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The course MATH-GA 2210.001 provides an introduction to the Number Theory,
with analytic, algebraic and diophantine aspects. The analytic techniques allow to
provide a proof of some classical results on prime numbers. In the algebraic part
we will study the fundamental properties of local and global fields.
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Chapter 1

Analytical tools

1.1 Primes in arithmetic progressions

The goal of this section is to prove the Dirichlet theorem:

Theorem 1.1.1 (Dirichlet). Every arithmetic progression
a,a+q,a+2q,...

in which a and q have no common factor, includes infinitely many primes.

1.1.1 Euler’s identity and existence of infinitely many primes

The series anl n~*® converges uniformly for s in a compact in the half-plane Re s >
1, so that it defines an analytic function

1
()=, —
n
n>1
(introduced by Riemann in 1859.)
Proposition 1.1.2. The infinite product
I a-p"
p prime
converges uniformly on any compact in the half-plane Res > 1 and defines an

analytic function verifying
1

p

1
1—-p—s

as a sum of a geometric series

1 1
1 __p—s ::jg:

ms '
7nZO])

Proof. We express




Let X be a sufficiently big integer. Multiplying the identities above for primes < X

we obtain: .
- H Z pms - Z E’

pSX p<X m>0 neN(X)

((s) =

where N(X) is the set of positive integers having all prime factors < X. Then for
Res =1t>1 we have

OB | P i D) St

p<X 1- p n¢N(X) n>X

To verify that the Euler product converges in remains to show that it is nonzero.

Let us show that ((s) # 0 for Res > 1. We use the Talyor series expansion for the
principal definition of the complex logarithm: log(1 —p~*) = — > ’%ms, so that

m>1
for Res > 1 we obtain

p m>1
1S nonzero.

]

The expression above provides a method to show the infinity of prime numbers.

Write
log ((s ZZm‘l e, (1.1)

p m=1

Since ((s) — oo as s — 1 from the right, and since

1
1, —ms —m
DDA B WY’ —Z—<1-
p m=2 p m=2 p o 1)
it follows that Zp p~® — oo as s — 1 from the right. This proves the existence of
an infinity of primes and, moreover, that the series > p~! diverges.

The proof Dirichlet theorem is inspired by the same idea, but with more involved
techniques. We first investigate some additional properties of the zeta function.

1.1.2 Zeta function
Proposition 1.1.3. Assume s > 1. Then lims_,1(s — 1)((s) = 1.
Proof. We have
n+1
(n+1)7° < / t8dt <o

Taking the sum from 1 to co, one obtains
((s)—1< / todt =
1

5

pom| < ((s).



Hence 1 < (s — 1)((s) < s. We ontain the result taking limit as s — 1. O

Corollary 1.1.4.

In(s) =1

In(s —1)~1

Proof. Denote r(s) = (s — 1)((s). Then In(s — 1) + In((s) = Inr(s), so that

In¢(s) Inr(s)
In(s—1)~1 bt In(s —1)71

By the proposition above, r(s) — 1 as s — 1. Hence Inr(s) — 0 and we deduce
the result. O

Proposition 1.1.5.
In(s Z p—* + R(s

where R(s) is bounded as s — 1.

Proof. By proposition 1.1.2, we have ((s) = [, y(1 —p~")'an(s), with an(s) —
1, N — oo.
We then have

In((s) = Z Z m ™™™ + Inay(s)

p<N m=1

and, taking the limit for N — oo,

In¢(s Zp_s + Z Z mip™
p m=2
where the second sum is less then >0 7% ,p~™ = 37 p~ (1 — p~°)~! < (1 -
27°)71 0, < 20(2). O

If s € C, from the definition we see that ((s) is convergent for Re s > 1.

Proposition 1.1.6. The function ((s) — (s —1)7! can be continued to an analytic
function on {s € C, Res > 0}.

Proof. Assume Res > 1. Then, using the lemma below, one can write

Znszz — (1) _52/ 55 ldy =

n=1

0 n+1 oo o0 0
= Z/ [z]z~ dr = 3/ [z]z™*tdw = s/ x%dr — s/ {x}r* tdr =
—1Jn 1 1 1

6



= = — s [[{a}ta""dx, where [2] is the integral part of a real number z and

{x}_: x — [z] is its fractional part. Since 0 < {z} < 1 the last integral converges
and defines an analytic function for Re s > 0 and the result follows. O

Lemma 1.1.7. Let (a,), (b,) be two sequences of complex numbers such thaty a,b,
converges. Let A, =3 ) a; and suppose Anb, — 0,n — co. Then

D anby = Au(by = busr).
n=1 n=1

Proof. Let Sy = ZN anb, and Ay = 0. Then

n=1
N N N N N-1 N-1
SN = Z(An_Anfl)bn = ZAnbn_ZAnflbn = ZAnbn_Z Ananrl = ANbN+Z An(bn_bn+1>~
n=1 n=1 n=1 n=1 n=1 n=1
The resilt follows taking the limit as N — oo. O
The following formula will be useful:
Corollary 1.1.8. For Res >0, N > 1
N
1 N1 o s
C(s):ZEle_S—ﬁN —I—S/N p(x)x™° " "dz,
with p(z) = 3 — {z}.
Proof. Write
N
1 Nl_s 1 —s - —s—1
C(S)—(;EﬂLl_s—ﬁN —I—S/N plx)x™ " dr) =
N
s 1 Ni= 1 N 1 ® (—s)x—s!
= — — — —N° — T dr =
s—1 Z:n 1—s 2 8/1 (o= lal)e jH/N 2 W
N N-1
s 1 N1 N 1 1 1
— o i _Nfs_ sd - __Ns
P Bk /1 o x+;”(ns CES
N N-1
s 1  Nl=s  sN—sf! s 1 N-1
= — —_— _ - — 0
s—1 ;ns 1—5 s—1 s—le;nS Ns
O



1.1.3 Characters
Let A be an abelian group.

Definition 1.1.9. A character on A is a group homomorphism A — C*. The set
of characters is denoted by A.

Note that A is an abelian group: if x,¢ € A we define x¢ by a x(a)(a).
The trivial character xo, defined by yo(a) =1 for all a € A, is the neutral element
of the group. Finally, for y € A we define ! as the character given by a — x(a)".

If A is a finite group of order n, we have a" = e for any a € A hence the values

of x are the roots of unity and x(a) = x(a)™! = x'(a).
Proposition 1.1.10. Let A be a finite abelian group. Then A ~ A.

Proof. Suppose first that A is cyclic, generated by an element g of order n. Then
any character x is uniquely defined by its value x(g). Since x(g) is a root of unity,
there are at most n characters. Now, if &, = e*™™ and X is a character such that
Ag) = &,, we obtain that the powers \¥, k = 1,...n are distinct characters, hence
Ais a cyclic group generated by M. In the general case, since any finite abelian
group is a direct product of cyclic groups, it is enough to check that if A ~ A; x As,
then A ~ 1211 X Ag, that we leave as an exercise.

]

Proposition 1.1.11. Let A be a finite abelian group and x,v € A, a,be A. Then

(1) Y ea X(@)(a) = nd(x, 1)
(i1) 32 cax(a)x(b) = nd(a,b).

Proof. (i) We have >, x(a)¢(a) = >, x¢"*(a). It is enough to show that
Y. Xo(a) =nand > x(a) =0if x # xo. The first assertion follows from the
definition of xo. For the second, we have that there is b € A, x(b) # xo(b) = 1.

Then > x(a) =, x(ba) = x(b) >_, x(a) and the result follows.

ii The proof is similar to (i), using that if a is nonzero in A, there is a character
P g
Y such that ¥ (a) # 0. We leave it as an exercise.

]

Definition 1.1.12. A Dirichlet character mod m is a character for A = (Z/mZ)*
the group of units in the ring Z/mZ.

Note that Dirichlet characters mod m induce, and are induced from the charac-
ters x : Z — C* such that

(i) x(n+m) = x(n) for all n € Z;
(i) x(kn) = x(k)x(n) for all k,n € Z;



(iii) x(n) # 0 if and only if (n,m) = 1.
Since the order of the group (Z/mZ)* is the value of Euler’s function ¢(m), there
are ¢(m) Dirichlet characters mod m. The proposition above gives in this case:

Proposition 1.1.13. Let x and v be Dirichlet characters modulo m and a,b € Z.
Then

(i) S x(a)v(a) = ¢(m)d(x, v)

(ii) 32\ x(a)x(b) = d(m)d(a,b).

1.1.4 L-functions

Let x be a Dirichlet character modulo m.

Definition 1.1.14. The Dirichlet L-function associated to Y is
L(s,x) =Y _x(n)n".
n=1

Note that since |x(n)n~*| < n~*, the function L(s, x) converges and is continu-
ous for s > 1.

Proposition 1.1.15. (i) L(s,x) = [[,(1 — x(p)p~°)"";

(i) L(s, x0) = TT(1 —p7)C(s).

plm
(111) limg_1(s — 1)L(s, x0) = ¢(m)/m. In particular, L(s, xo) — o0 as s — 1.
Proof. The statement (i) follows as in proposition 1.1.2. For(ii) write

Lis,xo) = [] O—xopp™)" =[[0-p) ' JJ—p=)" = [J(A=p7*)¢(s)

(pm)=1 plm p plm

using proposition 1.1.2 again. To establish (iii) we use proposition 1.1.3 and we
obtain

limg (s — 1)L(s, x0) = H(l —p 1Y) = ¢(m)/m.

plm

]

Proposition 1.1.16. Let x be a nontrivial Dirichlet character modulo m. Then
L(s,x) can be continued to an analytic function for Res > 0.



Proof. Let S(x) =3 ., x(n). By lemma 1.1.7, we have

Lis,x) =Y Sm)(n~ = (n+1)") —SZS / vy =

=5 |77 S(x)z™*"'dz. By lemma below, |S(z)| < ¢(m) for all z. Hence the above
integral converges and defines an analytic function for Re s > 0. [

Lemma 1.1.17. Let x be a nontrivial character modulo m. For any N > 0

1> x(n)] <

Proof. Let N = gm+7,0 <7 < m. Since x(n+m) = x(n) and 37" x(n) = 0 by
the orthogonality relations, we obtain

|ZX(”)|:|€/2X(TL)+ZX( |<|ZX Z x(n)] = ¢(m).

We now study Gauss sums associated to Dirichlet characters.

s

Definition 1.1.18. For x a Dirichlet character we define G(s, x) = >, > 45, * L

Note that since |X&2—"
for G(s, x)-

Proposition 1.1.19. (i) For s > 1, expG(s, x) = L(s, x);

~ks and ((s) converges for s > 1, the same holds

(i) G(s,x) = . Z X(p)p_s + R, (s), where Ry is bounded as s — 1;
(iii) -
D x(@)G(s,x) = ¢(m) > p~°+ Ryals), (1.2)
X p=a(m)

where R, ,(s) is bounded as s — 1.

(iv) lims1G(s,x0)/In(s — 1)~ =1.
Proof. Note that for z € C, |z| < 1 one has

eap(y_ p)=(1-2)"

k=1

k)pfks

So that, for z = x(p)p~* we obtain exp(d_,, x(p P—) = (1—x(p)p~")"" and we
deduce (i).

10



The proof of (ii) is similar to propostionl.1.5. To get (iii), we multiply the both

sides of (ii) by x(a) and sum over all Dirichlet characters modulo m:

> X@G(s,x) = > p Y x(@)x(p)+ > x(a)Ry(s).

(pym)=1 X

By proposition 1.1.13, we obtain

D x(@)G(s,x) = d(m) D> p7°+ Ryals),
X )

p=a(m

where R, ,(s) is bounded as s — 1, as required.

For (iv), we use that L(s, xo) = [](1 —p~*)((s). Hence G(s, x0) = >_,,,, In(1 —
plm
p~°) 4+ In((s), so that the statement follows from Proposition 1.1.3. O

In particular, from (i) we obtain that the series G(s, x) provides a definition
for InL(s,x), with no choice of branch involved. Understanding the behaviour
of G(s,x) for x non trivial is the crucial technical step in the proof of Dirichlet
theorem. We present here a proof due to de la Vallée Poissin (1896).

Proposition 1.1.20. Let F'/(s) =[], L(s, x) where the product is over all Dirichlet
characters modulo m. Then, for s real and s > 1 we have F(s) > 1.

Proof. By definition, G(s,x) = >_, > 45 Xt Summing over x and using

k
Proposition 1.1.13, we obtain
1 —ks
S Gl =om) 3
X

The right-hand side of this equation is positive, taking the exponential, we obtain
[, L(s,x) > 1. O

Theorem 1.1.21. Let x be a nontrivial Dirichlet character modulo m. Then
L(1,x) # 0.

Proof. We first consider the case when yx is a complex character. By definition, for
s real, we have L(s,x) = L(s, x). Letting s — 1 we see that L(1,x) = 0 implies
L(1,x) = 0. Assume L(1,x) = 0. Since L(s,x) and L(s,x) have zero at s = 1,
L(a, xo) has a simple pole at s = 1 by Proposition 1.1.15(iii) and the other factors
are analytic at around s = 1 we obtain F'(1) = 0. But from Proposition 1.1.20, for
s real and s > 1 we have F'(s) > 1, contradiction.

The case when x is nontrivial real character (i.e. x(n) = 0,1 or —1) is more
difficult. For such character assume L(1,x) = 0 and consider

L(s, x)L(s, xo)
L(2s,x0)

U(s) =

11



Note that (s) is analytic for Res > 1/2: in fact, the zero of L(s,x) at s = 1
cancels the simple pole of L(s, xo) and the denominator is analytic for Re s > 1/2.
Moreover, since L(2s, xo) has a simple pole at s = 1 we have that ¥(s) — 0,s — 1/2.

Lemma 1.1.22. For s real and s > 1 we have ¢(s) = >~ a,n"° where a; = 1,
a, > 0 and the series is convergent for s > 1.

Proof. We have

1— p—25

(I=p=*) (1 —x(p)p—)

Y(s) = [JA—x@)p ™) 0—x0@)p ) " A—xop)p ) =] |

P plm

If x(p) = —1, the p-factor is equal to 1. Hence

1+p~°
-D
x(p)=1
—s 0
We have ﬁi_s =(1+p %) S p e =1+2p7*+2p 2 +.... Applying lemma 1.1.23
k=0
below yields the result. O]

Expanding v (s) (as a function of a complex variable) as a power series around

s = 2, we obtain
=) bu(s—2)"
m=0

Since ¢(s) is analytic, the radius of convergence of this power series is at least 3/2.
We have

by, = '™ (2)/m! = Zan —Inn)™n % = (=1)"cm, ey > 0.

n=1

Hence ¢(s) = Y o jem(2 = s)™ and ¢o = ¥(2) = Y oo a,n~? > a; = 1. Hence for

s real in (3,2) we have ¢(s) > 1, contradiction with 1(s) — 0 as s — 1/2. This

finishes the proof of the theorem. O]

Lemma 1.1.23. Let f be a nonnegative function on Z such that f(mn) = f(m)f(n)
for all (m,n) = 1. Assume that there is a constant ¢ such that f(p*) < ¢ for all
prime powers p*. Then

(i) > 0o, f(n)n™* converges for all real s > 1;

(i) Yooy f(n)n=s =T1,(1+ 322, f(0")p™).
Proof. Let s > 1 and a(p) = > -, f(p*)p~". Then

p)<ep Y p T =cpt(1-p)h
k=0

12



so that a(p) < 2¢p~*. Since for x > 0 we have 1 + x < expx we deduce

[ +aw) < ] expalp) = exp ) alp) < exp(2¢) p~):

p<N p<N p<N

M.

By the definition of a(p) and the multiplicativity of f we deduce

S s < ]+ atw) < M.

p<N

Since f is nonnegative, we obtain (i). We deduce (i) similarly to Proposition
1.1.2. [

We now deduce as a corollary:

Proposition 1.1.24. If x is a nontrivial character modulo m, then G(s, x) remains
bounded as s — 1 through real values s > 1.

Proof. Since L(1,x) # 0 by theorem 1.1.21, there is a disk D around L(1,x), not
containing 0. Let In z be a single-valued branch of the logarithm, defined on D.
Let 6 > 0 be such that L(s,x) € D for s € (1,1 + 6). Then for s in this interval
the exponential of both functions inL(s, x) and G(s, x) is L(s, x). Hence, there is
an integer N such that for s € (1,1 + J) one has

G(s,x) = 2miN + InL(s, x),

so that lims_,1G(s, x) exists and is equal to 2miN + InL(1, x), in particular G(s, x)
is bounded. O

1.1.5 Proof of Dirichlet theorem

Definition 1.1.25. Let S and T be two sets of positive integers, with T infinite.
The upper natural density and lower natural density of S in 7" are defined as

#{n € S;n < N}
#{neTn<N}

#{n € S;n < N}
#{neT n< N}

and liminf y_, o

limsupy_, o

If the upper and lower densities coincide, the common value is called the natural
density of S'in T.

Definition 1.1.26. Let S and T be two sets of positive integers, with »_ .. n-!
divergent. The upper Dirichlet density and lower Dirichlet density of S in
T are defined as

Dones’ Dones ™’

limsup and liminf,_,+
s—T1 _s s—T1 _s"
D oner ™ D et

13



If the upper and lower densities coincide, the common value is called the Dirichlet
density d(S) of S'in T
Note that Proposition 1.1.5 implies that a subset S of the set of all primes P
has Dirichlet density if
ZpES pis

In(s —1)~1

hms%l
exists.
The following properties are straightforward:

Proposition 1.1.27. Let S C P.
(i) If S is finite, then d(S) = 0;
(11) If S consists of all but finitely many primes, then d(S) = 1;

(111) If S = S1 U Sy, where Sy and Sy are disjoint and d(Sy) and d(S2) both exist,
then d(S) = d(Sy) + d(Sa).
We will prove a more precise statement of the Dirichlet theorem:

Theorem 1.1.28 (Dirichlet). Let a,m € Z,(a,m) = 1. Let

P(a,m) = {p prime ,p = a mod m}.

Then d(P(a,m)) = ﬁ, in particular, this set is infinite.

Proof. Recall the identity (1.2):

D X(@G(s,x) = d(m) D> p°+ Ryals),
X p=a(m)

where R, ,(s) is bounded as s — 1. We divide this identity by in(s —1)~! and take
the limit as s — 1. By Proposition 1.1.24, the limit of the left-hand side is 1, and
the limit of the right-hand-side is ¢(m)d(P(a, m)). We obtain d(P(a,m)) = ﬁ
as claimed. [

1.2 Zeta function

Deeper properties concerning the distribution of primes are related to the properties
of the zeta function. We continue investigating these properties using tools from
real and complex analysis.

14



1.2.1 Fourier analysis

Definition 1.2.1. If f € L*(R) we denote

F) = [ sy,

Examples:

o (Fourier inversion formula) If f, f € L'(R), then f(z) = [, f(y)e*™™¥dx.

e for f(x) = e ™ one has f(y) = e ™, i.e. one could think about this function
as being ’self-dual’.

Let £ C L'(R) be the vector space of twice continuously differentiable functions,
such that the functions f, f’, f” are rapidly decreasing (i.e. as 2= for some
n>0.)

Theorem 1.2.2. (Poisson summation formula) For f € L, we have

> fm)=3" fn).

mezZ nez

For the proof, see for example section 11.4.2 in [S. J. Miller and R. Takloo-Bighash,
An Invitation to Modern Number Theory|. The formula holds under weaker assump-
tions, but the version above is enough for applications here.

Recall that the I'-function is defined for Re(s) > 0 by

F(s):/ tte tdt.
0

One has the following properties (see the next section for some of proofs):

e I'(n+1)=mn!and I'(1) = 1.

I'(s) has a meromorphic continuation to the entire complex plane with simple
(="
—.

poles at s =0,—1,—2,... and the residue at s = —k is ~—;

(reflexion formula) I'(s)I'(1 — s) = ==

sin(ws)

(functional equation) I'(s + 1) = sI'(s).

(duplication formula) I'(s)['(s + 1) = 212573 (2s).

Definition 1.2.3. For Re(s) > 1 define £(s) = £s(s — 1)I'(£)m¥/2((s).
The following analytic continuation theorem is of high importance.

15



Theorem 1.2.4. (Analytic continuation of the zeta function) The function &(s) has
an analytic continuation to an entire function and satisfies the functional equation

§(s) = &(1—s).

Proof. By change of variables in the definition of the Gamma function we get

/OO x%s—le—nQﬂ'de _ P(%) )
0

nss

Summing over n € N, for Re(s) > 1, we obtain

N

sl (z)dr,
0

wér(g)g(s):/oooxésl(gen%)dx:/ v

(o]

where w(z) = > e~""™_Note that the absolute convergence of the sum justifies
n=1

that one could exchange the order sum-integral in the first equality.

Diving the last integral into two pieces for z > 1 (resp. x < 1) and changing
variables by x + 7! in the second we obtain:

FIGKE = [ o

oo

1
51w(w)d$+/ x’%s’lw(—)d:v.

1 T

D=

By lemma below, one deduces from the functional equation for w(x) that

TH(G)((s) = —S<51_ 5t /100@358-1 +27 52 w(w)d.

Since w(z) is rapidly decreasing, the integral on the right converges absolutely for
any s and defines an entire function of s. The remaining assertions follow from
the location of poles of @ and the invariance of the right hand side of the last
equality under the change s — 1 — s. n

Lemma 1.2.5. The function w(z) = > e ™ satisfies the functional equation

Proof. Write w(z) = % with f(z) = 327 e ™% Note that this series is

n=—oo

converging rapidly for z > 0. By the Poisson summation formula, we have

+00 +o0o 400
9(3771) _ Z e*ﬂnzm_l _ Z / 677Tt2z_1+2mmtdt _ 91:59(91:)

n=—oo m=—00

and the functional equation for w(zx) easily follows. O
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Remark 1.2.6. Using the duplication and the reflexion formulas for the I'-function,
one could obtain the functional equation for the zeta function in the following form:
1

(27)%sin gm —$)C(1—s).

™

¢(s)

Corollary 1.2.7. ((—2m) =0 for all m € N.

Proof. The result follows from the analytic continuation and the fact that the I'-
function has poles at —m, m € N. O

The zeros —2m of the zeta function given in the corollary above are called the
trivial zeros. For 0 < Re(s) < 1 the functional equation implies that zeros must
lie symmetrically around the critical line Re(s) = 1. The Riemann Hypothesis
asserts that all zeros s of the zeta function with 0 < Re(s) < 1 lie on the critical
line.

1.2.2 Entire functions

In this section we discuss properties of entire functions with prescribed set of zeros.
More details could be found in [A.Karatsuba, Basic Analytic Number Theory.]

Theorem 1.2.8. Let aq,...a,,... be an infinite sequence of complex numbers with
0<|ay| <lag| <...<la,| < ...

and lim,, oo~ = 0. Then there exists an entire function g : C — C whose set of

lan]

zeros coincide with set {a,} (with multiplicities).

Proof. Forn=1,2,... we set

S S 1 s 1 S
n — Un =1-— — (=) —\n=h,
tn = tns) = (1= Deap(Z + 5P+ — ()Y

Consider the infinite product [~ u,(s). Let us show that the product converges
for any s # a,,, and defines an entire function ¢(s) with zeros ay, ... a,, .... Consider
a disk of radius |a,| and the product [[°2 w,(s). It is enough to establish that this
product converges to an analytic function inside the disc |s| < |a,|: in fact then the
product [[7, u,(s) is an analytic function in this disk, having only zeros a; with
la;| < |a,| and since |a,| — 0o, we deduce the theorem.

For |s| < |ay,|, 7 > n we have

S s 1,s 1 s
Inu,(s) =In(l — =)+ —+ =(—)*+... — )t
wnls) = tn(1 = 2y 4 2 SR ()
Hence for r =n,n+1,... and |s| < |a,/,
1, s 1 s
l . — _ (2 Y o
i (s) T<ar) T+1(ar>

17



and
1 s 1

ur(s) = exp(=(27)" = Mrl(%)’"+1 S

Hence it is enough to establish that the series

S+ (St (13)

is absolutely convergent for |s| < |a,|. But for any 0 < € < 1 and |s| < (1 — €)|a,|
we have

—_

1, s 1 s (1—¢)
—(—)" <=1 =€) 1—e) 4. < .
) ) s e (g -

hence, using proposition 1.2.9 below, the series (1.3) is absolutely convergent for
|s| < (1 — €)]ay|, so that we obtain that [[ 7, u,(s) is analytic on C and we finish
the proof of the theorem. n

Proposition 1.2.9. Let u,(s), n > 1 be an infinite sequence of analytic functions
on the domain €2, such that

o u,(s) # —1 for alln and s € Q;

o0

o |u,(s)| < ay for alln and s € Q and the series Y a, converges.
n=1

The the infinite product

o0

[1 +uals))

n=1

converges for any s € Q and defines an analytic function v(s) on €, such that

v(s) #0 for s € Q.

Remark 1.2.10. If > |1+S < o0, then the function

n=1 |a

o

o) = T[01 - ain>exp<2 )

satisfies the conditions of the theorem above.
One could also show that any entire function has the form

)= MH 1——expzl<s>j>

J Qn

with A entire. This expression is more precise for functions of finite order.

18



Definition 1.2.11. Let g(s) be an entire function and let M(r) = My(r) =
maxis—|g(s)|. We say that g is an entire function of finite order if there ex-
ists a > 0 such that M(r) < exp(r®) for r > ro(a) for some constant ro(a). We
then call @ = inf a the order of g(s). If such a does not exists, we say that g is of
infinite order.

Definition 1.2.12. Let sq,...s, be a sequence of complex numbers, such that
0<|s1| < sl < ... < sp| <.

If there exists b > 0 such that Y >~ [s,|™ < oo then we say that (s,) has a finite
order of convergence, and we call 5 = in fb the order of convergence. If such b does
not exist, we say that the order of convergence of (s,,) is co.

We have the following properties:

Theorem 1.2.13. Let g(s) be an entire function of finite order a, such that g(0) # 0
and let sy, ..., S, be zeros of g with 0 < |s1| < sa] < ... < s,| < .... Then

(i) the sequence s, has a finite convergence order § < «;

(i) g(s) = e"Dsm [0, (1 — =)exp(3F L(£)7), where p > 0 is the smallest

j:l; an
integer such that >"°  [s,|~P*Y < oo and h(s) is a polynomial of degree
d < a and o = max(d, ).

(153) If, in addition, for any ¢ > 0 there is an infinite sequence r1,...Ty, ... with
r, — 00 such that

max|g(s)| > exp(ery),|s| =rp,n=1,2...

then o = B and the series Y oo, |sn| ™7 diverges.

1.2.3 I'-function.

In this section we use the properties of entire functions to study the I'-function. We
start with the following definition:

1 s s
=s-e” |1+ —-)e n,
[(s) g n
where v is the Euler constant
li 1+ L + ! +...+ ! logN
= -+ -+...4+ —=—logN.
Y IMpN 00 9 3 N g

Proposition 1.2.17 below says that this definition coincides with the one in the pre-
vious sections.
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Proposition 1.2.14.

Proof. From the definition of the infinite product and the I'-function we have

1 1 1
) = slim,, ,0exp(s(1 + 5 +...+ o log(m))) - slim,;, e H (1 L3 n Jes/m =
m m—1 m
= slim,,, soom™° H(l —|— 8 = slim,;, o0 H (1 + —° H (1 —|—
n=1 n=1 n=1
I ﬁ(1+ Lsa g a4 Ly ﬁ(1+ Ly 4 5
= slim,;, 00 — — —)’=s — —).
- st n n m vt n n
[
ey . n—1)n
Proposition 1.2.15. (i) ['(s) = th—><><>s(s+1) ((SJH)l -
(i) T'(s+ 1) = sI'(s). In particular, I'(n + 1) = nl.
Proof. (i) is straightforward. For (ii), using the previous proposition, we obtain:
(s+1) s hmm—>ooH S+ =) _
I(s)  s+1 (I+ 1) (14 2)-1
, n+1l n+s s . (m+1)(s+1)
1 m—»00 = 1 m—o0 =
= H nonts+l s+l 1t
]

Proposition 1.2.16. For s € C\ Z one has I'(s)['(1 —s) = —

sin(ws)

Proof. The function sin(ws) is an entire function of the first order, with zeros s =
0,£1,£2,.... By theorem 1.2.13, we can write

o 2
sin(ms) = sel® H(l - 8—2)
n
n=1

with h(s) = as + b. We take a logarithmic differential:

[e.9]

cos(ms) 1 2s
=-+h(s)— Yy ——.
7Tsin(7rs) s 1 (s) ; n? — s?

Taking limit for s — 0 we obtain a = 0, i.e. h(s) = b.
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Next, @ =c][,(1— 2—22) Taking limit for s — 0 we obtain ¢ = 7, i.e.

n=1
sin(ws) = ws H(l — ﬁ)
n=1
By definition of the I' function we have
F(s)T(=s) = = [J(1 - )t = ———
s)IT(—=s) = —— - =) ==
§% n? ssin(7s)
and from previous proposition, I'(1 — s) = —s['(—s). The result follows. O
Proposition 1.2.17. T'(s) = [~ e~ "t*~'dt.
Proof. See Thm.4 p.53 in [A.Karatsuba, Basic Analytic Number Theory|. ]

We list also additional properties of the I'-function:

1. T'(3) = /7 (exercise);

2. (Stirling’s formula) logl'(s) = (s — 3)log(s) — s + log\/2m + O(\?ll)

As a consequence,

[(n) 1
['(n) kz:; k
4. T'(s)~! is entire of order a = 1 and
I'(s) 1
=log(s) + O(—).
['(s) 5]

1.2.4 Zeros of the zeta function

Let £(s) be defined as in theorem 1.2.4.

Theorem 1.2.18. e The function £(s) is an entire function of order 1 with
infinitely many zeros p, such that 0 < Rep, < 1;

o the series Y. |pa|™! diverges;

|flf€

o the series Y |pn converges for any € > 0;

e the zeros of £(s) are nontrivial zeros of ((s).
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Proof. For Re(s) > 1 the zeta function, and, hence, the function £(s) has no zeros.
Theorem 1.2.4 implies that £(s) # 0 for Re(s) > 0 as well. Since £(0) = £(1) # 0,
zeros of £(s) coincide with nontrivial zeros of ((s).

To determine the order of &(s), we consider |s| — oo. By corollary 1.1.8,
((s) = O(]s]) for Re(s) > 1. Since |I'(s)] < e“lllsl the order of ¢ is at most
one. But for s — +o0, Inl'(s) = sin(s), so that the order of £(s) is 1. Theorem
1.2.13 imply that > |p,|™', where p, are zeros of £(s) is divergent. In particu-
lar, £(s) has infinitely many zeros, and the series Y |p,|~!17¢ is convergent for any
e > 0. [l

Corollary 1.2.19. (i) {(s) = e P[22, (1 — =)ern;
(it) nontrivial zeros of zeta-function are symmetric with respect to the lines Re(s) =

1 and Im(s) = 0.

In what follows we enumerate zeros of zeta function in an increasing order (with
respect to the absolute value).
Proposition 1.2.20.
[e.9] oo

'(s 1 1 1 1 1
i((s)):_s—l—i—z( i )+Z(8—I—2n_%)+Bo’

n=1 §=Pn Pn n=1

where p, are all nontrivial zeros of ((s) and By is a constant.

Proof. 1t is enough to take the logarithmic derivative in corollary 1.2.19(i). O

Theorem 1.2.21. Let p, = B, + iyn, n = 1,2,... are all nontrivial zeros of ((s),
T >2. Then

— 1
— < clogT. 1.4
; T+ (T2 (1.4)
Proof. For s =2+ 4T, one has
“o) =25, e, —5 < colog(T 15
|;(S+2n Qn)| _;(Qn + 2n)+; 3 S colog(T), (1.5)

so that by proposition 1.2.20

~ Re(S8)y _ gt Y A ) S

¢(s) s—1 —s+2n  2n
—Reg + — <clogT—ReE —



From the Euler product expression (proposition 1.1.2), we have

_C0)y Al
-z o

where A(n) = log(p),n = p* and 0 otherwise. Hence

C'(s = An
éghﬂggﬁ%%<cb

so that

Rez -

We deduce the theorem from the following inequalities

) < czlog(T).

TL ’I’L

! c L _ 2 — b,
s=pn 2B AT —7) 2= B+ (T =)

S 0.5
1+ (T - ’Vn)2

Bn
and Re— i > 0. O

Corollary 1.2.22. The number of zeros p, of the zeta function, such that
T < |[Im(pa)| < T +1

is at most clog(T).
Corollary 1.2.23. For T > 2, one has ) m = O(log(T)).

|T—n|>1

Corollary 1.2.24. For —1 <o <2,s =0 +it,|t| > 2, one has

+ O(loglt]).
t—yal<t © P

Proof. The inequality 1.5 is valid for s = o +it, |t| > 2, =1 < 0 < 2, so that

oo
FRX
S S—p

n=1

) + O(loglt]).

n

We substract the same inequality for s = 2 + t:

C’ (5) & 1

n=1
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If |y, —t| > 1, then

1 1 20 3
: — . | < < .
o+it—p, 2+4it—p, = (=12 (v —1)?

Now the statement follows from the previous corollaries 1.2.22 and 1.2.23. O]

Theorem 1.2.25. (de la Vallée Poussin) There exists a constant ¢ > 0 such that
the zeta function has no zeros for

c

=c>] - —
Refs) = o = log([t| +2)

Proof. The function ((s) has a pole at s = 1, hence for some 7 there is no zeros s
with [s—1| < 7. Let p, = B, +iv, be a zero of ¢ with |y,| > |y|. For Re(s) =0 > 1
we have as in (1.6)

C/(S> _ = A(TL fo' —itlog(n
(s) =2 n® ZA o,

n=1 =

so that

(5) ZA 7cos(tlog(n)).
n=1

Since for all real ¢ we have
3+ 4cos ¢ + cos 2¢ = 2(1 + cos $)* > 0

ved Gy ety (ot
g ag 1 g 1

We will provide a majoration for each summand in the formula (1.7). By proposition
1.2.20 and corollary 1.2.22 for s = ¢ and 1 < ¢ < 2 we obtain

_¢(s) 1

<

(s) o-—1

where Bj is a constant. For s = o 4+ it,1 < 0 < 2,|t| > 7 we find, again by
proposition 1.2.20:

+Bl7

1
< Alog(|t| +2) — ZR& . ,0 —),
— - k

¢'(s)
¢(s)

where A > 0 is an absolute constant. Since 0 < £, < 1, we have p, = [ + iy, we
deduce

—Re

! = Re ! = o = P
s—pr o= Butilt—y) (00— B2+ (t—w)?
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in addition Repik = Bi +v§ > 0. We deduce
( + ) 0 — ﬁn
< Alog(|t| + 2
o <A Ty
e (o +it)
o+
= < Alog(2]t] + 2).
S < Alog(2le +2)
We now substitute these estimations in (1.7):
3 — Mn
.y o= F + Ay log(|t] +2) > 0

o—1 (U_Bn)2+(t_7n)2

for A; > 0 a constant. This inequality works for any ¢, |t| > 79 and any 0,1 < 0 < 2.

For instance, for t = v,,0 =1+ m, so that
4 3
Al n| + 2
< Aoyl +2),
1
n <1- ;
= U Tog(h] 7 2)
and we finish the proof of the theorem. m

Corollary 1.2.26. Let T'> 2 and ¢ > 0 a constant. Then for

c
>1—-— 2<|t| <T
7= 2log(T +2)’ SEURS

one has an estimation |g((j))| = O(log®T), where s = o + it.

Proof. Using corollary 1.2.24, we have

- X =5 +Olenm)
Hence / 1
FolE 2 ATy o)
Since f, < 1 — b and 0 > 1 — g€, we have
()

|<-z 0g(T+2) Y 1+ 0(log(T)) = O(logT).

[t—yn|<1

50
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1.3 Distribution of primes

Let 7(z) = > 1. We will be interested in the asymptotic description of this
p prime ,p<z
function. First we need some facts on the Dirichlet sums.

Definition 1.3.1. The Dirichlet series is a series of the form

o
Qn

where the coefficients a,, are complex numbers and s = o + it.
To the Dirichlet series one associates the function

O(x) = Z Ay,

n<x

Theorem 1.3.2. [Tauberian theorem| Assume that the series (1.8) converges for
o> 1, |a,| < A(n) where A(n) > 0 is a monotonic, increasing function and for
o —1+0 one has

o0

> ann™ = O0((c —1)™),a > 0.

n=1

Then for any by >b>1,T>1, x =N + % the following formula holds

e z® b rA(2x)log(x
‘I)(""C):Zan:%m. - f(s);ds+0(m)+0(w).

n<x
In addition, the constant in the O-sign depends only on by.

Proof. First we prove that

1 [T s b
— Tds=e+ O( a

ot Jyr s Tliog(a)] (19)

where e = 1if @ > 1 and e = 0 if 0 < a < 1. Let us consider the case a > 1 (we

left the case 0 < a < 1 as an exercise). Consider U > b and the rectangular path I'

with sides [-U +iT, —U —iT|, [-U —iT,b—iT], [b—iT,b+iT),[b+iT,—U +bT).
By Cauchy theorem, 5 [ % =1, so that

s

1 b+iT asds

27TZ b—iT S

=1+R (1.10)

where R is the the integral on the left, upper and bottom sides. The integrals on
the upper and bottom sides have the same absolute value, so that on each of these
sides we have

1 ’/asds‘< 1 /b a’do < a’
271 s T2 )y T2+ 02 " Tlog(a)
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Also we have for the left side

a’ds 1 T o Udt
<

L L _ U
2T s T 2m J_p U2 + ¢2 (’)(a )—>0

for U — oo. Passing to the limit in (1.10) when U — oo, we obtain the formula
(1.9).

The series (1.8) is absolutely convergent for s = b + it. We obtain, exchanging
the integral-sum:

1 b+iT b+iT

x5 > 1 x ds
i ]y TSt = [ G =

n<x

where

Zlan\ )'T™ 1|l09 ).

Note that, since © = N + 1/2, we have z/n # 1 for an integer n. We divide the

sum under the O-sign into two parts. For the first part, take * < % or = > 2,

so that [log£| > 2. From the assumptions ) >, ‘ng‘ = (’)((b}l)a), the first sum is
b

(’)(T(;ET)Q) The remaining part is
N +0.5
S el NogE [ < T AR ST flogm—— |,
%$<n<2z %$<n<2z n

The summands with n = N — 1, N, N + 1 in the last sum are of order O(z) and for
the remaining part r we obtain

N=1 N 4+05 2z u
< l 14 +/ l “du =0zl .
r_/m (log=— =) " du+ | (log 52" du = Oa log)

and the theorem follows. O]

Now we are ready to prove the prime number theorem. Recall that we defined
A(n) = log(p) if n = p* and A(n) = 0 otherwise.

Theorem 1.3.3. There exists a constant ¢ > 0 such that

= Z A(z) = z + O(ze VM),

n<x

m(z) = /; % + O(xe’g\/m).
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Proof. For Re(s) > 1, using the Euler product argument (1.1) we write

_d(8) A
¢(s) “L

n=1

Using theorem 1.2. 4 in the previous theorem we could take o = 1, A(n) = log(n).
Consider b =1+ = V9@ Then

log(x) T

= —ds+ O :
By theorem 1.2.25 and its corollary, for some constant ¢; > 0, the zeta function has
no zeros with Re(s) = 0 > o1 = 1 — 585, [t| < T, and ) = O(log*T) for
s=o1+1T,s=0c+xiT,00 <o <b,s=>b+it. Consider the mtegral

1 ! S
- /(—@)l‘—ds
2mi Jpo C(s) " s
along the rectangle I' with sides [0y + T, 01 —iT], [0y — T, b —iT], [b—iT,b+
iT), [b+iT;, o0 +iT).

Since the only nontrivial pole inside I' of the function (—g((j)))x—: is s = 1 with
residue xz, we have

1 /b—i-z'T C/(S) s xln%
b

1 b+iT / s
¢ (S))%ds —2+R

21 Jpir (s)
with R the sum of integrals along the left, upper and bottom sides. We will estimate
these integrals. For the upper and bottom sides we have

I _(s)\x b (o +iT), a7 zlog*T
S Sl < [ g e = O,
Tl Joy+iT C(S) (U + ZT) T T
and the integral by the left side is
1 o1+iT / s 1 T 1 it ai—l—it
|_/ —C(s)m—d8|—| C(O_l—{_z) dt|:
211 Jo_ir C(S) s 2 J_p C(o1 +it) "oy + it

= O(27log*T / / %)) = O(2"'log®T).
1

From the inequalities above, the definition of 7" and o; we deduce the first
assertion of the theorem.

Consider
Alx Az
=Y i 2 T iy

p<z n=pk,k>2

In the second sum k < log(x) and for a fixed k we have at most /x summands,
< 1. We deduce

S =m(z) + O(Vxlog(x)). (1.11)
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In the lemma 1.3.4 below we put ¢, = A( ), f(x) = W’ Le. Cz) =) ,c,0n =

Y(2) =+ O(ze VW), f'(z) =

so that we obtain

(I,‘l 2 I
* ab(u) ¥(z) /x du x
S = d = R
o ulog?u ut log(x) o log?u  log(x) +

with

R:@</m ceviagn M eviogey
9 log*u

VT z
= (’)(/ du + / e~eVIoTudy 4 pemVIIT) = O(ze”
2

o
~

3
—~

8
=

~—

and

/xdu_i_ T u ]I—i-/x du+ x _/x du+2
o log?u  log(x)  log(u)? ~ Jy log(u) = log(z) Jy log(u) = log?2

The theorem follows from this equality and (1.11).

Lemma 1.3.4. (Abel transform) Let f(x) be a continuously differentiable function
on the interval [a,b], ¢, be complex numbers and

- Y e

Then
b
> afn) = [ C@pf e+ COI)

a<n<b
Proof. We have

CO)f®)— Y caf(n)= Z cn(f(b) = f(n)) =

a<n<b
Z/cnf d:U—Z/cngnx x)dz,

a<n<b a<n<b

where g(n,z) =1 for n < x < b and g(n,z) = 0 for < n. To finish the proof of
the lemma we exchange the order integral-sum in the last sum and notice that
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Chapter 2

Local Fields

2.1 Absolute values

Consider the following congruence:
2? =2 (mod 7).

If n =1, there are two solutions: zo = 43 (mod 7). Consider now the case n = 2.
If
2? = 2 (mod 7?),

we deduce in particular that z2 = 2 (mod 7). Hence we are looking for the solutions
of the form zq + 7t;. For example, for zo = 3 (mod 7), we obtain:

(34 7t1)? = 2(mod 7?),

so that
t; = 1(mod 7) and x; =3+ 7- 1 (mod 7?).

Similarly, for n = 3, we obtain o = 3+ 7-1+ 7% -2 (mod 7°). Proceeding in the
same way, we obtain an infinite sequence

Loy L1y - Tpyow-

satisfying zo = 3 (mod 7),z,, = z,_1 (mod 7)", 22 = 2 (mod 7"™). This construc-
tion is similar to the approximate computation of v/2 in R: one then is interested
in a sequence 71,79, ...,T,, ... of rational numbers such that |r? — 2| < 10%' In our
case, we are implicitely using a different «metric»: 22 — 2 is divisible by 7""!. This
example provides a motivation to study various absolute values (metrics) on a given

field K.

Definition 2.1.1. Let K be a field. An absolute value on K is a function
| | K — R, satisfying the following properties:

e |0| =0 and |z| > 0 for x # 0;
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o [zy| = |z[|lyl;
e (triangle inequality) |z + y| < |z| + |y|.

We call | | : nonarchimedean if a stronger condition |z +y| < maz{|z|, |y|} holds.
Otherwise, we call the absolute value archimedean.

Remark 2.1.2. A classical ’archimedean’ property (introduced by Archimedes) is
that for any two positive real numbers z,y, there exists an integer n such that
xr < ny. We will se that an absolute value is nonarchimedean precisely if this
property does not hold.

Definition 2.1.3. Let K be a field. A valuation on K is a function v : K —
I' U {oo}, where I' is a commutative group (written additively) , satisfying the
following properties:

e v(zr) =00z =0
o v(zy) = v(z) +v(y);
e (triangle inequality) v(z +y) > min{v(x),v(y)}.

Remark 2.1.4. We also use the notation v : K* — 7Z for a valuation, where
K* = K\ {0} and where we exclude the value co at 0.

Note that for v : K — Z U {cc} a valuation and 0 < o < 1 a real number one
can associate a nonarchimedean absolute value | |, defined by

2], = a¥@.

Example 2.1.5. 1. If K = R, then we have the usual absolute value | | on K.
This absolute value is archimedian.

2. If K = C then |2|] = /2 -z defines an archimedean absolute value. More
generally, if K is a number field and ¢ : K — C is a complex embedding of
K, then we have an archimedean absolute value |z|, = |o(z)| on K.

3. On any field K one can define a trivial absolute value by |z| = 1 for x # 0.

4. If k = Q and p is a prime, we have a p-adic valuation v,(z) = r if z = p"™ with
m and n prime to p and » > 0. We then define a nonarchimedian absolute
value |z], = (1/p)>r®.

5. if k = C(t) and a € C, we define the absolue value v;_, as the order of van-
ishing at a: if z € C(t) we can write x as © = (t — a)r% with P(t) and Q(¢)
prime to ¢t — a and r € Z. We then define v;_,(x) = 7.

In the other direction, if | | is an absolute value, then one can define v(x) =
—log|z|.
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Proposition 2.1.6. Let | | be a nontrivial nonarchimedean absolute value on a
field K and let v(x) = —log|z|. Then:

(i) v(zy) = v(z) +v(y)
(it) v(z +y) = minfv(z),v(y)}.
If v(K™) is discrete in R, then v is a multiple of a discrete valuation w : K* — Z.

Proof. The statements (i) and (ii) are straightforward. For the last statement, since
v(K™*) is discrete additive subgroup of R, one has v(K*) = Z- ¢ for some ¢ > 0 (take
¢ the minimal positive element in v(K™) that exists since v(K*) is discrete). Then
w = ¢ v is a discrete valuation as claimed. ]

If the last property holds, we call | | a discrete absolute value.

Example 2.1.7. There exists nondiscrete nonarchimedian absolute values. For
example, if Q is an algebraic closure of Q, then we will see that one can extend
the p-adic absolte value to Q. Then one should necessarily have |p'/"| = 1/ Yp —
1,n — oc.

Proposition 2.1.8. An absolute value | | is nonarchimedian if and only if it takes
bounded values on {m -1,m € Z}.

Proof. If | | is nonarchimedian, then, for m > 0 one has |m- 1| =[1+1+...+1| <
1| =1. Also | — 1| = |1].

Conversely, let N be an integer such that |m - 1] < N. Then for z,y € K we
have

n n T n—r n
ool < 3 ()bl < Mo+ Dmas(lel )"

Hence |z +y| < NY"(n+1)Y"maz{|z|, |y|} and N/*(n+1)"/" — 1,n — oo (since
Llog™tt — 0). [

Corollary 2.1.9. If charK > 0, then K has only nonarchimedian absolute values.

Proof. The set {m -1, m € Z} is finite if char K > 0. ]
Proposition 2.1.10. Let | | be a nonarchimedean absolute value on a field K.
Then:

o A={x € K, |z| <1} is a subring of K;
o U={z e K,|z| =1} is a group of units of A;
e m={ze€K,|z| <1} is a unique mazimal ideal of A.

The absolute value | | is discrete if and only if the ideal m is principal.

32



Proof. The first three properties are straightforward. Assume | | is discrete and let
v,w be valuations as in Proposition 2.1.6. Then m is generated by any element 7
with w(m) = 1. Conversely, if m = (7) is principal, then v(K*) = Zov(r). O

An absolute value | | defines a metric on K, where we put
d(z,y) = |z —y|
for the distance function. Then we have a topology on K with
B(z,r)={ye K,|ly—z| <r},r>0

the fundamental system of open neighborhoods of .

Example 2.1.11. If K = Q, the p-adic valuation on K defines the p-adic topol-
ogy: two rational numbers are «close» if their difference is divisible by a large
power of p.

Proposition 2.1.12. Let | |1, | |2 be two absolute values on a field K, with | |
nontrivial. The following conditions are equivalent:

(1) | |1 and | |2 define the same topology;
(ii) |z <1=|z|p < 1;
(ii7) |x|o = |x|{ for some a > 0.

Proof. (iii)= (i) is obvious, for (i)=- (ii) note that |z|* = |z|" hence 2" — 0 <
|z| < 1, hence (i) implies |z|; < 1 = |z|2 < 1. Let us show that (ii)=- (iii). Since | |;
is nontrivial, there exists y € K such that |y|; > 1. Let a be such that |y|s = |y|{.
Note that a > 0 by (ii).

Let x € K* and let b € R be such that |z|; = |y|%. It is enough to establish
that |z|, = |y|5. Let m/n > b be a rational number. Then |x|; = |y’ < |y1|™, so
that [2"/y™|, < 1. By (ii) we deduce |2"/y™|2 < 1, so that |z|s < |y 2m Since this
is true for all rational numbers m/n > b, we deduce that |zo| < |y[5. By a similar
argument for rationals m/n < b we deduce |x5| > |y[5, this finishes the proof of
(i) O

Definition 2.1.13. The absolute values | |; and | |, are equivalent if they satisfy
the equivalent conditions of the proposition above. A place of K is an equivalence
class of absolute values on K.

In the case K = Q we have a complete list of absolute values:

Theorem 2.1.14 (Ostrowski). Let | | be a nontrivial absolute value on Q. Then

(i) If | | is archimedean, then | | is equivalent to | |« : x — |x| the usual absolute
value 1 R.
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(11) If | | is nonarchimedean, then | | is equivalent to | |, for exactly one prime p.

Proof. Let m,n > 1 be integers. Write
m=ay+an+...+an",
where the a; are integers, 0 < a; < n,n” < m and r < log(m)/log(n). In particular,
la;| < |1+ ...+ 1] = ai|1] = a; < n.

Let N = maz{1,|n|}. Then:

log(m) N5

m| < aillnlt < ailNT < (14 r)nNT < (1+ Tog ()

Replacing m with m! for ¢ an integer and letting ¢ — 0o, we obtain:

tlog(m) s Log(m)

< (1 t [ log(n)
Im] <+log(n) n

log(m)

and |m| < NTea®m

Assume that for some n one has [n| < 1. Then N = 1 and the inequality
above implies that |m| < 1 for all integers m. In particular, the absolute value is
nonarchimedean by Proposition 2.1.8. Let A and m be as in Proposition 2.1.10. By
definition of A, we have Z C A. Then mNZ is a prime ideal in Z, hence mNZ = (p)
for some prime p. Then |m| = 1 if m is not divisible by p, so that ]%pﬂ = |p|" if
a, B are integers prime to p. If a is such that |p| = (1/p)?, then |z| = |z[].

Assume now that for all integers n > 1 we have |n| > 1. Then N = |n| and
1

we obtain |m|lstm < |n|l°91<">. Inverting the roles of m and n, we get |n]l091<n> <
1
|m|Tstm) | so that

1 1
log(m) — ’n log(n) |

c:=|m

If a = log(c), then |n| = |n|% for all integers n > 1, hence, by multiplicativity of
| |, for all rationals. -

Remark 2.1.15. Similarly, if K is a number field, we have a complete list of places
of K. Assume that K has r; real embeddings and ry pairs of conjugated complex
embeddings. Then the places of K are in one-to-one correspondence with, on the
one hand, the r; real embeddings and r, pairs of complex embeddings, correspond-
ing to archimedean absolute values (infinite places of K'), and on the other hand, the
nonzero prime ideals of Ok, corresponding to the nonarchimedean absolute values
(finite places of K).

Again in the case K = QQ recall the Chinese reminder theorem: if nq,...n;
are integers that are pairwise coprime, then the system of congruences

r=a;(modn;),i=1,...,k
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has a solution, unique modulo N =nq - ... - ng.
The following statement of the weak approximation theorem could be seen
as a generalization of the Chinese reminder theorem in the context of valued fields.

Theorem 2.1.16. Let | |1, | |2,.--| |x be nontrivial inequivalent absolute values on
a field K, and let ay,...a be elements of K. For every e > 0, there is an element
x € K such that

|z — a;|; < efor all i.

Proof. We start with the following two lemmas:

Lemma 2.1.17. In the notation of the theorem, there is an element a € K such
that laly > 1 and |a;| <1 fori # 1.

Proof. If k =2, since | |1, and | |5 are inequivalent, there are two elements b and ¢
such that
|b|1 < 1, ’b|2 > 1, ’C'l > 1, ’C’Q < 1.

Then z = § works.
By induction, assume the lemma holds for n — 1 absolute values. Then there

are two elements b and ¢ such that
b1 > 1L, bl; < 1l,i=1,...n—1,|c|y > 1,|c], < 1.

If |b|, < 1, we can take z = b. If |b|,, = 1, then x = ¢b” works for sufficiently large

r. If |bl,, > 1, then z = ff;r works for sufficiently large r. O

Lemma 2.1.18. In the notation of the theorem, there is an element a € K that is
close to 1 for the value | |; and close to O for the values | |;, i # 1.

Proof. Consider x as in the previous lemma and put x, = % Then

z"

1 1
= <
[1+arfy = Joff =1

[z, — 1|1 — 0,7 — 00.

For 7 > 2 we have

|z];
; = < — 0,7 — oo0.
|z |i T4l 1o , T — 00

O

To prove the theorem, consider b;, i = 1,...n close to 1 for | |; and close to 0
for | |jaj # 1. Then x = a;by + ... + a,b, works.
O
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Corollary 2.1.19. Let | |1, | |2,.--]| |x be nontrivial inequivalent absolute values on
a field K. If |a|™ ... |a|"™ =1 with r; € R for all a € K*, then r; =0 for all i.

Proof. If there is r; # 0, consider = such that |z|; is sufficiently large and |z|; is
sufficiently small for j # 4, on then cannot have |z|™ ... |z|™ = 1, contradiction. [J

2.2 Completions

Let K be a field and | | a nontrivial absolute value on K.

Definition 2.2.1. A sequence (a,) of elements of K is a Cauchy sequence if for
every € > 0 there is an integer N > 0 such that |a,, — a,| < € Vm,n > N.

Definition 2.2.2. A field K is complete if every Cauchy sequence converges in
K.

Theorem 2.2.3. Let K be a field and | | a nontrivial absolute value on K. Then
there is a complete valued field (K, | |) and a homomorphism K — K preserving the
absolute value, satisfying the following universal properety: every homomorphism
K — L with (L,| |) complete valued field, preserving the absolute value, extends
uniquely to a homomorphism K— L.

Proof. We construct K as the set of limits of Chauchy sequences in K. More pre-
cisely, let (a,) and (b,) be two Cauchy sequences in K. We say that these sequences
are equivalent if lim|a, — b,| = 0. Define K to be the set of equivalence classes of
Cauchy sequences in K. One has the addition and the multiplication on K induced
by the addition and the multiplication on K and one verifies that K is a field.
The canonical map K — K sends a € K to the Cauchy sequence (a,a,...a). A
homomorphism K — L extends to & — L by mapping the Cauchy sequence in K
to its limit in L. O

If | | corresponds to a valuation v, we will write K, for the completion K and
O, for the ring of integers in K,. For p-adic valuation on Q we will write Q, for
the completion and Z, for the ring of integers in Q,.

In the case of a discrete nonarchimedean value, we have the following description:

e Let A and m be as in Proposition 2.1.10. Let m be a generator of the maximal
ideal m (equivalently, 7 is an element of K with largest value < 1). We call
7 a uniformizing parameter and £ = A/m the residue field of K. Up to
changing | | by an equivalent one we may assume that |7| = 1. Then the set
of values | K| = {|7|™,m € Z} U{0} = Z.

o |K|=|K|=Z: infact, if a € K and if (a,) is a Cauchy sequence convergeing
to a, then |a,| — |a|. But |K*| is discrete, so that |a| € |K*|.
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e If A={ae K,ja| <1} and h = {a € K, |a| < 1}, then AA(resp. m) is the
set of limits of Cauchy sequences in A (resp in m), so that A (resp. m) is the
closure of A (resp. m) in K. Also 7 generates A.

e For every integer n, the map A/m™ — A/fm™ is an isomorphism : in fact
= {a € A la| < 7" = {a € 4, |a] < |-}

is closed and open in A. The injectivity follows from the fact that it is closed
and the surjectivity follows from the fact that m™ open.

Proposition 2.2.4. Let S be a set of representatives for A/m. Then the series
a_,m "+ ... +ag+am+...+apm" +...,0;, €S

1s a Cauchy series. Every Cauchy series is of this form, in particular, any element
of K has a unique representative in the form above.

N
Proof. Let xy = > a;m". Then xy is a Cauchy sequence.
i=—n
Conversely, let a € K. Then a = 7" with ap a unit in A, since |K| = |K].

Then, by the definition of S, there exists ay € S such that ag — ag € m, so that
2= ¢ A, so there exists a; € S with *=% —¢q; € m. One then constructs
mductlvely as, as, ... such that

2
Qg = Qg + a1+ asm* + ...

and we obtain the existence. Note that |>_ ;7’| = |7™|, where a,, is the first
nonzero coefficients. Hence Y a;m* = 0 if and only if a; = 0 for all i and we obtain
the uniqueness. O

Example 2.2.5. We can think about elements of Q, as a series
anp "4 ... Fag+ap+ap’+...,0<a <p.

In terms of limits, Z, = @Z/p”Z.

Example 2.2.6. The completion of the field k(¢) with respect to the absolute value
induced by the valuation v; (the order of vanishing at 0) is the field k((¢)) of formal
power series over k.

In the remaining part of this paragraph we study a the fundamental results
on solving polynomial equations in complete valued fields. In what follows K is a
complete discretely valued field ans A is the corresponding ring of integers.

Lemma 2.2.7. Let f € Alx] and let aq is a simple root of f(x) mod w. Then there
is a unique root a of f(x) congruent to ag mod .
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Proof. We will construct inductively a sequence (a,) such that f(a,) = 0 (mod
7"*1). By assumption, we have ag. Put

1
Upy1 = Qp + A"t

Then
fan +hr™™) = f(a,) + ha" T (a,) + .. ..

We take

h = —Jt(CLn)f'(an)_1 mod 7.

7Tn+1

This is possible since f(a,) =0 (mod 7"*1) and f'(a,) = f'(ag) (mod =), which is
nonzero.

The sequence (a,,) is a Cauchy sequence and its limit a in K is the root of f,
as required. This root is unique, since from the construction a mod 7" is uniquely
determined for each n. O

Theorem 2.2.8 (Newton’s lemma). Let f(x) € Alx] and let ay € A such that
|f(ao) < |f'(ao)]?. Then there is a root a € A of f(x) such that |a — ag| <

|f(a0)/1f"(ao)]*.

Proof. The sequence (a,) defined inductively by a,+1 = a, — }{,((Z’:L))

sequence converging to a root of f(z). O

is a Cauchy

Theorem 2.2.9 (Hensel’s lemma). Let f(z) € Alz] and f(x) be the image of f
in k[x]. Assume that f is monic and that f factors as f = goho with go and hy
monic relatively prime in k[ X|. Then f factors as f = gh with g and h monic such

that § = go and h = hy. The polynomials g and h are uniquely determined and
(g, h) = Alz].

Proof. We first prove the uniqueness of g and h. Assume we have g’ and A’ monic
such that ¢ = go and b’ = hg and f = ¢’h’. From the lemma below, (g, k') = Alz],
so there exist r, s € A[z] with gr + s = 1. We deduce

g =ggr+ghs=ggr+ghs,

and so g divides ¢’. Since these polynomials are both monic and of the same degree,
they must be equal. Then h' = h, since f = gh = gh'.

Let us now prove the existence of f and g. We know that f — goho € mA[z]. We
construct by induction polynomials g,, h, such that f — g,h, = 0 mod 7" A|x]
and g, = go, hn, = ho mod wA[z]. Then we claim that there are two polynomials
u,v € Alx] with degu < deggy and degv < deghg and such that f — (g, +
7"y (h, + 7 1v) = 0 mod 7" Alz], i.e.

why + g0 = (f — gnhn) /7" mod 7A[z].

38



In fact, the lemma below provides such polynomials since gy and hy are monic
and relatively prime. Passing to the limit, we obtain the factorisation of f as re-
quired. O

Lemma 2.2.10. If f,g € Alz] are such that f and § are relatively prime and
f is monic, then (f,g) = Alz]: there ezist u,v € Alx] with degu < degg and
degv < degf such that uf +vg = 1.

Proof. Put M = Alz]/(f,g). Note that M is a finitely generated A-module since f
is monic. Since f and g are relatively prime, we have (f, g) = k[z], hence

(f9) + mAlz] = Alz].

We deduce that mM = M. By Nakayama’s lemma, M = 0. We deduce that
there exist u,v € Alx] with uf + vg = 1. It remains to insure that one can
assume that degu < degg and degv < degf. In fact, if degv > degf write
v = fq+ r with degr < degf. Then (u+ qg)f + rg = 1, so that we also must
have degu + qg < degg. O]

Remark 2.2.11. By induction, a factorisation of f into a product of relatively
prime polynomials in k[x] lifts to A[z]. In particular, 2P — x splits into p distinct
factors in Z,[z]. We deduce that Z, contains (p — 1) roots of unity. More generally,
if the residue field k = A/m is finite with ¢ elements, then K contsains ¢ roots of
the polynomial 7 —x. If S is the set of this roots, we have a bijection S — k, a — a,
preserving the multiplication. We call the set S Teichmiiller representatives of
the elements of k.

2.3 Locally compact fields

A valued field K carries a natural topology, as explained in the previous section.
We now study the compactness properties of K.

Proposition 2.3.1. Let K be complete with respect to a nonarchimedean discrete
absolute value. Let A be the ring of integers in K and let m be maximal ideal in A.
Then A is compact if and only if A/m is finite.

Proof. Put S the set of representatives of A/m.
Assume first that A is compact. Since m = {z € K |z| < 1} is open in K and
A is disjoint union of sets s +m, s € S, we deduce that S must be finite since A is

compact.
Assume now that S is finite. Recall that every element of A could be written
as sg + 517 + som? + .... The number of finite sums sy + $;7 + Som2 + ... + 5, 7"

is finite and any element of A is at distance 7" of such element. We deduce that
for any r > 0 there is a finite covering of A by open balls of radius r (A is totally
bounded). Thus A is complete and totally bounded, hence compact. O
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Definition 2.3.2. A local field is a field K with a nontrivial absolute value | |
such that K is locally compact.

Note that a local field, being locally compact, is complete. We have a full
classification of local fields:

Proposition 2.3.3. Let K be a local field. Then

(i) If the absolute value | | of K is archimedean, then K is isomorphic to R or
C and | | is equivalent to the usual absolute value.

(ii) If K is a nonarchimedean local field of zero characteristic, then K is isomor-
phic to Q.

(111) A nonarchimedian local field of characteristic p > 0 is isomorphic to the field
k((t)) of the formal power series over a finite field k, and the absolute value
s equivalent to the absolute value induced by the order of vanishing v, at 0.

Proof. For (i), note that Q C K and the restriction of | | to Q is archimedean,
hence is the usual absolute value. Hence K contains R, and we may even assume
that K contains C, adjoining a root of —1, if necessary. Assume there is x € K\ C
and let ¢ € C be the closest element to z. Put 2’ =  —¢, then |2/ — 2| > |2/|Vz € C.
We deduce, for ¢ a primitive n*"root of unity, that |2™ — 2"| = |2/ — z|[2’ — (| ... >
|z — z||2/|"7. If |z| < 1, letting n — oo, we obtain |z/| > |2’ — 2|. Hence
|#" — z| = |2/|. Taking 2’ — z in place of 2/, we obtain |2’ — 22| = |2’|. By induction,
|#" — nz| = |2'|, and we obtain a contradiction with the archimedean property.

For (ii), note that Q C K and the restriction of the absolute value of K to Q
is nonarchimedean, hence should be equivalent to a p-adic absolute value. Hence
Q, C K. Since the residue field of K is finite by the previous proposition, we deduce
that K is a finite extension of Q,,.

For (iii), since the residue field kK = S of K is finite, one verifies that the map
K — k((T)),>. sim' + >_ s;T" is an isomorphism of valued fields. O

|

Remark 2.3.4. In the case (i7) the absolute value is equivalent to a (unique)
extension of the p-adic absolute value to K.

2.4 Extensions

2.4.1 Basic facts

Let K be a field, complete with respect to a discrete absolute value | |k and let
L/K be a finite separable extension. One then wonders if one could extend the
absolute value to L. Later in this course we will prove the following:

Theorem 2.4.1. The absolute value | |x extends uniquely to a discrete absolute
value | |, on L. In addition, L is complete and the absolute value is characterized

by |8l = [Nmyk(8)] k-
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Let A (resp. B) be a valuation ring for K (resp. L), ie. A = {z,|z| < 1},
my (resp. mp) is the maximal ideal. Sometimes we will also write mg (resp. my).
Then A C B, my C mp and we have an extension of residue fields k4 C kp. Let m4
(resp. mp) be the uniformizing parameter for A (resp. for B). Then, viewing 74 as
an element of B, one could write

T4 = UTph

where e > 0 is the ramification index of the extension L/K and u is a unit in B.

Definition 2.4.2. We say that the extension L/K is unramified if e = 1 and that
it is totally ramified if e = [L : k].
We will also establish the following:

Theorem 2.4.3. In the notations above,

L: K] =elkp: kal.

Corollary 2.4.4. If Q is infinite (separable) extension (for example, a separable
closure), then | |k extends uniquely on Q.

Proof. The corollary follows from Theorem 2.4.1, since | |k extends uniquely to
each finite extension.

2.4.2 Unramified extensions

Theorem 2.4.5. Let L/ K be an algebraic extension and let/k be the corresponding
extension of residue fields. Assume K and k are perfect.

(i) There is a one-to-one correspondence between the finite unramified extensions
K' C L of K and the finite extensions k' C 1 of k.

(ii) Moreover, K' is Galois over K iff k' is Galois over k. In this case, there is a
canonical isomorphism Gal(K'/K) ~ Gal(k'/k).

Proof. (i) We first establish the surjectivity: for k'/k of degree n write k' = k[a/]
and f minimal polynomial of a. We may assume that f is the reduction
modulo the maximal ideal of A, of a polynomial P € A[z]. By Newton’s
lemma, there exists 5 € L with P(5) = 0 and § = a mod m, (in particular,
B¢ mp). Then K’ = K[f] is of degree n and has residue field extension £'/k,
so that by theorem 2.4.3, we have e = 1. We left the injectivity property as
an exercise: in fact, if K’ K” have the same residual extension &'/k, then one
easily shows that K - K” /K also has the residual extenion k'/k and this leads
to a contradiction for the degree.
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(ii) If K'/K is Galois, then the Galois group preserves A’ and the maximal ideal
mys, so that there is a map

Gal(K'/K) — Aut(K'/k).

If ¥ = k[a] with minimal polynomial g that lifts to g € A[X], we obtain, by
Newton lemma again, that there is a root £ of g with § = a mod m;. Then ¢
splits in K’ since K’/ K is Galois, so that g splitsin &". If 8y, ... 3, are the roots
of g and f31, ... 3, are the roots of g, then the action of Gal(k’/k) is induced by
the action of Gal(K'/K), this gives an isomorphism Gal(K'/K) — Gal(k'/k).
Conversely, if K'/K is Galois, then for ¥’ = k[a], 8 a lift of «, Hensel lemma
shows that all the conjugates of § are in K’ = K[f], so that K'/K is Galois.

O

Corollary 2.4.6. There 1s Ky C L an extension of K such that Ky contains all the
unramified extensions of K. If k is finite, then Ky is obtained by adjoining roots of
unity.

If L = K, we obtain mazimal unramified extension K™ of K and, a finite extension
K'/K is unramified iff K' C K™ . The residue field of K™ is k.

2.4.3 Totally ramified extensions

Definition 2.4.7. A polynomial f € K|x] is Eisenstein, if
f(z) =apx" + ...+ a,_ 12+ ay,

with |ag| = 1, |a;| < 1, |an| = |7].
Equivalently, in the definition above we ask that v(ag) = 0,v(a;) > 0 and
v(a,) =1 for the normalized valuation on K corresponding to | |k (i.e. v(7) =1).

Proposition 2.4.8. A finite extension L]/ K is totally ramified if L = K|a] with o
a root of an Eisenstein polynomial.

Proof. Assume that « is a root of an Eisenstein polynomial. Let n be the degree of
the extension L/K. Then we deduce that v(a™) = 1, for the valuation extending
the valuation v on K, i.e. v(a) = %, so that e > n, using Theorem 2.4.3, we deduce
e=n.

Conversally, if L/K is totally ramified, then if o generates my, we have that
1,c,...,a" ! all have different valuations, so that the relation a,, + a,_joc + ... +
a;a™ ! = 0 is impossible. Since the degree of L/K is m, we have a relation
Qp + Qp_10+ ...+ a0+ a” = 0 and comparing the absolute values of the sum-

mands we deduce that the polynomial f(z) = 2" +...4+a,_12+a, is Eisenstein. [J
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2.4.4 Ramification groups and Krasner’s lemma

Let L/K be a finite Galois extension. Assume that the residue field k of K is
perfect. Put G = Gal(L/K).

Definition 2.4.9. Gy = {0 € G,|ca—a| < 1Va € B} is called the inertia group.

Theorem 2.4.10. Let L/ K be a Galois extension and assume that the residue field
extension l/k is separable. Then the fized field Ky = LY is the largest unramified
extension of K in L, Gg is normal and

G /Gy = Gal(Ky/K) = Gal(l/k).

Proof. Note that GGy is indeed normal: if 0,7 € GG, then

1

T ot — al = |o(Ta) — Ta,

so that if 0 € Gy, then 77'o7 € Gy. If K’ is the largest unramified extension in L,
then o K’ is also unramified, for any o : K’ — K preserving K, so that by maxi-
mality, 0 K’ = K. We deduce that K’ is Galois and that we have an isomorphism
Gal(K'/K) ~ Gal(l/k) and Gy is the kernel of the map G — Gal(l/k), so that K
is the fixed field. O]

Proposition 2.4.11. [Krasner’s lemm_a] Let K be complete with respect to a nonar-
chimedian absolute value. Let o, 5 € K with o separable over K[f5]. If « is closer
to B than any conjugate of o (over K ), then Kla] C K[f].

Proof. Tt is enough to show that for o : K|, 5] C K fixing K[f], one has ca = a.
Note that o8 = § (by assumption) and o preserves | |, so that

oo = B = loa — off| = |a = f.

We deduce
loa —a| =loa— B+ —a| <|a—4|

But « is closer to  than any of its conjugate, so that we deduce ca = a.
If now K is of characteristic zero and if h(z) € Klx], with h(z) = Y ¢;a’, we
define
W ()] = max{]ci[}.

Next, if f is monic irreducible, with

flz) = H(m — ), €K

and g is a polynomial such that ||f — g|| is small enough, we have for 5 a root of g

that
(f=9)B) =B =]] 18— el
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In particular, if ||f — g|| is small enough, there should exist «; with |§ — «;| small
enough, so that we may arrange that g is closer to «; than any congugate of «o:

18— ai| <o — ayl,i # j.

Then Krasner’s Lemma says that K[a] C K[5] and by a degree argument we obtain
Klo] = K[p].
We obtain:

Proposition 2.4.12. Let F' be a monic irreducible polynomial in K|x|. Then for
any g monic, sufficiently close to f, we have that g is also irreducible and for each
root 8 of g there exists a; a root of f such that

|8 — il < ag — oy

for any i # j and «;’s are the roots of f. For such a, we have Ko = K|[f].

Corollary 2.4.13. Let K/Q, be a finite extension. Then there is a finite extension
L/Q, contained in K and such that

[L:Q=[K:Q) and L-Q, =K.
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Chapter 3

Dedekind rings

3.1 Dedekind rings

This section is devoted to some general properties of rings and ideals.

3.1.1 Fractional ideals

Fix an integral ring A and let K be its field of fractions. Recall the following
notions:

e A is noetherian if any increasing sequence of ideals stabilizes: for I C ... C
I, C ... ideals of A there is N > 0 such that Iy = I,, for any m > N This
property is equivalent to the following: any ideal of A is generated by a finite
number of elements.

e A is integrally closed if any element x of K, that is integral over A (i.e. x is a
root of a monic polynomial with coefficients in A) is in A. For example, Z is
integrally closed, A = Z + Z[y/—3] is not, z = 1+F is not in A and verifies
the equation 2> —x +1 = 0. If L is a field contalnlng A, the set of elements
of L that are integral over A is a ring that we call integral closure of A in
L.

Let I C K be an A-module (we do not assume that [ is an ideal of A, i.e. that
I CA).

Definition 3.1.1. "' ={z € K |2l C A} and R(I) = {x € K |zI C I}. We call
I a fractional ideal if I # 0 and if there exists a € A with al C A. Note that
I # 0 is fractional iff there exists a € K with al C A.

Definition 3.1.2. A fractional ideal I is invertible if /7-' = A.
Let I; and I, be two fractional ideals with I; C al_lA,]g C a;lA, ai,ay € A.
The following properties are straightforward:

1. Iy + I, 1 I, I, N I, are fractional ideals contained in (ajas) ' A.
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2.

I ={z € K, |zl, C I} is a fractional ideal: in fact, I # 0 and for v # 0 € I,
we have a;vl C A.

. Applying the previous property to I; = I and I, = A, we obtain that I; ' is

fractional; applying it to [; = I and I, = I we obtain that R(/;) is fractional.

if A is noetherian, then any fractional ideal is of finite type.

Another important notion is the localization.

Definition 3.1.3. Let p be a prime ideal of A. The localization A, of A is the
subring of K of elements % with u € Aand v € A\ p.
We have the following properties:

1.
2.
3.

A, is local ring (i.e. it has a unique maximal ideal);
p=pA,NA

More generally, if I C A, is an ideal, then [ = (I N A)A,: in fact, we have an
inclusion (I N A)A, C I, and for another direction for z € I we could write
r = % with u € Aand v € A\ p, since v is invertible in A we deduce that
uwe INA Hencexz € (INA)A.

. If A is integrally closed, then A, is integrally closed as well: let x € K be

integral over A,. Then

n An—a n—1 @
T+ o x + ...+ b
with b € A\ p and a; € A. Hence bx is integral over A, hence bx € A and

xr € A,

3.1.2 Discrete valuation rings

Recall that if A is a local ring with the (unique) maximal ideal generated by one
element m = (), then we can define a discrete valuation v : K* — Z, v(z) = r if
x =ur" with r € Z and u € A*\ m.

Proposition 3.1.4. Let A be an integral noetherian, integrally closed ring, such
that A has a unique nonzero prime ideal. Then A is a discrete valuation ring.

Proof. 1t is enough to show that A is principal. Let m be the maximal ideal of A.
We divide the proof into several steps:

1. If x € m, then A[%] = K. In fact, it is enough to prove that any prime ideal

of A[i] is zero, this will imply that it is a field, hence equals to K. Let p be
a prime ideal of A[2]. Note that x ¢ p since x is invertible. The ideal p N A
is a prime ideal in A, and it is different from m since x € m. By assumption,
pNA=0. Butif X €p, we may assume y € A, so that y € pn A = {0}. We
then have that p = 0.
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2. Let z be a nonzero element of A. If x € m, there exists n > 0 such that
2™ € zA. By the previous step K = A[i], hence for z € K there exists n such
that 2"z € A.

3. m™ C zA for some m. In fact, since A is noetherian, m is generated by a
finite number elements, call them x4, ...xz,. Then m = kn with n such that
z € zA (from the previous step) works.

4. m~t £ A. In fact, assume z € m and m minimal for the previous step. Let
y € m™ 1\ 2A (exists by minimality). Then my C zA, so that y/z € m™!\ A.

5. mm~! = A. Note that mm~! is a sub A module containing m, hence it equals
mor A. Let t € m™\ A. Since A is integrally closed, ¢ is not integral over A.
Hence the sequence of A-modules

ACA+AtCA+At+ A2 C ...

is strictly increasing. Since A is noetherian, it is not included in any A-module
of finite type, in particular, in m™! (since it is a fractional ideal, it is of finite
type). Then there is a minimal n such that t" ¢ m~!. Hence ¢t"m is not in
A, hence not in mm~! and tm. Hence t"~'m is not included in m. We deduce

that mm~! is not contained in m, hence mm~! = A by maximality of m.

6. m is principal. Since mm~!

= A, there exists an element u € A\ m with
u=vw, v €m, w € m . Then u is invertible (since m is maximal). Let
t € m. Then t = (tw/u)v. Since w € m™~!, we have that tw € A. We then

have t € vA. Hence m is generated by v, hence principal.

7. N,m" = 0. Since m is principal, we could write m = (7). The ideal I = N, 7" A
is prime, in fact, if xy € I with € 7"A and y € 7" A we have (%)(%) €
N, A, so that either z € 7" A or y € 7™ A, by induction z € I or y € I.
But [ is different from m: if not, we would have 1A = 724 and A = 7 A, that

is not possible. Hence /=0 as claimed.

8. A is principal. Let I C A be an ideal. Let N be maximal integer such that
I cm” Then I =7V A.

This finishes the proof of the proposition. O

Let A be a noetherian and integrally closed ring. Assume p is a minimal and
maximal prime ideal. Then A, is a discrete valuation ring with maximal ideal pA,.
We denote v, the corresponding valuation. Note that the fractional ideals of A, are
p*.n € 7.

3.1.3 Dedekind rings

Let A be an integral noetherian ring.

47



Proposition 3.1.5. The following properties are equivalent:

(1) A is integrally closed and any prime ideal of A is maximal;

(it) For any prime nonzero ideal p of A the localization A, is a discrete valuation
Ting.

(111) Any fractional ideal of A is invertible.

Proof. (i) = (ii). We've proved that A, is noetherian and integrally closed. Any
prime ideal of A, comes from an ideal (hence prime) of A, and hence is maximal.
By previous section, A, is a discrete valuation ring.

(ii) = (ii4). Let I be a fractional ideal of A. Consider IT~!: assume it is
strictly contained in A. Then it is contained in some prime ideal p of A. Write
I = (ay,...a,). Let x € A, with [A, = xA,. Write a;, = :EZ—; with u; € A and
v; € A\p. Let v =]]v; € A\ p. Since va;/x € A we have v/z € I"'. Hence
vell A, CpA,. But pA,NA=p,so that v € p, contradiction.

(#7i) = (7). Let us show that A is integrally closed: if x € K is integral over A,
the ring A[z] is of finite type over A and is contained in K. Hence it’s a fractional
ideal. We have A[x]? = A[z], hence

Ala] = Ala](Ale)Ala] ™) = AlalAle] ™ = A,

since Alx] is invertible. Let p be a prime ideal in A, let m be a maximal ideal
containing p. The fractional ideal m~'p is contained in A, hence (m~'p)m = p.
Since p is prime, p = m or pm~! C p. Assume the later case. Since A is strictly
included in m~!, we deduce

m ' CppimT Cppt = A4,

since p is invertible, contradiction. O

Definition 3.1.6. An integral noetherian ring satisfying the equivalent conditions
of the proposition above is called Dedekind ring.

Examples. Z is a Dedekind ring, k[t] is Dedekind, k[t1,ts] is not a Dedekind
ring.

Let A be a Dedekind ring and p a maximal ideal of A. Let I be a fractional
ideal of K (or, more generally, a nonempty subset). We set

vp(I) = infrervy ().

One easily verifies that v,(1) is well defined and is in Z.
Since any fractional ideal of a Dedekind ring A is invertible, the set of fractional
ideals of A is the multiplicative group, that we denote by I(A).

Proposition 3.1.7. The group I(A) is isomorphic to a free abelian group generated
by nonzero prime ideals. More precisely, for I be a fractional ideal in K we have

I = Hpvp(l).
b
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Proof. We first show that any ideal I of A is a product of prime ideals in A. In
fact, let p; be a prime ideal in A, containing I. Then I C Ip;* C A. If I is not a
product of maximal ideals, we construct an increasing sequence

—1,.-1

IClIpitclpi'pstc...,

but this sequence should be finite since A is noetherian, contradiction.
Let now p be a maximal ideal of Z and let

iyt T(A) = I(A,)

be the map I — IA,. It is a group homomorphism. Let p’ # p be a prime ideal of
A. Then i,(p') = A,. In fact, p’ is not contained in the maximal ideal of A,, the
ideal of A, generated by p’ is then equals to A,.

Let us show that /(A) is generated by maximal ideals of A. Let I be a fractional
ideal of A. Let t € A with tI C A. From above, the ideals ¢/ and tA are products
of maximal ideals. Since [ is invertible, it is a quotient of these products.

Now we show that the subgroup of I(A) generated by prime ideals is free: if
not, A = [[p" with r, € Z almost all zeros. Let py be a prime ideal in A such that
Tpo is nonzero. Then

Apy = iy (A) = gy (pg™) = p"P0 Ay # Ay,
Let I be a fractional ideal of K, then I =[], p™. We have

ip(I) = p" Ay = (pAy)".

Hence ry, = v,(1A,) = v,(I), and we finish the proof of the proposition. O

Note that a Dedekind ring A is not necessarily factorial, hence we do not have
a unique factorization for elements in A, but we have this decomposition property
for ideals in A.

Definition 3.1.8. A principal fractional ideal of A is an ideal of type aA with
a € K. The ideal classes group is the quotient of 1(A) by the subgroup of principal
ideals.

Corollary 3.1.9. Let A be a Dedekind ring with K the field of fractions. Letx € K.
We then have vy(x) = 0 for all but finitely many mazimal ideals p in A.

Corollary 3.1.10. Let A be a discrete valuation ring, then I(A) = Z.

Corollary 3.1.11. Let A be a Dedekind ring, then the maps i, define an isomor-
phism between 1(A) and the direct sum I1(Ay) over mazimal ideals of A.

Note that for I, I, fractional ideals, and p a prime ideal in a Dedekind ring A,
one has the following properties:

1. Up(]lfg) = Up(Il) + Up(12>;
2. vp(Ih + I2) = min(vy (1), vp(12));
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3. vp(l N Iz) = max(vy (1), vy(12));
4. Up(Il N ]2_1> = Up(Il> - UP(IQ)'

Proposition 3.1.12. Let A be a Dedekind ring with K field of fractions. Let I
be a finite set and let (x;);er (resp. (ny), resp. (p;)) be a family of elements of K
(resp. of integers, resp. of mazimal ideals of A). Then there is y € K such that
Uy, (y — ;) >, fori € I and vy(y) > 0 for any p #p,, i € 1.

Proof. Assume first ; € A. We may assume n; > 0 (up to replacing by zero the
negative ones). We could also assume that only one element z;, is nonzero. In fact,
let y;, be the solution in this case, then the general solution is y = > y;.

We have A = p?oio + H#io p"i. Hence x;, = y + z with y in the first term and z
in the second. Then y works.

In general case (without assumption z; € A) we set z; = a;/s with a; € A and
s € A. We will find y = a/s with a determined by conditions vy, (a—a;) > n;+vy, ()
and vy(a) > vy (s) for p distinct from p;. This is the same problem as in the previous
case with a biggest family of prime ideals. O

3.2 Extensions

3.2.1 Extensions of Dedekind rings

Let L/K be a finite extension of fields. Let = € L. Recall that the trace (resp. the
determinant) of the linear map

L— Ly—xy

is denoted by T'rp,x(x) (resp. Np k(x)) and is called the trace (resp. the norm) of
xz. If I’ = K(x) is a Galois extension of K, then

Trik(x) = Z o(x)

c€Gal(L'/K)

and

NmL//K = H O'(I’)
c€Gal(L'/K)

Assume that A is an integral noetherian and integrally closed ring with field of
fractions K. Let L be a finite separable extension of degree n. Let B be the integral
closure of A in L. Note that BN K = A since A is integrally closed.

Proposition 3.2.1. B is an A-module of finite type.

Proof. We will show that B is included in an A-module of finite type. Since A
is noetherian, we then deduce that B is of finite type over A. Let M be a sub
A-module of L. Let M* be the set of elements x of M, such that Tk (vy) € A for
any y € M. If M is free, then M* is free (since the bilinear form (z,y) — Tr(zy) is

50



nondegerate for a separable extension). Let X be a family of elements of B, forming
a basis of L as a K-vector space. Let V be a free A-module generated by this base.
Then the image of B by the map T'r is contained in A by definition, and we have
an inclusion:

VcBocB CcVr

and we deduce that B is of finite type. n

Corollary 3.2.2. B s integrally closed.

Proof. Tt follows from the fact that A is integrally closed and B is of finite type
over A.

Proposition 3.2.3. The field of fractions of B is L.

Proof. If x € L a root of a polynomial P(x) = a, X" + ...+ a1 X + ag, then a,x is
integral over A, so that x is a quotient of two elements in B. O

Theorem 3.2.4. If A is a Dedekind ring, then B is a Dedekind ring.

Proof. From propositions above, it only remains to prove that the localization of B
at any nonzero prime ideal is a discrete valuation ring, so that it is enough to show
that any prime nonzero ideal of B is maximal. If p is a prime ideal in B, that is
not maximal, there is a maximal ideal m of B containing p. Then pN A and mN A
are prime ideals in A, so that they should coincide since A is Dedekind. We obtain
a contradiction by the lemma below. O

Lemma 3.2.5. Let A C B be two rings with A C B and B integral over A. Let
p C q be prime ideals of B. If pNA=qNA, then P= Q.

Proof. Assume that the inclusion p C q is strict, let x € q \ p. Since z is integral,
there is a monic polynomial P(X) = X" + a, 1 X" ' + ... + ag with coefficients
in A such that P(z) € p, we choose P of minimal degree > 1. Since p is prime,
ap € qNA=pnNA. Hence (P(z) — ag)/x € p since p is prime. Contradiction, since
P is of minimal degree. O]

Recall that if L/Q is a finite extension, then the ring of integers of L is the
integral closure of Z in L.

Corollary 3.2.6. The ring of integers of a number field is a Dedekind ring.

Proof. We apply the proposition above to A = Z.
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3.3 Decomposition of ideals
Let A, B, K, L be as before and p C B be a nonzero prime ideal. Let
q=pnNA.
Definition 3.3.1. We say that p|q (p divides q). For the ideal qB of B, we define

ep = vy(qB)

the ramification index in the extension L/K.
By definition,

B = [[»™,

pla
we say that q ramifies in B if there exists p with e, # 1.

Definition 3.3.2. The residual degree of p in L/K is

fo=1[B/p:Alq].

Definition 3.3.3. The extension L/K is totally ramified if there is a unique
prime ideal p dividing q and f, = 1. If B/p is separable extension A/q and e, = 1,
we say that L/K is unramified.

Proposition 3.3.4. Let ¢ C A maximal ideal, then

[L:K]=[B/aB: A/q] = Zepfp‘

pla

Proof. For the second equality, we write
qB=]]p" C...Cpp Cp C...CpiCpCB

with all intermediate quotients of dimension 1 over B/p;, hence of dimension f,,
over A/q. Each quotient of dimension f,, appears e, times, hence [B/qB : A/q] =
z|: ep fo-
pla

The first equality holds if A is principal since a basis of the A-module B is also

the basus of B/p as A/g-module (any nontorsion finite type module over a principal
ring is free). For the general case denote Ay = A, it is a discrete valuation ring,
with field of fractions L. Denote B, the integral closure of Ay in L, then it is easy
to check that By = A;B. By the case when A principal we deduce

[L: K] =n=[By/qBy : Ao/qAo).
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Write
qBo = H(Bopi)e'”-

7

By construction, Byp; are prime ideals of By. Hence

[Bo/aBo : Ao/al = _ ey, [Bo/Bopi : Ao/dl.

Here By/Bop; ~ B/p; and Ay/q ~ A/q and we deduce the result. O

3.3.1 Galois case
Assume L/K is Galois. Then

Proposition 3.3.5. Let q C A be maximal ideal. The group Gal(L/K) acts tran-
sitively on the set of prime ideals of B dividing q.

Proof. Let p C B be such that p|q. Then the image p’ of p under the Gal(L/K)-
action is contained in B and is a sub-B-module of L. Hence p’ is a prime ideal
dividing g.

For the transitivity, let x € p and p’ C B with p’|q. By the approximation
lemma we can choose such z such that z does not belong to all conjugates of p’
distinct from p. Then Np/x(x) = [[o(x) € pN A, hence Np () € gqNA =p' N A,
hence N k() € p’ and there exists ¢ € Gal(L/K) such that x € o(p’), so that
o(p’) should be equal to p’, by the choice of x. ]

Corollary 3.3.6. The invariants e, and f, depend only on q. If gq is the number
of prime ideals of A dividing q, then

(L : K] = gqeqfy-

3.3.2 Explicit factorisation

Let A, B, K, L be as above. Assume B = Alq].

Proposition 3.3.7. Let p C A be a prime ideal. If f is minimal irreducible poly-
nomial of o and f(a) =[] Pi(x)® factorisation in A/p with P; irreducible monic,

then
pB=]]5"

is the factorisation of p and B; = p B+ Pi(a) B, where P; € A[X] irreducible, that
lifts P,.
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Proof. Let & be a root of P,. Then
B = ker(Ala] — Ala])
satisfies
pB+ P(a)B C 5.
If b=g(a) € § with g € A[z] (i.e. b € B), then

g= Ph

with h € A[z], so that g — Ph has coefficients in p and g(a) € pB + P(a)B.
Now, if €} is the ramification index of §;, then fs, = deg P;. But f(a) = 0, so
that f(z) — [[ P € pAlz], ie. [[Pi(a) € pB and

Bt C pB + P(a)“ B,
hence /
118 coB+]]Pl)BCpB=]]8"
We deduce that e; > €}, but

Zeifi:degf: [L: F] :Zegfi,

so that e; = €.

The following lemma on ideals containing an integer will be also useful:

Lemma 3.3.8. Let A be a ring and let I be an ideal of A. Let M, N € Z be two
relatively prime integers, such that MN € I. Then I = JJ" where J =1+ MA
and J' =1+ NA.

Proof. We observe that JJ' = I? + NI + MI + MNA. But I C NI + MI (since
M and N are relatively prime, by Bezout theorem), hence I = NI 4+ MI. Since
MN € I and I? C I, so that JJ' = I, as claimed. O

3.3.3 Complement: extensions of valued fields

Using properties of the Dedekind rings, we can now establish theorem 2.4.1. Let K
be a field, complete with respect to a discrete absolute value | | and let L/ K be a
finite separable extension.

Theorem 3.3.9. The absolute value | | extends uniquely to a discrete absolute
value | |, on L. In addition, L is complete and the absolute value is characterized

by |8l = [Nmpyxc(8)| -
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Proof. Let A be the discrete valuation ring in K, and let B be its integral closure in
L. Let p be the maximal ideal of A. Then B is a Dedekind ring, and the absolute
values of L extending | |, correspond to the ideals of B lying over p. Assume that
there are distinct prime ideals p; and ps in B dividing p. Then there is an element
B € B such that p; N A[S] # p2 N A[f] (for instance for 5 € p; \ p2). Let f(X)
be the minimal polynomial of 5 over K. Since f is irreducible and A is complete,
Hensel’s lemma shows that the image f(X) in k[X], k = A/p should be a power
of an irreducible polynomial. Then A[S]/pA[B] = k[X]/(f) is a local ring, and we
obtain a contradiction since A[S3] contains two prime ideals containing p.

Hence | |, extends uniquely to an absolute value | |, on L. Similarly, | |, also
extends uniquely to an absolute value | |1/ on a Galois closure L’ of L. For each
o € Gal(L'/K), consider the map L — C, § ~ |of|;. This is again an absolute
value on L, and so the uniqueness implies that 5|, = |o5]./, so that

1Bl = |Nmx(8)];-

Let us show that L is complete. If ey, ... e, is a basis of B as an A-module, and let
am be a Cauchy sequence in L. Then a,, = Y_ a’ e; and each sequence a’, is also a
Cauchy sequence (for a fixed 7, hence converges in K, so that a,, converges in L. []
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Chapter 4

Number fields

In this section we will investigate the properties of finite extensions of Q and their
rings of integers. We will apply and extend the general results from the previous
chapter.

4.1 Geometry of numbers

In this section we review classical results on lattices in R”, this theory was initiated
by Minkowski in 1896.

4.1.1 Lattices in R"

Let V' be the vector space R", we do not specify the norm on V' (since they are all
equivalent). Recall the following notions:

1. D C V is discrete if for any real number r > 0, the set {v € D,|v| < r} is
finite;

2. alattice in V is a discrete subgroup L of V' that generates V' as an R-vector
space.

For example, L; = Z? in R? or Ly = {(a,b) € Z*,a = 2b mod 3}.
Exercise: Find a Z-basis of L.
If e=e4,...e,is a basis of V, we denote:

L(e) = {mier + ...+ myen,, | my,mo,...m, € Z}

and we denote
Il(e) = {Z vie;, |v; € 10,1]} C V.

Theorem 4.1.1. Let L C V be a subgroup. The following conditions are equivalent:

(1) L is a lattice;
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(i1) L is generated over Z by a finite number of elements, forming an R-basis of
V. In particular, any lattice in R™ admits a Z-basis with n elements.

Proof. The proof is divided into following steps:

(i) L(e)is alattice and any element of V' could be written in a form v = A(v)+z(v)
with A(v) € L(e) and x(v) € Il(e).

(ii) if for e = {ey,...e,} a basis of V' we have that e; € L, then L(e) is of finite
index in L and there is an integer N > 1 such that L C 1 L(e).

(ili) L = L(e) for e a basis in V' such that | det(ey,...e,)| is minimal for the set
B of all the bases in V' with ¢; € L.

The part (i) is standard. We just note that to see that L(e) is discrete one can
use the norm | ). vie;| = sup;|v;| on V.

To show (ii) first observe that L(e) C L. Let v € L and write v = A(v) + z(v)
with A(v) € L(e) and z(v) € Il(e), hence z(v) = v — A(v) € L NII(e) which is a
finite set since L is a lattice. Hence

N = |L/L(e)| < |LN1II(e)] < oo.

By Lagrange theorem, this N works.

To show (iii), we first observe that B is nonempty. We fix e = {e1,...e,} € B,
then L(e) C L and let N be as in (ii). Then any element in L could be written
as ), ‘ze; with m; € Z. In particular, for f € B, we have det(f) € N™"det(e)Z.
This set is discrete, hence there exists e € B with |det(e)| minimal. To show
that L = L(e) by the part (i) it is enough to show that II(e) N L = . Let
v=> vie; €l(e)NL,0<v; <1 Let 1 <i<mn. Ifv; #0, thenv,er,...,é,...e,
is in B. We compute the determinant:

|det(v,eq1,...,6;,...e,)| = |videt(e)| < det(e).

contradiction with the choice of e. O

We deduce as a corollary:

Corollary 4.1.2. Let L C R™ be a lattice generated over Z by a = {ay,...an}.
The following conditions are equivalent:

(i) a is a Z-basis of L;
(i1 a is a basis of V;
(i1) m = n. In particular, all the Z-bases of L have the same cardinality n.

We now investigate how to change the basis of a lattice L.
Let
GL,(Z)={A e M,(Z),3B € M, (Z),AB = I,}.

The following properties are easy to verify:
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Proposition 4.1.3. (i) GL,(Z) = {A € M,(Z),det(A) = £1}.
(ii) Let e and f are two bases of V' and let P be the change of basis matriz from
e to f. Then L(e) = L(f) iff P € GL,(Z).
In particular, (a,b), (¢,d) € Z? generate Z? iff ad — bec = +1.

The decomposition in the part (i) of theorem 4.1.1 leads to the following more
general notion:

Definition 4.1.4. Let L be a lattice in R™ and let X C R" is a (Lebesgue) mea-
surable set. We say that X is a fundamental domain for the action of L if any
v € R™ could be written, in a unique way, as v = A + .

There exists many fundamental domains for L, for example, II(e) is a funda-
mental domain of L(e) with measure |det(ey,...e,)|, for e = {ey,...e,}.

Lemma 4.1.5. Let L be a lattice of V., X, Y C V two mesurable subsets. Assume
that X s a fundamental domain of V' and that for x,y € Y we have

r—yel=z=y.

Then 1Y) < p(X).

Proof. Since X is a fundamental domain, by definition we have a decomposition:

V= [(X+N)
el
Then
Y= |(rn(X+N),
AeL
hence

p(Y) = 3 (X 0 (Y = ).

AeL

By hypothesis, Y and Y — A\ are disjoint, hence the right hand side is at most
wu(X). O

In particular, all the fundamental domaines of L have the same (nonzero)
mesure, that equals to the mesure of II(e) for e a basis of V' such that L = L(e).
We call this mesure covolume covol(L) of the lattice L.

Proposition 4.1.6. Let L C R™ be a lattice and let L' C L be a subgroup. The
following are equivalent:

o [/ is a lattice;

e L' is of finite index in L.

58



If these assumptions are satisfied, then covol(L') = |L/L'|covol(L).

Proof. The equivalence of (i) and (ii) follows easily from the proof of theorem 4.1.1.
We show that covol(L') = |L/L'|covol(L). Let h = |L/L'|. Then

h

L=| |+

i=1
for \; € L. Let X be a fundamental domain for L and let

X' =] ](x+ M),

i=1

then p(X’) = hu(X) (since the Lebesgue mesure is invariant under translations),
and X' is a fundamental domain for L'

R = | [X+3 =] ]| X+z+X)= ] X +N).

AeL =1 NeL’ NeL!

]

For example, for L = {(a,b) € Z* a = 2b mod 3}, we could use that we have a
map
7* — 7./3Z, (a,b) — a — 2b,

that is surjective and has kernel L, hence Z?/L ~ 7Z/37 and by the proposition
above we obtain covol(L) = 3.

The following property will be very important for the applications.

Theorem 4.1.7. (Minkowski) Let C° C V' be a mesurable subset, convexr and
symmetric (i.e. for x € C we have —x € C). Let L be a lattice in V. If
covol(L) < p(C)/2", or if C is compact and covol(L) < p(C)/2", then the in-
tersection L N C' contains a nonzero element.

Proof. Let L' = 2L, then L' is a lattice and covol (L") = 2"covol(L).

In the first case, assume covol(L) < p(C')/2". Then lemma 4.1.5 says that there
are distinct z,y € C with x —y < 2L N C. Since C is convex and symmetric, *5¥
is in C'N L nonzero, as claimed.

In the second case, if C' is compact and covol(L) < u(C)/2", then we introduce
for € > 0 the set

Ce={veV,3ceC|v—c| <e}.
It is an open convex symmetric domain, with mesure > p(C'). By the previous case,
(L\ {0}) N C. # 0. Since L is discrete, this set is also finite, and decreasing e it
becomes smaller (with respect to the natural inclusion), hence equals to a (hence
nonempty) set (L \ {0})NC.
[
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4.1.2 Applications in arithmetics

In this paragraph we will use the properties of lattices developped above, to establish
various classical results in arithmetics.

Theorem 4.1.8. (Fermat, Fuler) Let p be a prime number, p = 1 mod 4. Then
there exists a,b € Z with p = a* + b?.

Proof. First note that —1 is a square modulo p by assumption p = 1 mod 4. We
introduce the following lattice:

L = {(a,b) € Z* a = ub mod p},
where we fix u € Z with > = —1 mod p. We consider the map
V7 — 7)pZ, (a,b) — a — bu.

It is a surjective map with kernel L. Hence L is a lattice in R? of covolume p, by
proposition 4.1.6. Note that for any (a,b) € L, we have

a® 4 b* = (u* + 1)b* = 0 mod p.

Let C(r) = {(z,y) € R,2*> + y* < r}. Using that 2pr > 4covol(L) = 4p

and Minkowski’s theorem 4.1.7, we deduce that L N C(2p) # {0}. But then

0 < a?+b? < 2p and a® 4+ b* = 0 mod p, the only possibility is that p = a® +b>. O
A similar argument leads to the following:

Theorem 4.1.9. Let d > 1 be an integer and let p > 0 be an integer such that —d
is a square modulo p. Then at least one integer in the following list:

p:2p,3p, ..., hp,
where h is the integral part of 4‘@, is of the form a® + db?.

Proof. We first note that the condition that —d is a square modulo p is necessary
in order to have that p|a® + db®. As in the previous theorem, let v € Z with
u? = —d mod p and let

L = {(a,b) € Z* a = ub mod p}.

Similarly, we obtain that L is a lattice of covolume p with a? + db* = 0 mod p for
any (a,b) € L. Denote

C(r) ={(z,y) e R, 2> +dy* <1},

its volume is %. Using Minkowski’s theorem, there is a nonzero element in L N

C’(%gp). If (a,b) € Z? is such element, then a® + db®> = kp, where k is an integer
such that 0 < k£ < %Ep. O

As a corollary, we obtain:

60



Corollary 4.1.10. (i) A prime p is of the form p = a*> + 2b* iff p= 1,3 mod 8.
(it) A prime p # 3 is of the form p = a® + 3b* iff p=1 mod 3.

(iii) Let p be a prime. Then p (resp. 2p) is of the form a® + 5b% iff p = 1,9 mod
20 (resp. p = 3,7 mod 20).

Proof. (i) It is enough to observe that in the theorem above h = 1 for d = 2.

(i) By the theorem above, p or 2p is of the form a?+ 3b?, by an argument modulo
4, we see that 2p is impossible.

(iii) By quadratic reciprocity, —5 is a square modulo p iff
p=1,3,7,9 mod 20.
We obtain the result again by an argument modulo 4.

As another application we obtain Lagrange’s theorem:

Theorem 4.1.11. (Lagrange)Any positive integer is a sum of four squares.

Proof. We use the classical fact that —1 is a sum of two squares in Z/nZ if n has
no square factors. Let u,v € Z with 1 + u? + v?> = 0 mod n. Then one verifies that

L ={(a,b,c,d) € Z*,c = au + bv mod n,d = av — bu mod n}

is a lattice in Z* of covolume n?, for any (a, b, c,d) € L, we have a? +b*>+c2 +d? = 0
mod n. If
C(r) = {w1, 2, 73, 24) € RY, fo <r}

it

then the mesure of C(r) is Z-r?. Then we can apply Minkowski’s theorem to get
that L N C(2n) # {0}, and n = a® + b*> + ¢ + d* for an element (a,b, ¢, d) in this
intersection.

]

More generally, we will be interested in values of integral quadratic forms.

Definition 4.1.12. A binary integral quadratic form is a function ¢ : Z?> — Z
such that
q(z,y) = ax’® + bay + cy’

for a,b,c € Z.

e We say that ¢ represents n € Z if there exists (z,y) € Z such that ¢(z,y) =
n; for n = 0 the condition (x,y) # (0,0) is required.

e The discriminant of the form ¢ is

disc(q) = b* — 4ac.
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e We say that two forms ¢,q are equivalent (resp. properly equivalent)
and we write ¢ = ¢’ if there exists A € GLy(Z) (resp. and det(A) = 1) with

¢ (z,y) = q(Az,y)).

We write ¢ = (a,b,c) for the form ¢ as above. Note that the integers a,b,c
depend only on ¢ since a = ¢(1,0),b = ¢(0,1) and ¢ = ¢(1,1) —a—b. If disc(q) <0
we will always assume that ¢ is positive, i.e. a > 0. We will always assume that
a, b, c are relatively prime, and we will say that n is represented primitively if x
and y are relatively prime. It is easy to see that the set of integers represented by
a form ¢ depend only on the equivalence class of q.

Theorem 4.1.13. (Lagrange) An integer n is primitively represented by a quadratic
form of discriminant D iff D is a square modulo 4n.

Proof. If D is a square mod 4n, then D = b*> — 4nc for some b,c € Z. Then
q = (n, b, ) represents primitively n.

For the converse, we use the lemma below: ¢ is properly equivalent to (n,b, c),
but then discr(q) = discr(n,b, c) = b*—4nc, so that discr(q) is a square mod 4n. [

Lemma 4.1.14. An integer n is primitively represented by a form q iff q is properly
equivalent to a form (n,b,c) with —n| < b < |n|, if n # 0.

Proof. Let n = q(u) with u primitive (i.e. the coordinates of u are relatively prime).
Then there is a vector v € Z, such that (u,v) is a basis of Z? and det(u,v) = 1.
Then the form ¢'(x,y) = q(ux + vy) is properly equivalent to ¢ and satisfies ¢’ =
(n, *,*). Using the following proper equivalences, we obtain a form (n, b, ¢) properly
equivalent to ¢’ with —|n| < b < |n|:

(a,b,c) ~ (a,=b,c) ~ (a,b+2a,c+b+a) ~ (a,b—2a,c—b+ a).

]

Theorem 4.1.15. Let D € Z and let p be a prime such that D is a square modulo
4dp. Then there is a unique, up to equivalence, quadratic form q of discriminant D
such that p is represented by q.

Proof. As in the previous theorem, p is represented by a form of type (p, b, c) with
—p < b < p. Note that we have

(p,b,c) ~ (p,£b,c),

and we may assume 0 < b < p, so that D = b*> — 4pc and ¢ = bz;pD. Hence we only
need to show that there is a unique integer b with 0 < b < p and D = b? mod 4p.
It is straightforward if p = 2, so that we assume that p is odd. If b, b’ satisfy these
conditions, then we have b* = (b')? mod 4p, hence b = +b' mod p since p is a prime,
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hence b/ = b or b’ = p — b, but we also have b = b’ mod 2 and we deduce b =0". [

The theorem above could be viewed as a motivation to investigate the forms
of a given discriminant. Note first that if D is a discriminant of a binary integral
quadratic form, then one should have

D =0,1 mod 4.

We then consider the following forms:

D 1-D
q(z,y) = 2° — Zyz,D = 0 mod 4, and ¢(z,y) :x2—|—:cy+Ty2,D =1 mod 4.

We call the forms above a principal form of discriminant D.

Theorem 4.1.16. (Lagrange) Up to equivalence (resp. proper equivalence), there
is a finite number of quadratic forms of a given discriminant.

Proof. We leave the case D is a square as an exercise. It is then enough to show
that a form ¢ with discriminant D is properly equivalent to a form (a,b,c) with
—la] < b < la|] < |¢|. The finiteness then follows, since there is a finite number of
such triples.

Note that 1 < |a| < \/%, since
4|a|2 < Adlac| = |b2 —D| < \0L|2 +|D].

Let now ¢ be a form of discriminant D and let V = {|z|} with x represented
primitively by ¢, this set is nonempty and does not contain 0 since D is not a square,
hence we can choose |a| = minV and u € Z?* primitive with a = ¢(u). By lemma
4.1.14, ¢ is properly equivalent to (a, b, c) and —|a| < b < |a|. We also have |a| < ||
from the choice of u, since ¢ is primitively represented by (a, b, ¢), and hence by ¢q. [

The theorem above allows to introduce the following notions:

Definition 4.1.17. We denote CI(D) the set of proper equivalence classes of
quadratic forms of disriminant D, we denote P(D) the set of proper equivalence
classes of primitive quadratic forms of disriminant D and h(D) = |P(D)|.

Corollary 4.1.18. If h(D) = 1, then any odd prime p such that D is a square mod
p s represented by a principal form of discriminant D.

We have also the following result, that we state here without proof, for forms of
negative discriminant:

Theorem 4.1.19. (Stark, Heegner, Baker) If D < 0, then h(D) =1 iff

De{-3,—-4,-7,-8,-11,-12,—-16,—19, —27, —28, —43, —67, —163.}

63



4.2 Rings of integers of number fields

4.2.1 Number fields

Recall that a number field is a finite extension L of Q. We also denote Q C C
the algebraic closure of Q in C: Q = {z € C,3P € Q[X], | P(z) = 0}.

For K a number field and z € Q we denote P, g the minimal polynomial of
over K. As in section 3.2.1, for L/K an extension of number fields, we consider the
linear map

L — Ly~ xy,

we define its trace Trp k(x) (resp. norm Ny k(x)) and we call it the trace (resp.
the norm) of . We also denote x,, 1k the characteristic polynomial of this map.
The following properties are standard:

® Xor/k = Py g where r = [L : K()];

xT

o Tryk(x)= > o)
c€Gal(L/K)
® NmL/K = H O'(.ZTJ)
oc€Gal(L/K)
* Xor/x(X)= I (X —o(x)).
c€Gal(L/K)
Definition 4.2.1. Let L/K be a degree n extension of number fields. The dis-
criminant of a family ey, ..., e, of elements of L is the determinant of the n x n
matrix Ty k(e;e;), we denote it discp/k(er,...e,), note that it is an element of

K.

Proposition 4.2.2. Let L/K be a degree n extension and let e = {ey,...,e,} € L.
Then

(i) discr/k(e1,...en) #0 iff er,...e, is a K-basis of L.
(i) If f ={f1,..., fu}, [ = Pe with P € M,(K) is another family, then
discp/x(f1, .. fo) = det(P)2discL/K(el, C e En).

(i) discp/i(er,...e,) = discry i(oi(ej))?

(w) if L =K(x) and if x1,...x, € C are the conjugates of x, then

. e n(n—1)
disciyi(Lia,. .o ') = [ [(2 = 2;)° = (=1)77 " Ngayxc (P g ().

1<j

Proof. The statements (i) and (ii) are standard linear algebra properties, for (ii) we
use that Trp/c = D> p_y 0k , so that Trp k(ee;) = (0i(e;), 0i(e;))", that leads to
the Vandermode determinant compuration. O

Let K be a number field and let Ok be the ring of integers of K: it is the
integral closure of Z in K. The following properties follow from section 3.2.1:
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(i) For x € Ok we have P, g, Xz.x/0 € Z[X], Trr/o(), Nko(x) € Z.
(ii) Ok is a Dedekind ring.
We also have the following structural property:
Theorem 4.2.3. (Dedekind) Let K be a number field and let n = [K : Q]. Then
there ezists ey, . ..e, € Ok forming a basis of Ok over Z, i.e. O =Y ., Ze;.

Proof. By a primitif element theorem, we can write K = Q(x), and, up to multi-
plying x by in integer, we may assume that x is integral over Z, so that we have
Z[z] C Ok. Consider now z € O. Then one checks that d = disck/g(1,z,... 2" 1)
is a nonzero integer. From the inclusions

1
Zlz) C Ok C ZZZM
we deduce that Ok is a sublattice of éZ[iL‘] and hence it could be generated by n
elements. [

We call an integral basis of K a family as in the theorem above. Using propo-
sition 4.2.2(ii) we easily see that absolute value |discri g(es, ... e,)| of the discrim-
inant of an integral basis does not depend on a choice of the integral basis, we call
it the discriminant of K.

We now determine the rings of integers in two particular cases of number fields.

Proposition 4.2.4. Let d € 7.\ {0,1} with no square factors and let K = Q(V/d).
Then

Proof. The inclusions D are straightforward: in the second case, for a = %37
note that o? — o + 1%‘1 = 0. The inclusions C follow from the fact that for
= a+ bvd € O we have that the norm and the trace of z are in Z. O

We have that if K = Q(v/d), with d € Z \ {0, 1} without square factors, then
disc(K) = d or 4d, corresponding to d = 1 mod 4 or not (exercise). Note that a
polynomial 2% 4+ az + b € Z[z] with discriminant D = a® — 4b is irreducible modulo
p > 2 iff D is a not a square modulo 4p, and has a double root iff p divides D. This
observation, proposition above and proposition 3.3.7 then allow to deduce

Corollary 4.2.5. Let d € 7\ {0,1} be without square factors, let K = Q(v/d) and
let D = disc(K). Then

e if p|D, then there is a prime ideal P C O containing p with (p) = P?;
e if D is not a square modulo 4p, the ideal (p) is prime;

e if (p,D) =1 and D is a square modulo 4p, then (p) = PP’ where P and P’
are two distinct prime ideals.
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4.3 Ideal classes

In this section we will be interested in the group CI(A) of ideal classes.

4.3.1 Canonical embedding

Let K be a number field and let n = [K : Q]. Then we have n embeddings K — C.
If o is such embedding and if o(K) C R we call o a real embedding. If not,
then composition of ¢ and the complex conjugation provide another embedding,
different from o. We could then write n = r{ 4+ 2ry, where r; is the number of real
embeddings o4,...0,,, and ry is the number of complex conjugated embeddings
Ori+1, 6‘7~1+1, « oo Opg, 5'7»2.

Definition 4.3.1. The canonical embedding of K is a map 7 : K — R™ x C"
defined by

L(x> = (O-i(x>>’i:1,...7'1+’r‘2'

We identify C with R? via the basis {1,1}.

Lemma 4.3.2. Let ey, ...e, be the Q-basis of K. Then t(ey),...t(e,) is an R-basis
of R x C" and generates a lattice of covolume

N[

27" |disck g(er, ... en)]2.

Proof. Consider an R-basis f of R™ xC"2, consisting of elements (0,0, ...,0,%,0,...0),
where * =1 (resp. 1 or ) if its place is < ry (resp. > r;.)

Let P be a matrix of vectors i(e;) in this basis. If 7o = 0, then |det(P)| =
\det(a;(e))| = |discig(er, - - - en)|2 # 0. In general,

() (Rt ey = (e o)

so that |det(P)| = 27"2|det(0j(e;))| = 272 |disck g(er, - . . en)|2.

N[

Theorem 4.3.3. ((Ok) is a lattice in R™ x C2.

Proof. Using the lemma above, the ring Ok contains a Q-basis of K, the image
of this basis, hence ((Ok) generates R™ x C™. It remains to show that ((Ok) is
discrete. Consider a norm on V' that is a sup norm with respect to the basis f, as in
the proof of lemma above. Let r > 0. If x € Ok such that «(x) < r, then |o(z)| < r
for o real and |Rea ()|, |[Imo(z)| < r for o complex, so that |o(x)| < v/2r. Since =
is annihilated by its characteristic polynomial [[(X — o(z)) € Z[x], the coefficients
of this polynomial are bounded with respect to r, since these are integers, only a
finite number of such polynomials is possible, hence «(Ok) is discrete.
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O

In particular, if A C O is an additif subgroup containing a QQ-basis of K, then
t(A) is a sublattice of ¢«(Of). In particular, A is of finite index % in Ok,
and has a Z-basis of n elements:

Proposition 4.3.4. Let K be a number field and let A C Ok be an additif subgroup
containing a Q-basis of K. Then

(i) A has a Z-basis of n = [K : Q] elements.
(i1) If disc(A) € Z is a discriminant of a Z-basis of A, then
]disc(A)]% — covol(1(A))2m25),
(111) If B is a subgroup of Ok containing A, then A is of finite index in B, that
equals to
|disc(A)|2
|disc(B)

M\H N[

|
2
4.3.2 Finiteness

Definition 4.3.5. An order in a number field K is a subring A C Ok containing
a Q-basis of K.

For example, if « is an algebraic integer, then Z[a] is an order in Q(«).

Let A be an order in a number field K and let I be an ideal in A, then we define
a norm of I by the formula
N(I) = [A/1].

Proposition 4.3.6. For any nonzero ideal I C A and z € A nonzero, N(zI) =
IN(2)|N(I). In particular, N(zA) = |N(z)|.
Proof. Let a = (ay,...ap 4, CR™ x C") with a; # 0 for any 7 and let

dy : R™ x C™? = R™ x C™, d,((x;)) = (a;x;).

The map d, multiplies the Lebesgue mesure by

- H ‘al, H |a7”1+i|2'
We then deduce that ¢(z1) = d,(»)(¢({)). Hence
covol(zI) = n(u(z))covol (v(I))
but n(u(z)) = |N(2))]. O

Now the results from the previous section allow to establish the following im-
portant theorem:
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Theorem 4.3.7. (Minkowski) Let A be an order in K and let I be a nonzero ideal
in A, then there exists a nonzero x € I, such that

[N()] < Cra,n)N(I)|disc(A)]2,

where 4
n!
C(r,n)=(=)"—
() =)o
is the Minkowski constant and ro is the number of pairs of conjugated complex

embeddings of K.

Proof. We view «(I) as a lattice in R™ x C", where ¢ is a canonical embedding.
Consider the following norm on V:

r1+r2
(2 |—Z]:cz|+2 Z |4
i=r1+1
and for any real ¢ > 0 consider
={veV <t}

it is a compact, convex and symmetric domain. Note then

IN(@)] <n™"[u(a)]"

for any = € K, since

r1 r1+7r2 . 1472
(H|x1| H |xz )n Z|x1|+2 Z |il)-
i=1 i=r1+1 i=r1+1
We also easily see (exercise) that we have for the Lebesque mesure of C; that
W(G) =25y
27 nl

Consider now t such that p(C;) = 2"covol(t(1)). By Minkowski’s theorem 4.1.7,
we have that there is a nonzero element, that we denote ¢(x), in ¢(I), such that
|e(x)| < t, hence

n! 4

2"covol(1(1)) = (—)TQn—!N([)QTQCOUOZ(L(A)).

N < —ntn _
(z) <n 2”( )renn T nn

As a corollary, we obtain:

Proposition 4.3.8. Let A be an order in a number field K. There exists an integer
C > 1 such that for any nonzero ideal I of A there is a nonzero element v € I with

I/Az| < C.
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Proof. The result follows from the Minkowski theorem above, with C' < C(ry, n)|disc(A)|z.
In fact, the kernel of the canonical projection A/xA — A/I is exactly I/x A, so that

1)z A||A/I| = |AJzAl.

But |A/I| = N(I) and |A/xA| = N(xA) = |Nk/g(z)| by proposition 4.3.6, so that
Minkowski theorem gives

o=

|I/Azx| < C(re,n)|disc(A)|2.

]

Definition 4.3.9. Let A be an order in a number field. The smallest integer C'
satisfying the conditions of proposition 4.3.8 is denoted C(A).

These results allow to establish the central result of this section:

Theorem 4.3.10. (finiteness of the class number) If A is an order in a number
field K, then CI(A) is finite.

Proof. Let I be a nonzero ideal of A and let x € I be as in proposition 4.3.8. If N
is the cardinality of the finite group I/Az, then NI C Ax. We then see

N
NAcC —I C A.
e

In particular J = %I is an ideal of A equivalent to I, and J is in between N A and
A. But the ring A/NA is finite and hence there is only a finite number of ideals
containing N. O]

Corollary 4.3.11. If A is an order in the number field K, then C(A) < C(ry, n)|disc(A)|%,
where n = [K : Q.

Corollary 4.3.12. (Minkowski) If K # Q, then |disc(K)| > 5(30)"~1. In particu-

lar, disc(K) # +1.

Proof. We apply theorem theorem 4.3.7 to A = I = Ok and we use that for any
nonzero x € Ok, we have that N(x) is a nonzero integer, so that |[N(x)| > 1. This
implies that

disc(K)| > C(ry,n)"% > a,, with a, = C ﬁ,n -2
2

since 7o < § and ™ < 4. But then a; = %2 and = = Z(1 + %)2" > %’r for n > 1,
hence the conclusion. O
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4.4 Applications

4.4.1 Quadratic fields

In this section, we consider, with more elementary techniques, the case of
A D = 7+ Za s

were D = 0,1 mod 4 and D < 0, where we set « = \/D/4 if D = 0 mod 4, or

a = %ﬁ, if D = 1 mod 4. Here, as a choice of v/ D, we consider the root with
positive imaginary part. We then have a norm map: N(z) = 2z, ie,

2 _D,2 ) —
x*— =y, D =0 mod 4;
N(z+ya) =4 , +Y 1-D, 2
T+ 2y + —5y°, D =1mod 4.
In particular, we see that the function (x,y) — N(z + ya) is a principal form of
the discriminant D.
Using the norm map, one obtains the following standard properties:

e The units of Ap are the elements u € Ap such that N(u) = 1.

e The element m € Ap is irreducible iff no proper divisor of N(7) is of type
N(z) for z € Ap. In particular, this holds if N(z) is prime.

e Ap has a factorization property (but the factorization is not necessarily unique!)

Recall the notion of an euclidean ring:

Definition 4.4.1. A ring A is euclidean if there is a map (an euclidean function)
¢ : A\ {0} — N, such that for any nonzero a,b € A there are ¢,r € A such that
a = bq+ r and, if r # 0, then ¢(r) < ¢(b).

In some cases the ring Ap is euclidean:

Theorem 4.4.2. If D € {—3,—4,—7,—-8,—11}, then Ap is euclidean for the eu-
clidean function N. In particular, Ap is principal and factorial. For other values
of D, the ring Ap is not euclidean (for any euclidean function).

Proof. Consider first the case when D € {—3,—4, -7, -8, —11}. Observe that it is
enough to show that for any z € Q(«) there exists ¢t € Ap such that N(z —t) < 1.
In fact, then for a,b € Ap nonzero and if ¢t € Ap, such that N(§ —¢) < 1, then
N(a —tb) < N(b) (by multiplicativity of the norm), so that N : Ap — N defines
the euclidean function. We now verify the approximation property. Fix x,y € R
and let q(z,y) = N(x 4+ ay). We show more generally that there are u,v € Z such
that ¢(z — u,y —v) < 1. Assume D = 0 mod 4. Then we can take u,v € Z such
that [z — u|, |y — v| < 3, so that

D 1-2
ale —uy —v) = (r—w? = Ty —v)’ < —*
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and the last value is smaller than 1 if D = —4, —8. Assume d = 1 mod 4, then note
that
dg(z,y) = (2x +y)* — Dy*.

Take v € Z such that |y —v| < L, then u € Z such that |2u+ *=%=¥| < 1. We then
have 4q(x —u,y —v) < 1 — % that is < 4 as soon as —D < —12, that finishes the
analysis for D € {-3,—4,-7,—8, —11}.

Now assume that D is not in the set above. Assume that Ap has an euclidean
function f. Let z € A be nonzero and not a unit, such that f(z) is minimal.
Then any a € Ap is of the form bz + r with r = 0 or r € A},. In particular,
N(z) = N((z)) < 1+ |A})|. But |D| > 4, so that we observe that A}, = {£1},
so that N(x) € {2,3}. In particular, the principal form of the discriminant —D
represents 2 or 3. Hence |D/4| < 3 if D = 0 mod 4 and |D| < 12 if D = 1 mod
4. The only remaining case is A_j5 = Z[y/—3|, but this ring cannot be euclidean,
since it is not factorial.

]

More generally, one can show that for d < 0, the ring Z[\/E] is principal
iff d = —1or —2. And if d = 1 mod 4, then Z[#a] is principal iff d €
{-3,-7,—11,-19,—43, —67,—163}.

In the case D > 0 it is an open problem to determine if the ring Ap (defined
similarly as for D < 0), is euclidean.

4.4.2 CI(D) versus Cl(Ap)

We keep the same notations (D, «, Ap, N) as in the previous section. Recall that
we defined:

Cl(D) := the set of proper equivalence classes of integral quadratic
forms of discriminant D.

Theorem 4.4.3. (Dedekind) There is bijection Cl(Ap) — ClU(D), I — q;.

Proof. The proof will occupy the rest of this section. We proceed by several steps,
defining the maps between Cl(Ap) and CI(D).

Step 1. For an ideal I with a fixed basis we will associate a quadratic form.
Since I C Ap is an ideal, we can view [ as a lattice in C, hence I has a basis of
two elements u,v. Up to changing v by —v, we may assume that the determinant
of (u,v), in the basis 1,1, is positive, we call such a basis direct. We then define:

Quo(2,y) = N(zu+yv).

1
N(I)
Then

1. gy, has integral values: for z = xu+yv, we have an inclusion of ideals (2) C 1,
hence N(z)|N(I) by definition.
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2. quy is an integral quadratic form: q,,(z,y) = az? + bry + cy?, with

_ Trown)(ud)
N(I)

since N(z) = zZ.

step 2. We now investigate properties of ¢, ,:

1. Discrimimant: By definition of N and Ap, we have that N is a principle
form with disciminant D, and I = Zu + Zv has index N(I), by proposition
4.3.4, N|; has discriminant DN (I)?. But q,, = ﬁ]\/h, so its discriminant
is D.

2. On what ¢ depends: we will show that ¢ depends only on the class of
I in Cl(Ap). First, if v/, is another direct basis of I, then by definition
ﬁ]\f (xu’ 4 yv') is properly equivalent to ¢q. Next, for an equivalent ideal 2T
with z € Ap nonzero, we have that zI has a direct basis zu, zv, so that

N(z) 1
N = N =——N :
NG (xzu + yzv) NI (zu + uv) N (zu + yv)
step 3. From quadratic forms to ideals:
q = az® + bzy + cy® = a((z + i)2 — £y2) =gN(z + 1y)
2a 4a? ’

where
b++vD
2a
With this choice of 7 we see that 1,7 is a direct basis and

b++D
2

ca+7

ar =

(since b = D mod 2), hence ar € Ap and we can define
I(q) = aZ + atZ.

step 4. Properties of I(¢): computing the norm. First note that I(q) is an
ideal: we need only to check that aa and aat are in I(g). Since at € a + Z, we
have that
at — a € 7,

hence aa € a®>7 + aZ is in I(q). For aar it is enough to check that (a7)? € I(q),
but ar? — br + ¢ = 0, so that (a7)? = abr — ac is in I(q).

Now we claim that N(I) = a. In fact, Ap has basis {1,a}, but ar — a € Z,
hence Ap also has basis {1,ar}. By definition, I(q) has basis {1,ar}, so that
Ap/I ~7Z/aZ and N(I) = a.
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step 5. Comparing I(q) and g¢,,: for the direct basis {a,ar} of I(q) we have
that the associated form is

1
aN(a:U +ary) = aN(z + 1Y) = q(x,y).

Next, if we change ¢ by a properly equivalent form, we check that I(q) ~ I(¢'): in
fact, let eh — fg =1, then

¢ (z,y) = qlex + fy, gz + hy) = d'N(z + 7'y),
_ f4+7h

where a = N(e + 7g) and 7" = 7. A direct verification shows that Im7" > 0.
By definition 1(¢') = a’Z + a'7'Z. Then we check that

(e+79)I(¢")=d(Z(f+Th) +Z(e +79)) = d (Z + 7Z) = I(q).

step 6. We now finish the proof that Cl(Ap) is bijective to CI(D). We have
defined two maps I — ¢; and ¢ — I(q). It is enough to verify that if ¢ = ¢, then
I(q) = I. Indeed, by definition, if I has a basis u, v, then

Guw(7,y) = ﬁN(ux +vy) = aN(x + 1y),

N(u)

where a = N

, 7= . Hence
I(quy) = aZ + atZ,

so that N(I)-I(q) = @l and I(q..) = I.

4.4.3 Equation y? =23+ k
We consider an example of applications to diophantine equations.

Theorem 4.4.4. Let k < 0 be without square factors, k = 2,3 mod 4. Assume that
the order of the group Cl(Of) is not a multiple of 3. Then the equation y* = x°+k
has at most two solutions.

Proof. Let A = Z[V/k] and note that A is the ring of integers of Q(v/k) since k is

not 1 mod 4. Then in A the equation factorizes:
(y + VE)y — Vk) = 2.
We can also view this equation in terms of principal ideals
11" = (@),

where I = (y +Vk) and I’ = (y — Vk).
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We first check that I and I” are relatively prime ideals. Let D = I 4+ I’ be their
greatest common divisor. Then 2y,2k € D. Since k has no square factors, x,y, k
are pairwise relatively prime. In particular, (2y,2k) = 2 and then 2 € D by Bezout
theorem. The ideals containing 2 are 24, A, and a prime ideal P = 24 + vkA or
24 + (Vk + 1)A, depending on k is even or not, in addition P? = (2). The case
D = 2A is not possible since y + vk ¢ 2A, so that D = P. Since P? = (2) and
y £+ Vk ¢ 2A, we see that vp(I) = vp(I') = 1. But then

vp(I1I') = 3vp(x) = vp(I) +vp(I') =2

a contradiction.

Hence I and I’ are relatively prime. Since II” is a cube of an ideal in A, we
deduce that I = J? for some ideal J. But I = J? is principal, hence the order of the
class [J] in CI(A) divides 3. Since the order of the group CI(A) is not a multiple
of 3, we deduce that .J is principal.

Let a,b € Z such that J = (a + bv/k). The identity I = J?® implies that y + vk
is a cube of an element a + bv/k, up to multiplication by a unit. But any unit in A
is a cube, we may thus assume that we have the following identity:

y+Vk = (a+0VE)® = a® + 3kab? + (3a®b + kb*)VE.

In particular, 1 = b(3a® + kb?), so that b = +1 and —k = 3a®> — b. If k is not
of this type, we deduce that there is no solutions. And if —k = 3a?® — b, only one
value of b and two values of a are possible. We have y = a®+3ka and x = a>—k. O

4.4.4 An example of computation of Cl(Ok)

In this section we discuss an example of computation of Cl(Of). We will show that

CZ(Z[HT\/__M

) ~Z/57Z.

Note that A = Z[%_T?] is the ring of integers of the field Q(v/—47), since —47
has no square factors and = 1 mod 4. We have disc(Og) = —47 and Minkowski’s
theorem insures that any ideal class has an ideal containing an integer 1 < N <
C(1,2)V/47 < 5.

Hence we are interested to determine all ideals I containing 1,2,3 and 4. If
1 € I, we have I = A, so that we only need to determine ideals dividing 3 and

4. We first determine prime ideals containing 2 and 3. Let a = =47 {47 and
P=P,o=1*—1x+12. We have

P =xz(x —1) mod 2,3,

so that we have two prime ideals containing 2 and 3: D = (2,a) and D' = (2,a—1),
aswell as T'= (3,a) and 7" = (3,a«—1). We have (2) = DD’ and (3) = T'T". Hence
the ideals containing (4) = D?*D"? are 4A, A, D* (D')?, D*D’ = 2D’ and 2D. The
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ideals containing (3) are 3A, A, T,T'. We then deduce that Cl(A) is generated by
the classes of D, D', T, T, but D' is inverse of D and 7" is an inverse of T, so that
we finally have that Cl(A) is generated by the classes of D and T.

In order to find a relation between these classes, we will first search for norms
of type 223" and then decompose them into prime ideals.

Recall that N(z + ya) = 2? + zy + 12y = 1(22 + y)* + 4y*. In particular,
N(a) =12 and N(4 + a) = 32. Note that « € D, a € T, but « ¢ D’ (if not, we
would have D = D’). We deduce that (o) = D?*T, hence [T| = [D]72. Similarly,
(4 4+ «) = D>, hence [D] is of order diving 5, hence 1 or 5, but it is not principle
since 2 is not a norm. We then deduce, as claimed:

1+ +/—47
2

Cl(Z] ) ~ Z/57.

4.5 The Dirichlet formula

For the last chapter we come back to the analytic techniques and we introduce the
Dedekind (-functions associated to number fields.

Definition 4.5.1. Let K be a number field. The Dedekind (-function associated
to K is the function )
= 2

where I runs over all nonzero ideals of Ok.

The Euler product argument leads to the following expression:

Proposition 4.5.2. (i converges absolutely for Re(s) > 1 and defines in particular
a holomorphic function on this half-plan. If Re(s) > 1, then

1
(k(s) = | | _
A S O
where the product is over all prime ideals p of K and is absolutely convergent.

Proof. Let a, be the number of ideals of Ok with norm n. Then a; = 1 and the
multiplicativity of the norm implies that a,,, = a,a,, if m and n are relatively
prime. Hence, for any prime number p and for Re(s) > 0, we have

1 Qi
H 1—-N(p)—= Z (4.1)

is
plp P

We now show the absolute convergence: recall that for a given prime p we have
at most [K : Q] prime ideals p of Ok containing p, and for such ideal p we have
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N(p) = p/ with f > 1. In particular, [(1-N(P)~*)"1—1| < 2p~7,if ¢ = Re(s) > 0.
Hence for ¢ = Re(s) > 1 we have

SIS - N )T -1 < 2K QS p7 < 2K Qo) < oo

P plp

and the theorem follows (see also proposition (1.2.9).)
[

As a corollary, we obtain that for Re(s) > 1 the function (x(s) coincides with
the Dirichlet series
Qn
Ck(s) =
where a,, is the number of nonzero ideals of Ok of norm n. For example, for
K = Q(i), we have O = Z[i] and any ideal of Of is principal, containing exactly
4 = |Z[i]*| distinct generators. In addition N((a + bi)) = a® + b? and hence

ns’

Cop(s) =Y 2

n
n>1 s

where 4a,, is the number of possibilities to write n as a sum of two squares.
Let now K be an imaginary quadratic field and D = disc(Ok). Let, as before,
hx be the number of ideal classes of Ok . Also denote

Theorem 4.5.3. (Dirichlet) If K is an imaginary quadratic field, then (x(s) ex-
tends (uniquely) to a meromorphic function for Re(s) > % and has a unique pole at

s =1, this pole is simple and

27ThK

Re,— s) = .
16x(s) wi|disc(Ok)|2

Proof. Let a,, be the number of ideals of Ok of norm n and, for C' € Cl(Ok) we
denote
anc =|{I € C,N(I) =n}|.

Then a, = ZCGCZ((’)K) an,c. In order to count the ideals we use lemmas 4.5.4, 4.5.5
below. We claim that then

Zazc— 21 —1—O(n%) (4.2)

wi|D|?

when n — co. Indeed, let J be an ideal in the class C~!. By lemma 4.5.4 below,
we want to count principal ideals in J of norm < nN(J): any such ideal has wg
generators and, since N(z) = N((z)), we just need to count elements z of the lattice

J C C such that |z| < y/nN(J). Then the claim follows from lemma 4.5.5 below
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and the fact that .J is of covolume 1 N(J) |D|2. Now the theorem follows casily from
the asymptotics (4.2). Indeed, we obtain

Zan = O<N)7

so that (k is absolutely convergent for Re(s) > 1, and holomorphic. More precisely,
if we denote, for Re(s) > 1,

Ck(s) = TC(s) =) —, (4.3)

then the claim implies that 3 by = O(nz). Hence the series S b js convergent
k<n

and holomorphic for Re(s) > 3. We then see that the identity (4.3) is the indentity

between two meromorphic functions for Re(s) > % We then deduce the formula

using that the (-function has a simple pole with residue 1 at s = 1. O]

Lemma 4.5.4. Let C be a class of ideals in Ok, J be an ideal of O in the class
C~1 and let n > 1 be an integer. The map

I—1J

is a bijection between the set of ideals of norm n in the class C' and the set of
principal ideals included in J and having norm nN(J).

Proof. 1f I € C, then [I][J] = 1, so that I.J is principal, of norm N(I)N(J), from
the multipicativity of the norm. The map [ — I.J is injective since J is invertible.
Finally, if I’ C J is principal of norm nN(J), there is a unique I with I’ = I.J and
we have N(I) = n (from the multiplicativity of the norm), and [J] = [I]7': the
map is also surjective. O

Lemma 4.5.5. Let L C C be a lattice. If f(r) =|{z € L, |z| < r}|, then
2

Jr) = covol (L)

+ O(r),r = .

Proof. We identify C with R? via the basis 1,4. Let
B(r)={z€C,[z| <r},

where 7 is a real number r > 0. If L = L(e) we fix IT = Il(e), its surface is covol(L).
Let d be such that IT € B(d). Then we have

C= |_|(U+H).

veL
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Let n(r) be the number of translates v+ 1II with v € L, strictly included in B(r). If
(v+T1I) N B(r) # (), note that v + II is strictly included in B(r + §). In particular,

n(r) < f(r) < n(r+9),
and
covol(L)n(r) < mr? < covol (L)n(r + 6).

We then obtain the result for » > § since
m(r —8)* < covol(L) f(r) < w(r + §)*.

O

The Dirichlet theorem generalizes for any number field. The analogous formula,
that we give without proof here, is due to Dedekind. We denote wg the number of
roots of unity in Og. We assume that K has r; real embeddings and 7, pairs of
complex embeddings.

Theorem 4.5.6. (Dedekind) The function (k(s) is holomorphic for Re(s) > 1 and
extends (uniquely) to a meromorphic function for Re(s) > 1—@ and has a simple
pole at s = 1, such that

271+7’27T7“2 hKRK

w|disc(Ok)|2

Res:lCK(S) =

I

where Ry is a certain constant (the regulator of K ).

78



