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These notes, meant as an introduction to the theory of L-functions, form a report from the
author’s Undergraduate Research Opportunities project at Imperial College London under

the supervision of Professor David Helm.

The theory of L-functions provides a way to study arithmetic properties of integers (and,
more generally, integers of number fields) by first, translating them to analytic properties of
certain functions, and then, using the tools and methods of analysis, to study them in this

setting.

The first indication that the properties of primes could be studied analytically came from

Euler, who noticed the factorization (for a real number s > 1):

o0

1 1
ZE: H 1_p—s'

n=1 p prime

This was later formalized by Riemann, who defined the (-function by

()=~

nS

[e.9]

n=1

for a complex number s with Re(s) > 1 and proved that it admits an analytic continuation
by means of a functional equation. Riemann established a connection between its zeroes and
the distribution of prime numbers, and it was also proven that the Prime Number Theorem
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2 ALEKSANDER HORAWA

is equivalent to the fact that no zeroes of ¢ lie on the line Re(s) = 1. Innocuous as it may
seem, this function is very difficult to study (the Riemann Hypothesis, asserting that the
non-trivial zeroes of ¢ lie on the line Re(s) = %, still remains one of the biggest open problems
in mathematics).

The (-function was extended further by Dirichlet, who proved that for coprime integers
a, m € Z, there are infinitely many primes in the arithmetic progression (a + dm)gez. This
theorem is clearly difficult to approach algebraically and Dirichlet’s idea was to restate it in
analytic terms. He considered a function that is defined just like (, but contains coefficients:
for any function x: Z — C, the Dirichlet L-function is defined by:

— x(n)
To ensure that the Euler factorization

— x(n) 1
2w =i

P ps

holds, we assume that the function y is multiplicative, i.e. x(mn) = x(m)x(n) for (m,n) = 1.
The way Dirichlet proved the theorem is by showing that

[T 26,

where x varies over multiplicative functions with period m, i.e. x(a +m) = x(a), has a pole
at s = 1. One can show that this statement implies that the series

>,
p=a mod m p
(where the sum is over primes p such that p = 1 mod m) diverges, so there must be infinitely
many primes in the progression (a + dm)gez. In fact, it gives a stronger result about the
density of primes in the arithmetic progression (Dirichlet’s Density Theorem). For the proofs
of these theorems, see [Ser73, Chap. VI].

The aim of this exposition is to generalize Dirichlet L-functions further to encapture not
only primes in Q, but also primes in finite algebraic extensions of Q, so-called number fields.
In Section 1, we provide the necessary background on algebraic number theory. The reader
already familiar with [Ser79, Chap. I-I1I] or [Lan94, Chap. I-I1I] can skip ahead to Section 2.
In Sections 2 and 3, we define the analog of Dirichlet L-functions for an abelian extension—
Hecke L-functions—and, following Tate’s thesis [CF86, Chap. XV], use Fourier analysis in
number fields to obtain a functional equation. In Sections 4 and 5, we use class field theory
to define L-functions for non-abelian extensions—Artin L-functions—that agree with the
Hecke L-functions in the abelian case, and use representation theory to obtain a function
equation. Our presentation largely follows [Sny(2].

Acknowledgements. These notes were prepared as part of a UROP project. I would like
to thank my supervisor, Professor David Helm, for suggesting the topic, providing me with
many explanations and resources, and hours of helpful discussions. I am also grateful to the
Department of Mathematics at Imperial College London for the financial support.
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1. ALGEBRAIC NUMBER THEORY

We have seen that we can use the Dirichlet L-functions to study rational primes (primes
of Z). We would like to generalize the ideas to study primes in other rings. We start by
providing a background on algebraic number theory. Throughout most of this section, we
will follow [Ser79, Chap. I-11I] and [Lan94, Chap. [-I1I}—we will refer to particular sections
where applicable.

1.1. Factoring Primes in Extensions. In this section, we follow [Ser79, Chap. I§5] [Lan94,
Chap. 185,7].

Suppose A is a Dedekind domain (a Noetherian integrally closed domain such that for every
prime ideal p # 0 of A, A, is a discrete valuation ring) and K is its field of fractions.
Moreover, suppose L is a separable extension of K of degree n, and let B be the integral
closure of A in L. Then B is also a Dedekind domain.

We will denote by Ix the set of fractional ideals of K. Recall that for any a € Ix we have a
unique factorization into primes
a = H pvp(a)’
p

where we denote by v, the valuation at a prime ideal p of A (if a is an ideal of A, then v,(a)
is the highest power of p dividing a, and we extend this to any a € If).

Definition 1.1. If ¢ is a non-zero prime ideal of B and p = P N A, then we say that P\
divides p or that B lies above p, and we write L|p.

Definition 1.2. Suppose P divides p in the extension L/K. The ramification index e of P
over p in the extension L/K is the exponent of 9 in the factorization of p into prime ideals
of B. In other words:

p=]]%>

Blp

The residue degree fy of B over p in the extension L/K is the degree of the extension of
residues fields, B/B of A/p; symbolically

fe=[B/B:Alp].

We may sometimes write eq/, and fy/, when the extension L/K is not implicitly clear.

Proposition 1.3. Both the ramification index and the residue degree are multiplicative in
towers: if Blq|p in the tower of extensions L/M /K, then

Ep/p = €3/qCq/ps
T = Fsatase-

Proof. The proof is clear: one simply writes down the factorizations in the extensions for the
first equality and the tower of extensions of residue fields for the second equality. OJ
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Definition 1.4. When there is only one prime ideal P dividing p and fy = 1, then L/K is
totally ramified at p. In that case

p =P
When ep = 1 and B/B is separable over A/p, then L/K is unramified at . If L/K is

unramified at every P lying above p, then L/K is unramified at p. Finally, if e = fy =1,
then p splits completely in L and there are exactly [L : K] primes of B above p.

Proposition 1.5. Let p be a non-zero prime ideal of A. Then

L:K] =Y epfy.

Blp

Proof. We may assume that A is a discrete valuation ring by localizing at p. Then B is a free
A-module of rank n = [L : K|, and B/p is an A/p-vector space of dimension n by [Lan94,
Prop. 19, Chapter I]. Moreover,

p=]]%

PBlp
and, since p C P¥, we have homomorphisms

B — B/p — B/B*

which together yield

p: B— B/p— || B/B>.
Flp
Each B/B°® is an A/p-vector space, and hence so is the direct product. We have that

ker o = {b € B | b€ P for each Plp} = [[ B> =».
Blp

The Chinese reminder theorem shows that ¢ is surjective. Therefore
B/p=]]B/B™
PBlp

as an A/p-vector space. To prove the proposition, it is enough to show that the dimension of
B/B® over A/p is eq fp. Let m be a generator of B in B and j > 1 be an integer. Note that
PI /PRI C PRI /pRY, since P D pPY, so we can view P /P as an A/p-vector space. In
fact, the map
B[P — P /P

given by b — 7/b is an A/p-isomorphism. Therefore, we have a decomposition series

LCPw/Pew CPw /P C L CP/PY C B/P
with each quotient isomorphic to B/B3. Hence:

egp—l

[B/F™ : AJp] = ) [B/FB: A/P] = e fy.

=0

as requested. O
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Definition 1.6. Let M be the Galois closure of L, and let G = Gal(M/K) and H =
Gal(M/L), so that G/H can be identified with the embeddings L < M which preserve K.
We define the (relative) norm Ny i : I, — Ik to be the multiplicative function

NL/Ka = H oa.
ceG/H

Note that the norm sends a principal ideal aB to the principal ideal

Haa A,

ceG/H
so can also define a map Ny x: L — K by

Npjga = H oo
ceG/H

1.2. Primes in Galois Extensions. We keep the assumptions from the previous section
but assume further that L/K is Galois.

Proposition 1.7. Fiz a prime p of K. The Galois group Gal(L/K) acts transitively on the
primes B above p in L/K.

Proof. Let B|p and suppose that there exists a prime ideal P'|p such that P’ # o for all
o € Gal(L/K). Then by the Chinese remainder theorem, there exists a € B such that

a =0 mod P’

and for any o € Gal(L/K)

a =1 mod oB.
The norm

NL/KO-/: H UaE‘BlﬂA:p

c€Gal(L/K)
since it is in A and « is in P’ above p. However, a € 0B, so o ¢ B for all o € Gal(L/K),
so their product Ny g & B, which contradicts the fact that Ny /xa € p =P N A. O

Corollary 1.8. Let p be a non-zero prime ideal of A. For any B, B’ above p, we have

Ep = Ey and fqg = fqy,
so0 the integers ep and fy are independent on the choice of P above p. We can hence denote
them by e, and f,, and if g, is the number of primes ideals P dividing p, then

L : K] =epfygp.

Proof. The first part follows from proposition 1.7, the second part from Proposition 1.5. [

Definition 1.9. The decomposition group of a prime B in L/K is the subgroup of Gal(L/K)
fixing P3:
Dy = Dy(L/K) = {0 € Gal(L/K) | o8 = 3}
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We can define a homomorphism

e: Dy — Gal (B/%B)/(A/p))
by reducing an element o € Dy C Gal(L/K) to an automorphism of B /B fixing A/p, since
p="PnNA.

Definition 1.10. The inertia group of a prime P in L/K is
Iy = kere C Dsy.
Proposition 1.11. The residue extension B/B over A/p is normal* and the homomorphism

e: Dy — Gal ((B/‘B)/(A/p))

15 surjective. In particular,

Dy /Iy = Gal ((B/%)/(A/p)) -

Proof. To simplify notation, let B = B/8 and A = A/p. To show B/A is normal, take any
irreducible polynomial f with at least one root b in B. We will show that it splits completely
in B. By definition, f is the minimal polynomial of b. Take any b € B that reduces to b
in B, and let g be the minimal polynomial of b in L/K. Since b is integral, we know that
g € B[X], so we have the reduction § € B[X]. Since L/K is separable, the polynomial g
splits completely, and hence g splits completely in B. Therefore, f|g splits completely in B.

Now, we turn to surjectivity of e. Let G = Gal(L/K). Choose a@ to be a generator of the
largest separable extension Esep of A within B. By Chinese remainder theorem, there is a
representative a of @ which belongs to all the prime ideals o33 for 0 € G'\ Dy. Consider the
minimal polynomial of a

which reduces to

oeG

The non-zero roots of f(X) are of the form o(a) for 0 € Dy: for 0 ¢ Dy we know that
o(a) =0, since o(a) € P. But we know that f(a) =0, so the minimal polynomial

mX)= [[ &-r@)

T7€Gal(Bsep/A)

for @ divides f(X). In particular, any conjugate 7(a@) is equal to o(a) for some o € Gal(L/K).
This proves surjectivity of e. OJ

Corollary 1.12. The number of elements of Iy is the ramification index eg),

Proof. By Proposition 1.11:
# Dy [#1p = fyp

*Since B/ over A/p may in general not be separable, the group Gal ((B/9)/(A/p)) is in fact the group
Gal ((B/B)sep/(A/p)), the Galois group of the largest separable subextension of B/% over A/p.



L-FUNCTIONS 7

and since Gal(L/K) acts transitively on the primes of 3 above p, by Corollary 1.8 we have
that

# Dy = ep/pfop/p,
which shows that # /Iy = ey, 0

This hints that the inertia group of a prime ¥ measures the ramification at *J3. In fact, much
more is true.

Proposition 1.13. Let K, and Ly be the completions of K and L under the valuations
associated to the primes p and P respectively. Then largest unramified subextension of Ly

R
over K, is L‘I? .

Proof. Let K and L be fields complete under valuations vx and v; with maximal ideals p
and P, respectively. We then write G = Gal(L/K), I = Iy, and claim that L/L’ is totally
ramified and L!/K is unramified. We will denote by C the valuation ring of L?, and by q
the prime of L! over p; altogether:

B/P

B
C/q C L’
A

L B
|
Alp p

K

First, take any o € I. Then e(o) = 1 € Gal ((B/%B)/(A/p)) by definition of I. Therefore
any o € I = Gal(L!/L) induces the identity on B /B, which shows that B/B = C/q. Hence
fysq =1 and L/L" is totally ramified.

We have a surjective homomorphisms G — Gal ((B/%B)/(A/p)) with kernel I and Gal(L'/K)
Gal ((C/q)/(A/p)) with kernel I/,, which together yield

G/I = Gal ((B/)/(A/p)) = Gal ((C/a)/(A/p)) = (G/I)/Iyp-
Thus eq/, = #1,/, = 1 by Corollary 1.12, showing that L!'/K is unramified. U

1.3. Frobenius Elements and the Artin Map. Assume furthermore that the residue
field A/p is finite, so it is isomorphic to F, for some ¢. Fix a prime B above p. Then we
know that B/ is a degree f = fy extension of a finite field A/p = Fy, so B/B = F ;.
Furthermore, the Galois group Gal ((B/%B)/(A/p)) is cyclic, generated by the Frobenius
automorphism

x — xl.

By Proposition 1.11, we know that
De /Iy = Gal ((B/P)/(A/p)) ,

so Dg/ly is cyclic generated by an element that maps to the Frobenius automorphism
T 2.
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Definition 1.14. The element of Dy /Iy that maps to the Frobenius automorphism z +— 24
in Gal ((B/B)/(A/p)) is called the Frobenius element or Frobenius substitution for B and
we denote it by Froby/, or simply Frobg.

Proposition 1.15. If B’ and P are primes above p in L/K and o € Gal(L/K) satisfies
oP' =B, then
qu = O'_qugO',
qu = O'_lfng',
Frobgy = O'_IFI‘Obng'.

Proof. This is immediate. 0

Sometimes, we will only be interested in the decomposition group, the inertia group, and
the Frobenius element up to conjugation. In that case, we will use the notation D, = Dy,
I, = Iy, Frob, = Frobg for some chosen prime P above p.

Proposition 1.16. If Plqlp in a tower of extensions K C M C L, then we can choose
representatives oy, € Froby,, og/q € Froby/q, ©q/p € Froby,, so that

f
Pr/0 = Py

and if E/K is Galois, then the image of oy, in Gal(E/K) is ©q/5.
Proof. This is immediate. 0

Suppose a prime p is unramified, i.e. e, = 1 and Iy = {1}. Then Frob, is an element of
Dy C Gal(L/K), so we can define the following map for L/K abelian.

Definition 1.17. Suppose L/K is abelian, and let m be a product of primes of K divisible
by all the primes in p that ramify. Let I} be the fractional ideals of K that are coprime
to m. The Artin map

Frob: I} — Gal(L/K)
is defined by Frob(p) = Frob, for any prime p coprime to m, and extended multiplicatively
to all of 1.

This map will be the starting point of Section 4 on Class Field Theory and it will enable us
to define L-functions on characters of abelian Galois extensions.

1.4. Discriminant and Different. We review two invariants associated to a separable
extension L of a field K, the discriminant and the different. We follow [Ser79, Chap. III] but
omit the proofs in this section.

We keep the assumptions of the previous sections. Moreover, we assume (for notation pur-
poses) that the ring A C K is implicitly clear (the important example for our sake will be
K and A = Ok, the ring of integers; see Section 1.5). Note that this also fixes the choice of
the rings B C L and C C M, where K C L C M is a tower of extensions.

Similarly to defining the norm as the product of Galois conjugates of elements of L, we
can consider their sum. We let M be the Galois closure of L, and G = Gal(M/K), H =
Gal(M/L), so that G/H can be identified with embeddings L < M which preserve K.
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Definition 1.18. The trace is a function Tr: L — K given by

Tr(z) = Z o(x).

ceG/H

The trace is a surjective and the bilinear form Tr(zy) is non-degenerate.

Definition 1.19. Let {e¢;} be a basis of B over A as a free A-module. The discriminant of
L/K is
AL/K = AB/A = det(Tr(eiej)).

There is also an alternative description of the discriminant given in [Bou03, Prop. 12,
Chap. V§10]:
Apx = (det(aei))2

where ¢ runs over cosets G/H.
Definition 1.20. The codifferent of L over K is the fractional ideal

DZ}K ={ye L | Tr(zy) € Aforall z € B}.
Its inverse 0y is called the different of L over K.
Proposition 1.21 ([Ser79, Prop. 6, Chap. III]). We have that Ak = Npjk0r/k-

Corollary 1.22. The discriminant Ay i is contained in A.

Proposition 1.23 (Discriminant and different in towers, [Ser79, Prop. 8, Chap. III]). Sup-
pose M/L is a separable extension of finite degree n. Then

On/x = Ony0r/k and Ay = (Anyr)" - Nojx(Awnyr).

Finally, we state a proposition that allows us to easily compute the different.

Proposition 1.24 ([Ser79, Cor. 2, Prop. 11, Chap. III]). Suppose x is an A-generator of B
and [ is the minimal ideal of x. If f' is the derivative of f, then:

ok = (f'(2)).

1.5. Number Fields. In this paper, we will focus mostly on a particular example of the
fields considered before, namely number fields.

Definition 1.25. A number field K is a finite algebraic extension of Q.

Definition 1.26. We say that a € K is an integer of K (or integral over K) if it is a root
of a monic polynomial with coefficients in Z. The set of all integers of K forms the ring of
integers Ok of K.

The following proposition ensures that number fields satisfy the assumptions of the preceding
parts of the section.

Proposition 1.27. Let K be a number field. Then Ok is a Dedekind domain, with the
valuations vk = ord, where p is a prime ideal, and K is its fields of fractions. Moreover, if
L is a finite separable extension of K, then the integral closure of Ok in L is Op.
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Proof. The only part of the proposition that is not immediate is that O is a Dedekind
domain. By [Lan94, Chap. I, Th. 2|, it is enough to check that Ok is Noetherain, integrally
closed, and such that every non-zero prime ideal is maximal. The first two assertions are
clear, so we will only show that every non-zero prime is maximal.

First, note that for 0 # a € Ok, the map -a: Ox — Ok given by x — za is injective.
Therefore, the cokernel of the map is finite, and hence (a) is a submodule of Ok of the same
rank, which means that Ok /(a) is finite. Now, take any non-zero prime ideal of p of Ok
with a € p. Then p reduces to an ideal p in A/(a), and

Alp = (A/(a))/(p).

Since p is prime, A/p is a domain, so (A/(a))/(p) is a finite domain, so it is a field. Hence
A/p is also a field, and p is maximal. O

We will be interested in the different absolute values on a number field K. We list a few
notions that will be useful later, but for a broader discussion of absolute values and com-
pletions, see [Lan94, Chap. 2]. By Ostrowski’s Theorem for number fields (see: [Con]), we
know there are two possible absolute values:

e For any prime p of Ok, we have the p-adic absolute value:

al, = Nyp—od(@) if g £ 0,
=30 ifa=0.

e For any embedding v: K — C, we have an absolute value induced by the embedding.

This motivates the following definition.

Definition 1.28. Let K be a number field. A finite prime of K is a prime of Og. An
infinite prime of K is an embedding v: K < C. Moreover, if the image of v lies in R, it is a
real infinite prime, and if the image of v contains an element of C\ R, it is a complex infinite
prime.

Now suppose L/K is an extension of number fields. An infinite prime w of L lies above an
infinite prime v of K if w agrees with v on K.
Instead of finite and infinite primes, these are sometimes called finite and infinite places.

Definition 1.29. The absolute value associated to a real prime v: K — R is the standard
absolute value. The absolute value associated to a complex prime v: K < C is the square
of the standard absolute value.

We will sometimes identify the infinite primes with the absolute values defined above, without
explicitly stating that they come from a complex embedding.

2. HECKE L-FUNCTIONS

We now have enough background to generalize the (-functions and L-functions to any number

field K.



L-FUNCTIONS 11

Definition 2.1. The Dedekind (-function for a number field K is defined as the series

el) =2 N =[] ==

p

for all Re(s) > 1, where the sum varies over all ideals of Ok, and the product varies over all
primes ideals of O.

As with the Riemann (-function, we are interested in describing an analytic continuation of
the Dedekind (-function by means of a functional equation. Of course, this could be done
directly, but we will do it by defining the more general Hecke L-functions (which will be equal
to the Dirichlet (-functions for the trivial character), and exhibiting a functional equation
for them.

We would like to generalize the (-function by adding coefficients given by values of a
character—just as the Dirichlet L-function is a generalization of the Riemann (-function.

Definition 2.2. A character of a group G is a group homomorphism y: G — C*.

Note that in the introduction we introduced Dirichlet L-functions for multiplicative function
with period m. This corresponds exactly to a character x: (Z/mZ)* — Z which is extended
to any n not coprime to m by setting x(n) = 0. We call such a character a Dirichlet character
modulo m.

Our aim is to try to redefine a character in a similar way for a general number field K.

Definition 2.3. A formal product m of finite and real primes, where the finite primes
appear with non-negative multiplicity and the real primes appear with multiplicity 0 or 1, is
a modulus. For such an m, we define:

It ={a € Ix | a coprime to m}
and
PR ={aOk | a =1 mod m and for any real infinite prime v|m we have v(a) > 0}.

Then the ray class group of K is the quotient I} /P}.
Proposition 2.4. The ray class group is finite.

The reader can refer to [Lan94, Th. 7, Chap. VI] for the proof.

We will define the generalized character on the ray class group. To justify this is indeed a
generalization of the above, we analyze the case K = Q in detail.

Example 2.5 (K = Q). The finite primes of K are just rational primes and there is one
infinite prime of K, the subset embedding co: Q < C. Fix m € Z (which is a product of

finite primes of K) and let us work backwords to find a modulus m such that I /PR = (-Z) =

Note that I only depends on the finite primes dividing m; if m/ is the finite part of m, then
Ig ={aZ | (a,m’) =1} .
Therefore, the natural choice for m’ is m. We are left with two choices for m: m and moo.

Suppose m = moo. We can then define a surjective homomorphism ¢: I} — (%)X by
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setting
v(aZ) = a+mZ
for any a € Z with (a,m) =1 and a > 0. Note that
kerp ={aZ | (a,m)=1,a >0, and a+mZ = 1+mZ} = {aZ | a = 1 mod m and a > 0} = P>.

Therefore, if we let m = moo, we obtain
I~ ([ Z\"
pme \mZ)
This shows that it is crucial to allow the modulus m to have infinite factors. Indeed, if

m = m, then the homomorphism ¢ would not be well-defined (indeed, aZ = (—a)Z but
a+mZ # —a+ mZ). Instead, we could adjust the above argument to show

g 7\~

— = — +1

PR (mZ) /1,
so the characters could only be defined up to a sign.

Definition 2.6. A generalized Dirichlet character modulo a modulus m for a number field
K is a character y of the ray class group Ijt/Pp. Such a character x is primitive if ker x is
trivial.

Any generalized Dirichlet character extends to a multiplicative, complex-valued function on
I (and on Ik by setting x(a) = 0 for a not coprime to m).

We wish to generalize this notion further to account for infinite primes of K. So first, let
K~ =]] K.
v

be the product over all infinite primes v of completions of K with respect to v. So if ry is the
number of real embeddings (real primes) and 75 is the number of pairs of complex conjugate
embeddings (complex primes), then the dimension of K> as an R-vector space is r1 + 2rs.
Then we can define an embedding K* — K.

Definition 2.7. Suppose Ix/Px = {ai,...,a,}. A function x: I}t — C* is a Hecke
Grossencharacter modulo m if it can be written of the form

x(ai(a)) = xa(ai)xs(a)xoo (@)

where g is a character of Ix/Pk, xs is a character of (Ox/m)*, and x~ is a character
of K*.

We will see in Section 3 that this definition can be restated using the ideles.
We can finally define the Hecke L-function.

Definition 2.8. For a Hecke Grossencharacter y: Ix — C*, we define the Hecke L-function

of x by .
L(s,x) = ) x(a)Na™> = | | =——~~—
2. 1:[ 1= x(p)Np

aclx

for Re(s) > 1.
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Definition 2.9. If x is a Hecke Grossencharacter modulo some modulus m for some number
field K, then its conductor f = f(x) is the smallest modulus such that y factors through

I}/ Pl.. We denote the finite part of § by fo.

In order to establish the functional equation for the Hecke L-functions, we have intoduce
local factors at the infinite primes.

Definition 2.10. Suppose Y is a Hecke Grossencharacter with conductor § and v is an infinite
prime of the number field K. Then we define the local factor of the L-series at v as follows:

Tg(s) =n20(2) if v is a real prime not dividing f,
Ly(s,x) =14 Tr(s+1)= W‘Sglf‘(%) if v is a real prime dividing f,
Ce(s) =2(27)°T'(s) if v is a complex prime.

Theorem 2.11 (Hecke). If x is a Hecke Grossencharacter modulo m for a number field K,
then the completed abelian L-function

1
A(x, s) = (JAk/olNF(x) S/2||L 5,X) ||—_
ol X(p)Np

(where v ranges over all infinite primes) can be analytically continued to a holomorphic
function (unless x is trivial in which case it is meromorphic with poles at 0 and 1) with the
functional equation

A(X7 S) = €(X>A(y7 1 - S)
for some £(x) with |e(x)| = 1.

Instead of proving the theorem using the classic approach taken by Hecke (for the original
proof, see [Hec83, pp. 178-197]), we will follow Tate’s thesis [CF86, Chap. XV] and develop
the theory of Fourier analysis in number fields.

3. TATE’S THESIS: FOURIER ANALYSIS IN NUMBER FIELDS AND HECKE’S ZETA
FuNcTIONS

We follow the reprint of Tate’s thesis in [CF86, Chap. XV] and the notes [Buz09]. An
alternative approach can be found in [RV99).

3.1. Haar Measure and Abstract Fourier Analysis. In this section, we review the
theory of Fourier analysis on a locally compact Hausdorft topological group G. The reader
familiar with this material can skip ahead to Section 3.2. We follow the presentation in
[Buz09, Chap. 2], but more details (and proofs) can be found in [RV99, Chap. 1, 3]. Given

a function f: G — C, we will define a function f G — C on the group G of characters of

G. By identifying the groups G with G, we will exhibit an Inversion Formula that will send
f back to f. We start by recalling two examples.

Example 3.1 (G = R). If G = R, then clearly G =R: any character is an exponential
function and we can associate to € R the character £ — €2™#¢, In this case, we follow the
standard definition of a Fourier transform: for f: R — C, we define f: R — C by

= /OO f(z)e 2™ dy.
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We then have the Inversion Formula
flo) = [ Feemac
Example 3.2 (G is a finite abelian group). For f: G — C, define f: G — C by

. 1 -
100 =1 > flg)x(g)-

geG

In order to obtain an Inversion Formula, we need an identification of the groups G' and G:
we identify g € G with the function G — C given by

X = x(g7)
Clearly, this yields an isomorphism of the two groups. Moreover:

~

fl9) =5 X f0ox(e™)
XE€G

- (% %; f(h)m) x(g) by definition

xX€G
=G X <|% > x(g)x(h)> f(h)
hed xeC
= |_é| f(9) by orthonormality of characters

which yields the required Inversion Formula.

In order to generalize these examples to a wider variety of groups, we will need to generalize
the notion of integration (which corresponded to summation in the finite case). We first
recall the definition of a locally compact Hausdorff topological group.

Definition 3.3. A topological group G is a group endowed with a topology such that the
multiplication map (g, ¢’) — g¢’ and the inversion map g — ¢g~! are continuous.

Definition 3.4. A topological space X is Hausdorffif for any distinct points x,y € X, there
exist disjoint open neighborhoods U of x and V' of y.

Definition 3.5. A topological space X is locally compact if every x € X has a compact
neighborhood.

For the rest of the section, we let GG be a locally compact Hausdorff topological group and
K(G)={f: G—R| fis continous and has compact support}.

In order to exhibit that IC(G) is a wide class of functions, we apply Urysohn’s Lemma from
point-set topology to obtain that K(G) seperates points: for any distinct g,h € G, there
exists a function f € IC(G) such that f(g) # f(h).

Definition 3.6. A Haar integral (measure) on G is a non-zero linear map p: K(G) — R
such that

(1) u(f) > 0 for any f € K(G) such that f(z) > 0 for all z € G and f(z) > 0 for some
reG.
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(2) pu(f) = p(f*) for any = € G, where f*(g) = f(gz™").

(Note that this definition makes sense because f € K(G) implies that f* € K(G).)

Theorem 3.7. If G is a locally compact Hausdorff topological group, then a Haar integral
exists on G, and if 1, pe are Haar integrals, then for some ¢ > 0 we have cpy = fio.

If 11 is a Haar integral on G, we will write

:Lﬂ@ww>

Theorem 3.8 (Fubini’s Theorem). If G, H are locally compact Hausdorff topological groups
with Haar integrals p, v, respectively, and f € K(G x H), then

/(/fxydu ) /(/f:z:ydu ) v(y)

exist, are equal, and are both Haar measures on G X H.

We will want to extend the range of integral functions to a wider class that K(G). For that
sake, define

U={f:G—RU{oo} | fis a pointwise limit of a sequence f; < fo <--- of f; € K(G)}
If f € U, then p(f) = lim, p(f,) is well-defined and independent of the choice of f,. Set
U = {=f | f €U} and p(—f) = —p(f) for —f € ~U.

Definition 3.9. A function f: G — RU{=£o0} is summable if there exist g € —U and h € U
with ¢ < f < h and

sup{ju(g) | g < f and g € ~U} = inf{u(h) | h > f and h € U}.
The common value is defined to be u(f) € R.
Definition 3.10. We let
LYG)={f: G = R| f is summable}
with the norm given by ||f|| = u(|f|). A function f € LY(G) is nullif || f|] = 0 and we define
£Y(G)
{f 1IIfI =0}

Furthermore, we can define £P(G) as the set of functions such that |f|P is summable with
the norm || f||, = u(|f|?)¥/?, and similarly for LP(G).

LNG) =

The Haar measure also defines a measure on G: A C G is measurable if x 4, the characteristic
function of A, is summable, and in that case we the define p(A) = pu(xa).

Suppose, moreover, that G is abelian. In order to define a Fourier transform that satisfies
an Inversion Formula, we must first introduce a topology on

G= {x: G — S* | x continuous group homomorphism}.
Suppose C' C G is compact, V is a neighborhood of the identity in S*. Then define
W(C,V)={xeC|x(C) SV}
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We let {IW(C,V)} be a base of neighborhoods of the identity in @; explicitly, U C G is open
if and only if for all ¢» € U there exist C, V' such that

W(C, V) CU.

Lemma 3.11. If G is an abelian topological group, then the above construction makes G
into an abelian topological group.

Proof. The proof is clear: one simply checks that W (C, V') forms a neighborhood basis. [
Proposition 3.12. Let G be an abelian topological group. Then

(1) If G is discrete, then G is compact.
(2) If G is compact, then G is discrete.

Theorem 3.13. If G is an abelian locally compact Hausdorff topological group, then so is G.

Definition 3.14. Fix an abelian locally compact Hausdorft topological group G and a Haar
measure on G. If f € L'(G), then define the Fourier transform f € G of f by

Fo0) = /G f (@) x(@)de.

Note that this definition actually makes sense: since f € L'(G) and |f(z)x(z)| = |f(x)], it
is easy to check that the integrand is also in L'(G).

Example 3.15 (G = R). Any character y: R — S! is given by x(z) = ¢?™@¢ for some
¢ € R. We then have

foo = [ st = [ Z F(o)e iy,

which is consistent with the regular definition of the Fourier transform (see: Example 3.1) by
identifying x with £. Note that the definitons of the Fourier transform in this case vary and
all of them are captured within this general theory: multiplying the integral by a constant
corresponds to choosing a diffeient Haar measure and using €™ instead of €>™*¢ corresponds
to a different identification of R with R.

Example 3.16 (G is a finite abelian group). A Haar measure on G is given by the average

1
uih) =1 > ),

geG
indeed
1 1 ,
uI) = @ > flgah) = @l > Hd) = ulh).

geG g eG
Therefore

. 1 -

100 =1 > F9)x(g),

geG

as expected from Example 3.2.
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We might have also introduced the topology on G differently: it is the weakest topology that
makes every f continuous, the transform topology.

Theorem 3.17 (Plancharet Theorem). For an abelian locally compact Hausdorff topological
group G, one can extend the Fourier transform uniquely to an isometric isomorphism

5 LX(G) — L*(G),
i.e. for any f € L*(G) we have that

/ (@) Pdp() = / FOOPdaGY).
G G

Theorem 3.18 (Pontrjagin duality). /{fG 15 an abelian locally compact Hausdorff topological
group G, then the obvious map G — G is a homeomorphism and group isomorphism.
Definition 3.19. We define

BY(G) ={f € LNG) | f € L'(G) and f, f are continuous}.
with the absolute value given above.

Theorem 3.20 (Fourier Inversion Formula). Fiz Haar measures on G and G. Then there
exists ¢ > 0 such that if f € BYG), and we identify G with @, then

fla)=cf(z™)
for any x € G. In particular, for any choice of Haar measure on GG, there is a unique choice
of Haar measure on G for which c = 1.

Definition 3.21. Fix a measure on G. The measure on CA; for which ¢ = 1 in the Fourier

Inversion Formula 3.20 is the dual measure.

3.2. The Local Theory. We start by developing the theory in the local setting. Let K be
the completion of an algebraic number field at a prime v. Thus K is either R or C if v is
infinite, or K is p-adic if v = p is finite.

In the latter case, the ring of integers O of K has a single prime ideal, p, with a residue class
field O/p of Np elements.

We introduce the following valuation on K:

ordinary absolute value if K is real,
la| = ¢ square of ordinary absolute value if K is complex,
(Np)~orde(@) if K is p-adic.

Note that K is locally compact and in fact a subset B C K is relatively compact if and only
if it is bounded in absolute value.

3.2.1. Additive Characters and Measure. In this section, we investigate the additive subgroup
K* of K.

Lemma 3.22. If x: Kt — C is a non-trivial character of K, then for any n € KT, the
function & — x(n€) is also a character. Moreover, n +— x(n—) is an isomorphism, both
topological and algebraic, of K+ with its character group.
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Proof. We prove this lemma in several steps.

(1)
(2)
(3)
(4)
(5)

For fixed n € K™, x(n—) is a character of K*:

X(n(& + &) = x(nér +n82) = x(n§1)x (162)-
The map n — y(n—) is an algebraic homomorphism:

x((m 4 12)€) = x(m& +n26) = x(m&)x (m2€)

The map is a monomorphism: if y(n&) =1 for all £, then nK*™ # KT, son = 0.
The characters of the form x(n—) are everywhere dense in the character group: if
x(n€) =1 for all n, then K¢ C Kt s0 & =0.
The map 1 — x(n—) is continuous and open. It is enough to show these properties
at the identity elements. We denote by B, the ball of radius r at 0 in K.

To show that the map is continuous, fix any basis neighborhood of the identity, i.e.
W(C,V) for a compact set C'in K* and an open neighborhood V of 1 in C. Since
C'is bounded, C' C By, for some M. By continuity of y, there exists ¢ > 0 such that

X(B:) C V.
Then for any n € B./y, we have that
nc C B,

and hence y(nC') C V, or equivalently x(n—) € W(C, V), showing continuity.

To show that the map is open, fix ¢ > 0. We will show that there exist C,V

such that x(n—) € W(C,V) for any n € B, or in other words x(nC) C V. Take
any neighborhood V of 1 in C. Since y is continuous, there exists § > 0 such that
X(Bs) C V. Therefore, letting C' = {{ € K* | |¢] < e/d}, we obtain that x(nC) C V
for any n € B., which is the required property.
Characters of the form y(n—) comprise a locally compact subgroup of the charac-
ter group. However, from general topology, we know that locally compact implies
complete which implies closed. Together with (4), this shows that the mapping is
onto.

This completes the proof. O

To fix

the identificaion of K+ with K+ given by the lemma, we need to choose special

character.

If v is infinite, let R = R. We then define A\: R — R/Z by

Az) = —z mod Z.

If v = p is finite, then let p be a rational prime dividing p, and R = Q,, the completion
of Q at p. For z € R, let n be such that p"x is integral, and choose m € Z such that
m = p"z mod p”. We then define A\: R — R/Z by

AMz)=m/p".

Note that A has the property that A(z) — z is a p-adic integer:

Al@) — @ =m/p" —x = (m —ap")/p"

and m = p™x mod p".
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Lemma 3.23. The map A is non-trivial, continuous, and additive.

Proof. The infinite case is trivial. For the finite case, it is clear that A is non-trivial and
continuous. To show that it is additive, take z,2’ € R and suppose p"z and p"z’ are
integral and m = p"z mod p*, m’ = p”z’ mod p”'. Without loss of generality, suppose
n' > n. Then p™ (z + ') is integral and

mp” " +m/ = p" (x + ') mod p".

Hence ,
, m m' mp"t "+ m/ ,
AMz)+A\2')=—4+ — = ——F = ANz +2),
prp" "
as requested. O

Definition 3.24. We define the map A: KT — R/Z by

A() = MTrr/rS),
where Trg/r: K — R is the trace map.

Finally, we fix an identification of K+ with its character group.

Theorem 3.25. The map x: KT — S* given by x(€) = > s a non-trivial character of
K*. Then K™ is naturally its own character group by identifying n € K+ with x(n—), i.e.
the character given by

Proof. This follows from Lemmas 3.22 and 3.23, and the fact that the trace map is additive
and continuous. O

Lemma 3.26. Suppose v = p is finite. Then the character e*™1-)

only if n € 071, where ® = Vg is the different of K over R.

is trivial on Ok if and

Proof. Recall that by definition
0" ={z € K| Trg/r(zy) € Ok for all z € Og}.

Therefore, the character is trivial on Ok if and only if A(Trx/r(nOr)) = A(nOgr) = 0, which
is equivalent to Tr(nOg) C Ok, i.e. n €07t O

Now let i be a Haar measure on K. The measure is invariant under addition and we wish
to investigate its behavior under multiplication.

Lemma 3.27. If we define iy (M) = p(aM) for a #0, o € K and M a measurable set in
K™, then py is a Haar measure, and there exists a number p(a) > 0 such that 1 = ¢(a)pu.

Proof. Since £ — af is an automorphism of KT, both algebraic and toplogical, and since
the Haar measure is uniquely determined by the structure up to a constant, 3 = p(a)u for
some (). O

Lemma 3.28. We have that () = |a|, i.e. p(aM) = |a|u(M).
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Proof. If K = R, this is clear. If K = C, this is true, since we have chosen |«a| to be the
square of the regular absolute value.

If K is p-adic, Ok is both compact and open, so 0 < u(Og) < oo. Therefore, it suffices
to compare 1(Ok) and pu(aOk). For « integral, there are N(aOf) cosets of a in O, and
hence

1(a0k) = N(aOk) ™ w(Ok) = |a|u(Ok).
For o non-integral, we can factorize aOk into primes and apply the same method. O

For the integral, this yields:

/ F(E)dul€) = |of / F(a€)du(€).

We will now fix a particular Haar measure on K that will be used throughout the rest of
the section. We can do it in a way that makes the constant in the Fourier inversion equal
to 1. Explicitly:

the ordinary Lebesgue measure on the real line if K =R,
d¢ = < twice the ordinary Lebesgue measure on the complex plane if K = C,
the measure for which O has measure A~/ if K is p-adic.

Theorem 3.29 (Inversion Formula for number fields). If we define the Fourier transform f
of a function f € Li(K™) by

f(n) = / F(€)e2mirn9 e

then with the above choice of the measure, the Inversion Formula

~
~

7€) = [ Femendy = f(—¢)
holds for any f € BY(K™).

Proof. By the general Fourier Inversion Formula 3.20, we know that f(£) = ¢f(—¢) for some
¢ > 0. We only need to check that ¢ = 1. This is achieved by considering a particular
function:
e~ for K =R,
f(&) =< ek for K = C,

X0k, the characteristic function of O for K p-adic.

The necessary calculations, showing that ¢ = 1, can be found in Section 3.2.4. U

3.2.2. Multiplicative Characters and Measure. In this section, we investigate the multiplica-
tive subgroup K* of K.

Let U = {a € K* | |a] = 1}, the compact set of units in K*. Note that U is also open if K
is p-adic.

Definition 3.30. A quasi-character is any continuous multiplicative map c¢: K* — C*,
bounded or unbounded. A quasi-character ¢ is unramified if c is trivial on U. A quasi-
character is a character if |c(a)| = 1 for any o € K*.
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Lemma 3.31. The unramified quasi-characters c: K* — C* are of the form c¢(a) = |a|® :=
esloglel where s is a complex number which is

(1) determined uniquely by c, if v is infinite,
(2) determined uniquely by ¢ up to an integer multiple of 2mi/log Np, if v =p is finite.

Proof. Clearly, for any s, |—|° is an unramified quasi-character. Conversely, if ¢ is an unram-
ified quasi-character, then for o, o/ € K* with |o| = |o/|, we have that ¢(a/a’) = 1 since
a/o’ € U, so ¢(a) = c¢(a’). Thus c is only dependent on |a.

We now treat the finite and the infinite case seperately. For v infinite, ¢ is a multiplicative
function R>g — C and we know that these are indeed the exponential functions, determined
uniquely by s.

For v = p finite, the image of the valuation are powers of Np, i.e. {(Np)" | n € Z} = Z, so
we are looking for additive characters on Z. However, any additive function on Z is given by
multiplication by elements of Z, which corresponds to exponentiation of Np, as requested.
Finally, s is clearly only determined by ¢ up to a multiple of 27i/log Np. 0

For v infinite, we can write any o« € K* uniquely as @ = &p with & = «a/|a] € U and
0 = |a| > 0. For v = p finite, we fix an element 7 with ord,7 = 1 (a uniformizer), and we
can then write any o € K* uniquely as o« = &p with @ = ar % € U and ¢ = 7°%*. In
either case, we have a continuous projection K* — U given by a — @, i.e. a function onto
U which is constant on U.

Theorem 3.32. The quasi-characters of K* are the maps ¢: K* — C* given by c(a) =
é(@)|al®, where ¢ is any character of U, uniquely determined by ¢, and s is determined by c
as in Lemma 3.531.

Proof. A map of the given type is indeed a quasi-character. Conversely, given a quasi-
character ¢, we define ¢ = ¢y, the restriction of C' to U. Then ¢ is a quasi-character of U,
and therefore a character of U, since U is compact. But now

(@)

(@)

is an unramified character of K, and hence Lemma 3.31 completes the proof. 0

Therefore, we have reduced the problem of classifying the quasi-characters of K* to finding
the characters of U.

o If K =R, then U = {1, —1}, and the characters are given by «a — a" for n € {0, 1}.

o If K = C, then U = S* and the characters are given by a — o” for n € Z.

o If K is p-adic, then the subgroups 1 + p” for n > 0 of U form a fundamental system
of neighborhoods of 1 in U. Therefore, we must have ¢(1 + p™) = 1 for sufficiently
large n. Selecting n to be minimal with this property (n = 0 if ¢ = 1), we call the
ideal f = p™ is the conductor of ¢. Then ¢ is a character of the finite group U/(1 + f)
and hence is determined by a finite character table.

Definition 3.33. If c(«a) = ¢(a)|a|®, then 0 = o(c) = Re(s) is the exponent of c.
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Note that a quasi-character is a character if and only if its exponent is 0.

We will select a multiplicative Haar measure da on K by relating it to the chosen additive
Haar measure d€ on K.

If g € L'(K™), then the function given by a — g(a)|a|™! is also in L'(K*). Thus we may
define on L'(K*) a functional

o —1
25 = [ @l e
For any g € K*, we have that
@@@%=L;“mmﬁamrw§:¢wx

using the substitution & — 371¢ and the fact that d(37¢) = |3]7'd¢ by Lemma 3.28. Thus
® is a non-trivial, positive, and invariant under translation, so it is a Haar measure on K*,
which we will denote by dja:

Joterma= [ sl e

Lemma 3.34. A function g is in Li(K*) if and only if the function given by & — g(&)|&|™
is in Li(K*\ {0}), and for these functions:

/'wwma:/ g(6)[€]de.
KX K+\{0}

Proof. This is clear from the definition of d;. ([l

We also define a multiplicative measure that gives the subgroup U measure 1 in the infinite
case and measure A~'/2 in the finite case:

4 dia = %‘“‘ if v is infinite,
o = Np _ Np da . o . .
M T U = i lal if v = p is finite.

Lemma 3.35. If v = p is finite, then

/ da = A™V2,
U

Proof. Note that we can write U as the disjoint union of Np —1 additive cosets of pOf in U:

U= H(Oé + pOK),
a#l

which yields for the additive measure pu:
Np—1 Np—-1, _,
Ok) = AT1?
Np #(Ox)

pU) = (Np = Du(pOx) = No

by Lemma 3.28 and our selection of the additive measure. Therefore:

_ 1 _ _Np—-1 _1p
Ama—LM|%—zﬁﬂﬂmn— KA

as requested. O
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3.2.3. Local -functions. We define the class of functions Z to be
7 ={feBYK") | f(04)|04|“,]‘Q(Oz)|04|‘7 c L'(K*) for o > 0}.

Definition 3.36. The (-function of K corresponding to f € Z is a function of quasi-
characters of K, defined for all quasi-characters ¢ with o(c) > 0 by

= / fla)e(a)da

We say that two quasi-characters ¢, ¢y are equivalent if ¢1 /¢y is unramified. By Lemma 3.31,
we know that an equivalence class of quasi-characters consists of characters of the form

c(a) = co(a)]al’,

where ¢ is a fixed representative and s is a complex variable. We may view such an equiva-
lence class as a Riemann surface (with variable s). If v is an infinite prime, then the surface
is the whole complex plane. If v = p is finite, then s is determined up to an integer multiple
of 27i/log Np, so the Riemann surface is C modulo (27i/log Np)Z

Therefore, we can view the set of all quasi-characters as a collection of Riemann surfaces and
hence talk about the holomorphy of a function defined on the space of all quasi-characters
of exponent greater than 0.

Lemma 3.37. A (-function is holomorphic in the domain of all quasi-characters of exponent

greater than 0.

Proof. We want to show that for each ¢ with o(c) > 0:

SH/f o)lafda

is a holomorphic function of s for s near 0. This is clear: the integral is absolutely convergent
for s near 0, and has a derivative for s near 0. O

We will show that (-functions have a single-valued meromorphic analytic continuation to
the domain of all quasi-characters by means of a functional equation. To this effect, we first
prove a crucial lemma.

Lemma 3.38. For c in the domain 0 < o(c) < 1 and é(a) = |a|c™ () we have

C(f.0)¢(.0) = ¢(f.0)¢(g.0)
for any functions f,g € Z.

gm¢aaa=/7mwma»/mmfwmmw

with both integrals converging absolutely for ¢ with 0 < o(c) < 1. We can hence rewrite it
as a double integral over the product K* x K*:

| [ r@i@)etas Hisiata. 5

Proof. We have
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and the change variables ( (v, af), under which d(«, ) is invariant, gives

/ / fla “HlaBld(a, A)

Then Fubini’s Theorem 3.8 shows that

(0.0 = | ( [ st@itesialaa ) (5 i5las.

Since we can transform the right hand side of the equation, ¢(f,¢)¢(g, ¢), in the same manner
by replacing f with g, we only have to show that the inner integral

/ fla)g(ab)|alda
is symmetric in f and g. Note that
[ fle)g(aB)laldiee = [ f(&)g(EB)dE by definition
= f f(& (fg ﬁ)e_QWiA(fﬁn)dn) d¢ by definition
= [ [ f(&)g(n)e ™MD (¢ ) by Fubini’s Theorem 3.8

and since the last integral is obviously symmetric in f and g, so is

/f g(apf)|alda = (constant) - /f g(apf)|aldia,

which completes the proof. 0

Theorem 3.39. A (-function has an analytic continuation in the domain of all quasi-
characters given by a functional equation of the type

C(f.e) = o(e)S(f &),
The factor o(c), which is independent of f, is a meromorphic function of all quasi-characters

defined in the domain 0 < o(c) < 1 by the functional equation itself, and for all quasi-
characters by analytic continuation. (Note that o(¢) = o(c) —1.)

Proof. In Section 3.2.4, for each equivalence class C' of quasi-characters, we will exhibit an
explicit fo € Z such that
C(f CH C)

c) = —=
)= ferd
is well-defined (denominator is not identically 0) for ¢ in the strip 0 < o(c) < 1. The
function g defined this way will be a meromorphic function described on C' with an analytic
continuation given by a functional equation.

This will complete the proof of the theorem. Since C' is any equivalence class of quasi-
characters, o: C' — C is defined for all quasi-characters. Finally, for any f € Z, ¢ € C with
0 < o(c) < 1, we have that

¢(fre) =

as requested. O
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Before going on to the promised computations of special (-functions, we note some properties
of o that follow directly from the functional equation.

Corollary 3.40. For any quasi-character ¢ with exponent 0 < o(c) < 1:

C(f,e) = o(c)C(f,eé) by Theorem 3.39
= Q(C)Q(é)((ﬁ ¢) by Theorem 3.39
= 0(c)o(é) [ f(—a)e(a)da by the Inversion Formula 3.29
= 0(c)o(¢) [ f(a)e(—a)da substituting o — —a«
= c(=1)o(c)e(e)¢(f, )

which yields the result.
For (2), we have that

by Theorem 3.39

¢ ?7 ¢ by Theorem 3.39
¢(f,¢) since f(a) = f(—a) and &(a) = &()

which yields the result.
Finally, (3) follows from combining (1) and (2). First, note that if o(c) = 1/2, then
c(a)e(a) = [e(a)]” = |a] = c(a)é(a)
and hence ¢(«) = é(a). Therefore
lo(c)]” = e(c)e(c) = e(=1)o(c) - oc)/e(~1) = o(€) /0(e) = 1,
so |o(c)] = 1. O

3.2.4. Calculations for Special (-functions. We finally exhibit the special (-functions for
each equivalence class of quasi-characters. We treat the cases K = R, K = C, and K p-adic
seperately.

Case 1: K =R.

¢ real variable « non-zero real variable
A(g) =—¢ |a| ordinary absolute value
d¢ ordinary Lebesgue integral da = %“‘

In this case, we have two equivalence classes of characters
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class of quasi-characters special function Fourier transform

I = =19
sign(-)| fe(§) =€ fil€) =ifs(¢)

We compute the C—functions associated to the two special functions:

/f |a| T =/ e ™ ol da = 2/ e oM da = 7T (s/2),
—00 0

C(fe, £|—1]) = /fi(oz)sign(a)|a|s|6% = 2/000 e ™ afda = 7r_(5+1)/2F((S +1)/2)

and to their Fourier transforms:
C(fol=1%) = C(f, | =71 = 7= 0=92D((1 - 5) /2)
C(fey £ =) = Clifu, £|—7%) = in~=2D((2 - 5) /2).

Therefore, we can express the function o explicitly
o T PT(s/2)
o|=1) = —= SRT((1 = 5)/2)
(s +

—(s+1)/2
o(£|—%) = (; 3 /21;(( = 8>)//22)) —i2 7~ sin(7ws/2)['(s).

=251 % cos(ms/2)'(s),

Note that they are both meromorphlc functions with an analytic continuation, as requested.

Case 2: K =C.

& = x + 1y complex variable a = reie non-zero complex variable

A(¢) = —2Re(&) = —2x || = r?
d¢ = 2|dxdy| da = {% = 2|drdd|

In this case, we have an equivalence class of quasi-characters for every n € Z

representative of the nth class special function Fourier transform
en(a) = calre®) =™ foa) = fulre®) = rileminfe 2 £ (a) = il £, (a)

where the formula for the Fourier transform is proved by induction—we omit the proof here.

We compute the (-functions associated to the nth special function f,:

(fnacn| - ffn |O" da

= ffr2(5_1)+|”|e_2”722rdrd9
00
— 91 f(7,2>5—1+|n|/26—27r7“2d(7,2)
0
= (2m)! = HEL (s + [nl /2),

and to its Fourier transform fn:

C(fareal=1) = €M foy con| ='7) = i @2m) 1MV2D (1 — 5+ [ /2).
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Therefore, we can express the function o explicitely:

(2m)' (s + [n|/2)

col—1%) = (—; || :
oeal =) = ) e T — s + nl/2)

Case 3: K is p-adic.

¢ a p-adic variable a = an”, non-zero p-adic variable, 7 fixed uniformizer
A(§) = A(Tx(¢)) af = (Np)™"
d¢ so that O has measure A™'/? da = Wp_udoi so that U has measure A~1/2

In this case, we have an equivalence class of quasi-characters for every n € 7Z

representative of the nth class special function
cn(a) a character with £2(6) = e2ME) for ¢ € 07 1pTm
conductor p” such that ¢, (7) =1 "> 1 0 otherwise
Moreover, the Fourier transform of f,, is:
(€)= AY2(Np)» for £ =1 mod p",

S0 otherwise.
Indeed:

_ / fn(n)e—QﬂiA(gn)dTl _ / 6—27riA((§—l)n)d77

D—lp—n

and e~ ?mAE=n) s g character which is trivial if and only if £ = 1 mod p™. Moreover, the

measure of the compact subgroup d~'p~™ is (N0)V/2(Np)" = AV2(Np)™.

To calculate the (-functions, we deal with the unramified and ramified cases reperately. Let
A,, be the annulus of elements of order m and 0 = p?.

For n = 0, the only character of type ¢ is the trivial one, and fj is the characteristic function

of 971, We will show that
AS™ 1/2
(ol -1) /|a| do = 1=
Note that p™*! = pA,, and hence

(Np)~ DAY = (") = p(pAwr) = (Np) ™ u(A)
which shows that u(A,,) = (Np)""A"/2. We can decompose
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and hence
C(fo =) = > [ lal*de

m=—d A,

= > [ laf7da
m=—d A,

= 3 (Vo) Uu(A,)

= Y (Np)me=D(Np) A2
m=—d

= 5 (Vg
m=—d
Nds _

= AT
As—1/2

= 1-Np—s

Since fy = AY2. o, , we similarly obtain

o |219) = Cfos | —1%) = A2 / o' =5da —
Ok

1 — Nps—1
Now suppose ¢, is ramified, i.e. n > 0. We have that
C(fn»cn|_|s) _ / 627riA(a)cn(a)|a|sda _ Z Np—ms /GQWiA(a)Cn(a)da.
p—lp—n m=—d—n A

We claim that for m > —d — n:

First, if m > —d, then A,, C 07!, so ™A =1 on A,, and the integral becomes

/ e (0)dar = / e (ar”)da = / en(a)da = 0,

m

since ¢,, is ramified and hence non-trivial on U.

The case —d > m > —d — n takes some more work. We break up A,, into additive cosets
A,/ disjoint sets of the type

ap+0 " =ap+pt=al+p ).
On each such set A = A(ay) is constant and

/ MW (a)da = eFrA) / cn(a)da.

Ozo—&-D*l a()—i-D*l
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We only have to show that the last integral is 0. We have

/ e (0)dar = / e (0)dar = / e (ig)dar = ¢ (a) / e ()da.

ao—&-D*l a0(1+p—d—m) 1+p—d—m 1+p—d—m

The last integral is the integral of a character ¢, over a multiplicative subgroup 1 + p~9=™.
We only have to show that the character is non-trivial. Indeed, —d > m implies p|p~@—™
and hence 1 + p~9=™ is a multiplicative subgroup of K*. Finally, m > —d — n implies that
the conductor p” does not divide p~@~™, so ¢, is non-trivial on 1 + p~94=™.

Therefore, we have shown that
C(fo, cnl—|7) = Npldtms / "M@ (a)da.
A—d—n

To rewrite this, let {e} be a set of representatives of the quotient u/(1 + p™) so that
U=]]e@+p).

Then:
Ay, =Ur %"= H&?ﬂ’d’"(l +p") = H(aﬂfd*" +071).

€

On each of these sets, ¢, = c,(¢) is constant, and A = A(er~¢"") is constant. Therefore:

C(fm Cn| - |S) = Np(d+n)s <Z Cn<€)€2mA(€7r_d_n)> / dov.

£ 1+pn

Finally:
CUfmenl =1%) = C(Fur e 1=177)
and f, = AY2Np™ . x14pn. Since ¢, () a'™* =1 on 1+ p”, we have that

C(fus el =[5 = A2 Np" / da,
14pn

which is a constant.

We can express the function g explicitely. First,
1— Nps—!
_|8) — AS_1/2 )
o(|=1%) T Np

Moreover, if ¢ is ramified with conductor § such that ¢(r) = 1, then

o(c|=1*) = N(f)*"?go(0),
where

oo(c) = Nf~1/2 Z c(e) exp {2miA (sw‘ord”(af))}

£

is the root number and has absolute value 1.
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3.3. Abstract Restricted Direct Product. In this section, we develop the abstract the-
ory of restricted direct products. This theory will allow us to recover a global field K as a
(discrete) subgroup of a product of its completions at finite and infinite primes v. This will
yield the required globalization of the previous section.

We follow Tate’s Thesis [CF86, Chap. XV], but the reader can refer to [Lan94, Chap. VII]
for an alternative treatment of the abstract restricted direct product, the ideles, and the
adeles.

Let {v} be a set of indices and suppose for each v, we are given a Hausdorff locally compact
abelian group G,, and for almost alll v, a fixed subgroup H, < G,, which is open and
compact. We form a new abstract group

G={a=(...,a,...) | a, € G, with a, € H, for almost all v} QHGv

under component-wise multiplication. We will define a topology on GG. Let S be any finite
set of indices v, including at least the indices for which H, is not defined. Then define

Gs={aeG|a, e H forpg S} <G

Gg = I]:Chyx I]:ELM

vES V€S
a product of locally compact groups, almost all of which are compact. Then Gy is a locally
compact group in the product topology. We define a fundamental system of neighborhoods of
1 in G to be the set of neighbourhoods of 1 in Gg. Then the resulting topology is independent
of S.

Lemma 3.41. The set of parallelotopes N =[], N,,, where N, is a neighborhood of 1 in G,
and N, = H, for almost all v is a fundamental system of neighborhoods in G.

and in fact

Proof. By definition of the product topology, a neighborhood of 1 in GG contains a paralel-
lotope of that type. Conversely, since N, = H, for almost all v, the intersection

(HNU> NGs =[] Nox [[(Non H,)

vES vgS
is a neighborhood of 1 in Gg. O

Note that any Gg is open in GG and the subspace topology of is indeed the product topology.
Moreover, any compact neighborhood of 1 in G is a compact neighborhood of 1 in G, so G
is locally compact.

Definition 3.42. We call G the restricted direct product of the groups G, relative to the
subgroups H,,.

We have the natural embedding of G, as a subgroup of G:
a, — (1,1,...,1,a,,1,...).

In this chapter, by almost all we always mean all but finitely many.
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Moreover, since the components a,, of any a € G are in H, for almost all v, G is the union of
subgroups of the type Gg. This reduces the investigation of GG to just studying groups Gf.

We do this by introducing compact subgroups G of Gg:
GS:{aeG]avzlforUES, aUGHUforvgéS}%HHv.
vgS
The we can interpret Gg as
Gy = <H Gv> x G,
veS
the first product being finite.

Lemma 3.43. A subset C C G has a compact closure if and only if it is contained in some
1, By for B, C G, compact for all v, with B, = H, for almost all v.

Proof. The prescribed sets are clearly compact. Conversely, note that any compact subset
of G is contained in some Gg, since {Gg} is an open cover for GG, and the union of finitely
many sets of the form Gg is again of the form Gg. Now, any compact subset of Gg is
contained in the product of the projections onto G, so it is of the required form. O

3.3.1. Characters. We want to study quasi-characters c: G — C* of abstract restricted
direct products GG. We denote by ¢, the restriction of ¢ to G,, a quasi-character of G,.

Lemma 3.44. The quasi-character c, is trivial on H, for almost all v, and for any a € G

cla) = H Cy(y).

Note that the product is a priori infinite but since ¢, is trivial on H, for almost all v, almost
all the factors are 1, so it is in fact a finite product. As we will see, this phenomenon will
occur numerous times in this chapter, so we will usually omit this discussion in the future.

Proof. Let U be a neighborhood of 1 in C, containing no multiplicative subgroup except {1}
and N = [[, N, be a neighborhood of 1 in G such that C'(IN) C U. Select S containing all v
for which N, # H,. Then G° C N, so ¢(G®) C U is a multiplicative subgroup, and hence
c(G®) = {1}. But this shows that c(H,) = {1} for v & S.

Now, fix a € G and impose on S that a € Gg, so that we can write

with a® € G°. We then have

c(a) = [T e(@) - e(a®) = [T eolan) = [ ] eolan),

veES veS v

since ¢,(a,) =1 for v € S. O

In fact, the converse also holds: any suitable family of quasi-characters of G, will yield a
quasi-character of G.
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Lemma 3.45. Let ¢, be a given quasi-character of G, for each v, with c, trivial for almost

allv. Then
cla) = H colay)

v

1S a quasi-character of G.
Once again, note that the product is finite.

Proof. Note that c is clearly multiplicative.

To see it is continuous, take S D {v | ¢,(H,) # {1}} and let s = #S. Fix a neighborhood U
of 1 in C and choose a (smaller) neighborhood V' such that V* C U. By continuity of ¢,, we
can choose a neighborhood N, of 1 in G, such that ¢,(N,) CV for v € S. Moreover, we let
N, = H, for v ¢ S. Then clearly:

c(lz[Nv> gc(HNv> cVeCy,

veS
showing continuity of c. U

Now, we restrict our consideration to characters. We will show how to express @, the
character group of GG, as a restricted direct product of character groups G, of G,.

Note that ¢ given by c(a) = [], cv(ay) is a character if and only if each ¢, is a character.
For v where H, is defined, let H; C G, be the subgroup characters trivial on H,:

Hy ={c, € Gy | co(Hy) ={1}}.
Note that if H, is compact, then I/fv = (/JZ/H;‘ is discrete, so H; is open. Moreover, if H, is
open, then G,/H, is discrete, so G,,/H, = H} is compact.

Theorem 3.46. The restricted direct product of é\v relative to H is naturally isomorphic
(algebraically and topologically) to the character group G of G.

Proof. We may identify ¢ = (..., ¢,,...) with the character

cla) = H co(ay),
and hence Lemmas 3.44 and 3.45 provide an algberaic isomorphism between the restriced
direct product and G. We only have to check that the topology on the character group
G introduced in Section 3.1 (particularly, Lemma 3.11) agrees with the topology on the
restricted direct product. Indeed, the following statements are equivalent

(1) ¢=(...,¢y,...) is in a neighborhood of 1 as a character of G,
(2) for some C' C G compact (i.e. by Lemma 3.43, C' =[], B, for B, C G, compact for
all v with B, = H, for almost all v), and U C S* neighborhood of 1,

c (H Bv> =c¢(C)CU
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(3) ¢,(B,) C U, for some neighborhood U, of 1 in S; whenever H, # B, C G, is compact,
and ¢,(B,) = {1} everywhere else,

(4) the character ¢, is in a neighborhood of 1 in é; for a finite number of v, and ¢, € H;
for the other v,

(5) the character ¢ = (..., ¢, ...)isin a neighborhood of 1 in the restricted direct product

of é; with respect to H.

Thus the defining systems of neighborhood agree in the two topologies, and hence the topolo-
gies agree. 0

3.3.2. Measure. We will introduce a measure on the restricted direct product. Choose a
Haar measure da, on each GG, such that

/ da, =1 for almost all v.

We wish to define a Haar measure da on G for which, in a sense, da = [[, da,. To do this,
select a finite S as before, and consider

Gs = (H GU> x G5

vES

Then we can define a measure on Gg

dag = (H dav> . das,

vES

where da® is the measure on the compact subgroup G° for which

da® = / da,.
/GS Tgs H'U

(As always, this is actually a finite product.) Since Gg is an open subgroup of G, a Haar
measure on G is determined by the requirement da = dag on Gg.

To see that da is independent on the choice of S, let T" O S be a larger set of indices.
Then Gg € G7 and we want to show that dar and dag coincide on Gg. We can use the
decomposition

GY = H H,| xGT
veT\S

to conclude that
da® = H da, - da’.

veT\S
(Indeed, they both give G° the same measure.) Thus:
dag = Hd% ~da® = l_IalwU . H da, - da* = dar.

ves veS vET\S
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We have hence determined a unique Haar measure on G, denoted symbolically by
da = H da,.

Lemma 3.47. If f is a function on G, then
/f da = hm f(a)dag
Gs
(where the limit is over all finite S) if one of the following holds:

(1) f is measurable and non-negative, in which case +oo is allowed as the value of the
integral,
(2) f € Li(G), in which case the values of the integrals are complex numbers.

Proof. In either case, [ f(a)da is the limit of [, f(a)da for compact sets B C G and each
such compact set is contained in some Gg by Lemma 3.43. 0

Lemma 3.48. For each v, let f, € Li(G,) be a continuous function such that f, is trivial
on H, for almost all v. If we define f: G — C by

=[] fo(aw),
then

(1) f is continuous on G,
(2) for any set S containing at least those v for which f,(H,) # {1} or fHU da, # 1, we

have
f d——II fo(ay)da, | .
Gs (#)da ,Ues(Gv (a)a)

Proof. For (1), note that the function f is continuous on any G, and hence also on G.

For (2), note that for any a € G we have f(a) = [] f.(a,). Then

vES

GJ; fla)da = f fla)das
f (H fo av> I1 da, - da®

Gg \veS veS
— 1] (f fu(au>dav> [ da®
veS \G, G5

= H (f fv(av)dav)
veS v

where the last equality follows from
< / dav) =1
H,

da® =
=11
by our choice of da, on G,. O
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Theorem 3.49. If f, and [ satisfy the assumption of the preceeding lemma (Lemma 3.48),

and moreover
11 ( / rfv<av>|dav) < oo,

[ arda = I1 ( / fv(av)dav> |

Proof. We combine the two preceeding lemmas (Lemmas 3.47 and 3.48): first for the function
| f| to see that f € Li(G), then for the function f to evaluate [ f(a)da. O

then f € L1(G) and

Finally, we apply the results to Fourier transforms. Let dc, be the measure on é\v dual to
the measure da, on G,. If xp, is the characteristic function of H,, xpy: the characteristic
function of H, then

Xu,(cy) = /XH,U(GU)CU(av)d% :/ day - XH; -

In particular, using the Fourier Inversion Formula 3.20

/dcv—/ dav-/ de, =1
Hy v >

for almost all v, and we may define dc = [], dec, on G

Lemma 3.50. If f, € Bi(G,) for all v, with f, = xu, for almost all v, then f given by
f(a) =11, fo(ay) has Fourier transform

fle)y=1] /(e

and f € B1(G).

Proof. Apply Theorem 3.49 to f(a)c(a) =[], fo(av)cy(ay) to see that
o) = [ rect@aa =] ( [ tajatetia, ) = [ )

Since f, € Bi(G,), fv € Ll(é\v) for all v. For almost all v, fv = Xz, SO f € Ll(é), and
hence f € By(G). O
Corollary 3.51. The measure dc =[], ¢, is dual to da =[], da,.

Proof. Using the lemma, we obtain the Inversion Formula using the component-wise Inversion
Formulas. [
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3.4. Adeles and Ideles. In this chapter, let K be a number field and v a generic prime
of K. We let K, be the completion of K at v, and index the notation of Section 3.2 with v
for the local field K,. So we also write O, for the ring of integers of K, A, for the function
A for K, and similarly 0, Ay, |—|s, Co - - -

Definition 3.52. The additive group Agx of adeles of K is the restricted direct product
of K;f relative to the subgroups O,, defined for finite primes v = p. The group Ay with
component-wise multiplcation is the ring of adeles.

We also write Ax = Af( x K, where

) Af( are the finite adeles: the restricted direct product over the finite primes,
e K are the infinite adeles: [, K., a finite product of the completions of K at v.

Crucially, we will be able to recover K as a discrete subgroup of Ay, which we will see later.
Definition 3.53. The units A of the ring of adeles A are ideles.

Lemma 3.54. The ideles are the restricted direct product of K with respect to the sub-
groups OF.

Proof. Clearly, any element of the restricted direct product is an idele. Conversely, if x € Ag
has an inverse, then all the z, are non-zero and the inverse is (...,x,%,...). Since both

(..., @y,...)and (...,z; ', ...) are in Ak, x, € Oy for almost all v and z;! € Oy for almost

all v. Therefore, z, € O for almost all v, and hence (..., z;',...) is in the restricted direct
product. 0

The topology we give to A% is the one coming from the restricted direct product construction.
In particular, A7 C Ak, but the topology on A is stronger than the subset topology.

3.4.1. Additive theory. From Theorems 3.25, 3.46, and Lemma 3.26, we see that the character
group of A is naturally the restricted direct product of K relative to the subgroups 0.
Since Dp_l = O, for almost all p, this product is Ax again. An element n=(...,n,,...) €V
is identified with the character

T=( . Xyy...) > Hexp(?wi/\v(m%)) = exp (27”'2/\1)(77@%)) :

Therefore, we define A(z) = > A,(x,) to get the following theorem.

Theorem 3.55. The ring of adeles Ay is naturally its own (additive) character group under

the identification

n e Ag s x 1 2™,

Moreover, we introduce the measure dz = [[, dz, on Ax described in the previous section,
where dx, are the local, self-dual measures on K. It is self-dual by Corollary 3.51. Therefore,
the Fourier Inversion Formula 3.20 becomes:
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Theorem 3.56. If for a function f € L1(Ak) we define the Fourier transform

72mA x)
i) = [ e

then for f € Bi(Ak) the Inversion Formula

= [ foperenay

Recall that locally d(,&,) = | |,dé, for a, € K by Lemma 3.27. In order to generalize
this to the global case of adeles, note that x — ax is an automorphism of Ay if and only if
a € Ay is an idele.

holds.

Lemma 3.57. For an idele a we have d(ax) = |aldx, where |a| =[], |av|o-

Proof. If N =[], N, is a compact neighborhood of 0 in Ay, then by Theorem 3.49 applied
to characteristic functions we have that

/Nd:c = IZIde,

/aNdx:H/avadxv.

v

We can use d(a,z,) = |ay|vdx, (Lemma 3.27) to obtain

/a dm—H/ava :H|av|v/Nvdxv:H|av|U/ndx:|a|/Ndx,

as requested. O

We now wish to recover our original global field K as a subring of Ax. We can embed K
in Ax diagonally:

K>&—E=(,...,¢,...) € Ak.
We will work towards proving the following theorem, which characterizes K as a subset
of Ag.

Theorem 3.58. The subspace topology on K coming from the diagonal embedding K — Ay
is the discrete topology, and the quotient Ax /K is compact.

In order to prove the theorem, we will construct a fundamental domain for K in Ag.
Let S, be the set of infinite primes of K.
Lemma 3.59. We have that K N (Ak)s.,, = Ok.

Proof. Recall that

%’(HK;)X I1 o

VESs PZSeo
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We have to show that £ € K is in O if and only if £ € O, for any finite prime p. Indeed,
take any 0 # € € K and write the fractional ideal (£) as [[, p®. Then it is clear that £ € Ok
if and only if a, > 0 for all p, which in turn is equivalent to § € O, for any p finite. 0J

Recall that we write K> for the infinite part of Ak, i.e. the product [[ K, of 7 real
VESso
lines and ry complex planes, where r; is the number of real primes, and r is the number

of complex primes. It is naturally a vector space over R of dimension n = r; + 2ry, the
degree [K : Q]. For € Ak, we let > be the projection of x onto K.

Lemma 3.60. The image of Ok in K™ is a lattice and (with respect to our choice of
measure) the measure of the fundamental domain in this lattice is \/|A|.

Remark 3.61. A fundamental domain for a lattice L C R"™ is a connected set S with non-
empty interior such that: for all x € R™ there exists a unique A € A, s € S such that
A+ s = x. One popular choice of a fundamental domain is to write down a basis {e1, ..., e,}
for L and let S = {\e; | 0 < \; < 1}, a fundamental parallelogram for L. Our choice of
fundamental domain for Ok will parallel this setting.

Proof of Lemma 3.60. The fact that Ok is a lattice in K™ is clear: we can simply choose a
Z-basis {ey,...,e,} for Ok over Z, and project it to get a basis {e(°, ..., e} for the image
of OK in K.

If K is totally real (i.e. 7o = 0, all the primes are real), this is immediate: the volume of the
fundamental domain of a lattice in R”™ is the absolute value of the determinant of the matrix
whose form a basis of the lattice:

|det(oe;)| = +/TA]

where o; ranges over the field maps K — C.

If K is complex, o(z +iy) and in the usual discriminant calculation that gives the volume of
the lattice we will see a contribution from both ¢ and &, the complex conjugate. Therefore,
choosing coordinates z,y of R? = C, we see that

()-8 0)

and the absolute value of the determinant of the matrix is 2. Therefore, in the ordinary
Lebesgue measure, the volume of the fundamental domain will be /|A|27"2. However, for
any complex prime v, we have chosen the measure on K, = C to be twice the ordinary
Lebesgue measure, and hence the contribution of 27" cancels, yielding the result. U

Fix a Z-basis {ej,...,e,} for Ok and consider the projections {e3°,...,e>°} which give a
basis for the lattice O in K*°. We define

DOO:{Z)\](?;O‘OSAJ<1}

j=1

Definition 3.62. The additive fundamental domain D C A is the set
D = {z € (Ag)s., | #° € D*} = D/ x D®
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Note that D7 is open and hence closed, and thus
D =D’ x D>,
D= D! x DOOO,
so D is compact and Dis non-empty.
The following proposition justifies the name additive fundamental domain.

Proposition 3.63.

(1) Any x € Ak is congruent to a unique element of D modulo the field K ; symbolically:
v =[]+ D).
cEK
(2) The set D has measure 1.

Proof. For (1), fix x € Ag. We deal with the finite primes p first. By definition, z, € O,
for almost all finite primes p. Choose some 0 # & € O such that (&),2, € O, for all finite
places: we simply ensure that &; is divisible for a sufficiently large power of p for the finitely
many places p where z, ¢ O,.

Now, for each p|(&;), suppose p divides (&) exactly and consider the system of congruences
& = &1y mod pr.

The Chinese Remainder Theorem guarantees the existence of a solution & € Og. Then
setting & = % € K, we obtain that

for all p|(b). But z, and £ are integral at all finite places p f/(b), so x — & € D/.

Finally, we can adjust the infinite components of £ to ensure they lie in D> (since D* is a
fundamental domain for O over K°°.)

For uniqueness, take x € Ag and dy,ds € D, &,& € K such that
r=d+& =dy + &

Let
t:dl—dgzgz—fle(D—D>ﬂK

Looking at the finite primes, we see t € K is in D/ — D/ = D/, so it is integral at all the
finite primes: ¢ € Y | Ze;. Looking at infinite places, we see that t € D® — D>, so

t= Z)\Zel for )\1 € (—1, 1)
i=1
Since t € Y, Ze;, this yields \; = 0 for all 4, and thus ¢ = 0.
For (2), we compute the measure of D, noting that D = D> x Vg_. We have

/ dx = / drs,, :/ dz>®dxS> :/ dx™ / da®> = VA H (Ap)fl/Q
D D D> x Vs Dee VSeo

pZSeo
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by Lemma 3.60. Finally, we note that the absolute discriminant A = Ag/q is the product
of local discriminants A, = Ak, /g, (see: [Ser79, Cor. to Prop. 10, Chap. III]), which gives
the required equality. O

This immediately yields Theorem 3.58, which said that K is discrete in Ax and Ag/K is
compact.

Proof of Theorem 3.58. We know that D has a non-empty interior D and by Proposition 3.63:
Ag = [+ D).
(eK
To show discreteness of K, we Show that there is a neighborhood of 0 in Ax whose intersection
with K is {0}. Fix an adeled € D and consider D—d. This is an open set in A, containing 0.
Conversely, if £ € K is in D - d, then d' — d = & for some d' € D7 whence d' = d + &, so
¢ = 0 by uniqueness.

The compactness of the quotient follows from the fact that A /K is a continuous image of
the compact set D, the map being surjective by Proposition 3.63. ([l

Proposition 3.64. The identification of Ax with E;( given by Theorem 3.56 sends the closed

subgroup K isomorphically onto the closed subgroup K* of characters on;( which are trivial
on K.

Proof. We need to check that:

(1) If ¢ € K, then A(§) = 0.
(2) If £ € Ak, A(a€) =0 for all @ € K, then £ € K.

We can easily reduce (1) to the rational case:

= 2o Ml0) = D IA(THO) = 30 Aw | ST(®) | = D Me(Tr(E)

v|w

(where v runs over all primes of K and w runs over all primes of Q), because the trace is
the sum of local traces. Since Tr(§) € Q, we only have to show that

) =Y A la) =

for € Q. Clearly, A(n) = 0 for n € Z and by additivity of A (Lemma 3.23), we only have
to show that A(1/p°) = 0 for p € Q prime, e > 1. We have that

A (1/p®) =0 for g # p rational prime,
)\p(l/pe) - 1/p67
Aso(1/P°) = =1/p",

which shows the desired equality.

To prove (2), note first that if we identify //l;g with Ay via the isomorphism from Theorem
3.56, we obtain K C K* by (1). Any character in K* factors through Ay /K, so K* is the
character group of Ay /K. Since Ax /K is compact by Theorem 3.58, K* is discrete; indeed:



L-FUNCTIONS 41

W(Ak/K,U) consists only of the trivial character for U small enough. Therefore, K* is
a discrete, closed subgroup of Ax. Hence K*/K is discrete in Ax /K, and since it is also

compact, it is finite. But K™ is a vector space over K, and since K is not a finite field, we
must have (K*: K)=1,s0 K* = K. O

Finally, we want to study functions on Ax /K and their integrals.

Definition 3.65. A function ¢: Ax — C is periodic if p(x + &) = ¢(x) for any =z € Ak,
EE€k.

Any periodic function represents a unique function on the compact space Ax/K. We will
abuse the notation and write ¢ both for the periodic function on Agx and the function on
Ak /K. We can define a natural Haar measure on Ax /K by letting

AMK”@“”iL¢@”%

where D is the fundamental domain discussed before.

Recall from the proof of Proposition 3.64 that K is naturally the character group of Ax /K.
The Fourier transform of ¢ € L(Ax/K) can hence be written explicitly as

#6) = [ pla)e s

for £ € K.

Lemma 3.66. If ¢ is continuous, periodic, and >, |¢p(§)| < oo, then
€eK

for any £ € K.

Proof. This is just the Fourier Inversion Formula 3.20, recalling that K is discrete by Theo-
rem 3.58, so the Haar measure on K is given by the sum over elements of K. 0

Lemma 3.67. If f € Li(Ax) is continuous and >, f(x 4+ n) is uniformly convergent for
nekK

x € D, then for ¢ given by p(x) = > f(z+n) we have $(§) = f(f) for any £ € K.
nekK
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Proof. We have that
— f 90 —2miA( {x)d

~J (z fo+ e %Z‘A@@) dr

nekK
= Y [ f(x+n)e 2mr@=8)qy since D is compact and convergence is uniform
neK D
=Y [ flx)e 2mir@End)y substituting x — z — 7
T]EKnJrD
o [ flz)e 2mir@) gy by Proposition 3.64
UGKn-i-D
= [ f(x)e ™A gy by Proposition 3.63
K
= f(&)
for any ¢ € K. O

Combining the two previous lemmas, we obtain the Poisson summation formula, which the
reader may be familiar with from standard Fourier analysis.

Theorem 3.68 (Poisson summation formula). If f: Ax — C satisfies:

(1) f € L1(Ak) is continuous,
(2) D eex f(z + &) is uniformly convergent for x € D,

(3) D eex |f(€)] is convergent,

then

If we consider the function z — f(ax) for an idele a € A, we obtain a stronger version of
the formula, which looks like a number-theoretic analogue of the Riemann-Roch Theorem.

Theorem 3.69 (Riemann-Roch). If f: Ax — C satisfies:

(1) f € L1(Ak) is continuous,

(2) Z&K fla(z 4+ &)) is convergent for all a € A, v € Ak, and the convergence is
uniform on D,

(3) D eex | f(a&)] is convergent for all ideles a € A,

then

lfo/a > f(ag).

{eK ek

Proof. We only have to show that, for an idele a € A, the function given by g(z) = f(ax)
satisfies the conditions of the Poisson summation formula 3.68. Indeed, conditions (1) and (2)
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are clear. Moreover,

g@) — f ( 77) f2wiAFxn)dn
= %f (n)e~2mA@n/a) gy substituting 1 — n/a
= %f( fa)
so condition (3) holds. O

3.4.2. Multiplicative theory. In this section, we restrict our attention to the multiplicative
group Ay of ideles and develop similar results to the previous section. In doing so, we will
achieve a globalization of the results on the local multiplicative characters and measure in
Section 3.2.2.

As before, the quasi-characters of Ay are ¢c: Ay — C given by

cla) = H colay)

v

where ¢, are local quasi-characters which are unramified at almost all v. For a measure da
on Ay, we take
da = H da,,
v

where da, is the local multiplicative measure. Finally, we embed K* < Ay diagonally.

Theorem 3.70 (Product formula). We have that |a| =[], |aw|o =1 for a € K*.

Proof. If p is the additive measure on Ag, for any a € A%, we have that

p(aD) = |alu(D)
by Lemma 3.57.

Since a KT = KT, aD is also an additive fundamental domain for K in Ax. Now, note that
D=][Dn(¢+aD) and aD = [[(-{+D)naD
§EK ¢eK
and the elements d = £ + ad’ € D correspond to the elements ad’ € —§ + D, so
p(DN (€ +aD)) = p((—zi+ D) NaD),
and hence
u(D) = p(aD) = |alu(D).

Hence |a] = 1, since pu(D) # 0. O
Remark 3.71. We already proved that (D) = 1 in Proposition 3.63. In hindsight, this was

in fact unnecessary—we could have proceeded up until now without knowing the measure of
D and the theorem we just prove would guarantee that p(D) = 1.

We have a continuous, surjective, multiplicative homomorphism Ax — RZ given by a — |a].
Therefore, we cannot hope that Ax/K* is compact, because is has R.o as a continuous
image. However, we instead consider the kernel J = {a | |a| = 1}, a closed subgroup of Aj.
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Recall that in the local case K,, we could write any o € K uniquely as

[ apfor|al,=1and p>0 if v infinite,
~ | ar %@ for |a|, = 1 and 7 uniformizer if v = p finite.

Similarly, we would like to represent any idele a € A} as a multiple of an element of J. In
other words, we will select an arbitrary subgroup 7" of A% such that

I=TxJ.
To this effect, choose an infinite prime vy of K and let
T ={a€ A | ay, >0 and a, =1 for v # vy}.

Any a € T is determined uniquely by |a|, which gives an isomorphism of 7" with Ryy. We
will identify any element ¢ € T with a number ¢ > 0; explicitly, if we write the vg-component
of t first, then ¢ > 0 stands for

(¢,,1,1,1,...)  for vy real,
(Vt,1,1,1,...) for vy complex.
Now, we can write any idele a € Ay uniquely as
a = la|-bwith |a| € T and b = ala| ™" € J.

and it is clear that Ax =T x J.

In order to select a measure db on J, we take the measure dt = % on 1" and require that

da = dt - db in the sense of Fubini’s Theorem, i.e. for f € L(A}), we have that:

[ roma= [ (frow) 5= [ (] o) o

The Product formula 3.70 shows that K* C J and, as in the additive case, one can show
that J/K* is compact, using a multiplicative fundamental domain.

Proposition 3.72. There exists a fundamental domain E for J/K*, i.e
J = H aF,
aeKX

with measure

2" (2m)?hR
|Afw
where h = #1x [Pk, R is the regulator of K, w the number of roots of unity in K.

Y

We omit the proof here, but it can be found in [CF86, Theorem 4.3.2, Chap. XV]. It relies
on some results from class field theory and some theorems from classical algebraic number
theory (such as Dirichlet’s Unit Theorem).

Corollary 3.73. The subgroup K* C J is discrete in J (and thus in Ay ), and the quotient
group J/K* is compact.
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This is the multiplicative analog of Theorem 3.58 we were looking for.

We are not actually interested in all quasi-characters of Ay but only those that are trivial
on K*. We will use the word quasi-characters to refer to those. A quasi-character on J is
hence a quasi-character on the quotient .J/K*, which is compact by Corollary 3.73. Hence,
a quasi-character on J is a character. Furthermore, if a character is trivial on .J, then it is
in fact a character of T, so it is of the form |—|* for some complex s.

Once again, for each quasi-character ¢, there is a unique real number ¢ = o(c) such that
lc(a)| = |a|” for any a € Ax. We call it the exponent of c¢. A quasi-character is a character
if and only if its exponent is 0.

3.5. Main Results. We are finally able to globalize the results of Section 3.2. We first
define a class of functions for which we will define {-functions.

Let Z denote the set of all functions f: Ax — C that satisfy

(Z,) Both f and f are continuous functions in L (Ag), i.e. f € Bi(V).
(Z5) The series
> fla@+&) and Y flalz +¢€))
(eK (eK
are both convergent for any idele a € Ay and adele x € Ak, the convergence being
uniform in the pair (a, x) for x ranging over D and a ranging over any fixed compact
subset of A.
(25) Both AX 3 a— f(a)|a|” and A% 3 a+— f(a)|al” are in Ly(A}) for o > 1.

Note that if f continuous on Ak, then f is continuous on Ay, because the topology on Ay
is stronger than the subspace topology.

In view of (Z;) and (Z;), the Riemann-Roch Theorem 3.69 is valid for functions in Z. The
purpose of (Z3) is defining the (-functions.

Definition 3.74. The (-function of K corresponding to f € Z is a function of quasi-
characters, defined for all quasi-characters with o(c) > 1 by

C(foe) = / f(a)e(a)da.

We will call two quasi-characters that coincide on J equivalent. An equivalence class of
quasi-characters consists of all quasi-characters ¢ of the form c(a) = c¢y(a)|a|® for a fixed
representative ¢y, s € C determined uniquely by c. As in the local theory, we can now view
an equivalence class of quasi-characters as a Riemann surface (with the variable s).

It is obvious that for quasi-characters of exponent greater than 1, the (-functions are holo-
morphic. Moreover, once again, we have an analytic continuation to the entire space of
quasi-characters.

Theorem 3.75 (Analytic Continuation and Functional Equation of the (-Functions). By
analytic continuation, we may extend the definition of any (-function, ((f,c), to the domain
of all quasi-characters. The extended function is single valued and holomorphic, expect at
c(a) =1 and c(a) = |a| where it has simple poles with residues —r f(0) and +rf(0) (where
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K 1s the volume of the multiplicative fundamental domain). Moreover, ((f,c) satisfies the
functional equation

C(f,e) =((f.0),

where ¢(a) = |a|c™(a), as in the local theory.

To prove the theorem, first note that for ¢ with o(c) > 1, we have that

C(f,c) = A;f(a) da—/ (/ftb tbdb)

since Ay =T x J, as was established before. Let us hence define

/ftb (th)d

First, note that since ((f,c) converges for o(c) > 1, so the integral (;(f, ¢) will converge (at
least for almost all ¢). Moreover, for b € J, [b| = 1 by definition, so |¢(tb)| = t7 is constant
on J. Therefore, if {;(f,c) converges for one quasi-character c, then it converges for all of
them.

The first step in the proof of the theorem will be to establish a functional equation for ;(f, ¢).

Lemma 3.76. For all quasi-characters ¢, we have:

G(f0) + £(0) / (th)db = Cuu(f,é) + F(0) /E é((1/6)b)ab

E

Proof. We first claim that

1) 1.0+ 1(0) [ clma /(ngtb)

ek
Indeed:
G(f,c)+ f(0) [c(th)db = (f f(tb)c(th) db) f(0) [ ¢(tb)db by Proposition 3.72
E a€K* \aE E
= < [ f(atb)c(td) db) 0) [ c(th)db db multiplicative
a€K* E

(ath) ) c(tb)db + f(0) | ¢(tb)db sum unif. convergent
f > flatd) g
E

ac KX

f(Zf&tb) c(tb)db.

£eEK

By following the same steps for 1/t, f , ¢ instead, we obtain also that

) .+ f0) [ atoman= [ (Zf (1/tp ) (/)

£eEK
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We only have to transform the right hand side of equation (1) to the right hand side of (2).
Fortunately, we are in the right setting to use the Riemann-Roch Theorem 3.69:

J (E f(ftb)) c(tb)yab = [ <Z f(f/(tb))) c(tb)/|th|db  Riemann-Roch Theorem 3.69

E \¢eK E \§€K
= (Z f(f(l/t)b)) ¢((1/t)b)db substituting b — 1/b
B \éeK

This yields the desired result. U

Finally, we establish the integral [, c(tb)db that appears in the above lemma.

Lemma 3.77. For all quasi-characters ¢, we have that

/Ec(tb)db = { gts if c(a) = |a*

otherwise (i.e. ¢ is non-trivial on J)

Proof. Note that [, c(tb)db = ¢(t) [, c(b)db and the latter integral is the integral over J/K*
of the character represented by c. Accordingly, if ¢ is non-trivial on J, then the integral is 0.

If ¢ is trivial on J, then c¢(a) = |a|® for some s, and recalling that |b| = 1 for b € J, we have
that the value of integral is xt®, where k is the measure of E. U

Proof of Theorem 3.75. For ¢ of exponent greater than 1, we write

> dt ! dt > dt
®) dra=[ o= [araf [ awraf
0 0 1
and deal with the two integrals in the sum separately.

Note that: ~ ]
| atraf = [ s,

la|>1
so it converges quicker for smaller exponents of ¢. Since it converges for ¢ with o(¢) > 1 by
assumption, it converges for all c.

Therefore, we are left with the integral fol G(f, c)%. The idea is to use Lemma 3.76 to
transform it into an integral over the range 1 to oo, thereby obtaining the functional equation

for ((f, ¢).

We need to distinguish between the case when c is trivial on J and when it is not trivial
on J. However, in both of them we will proceed in the same way. Let us hence define

P 1 if ¢ trivial on J
] 0 otherwise

and use it to make the distinction. We then have

! d Lo d LA d 1 d
| atrof = [ an ,é>{+6( | o= - | mf(O)tS;)
by Lemmas 3.76 and 3.77.
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Note that if ¢ is trivial on J, then ¢(a) = |a|®, and Re(s) = o(c) > 1. This is necessary for
the expression in the bracket to make sense. Evaluating the two integrals in the bracket, we

get
/0 Hf(())a/t)ls% _ SO g /0 mf(())ts% _ K1)

s—1 S

Thus, substituting ¢ — %, we get that

[latro= [Tarafes (325 -212).

In light of the above, equation (3) becomes

/ ) / oot <,<;f_(1) /-;fS(O))

and the two integrals are homogeneous for all ¢. This expression therefore gives the desired
analytic continuation of ((f,c) to the domain of all quasi-characters. We can read off the
poles from it directly. Moreover, for c(a) = |a|*, ¢(a) = |a|'™*, we see that even the form of
the equation is unchanged under

(f.0) = (f.0),
so we obtained the desired functional equation ((f,c) = (( 1, ¢). O

3.6. Functional equation for Hecke L-functions. We can finally apply the theory de-
veloped in this section to obtain a functional equation for the Hecke L-functions. To do
this, we will exhibit for each equivalence class of quasi-characters C', an explicit function in
[ € Z such that ((f,c) is the (completed) Hecke L-function, and Theorem 3.75 will yield
the analytic continuation and functional equation, i.e. Theorem 2.11. Note that this section
is necessary for another purpose—it will show that our theory is non-empty: i.e. there are
elements f € Z such that ((f,c) is non-trivial.

The approach we will take is to build up function f € Z from the local functions we have
seen in Section 3.2.4. We parallel the layout of that section, but now, with adeles at our
disposition, we do not have to split into cases, as before.

The Equivalence Classes of Quasi-characters. We can represent each class by a character.
We will first classify all the characters.

We fix an arbitrary finite set S, containing the set S, of infinite primes, and restrict our
attention to characters unramified outside S. A character ¢ of this type is given by

cla) = H colay)

v

for local characters ¢, satisfying:

(1) ¢, is unramified for v € S,
(2) TI, co(a) =1 for a € K* (by the Product formula 3.70).
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To construct such characters concretely, we write for v € S

ity
v o)

CU(GU> - CNv(dv>|av
where ¢, is a character of U,, and t, is a real number.

For v € S, we define

c*(a) = H co(av)

V€S

and interpret ¢* as coming from an ideal character. Namely, we have a map @g: A} — I3
(where I3 are the ideals prime to S) given by

QOS(CL) _ H pordp(a).
vegS

Its kernel is (A} )s and ¢* is trivial on (A} )s, so

¢*(a) = x(vs(a)),
where x is some character of (A%)%.

Therefore, we have now written our character ¢ as
e(a) = [ euta) - [T lauli” - x(os(a)).
vES vES
We wish to construct such characters by selecting ¢,, t,, and x, in a way that guarantees
cla) =1 for a € K*.

First, we look at S-units of K, i.e. ¢ € K* N Ig such that pg(e) = Ok. Assume #S =m+1
and g¢ is a primitive root of unity in K. Dirichlet’s unit theorem says that the groups of
S-units modulo the roots of unity is a free abelian group on m generators, so let {e1,...,6,}
be a basis for this quotient. Now, ¢ is trivial on S-units if and only if ¢(¢;) = 1 for 0 < j < m.

The requirement ¢(g9) = 1 is a simple condition on the é,:
(4) [[é(c0) =1
ves

Hence, we first select a set ¢, of characters for v € S which satisfies equation (4).

The requirements c(e;) = 1 for 1 < j < m, give conditions on the ¢,:
H |8j|itv = HCNvil((éj%)
veS vesS

which is satisfied if and only if ¢, solve the system of real linear equations

(5) > tulogle;l, = ilog (H cz<<5j>v)> for 1 <j<m

veS vES
for some value of the logarithms on the right hand side. (A solutions always exists because
the rank of the matrix (log|e;|,) is m.)

We now select a set of values for those logarithms and a set of numbers ¢! satisfying the
system of equations (5).
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Since ) log|e;|, = 0 for all j, the most general solution is then ¢, = ¢/ 4+t for any t € R.
vES

Having selected ¢, and t,, what are the possible choices for the ideal character x? Require-
ment (2), the product formula, means that x must satisfy

(6) Xlps(@) = [T e (d@)lal,™
veS

for all & € K*. What are the ideals pg(a) for « € K*?7 They are obtained from principal
ideals by cancelling all the prime from S in the factorization. They form a subgroup Hg of
index hg < h in I, where h is the class number of K, and hg = 1 for large enough S. Thus,
selecting the character xy amounts to selecting a character on Hg—we select y from one of
the finite number hg of extensions on the chosen character on Hg to the whole of I%.

Any character x is, in fact, a Hecke Grossencharacter, and conversely, any Hecke Grossen-
character is a character x. We are hence on the right track to proving Hecke’s Theorem 2.11.

The Corresponding Functions. Suppose we have selected a character ¢ of the form

= H Cv(av) = H C~v(d;))lch)‘itv ’ X(@S(a))7

vES

unramified outside S O So,. We will find a function f € Z such that {(f,¢) is non-trivial on
the equivalence class C' = {¢(—)|—|* | s € C} (and is in fact the completed Hecke L-function).

To this effect, we use the local (-function from Section 3.2.4. Let Z, be the class of functions
Z defined in Section 3.2.4 for the field Z,. For v € S, let f, € Z, be the function f, exhibited
in Section 3.2.4 for the surface containing c,. For p € S, let f, be the characteristic function
of the set O,. Then define the function f by

= H fv(xv)

for any x € Ak. (As always, this is actually a finite product for any x € Ag.)

We need to show that f € Z, and we will accomplish this in the course of the computations
of the Fourier transforms and (-functions.

Their Fourier Transforms. By Lemma 3.50, we have that f € Bi(Ag) (so f satisfies ax-

iom (Z7)), and )
= va(xv)

Importantly, this shows that f is a function of the same type as f: for v € S, the local

factor is fv, the difference appears at those v ¢ S where 9, # 1, whence fv(xv) equals to
A2y

The C-functions. As promised, we will first ensure that f € Z, i.e. axioms (25) and (Z3)
hold. We check both of them only for f, not for f , as we have already established that f
and f are of the same type, and hence it is easy to adjust the argument for f to f

Axiom (Z5). This follows easily after unraveling the definition of f. Indeed:
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e For p ¢ S: f, = xo, vanishes outside a compact set O, (for f , this compact set is
0, 1);
o For p € S finite: f,(&) = €™M . Xor -1 where § is the conductor of ¢,, vanishes

outside a compact set 971§~ (for f, this compact set is 1+ f).
e For v ¢ S infinite, f, decays exponentially to 0 as x, goes to infinity.

Then convergence and uniform convergence is clear (for a longer discussion, refer to [CF86,
pp. 345-346]).

Axiom (Z3). We will show that | f(a)||a|” is summable for o > 1 on A%, and hence |f(a)||a|’
will be summable as well, since it is of the same form. We will use Theorem 3.49 for the
product

a)llal” = H|fv ay)|laly,

almost all of which are 1 on U,.

For p ¢ S, we will show that

Folay)|plap|7da, = ———.
. intenblalpan =

Indeed, recall that f, is the characteristic function of O, by definition. We split O, \ {0}
according to the values of |ay|,, i.e.

Op\{o}:HPm U

to obtain

folay)|plap|oda / ayp|gda / )M day = ———
/|p<p||p|p = Z llpaa, = ZM = T

since the multiplicative measure of U, is A, 1/2 by Lemma 3.35. The summability now follows:

the product
e
nis 1— Np~

is known to converge for ¢ > 1, and the rest is a finite product.
Therefore, we have finally checked that f € Z.

Having established summability, we use Theorem 3.49 to express ((f, ¢) as a product of local

(-functions
= H Co( foy o)

for any quasi-character ¢ =[], ¢, of exponent o > 1. If ¢ now denotes the character we have

previously selected, we have
= Hcv(av) = H co(ay) - x(ps(a)).

vES
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We can compute explitiely the local factors for v & S:

(p(fp70p|—|;) :/(9 (ap |ap|pdap ZX —msA /2 _
P

because for p € S, ¢y(ay) = x(ps(ap)) = X(pordpap)‘

Now, recall that the Hecke L-function for the Grossencharacter y was:

1
Hon==gm

pes
Moreover, the C—function can be written as:

1) = TT 6ol 1) - TL &5 Lis. ).

veS peS

Ap_l/2
1 —x(p)Np~s’

Once again, we do a similar computation to obtain:

f C|_+ :[I éb j;acv I]:X Dp 1 _'87XO

VESo pgs

Finally, the functional equations:

C(f.&) = C(f,¢) and Gu(fur o) = eu(e)Colfo, 60)
yield for L(s, x) the functional equation

L(1 - 5,%) = [Joo(@l—I5) - TT &5 *%(0p) L(s. x).
veS v S

It is not hard to see that this yields that completed Hecke L-functions and the functional
equation for them, as in the statement of Hecke’s Theorem 2.11.

We end this section by remarking that we could have selected a different (easier) function
f € Z, which would yield a functional equation for the Dirichlet L-series or the Dedekind
(-function directly.

4. CrLASsSs FIELD THEORY

We initially defined the generalized Dirichlet character on the ray class group. It turns out
that it is in fact a character of a Galois group of an abelian Galois extension. This subtle
connection is exhibited using class field theory. We only state a few necessary definitions
and theorems—for a formal introduction to class field theory, see [Lan94, Part Two).

We first note that a character y: I}/ PR — C* might have a non-trivial kernel H, in which
case it is in fact a character of the quotient group I}'/PRH. Hence this is the group that we
are in fact interested in.

Definition 4.1. Let H be a subgroup of the ray class group. The quotient I}/ PR H is called

a class group. A field extension L of K is a class field for this class group if Gal(L/K) =
m/pPei.

Theorem 4.2. For any class group, there exists a unique class field.
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For the proof, see [Lan94, Chap. XI].

In general, if L/K is an abelian extension and m is a modulus divisible by all primes of K
that ramify in L, then we defined the Artin map (Definition 1.17) by

Frob: IT' — Gal(L/K),
p — Frob,.

Theorem 4.3 (Artin Reciprocity). The Artin map Frob is surjective. Moreover, for some m,
divisible by all ramified primes of K, we have that PR C ker(Frob) . In particular, for some
subgroup H C IR /PR, we have

Gal(L/K) = Ig/PRH,
i.e. L is a class field for the class group I}/ PRH.

For the proof, see [Lan94, Theorems 1-3, Chap. X§2].

We can now restate the definitions of a generalized Dirichlet character and a conductor in
this terminology.

Proposition 4.4. Suppose L/K is a class field associated to m and H. A generalized Dirich-
let character is a character of the Galois group Gal(L/K) = I /PRH and the conductor is
f is the minimal modulus m divisible by all ramified primes such that Pg is contained in the
kernel of the Artin map.

Proof. This is simply a restatement of the previous definitions in terms of class field theory,
so the proof is a straightforward application of the preceding theorems. [l

This gives another statement of Hecke’s theorem 2.11 in the special case of a generalized
Dirichlet character. In fact, by Artin Reciprocity 4.3, we know that the Hecke L-function
can be defined and has a holomorphic analytic continuation for any non-trivial character of
the Galois group of an abelian extension.

Suppose we are given an abelian extension of number fields L/ K. Recall that we have defined
(Definition 2.1) the Dedekind (-function of the number field K to be

1
Ck(s) = Hl_—Np_s'
p

We also know that L is a class field of some class group G' = I}t/ PR H, and for any character x
of G we have defined the Hecke L-function L(s, x). There is a nice relation between the two
functions.

Theorem 4.5 (Weber). Let L/K be an abelian extension of number fields and G denote the
group of characters of the class group G. Then

Guls) = T L5 ).

xe@
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Proof. We want to show that
Tt~ T

by verifying it locally, prime by prime. So fix an unramlﬁed prime p. If there are g primes 3
above p and f = fyp, then NP = Np/ and by Corollary 1.8 we have [L : K] = gf. We will

show that ] {
gy LTV L X(p)Np~—s

First, note that
g

1 1 g 1
i~ (=) - Hi=m=)

PBlp
where the product is over fth roots of unity (.

Now, recall that the class group G isomorphic to the Galois group Gal(L/K) via the Artin
map Frob. Since the order of Frob, in Gal(L/K) is f, the order of p in G is f as well.
Therefore for any character y of G we have that

x(p) =1,
or, in other words, x(p) = (y, some fth root of unity. Finally, by decomposing G as a product
of cyclic groups, one can show that each of the roots of unity appears as x(p) equally often.
Since #G = [L : K| = gf, we obtain that

g
M= [[——
L= x(p)Np~ o L= CVpT
which shows the equality for unramified primes.

Finally, we show that the ramified case reduces to the unramified case. Suppose p is a
ramified prime. We have to show that

1 1
= - =—mme

where y runs over all the characters of the group G’ = I¥ /P® H for m/, the part of m that
is relatively prime to p. However, we know that G’ is the class group of some class field M
sitting between K and L. Therefore, we have reduced the problem to showing the equality
for the extension M /K. Since M /K is unramified, we are done. U

Corollary 4.6. We have

H L(s,x)
x€G\{xo}
where xo is the trivial character, the function is holomorphic on the entire complex plane.

Proof. The equality follows from L(s, xo) = (x(s) for the trivial character xo and the holo-
morphy of the function follows from the holomorphy of each component L(s, x) for x # xo
by Theorem 2.11. O
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Moreover, Hecke proved that the equality in Theorem 4.5 holds for the completed L-functions,
A(s, x), from Theorem 2.11.

Theorem 4.7 (Hecke). Let L/K be an abelian extension of number fields and G denote the
group of characters of G. Then for the completed abelian L-functions A(s,x) we have

CL(S) = H A(57X)'

xeG

By Weber’s Theorem 4.5, only only has to check the equality for infinite primes and for the
exponential factor. This is done, for example, in [Sny02, Theorem 2.1.2]

5. ARTIN L-FUNCTIONS

In this section, we follow [Sny02, Chap. 2|]. We will make free use of basic results from

representation theory, although we will state some of the necessary definitions and theorems.
The background can be found in [FH91, Part I] and [Ser77].

We wish to generalize L-functions to characters of any Galois group of an extension of number
fields L/ K by exploiting the Artin Reciprocity 4.3. Recall that by surjectivity of the Artin
map, any element of the Galois group Gal(L/K) is a product of Frobenius elements for
primes p of K. We wish to restate the definition of the local factors in the product defining
the L-function.

We want to first define the local factor at an unramified prime p, i.e. at the element Frob, €
Gal(L/K). Suppose we are given an irreducible representation p: Gal(L/K) — GL(V) for a
complex vector space V with character y: Gal(L/K) — C. If Gal(L/K) is abelian as before,
then the representation is 1-dimensional, and so

det(1 — Np~*p(Froby)) ™ = (1 — Np~*p(Froby)) " = (1 — Np~*x(Froby)) "
is the local factor at p of the abelian L-function. Now, regardless of whether Gal(L/K) is

abelian or not, we may define the local factor at an unramified prime p to be
Ly(s,x) = det(1 — Np~*Frob,) "

Now, suppose the prime p ramifies in L/K and 8 lies above p. Then the Frobenius element
Frobg, does not determine a unique element of Gal(L/K); indeed

Fl"Obgp/p S Dm/]q:;,

where Dy is the decomposition group and Iy is the inertia group. While Frobgy/, does not
determine an action on V, we can consider the subspace V® of V invariant under the action
of Iyy. The action of p of G on V™ factors through the action p™* of Dy /Iy on V*| so the
element Froby, € Dy/Iy acts on V¥ Altogether, this motivates the following definition.

Definition 5.1. Let L/K be a Galois extension of number fields and p: Gal(L/K) — GL(V)
be a representation of the Galois group of L/K. Then the local factor of the Artin L-function
associated to V' at a finite prime p of K is

1

Lp(s, V, L/K) = det(l — Np*SpIF (Fr()bp)) ‘
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Note that this definition actually makes sense. The Frobenius Frob, was defined as Frobg , by
selecting any prime B over p; selecting a different prime P’ over p conjugates the Frobenius
by an element of the Galois group according to Proposition 1.15, and the determinant is
invariant under conjugation.

We will sometimes simplify the notation. We will write Ly (s, V) for Ly(s,V;L/K) when
the extension is implicitly clear. Moreover, if y is the character of the representation V,
then we will sometimes write Ly (s, x) for Ly(s, V). Finally, if we have fixed a representation
p: Gal(L/K) — GL(V), then we will write Frob, for the element p’*(Frob,) € GL(V’). In
that case, we will make the vector space V% in the determinant explicit by writing the local

factor as
1

det(1 — Np—sFroby; V%)

We still have to verify that the local factors of the Artin L-functions agree with the local
factors of the abelian L-functions.

Proposition 5.2. If Gal(L/K) is abelian and p is an representation with character x, then

1
Ly(s,x) = W,

so the local factors of the Artin L-functions coincide with the local factors of the Hecke
L-functions.

We first prove a lemma.

Lemma 5.3. If H is a normal subgroup of G = Gal(L/K) and x is a character of G/H,
then
Ly(s,x; L"/K) = Ly(s, x; L/ K).

Proof. Fix a prime q above p in L /K and a prime B above q in L/L¥. We then know
that Frobgy/, restricted to LY is Froby/q by Proposition 1.16. Moreover, Iy = IoH. But this
means that

p™ (Frobgp) = p't(Frobg),

SO

Ly(s,x; LK) = . = ! — Ly(s,x; L/ K)
“’X’ ~ det(1— Np~*ph(Froby,)) — det(l— Np—op(Frobyy,)) "

as requested. O

Proof of Proposition 5.2. This follows clearly from the preceeding lemma. Let N = ker y, so
that x is an irreducible (and hence 1-dimensional) character of G/H. Then we know that

Ly(s,x; L/K) = Ly(s,x; L" /K) by Lemma 5.3
= (det(1 — Np~*Frob,; V’))~! by definition
= (1 — Np~sx(Froby))~* since p is 1-dimensional
=(1— Np~*x(p)) ! by Artin Reciprocity 4.3

where we abuse the notation and denote the character of both the ideal group and the
isomorphic Galois group by x (the isomorphism given by Artin Reciprocity 4.3). O
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Definition 5.4. Let L/K be a Galois extension of number fields and V' a representation of
Gal(L/K). The Artin L-function of V' is defined for Re(s) > 1 by the Euler product

V) =[] Ls(s.V)

where L,(s,V) is the local factor corresponding to the finite prime p.

As in the case of the Hecke L-functions, we will be interested in extending the function mero-
morphically to the entire complex plane. It will turn out, all the necessary information about
the group is encoded by 1-dimensional representations (which are in fact representations of
abelian subgroups of Gal(L/K)) and can be recovered using additivity and induction. Since
the Artin L-functions coincide with Hecke L-functions in the abelian case, we will be able to
use these methods to extend Hecke’s Theorems 2.11 and 4.7 to Artin L-functions.

5.1. Additivity. First of all, we will ensure that the Artin L-function is additive in the
sense that

Ly(s,x1 + x2) = Lyp(s, x1) Ly (s, x2)
for characters x1, x2 of Gal(L/K).

We will restate the definition of a local factor in a way that will make this explicit.

Proposition 5.5 (Artin). For a character x or Gal(L/K) we have

> v(Frob? .
b0 = -5 1)

Jj=1

Proof. Recall that
Ly(s,x) = (det(1 — Np~—*Froby; V%))~
First, note that p’»(Frob,) is diagonalizable: its minimal polynomial divides the polynomial

X#Gn/lp) _ 1 50 its roots are distinct. So if Aj,...,\, are its eigenvalues, then

n

det(1 — Np~*Froby; V) = [J(1 = Np~*\).

i=1
Therefore:
Frob .
log Ly, ) = — 3 log(1 — Np~a) =~ 332 Np_”——z
=1 =1 j5=1
as requested. 0

Corollary 5.6 (Artin). For characters x1, x2 of Gal(L/K) we have
Ly(s,x1 + x2) = Lp(s, x1) Ly (s, x2)

and hence
L(s,x1+ x2) = L(s, x1) L(s, x2).

Proof. The equation is clear for the reformulation of the local factor in Proposition 5.5. [
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Note that we could have taken the equation in Proposition 5.5 as the definition of the local
factor of the Artin L-function; however, the approach we have taken is easier to work with
later on.

In particular, given any class function v, we can write it as a linear combination of irreducible

characters x = Y 7, X, and we could define
X

L(s.0) = [T Es. 0™

5.2. Induction. In this subsection, we will describe induction, a method for obtaining a
representation of an entire group G from a representation of its subgroup H, and apply it to
L-functions.

Note that given a representation V' of GG, we can clearly restrict it to a representation of a
subgroup H. We will denote it by RestV, or simply Resy V. Similarly, any representation
of H induces a representation of G.

Definition 5.7. Suppose that H is a subgroup of G and W is a representation of H. The
induced representation from H to G is the vector space

IndSW = {f: G — W | f(hg) = hf(g) forall h € H, g € G}.
with the action of G given by

(9)(g") = flgg').
If y is the character of T, then we will write Ind$x for the character of the induced repre-
sentation Ind %W

Remark 5.8. There is also a more explicit description of the induced representation. For a
coset 0 € G/H with representative g, € G, we write

oW ={g,w | we W}
(this makes sense, since for any h € H, we have hWW = W.) Then we define
Ind$W = @ oW.
ceG/H

To define an action, we note that for any g € G we have g - g, = g, - h for some 7 € G/H
and h € H, and for any g,w € oW we let

9 (gow) = g-(hw).
Intuitively, since any element of G is in a coset of G/H, we let the coset act by permuting

the components in the direct product of cW and the particular representative from H act
on a component according to the action of H on W.

One way to work out the character of the induced representation is to relate it to other
characters using the following reciprocity law.

Theorem 5.9 (Frobenius Reciprocity, [FH91, Cor. 3.20]). Suppose ¢ is a character of a
group G and 1 is a character of a subgroup H of G. Then

(¢, Indfep) = (Resfjo, ).
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The crucial fact is that Artin L-functions are well-behaved under induction.

Theorem 5.10 (Artin). Let K C M C L be a tower of extensions of number fields with
Gal(L/K) =G and Gal(L/M) = H. If x is a character H, then

L(s, x; L/M) = L(s,Indfx; L/K).

The main tool in the proof will be Mackey’s theorem, which describes explicitly the compo-
sition of restriction with induction.

Theorem 5.11 (Mackey’s Theorem). If H and G' are subgroups of G, W is a representation
of H, then for any representatives {7} of the double cosets G'\G/H, we have that

Rese/And§W = @5 IndG g, W™
where W7 is a representation of THT™ given by p,(x) = p(t71aT).

For the proof of the Theorem, see [Ser77, Chap. 7).
To prove Theorem 5.10, we prove it for local factors of the Artin L-function.

Lemma 5.12. Let K C M C L be a tower of extensions of number fields with Gal(L/K) = G
and Gal(L/M) = H. Fiz a prime p of K. If x is a character H, then

[ Za(s. x: L/M) = Ly(s, Indfx; L/K),
qlp

where the product is over finite primes q of M above p.

Proof. Let us introduce some notation. Suppose Y is a character of a representation W of H
and V = Indi. Moreover, suppose the primes above p in M/K are q,...,q, and choose
a prime P; above q; in L/M for each i. Moreover, we let D; = Dy, the decomposition
group, and I; = Iy, /p, the inertia group.

Since Froby, € D;/I;, we have that
Ly(s,V; L/K) = det(1 — Froby, Np~%; V)™ = det(1 — Froby, Np~*; (Resp, V)™*) .
We are now in a position to apply Mackey’s Theorem 5.11 to Resp,V = Res DlIndeW.

For that sake, we will choose representatives for the double cosets D;\G/H. Fix any repre-
sentatives {0;} of D;\G. They are determined by their value on B; indeed, if 0,1 = 0,91,
then UiO';ls:Bl =P, and hence aiaj’l € D,. Moreover, GG acts transitively on the primes B
above p in L/K, and hence {o;} does as well. To choose representatives of D;\G/H, we
have to choose representatives {7;} of {0;H}. Since o; determines 0§31, a unique prime
above p in L/K, it also determines a unique prime o;q; above p in M/K. However, H
acts transitively on the primes P above q in L/M, so each representative 7; is determined
uniquely by its value on q;. Therefore, we have g representatives {7;}7_, of the double cosets
and we may assume that 7,q;, = q;. Since *13; above q; were chosen arbitrarily, we choose
them in a way that ensures 753; = 1 as well.
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Therefore, Mackey’s Theorem 5.11 yields

g9
Resp, IndGW = @) Ind}! N
i=1
and hence
N
Ly(s,V;L/K) = t <1 — Frobg, Np~; (IndgiﬂTvalWTﬁ 1)

Y

g
[] de
i=1

9 1 T 1Dy7g T;lll‘ri
[[det (1 — 7, Frobg, n,Np~*; (Ind I W)

i=1

7';1 Dym;NH

by conjugating each term by 7;"'. We now recall that Proposition 1.15 shows that 7, ' Dy7; =
D;, 77 I17; = I;, and 7, 'Frobg, 7; = Froby,. Hence:

g N -1
Ly(s,V; L/K) = [ ] det (1 — Froby, Np~; (Indg;mHW)I’)
=1

Finally, note that D; " H = H; and I; N H = I! are respectively the decomposition and
inertia groups of P;/q; in the extension L/M. Therefore:

ﬁ Ly, (s, W; L/M) = f[ det (1 — Froby, /o, Nq; ™ sz‘)l .
=1

i=1
We have thus reduced the theorem to the case ¢ = 1, i.e. the tower of extensions LP* C
LY C L. Explicitly, it is enough to show that
(7) det (1 — Frobg, Np~*; (Indi)%) = det (1 — Frob; Nq;; Wfi)
where f; = fq,/p, since Frobfgi C Frobgy,/q, by Proposition 1.16 and hence the two sets
determine the same action.

The rest of the proof is a straightforward determinant calculation. The group D;/I; is cyclic
generated by Froby, and the group H;/I] is cyclic generated by Frob;%'i. Therefore, the
quotient can be written as

(Di/1;) /(H;/I}) = {1,Froby,, ..., Frobfi '},
Then, following Remark 5.8, we can write

fi—1
(ndyw)" = @ Frobj, W

=0
with the action of Froby, € D;/1; given by
Froby, (wy, we, ..., wy,) = (Frob?ﬁiwfi, Wi, W, . .. 7wf,-—1) .

Choose a basis for W and let A be the matrix representing Frob%i € H;/I] acting on W,

Then, by the discussion above, the matrix representing Frobg, acting on (Indng) s given
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by
0 I O 0
0o o0 I - 0
0 00 - 1
A 00 0
Therefore:
1 —Np~—* 0 0
0 1 —Np~™® ... 0
det (1 — Frobg, Np™%; (Indng)I") = det : : : e :
0 0 0 oo —Np—*
—ANp~—* 0 0 I

We calculate the determinant by adding Np~° times the second row to the first row, then
adding Np~2% times the second row to the first row, and continuing this way until we obtain

I—ANp~fs 0 0 ... 0

0 I —Np=s ... 0

det (1 — Frobg, Np~*; (IndjiW)") = det : : : . :
0 O 0 .-+ —Np*

—ANp™ 0 0 .- I

Then we expand by the first row of the matrix to get

det (1 — Froby, Np~*; (Ind i W)") = det(I — ANp~/) = det(1 — Frobf Nq;*; W),
where the last equality follows from Ng; = Np/i. This shows equation (7) holds and hence
completes the proof. 0

Proof of Theorem 5.10. We apply Lemma 5.12 to obtain

L(s, Indf§yx; L/K) = [ [ Lo(s, Ind§yx; L/K) = [T Za(s, x L/M) = L(s, x; L/M),
p poalp

where p are primes of K and q are primes of M. 0

5.3. Brauer’s Theorem and extending abelian L-functions. We will now use Brauer’s
Theorem to show that we can use additivity and induction to express an Artin L-function as
a product of abelian L-functions. Moreover, we will show that this factorization is unique.

Theorem 5.13 (Brauer’s Theorem). Each character of G is a linear combination with
integer coefficients of characters induced from 1-dimensional characters.
For the proof of this theorem, see [Ser77, Chap. 10].

Remark 5.14. Artin himself was only able to prove the weaker statement that any character
is a linear combination with rational coefficients of characters induced from 1-dimensional
characters, know sometimes as the Artin Theorem.

Theorem 5.15. An Artin L-function is a product of abelian L-functions.
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Proof. Suppose x is a character of a representation of Gal(L/K), and let xi,...,xn be
the 1-dimensional representations of G. Since y; are 1-dimensional representations, they
are representations of abelian subgroups H; of G. Then by Brauer’s Theorem 5.13 we can
express x as a linear combination

X = i riInd% X

i=1
with r; non-negative integers. Then by Corollary 5.6 and Theorem 5.10, we have

n

L(s,x) =L <s, anndﬁixi) = [ (s, a5 xa) = ] ] L(s, xi)"
=1

=1 =1

and we have expressed L(s, x) as a product of abelian L-functions. 0

Note that this already yields a meromorphic continuation and functional equation for the
Artin L-function; however, it does not give an explicit formulation. One thing we still have
to ensure is that expressing x as another linear combination does not change the product of
abelian L-functions.

For a group G we will denote its group of characters by CA}, the vector space of all class
functions on G by Func[G], and the subgroup generated by o € G by H,.

Suppose we are given a collection f,: P/[; — C for 0 € G of additive functions. We want to
find out when they determine a unique additive C-linear function

f: Func[G] — C
such that for any o0 € G and any character x: H, — C we have
fIndf x) = fo(x)-
First, recall that we have an inner product on Func[H] for a finite group H given by
1 N
(g, ) = ] > e(r)e(r)
TeEH

and the irreducible characters of H form an orthonormal basis for Func[H| with respect to
this inner product.

Lemma 5.16. For a finite group H, the map F: Func[H] — Func[H]* to the dual space
Func[H]* of Func[H| given by

F@)(p) = (¢, ¢)

is a (semi-linear) isomorphism.

Proof. Clearly, the resulting map F'() is linear:
F(p)(Ap1 + Aapa) = A1, ) + Aa(ep2, ¥)

and F' is semi-linear:

F(Mthy + Xatha) (9) = (0, Mth1) + (0, Aatha) = Ai(p, 1) + Ao, 2).
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To show that F' is injective, take any ¢ € Func[H] and suppose F(¢) = 0. We have that
¥ =Y. \ix; for some x; are irreducible characters of H, \; € C. However, for any ¢, we have

0=F)(x:) = xi¥) = (Xi, ZMX@) =\

by orthogonality of characters, and hence ¢ = 0.

Finally, the dimensions of Func[H] and Func[H|* are equal, so the injective semi-linear map
must be an isomorphism. O

Using this lemma, we can restate the above problem in terms of class functions. Indeed, any
function f,: I/{; — C is given by F(¢,) = (—,,) for some v, € Func[H,| and the function
f is given by F(¢) = (—,1) for some ¢ € Func[G]. The following proposition provides a
criterion for extending the collection of ¢, to a class function .

Proposition 5.17. A collection 1, € Func[H,]| for all o € G induces a unique class function
¥ € Fung[G] such that

Reng@/J = ¢J
for all g € G exactly when:
(1) Resy®, Yo = Yo for all integers k,
(2) Vo(0) = Vrgr—1(ToT™Y) for any o,7 € G.

Proof. First, suppose that a function ¥ extends the functions ¢,. Then
(o) = Resf, (o) = ¢o(0).

This proves uniqueness of ¢; we will have to prove that i) defined by the above equation is a
well-defined class function that extends the functions /,. The second condition ensures that
1 is a class function; indeed for any o € G and 7 € GG we have

V(1o = Yo (ToT) = (o) = Y(0).
Moreover, the first condition shows that Resggw = 1), since for any o* € H,
$(0") = U (0%) = Resli?, 0o(0") = ("),

so the function ¢ extends the functions ,. 0

We now know that f, = (—,%,) and f = (—, 1) for the ¢ extending 1),. We check that this

function f indeed satisfies the desired property: for any ¢ € G and any character y € P/I\g
we have

f(Ind, x) = (Indf, x,¥) = (x, Resf ¥) = (x, %) = fo(X),
where we use the Frobenius Reciprocity 5.9.

We now turn to the case of Artin L-functions.

Theorem 5.18. The Artin L-function is the unique function that extends the abelian L-
functions for characters x, of the cyclic subgroups H, by additivity and induction.
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The proof of the theorem is technical and notationally difficult, but it is essentially a straight-
forward application of the previous results of this section, particularly, Proposition 5.17.

Proof. First, note that the abelian L-functions are multiplicative, not additive, so for G =
Gal(L/K), o € G and x € H,, we will be considering the additive functions

L(s, x) = log L(s, x; L/L"").
We first claim that for

Yo (T) = |Ha’Z Z J'*llegj,

bojst. TEFrobf;

where the first sum ranges over primes of LH+ and the second sum ranges over j from 1 to oo
such that T € Froby, we have that

L(s,x) = (x: ¥)-
Indeed: L
(X, %) = ﬁg]g X(T)t6 (T)
=X > X x(m)j'Np™
P T€Hs j 5t reFrob)
= Z i X(Fr_?bg) Np—sj
=t
= L(s,x)
where sums are over primes p of Ls and the last equality follows from Proposition 5.5.

Therefore, we only have to check that v, satisfies the two assumptions of Proposition 5.17.

Let us first show (1) holds, i.e. for any 7 € H,x we have that
1%(7) = Yok (T)

In what follows, we let p range over all primes of L and q range over all primes of L.
Suppose p factors in Lo+ /Lo as

p=ay...q7
and recall that Ng; = Np/e, Frob,, = Frobf:”. We take 7 € H,+ and transform 1,(7) to show
it is equal to ¥« (7).

Yo(r) =I[He|>Z 30 JTINp™¥

P ojst. TEFrob{,'
Ip .
SIS Y N
poi=1 j s.t. TGFrobgfj
=|H,| Y 0, e, 3 S tm™INg;™™  substituting m = f,j
P

m s.t. TEFrobf{;

= |Hgr| > ) m~Ng~*" by Corollary 1.8

q m s.t. 7'€F‘rob’qﬂ
= Yok (T)
which shows (1).
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To finish the proof, we have to show (2), i.e. for any o, 7 € G we have that

Vo(0) = Yrgr (ToT™1)

Note that H,,,-1 = 7H,7! and hence the primes p of L”e correspond to the primes 7p
of Ler=1. Moreover, the Frobenius satisfies Frob,, = 77 'Frob,7 by Proposition 1.15, so
7 € Frob, if and only if 77'o7 € Frob,, and we are done. O

5.4. Factorization of Artin (-function. We have now enough information to generalize
Weber’s Theorem 4.5 about the factorization of the (-function in terms of L-functions.

Theorem 5.19 (Artin). If L/K is a Galois extension of number fields, then

Cus) =[] £(s. )X,
X
the product ranging over all irreducible characters of Gal(L/K).

Proof. Since Artin L-functions extend abelian L-functions (Proposition 5.2), we have that

C(s) = L(s, xo0; L/ L)

for the trivial character yo. By the induction formula (Theorem 5.10), we see that

Cr(s) = L(s, Ind?l}XO, L/K).

Finally, by Frobenius Reciprocity 5.9, for any irreducible character y, we have that

(X, Indfyx0)e = (Res{iyx. xo)y = x(1),

SO
Indfjyxo = > x(1)x.
X

By additivity (Corollary 5.6), we obtain

Cu(s) =L <8, > x(Mx; L/K) = T (s}

X

which completes the proof. O

First, note that this agrees with the abelian case (Weber’s Theorem 4.5), since x(1) =
dim x = 1, if x is a character of an abelian group.
Moreover, note that this means that the quotient EIL{—((Z)) is a meromorphic function. However,

we could previously conclude that EIL{—((SS)) is a holomorphic function, but this is not any more
the case: we only know that L(s,x) is a meromorphic function. Artin conjectured that
L(s,x) is a holomorphic function for any y, and this is still an open problem today.
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5.5. Local Factors at Infinite Primes. We now turn to describing the local factors of the
completed Artin L-function that extend the local factors appearing in the completed abelian
L-function (see Definition 2.10 and Theorem 2.11).

Recall from Definition 2.10 that:
Tr(s) = 7~*T'(s/2),
Ce(s) =Tr(s)Tr(s+ 1) = 2(2m)°T'(s).
Suppose v is an infinite prime of K divisible by an infinite prime w of L. By definition D,,, the
decomposition group of w over v, is either trivial (if v and w are both real or both complex) or

complex conjugation (if v is real and w is complex). Therefore, for a 1-dimensional character
x of Gal(L/K), we can restate the Definition 2.10 as follows:

Ce(s) if v is complex,
Ly(s,x) =< Tr(s) if v is real and Resp, x is trivial,
I'r(s+ 1) if v is real and Resp, x is non-trivial.

We want to extend this definition to the non-abelian case. So let L/K be a Galois extension,
V' be a representation of Gal(L/K) with character x, and w|v be infinite primes. We are
only interested in the local factor, so the definition should only depend on Resp, V' (as in the
abelian case). Since D,, only has two elements, its two irreducible characters are the trivial
one Yo and the sign one x_, so we can write

Resp, x = (dimV?*)xq + (codimVP»)x _,
To ensure additivity, it is natural to use the following definition.

Definition 5.20. If v is an infinite prime, then we define the local factor of the Artin L-series

at v to be
Le(s)x™ if v is complex,

L,(s,V) = { T (s)3mY 7" T (s 4 1)edimV? if 4 is real.

We still have to check that these local factors behave well under induction.

Theorem 5.21. Let K C M C L be a tower of extensions of number fields with Gal(L/K)
and Gal(L/M) = H. If x is a character of H and v is an infinite prime of K, then

[T Zulsx; L/M) = Ly(s, IndGx; L/K),

wlv

where the product is over infinite primes w of M above v.

Proof. The proof is similar to the proof of the corresponding theorem for finite primes, The-
orem 5.10. Let T be a representation of H and V = Ind$W. Fix some infinite prime v and
suppose it factors in M as wyws ... wy. For each i, choose some u; € L, sitting over w;. Let
D; denote the decomposition group of w;/v. As before, we can take coset representatives {7;}
of D;\G/H such that 7;u; = u;. Then D; = 7, 'Dy7; and H; = D; N H is the decomposition
group for u;/w;.

We apply Mackey’s Theorem 5.11 to obtain

g
Reso, 2 @D (1ndfy, 7).

=1
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The character on the direct sum of spaces is the sum of characters on the components.
Moreover, the dimension of the trivial component is not affected by conjugation by elements
of the Galois group. Thus, whether v is complex or real, we obtain:

g9
Ly(s,V;L/K) = [ [ Lo(s,Indf W; L/ L")
i=1
and again we have reduced the statement to the case ¢ = 1. We thus omit the indices ¢ in
the next part of the proof.

We have a tower u|w|v of infinite primes. If v, w are both complex or both real, then H = D
and the induction is trivial. Thus we may assume that v is real and w is complex, so u is also
complex. Since H is trivial, x is some multiple of the trivial character x(, and consequently
V = Ind§W has character dim(W)Ind%y,. Therefore, Ind%y = dim(W)xo + dim(W)yx_.
We have that:

Ly(s,Indfyx; L/ K) = Tg(s)™ T (s+1) ") = T (s) M) = Te(s)XV = Ly (s, x; L/M).
This shows the desired equality in the case g = 1, which completes the proof. [l

5.6. The Artin Conductor. Recall that in the statement of Theorem 2.11, there was an
exponential factor, namely

(IAINF(x)o)*?.

In order to extend the theorem to Artin L-functions, we first need to generalize this factor to
the non-abelian case. Therefore, we need a non-abelian equivalent of a conductor, the Artin
conductor. In this section, we follow [Ser79, Chap. VIJ.

5.6.1. Higher Ramification Groups. Recall that in Section 1 we introduced the decomposition
and the inertia group which provided a way of describing the ramification of a prime in an
extension. We will study ramification further by introducing the so-called higher ramification
groups. Since we are interested in how a prime ramifies, we will temporarily restrict our
attention to the local case and consider the completion of the field under a valuation.

So let K be a field which is complete under the discrete valuation vy and let A = {z €
K | vig(z) > 0} be its valuation ring. Then K is a local field, so let p be the unique maximal
ideal of K, and A = A/p be the residue field. Consider a finite Galois extension L of K
which is complete under the discrete valuation vy, and let B = {x € L | vy (x) > 0}, B be
its maximal ideal, and B = B/ be the residue field.

Let G = Gal(L/K). Note that G = Dy, since *B is the only prime of L and G preserves the
set of primes of L above p.

There exists an © € B such that x generates B as an A-algebra.

Lemma 5.22. Let 0 € G and i > —1 be an integer. The following are equivalent:

(1) o acts trivially on B/P,
(2) vp(o(b) —b) > i+ 1 for allb € B,
(3) vp(o(x) —x) > i+ 1.
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Proof. The equivalence of (1) and (2) is clear: ¢ acts trivially on B/ if an only if
o(b) = b mod P! for any b € B if and only if o(b) — b is divisible by P*™, or in other
words vp(o(b) —b) > i+ 1.

To see that (1) and (3) are equivalent, note that the image z; of x in B; = B/ generates
B; as an A-algebra. Then o(z;) = x; if and only if o acts trivially on all of B;, so we are
done. 0

Definition 5.23. For i > —1, the ith ramification group is
Gi={oceG|uvo(x)—2x)>i+1}

(or the other equivalent conditions from Lemma 5.22).

We note that these groups indeed agree with the decomposition and interia groups for ¢ = —1
and 0, respectively, and define a filtration of G.

Proposition 5.24. The groups G; form a decreasing sequence of normal subgroups of G
with Gy = G, Go = I, the inertia subgroup of G, and G; = {1} for sufficiently large i.
Moreover, G/Go = Gal (B/A).

Proof. To see that G = I, recall that by Lemma 5.22
Go = {0 € G | o acts trivially on B}
and I was defined to be the kernel of the homomorphism
e: G — Gal (B/A).
This homomorphism is surjective by Proposition 1.11, and hence G/Gy = Gal (B/A) O

We will now define a function which will allow us to restate the definition of a ramification
group.
Definition 5.25. We define the function ig: G — Z>¢ U {co} by
ig(o) =vp(o(z) — x)

for 0 # 1 and ig(1) = oo.
Proposition 5.26.

(1) ig(o) > i+ 1 if and only if o € G;,

(2) ig(ror™!) = ig(0),

(3) ig(oT) > inf(ig(0),ig(T)).
Proof. Properties (1) and (2) are immediate. For (3), note that using (1) we can write

ig(oc) =inf{i+ 1|0 € G;}

and hence

iglor)=inf{i+ 1| o7 € G;} >inf{i+ 1|0 € G; and 7 € G;} > inf(ig(0),ig(T))
as requested. 0

Proposition 5.27. Let H be a subgroup of G and M = L so that Gal(L/M) = H. Then
for any o € H we have ig(s) = iy(s) or, equivalently, H; = G; N H.
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Proof. Let C' be the valuation ring of M and q be the maximal ideal of M. Recall that
o € H; if and only if 0 € H and o acts trivially on C'/q**! which is equivalent to 0 € H and
o€ Gz O

Corollary 5.28. Let K, be the largest unramified subextension of L over K and H =
Gal(L/K,). Then H = G, the inertia group, and G; = H; fori > 0.

Proof. We already proved that H = Gq in Proposition 1.13. To finish the proof, we simply
apply Proposition 5.27. O

Proposition 5.29. Suppose furthermore that H is a normal subgroup of G, i.e. M is a
Galois extension of K. For any o € G, we have

iom(oH) = el S iglor),

TeH

where €' = eq/q, the ramification degree of the extension L/M.

Proof. For 0 = 1, both sides of the equation are equal to oco. So suppose o # 1 and let = be
an A-generator of B, y be an A-generator of C, the valuation ring of M. By definition, we
have that

ic/u(oH) ¢ =vy(o(y) —y) - =wvilo(y) —y).
To complete the proof, we will show that the elements
a=o(y)—y,

b= H (o7(z) — )
TeH
generate the same ideal in B; in that case, we will have proved that

vr(o(y) —y) = _ialor).
TeH
First, we will show that a divides b. Let f € C[X] be the minimal polynomial of = over M,
fla) = T[(X = 7()),
TeEH

and o(f) € B[X] be the polynomial obtained by transforming the coefficients of f by o,

o(/)(X) = [[(X = o7(2)).

TEH

Since f has coefficients in C, generated by y, and o(f) has coefficients in oC, generated by
o(y), the coefficients of o(f) — f are divisible by a = o(y) — y. So substituting X = z, we
obtain that a divides o(f)(z) — f(x) = o(f(x)) = +b.

Now, we will now show that b divides a. Write y as a polynomial in x with coefficients in A,
i.e. y = g(z) for g(X) € A[X]. Then g(X) — y has coefficients in C' and x as a root, so it is
divisible by the minimal polynomial f of z over C"

9(X) —y = f(X)h(X)
for some h € C[X]. Therefore, since o(g) = ¢:
9(X) = aly) = a(9)(X) = a(y) = a(f)(X)a(h)(X)
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and, substituting X = x, we obtain

—a=y—o(y) =g(x) —oly) = a(f)(x)o(h)(z) = (£b)o(h)(z).
Hence b divides a, which completes the proof. 0
Corollary 5.30. If furthermore H = G; for some j > 0, then (G/H); = G;/H fori < j
and (G/H); = {1} fori>j.
We apply a similar method to prove the following proposition, which will be useful later.

Proposition 5.31. If 0 =0, is the different of L/ K, then

v(0) = (o).

o#1

Proof. Let x be an A-generator of B and f be its minimal polynomial over K. Then by
Proposition 1.24, 0 is generated by f’(x). But

70 = T (X = o(a)).

ceG

SO
flz) =] - o),

o#1

and hence
v(0) = o (f'(x)) =) ia(o)
o#1

by definition of . 0

While the way we numbered the ramification group is intuitive to define, it is not always
the most convenient numbering to work with. While it is preserved under taking subgroups
(Proposition 5.27), it does not behave well under quotients. We will introduce a different
way of numbering the ramification groups that will make working with quotients easier.

For u € R, u > —1, we define GG, = G; where ¢ is the smallest integer larger or equal to w.
In other words, o € G,, if and only if i¢(c) > u+ 1. For t > —1, we generalize the notion of
the index of a subgroup to

(#G_1/Go) ™" = #Go/#G 1 for t = —1,
(Go:Gy) =4 1 for —1<t<0,
#Go/G, for t > 0.

We then set

v gt
SO(U)—/O G G

for w > —1. Note that p(u) = u for u € [-1,0]. Moreover, if we let g; = #G;, then for
m < u <m+ 1 we can explicitly write

1
(gl +...+ 9Im + (u - m)Qm—H)a

p(u) = %
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and in particular
1 m
o(m)+1= —Zgi.
90 =g

Proposition 5.32.

(1) ¢ is continuous, piecewise-linear, increasing, and concave.

@
(2) ¢(0) = 0.
(3) If ¥}, . denote the left and right derivatives respectively, then

) = o (1) = — oru
@l(u) - QOT(U) - (GO . Gu) f g Z)
1 1

SOE(U) = m7 SOL(U) e m foru € 7Z.

Proof. All the assertions are clear from the definition of . 0

In fact, properties (1)—(3) could be used to characterize the function ¢. Since ¢ is increasing,
it has an inverse function .

Proposition 5.33. Let v be the inverse function to ¢. Then

) 1 is continuous, piecewise-linear, increasing, and conver.
) ¥(0) = 0.
)
)

If v =¢(u), then ¥)(v) = w{%U) and Y. (v) = m. In particular, they are integers.

4) If v € Z, then u =Y (v) € Z.

(1
(2
(3
(

Proof. The assertion (1)—(3) are clear. For (4), let m € Z be such that m < u < m + 1.
Then

GV =91+ g2+ -+ gm + (U — M) g1,

SO
1
U= (MGmi1 — 91—+ — gm + gov) € Z,
Im+1

since g1 = #Gma divides go = #Go, 91 = #G1, -, 9m = # Gy 91 = # Gyt O
Definition 5.34. We define the upper numbering of the ramification groups by

GY = Gy,
or equivalently

G — G,

We then have the immediate consequences of Proposition 5.24: G~! = G, G° = G, and
GV = {1} for sufficiently large v.

As we claimed earlier, the upper number behaves well under taking quotients.
Proposition 5.35. Let H be a normal subgroup of G. Then
G'H

(G/H)" = .
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Before the proof of the proposition, we state and prove four lemmas.

Lemma 5.36. For any u > —1:

p(u) = = inf(ig(o),u+ 1) — 1.

90 oceG

Proof. The right hand side of the equation is a continuous, piecewise linear function, whose
value at u = 0 is 0, and its derivative coincides with the derivative of ¢. U

Lemma 5.37. Let 0 € G and set j(cH) = sup{ig(o7) | 7 € H}. Then
ic/a(oH) —1=wrm(jlcH) - 1),
where @,/ is the function ¢ corresponding to the group H = Gal(L/M).
Proof. Set ¢ € G such that ig(c) = j(cH), and let m = ig(o). Take any 7 € H. If

T € Hyq, then ig(7) > m, so ig(o7) > m, so ig(or) = m. If 7 € Hy,—q, then ig(7) < m
and ig(o7) =ig(7). In either case, ig(oT) = inf(ig(7), m). Thus Proposition 5.29 yields

ig(oH) = el > inf(ia(r),m).

TEH
But ¢ = #H, by Proposition 5.24 and ig(7) = ig(7) by Proposition 5.27. Therefore, by
Lemma 5.36 we have that
ig/u(oH) =1+ ¢rm(m—1),
which completes the proof. O
Lemma 5.38 (Herbrand’s Theorem). If v = op (), then
G.,H/H = (G/H),.

Proof. Take any 0 € G. Then cH € G, H/H is equivalent to j(cH) — 1 > u and taking
©r/m of both sides, this is equivalent to

prm(i(oH) = 1) = orm(u).
We now apply Lemma 5.37 to conclude that this is equivalent to
ic/a(cH) =12 or(u)
which means that cH € (G/H),. O
Lemma 5.39. The functions @ and v satisfy
PL/K = PM/K © PL/M;

¢L/K = wL/M © wM/K-

Proof. Let w > —1, uw € Z, and v = /5. Then
#(G/H), #H,

EM/K €L/M

(@M/K S SOL/M),(“) = SO/M/K(U) : SO/L/M(U) =

and the result for ¢ follows from Hebrand’s Theorem 5.38 and ep;/x - er/pr = er/x. The
result for ¢ is now clear, since v is the inverse of . O
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We can finally prove the proposition.

Proof of Proposition 5.35. For x = 1k (v), by definition,

(G/H)" =(G/H),
and hence, by Herbrand’s Theorem 5.38,

(G/H)" = (G/H), = G,H/H

for w = Yr/m(x) = Yrm (Y (v)) = Yk (v) by Lemma 5.39. But G, = G” by definition,
SO

(G/H)" =G"H/H
for all v. 0

Theorem 5.40 (Hasse-Arf). Let G be an abelian group. If v is a jump in the filtration GV,
then v € Z. In other words, G; # G,y1 implies that ¢(1) € Z.

The proof can be found in [Ser79, Chap. V §7].

5.6.2. The Artin Representation. We first state a version of Frobenius Reciprocity 5.9 for
quotients. Let H be a normal subgroup of G. Given any representation of G/H, we can
view it as a representation of G. Given any representation of G with character y, we can
define a representation of GG/ H with character x? by taking the average of values of x on the
preimages; explicitely:

The Frobenius Reciprocity 5.9 becomes.

Theorem 5.41 (Frobenius Reciprocity for quotients). Let H be a normal subgroup of G. If
@ is a class function on G and ¢ is a class function on G/H, then

((107 w)G = (Soha w)G/H

We keep the assumptions and notation from the previous section. Let f = fy/, be the
residue field degree. We define the following function:

—f-iglo) foro#1
ac(o) =9 f Y iglo) foro=1
o#1

so that (ag, 1) = 0.

The rest of this section will be devoted to proving the following theorem.

Theorem 5.42. The function ag is a character of a representation of G.

If we define f(¢) = (¢, ag) for any class function ¢ and since ag(c™!) = ag(c), the theorem

is equivalent to proving that f(x) is a non-negative integer for any character y. Before doing
that, we need to explore some properties of ag and f.

Proposition 5.43. For the inertia group Go, we have that

ag = IlﬂdgO ag,-
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Proof. Recall that GG is a normal subgroup of G' and

Indgoago(a): Z ag,(ToT™h)
TG()EG/GO

where we set ag,(to7™!) =0 for 077! & Gy. Therefore, for o € Gy, we have that
IndgoaGO(U) =0=—f"ig(o) =ag(o).

Moreover, for o € Gy, o # 1, we have that

Ind§ ag,(0) = Y ag,(rot™)=—f- > ig(ror") = —fials) = ac(s)

TGoeG/Go TG()EG/GO
Finally:
Indgoago(l) = Z ag,(T1771) = Z ag,(1) = #G /Gy - Zigo(s) = ag(1),
TGQGG/G() TGoEG/G() o#1
since #G /Gy = f. d

Proposition 5.44. Let G; be the ith ramification group and u; be the character of the
augmentation representation of Gy, i.e. u; = 1 —rg,, where r¢, is the character of the reqular
representation (rg,(1) = gi, rg,(0) =0 for o #1). Then

o0

1
ag = —Indgiui.

P (GO . Gz)

Proof. Let g; = #G;. Then

0 for o & G;
G . 7
IndGiui(U)—{ _f.% foro € Gi,o0 #1

and ) Indgiui(a) = 0. Therefore, for 0 € G \ Gg41 we have
oeG

k

2 (G Gi)IndGi“i(") =X (GG (— ' g-) =—(k+1)f =ac(o)

i=0 i=0 9i

and for o = 1 both sides of the equation are 1. O

If ¢ is class function on G, set

the average of ¢ on Gj.

Corollary 5.45. If ¢ is a class function on G, then

o

F) =3 Ze(1) — o(Gh)).

i=0 90
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Proof. We have that

fle) = (v, a0)
= (% > mlndg_ui) by Proposition 5.44
i=0 ’ '
_ = i G
= & g—o(gp, IndGluZ)
=2 Z(pg,,w) by Frobenius Reciprocity 5.9
i=0
= ZO L (p(1) — o(Gi))
which completes the proof. O

Corollary 5.46. If x is a character of a representation V' of G, then

[e.9]

flx) = Z 9t codimV .

i—0 J0
Proof. We simply recall that x(1) = dimV and x(G;) = dim V%, and apply the previous
corollary. 0
Corollary 5.47. If x is a character of G, then f(x) is a non-negative rational number.
Proof. The function gq - ag is a character of a representation, so gof(x) is a non-negative
integer. 0
Proposition 5.48. Let H be a normal subgroup of G. Then

ag/H = (ag)h.

Proof. This follows from Proposition 5.29. O

Corollary 5.49. If ¢ is a class function on G/H, and ¢’ is the corresponding class function
on G, then f(p) = f(¥).

Proof. We have that f(¢) = (gp,aha) = (¢',ag) = f(¢') by Frobenius Reciprocity for quo-
tients 5.41. ]

Proposition 5.50. Let H be a subgroup of G and M /K be the corresponding extension with
discriminant Ay Then

(ac)ig = Arg + fuyran
where A\ = UK(AM/K) and rg the character of the reqular representation.

Proof. If 0 # 1 in H, then

ag(0) = —fr/xic(o), an(o) = —frmin(o), ra(c) =0,

and we simply use ig(0) = ig(0) by Proposition 5.27 and fr/x = fr/mfum/k to prove the
result.
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For o = 1, we have that ag(1) = vg(Ar k) by Proposition 5.31. Recall that by Proposi-
tion 1.23

Arjx = (D) E M Nopre (A,
so taking the valuation of both sides, we obtain

Vg (Ark) = [L: Mg (Anyk) + faygvae (D)
which completes the proof. O

Corollary 5.51. If x is a character of H, then
FInd§x) = v (D)X (1) + faryxc(x)-

Proof. We have that

f(Indfx) = (Indfx. ac)
= (x, (ac)m) by Frobenius Reciprocity 5.9
= (X,ru) + fayx (X am) by Proposition 5.50
= vk (Apyr )X (1) + faryie f(X)
as requested. 0]

Proposition 5.52. Let x be the character of a representation of G of dimension 1. Let c,
be the largest integer for which x restricted to G, is not triwial. Then

FX) = er/rley) + 1.

Proof. If i < ¢y, x(G;) =0, 50 x(1) — x(G;) = 1. If i > ¢, x(G;) =1, 50 x(1) — x(G;) = 0.
Thus

o0

flx) = Z %(x(1) = x(Gy)) by Corollary 5.45

=0

N

o Zgo g0

= pr/r(cy) +1
where the last equality follows from the explicit description of ¢ /k. 0
Corollary 5.53. Let H = ker x and M = LY. Let c,, be the largest integer for which (G/H ),
is non-trivial. Then f(x) = ou/x(c,) + 1 and this number is a non-negative integer.
Proof. By Herbrand’s Theorem 5.38, we have that

(G/H)e, = Gy, e H/H

and hence ¢, = ¢ /n(cy). Finally

om/i () = oayr(prmley)) = or/r(cy)
by Proposition 5.39. Then we apply Proposition 5.52 to get the desired result. 0

We can finally prove the main theorem of this section, i.e. that ag is a character of a
representation.
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Proof of Theorem 5.42. By Corollary 5.47, it is enough to show that f(x) € Z for any
character xy. By Brauer’s Theorem 5.13 we have that

X =Y nilndf x:

where n; € Z and x; are characters of degree 1 of H;. Therefore, we only need to show that
f(Ind%y) is an integer for a character y of degree 1. But in this case f(x) is an integer by
Corollary 5.53, so

FIndG(x)) = vr(Anyx)x(1) + fuyr f(x) € Z
by Corollary 5.51. 0

Definition 5.54. The representation of G with the character aq is the Artin representation
of G attached to L/K.

Definition 5.55. If x is a character of GG, then

f(x) = pf(x) — p(x,ac)
is the Artin conductor of .

5.6.3. Globalization. We have defined the Artin conductor in the local case. We will now
globalize it to the general case. Suppose L/K is a finite Galois extension with G = Gal(L/K).
Let A be a Dedekind domain with field of fractions K, B be the integral closure of A in
L. If B is a non-zero prime over p, then B_‘B = B/B is separable over A_p = A/p. Then

the completion BAm of B_gp with respect to the valuation associated to B is Galois over the
corresponding completion A, and

Gal(By/A,) = Dy.

We then apply the construction from the previous section to BAqg / Ap: the Artin character
for this extension will be denoted ag. (Note that ag is a priori defined on Dy but it can be
extended to 0 on G \ Dgyp.)

Definition 5.56. The Artin representation of G = Gal(L/K) attached to p is the represen-
tation with the character a, = ) ay.
Flp

In fact, for any choice of B|p:
df ap(0) = > ap(ror™ )= D am(0) = ay(0),
TDp€G/ Dy TDp€G/ Dy

since the Galois group G acts transitively on the primes of L above p. Thus the Artin
representation attached to p is the representation induced from the Artin representation of

any Dgy for Blp.
Definition 5.57. If y is a character, let f(x,p) = (X, ap). Then the Artin conductor of x is

Foo L/K) = f(x) = [ [ o/
p
(Since f(x,p) = 0 for p unramified, this product is actually a finite product.)

The previously discussed local properties are hence globalized to the following.
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Proposition 5.58.

(1) Fx +x') =F00)F(X), (1) = (1).
(2) If M/K is a subextension of L/K corresponding to the subgroup H of G and x is a
character of H, then

Hindfx, L/K) = AXp e Nagyc (F(x, L/M).
(3) If M/K is, moreover, Galois, and x is a character of G/H, then

O L/ K) = §(x, M/K).
Finally, suppose K is a number field and consider the ideal

e(x: L/ K) = A} Nigo(f(x; L/ K)).

Since this is an ideal of Z, it is generated by a positive integer c¢(y; L/K). Then Proposi-
tion 5.58 yields the following.

Proposition 5.59.

(1) c(tX ZX/;L/K) = c(L/K) - (X L/K), ¢(1;L/K) = |dg/g|, where dx;g gener-
ates K/Q-

(2) e(Indyx; L/K) = c(x; L/M).

(3) c(6; L/K) = c(x; M/K).

The function ¢(x, L/K)*? will hence play the role of the exponential factor in the extended
Artin L-function.

5.7. The Functional Equation for the Artin L-function. We finally come to the main
result.

Definition 5.60. The completed Artin L-function is

A(s,x; L/ K) = c(x; L/ K)? ] (s, x; L/ K),

where the product ranges over the finite and infinite primes of K.

Theorem 5.61. The completed Artin L-function has a meromorphic continuation to the
entire complex plane which satisfies the following functional equation

A(s,x; L/K) = e(x)A(1 = s,%; L/ K),
where €(x) is a constant with absolute value 1.
Proof. By the results earlier in the chapter, log A is additive and preserved by induction.

Moreover, the 1-dimensional case follows from Hecke’s Theorem 2.11. Therefore, Brauer’s
Theorem 5.13 yields the desired result. U
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