal domain.

PrROOF. Let p be the unique non-zero prime ideal of R. By unique factorization
of ideals, every ideal of R has the form p” for some n; thus it will suffice to show
that p itself is principal. Let 7 be any element in p but not in p?. By unique
factorization of ideals, we have mR = p™ for some n > 1. But we can not have
n > 2, since then 7 would lie in p2. Thus 7R = p, so p is indeed principal. O

A generator of the unique non-zero prime ideal of a DVR R is called a uni-
formizer. R has a particularly simple sort of unique factorization: every o € R can
be written as un™, where u € R* and n > 0.
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The usefulness of Ok, comes from the fact that it has all of the information
about the prime p, but it has no other prime ideals to clutter things up. This makes
Ok, much simpler than Ok, but also still useful for studying the prime p.

EXAMPLE 2.8. Let p be a rational prime and consider the ring Z,). The units
of this ring are

N m
The unique prime ideal of Z,) is (p), and every a € Z,) can be written uniquely
as
a = up”
where u € ZZ‘p) and n > 0.

Now let L/K be an extension of number fields of degree n. Let p be a prime
ideal of Ok; denote by Op , the ring

{geLmeoL,ﬁeoKp}.

Oprp is not quite a discrete valuation ring, since we allow only denominators in
Ok — p, but it will suffice for our purposes. We will need to know two key facts
about O, ,. First of all, note that pOr, , N Op = pOr. Thus the natural inclusion
Or, — O induces an injection

OL/pOL — O, /pOL .

We claim that this map is an isomorphism. So let o/ represent a residue class
in the range, where o € O and 8 € Og —p. We know that Ok /p injects into
Or/pOr; thus 3 is invertible in Or /pOr. It follows that the element a3~ is well-
defined in O, /pOp, and it maps to a/B. Thus the map is surjective, and therefore
an isomorphism.

The second fact we need is that Or, , is a free Ok y-module of rank n. The
proof of this fact is exactly the same as the proof that Of is a free Og-module of
rank n. One begins with a basis a4,... ,a, for L/K with each a; € Op,,. Next,
the discriminant A = A(aq, ... , o) lies in Ok, (using Lemma I1.2.18). The same
proof as in Proposition I1.2.21 shows that

1
OL’p C K(OK,pal +...+ OK,pan)7
and we obviously have
OK,pal +---+ OK,pOCn c OL,p~

Since Ok p is a PID, these two facts combine to show that O , is a free Ok p-
module of rank n. (See Appendix C, Section 5.)
The fact we actually need from all of this is contained in the next proposition.

PROPOSITION 2.9. Let L/K be an extension of number fields of degree n and
let p be a non-zero prime of Ok . Then

#(0L/p0OL) = (#(0Ok /pOK))".

Proor. We saw above that O, is a free Ok y-module of rank n. Thus
Orp/pOL, is a free Ok, /pOk p-module of rank n as well. Therefore

#(OLp/POLp) = #(OK p/POK p)".
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But these residue rings are isomorphic to O /pOr, and Ok /pOf respectively, so
the proposition follows. O

COROLLARY 2.10. Let L/K be an extension of number fields of degree n and
let a be a nonzero ideal of Ok . Then

N/L/Q(QOL) = N}(/@(a)n-

PRrROOF. Since each side of the desired equality is multiplicative in a, it will
suffice to prove the result in the case that a = p is a prime of Og. In this case the
corollary is precisely Proposition 2.9. O

COROLLARY 2.11. Let K be a number field of degree n and let o be in Ok.

Then
N /0(@OK) = [Nk g(a)l.

PROOF. We assume a bit more Galois theory than usual for this proof. Assume
first that K/Q is Galois. Let o be an element of Gal(K/Q). It is clear that
0(Ok)/o(a) 2 Ok /a; since 0(Of) = Ok, this shows that

N /g(0(@)Ok) = N /g (aOk).
Taking the product over all o € Gal(K/Q), we have
N/K/Q(NK/Q(O‘)OK) = N/K/Q(QOK)n~
Since N /() is a rational integer and Of is a free Z-module of rank n,

Ok /Ni/g(a)Ok
will have order Ny /q(a)"; therefore

x/0(Nk/g(a)Ok) = Ngg(aOk)",
which completes the proof.

In the general case, let L be the Galois closure of K and set [L : K] = m. The
above argument shows that

N7,0(@0L) = N jg(a).

By Corollary 2.10 the first term is equal to N'K/Q(QOK)’”, and it is easy to see that
the second term is just Ng/g(a)™. This establishes the corollary. O

From now on we will often write Ng /g for both the ideal norm and the element
norm; no confusion should result.

2.3. Relative factorizations. We now extend our earlier factorization re-
sults to arbitrary extensions of number fields. Let L/K be an extension of number
fields of degree n. We first need to extend the notion of a prime of O, lying over
a prime of O.

LEMMA 2.12. Let p a non-zero prime of Ok and let P be a non-zero prime of
Oy. The following five conditions are equivalent.

1. B divides pOp,;

2. m 2 pOL;

3. P 2p;

4. m NOkg = p;

5. PNK =p.
Furthermore, if any of the above are satisfied, then p NZ =L N 7Z.
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PROOF. See Exercise 3.7. O

If p and P satisfy any of the equivalent conditions of Lemma 2.12, we say that
B lies over p and that p lies under . Exercise 3.8 shows that every prime of O
lies over a unique prime of Ok, and that every prime of Ok lies under at least one
prime of Oy,. Note also that by Lemma I1.3.8 the primes lying over p are precisely
the primes occurring in the ideal factorization of pOy,.

Now, let p and P be as above and suppose that P lies over p. We denote by
e(P/p) the exact power of P dividing pOy; it is called the ramification index of

PB/p. Thus we can write
PO = H pe(B/p),

PNOK=p
Next, let p be the unique positive rational prime contained in p and 3. Then
Ok /p and O/ are finite fields of characteristic p. Furthermore, the natural
injection Ok — Op, induces an injection

OK/p — OL/%?

since PN Ok = p by Lemma 2.12. Thus O /P is an extension field of Ok /p. We
define the inertial degree f(B/p) to be the degree (O /B : Ok /p] of this extension.
Note that

Np/w(B) = Ngjg(p)f F/P).
We can now state and prove our fundamental result.
THEOREM 2.13. Let L/K be an extension of number fields of degree n and let
p be a prime of Ok . Let
POL = '+
be the factorization of pQOy, into primes of Or. Set f; = f(P;/p). Then

T

Z eifi =mn.

i=1
PRrOOF. Taking ideal norms of both sides of the factorization of pOy,, we find
that

Nz/o(POr) = Nz /o(B1)*" -+ Nrjo(Br)™
= Ng/o(p)** - Ngjq(p)/r
by the definition of the f;. By Corollary 2.10 we know that Ny ,q(pOr) = Nk /o(p)",

from which the theorem now follows immediately.

Let us finish this section with some additional facts and terminology. First of
all, let M/L/K be number fields, let px be a prime of Ok, let p;, be a prime of
Oy, lying over pg, and let pps be a prime of Oy lying over pr. Then clearly pas
lies over pg, and it follows immediately from the definitions that we have

e(prm/p) = e(pm/pr)e(PrL/pi)

and

flone/pr) = f(pnr /o) f(pL/PK)-
Next return to the case of an extension L/K of degree n and let p be a prime
of Ok. Let

p(’)L: Tlm?
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be the factorization of pOy, into primes of Or. Set f; = f(Bi/p). If any of the e;
are not equal to 1, then we say that p ramifies in L/K. (It is an important fact
that only finitely many primes ramify in an extension, and which primes these are
and how badly they ramify is an essential invariant of the extension.) If r = 1 and
e1 =n (so that f; = 1), then p is said to be totally ramified in L/K:

pOL = P".

If r=1and e; =1 (so that f; = n), we say that p is inert or remains primes in
L/K; this is the case where pOQy, is still prime. Lastly, if e; = f; = 1 for all i, we
say that p splits completely in L/K:

pOr =P1 - B

2.4. Factorization in Galois extensions. Let L/K be a Galois extension.
The presence of automorphisms of K causes factorizations to behave much more
regularly than in arbitrary extensions, for the simple reason that if two primes
are mapped to each other by an element of Gal(L/K), then the primes must have
isomorphic residue fields. The key fact is the following.

LEMMA 2.14. Let L/K be a Galois extension and let p be a prime of Ok . Let
PBi,..., B, be the primes of L lying over p. Then Gal(L/K) acts transitively on
this set of primes; that is, for any i and j, there exists o € Gal(L/K) such that

o(Pi) = PB;-
Proor. Fix distinct primes P and P’ lying over p. Suppose that

o(P) #P

for all 0 € Gal(L/K). Using this hypothesis, by the Chinese remainder theorem
(see Exercise 3.6), we can find o € Of, such that

a=0 (mod P
and
a=1 (modo(P))
for all 0 € Gal(L/K). Consider
Np/k(a) = H o(a) € Ok.
seGal(L/K)

Since a € P, this norm must lie in P' N Ok = p.
On the other hand, since « =1 (mod o()) for all o, we also have a ¢ o(P);
thus

oM a) ¢ P
for any o € Gal(L/K). Since as o runs through Gal(L/K), o' also runs through
Gal(L/K), we find that

NL/K(a) = H O'_l(Oz).
c€Gal(L/K)

Since none of the factors lie in ¥ and B is prime, this implies that N /x(a) ¢ B.
Thus Ny k() ¢ BN Ox = p. But thus is a contradiction, which proves the
lemma. O
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COROLLARY 2.15. Let L/K be a Galois extension of degree n and let p be a
prime of Ok . Let

PO = il Cee 5}3?"
be the factorization of p in Or, and set f; = f(P;/p). Then

hi=f=-—=/
and
e =€y ="+ =e,.
In particular, re; f; = n for all i.
PROOF. If r = 1 then the corollary is trivial, so we assume that » > 2. We will
prove that e; = ey and f; = fo; the general case is the same. By Lemma 2.14 we

can find o € Gal(L/K) such that o(P1) = Pa. Applying o to our factorization,
and using the fact that o(p) = p since o fixes K, we find that

pOL = o(P1)" o (P2) -+ o (Br)™
=P o(P2)? o (PBr)r-
Furthermore, if o(%;) = PBa, then P; = o~ 1(PWo) = P1; thus o (P;) # Pa for i # 1.
Therefore P35' is the only factor of P2 occurring in this factorization of pOg; by

unique factorization of ideals we now see that e; must equal es.
The fact that f; = f5 is immediate from the fact that o induces an isomorphism

Or/B1 = 0L /Ba.

3. Explicit factorization of ideals

3.1. Factorization of primes. Let K be a number field of degree n. For this
section we make the additional hypothesis that O = Z[a] for some o € Ok, with
minimal polynomial f(x) € Z[z]. (We have in mind the case K = Q((,,), in which
case this hypothesis is satisfied.) The general case is somewhat more complicated
and we will not treat it here. Let p be a prime of Z. We wish to explicitly determine
the factorization of the ideal pOg of Of.

We will mimic the method we used in the quadratic case. Let

f@) = gi(@)™ - gr(a)*

be the factorization of f(z) into irreducibles in F,[z]. (As usual we will write g;(z)
for any lift of g;(x) to Z[z].) Let f; be the degree of g;(z); we have > e; f; = n.
We claim that each ideal

P = (P, gi(a))
of Ok is prime, and that
PO = BB
We further claim that
fpi/p) = fi-
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Some of these assertions are immediate. First of all,

Ok [pi = Z[o]/ (p, gi(c))
= Zlxl/(f(x),p, gi(x))
= Fplz]/(f(2), gi(2))
Fplxl/(gi(x))

since g; () divides f(z) in F,[z]. Since g;(z) is an irreducible polynomial of degree
fi» Fp[z]/(gi(2)) is a field of order pfi, which shows both that p; is prime and that
f(pi/p) = fi. Note also that it follows from Exercise 3.3 that the p; are relatively
prime.

Let us now relate these to the factorization of pOr. We will determine the
kernel of the quotient map

1%

Ok — Ok /pOk,

which of course is just pOk, in a different way. Note that

Ok /pOx = Lol /pZ{a] = Z[z]/(p, f(x)) = Fyz]/ (f())-

The Chinese remainder theorem shows that

Fyle]/(f(2)) = Fpla)/ (31 (2)) x -+ x Fyla)/ (30 (2)°");

thus we can consider the map Ox — Ok /pOxk as the map
Ok — Fpla]/(g1(x)) x -+ x Fp[a]/(gr(x)

sending « to (z,...,x). The kernel into each factor is just (p, gi(a)), so the kernel
of the map (which is just pOg) is

(p, g1(@)) N -0 (p, gr(@)°7).

Furthermore, Exercise 3.3 shows that all of these ideals are pairwise relatively prime,
so that by Exercise 3.4 the kernel is just the product

(P, g1()) -+ (p, 9 ()").
This shows that
POk = (p,g1(2)*) -+ (p, gr()®).

However, these factors are not yet primes for any i such that e; > 1.
It remains to “pull out” the e;. First, p;* divides (p, gi()¢"). To see this, note
that every generator of

ps = (p, gi(@))”
is divisible by p except for g;(a). This shows that every generator of p;’ lies in
(p, gi(oz)ei), so p;* itself is contained in (p, gi(a)ei). Lemma I1.3.8 now gives the
asserted division.

We now know that p{* - - - pé divides pOk. The norm of the first term is

fier .,

p plrer = p™;

this is also the norm of pOg. This implies that the two ideals must be equal, since
if one ideal contains another and has the same norm they must be equal. This
completes the proof of the explicit factorization of pO .
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EXAMPLE 3.1. Let a be a root of the polynomial f(x) = 23 + 2z + 1 and let
K = Q(«). Exercise 3.18 shows that Ox = Z[a], so we may apply the methods
of this section. Let us factor some small rational primes. Note that factoring f(z)
modulo primes is easy, since if f(z) has any factors then it will have roots; this is
no longer true for degree 4 and higher.

When p = 2, we find that

B2 +1=(z+ D@ +2+1) (mod 2),

SO

20k = (2,a+1)(2,0* + a +1).
Here the first factor has inertial degree 1 and the second factor has inertial degree
2. For p = 3, f(z) is irreducible in F3[z], so 30k factors as (3, f(a)) = (3); that is,
30k remains prime. The reader can easily check that 5Ok and 7O also remain
prime. For p = 11, we find that

22420 +1=(x+2)(2® — 22 +6) (mod 11),
S0
110k = (11,a +2)(11,0* — 20 + 6).
130k also remains prime, while
2?42 +1=(x—3)(x—5)(x—9) (mod17),
so 170k splits completely as
170k = (17,0 = 3) (17, — 5) (17,0 — 9).

Since K has discriminant —59, Exercise 3.16 shows that 59 will be the only
prime which ramifies. One finds that

23+ 20 +1=(x—14)*(x —31) (mod 59),

SO
590K = (59, — 14)*(59,a — 31).

3.2. Factoring cyclotomic polynomials. The methods of the previous sec-
tion give us a computational procedure for determining prime splitting in many
number fields, but it becomes difficult to carry out in practice as soon as the degree
of the number field becomes large. Luckily, in the important case of cyclotomic
fields we can give a good description of the factorization of cyclotomic polynomi-
als, even if it is difficult to write down the actually factors. The key result is the
following lemma, which says that the m*® cyclotomic polynomial is the “universal”
polynomial for testing if an element of a field is a primitive m" root of unity.

LEMMA 3.2. Let m be a positive integer and let K be a field of characteristic
not dividing m. Let « be an element of K. Then ®,,(a)) = 0 if and only if o is a
primitive m* root of unity.

PRrROOF. Recall that
2™ —1= H Dy(x).
dlm
Since this factorization is in Z[x], it also makes sense in K[z]. Note also that 2™ —1
has no multiple roots in K, as follows immediately from the derivative test. (This
is the only place where we will use the assumption on the characteristic of K.)
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Suppose first that « is a primitive m*™ root of unity. Then « is a root of 2™ —1,
0 it must be a root of some ®4(x) with d dividing m. Suppose that « is a root of
®,4(x) with d < m. Then, since ®4(z) divides z¢ — 1, a? = 1. This contradicts the
fact that « is a primitive m*™ root of unity, so a must be a root of ®,,(z).
Conversely, suppose that ®,,(«) = 0. Since ®,,(x) divides ™ — 1, this implies
that ™ = 1; that is, o is an m™ root of unity. Suppose that « is actually a
primitive d*® root of unity for some divisor d of m with d < m. Then the argument
in the first half of the proof shows that ®;(«r) = 0. But then « would be a double
root of £ — 1, which is a contradiction since ™ — 1 does not have multiple roots.
Thus « is a primitive m*™ root of unity. O

Let K = Q(¢mn) be a cyclotomic field and let p be a rational prime. Let p
be any prime of Ok = Z[(y] lying over p. We wish to determine e = e(p/p) and
f = f(p/p). Note that by Corollary 2.15 these numbers are independent of the
choice of prime p. Put differently, in F,[z] ®,,(z) factors as

O (2) = (g1(2) - gr(2))"
where deg g; = f for all i and efr = ¢p(m).

We begin with the case that p does not divide m. Since ™ — 1 has no repeated
factors in Fp[z|, ®,,(x) doesn’t either; in particular, we must have e = 1. Thus we
are left to determine f and r. Before we do the general case, we examine the case
f =1 to illustrate the idea. If f =1, then ®,,(x) splits into linear factors in Fy[z];
thus ®,,(z) has roots in F,,. By Lemma 3.2, this implies that I, has primitive mth
roots of unity. But I} is a cyclic group of order p — 1, so it has elements of exact
order m if and only if m divides p — 1; that is, if and only if

p=1 (mod m).

The above argument is reversible, so we have shown that a rational prime p splits
completely in Q({,,) if and only if p does not divide m and p =1 (mod m).

In the general case we must go to an extension of F, to find a primitive m®
root of unity. Let g(z) be one of the irreducible factors of ®,,(z) in F,[z]; g(z)
has degree f. Let a be a root of g(x) and set F' = Fp(a) = F,[z]/(g(x)); this is
an extension of IF, of degree f. Note that o is a primitive m™ root of unity since
it satisfies g(z) and thus ®,,(z). Furthermore, F is clearly the smallest extension
of F,, containing a primitive m™ root of unity (since it is just F, adjoined a mt
root of unity), so we have shown that f is the degree of the smallest extension of
F, containing a primitive m'" root of unity.

Let us now determine this extension in another way. Let F; be the unique
extension of F, of degree i. Then F} is cyclic of order p* — 1, so it contains a
primitive m'™ root of unity if and only if m divides p’ — 1. Thus the smallest
extension of IF,, containing a primitive m*™ root of unity will be F;, where i is the
smallest positive integer such that

h

p'=1 (mod m);
that is, 4 is the order of p in (Z/mZ)*. Combining this with our earlier arguments,

we obtain the following result.

PROPOSITION 3.3. Let p be a rational prime not dividing m and let p be a prime
of Z[Cm] lying over p. Then e(p/p) =1, f(p/p) is the order of p in (Z/mZ)*, and
there are exactly p(m)/f(p/p) primes of Z[(xm| lying over p.
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EXAMPLE 3.4. Let K = Q(¢5). The behavior of a rational prime p in Ok is
determined entirely by the residue class of p in (Z/5Z)*. If p = 1 (mod 5) (for
example, p = 11), then p splits completely in Ok. If p =4 (mod 5), then p splits
into 2 prime factors, each with inertial degree 2. If p = 2,3 (mod 5), then p remains
prime in Og.

For some explicit examples, we consider the primes 3,7,11,19. For p = 3,7 the
above argument shows that ®5(z) = 2 + 23 + 22 + 2 + 1 is irreducible modulo p,
so 30k and 7Ok are both prime ideals of Ok. For p = 19, we find that

sttt e+ 1= @+ 50+ 1)(2® + 150+ 1)  (mod 19),
S0
(19) = (19,¢5 +5¢5 + 1) (19, 2 + 15¢5 + 1).
Lastly, modulo 11 we have
ettt 1=(2+2)(x+6)(x+7)(z+8) (mod 11),
s0
(11) = (11,65 +2) (11,¢5 +6) (11,65 +7) (11, G5 + 8).

The ramified case works out somewhat differently. We will only consider the
case of the splitting of pOk in Q((,), which is by far the most important.
We must determine the factorization of

P —1
Pp(x) = ]

in Fp[z]. By Exercise 1.1.15, we see that
2P —1=(zx—-1)? (mod p),

=Pl P2 ... 41

SO
Dy(a) = (o~ 1!
in Fp[z]. Thus
-1
pOK = (pa Cp - 1)P .
Furthermore,

SO (p, Cp — 1) is prime with inertial degree 1. Thus pOg is totally ramified. Note
that we actually already had a better form of this result; see Exercise 2.13.

3.3. Applications to quadratic fields. There are some very interesting ap-
plications of the arithmetic of cyclotomic fields to quadratic fields. Consider the
field Q(¢,) for some odd prime p. Recall that this is a Galois extension of Q with
Galois group isomorphic to (Z/pZ)*, where the automorphism corresponding to
a € (Z/pZ)* is o, characterized by

0a(Cp) = CS

Since (Z/pZ)* is cyclic of order p — 1, it contains a unique subgroup of index 2,
consisting of all of the squares in (Z/pZ)*. Denote by S the corresponding subgroup
of Gal(Q(¢,)/Q). Let K be the fixed field of S; that is, K is the subfield of Q((,)
of elements fixed by all of S. Galois theory tells us that [K : Q] = 2; thus K is a
quadratic field. It remains to determine which quadratic field it is.

We can do this by considering ramfication. Recall that p is totally ramified in
Q(¢p); that is, there is a unique prime P of Q((,) lying over p, and (p) = Pr~L.
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Let p be any prime of K lying over p. Then B lies over p (since B is the only prime
of K lying over p) and

e(B/p) = e(PB/p)e(p/p);

since e(P/p) = p — 1 and ramification indices are bounded by the degrees of the
extensions, this implies that e(/p) = % and e(p/p) = 2. In particular, p is the
only prime of K lying over p, and it is totally ramified.

Let 9 be any other prime of Q((,), let q be the prime of K which it lies over,
and let ¢ be the prime of Z which it lies over. A similar argument, using the fact
that e(Q/q) = 1, shows that e(q/q) = 1, so that ¢ is not ramified in K. We conclude
that p is the only prime of Z which ramifies in K.

Now, we have already determined the ramification in every quadratic field, and
the only quadratic field in which only p ramifies is Q(,/2p), where ¢ = %1 is such
that

ep=1 (mod 4).
(See Corollary 1.3.) We can take e = (—1)®~1)/2, We have therefore established
the following distinctly non-obvious fact.

PROPOSITION 3.5. The field Q((,) contains the quadratic field Q(,/ep), where
e = (=1)=V/2 In particular, \/Ep can be written as a rational linear combination
of p* roots of unity.

We are now in a position to prove the celebrated quadratic reciprocity law.

THEOREM 3.6 (Quadratic Reciprocity). Let p and q be distinct, positive odd

primes. Then
p q p-la-1
— ) =(-1) 2 3z,
(5) ()

PROOF. We showed above that /ep € Q((,). Denote this element by 7. Con-
sider the automorphism o, € Gal(Q((,)/Q); it is defined by 0,((,) = (. Since the
conjugates of 7 are simply 47, we must have

o4(T) = £7.

Furthermore, letting S be the subgroup of Gal(Q(¢,)/Q) defined above, o,(7) = 7 if
and only if o, € S. (This is because Q(7) is the fixed field of S by definition.) Under
the identification of Gal(Q((,)/Q) and (Z/pZ)*, S corresponds to the subgroup of
squares; combining all of this, we see that o4(7) = 7 if and only if ¢ is a square in
(Z/pZ)*; that is,

Now let g be a prime of O lying over ¢. Write 7 = ag +a1(p +-- -+ ap,gcg’z
with a; € Z. (Note that 7 is visibly an algebraic integer.) Using that o4((,) = ¢}
and a9 = a for all a € Fy, we find that

0q(7) = a0 + a1l + s} + -+ + ap 2P

= af +af() + afG0 -+ aj (P (mod q)
(a0 +a1lp + asCZ + -+ ap_2(272)7 (mod q)
79 (mod q).
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Combining this with our other expression for o,(7) yields

<Z> r=7% (mod q).

Since q is prime and we clearly have T ¢ g, we can cancel 7 modulo ¢; we conlude
that

p
By Exercise 3.9, this shows that

()=(2) o

By definition, this means that

0)-(2)<s

since (%) and (%) are integers, this difference is actually contained in qNZ = ¢Z.

(Q> =171 = (p) V2 (mod q).

P
It follows that we actually have an equality

-2
(Z) - ((_1)(:_1)/2) = (-p=

completes the proof. O

In fact, (g) and (%) are just =1, so the difference is certainly smaller than +q.

The fact that



CHAPTER 4

The Ideal Class Group

1. Definitions

1.1. Fractional ideals. In order to keep the algebra somewhat more pleas-
ant, it will be useful to introduce the notion of fractional ideals. Specifically, the
ideals of the ring of integers of a number field do not form a group, as there are
no inverses. Fractional ideals, on the other hand, form a group; the relationship
between fractional ideals and ideals is quite similar to the relationship between a
number field and its ring of integers.

Let K be a number field with ring of integers Ok . Let t be a non-zero subset
of K which is an Og-module; that is, v is closed under addition and under multi-
plication by elements of Ok. Such an t is said to be a fractional ideal if there exist
Y1,--+ ,Ym € tsuch that

t:{a1'71+"'+am’7m|aiEOK};

that is, v is generated over Ok by the 7;. (The relevant thing here is that v is
finitely generated over O . Not every Og-submodule of K has this property; see
Exercise 4.1.)

There are two fundamental examples of fractional ideals. First of all, every
non-zero ideal a of O is also a fractional ideal: a is an Og-module by definition
and it has a finite generating set since Ok is noetherian. To avoid confusion, we
shall refer to ideals of Ok as integral ideals from now on.

The second sort of example are fractional ideals of the form vOg for some
v € K*. (One checks easily that vOk is an Og-module, and it has the single
generator 7.) Such a fractional ideal is called a principal fractional ideal. Note that
the principal ideals of Ok are precisely the integral principal fractional ideals.

More generally, let a be any ideal of Og and let v be any element of K*.

Then v~ !a is a fractional ideal. (vya has a finite generating set since if ay,... , .y,
generate a, then vag, ... ,ya,, generate ya.) The converse of this statement is also
true.

LEMMA 1.1. Let v be an Og-submodule of K. Then v is a fractional ideal if
and only if there exists v € K* such that vyt is an integral ideal. (In fact, one can
actually take vy to be a rational integer.)

PROOF. We saw above that if a is an integral ideal and v € K™, then ~va is a
fractional ideal. Conversely, if ¢ is a fractional ideal, then we can write

t:{al'}/1+-~-+am7m|aieok'}

for some ~1,...,vn € t. By Lemma I1.2.10 there exist aq,... ,a, € Z such that
a;v; € Ok . One now easily checks that aj - - a,,t is an integral ideal, which proves
the lemma with vy = a1 - - - a,. O

75
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We will denote by Ik the set of all fractional ideals of K. If v,s € Ik, then we
define the product ts to be the Ox-module generated by all products of pairs of
elements of v and s. Note that if v is generated by 71,... ,vm and s is generated
by 01,...,0k, then vs is generated by the products v;0;. In particular, ts is also a
fractional ideal.

COROLLARY 1.2. The set Ik is an abelian group under multiplication of frac-
tional ideals.

PROOF. We saw above that [ is closed under multiplication. That this mul-
tiplication is commutative and associative is clear. The identity element is easily
checked to be the unit ideal Ok . It remains to find inverses. So let t be a fractional
ideal and choose v € K* such that vt is an integral ideal. By Proposition I1.3.6
there is an integral ideal b such that ytb is principal, say generated by a € O}.
Take s = %b. Then s is a fractional ideal, and we have

b
tﬁZﬁZOK.
(0%

Thus s is an inverse for v in Ix. O

Note that it is clear from the proof of Proposition I1.3.6 that if ¢ is a fractional
ideal, then its inverse is given by

vl ={y€ K|yt C Ok}

We can also characterize fractional ideals in terms of unique factorization of
ideals.

PROPOSITION 1.3. Ewvery fractional ideal v can be written as

__ €1 e
t_pl e ’I“T

where the p; are distinct primes of Ok and the e; are integers. (Note that we allow
the e; to be negative.) This expression is unique up to reordering of the factors.
Thus Ik is the free abelian group on the set

{p | p a prime of Ok}.
Finally, ¢ is an integral ideal if and only if each e; is non-negative.

PROOF. Let t be a fractional ideal and choose a non-zero rational integer a € Z
such that that at is an integral ideal. Then we can write (uniquely up to reordering
and adding factors with zero exponent)

aOk = Pil - 'Pir
at:pil ...pf,’";
here we allow some e} and e/ to be zero. Thus, since I is a group,
Tt = pill/ie/l .. pfi‘/ief"
This shows that t has such an expression; the fact that it is unique follows from
the fact that the factorizations of aQk and at were unique. The fact that v is an
integral ideal if and only if each e; is positive is clear from unique factorization of

ideals. O

Notice that this decomposition of fractional ideals in terms of prime ideals is
completely analogous to the decomposition of rational numbers in terms of rational
primes; see Section 1.1 of Chapter 2.
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1.2. The ideal class group. Let K be a number field with ring of integers
Ok. We have seen that Og may not be a unique factorization domain, although
it will have unique factorization of ideals. We have also seen (see Exercise 11.2.10)
that Ok is a UFD if and only if it is a PID; that is, if and only if every ideal is
principal. Furthermore, even when O is not a PID it is often useful to know when
ideals are principal; see, for example, Proposition II1.1.7.

These facts suggest that it would be useful to have some way to determine if an
ideal is principal. Although in practice this is often quite difficult, we can proceed
abstractly fairly well. Define Px to be the subgroup of Ix of principal fractional
ideals. Note that the integral ideals in Pk are precisely the principal ideals of Ok.
We define the ideal class group Cx of K to be the quotient

Cx = Ix/Pk.

Cx naturally relates to the issues raised above. First of all, Cx is the trivial group
if and only if Ix = Pk; that is, if and only if every fractional ideal of K is actually
principal. Since the integral ideals in Pk are precisely the principal ideals, this is
equivalent to Ok being a PID, which in turn is equivalent to Ok being a UFD.
That is, Cx is trivial if and only if Ok is a UFD. Secondly, note that a fractional
ideal v is principal if and only if it maps to 0 in Cx. Thus, if one could obtain a
good description of Cg, one would have a method to determine if an arbitrary ideal
is principal.

We will call the elements of Cx ideal classes; thus an ideal class 2 is simply a
coset of Px. By definition of Ck, two fractional ideals a and b lie in the same ideal
class if and only if there is some v € K* with

ya =b.

We will write this relation as a ~ b. The following reinterpretation of Lemma 1.1
shows that fractional ideals are not really essential to the definition of the ideal
class group.

LEMMA 1.4. Let A be an ideal class. Then there exists an integral ideal a in
the coset 2.

PROOF. Let v be any fractional ideal in 2. Then by Lemma 1.1 there exists
~v € K* such that v is an integral ideal. Since yOx € Pk, we have yr € 2, which
proves the lemma. O

ExXAMPLE 1.5. Take K = Q(v/—5) and consider the two ideals
(2,1 —v-5),(3,14+V-5).

Note that
(2,1 =+v-5) =~(3,1+v-5)
where
__v=5_ 1
T Ty
Thus

(2,1=V=5) ~ (3,1 +V=5).

As we saw in Section 4 of Chapter 2, the presence of non-principal ideals is
closely related to the production of counterexamples to unique factorization. Thus
the ideal class group is some sort of measure of how far O is from being a UFD.
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The determination of the ideal class group of a number field is a central problem
in algebraic number theory; it is also an extremely difficult problem in most cases.
We will prove in the next section that it is finite, and often it is slightly easier to
determine the class number hxg = #Ck. Later we will explain how to compute it
in the case of quadratic imaginary fields and give an idea of the state of knowledge
concerning ideal class groups of cyclotomic fields.

1.3. The unit group and the class number formula. We will never ac-
tually need the results of this section, but we state them for completeness. The
second fundamental invariant of a number field K is the group of units O7. The
importance of Oy stems from the fact that the units are precisely the ambiguity in
moving from factorizations into principal ideals to factorizations of elements. This
group is essentially as difficult to compute as the ideal class group, and they are
closely related. We will try in this section to describe some of those relations.

To see the first relation, note that there is a natural surjection

K*—»PK

sending v € K* to the principal fractional ideal vOg. The kernel of this map is
just the set of v € K* for which yOg = Og; these v are easily seen to be precisely
the units OF.

We also have a natural injection Px — Ix. The cokernel of this map is the
ideal class group Cg, by definition. In particular, if we consider the composite map

K**»PKC—>IK,

we see that it has kernel O} and cokernel Cx. Thus we have exhibited a single
map which connects these two fundamental invariants.

From here we omit all proofs. In order to state the second (much deeper)
connection we need to know a bit more about the unit group. The fundamental
theorem is due to Dirichlet. We first need to analyze the complex embeddings a
bit. We will say that a complex embedding ¢ : K «— C is real if it has image
in R; otherwise it is imaginary. If ¢ is imaginary, then its complex conjugate &
is a different imaginary complex embedding of K. We let r be the number of
real embeddings of K and s the number of complex conjugate pairs of imaginary
embeddings of K. Thus r + 2s = n, where n is the degree of K over Q.

ExXAMPLE 1.6. If K = Q(v/d) is quadratic with d > 0, then 7 = 2 and s = 0.
Such a K is called a real quadratic field. If K = Q(v/d) with d < 0, then 7 = 0
and s = 1; K is called a imaginary quadratic field. If K = Q({,,) with m > 2, then
every embedding is imaginary (since R contains no roots of unity of order > 2), so
r =0 and s = p(m)/2. Note that in all of these cases we have one of r and s equal
to 0; this is because the fields are Galois, and thus all embeddings have the same
image. For a non-Galois example, take K = Q(+/2): then 7 = 1 and s = 1.

THEOREM 1.7 (Dirichlet Unit Theorem). Let K be a number field with r real
embeddings and s complex conjugate pairs of imaginary embeddings. Let W be the
subgroup of OF of roots of unity. Then

O =W x 251,
Note that this theorem implies that O7 is finite if and only if r + s = 1; this

occurs if and only if K is Q or an imaginary quadratic field. It is not a coincidence
that these are the number fields of which we have the greatest understanding.
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The proof of Theorem 1.7 rests upon the logarithmic embedding of K*. This is
a map

K* N Rr+s

defined as follows: let oy, ... , 0, be the real embeddings of K and let 41, ... , 0,45
be a set of imaginary embeddings of K containing one of each complex conjugate
pair. (Thus o1,...,0,,0r41,-++ ,0r45,0p041,--- ,0p0+s are the n complex embed-
dings of K.) The logarithmic embedding is defined by sending o € K* to the
(r + s)-tuple

(1Og |01 (Cl)|, s alog ‘O-T(a)|a 21Og |O'T+1(Oé)|, s 7210g |UT+S(a)|)'

One shows (using the fact that the norm of a unit is +1) that the image of O} lies
entirely within the hyperplane

14+ + Ty =0.

Furthermore, by Exercise 2.16 one sees that the kernel of the logarithmic embedding
is precisely the group of roots of unity W. The remainder of the proof of the theorem
involves showing that the image of K* is a lattice of maximal rank in the r +s—1
dimensional hyperplane z; + --- + z,45 = 0.

We need the logarithmic embedding to define an important invariant of K. Let
€1y... ,Er4+s—1 De a basis for the free part of OJ; thus every element of OF can be
written uniquely as

eyt
with ¢ € W and each n; € Z. We define the regulator Ri of K to be the determinant

of the matrix
r+s—1

(O-i(aj))i,j:1 .
(It in fact doesn’t matter which embedding o; one omits from the matrix, as each
row can be written in terms of the other r+s—1 rows.) The Dirichlet class number
formula states that, if K/Q is Galois with abelian Galois group (for example, a
quadratic field or a cyclotomic field), then

. w|AK| .
hi = TR lim (s — 1)Cre (1)
Here w is the number of roots of unity in K, Ak is the discriminant of Ok, r and
s are the number of real and pairs of complex conjugate imaginary embeddings
respectively, and (g is the Dedekind zeta function, defined for Re(s) > 1 by

Ck(s) = Z Nk /q(a)™%,

a an ideal of Ok

which is a meromorphic function with an analytic continuation to the entire complex
plane, with a simple pole at s = 1.

All of these terms turn out to be reasonably easy to compute except for the
regulator and the class number. One sees, therefore, that determination of the
regulator is essentially the same as determination of the class number. Since to
compute the regulator one virtually needs to know precisely what the units are,
this means that computing the ideal class group and the unit group are almost the
same problem.
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2. Finiteness of the ideal class group

2.1. Norm bounds. The fact that the ideal class group is finite indicates
that unique factorization never fails too spectacularly in rings of integers of number
fields, and is perhaps the most important single fact in algebraic number theory.
In this section we will give a surprisingly simple proof.

THEOREM 2.1. Let K be a number field. There exists a number \i, depending
only on K, such that every ideal non-zero a of Ok contains a non-zero element o
with

| Ng/o(a)| < Ak Ngjg(a).

PROOF. Let aq,...,a, be an integral basis for O and let o1,...,0, be the

complex embeddings of K. We will show that one can take

n n

e =1] |oi ()]

i=1 \j=

Let a be a non-zero ideal of Ok and let m be the unique positive integer such
that

Consider the (m + 1)™ elements

n
ijaj |0<m; <m,m; €Z
=1

Since O /a has order less than (m + 1)™, two of these elements must be congruent
modulo a. Taking their difference we find an element

n
_2: .
o= m;a; € a
Jj=1

with |m}| < m. We compute

[Nijg(e)l =] loi(a)]

i=1

n

n

2 : 1
ag; ijéj

j=1

=1

I
=

n
> mioi(ay)
1]5=1

< T2 Imjlloi(ay)

i=1j=1

< TI3- mloi(ay)

i=1j=1

-
Il

= m”)\K
< Ak Ni/g(a)
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as claimed. O

COROLLARY 2.2. Let 2 be an ideal class of Cx. Then 2 contains an integral
ideal of norm < A\g.

PROOF. Let b be any integral ideal in 20=!. By Theorem 2.1 we can find 3 € b
with |Ng/o(8)] < Ax Ng/g(b). The principal ideal fOk is contained in b, so
by Lemma II.3.8 there is an integral ideal a such that ab = 5Ok. Since Ok is
principal we have a € 2, and we compute

N
Ng/q(a) = 7‘ NZSE?)” <Ak

COROLLARY 2.3. The ideal class group Ck is finite.

ProoF. By Corollary 2.2 every ideal class contains an ideal of norm at most
Ai. By Exercise 4.2 there are only finitely many ideals of norm < Mg, so this
means that every ideal class contains one of a finite set of ideals. In particular, Cx
must be finite. O

The bound given above is not terribly useful in actually computing the ideal
class group, both because it is difficult to compute and because it gets large fairly
fast. A much better bound can be obtained using Minkowski’s theorem in the
geometry of numbers; we state it here and will use it in the next section to compute
ideal class groups of imaginary quadratic fields.

THEOREM 2.4 (Minkowski bound). Let K be a number field of degree n. Then
every ideal class of Ok contains an ideal a satisfying

Ni/g(a) < px = ” <i>s VIAkl.

nn
Here s is the number of conjugate pairs of imaginary embeddings of K.

2.2. Computations of ideal class groups of cyclotomic fields. There
are some immediate applications of the Minkowski bound. For example, take K =
Q(¢5). This field has discriminant A = 5% and s = 2, so the Minkowski bound
shows that every ideal class contains an ideal of norm at most

41 [/ 4\?
nK =g (ﬂ) V125 2 1.6992079064.

Thus every ideal class contains an ideal of norm 1. But the only ideal of norm 1 is
Ok, so every ideal class contains Ok ; thus there is only one ideal class, and Cg is
trivial. It follows immediately that Z[(5] is a UFD.

For a slightly more involved example, take K = Q(¢7). This time we compute
that the Minkowski bound is px ~ 4.12952833191. Thus every ideal class contains
an ideal of norm at most 4. Let a be such an ideal, and assume that a # Ok.
Since the only possible prime factors of N g(a) are 2 and 3, every prime factor of
a must lie over 2 or 3.

Let us now determine these primes. Since 2 has order 3 in (Z/7Z)*, the primes
lying over 2 will have inertial degree 3. In particular, they will have norm 23 = §;
thus they can not appear as prime factors of a. Similarly, since 3 has order 6 in
(Z)7Z)*, it actually remains prime in Of and has norm 35 = 729. It can not occur
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as a factor of a either; thus a must be Og. It follows that Cx is trivial and Z[(;] is
a UFD.

Even the Minkowski bound becomes somewhat difficult to use past this point;
this again illustrates how difficult it can be to compute ideal class groups.

We will conclude this section with a few comments on the study of ideal class
groups of cyclotomic fields; this remains an important and active area of number
theory. The determination of all cyclotomic fields of class number 1 was completed
in 1971 by Masley, using work of Siegel, Montgomery and Uchida. Recall that if m
is odd then Q(¢,,) = Q(Cam,), so we can restrict our attention to those m which are
not congruent to 2 modulo 4.

THEOREM 2.5 (Masley). Let m be an integer which is not congruent to 2 mod-
ulo 4. Then Q((,,) has trivial ideal class group (and thus Z[(y] is a UFD) if and
only if

m=1,3,4,5,7,8,9,11,12,13, 15, 16, 17, 19, 20, 21, 24, 25, 27, 28,
32,33, 35,36, 40,44, 45, 48, 60, 84.

PROOF. The proof is quite intricate; see [20, Chapter 11]. O

The first cyclotomic field with non-trivial ideal class group is Q((23), which has
class number 3.

In the general case the first step is to break the ideal class group into smaller
pieces. Let us write h,, for the class number of Q((,,) and k!, for the class number
of the real subfield Q((,,)". One can show that k) divides h,, (the proof of this
is an easy application of class field theory, but, being an application of class field
theory, is not easy); set h,, = hp,/h}t. h_ turns out to be easy to compute in
terms of certain Bernoulli numbers; it’s fine structure is now very well understood
through the efforts of Herbrand, Ribet, Iwasawa, Mazur, Wiles, Thaine, Kolyvagin
and Rubin, although we can not really state their results here.

Much less is known about h;,. We will return to it in the next chapter.

3. Ideal class groups of imaginary quadratic fields

3.1. Lattices. We turn now to the case of imaginary quadratic fields, where
it is actually possible to give a reasonably straightforward algorithm for computing
the ideal class group. For this section fix an imaginary quadratic field K = Q(+/d)
with d a negative squarefree integer. We assume as usual that we have fixed an
embedding of K into C. Set

Vd  d=2,3 (mod 4);
o =
# d=1 (mod 4);
which has minimal polynomial
(@) 22 —d d=2,3 (mod 4);
xTr) =
?—z+5% d=1 (mod 4).

Consider an ideal a of Ok. Let a be any rational integer lying in a; then
a0k C a C Ok,

so a lies between two free Z-modules of rank 2 and thus must itself be a free Z-
module of rank 2. Recall also that two ideals a and b of Ok lie in the same ideal
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class if and only if there is some v € K* such that ya = b. Such submodules of
C are called complex lattices; two lattices related by multiplication by a scalar are
said to be homothetic. In this section we shall give the classification of complex
lattices up to homothety; later we will use this to determine when two ideals lie in
the same ideal class.

We omit all proofs; for the details, see [17, Chapter 7, Section 1]. Let A C C
be a free Z-module of rank 2 which contains an R-basis for C. (This last condition
merely says that A does not lie entirely in a single line.) Thus we can write

A={ar +br2|a,beZ}
for some A, Ay € A; the condition that A is free of rank 2 amounts to the ratio

Ap

A2
not lying in Q, and the condition that A contains a R-basis for C amounts to this
ratio not lying in R. We will call such a A a complex lattice. Two lattices A; and
Ao are said to be homothetic if there is some a € C* such that aA; = As. We wish
to give a method to determine when two complex lattices are homothetic.

We begin by picking a basis: let A1, Ay be a Z-basis for A as above. We assume
throughout that all bases are ordered so that Im(A;/A3) > 0. (As we said above,
we can not have Im(A;/\y) = 0, since then A would not contain an R-basis for C.
Thus, if Im(A1/A2) < 0, we can switch the order of the A; to get the imaginary part
positive.) Let = {z € C | Im z > 0} be the upper half-plane and define

j(/\1,>\2) =—€9n.
Note that for any o € C*,
J(@Ar, ad2) = (A1, A2),

which suggests that j is a decent place to start in the classification of lattices up to
homotopy.

Unfortunately, j(A1, A2) depends not only on A but also on the choice of basis
A1, A2. In order to use j to classify lattices up to homothety we must remove this
basis dependence.

We do this by determining the other possible bases for A and seeing how j
depends upon the choice. By standard linear algebra, the bases for A are of the
form

)\/1 = a1 + bAg, )\/2 =cA +dAs

( i Z ) € GLy(2),

the integer matrices of determinant £1. However, as above we want to restrict to
only the bases A}, A of A ordered so that Im(\;/\;) > 0. One checks easily that
the matrices which preserve this condition are precisely those in SLy(Z); that is,
those of determinant 1. We compute for these bases

al + bl (lj(/\l7 /\2) +b

jlar1 + bAg, ey —l—d)\g) = At D = G0 ) Td

where




84 4. THE IDEAL CLASS GROUP

These computations suggest the following approach. We define an action of
SLy(Z) on $) by
a b _az+b
( c d ) = cz+d’

we leave it to the reader to check that this really is a group action. Let us denote
by Y the quotient space of $ by this action. Recall that this means that ) consists
of the orbits of the SLy(Z) action on $): for any z € §), its orbit is simply the set

{yz | v € SL2(Z)}.

This action of SLy(Z) is defined in such a way that if A1, Ay and A}, \} are two
correctly ordered bases of a lattice A, then j(A1, A2) and j(A], A5) will lie in the same
SLo(Z) orbit of $; that is, they will be equal in Y.

This tells us that if we compose our map

j : ordered bases of lattices —
with the quotient map $ — ), we obtain a map
j : lattices — Y

the basis dependence disappears in ) by our argument above. Furthermore, we
saw above that j is invariant under multiplying bases by constants; it follows that
j yields a well-defined map

j : homothety classes of lattices — ).

By this we mean that if A and A’ are homothetic, then j(A) = j(A').

This map j is easily seen to be surjective and it can also be shown to be injective.
Thus j establishes a set bijection between homothety classes of lattices and ). This
means that if we have a good description of ) then we will have a good classification
of lattices up to homothety. This description comes from the following result.

PROPOSITION 3.1. Define
-1 1
Y:{,ZG(C;Imz>072 < Re(z) < 57\z| > I}U

{z € C;lz] = 1,0 < Re(z) < ;} U {z € C;Re(z) = %,Im(z) > \ég}

Then' Y contains exactly one element of each SLy(Z) orbit of $; that is, Y is in
natural bijection with ).

PROOF. See [17, Chapter 7, Section 1.2] or [18, Proposition 1.5]. O

The last thing we need is a good way to determine which element of Y an
element of § corresponds to.

PROPOSITION 3.2. Set
0 -1 11
(V) r=(in)
Then S and T generate SLo(Z).
PROOF. See [17, Chapter 7, Section 1.2] or [18, Proposition 1.5]. O
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FIGURE 1. The fundamental domain Y for the SLy(Z) action on $

Note that S(z) = —% and T'(z) = z + 1.

These results give us the following algorithm for determining the homothety
class of a lattice A with basis A1, Ao. First, compute j = j(A) = A1 /Ay. We want to
modify j by S and T to get it into Y. If Imj < 0, replace j by 1/j; this corresponds
to swapping the two basis elements. Now, if j is in Y, then we are done. If j is not
in Y, then first add an integer m to j so that

—1 . 1

- < Re(j +m) < 3
If j+ m € Y, then we are done. If not, replace j + m by —ﬁ and start over.
Proposition 3.2 (or more honestly its proof) guarantees that this will eventually
yield an element of Y.

EXAMPLE 3.3. Let A =5Z + (1 +4)Z. We compute

. 5 5 5,
W) =135 =3-2%
so we replace it by
1 1 1
o= tZi€EH
jA) 55

This does not yet lie in Y, as it has absolute value < 1. Since its real part is already
between —% and %, we replace it by its negative reciprocal, which is

5 5,
5 + 22.

Adding 3 to this we obtain the element

1 5,

2y
of Y.

Suppose that we used the basis 23+3i = 4(5)+3(1+4),174+2i = 3(5) +2(1+1)

of A instead. We compute

. 23+3i 397
i(A) =

“17+2i 293 T 203"
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Subtracting 1 yields % + Q%i, which has absolute value < 1. Its negative
reciprocal is
—104 L 5 .
37 ' 37"
adding 3 yields
7 n 5
— + =i
37 377
which still has absolute value < 1. Its negative reciprocal is
7 n 3.
4%
2 27
adding 4 yields
1 5
T P v
5 + 2@ €Y,

as before.

3.2. Ideal generators and lattice generators. In order to take advantage
of our lattice classification of the previous section we need a method to go from ideal
generators to lattice generators. That is, given an ideal a = (a1, ag) we want to find
a Z-basis for a. The general algorithm is little more than Gaussian elimination: we
know that ay, as form a set of Z[a]-generators for a, so a1, a1, as, asa form a set of
Z-generators for a. Write all four out in terms of the basis 1, a of Og. Now perform
your favorite Gaussian elimination algorithm on these four vectors to obtain a two
vector basis; one must remember that since we are working only with Z-modules
and not with vector spaces, the only scalars allowed are integers.

EXAMPLE 3.4. Take K = Q(v/—5) and a = (10, @« + 5), where a = v/—5. Then
10,10c,5 + «, (5 + a)ae = =5 + 5o are Z-generators for a; thus we wish to perform
Gaussian elimination on the matrix

10 0 5 -5
0 10 1 5

Adding —5 times the third column to the last column yields

10 0 5 20
0 10 1 O

Subtracting twice the first column from the last column now eliminates the last
column. Subtracting 10 times the third column from the second column yields

10 =50 5
0 0 1]

Finally, adding 5 times the first column to the second column shows that the ideal
generators 10, a 4+ 5 are also a lattice basis for a.

In fact, it very often (but possibly not always; I haven’t yet found a coun-
terexample, but it seems that there could be one) happens that the “natural”
ideal generators are also a lattice basis. For example, Exercise 4.3 shows that if
p = (p,a + m) is a prime ideal of Ok, then p and « + m are a lattice basis for p.

Note also that if a = (a) is a principal ideal, then a has lattice basis a, ac.
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3.3. Computing ideal class groups. We now have all of the tools we will
need to compute ideal class groups of imaginary quadratic fields. Let K = Q(+/d)
and define o and f(x) as before. The first step is to determine generators for
the ideal class group. To do this, compute the Minkowski bound: for imaginary
quadratic fields, it works out as

JiV=d d=2,3 (mod4)
puae = 2\/=d d=1 (mod 4).

Next, for every positive rational prime p < pg, determine the factorization of p
into primes of Ok as in Chapter 3, Section 1.1. If p is inert, then the ideal pOg is
principal, so it is irrelevant in computing the ideal class group. Thus we need only
consider those p which split or ramify. Let Py be the set of primes of Ok lying over
these p.

We claim that Py contains generators for the ideal class group Ck. To see this,
let A be any ideal class. We know that there is some a € 2 with Ng g(a) < pk.
By unique factorization of ideals, a factors into prime ideals, and each such prime
must have norm < pgx. Thus a can be written as a product of primes of norm
< p; this shows that the ideal class 2 is generated by ideal classes of primes in
Py, and thus that Py generates Cg.

The next step is to determine which of these generators are equal in the ideal
class group. First one computes j(Ok) € Y and j(p) € Y for each p € Py. If for
any p,q € Py one has j(p) = j(q), then we know that p and g are homothetic as
complex lattices. That is, there is an a € C* such that p = agq. One shows easily
that o must actually lie in K* (see Exercise 4.4) so p ~ q. Thus p and q are equal
in Ck, and one must only include one of p and q as a generator of Cx. Similarly, if
i(p) = j(OK), then p is trivial in Cg, and thus irrelevant to the computation. Let
P be a set containing one element of Py for each j-value obtained; P; still generates
Ck and its elements are distinct in Cx .

From here one needs to compute the full group Cx simultaneously with a multi-
plication table. Note first of all that we already know the inverses of every element
of Py, since for each p € Py there is a p’ € Py such that pp’ = (p) is principal. If p
and q are two primes of P; which are not inverses, we compute first ideal generators
of pq, and from these we compute a lattice basis. We then determine j(pq) € Y. If
this equals j(a) for some ideal we have already computed, then we have pg ~ a in
Ck. Otherwise we obtain a new element of Cx which we add to the multiplication
table. From here one continues until every possible product has been determined;
often one can use previously determined relations to determine others and thus
simplify the computations. The end result is a multiplication table for the ideal
class group Cg, together with the j-invariants of each ideal class.

Note that as a special case of this algorithm we get a simple method to deter-
mine if an ideal is principal: simply compute a lattice basis, from that compute its
j-invariant, and compare it to j(Ok); they will be equal if and only if the ideal is
principal. More generally one can determine which element of the ideal class group
a given ideal is equivalent to in the same manner.

3.4. Example : Q(v/—14). Take K = Q(v/—14). In this section we will
compute Cx. We compute px ~ 4.764026148, so the only primes we need consider
are 2 and 3. 20k factors as

205 = (2,v/—14)*
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and 30k factors as
30k = (3, V—-14+1)(3,V/-14+2).
Set a1 = Ok, az = (2,vV/—14), a3 = (3,V/—14+ 1), ay = (3,/—14 +2).

We now compute j of each of these ideals. We have

j(Cl1) =V 14.
By Exercise 4.3 we know that 2 and v/—14 are a lattice basis for as, so we find that

) V14 |
j(ag) = ——i.
2
Similar computations for az and a} yield
) 1 V14,
j(as) = 3T 376
1 V14,

ooy 1 V14
i(ag) = 3+ 7 &

Thus all three generators are distinct in Cg.
We now compute products. We already have the multiplication table

a1 a4y a3 df
a; | ap apx az af

ag | Ao aq
as | as ap
ay | af a

We compute

(2,a) (3, +1)

= (6,20 + 2,3a,0” + )

(6 2a + 2, 3a, a—14)
= (6, a4+ 4).
Call this ideal a. One easily checks that 6 and « + 4 are a lattice basis of a, so we
compute

V14,

. 1
](a) = _g + Tl.

Thus asas ~ a4 in Cx. This also allows us to compute

203 =

1\2 / .
(a3) ~ agagay ~ dag;
05 ~ a303 ~ az;

a2 ~ agayaz ~ as.

Thus we can fill in our multiplication table:

‘al o das Clg

a; | ap a az af
az | az a; aj ag
az | az af ax o

af | af a3 a; ag

Since every possible product of generators is now accounted for, we find that Cx =
Z/AZ and hi = 4.
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3.5. Example : Q(v/—119). For a second example, take K = Q(v/—119), so
that o = @ and f(r) = 22 — 2 + 30. (In particular, a® = a — 30.) The
Minkowski bound is pux =~ 6.94470182322, so we must check the rational primes 2,
3 and 5. We find that

(2) = (2,0) (2, +1);
(3)=(3,2)(3,a+2);
(5) = (5,a) (5, a+4).

Set a1 = Ok, a2 = (2,a), a = (2,a+1), a3 = (3,0), a5 = (3,0 +2), a5 = (5,a),
ag = (5, a+4). We compute (since by Exercise 4.3 we know that the ideal generators
are a lattice basis)

oy = Ly VIO,
ar) = 2 D) &
o) = L4 YOI,
az) = 4 4 )
1 119
. o & .
J(aQ) - 4 + 4 23
i(as) 1 n 119 .
= — 'R
Jlas 6 6 )
1 119
. / _ = ..
J(a3) - 6 + 6 2
(o) — L 4 VIO,
) =707 10 ©
1 v 119
. ! _ 7.
i(as) 10 + 0"

Let us begin by determining the powers of a;. We find that
az = (4,2&,&2) = (4, 20, v — 3()) = (4,a—|—2).

Call this ideal a4. One checks easily that it has lattice basis 4, a + 2, so that we
can compute

2

11
8

1.

) 3
j(ag) = ~3 +
Next, we have

ag = ag0y = (2,04) (4,a+2) = (874a,2a—|—4, a? —|—2a)
= (8,4a,20+ 4,30 — 30) = (8, a +6).

Call this ideal ag. It has lattice basis 8, a + 6, so we compute

(o) = & +
18—8 g

Next, we have

a3 = azas = (2,) (8, + 6) = (16,2a + 12,80, 0* + 6
= (16,2a + 12,8a, Tar — 30) = (16, — 2).
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This ideal has lattice basis 16, a — 2, so we compute that it has j-invariant

1 119,

4 * 4
Thus aj ~ ab. This also implies that a3 ~ a1, so we have found a subgroup of order
5 in CK.

We next compute the powers of as. We have

a3 = (9,30, — 30) = (9,a +6);
this has lattice basis 9, a 4+ 6, and we compute that it has j-invariant

3 V119,

Z,

578
so a3 ~ ag. Thus we immediately know the even powers of az: a3 ~ a ~ d}
(compute this in the cyclic group generated by az), a§ ~ a3 ~ as, a§ ~ aj ~ as,
al® ~ a} ~ a;. To compute the odd powers of a3 we simply need to multiply each
of these by as.

We find that

aj ~ agas = (3,0) (4,0 +2) = (12,3a + 6,40, &* + 20)
= (12,30 + 6,40, 3a — 30) = (12, + 6).
This has lattice basis 12, a 4 6, and j-invariant

1 + V119
— 4+ —1
10 10 7
so a3 ~ as. Since az has order 10 and a5 ' = a}, this also tells us that aj ~ af.

Since we also have aj = a}, every generator is a power of az; thus Cx is cyclic of

order 10 with generator as.
The only remaining power to explicitly compute is aj. We find that

aj ~ agay = (3,0) (2, + 1) = (6,20, 3a + 3,0* + )
= (6,20, 3ac + 3,2c0 — 30) = (6,0 + 3).
Call this ideal ag. It has lattice basis 6, a + 3, and
. 5 /119
](ae) = ﬁ + Tl.
This completes the calculation of Cy.

3.6. Imaginary quadratic fields of class number 1. We have already seen
a few imaginary quadratic fields with class number 1: Q(7), Q(v/—2), and Q(v/—3).
It turns out that there are exactly 6 more imaginary quadratic fields of class number

1. They are Q(v/—=7), Q(v/—11), Q(v/—19), Q(v/—43), Q(v/—67) and Q(v/—163).
It is quite easy using our techniques to show that these all have class number 1.
We will do the case of K = Q(v/—163), which is the most interesting.

In this case we find that pux ~ 8.12781715683, so we must check the primes 2,
3, 5 and 7. Recall that an odd rational prime p is inert in Ok if and only if we have

(=2)--
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‘We compute

(=
Thus none of these primes split in Ok. For p = 2, we need to determine the

factorization of 22 — x +41 in Fa[z]; it is irreducible, so 2 doesn’t split either. Thus
our set of generators of C is trivial, so Cx itself must be trivial.

Continuing the Legendre symbol calculations above, one finds that %63> =

—1 for all p < 37. This has an amusing consequence. Consider the polynomial
f(x) = 2% — x + 41. It has been observed that this polynomial yields primes with
remarkable frequency; in fact, it yields a prime for each of x = 1,... ,40. Using the
Legendre symbol calculations we can give a quick proof of this.

Let z¢ be an integer and suppose that some prime p divides f(xo). Then

22— 2o +41=0 (mod p).

Thus
(220 — 1) = —163  (mod p),

SO (%) =0 or 1. But we have shown that this does not happen for any p < 37.

Thus no p < 37 divides f(z) for any xo.

Next, note that f(z) is positive and increasing for z > 1/2 and f(40) = 1601 <
412; thus |f(z)| < 412 for all 1 < x < 40. It follows that if f(z) is not prime for
such z, then f(z) is divisible by some prime < 37. Since we showed above that this
does not happen, every value f(x) with 1 < 2 < 40 must be prime. More generally,
the fact that values f(x) are not divisible by any small primes suggests that they
should be prime unusually often.

It is much harder to show that the above are the only imaginary quadratic
fields with class number 1; this was proved only in 1967 by Stark.

The case of real quadratic fields is quite different; in fact, it is conjectured that
most real quadratic fields have class number 1.

4. Applications to quadratic forms

4.1. Example : Q(y/=5). Our explicit calculations of ideal class groups of
imaginary quadratic fields can be used to yield some interesting refinements of our
earlier results on quadratic forms. We begin with the case K = Q(v/=5) to illustrate
the basic idea. Recall that we related this field to the quadratic form z2 + 53%; we
showed that an (unramified) positive rational prime p could be represented by this
quadratic form if and only if it split into principal primes in Og. Unfortunately,

we had no good characterization of which primes these were; that (%) =1lisa

necessary condition, but it is not sufficient.
We will approach this problem from a different point of view in this section.
Specifically, we will construct a second quadratic form which will represent any

p with (?) = 1 which 22 + 53? does not represent. In other words, we will
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show that there is a second quadratic form ¢'(z,y) such that every positive rational

prime p with (?) = 1 can be represented by at least one of 2% + 5y? and ¢/(z,y).

Furthermore, no primes with (?) = —1 will be represented by either quadratic
form.

We assume throughout this section that all primes are distinct from 2 and 5,
the two primes which ramify in K/Q.

We first need to compute the ideal class group. One checks easily that hx = 2,
with ag = (2, V=5 + 1) a representative of the non-trivial element of Cx. In
particular, we have the j-invariants

i(Oxk) = V5i;
. 1 1
)(ag) = 5 + 5\/52
Now, let p be a prime of Z which splits in Og; recall that we know that this
occurs if and only if (_75) =1. Let p = (p7 vV—=5+ m) be one of the primes of
Ok lying over p. Recall that to compute j(p) (using Exercise 4.3) we begin by
computing
V=5 1
ﬁ = m + *\/L;)i
p p p
and then applying appropriate elements of SLo(Z) to get the value into the funda-
mental domain Y.
Suppose first that p is actually principal. This means that p ~ Ok, so j(p) =
V/5i in the quotient space Y. By definition of ) this means that there is some

matrix
a b
(*8) sz

(the reason that we have chosen these strange variable names will become apparent
later) such that

1
( o b ) (vV3i) = 2 + - v5i.
y p p
Expanding out the SLy(Z) action, this tells us that

m 1 . a(\/5i) + b
p +p\f5  y(VEi) 4
(av/5i + b)(—yV/5i + )

S5ay +bxr  ax —by .
= 5.
x2 4 5y2 Ty 5y? Vi

Equating imaginary parts and using the fact that ax — by = 1 now tells us that
2 4 5y = p.

That is, if p is principal then we can find integer solutions to the quadratic form
224-5y? = p. Of course, this isn’t terribly surprising; it just duplicates one direction
of Proposition III.1.7.
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More interesting is the case where p is not principal. This time we have p ~ as,

soi(p) =4+ %\/51 in Y. Again, this tells us that there is a matrix

(Z Z)eSLQ(Z)
(Z 2)(;—1—;\/52’):7;—1—;\/52'.

Expanding this out we find that

a(t+3VEi)+b

such that

1
™y ~VEi =
p ' p

y(%—l—%\/gi)—kx
~(%+0b)+2Vhi
(Y4 2) + YV5i
_ [(5+b) +5V5i] [(§ +2) — §V5i]
(o) + 4Bl [(1+2) — 4751
. EEDEESTITE NS

where the - is some real number which we don’t need to evaluate. Equating imagi-
nary parts gives

NGO ERTIEe
P e
R I (SO ERETC)
iy2+xy+x2+iy2:p(f’+§y+cf+(f)
x2+xy—|—2y2:p(a$;by>
x2+xy+gy2:§.

Thus
222 + 22y + 3y% = p.

In particular, p can be represented by the quadratic form 2z2 + 2zy + 3y°.
Let us summarize our results to this point. We begin with any positive rational

prime p such that (?) = 1; it necessarily splits as pp’ for some prime ideal p,p’ of
O . These ideals must either both be in the ideal class of a; or in the ideal class
of as; in the first case we have shown that we can write

p = a? + 5y
and in the second case we have shown that we can write

p =222 + 2zy + 3y%.
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Thus, if all we know is that (_?5) = 1 but not which ideal class p actually belongs

to, we can already say that p can be represented by at least one of these two
quadratic forms.

Let us now show that these are the only p which are represented by these
quadratic forms. That is, we want to show that if p is represented by one of these

quadratic forms, then (_75) = 1. (Remember that we are assuming p # 2,5.) We

already know this for 2 4 5y2, so we just need to show it for 222 + 22y + 3y?. The
case p = 3 is easy, so we assume p # 3. Suppose that we have

222 + 2zy + 3y% = p.

We can not have z or y divisible by p, for the other would then have to be divisible
by p as well (this is where we use p # 3), and then the entire left-hand side would
be divisible by p?. In particular, ¥ must be invertible modulo p, so

0 =222+ 2xy +3y> (mod p)

() ()

That is, the quadratic equation 2¢2 + 2t + 3 has a root modulo p. On the other
hand, the quadratic formula tells us that the roots of this equation are

4+ I=24
e 1+ V-5
4

Thus 2t2 + 2t + 3 has roots if and only if —5 is a square modulo p; that is, if and
only if (%5) = 1. Combining these two facts shows that if p can be represented by

222 + 22y + 3y?, then (775) =1.

To make this result slightly better, let us determine which primes p have

(32) = 1. We have
5)-()0)

Since 5 =1 (mod 4), quadratic reciprocity tells us that (%) = (g); thus

()= E)

These Legendre symbols evaluate as
(—1)_ 1 p=1 (mod 4);
p ) |-1 p=3 (mod4);

(p) 1 p=1,4 (modb);
5) |-1 p=2,3 (mod5).

Combining these two computations we find that

(5)_ 1 p=1,3,7,9 (mod 20);
p ) |-1 p=11,13,17,19 (mod 20).

and

Put together, our above computations yield the following theorem.
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THEOREM 4.1. Let p # 2,5 be a positive rational prime. Then p can be repre-
sented by at least one of the quadratic forms

x? 4 5y2, 222 + 22y + 3>

if and only if
p=1,3,7,9 (mod 20).

In fact, it turns out that the first form represents those p such that p = 1,9
(mod 20) and the second those such that p = 3,7 (mod 20), but the best proof of
this requires class field theory.

4.2. The general case. The arguments of the previous section generalize
easily. Let K = Q(v/d) be an imaginary quadratic field; we begin with the case

d = 2,3 (mod 4). Suppose that aj,...,a;, are ideal representatives for its ideal

class group. Let p be any positive rational prime such that (g) = 1 and let

p= (p, Vd + m) be one of the primes of Ok lying over p.
By the definition of the ideal class group we have p ~ a; for a unique i. Note
that it is clear from our definition of j that j(a;) € K; thus we can write

j(a;) =7+ sVd

for some 7, s € Q. Since p ~ a;, the definition of j tells us that there is some

( ‘c‘ Z) € SLy(Z)

such that
1
( a b ) (r+svd) ="+ Va
y T p p
Expanding out the SLy(Z) action yields
@_’_1\/&: a(r+svVd) +b
p p y(r +svVd) +x

_ (ar+0b) + asvd

 (yr+a)+ysvd
( (ar +b) —l—asf)((yr—kx) —yS\/E)
 ((yr+ ) + ysVd) ((yr + z) — ysVd)

_ (ar +b)(—ys) + as(yr + x)
r o~ T (grt o) — s

Vd

where - is some real number. Equating imaginary parts yields
(yr + 2)? — dy?s?
ar + b)(—ys) + as(yr + x)
p((ar +b)(—ys) + as(yr + x)) = (yr + 2)* — dy’s”
p(—arsy — bsy + arsy + asx) = r’y* + 2roy + 2* — ds*y?

P=

ps(ax — by) = r2y? + 2roy + 22 — ds®y?

15, 2r r2 — ds? 9
p=-2"+—xy+ —Y°,
s s s
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using the fact that ax — by = 1. Note that the quadratic form depends only on r
and s; that is, only on j(a;). We have therefore shown that if p ~ a;, then p can be
represented by the quadratic form

1 2r r? —ds? ,

—r?+ oy + ——%
S s S

Since every prime p lying over a rational prime p with (%) = 1 is equivalent to
some a;, we obtain the following theorem. We will say that a prime p is relatively
prime to a rational number ¢ if p does not divide the numerator or denominator of

¢ (in lowest terms).

THEOREM 4.2. Let d = 2,3 (mod 4) be a negative integer and let a1, ... ,a, be
representatives for the ideal classes in Q(v/d). Write

J(CIZ) =7, + Szﬁ

Then every positive rational prime p such that (%) = 1 can be represented by at

least one of the h quadratic forms

Si Si Si
Furthermore, let p be a prime which s relatively prime to all of the coefficients of
all of these quadratic forms and which is not ramified in Q(\/&) If for such a p we

have (g) = —1, then p can not be represented by any of these quadratic forms.

PROOF. The only new information is the last statement. So let p be a positive
rational prime which is relatiely prime to all of the coefficients. Suppose that p can

be represented as

1 45 2r r? —ds* ,

—rt+ —ay+ ———y =p

s s s

for some z,y € Z, with (r,s) = (r4,s;) for some i. We must show that (%) =1.
Note that under the hypothesis that p is relatively prime to the coefficients

we must have both = and y relatively prime to p; if one were not, then the other

would also be divisible by p and the entire left-hand side of the expression would

be divisible by p?. In particular, we must have that y is invertible modulo p. The

representation above yields a solution to the congruence

1 2 2 —ds?
0= f:v2+—r:vy+¥y2 (mod p)
s s s

2
0= (x) + 2r (:c) + 72 — ds?.
Yy Yy

(We can cancel the % since by hypothesis p is relatively prime to all of the coefficients
of all of the quadratic forms and the coefficient of z2 is é) By the quadratic formula,
the roots of this are
—2r 4 \/4r2 — 4(r? — ds? V4ds?
! \/7"2 (rP—ds®) _ L V4 L Va
In particular, if p can be represented by the quadratic form, then

G+)
—{=+r
S \Y
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will be a square root of d modulo p. Thus, (%) =1. O

The analysis in the d = 1 (mod 4) case is entirely similar, except that we begin

with the ideal L
= —+=Vvd].
p (p,m+ 5 + 2[)

The only effect this has is removing an additional factor of 2.

THEOREM 4.3. Let d = 1 (mod 4) be a negative integer and let aq,... ,ap be
representatives for the ideal classes in Q(v/d). Write

J(Cll) =7r;,+ Slﬁ

Then every positive rational prime p such that (%) =1 can be represented by at
least one of the h quadratic forms

L oo T r? —ds?

Furthermore, let p be a prime which is relatively prime to all of the coefficients of
all of these quadratic forms and which is not ramified in Q(\/(j) If for such a p we

have (%) = —1, then p can not be represented by any of these quadratic forms.

EXAMPLE 4.4. Take d = —14. We have already computed the ideal class group
of Q(v/—14); the possible j-invariants are

1 11 1 1
N e e e L R e

Plugging into our formula, we find that every p such that (7714) can be represented
by at least one of the quadratic forms

x? 4 14>

222 + 7y?

322 + 2zy + 5y

322 — 2zy + 5y

In fact, we can do slightly better. Note that if p factors as pp’ and j(p) = %—i—%\/ —14,

then we must have j(p’) = f% + %\/714, since p and p’ are inverses in Cx. This

tells us that p can be represented by both
322 + 2zy + 5y
and
322 — 2y + 512,
so we only need one of those quadratic forms to represent all such p. (Note that

this is obvious on replacing z by —z, as well.)
One can easily use quadratic reciprocity to characterize those p such that

(7714) = 1; one finds that this occurs if and only if

p=1,3,5,9,13,15,19,23,25,27,39,45 (mod 56).
We conclude that for p # 2,3,5,7, p can be represented by at least one of
2?2 + 1492, 22 4+ 7y?, 322 + 22y + 5y



98 4. THE IDEAL CLASS GROUP

if and only if
p=1,3,5,9,13,15,19,23,25,27,39,45 (mod 56).



CHAPTER 5

Fermat’s Last Theorem for Regular Primes

1. The theorem

Let p be an odd prime and let K = Q((,). We will write ¢ for ¢, for this section.
It was observed early in the 19" century that this field is intimately connected with
Fermat’s last theorem. Specifically, if one has an equality

2P 4P = 2P
with x,y, z € Z, one can use the factorization

a? +yP = (x4 y)(z+ Cy)(z+Cy) - (w+ P y)

to conclude that

(z+y)(@+Cy)(@+Cy) - (x+ P ly) = 22

From here, one shows (with appropriate conditions on x, y, z) that the factors on the
left side are pairwise relatively prime. If O is a UFD, it follows that each z + 'y
is a p'" power in O, since their product is. From here one can easily obtain a
contradiction, which shows that Fermat’s equation has no non-trivial solution in
this case.

This argument was first successfully carried out by Kummer in the mid 19"
century. He realized that his proof applied to not only those p for which Z[(,] is a
UFD, but also to a much larger class of primes. The key property turned out to be
that p not divide the class number hg(,). Kummer called such primes regular; if a
prime is not regular, then it is said to be irregular.

We will prove Kummer’s theorem with the additional simplifying hypothesis
that p not divide xyz; this is classically referred to as Case I. Case I contains most
of the interesting content of the general case and has the advantage of being far
simpler technically.

THEOREM 1.1 (Kummer). Let p > 5 be a regular prime. Then the equation
2P 4 yP = 2P
has no solutions with x,y,z € Z and p not dividing xyz.

Proor. To begin, note that by Exercise 5.1 we can assume that z and y are
not congruent modulo p.

Let K = Q(¢p). Suppose that there is a solution z? + y? = 2P. As above we
write

(x+y)(x+Cy)- (v + Cpfly) — P,

We first show that the principal ideals (:r + Ciy) and (w + ij) have no common
factors for ¢ #£ j.

101
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LEMMA 1.2. Suppose xP + yP = 2P and p does not divide xyz. Then the ideals
(av + Ciy) are pairwise relatively prime fori=0,... ,p— 1.

PROOF. Let ¢ and 5 be distinct integers between 0 and p — 1 and suppose that
there is some prime ideal q of Ok which divides both (gc + Ciy) and (x + (jy). q
therefore also divides the principal ideals

((z+Cy) — (@ +y) = (¢ =P )y)
and _ . _ .

((z+Cy) = (e +Py) = (1= ¢)z).

(See Exercise 5.2. Note that (‘=7 (z +(/y) generates the same ideal as z + (7y since
("7 is a unit.) Recall that since i # j, ¢* — ¢/ = (1 —¢?~%) and 1 — ¢*~7 are both
associate to 1 — (. We conclude that q divides the ideals (1 — () (x) and (1 — C) (y)
However, since x and y are relatively prime in Z it follows that they can have no
prime ideal factors in common in Og; therefore, the only possibility is q = (1 —C )

Suppose, then, that (1 — C) divides (x + Ciy) and (a: + ij) as ideals. This
implies immediately that 1 — ¢ divides =+ ('y and £+ {7y as elements of Og. Thus

r+Cy=0 (mod1—Y{).
We also have ¢* =1 (mod 1 — (), so we conclude that
x+y=0 (mod1l—{).

However, x + y is a rational integer, so if it is divisible by 1 — (, then it must be
divisible by p. (See Lemma I1.4.1.)
We have now that p divides = 4+ y in Z. Since

¥ +y? =z +y (mod p),
it follows that p divides zP + yP, and therefore that p divides z. This contradicts
our assumption that p does not divide xzyz (or our assumption that = and y are

relatively prime), so we conclude that (z + ¢*) and (z + (7y) are relatively prime
ideals, as claimed. O

Let
() =i e
be the ideal factorization of (z) in Og. The equality of ideals

(@ +y)(z+Cy) - (@4 y) = (2)"
shows that
(z+y)(x+Cy) - (z+¢Py) =al™ - qb.
Since the ideals (a: + Ciy) are pairwise relatively prime, each gq; must occur in the
factorization of exactly one of them. As each q; occurs with multiplicity divisible
by p, it follows that every prime factor of each (gc + Ciy) occurs with multiplicity
divisible by p. Put differently, each (a? + Ciy) is the p'™ power of some ideal a; of
OKZ
(¢ +('y) = af.

We now use the hypothesis that p is regular to conclude that the a; are all
principal. Specifically, note that af is trivial in Cg, since it is just the principal
ideal (x + (iy). Since p does not divide the order of Cg, this implies that a; itself
must be trivial in Cx (since if Cx had an element of order p then it would have
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order divisible by p), and thus principal. Therefore we can write a;, = (ai) for some
a; € Ok, and we have the equality of principal ideals.

(x4 C'y) = (aq)?.
This implies that ‘
z+ 'y = ual
for some u € O} . The next step is to get a little more information on the unit w.

LEMMA 1.3. Let u be a unit of Og. Then u can be written as (*c with € a unit
of the maximal real subfield of K.

PROOF. By Exercise 11.2.17 we know that u/a = ¢® for some b, where @ is
the complex conjugate of u. Now choose a € Z such that 2a = b (mod p) and set
€ = (" %u. Then u = (%, and

E=("u=C"u=(""u=c¢,
so € is real and thus lies in the maximal real subfield of K. O

We now take ¢ = 1; by our results to this point we can write
T+ (y = (ea?

for some integer a, some real unit € and some o = a; € Og. By Exercise 5.3 we
have that a? = b (mod p) for some rational integer b, so we conclude that

x4+ Cy=(%b (mod p).
Since €, b and p are all real, taking complex conjugates yields
4+ Cy=("%b (mod p).
As 4 Cy = z + ¢y, we find that
r+ ¢y =("%b (mod p).
Combining these equations we conclude that
@+ Cy) = (e +C'y) (mod p)
which simplifies to
r+Cy— ¢y — =0 (mod p).

We can use this congruence to obtain our desired contradiction. Suppose first
that none of the p'" roots of unity 1, ¢, ¢2¢~! and ¢(?* are equal. Since p > 5 this
implies that these elements are part of an integral basis of O . Now the fact that

T+ Cy _ C2a71y _ C2a1,
is divisible by p in Ok implies that = and y must be divisible by p in Z; this
contradicts our assumption that p does not divide xyz, which finishes this case.

This leaves the cases where some of 1, ¢, (2271, (2% are equal. The possibilities
are:

1. 1 =¢2?"1 Then ¢ = (%%, so we find that

(z—y)+(y—2)(=0 (modp).
This p divides (x —y)(1—(). As we assumed that = and y were not congruent
modulo p, x — y is relatively prime to p; since also p does not divide 1 — ¢
(they aren’t relatively prime, but it doesn’t matter) this implies that p can
not divide (x — y)(1 — {); this is the desired contradiction.
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2. 1 =¢? Then (2~ = (71, so the congruence reduces to

(y—¢'y=0 (mod p).
This implies that p divides y(¢ —¢™1) = —y¢~1(1 — ¢?); the fact that p does
not divide y now yields a contradiction as in the previous case.
3. ¢ = (%=1 Then (?* = ¢? and the congreunce reduces to

(1-¢Hz=0 (mod p).

This time p divides x(1 — ¢2); the fact that p does not divide z now yields
the contradiction.

This completes the proof. O

We used the fact that p does not zyz in an essential way, but Kummer was
able to extend the theorem to the case p|zyz; see [20, Chapter 9] for a proof.

2. Regular primes

We have not yet given any methods for determining whether or not a prime is
regular. In this section we will state some results of Kummer’s which give easily
computible criteria for regularity.

Define the Bernoulli numbers B,, € R by the formula

t o tn
et—1 Z)B"H
Exercise 5.4 shows that B,, = 0 if n is odd and > 1. One also has the formula

z (s

k=0

of Exercise 5.5, which makes them easy to compute explcitly and also shows that
they are actually in Q. We include a short table; for a more extensive table, see
[20, pp. 407-409].

Kummer’s main results on regular primes are the following theorems. Let h,
be the class number of Q({,) and let h;r be the class number of the maximal real
subfield Q(¢, + ¢, '). Recall that h divides hy,, and we set hy = h,/hf. In
the theorems below, whenever we speak of an integer dividing the numerator of a
rational number, we assume that the rational number is written in lowest terms.

THEOREM 2.1 (Kummer). Let p be an odd prime. Then p divides h, if and
only if p divides the numerator of some Bernoulli number B; with j = 2,4,... ,p—3.

PRrROOF. See [8] for Kummer’s original proof or [20, Theorem 5.16] for a proof
using p-adic L-functions. This theorem has been strengthened by Herbrand, Ri-
bet and Kolyvagin; they have shown that which Bernoulli number p divides gives
information on how the Galois group acts on the ideal class group. O

THEOREM 2.2 (Kummer). If p divides h,t, then p divides h,, .

PROOF. See [8] for Kummer’s original proof or [20, Theorem 5.34] for a proof
using the p-adic class number formula. Although there are infinitely many primes
for which p divides h,,, there are no known p for which p divides h;{. It has been
conjectured by Vandiver that this never occurs, although this conjecture is not
universally believed. O



2. REGULAR PRIMES

n Numerator Denominator
0 1 1
1 -1 2
2 1 6
4 -1 30
6 1 42
8 -1 30
10 5 66
12 —691 2,730
14 7 6
16 —3,617 510
18 43,867 798
20 —174,611 330
22 854,513 138
24 —236, 364,091 2,730
26 8,553,103 6
28 —23,749, 461,029 870
30 8,615,841,276,005 14, 322
32 | =7,709,321,041,217 510
34 2,577,687,858, 367 6
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COROLLARY 2.3 (Kummer). p divides h,, if and only if p divides the numerator
of some Bernoulli number B; with j =2,4,... ,p—3.

Using these results we find that 37 is the first irregular prime; it divides the
numerator of Bss. The next few irregular primes are 59, 67, 101, 103, 131, 149 and
157. For a longer list see [20, pp. 410-411].

We can give a heuristic argument for the percentage of primes which are irreg-
ular. Define the index of irregularity i(p) to be the number of Bernoulli numbers B;
with j = 2,4,... ,p—3 for which p divides the numerator of B;; thus i(p) = 0 if and
only if p is regular. Assuming that the Bernoulli numbers are randomly distributed
modulo p (meaning that p divides B; with probability 1/p), the probability that

i(p) = k for some k is

TG

As p grows this approaches the Poisson distribution

k _
(1)t
k!

Taking k = 0 we find that the proportion of regular primes should be e~1/2, which
is approximately 60.65%. This result agrees very closely with numerical evidence.

Strangely, even though no one has been able to prove that there are infinitely
many regular primes, Kummer did succeed in proving that there are infinitely many

irregular primes. His proof is based on the following theorems.
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THEOREM 2.4 (von Staudt-Clausen). Let n be even and positive. Then

1
hoey !
(-Dln P

s an integer.
PROOF. See [20, Theorem 5.10]. O

THEOREM 2.5 (Kummer). Let p be a prime and let m and n be even positive
integers, not divisible by p — 1, with

m=n (modp—1).

Then neither Bﬁ" nor % has any factors of p in the denominator, and

B, B,
— = — (mod p).
m n
PRrROOF. See [20, Corollary 5.14]. O

COROLLARY 2.6 (Kummer). There are infinitely many irreqular primes.

Proor. We will suppose that there are only finitely many irregular primes

P1,P2,--- ,pr and obtain a contradiction. Set

m=(p1—1)(p2—1)---(pr — 1).
By Exercise 5.9, | By, /n| goes to infinity as n goes to infinity, so there must be some
multiple M of m such that

|B]V[/M| > 1.

Thus there exists some prime p dividing the numerator of |Bys/M]|. Since p; — 1
divides M for all 7, Theorem 2.4 shows that each p; is in the denominator of Bjy;
this means that there is no way that p; could be in the numerator of By;/M, and
thus that p # p; for any i. Similarly, if p — 1 were to divide M, then Theorem 2.4
would imply that p was in the denominator of Bjs, which can not occur since p is
in the numerator of By;/M. Thus p — 1 does not divide M.

We can now apply Theorem 2.5. Specifically, choose M’ with 2 < M’ <p—3
which is congruent to M modulo p—1. Since p— 1 does not divide M we can apply
Theorem 2.5 to conclude that

BM/ o BM
M T M
since p divides the numerator of By /M by assumption. Thus p divides the numer-
ator of By, so by Corollary 2.3 it is irregular. This contradicts our assumption
that there were finitely many irregular primes, and thus proves the corollary. [

0 (mod p),
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