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Introduction

This book is an introduction to the theory of automorphic forms. Starting with clas-
sical modular forms, it leads to representation theory of the adelic GL(2) and cor-
responding L-functions. Classical modular forms, which are introduced in the be-
ginning of the book, will serve as the principal example until the very end, where
it is verified that the classical and representation-theoretic approaches lead to the
same L-functions. Modular forms are defined as holomorphic functions on the upper
half plane, satisfying a particular transformation law under linear fractional maps
with integer coefficients. We then lift functions on the upper half plane to the group
SL>(R), a step that allows the introduction of representation-theoretic methods to
the theory of automorphic forms. Finally, ground rings are extended to adelic rings,
which means that number-theoretical questions are built into the structure and can
be treated by means of analysis and representation theory.

For this book, readers should have some knowledge of algebra and complex anal-
ysis. They should be acquainted with group actions and the basic theory of rings.
Further, they should be able to apply the residue theorem in complex analysis. Ad-
ditionally, knowledge of measure and integration theory is useful but not necessary.
One needs basic notions of this theory, like that of a o-algebra and measure and
some key results like the theorem of dominated convergence or the completeness of
L?-spaces. For the convenience of the reader, we have collected these facts in an
appendix.

The present book focuses on the interrelation between automorphic forms and
L-functions. To increase accessibility, we have tried to obtain the central results
with a minimum of theory. This has the side effect that the presentation is not of the
utmost generality; therefore the interested reader is given a guide to the literature.

In Chap. 1 the classical approach to modular forms via doubly periodic functions
is presented. The Weierstrass g-function leads to Eisenstein series and thus to mod-
ular forms. The modular group and its modular forms are the themes of Chap. 2,
which concludes with the presentation of L-functions. According to Dieudonné,
there have been two revolutions in the theory of automorphic forms: the interven-
tion of Lie groups and the intervention of adeles. Lie groups intervene in Chap. 3,
and adeles in the rest of the book. We try to maintain continuity of presentation by
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continually referring back to the example of classical modular forms. Chapters 4
and 5 pave the way for Tate’s thesis, which is introduced in Chap. 6. We present
it in a simplified form over the rationals instead of an arbitrary number field. This
is more than adequate for our purposes, as it brings out the central ideas better. In
Chap. 7 automorphic forms on the group of invertible 2 x 2 matrices with adelic
entries are investigated, and Chap. 8 we transfer the ideas of Tate’s thesis to this set-
ting and perform the analytic continuation of L-functions. For classical cusp forms
we finally show that the classical and representation-theoretic approaches give the
same L-functions.

For proofreading, pointing out errors, and many useful comments I thank Ralf
Beckmann, Eberhard Freitag, Stefan Kiihnlein, Judith Ludwig, Frank Monheim and
Martin Raum.
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Notation

We write N = {1, 2, 3, ...} for the set of natural numbers and Ny = {0, 1, 2, ...} for
the set of natural numbers with zero, as well as Z, Q, R and C for the sets of integer,
rational, real, and complex numbers, respectively.

If A is a subset of a set X, we write 14 : X — C for the indicator function of A,
ie.
1 ifxeA,
0 ifx¢A.

A ring is always considered to be commutative with unit. If R is a ring, we denote
by R* its group of invertible elements.

1A(x)={

ix



Chapter 1
Doubly Periodic Functions

In this chapter we present meromorphic functions on the complex plane which are
periodic in two different directions, hence the wording ‘doubly periodic’. These are
constructed using infinite sums. The dependence of these sums on the periods leads
us to the notion of a modular form.

1.1 Definition and First Properties

We recall the notion of a meromorphic function. Let D be an open subset of the
complex plane C. A meromorphic function f on D is a holomorphic function
f:D~ P — C, where P C D is a countable subset and the function f has poles
at the points of P.

The set of poles P can be empty, so every holomorphic function is an example
of a meromorphic function. An accumulation point of poles is always an essential
singularity. As we do not allow essential singularities, this means that the set P has
no accumulation points inside D, so poles can accumulate only on the boundary
of D.

Let C = C U {oo} be the one-point compactification of the complex plane, also
called the Riemann sphere (see Exercise 1.1). Let f be meromorphic on D and let
P be its set of poles. We extend f to amap f : D — C, by setting f(p) = oo for
every p € P. .

A meromorphic function can thus be viewed as an everywhere defined, C-valued
map.

For a point p € D and a meromorphic function f on D, there exists exactly one
integer r € Z such that f(z) = h(z)(z — p)”, where h is a function that is holomor-
phic and non-vanishing at p. This integer r is called the order of f at p. For this we
write

r=ord, f.
Note: the order of f at p is positive if p is a zero of f, and negative if p is a pole

of f.

A. Deitmar, Automorphic Forms, Universitext, 1
DOI 10.1007/978-1-4471-4435-9_1, © Springer-Verlag London 2013
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2 1 Doubly Periodic Functions

Definition 1.1.1 A lattice in C is a subgroup A of the additive group (C, +) of the
form
A=A, b)=Za®Zb={ka+1b:k,lcZ},

where a, b € C are supposed to be linearly independent over R. In this case one says
that the lattice is generated by a and b, or that a, b is a Z-basis of the lattice.

A lattice has many sublattices; for example, A(na, mb) is a sublattice of A(a, b)
for any n, m € N. A subgroup X C A is a sublattice if and only if the quotient group
A/ X is finite (see Exercise 1.3). For instance, one has

A(a,b)/A(ma,nb) =Z/mZ x Z/nZ.

Definition 1.1.2 Let A be a lattice in C. A meromorphic function f on C is said to
be periodic with respect to the lattice A if

fz+1) =71

for every z € C and every A € A. If f is periodic with respect to A, then it is so with
respect to every sublattice. A function f is called doubly periodic if there exists a
lattice A with respect to which f is periodic (see Exercise 1.2).

Proposition 1.1.3 A doubly periodic function which is holomorphic is necessarily
constant.

Proof Let f be holomorphic and doubly periodic. Then there is a lattice A =
A(a,b) with f(z+ A) = f(z) forevery A € A. Let
F=F@,b)y={ta+sb:0<s,t <1}.

The set F is a bounded subset of C, so its closure F is compact. The set F is called
a fundamental mesh for the lattice A.
Two points z, w € C are said to be congruent modulo A if z —w € A.

J -/
—

To conclude the proof of the proposition, we need a lemma.

Lemma 1.14 Let F be a fundamental mesh for the lattice A C C. Then
C = F + A, or more precisely, for every z € C there is exactly one A € A such that
7+ A € F. Equivalently, we can say that for every z € C there is exactly one w € F
such that z —w € A.
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Proof of the Lemma Let a, b be the Z-basis of A, which defines the fundamental
mesh F, so F = F(a, b). Since a and b are linearly independent over R, they form
a basis of C as an R-vector space. Thus, for a given z € C there are uniquely de-
termined r, v € R with z = ra + vb. There are uniquely determined m,n € Z and
t,s €[0, 1) such that

r=m+t and v=n-+s.
This implies
z=ra+vb=ma+nb+ta+sb
—_———— — —
eA eF

and this representation is unique. U

‘We now show the proposition. As the function f is holomorphic, it is continuous,
so f (F) is compact, hence bounded. For an arbitrary z € C there is, by the lemma,
ale Awithz+A e F,so f(z) = f(z+A) € f(F), which means that the function
f is bounded, hence constant by Liouville’s theorem. O

Proposition 1.1.5 Let F be a fundamental mesh of a lattice A C C and let f be an
A-periodic meromorphic function. Then there is w € C such that f has no pole on
the boundary of the translated mesh F,, = F + w. For every such w one has

/ f()dz=0,
3 Fu

where 0Fy, is the positively oriented boundary of F,.

Proof If f had poles on the boundary of F, for every w, then f would have un-
countably many poles, contradicting the meromorphicity of the function f. We can
therefore choose w in such a way that no poles of f are located on the boundary
of Fy.

/ /

/ w+b/ 47”3 /w+a+b /
| op s g
[T ]

l

The path of integration d.F, is composed of the paths y1, 2, v3, y4 as in the picture.
The path y;3 is the same as yj, only translated by b € A and running in the reverse
direction. The function f does not change when one translates the argument by b
and the change of direction amounts to a change of sign in the integral. Therefore
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we get

f(@dz+ | f(z)dz=0 and similarly f@dz+ | f(dz=0,
7 Vs %) Va

which together give [, 7, /(@) dz=0as claimed. O

Proposition 1.1.6 Let f # 0 be a meromorphic function, periodic with respect to
the lattice A C C and let F be a fundamental mesh for the lattice A. For every
w € C we have

Z res;(f) =0.

zeFy

Proof In case there is no pole on the boundary of F,,, the assertion follows from
the last proposition together with the residue theorem. It follows in general, since
the sum does not depend on w, as congruent points have equal residues. Hence we

have
Yores:(f)= Y. res:(f). .

ze€Fu zeCmod A

Proposition 1.1.7 Let F be a fundamental mesh for the lattice A C C and let f #0
be a A-periodic meromorphic function. Then for every w € C the number of zeros
of f in Fy equals the number of poles of f in JF,. Here zeros and poles are both
counted with multiplicities, so a double pole, for instance, is counted twice.

Proof A complex number z is a zero or a pole of f of order k € Z if the function fT,
has a pole at z( of residue k. Hence the assertion follows from the last proposition,

since the function Lf is doubly periodic with respect to the lattice A as well. g

1.2 The p-Function of Weierstrass

Except for constant functions, we have not yet seen any doubly periodic function.
In this section we are going to construct some by giving Mittag-Leffler sums which
have poles at the lattice points.

We first need a criterion for the convergence of the series that we consider. We
prove this in a sharper form than is needed now, which will turn out useful later. Let
b € C ~. {0} be a fixed number. For every a € C \ Rb the set A, =Za ® Zb is a
lattice.

Lemma 1.2.1 Let A C C be a lattice and let s € C. The series
1
|A]5

reA
A#£0
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converges absolutely if Re(s) > 2. Furthermore, fix b € C \ {0} and consider the
lattice A, for a € C . Rb. The sum Z,\eAa’)\#O ﬁ converges uniformly for all
(a,s) € C x {Re(s) > a}, where C is a compact subset of C \ Rb and o > 2.

Proof Leta and C be as in the lemma. We can assume Re(s) > 0, because otherwise
the series cannot converge as the sequence of its summands does not tend to zero.
Further it suffices to consider the case s € R since for s € C the absolute value of
||~ equals |A|~Re() So, assuming s > 0, the function x — x* is monotonically
increasing for x > 0. Let F(a) be a fundamental mesh for the lattice A, and let

Vas(@= Y | lemmw

reA,
A#£0

We then have
F@| ¥ 5 = [ st +indray.

reA,
A;éO

where |F(a)| is the area of the fundamental mesh F(a). The continuous map
a +— |F(a)| assumes its minimum and maximum values on the compact set C.
One has ¥, s < ¥4 if s > «, so it suffices to show the uniform convergence of

JcVaw(z)dxdy ina.
Let r > 0 be so large that for every a € C the diameter of the fundamental mesh
Fla),

diam(F(a)) = sup{lz — w|: z, w € F(a)}
is less than r. For every z € C we have ¥, (z) = I/\ T for some X, ; € A, with
|z — Aq,z| < r.Forevery a € C and z € C with |z]| > r one has the inequality
Aozl =1raz =2+ 2] S |haz —zl + 2zl <7 +z] <2|z].
On the other hand, for |z| > 2r we have
1
hacl = [hae =2 = (=0 = [Ihae =2l = I2l| = S 2.
Let R = 2r. For |z| > R we have 2%|z|_s < Ya.a(z) <2°|z|™° for every a € C.

The continuous map a +— flz|< g Ya,«(z) dx dy is bounded on the compact set C.
Therefore the series converges uniformly for a € C, if fl =R Iz\" dxdy < 0o. We
now use polar coordinates on C. Recall that the map P : (0, 00) X (—x, 7] — C,
given by

P, 0)= re'” =rcos@ +irsind
is a bijection onto the image C ~\ {0}. The Jacobian determinant of this map is r, so
we get, by the change of variables formula,

/ f(x+iy)dxdy=/ﬂ /oof(reie)rdrdé
Cx - JO
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for every integrable function f. Therefore

o0
/ —dxdy 271/ P ar,
lz1>R 121 R

which gives the claim. g

The following theorem contains the definition of the Weierstrass g-function.

Theorem 1.2.2 Let A be a lattice in C. The series
def 1 1
pOE G+ 2. 1 ,\)2 e
AGA\{O}

converges locally uniformly absolutely in C ~. A. It defines a meromorphic
A-periodic function, called the Weierstrass g-function.

Proof For |z| < || we have | — z| > }|A|. Further it holds that [24 — z| < 3|Al.
So that

21314 10[g|
EETE e

1 1
(z—21)?2 A2

M —(@=1*_]z2r-2)
R R VIR el

Using Lemma 1.2.1, we get locally uniform convergence.
The way the sum is formed, it is not immediate that the gp-function is actually
periodic. For this we first show that it is an even function:

1 1 1 1
=zt ¥ o EtEt Y e

reAN{0}) TN

by replacing A in the sum with —A. Since the series converges locally uniformly, and
the summands are holomorphic, we are allowed to differentiate the series term-wise.

Its derivative,
1
!
D (Z) = _2 )
© (2) E e

reA
is A-periodic. Hence for A € A \2A the function ,50 (z+ 1) — g (2) is constant. We
compute this constant by setting z = —5 % to get 5@( )—g (— ) =0, as g iseven. [J

Theorem 1.2.3 (Laurent-expansion of ) Let r = min{|A|: A € A \ {0}}. For
0 < |z| < r one has

l o0
(@) =7+ @n+ DG,

n=1

where the sum Gy = Gp(A) = ZAGA\{O} )L]_k converges absolutely for k > 4.
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Proof For 0 < |z| <r and A € A \ {0} we have |z/A| < 1, so

1 1 1 > 2\
@—M2 21— )2 =ﬁ<1+,§(k+l)<i> )

and so

o]

1 1 k+1
e o
@=n2 W =

‘We sum over all A and find

 J— 1 & .
PO =5+ k+D) e =+ (k+ DGrp,
k=1 A£0 k=1
where we have changed the order of summation, as we may by absolute conver-
gence. This absolute convergence follows from

oo oo

z — Z
k+2 - 3 k—1
] B &=l
and Lemma 1.2.1. Since g is even, the G4» vanish for odd k. O

1.3 The Differential Equation of the p-Function

The differential equation of the gp-function connects doubly periodic functions to
elliptic curves, as explained in the notes at the end of this chapter.

Theorem 1.3.1 The p-function satisfies the differential equation

(9'(2))? =49°(2) — 60G4 (z) — 140G

Proof We show that the difference of the two sides has no pole, i.e. is a holomorphic
A-periodic function, hence constant.
If 7 # 0 is small we have

2
©'(z) = =+ 6Gaz +20Gez> +---,

SO
424G
(0'@) = % - 5 —80Ge +---
Z Z

On the other hand,

436G
4@3(z)=z—6+z—24+6océ+--~,
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so that

60G
(KJ/(Z))2 —4p3 () = — 7 4_ 140Gg+ - - -

We finally get
(9'(2)° = 49°(@) + 60Gap (2) = — 140G + - -

where the left-hand side is a holomorphic A-periodic function, hence constant. If
on this right-hand side we put z = 0, we see that this constant is —140Ge. 0

1.4 Eisenstein Series

For a ring R we denote by M»(R) the set of all 2 x 2 matrices with entries from R.
In a linear algebra course you prove that a matrix (? Z) € Mz (R) is invertible if and
only if its determinant is invertible in R, i.e. if ad — bd € R*. You may have done
this for R being a field only, but for a ring it is just the same proof. Let GL,(R) be
the group of all invertible matrices in My (R). It contains the subgroup SL;(R) of
all matrices of determinant 1. Consider the example R = Z. We have Z* = {1, —1}.
So GL,(Z) is the group of all integer matrices with determinant 1. The subgroup
SL»(Z) is therefore a subgroup of index 2.

For k e N, k > 4 the series Gy (A) = ZkeA\{O} 2k converges. The set wA is
again a lattice if w € C* and we have

Gr(wA) = wrGr(A).
Recall for o, B € C, linearly independent over R we have the lattice
Ao, B) =Za ®ZLB.

If z is a complex number with Im(z) > 0, then z and 1 are linearly independent
over R. We define the Eisenstein series as a function on the upper half plane

H={z € C:Im(z) >0}

by

1
Gi(z) = Gk(A(Z, 1)) = Z etk
(m,n)#(0,0)
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where the sum runs over all m, n € Z which are not both zero. Using matrix multi-
plication, we can write mz +n = (z 1)('}’:). The group Iy = SLo(Z) acts on the set

of pairs (/) by multiplication from the left. For y = (¢ Z) € I'y we have

ao-g e o) gl ()
Ee o DE) Eleenasal?)

_ & az+b m _k_ —k <az+b)
=(cz+d) Z((cz—i—d’l)(n)) = (cz+d) "Gy cz+d)’

m,n

or

G = )G .
k(cz—i—d) (cz+d) Gi(z)

Proposition 1.4.1 Ifk > 4 is even, then
lim G (iy) =2¢(k),
y—00

where
o0

1
()= —. Re(®)>1,

n=1

is the Riemann zeta function. (See Exercise 1.4.)

Proof One has

Giliy) =2 (k) + (m% iy ¥

m=#0
We show that the second summand tends to zero for y — oco. Consider the estimate

1 1
) ey ) Biew e 2w 2
(o (miy +n)k nk+mkyk

(m,n)
m#0 m#0

Here, every summand on the right-hand side is monotonically decreasing in as y —
oo and tends to zero. Further, the right-hand side converges for every y > 0, so we
conclude by dominated convergence, that the entire sum tends to zero as y — co. []

1.5 Bernoulli Numbers and Values of the Zeta Function

We have seen that Eisenstein series assume zeta-values ‘at infinity’. We shall need
the following exact expressions for these zeta-values later. We now define the
Bernoulli numbers By.
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Lemma 1.5.1 For k =1,2,3, ... there are uniquely determined rational numbers
By such that for |z| < 27 one has

Z 7z zet+1 i
2=z =1- 1 B—
1 2 21 Z( B aor

The first of these numbers are B1 = %, B, = %, B3 = E’ By = %, Bs = 65_6

Proof Let f(2) = z5 + 5 = 2‘52 Then f is holomorphic in {|z| < 27}, so its
power series expans10n converges in thls circle. We show that f is an even function:
zet 41 z1+4e*
R Py e
Therefore there is such an expression with By € C.

Let g(2) = =57 = Y _peg ckz*. We show that the ¢ are all rational numbers. The
equation z = g(z)(e* — 1) gives

fe's] n—1
_§ : n § : Cj
T ’ (j:O (n_‘])')

n=0

So cp =1 and for every n > 2 the number c,_; is a rational linear combination of
the c; with j < n — 1. Inductively we conclude ¢; € Q. O

Proposition 1.5.2 For every natural number k one has
2k—1

_ 2k
. (2k) = 20! Bym .

2 4 6
The first values are { (2) = %, {(4) = Gy, £(6) = 5.

Proof By definition, the cotangent function satisfies

eiZ _i_e*l'Z
cotz=zi——.
ootz =zi

Replacing z by z/2i, this becomes

Z Z zet+1
R t J— —_ - =
2 °° <2i> 21 /@

so that
22k 2k

zeotz=1— Z ———— o

The partial fraction expansion of the cotangent function (Exercise 1.8) is

1 1
weot(mz) = _+Z<Z+m Z—M).
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Therefore

00 22 00 o0 Z2k
zeotz=1+42Y — = =1-2 —
n= n= =

from which we get

By =2 —7-
| 2k 2k
k=1 2kt n=tk=t T
Comparing coefficients gives the claim. O

1.6 Exercises and Remarks

Exercise 1.1 The one-point compactification C=Cu {oo} of C has the following
topology. Open sets are

e open subsets of C, or
e sets V which contain co and have the property that C \. V is a compact subset
of C.

Show that C is compact. Consider the three-dimensional space C x R and let
S={(z,t)e(CxR: |z|2+t2:1}_

Then S is the two-dimensional sphere. Consider the point N = (0, 1) € §, called the
north pole. Show that for every z € C the line through z and N meets the sphere S
in exactly one other point ¢ (z). Show that the resultingA mapp:C— S~ {N}isa
homeomorphism which extends to a homeomorphism C — § by sending oo to N.
This homeomorphism is the reason why C is also called the Riemann sphere.

Exercise 1.2 Let a € C ~ {0}. A function f on C is called simply periodic of pe-
riod a, or a-periodic, if f(z + a) = f(z) for every z € C. Show that if a,b € C are
linearly independent over R, then a function f is A(a, b)-periodic if and only if it is
a-periodic and b-periodic simultaneously. This explains the notion doubly periodic.

Exercise 1.3 A subgroup A C C of the additive group (C, +) is called a discrete
subgroup if A is discrete in the subset topology, i.e. if for every A € A there exists
an open set U, C C such that A N U, = {A}. Show

1. A subgroup A C C is discrete if and only if there is an open set Uy C C with
Uo N A ={0}.

2. If A c Cisadiscrete subgroup, then there are three possibilities: either A = {0},
or there is a Ag € A with A = ZAg, or A is a lattice.

3. A discrete subgroup A C C is a lattice if and only if the quotient group C/A is
compact in the quotient topology.

4. If A C Cis a lattice, then a subgroup ¥ C A is a lattice if and only if it has
finite index, i.e. if the group A /X is finite.
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Exercise 1.4 Show that the sum defining the Riemann zeta function, {(s) =
Y o2 n~*, converges absolutely for Re(s) > 1. One can adapt the proof of
Lemma 1.2.1.

Exercise 1.5 Show that the Riemann zeta function ¢ (s) = ZZOI 1 n~* has the Euler
product

1
(O=[]r—= Re@=>1,
» p

where the product runs over all prime numbers p. (Hint: consider the sequence
sn() =[lpen =5 1_ — . Using the geometric series, write T =Y, p " and
use absolute convergence of the Dirichlet series defining ¢ (s).)

Exercise 1.6 Let «, 8, a’B’ € C with C = Ra + RS = Ra’ + RB’. Show that the
lattices A(a, B) and A(a’, B) coincide if and only if there is (‘C’ 2) € GL,(Z) with

o _[(a b ([«

p) \e a)\g)
Exercise 1.7 Let f be meromorphic on C and A-periodic for a lattice A. Let Fy, =
F + w a translated fundamental mesh for A, such that there are no poles or zeros of
f on the boundary d.F,. Let S(0) be the sum of all zeros of f in JF, counted with

multiplicities. Let S(co) be the sum of all poles of f in F, also with multiplicities.
Show:

S(0) — S(oc0) € A.
(Integrate the function zf'(z)/f (z).)

Exercise 1.8 Prove the partial fraction expansion of the cotangent:

1 1
meot(mz) = _+Z<z+m Z—In>.

(The difference of the two sides is periodic and entire. Show that it is bounded and
odd.)

Exercise 1.9 Let z, w € C and let g be the Weierstrass g-function for a lattice A.
Show that g (z) = g (w) if and only if z + w or z — w is in the lattice A.
Exercise 1.10 Let g be the Weierstrass g-function for a lattice A.

(a) Letay,...,a, and by, ..., b, be complex numbers. Show that the function

[T, 9 — e a)
[T—i 9@ —p®))

f@)=

is even and A-periodic.
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(b) Show that every even A-periodic function is a rational function of g.
(c) Show that every A-periodic meromorphic function is of the form R(g (z)) +
©'(2)Q(p (z)), where R and Q are rational functions.

Exercise 1.11 (Residue theorem for circle segments) Let rg > 0 and let f be a
holomorphic function on the set {z € C: 0 < |z| < rp}, which has a simple pole at
z=0.Leta,b:[0,ryg) - (—m, ) be continuous functions with a(r) < b(r) for
every 0 <r < rg and for 0 <r < rg let y, : (a(r), b(r)) — C the circle segment

v () =re'’. Show:
b(0) — a(0
/ f@dz="0 e p0
T

r%() 2
Exercise 1.12 Let (a,) be a sequence in C. Show that there exists an r € RU {00},
such that for every s € C with Re(s) > r and for no s with Re(s) < r the Dirichlet
series ) > | apn~* converges absolutely.

Remarks Putting g4 = 15G4 and gg = 35G¢ one sees that (x, y) = (g, $'/2)
satisfies the polynomial equation

Y =x" - gax — ge.

This means that the map z > (¢ (z), £'(z)/2) maps the complex manifold C/A
bijectively onto the elliptic curve given by this equation. Indeed, every elliptic curve
is obtained in this way, so elliptic curves are parametrized by lattices. The book
[Sil09] gives a good introduction to elliptic curves.

The Riemann zeta function featured in this section has a meromorphic extension
to all of C and satisfies a functional equation, as shown in Theorem 6.1.3. The
famous Riemann hypothesis says that every zero of the function ¢(s) in the strip
0 <Re(s) < 1 has real part % This hypothesis is considered the hardest problem of
all mathematics.



Chapter 2
Modular Forms for SL;(Z)

In this chapter we introduce the notion of a modular form and its L-function. We
determine the space of modular forms by giving an explicit basis. We define Hecke
operators and we show that the L-function of a Hecke eigenform admits an Euler
product.

2.1 The Modular Group

Recall the notion of an action of a group G on a set X. Thisisamap G x X — X,
written (g, x) — gx, such that 1x = x and g(hx) = (gh)x, where x € X and g, h €
G are arbitrary elements and 1 is the neutral element of the group G.

Two points x, y € X are called conjugate modulo G, if there exists a g € G with
y = gx. The orbit of a point x € X is the set Gx of all gx, where g € G, so the
orbit is the set of all points conjugate to x. We write G\ X or X/G for the set of all
G-orbits.

Example 2.1.1 Let G be the group of all complex numbers of absolute value one,
also known as the circle group
G=T={zeC:|z|=1}.
The group G acts on the set C by multiplication. The map
[0, 00) = G\C,
x> Gx

is a bijection.

An action of a group is said to be transitive if there is only one orbit, i.e. if any
two elements are conjugate.

This is the usual notion of a group action from the left, or left action. Later, in
Lemma 2.2.2, we shall also define a group action from the right.

A. Deitmar, Automorphic Forms, Universitext, 15
DOI 10.1007/978-1-4471-4435-9_2, © Springer-Verlag London 2013
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For given g € G the map x > gx is invertible, as its inverse is x > g~ lx.

The group GL;(C) acts on the set C? . {0} by matrix multiplication. Since this
action is by linear maps, the group also acts on the projective space P!(C), which
we define as the set of all one-dimensional subspaces of the vector space C2. Every
non-zero vector in C> spans such a vector space and two vectors give the same space
if and only if one is a multiple of the other, which means that they are in the same
C*-orbit. So we have a canonical bijection

PH(C) = (C* . {0})/C*.
We write the elements of P! (C) in the form [z, w], where (z, w) € C? . {0} and
zowl=[,w'] & FIneC*:(d,w)=0z2rw).

For w # 0 there exists exactly one representative of the form [z, 1], and the map
7+ [z, 1] is an injection C < P'(C), so that we can view C as a subset of P! (C).
The complement of C in P!(C) is a single point oo = [1, 0], so that P!(C) is the
one-point compactification C of C, the Riemann sphere. We consider the action of

GL2(C) given by g.(z, w) = (z, w)g'; then with g = (¢ z) we have
az+b
. ,1 = b, d B 11 )
glz, 11=laz+b,cz+d] |:cz—|—d ]

if cz + d # 0. The rational function ‘Clﬂg has exactly one pole in the set @, SO we

define an action of GL,(C) on the Riemann sphere by

gZ:{gﬁ if cz+d #0,
00 ifcz+d=0,

if z € C. Note that ¢z +d and az + b cannot both be zero (Exercise 2.1). We finalize
the definition of this action with

g.co= lim
Im(z)—o00

gz_{g if ¢ #0,

oo otherwise.

Any matrix of the form (* ) with & # 0 acts trivially, so it suffices to consider the
action on the subgroup SL,(C) = {g € GL,(C) : det(g) = 1}.

Lemma 2.1.2 The group SL,(C) acts transitively on the Riemann sphere C. The
element (_1 1 ) acts trivially. If we restrict the action to the subgroup G = SL»(R),

o~

the set C decomposes into three orbits: H and —H, as well as the set R=RuU {o0}.

zz—1
11

ular it follows that R lies in the G-orbit of the point co.
For ¢ = (¢ Z) € G and z € C one computes
Im(z)

Im(g.2) = — .
69 = 1 rap

Proof For given z € C one has z = ( )oo so the action is transitive. In partic-
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This implies that G leaves the three sets mentioned invariant. We have (1 )1‘ ).0 =

x € R and (_1 1).O = o0, therefore R is one G-orbit. We show that G acts transi-
tively on H. For a given z = x + iy € H one has

(ﬁ Wil ) '

7= ]

0 —= U

Nz
Definition 2.1.3 We denote by LATT the set of all lattices in C. Let BAS be the set
of all R-bases of C, i.e. the set of all pairs (z, w) € C2, which are linearly indepen-
dent over R. Let BAS™ be the subset of all bases that are clockwise-oriented, i.e.
the set of all (z, w) € BAS with Im(z/w) > 0. There is a natural map

¥ : BAST — LATT,
defined by
U(z,w) =7z Zw.

This map is surjective but not injective, since for example ¥ (z + w, w) = ¥ (z, w).
The group Iy = SLy(Z) acts on BAS™ by y.(z, w) = (z, w)y' = (az + bw, cz +
dw)ify = (? Z) Here we remind the reader that an invertible real matrix preserves
the orientation of a basis if and only if the determinant of the matrix is positive.

The group Iy = SLy(Z) is called the modular group.

Lemma 2.1.4 Two bases are mapped to the same lattice under W if and only if they
lie in the same Iy-orbit. So ¥ induces a bijection

¥ : IH\ BAST = LATT.

Proof Let (z, w) and (z’, w’) be two clockwise-oriented bases such that ¥ (z, w) =
A=Y (Z,w). Since 7/, w’ are elements of the lattice generated by z and w, there
are a, b, c,d € Z with (', w') = (az + cw, bz + dw) = (z, w)(i Z) Since, on the
other hand, z and w lie in the lattice generated by 7z’ and w’, there are &, 8, v, 8 € Z
with (z, w) = (Z/,w’)(‘;l’g), S0 (z,w)(’;fl)(aﬁ) = (z,w). As z and w are lin-

y 8
early independent over R, it follows that (‘c‘ Z)()O: 'g) = (1 1) and so g = (‘c’ Z)

is an element of GL,(Z). In particular one gets det(g) = 1. Since g maps the
clockwise-oriented basis (z, w) to the clockwise-oriented basis (z/, w’), one con-
cludes det(g) > 0, i.e. det(g) = 1 and so g € Iy, which means that the two bases are
in the same [p-orbit. The converse direction is trivial. O

The set BAS™ is a bit unwieldy, so one divides out the action of the group
C*. This action of C* on the set BAS™ is defined by £(a, b) = (£a, £b). One
has (a, b) = b(a/b, 1), so every C*-orbit contains exactly one element of the form
(z, 1) with z € H. The action of C* commutes with the action of I, so C* acts
on I'p\ BAS™. On the other hand, C* acts on LATT by multiplication and the map
Y translates one action into the other, which means ¥ (A(z, w)) = AW (z, w). As
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¥ is bijective, the two C*-actions are isomorphic and ¥ maps orbits bijectively to
orbits, so giving a bijection

~

W : [\ BAST /C* = LATT/C*.

Now let z € H. Then (z, 1) € BAS*. For y = (¢ Z) € I one has, modulo the C*-
action:

+d

Letting Iy act on H by linear fractionals, the map z — (z, 1)C* is thus equivariant
with respect to the actions of I7.

b
(z, )y'C* =(az+b,cz+d)C* = (az + , 1>CX-
cz

Theorem 2.1.5 The map z +— Zz + 7Z induces a bijection

IO\H => LATT/C*.

Proof The map is a composition of the maps

To\H % I\ BAST /C* = LATT/C*,
so it is well defined. We have to show that ¢ is bijective.

To show surjectivity, let (v, w) € BAST. Then (v, w)C* = (v/w, 1)C* and
v/w € H, so ¢ is surjective. For injectivity, assume ¢ (1z) = ¢ ({ow). This means
Ty(z, DC* = Iy(w, DT>, so there are y = (“ ) € Iy and & € C* with (w, 1) =
y (z, 1)A. The right-hand side is

y(z, DA=Alaz+b,cz+d) = (w, 1).
az+b

Comparing the second coordinates, we get A = (cz +d)~' and so w = oxd = V5
as claimed.

The element —1 = (_1 B 1) acts trivially on the upper half plane H. This moti-
vates the following definition.

Definition 2.1.6 Let I'o = I/ = 1. For a subgroup I” of Iy let I” be the image of
I' in I"g. Then we have

TR [[b:I'] if—1el,
[(Fo: 1] = %[FO:F] otherwise.
Let
def (0 —1 def (11
—<1 0 ) T_<0 1>'
One has

Sz=—, Tz=z+1,
z
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as well as S2 = —1 = (ST)3. Denote by D the set of all z € H with | Re(z)| < % and
|z| > 1, as depicted in the next figure. Let D be the closure of D in H. The set D is
a so-called fundamental domain for the group SL,(Z); see Definition 2.5.17.

i
- ./.\ez,”/o

I
N
(=]
D=

Theorem 2.1.7

(a) For every z € H there exists a y € Iy with yz € D.

®) Ifz,we D, with 7 # w, lie in the same I'y-orbit, then we have Re(z) = :l:%
andz=w=x1,o0r|z]| =1 and w = —1/z. In any case the two points lie on
the boundary of D.

(c) For z € H let Iy, be the stabilizer of 7 in Iy. For z € D we have Iy, =
{£1} except when

e z=i,then I is a group of order four, generated by S,
e z=p= 627”/‘3, then Iy ; is of order six, generated by ST,
o z=—p=e""3 then Ib.; is of order six, generated by T'S.

(d) The group I is generated by S and T .

Proof Let I'” be the subgroup of Iy generated by § and 7. We show that for every

zthhereisay’eF’withy/zeB.Soletg:(‘;Z)inF/.Forze]HIonehas

Im(z)
Im(gz) = —.
62 =1 ap
Since ¢ and d are integers, for every M > 0 the set of all pairs (c,d) with
|cz + d| < M is finite. Therefore there exists y € I’ such that Im(yz) is maxi-
mal. Choose an integer n such that 7"y z has real part in [—1/2,1/2]. We claim
that the element w = T"yz lies in D. It suffices to show that |[w| > 1. Assuming
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|w| < 1, we conclude that the element —1/w = Sw has imaginary part strictly big-
ger than Im(w), which contradicts our choices. So indeed we get w = T"yz in D
and part (a) is proven.

We now show parts (b) and (c). Let z € D and let 1 # y = (’Z Z) € Iy with
¥z € D. Replacing the pair (z, ) by (yz, y 1), if necessary, we assume Im(yz) >
Im(z), so |cz 4+ d| < 1. This cannot hold for |c| > 2, so we have the cases ¢ =
0,1,—1.

e If c =0, then d = %1 and we can assume d = 1. Then yz =z + b and b # 0.
Since the real parts of both numbers lie in [—1/2, 1/2], it follows that b = +£1
and Re(z) = £1/2.

e If ¢ =1, then the assertion |z + d| < 1 implies d = 0, except if z = p, —p, in
which case we can also haved =1, —1.

— Ifd=0, then |z| =1 and ad — bc = 1 implies b= —1,s0 gz=a — 1/z and
we conclude a = 0, except if Re(z) = :l:%, s0OzZ=p,—p.

—Ifz=pandd=1,thena—b=1andgp=a—1/(1+p)=a-+p,soa=0,1.
The case z = —p is treated similarly.

e If ¢ = —1, one can replace the whole matrix with its negative and thus can apply
the case c = 1.

Finally, we must show that Iy = I"’. For this let y € I and z € D. Then there is
y' el withy'yz=z,s0y=y"lerl. O

2.2 Modular Forms

In this section we introduce the protagonists of this chapter. Before that, we start
with weakly modular functions.

Definition 2.2.1 Let k € Z. A meromorphic function f on the upper half plane H
is called weakly modular of weight k if

az+b\ _ k
f(cz+d>—(cz+d) f@)

holds for every z € H, in which f is defined and every (¢ Z) € SLy(7Z).
Note: for such a function f # 0 to exist, kK must be even, since the matrix (71 -1 )
lies in SLy(Z).

Foro:(‘;Z

az+b
cz+d

) € G we denote the induced map z > oz =
dloz) 1
dz  (cz+d)?’
We deduce from this that a holomorphic function f is weakly modular of weight 2
if and only if the differential form w = f(z) dz on H is invariant under Iy, i.e. if
y*w = w holds for every y € I, where y*w is the pullback of the form w under
the map y : H — H.

again by o. Then
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More generally, we define for k € Z and f:H — C:

e _ b
Fleo @) € ez +a) kf(‘cfid),

where o = (‘C’ Z) € G. If k is fixed, we occasionally leave the index out, i.e. we write

flo=flo.

Lemma 2.2.2 The maps f — f|o define a linear (right-)action of the group G on
the space of functions f :H — C, i.e.

e forevery o € G the map f +> f|o is linear,
e one has f|1 = f and f|(co’) = (flo)|o’ forallo,0’ € G.

Every right-action can be made into a left-action by inversion, i.e. one defines
of = flo~! and one then gets (c0') f = o (o' f).

Proof The only non-trivial assertion is f|(co’) = (f|o)|o’. For k = 0 this is sim-
ply:
fleo’) @) = f(oo'z) = flo(oz) = (flo)lo' (2).
Let j(o,z) = (cz + d). One verifies that this ‘factor of automorphy’ satisfies a
so-called cocycle relation:
j(o0’,2) =j(0.0"2)j (0", 2).
As flro(z) = j(0,2) 7% floo(z), we conclude

fli(o6")@) = j(00”,2) " flo(oo”)2)
= j(0.0'2) F (0" 2) T (Floo)oo’ @) = (flioko' (). U

Lemma 2.2.3 Let k € 2Z. A meromorphic function f on H is weakly modular of
weight k if and only if for every z € H one has

f@+D)=f(@) and f(-1/2)=7"f(2).

Proof By definition, f is weakly modular if and only if f|,y = f forevery y € Iy,
which means that f is invariant under the group action of Ij. It suffices to check
invariance on the two generators S and T of the group. O

We now give the definition of a modular function. Let f be a weakly modular
function. The map ¢ : z — ¢2™Z maps the upper half plane surjectively onto the
pointed unit disk D* = {z € C: 0 < |z| < 1}. Two points z, w in H have the same
image under ¢ if and only if there is m € Z such that w = z + m. So ¢ induces a
bijection ¢ : Z\H — D*. In particular, for every weakly modular function f on H
there is a function  on D* ~ g ({poles}) with

f@=f(q@).
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This means that for w € D* we have

f(w)=f(1°gl.”),

2mi

where log w is an arbitrary branch of the holomorphic logarithm, being defined in a
neighborhood of w. Then f is a meromorphic function on the pointed unit disk.

Definition 2.2.4 A weakly modular function f of weight k is called a modular
Sfunction of weight k if the induced function f is meromorphic on the entire unit
diskD={ze€C:|z] < 1}.

Suggestively, in this case one also says that f is ‘meromorphic at infinity’. This
means that f (¢g) has at most a pole at ¢ = 0. It follows that poles of f in D* cannot
accumulate at ¢ = 0, because that would imply an essential singularity at g = 0. For
the function f it means that there exists a bound 7 = Ty > 0 such that f has no
poles in the region {z € H : Im(z) > T}.

The Fourier expansion of the function f is of particular importance. Next we
show that the Fourier series converges uniformly. In the next lemma we write
C®°(R/Z) for the set of all infinitely often differentiable functions g : R — C, which
are periodic of period 1, which means that one has g(x + 1) = g(x) for every x € R.

Definition 2.2.5 Let D C R be an unbounded subset. A function f : D — C is said
to be rapidly decreasing if for every N € N the function x" f(x) is bounded on D.
For D = N one gets the special case of a rapidly decreasing sequence.

Examples 2.2.6

e For D =N the sequence a; = % is rapidly decreasing.

e For D = [0, co) the function f(x) = e™* is rapidly decreasing.
e For D =R the function f(x) = e is rapidly decreasing.

Proposition 2.2.7 (Fourier series) If g is in C®°(R/Z), then for every x € R one
has

gx) =) cr(g)e”™ ™,

keZ

where ci(g) = fol g(O)e >k dt and the sum converges uniformly. The Fourier co-
efficients cy = c(g) are rapidly decreasing as functions in k € Z.

The Fourier coefficients ci(g) are uniquely determined in the following sense:
Let (ax)kez be a family of complex numbers such that for every x € R the identity

o0
g(x)z Z ake27‘[ikx

k=—o00

holds with locally uniform convergence of the series. Then it follows that ay = c(g)
for every k € Z.
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Proof Using integration by parts repeatedly, we get for k # 0,

1
/ g/(t)e—kat dt
0

- ‘—Znik

1 ! ,
— ' yPeTE: / g//(t)e—kat dt

1
< (47[2](2)" /0 g(2n) (t)efﬁnkt dt

So the sequence (ci(g)) is rapidly decreasing. Consequently, the sum ZkeZ lck(g)]
converges, so the series ) ;. ck (g)e>™** converges uniformly. We only have to
show that it converges to g. It suffices to do that at the point x = 0, since, assuming
we have this convergence at x = 0, we can set g (¢) = g(x +¢) and we see

g(x) =g:(0) =Y ci(gx)-
k

1 .
lek ()| = ‘ fo g(e 2"k gy

By ck(gx) = fol gt + x)e 2kt gp — ez’”kxck(g) we get the claim. So we only
have to show g(0) = ), ck(g). Replacing g(x) with g(x) — g(0), we can assume
£(0) =0, in which case we have to show that ), cx(g) =0. Let

g(x)
e2mix _1°

h(x) =

As g(0) =0, it follows that h € C*°(R/Z) and we have

1
cr(g) = / h) (27 = 1)e ™ dx = e (h) — cx (h).
0

Since h € C*®(R/Z), the series ) , cx(h) converges absolutely as well and
Yorck(®) =2 i (ck—1(h) —ck(h)) =0.

Now for the uniqueness of the Fourier coefficients. Let (ax)rez be as in the
proposition. By locally uniform convergence the following interchange of integra-
tion and summation is justified. For [ € Z we have

1 1 ©
Cl(g)=/ g(t)e_2”’l’dt=/ Z gk g=2milt gy
0 0 k=—o00

0 1
— Z ak/ eante—2mltdt.
0

k=—00
One has
1 1 .
/ o2kt p=2milt g, :/ 2T =Dt gy { 1 ifk= l',
0 0 0 otherwise.
This implies ¢;(g) = a;. O

This nice proof of the convergence of Fourier series is, to the author’s knowledge,
due to H. Jacquet.
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Let f be a weakly modular function of weight k. As f(z) = f(z+ 1) and f is
infinitely differentiable (except at the poles), one can write it as a Fourier series:

+00

fatin= Y e,

n=-—00
if there is no pole of f on the line Im(w) = y, which holds true for all but countably
many values of y > 0. For such y the sequence (¢, (y)),ez is rapidly decreasing.

Lemma 2.2.8 Let f be a modular function on the upper half plane H and let T > 0
such that f has no poles in the set {Im(z) > T}. For everyn € Z and y > T one has
cn(y) = ape™ 2" for a constant a,. Then

+o0
f(Z): Z aneZﬂan7

where —N is the pole-order of the induced meromorphic function f at q =0. For
every y > 0, the sequence ane™" is rapidly decreasing.

Proof The induced function f with f(z) = f(q(z)) or f(q) = f (k’i‘?) is mero-

2mi
morphic around g = 0. In a pointed neighborhood of zero, the function f therefore

has a Laurent expansion

o0
=E apw

n=—oo

Replacing w by ¢g(z), one gets

(Z) Z a, eZmnz

n=—oo

The claim follows from the uniqueness of the Fourier coefficients. g

Note, in particular, that the Fourier expansion of a modular function f equals the
Laurent expansion of the induced function f.

Definition 2.2.9 A modular function f is called a modular form if it is holomorphic
in the upper half plane H and holomorphic at oo, i.e. a,, = 0 holds for every n < 0.

A modular form f is called cusp form if additionally ag = 0. In that case one
says that f vanishes at co.

As an example, consider Eisenstein series G for k > 4. Write ¢ = ez,

Proposition 2.2.10 For even k > 4 we have
Qri)k

Gir(2) =20 (k) + 2 1),Zak 1mq",

where oy (n) = Y_,, d* is the kth divisor sum.
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Proof On the one hand we have the partial fraction expansion of the cotangent func-
tion

Z+m zZ—

ncot(nz)—g—i-Z( ! 1m>’

and on the other

cos(r +1 2mi
weot(wz) =mw— ( Z)zinq =m’——l=m'—2m'2q”.
sin(m z) q—1 1—gq o
So
SRR -
- =mi — 2mi .
z zZ+m z—m n:oq

We repeatedly differentiate both sides to get for k > 4,

1
( an)k k—1 n
”%(Z—i-m)k (k Z

The Eisenstein series is

1
Gr(@) = Z (nz +m)k 2§(k)+222(nz+m)k

(n,m)#(0,0) n=1meZ
2( 27Tl) k—1 ad
=%+ sz
d=la=1
2(2m)’c st
=2¢(k) + 1),Zak 1(n)g".
The proposition is proven. U

Let f be a modular function of weight k. For y € I the formula f(yz) =
(cz +d)* £ (z) shows that the orders of vanishing of f at the points z and y z agree.
So the order ord, f depends only on the image of z in Ip\H.

We further define ord(f) as the order of vanishing of f(g) at ¢ =0, where
f (€*™%) = f(z). Finally let z € H be equal to the number 2e,, the order of the
stabilizer group of z in I, s0 e, = ‘F%z‘ . Then

2 if z lies in the I'y-orbit of i,

e; =13 ifz lies in the I-orbit of p = €27/3,

1 otherwise.

Here we recall that the orbit of an element w € H is defined as

Iy-orbit(w) = Iyw = {y.w :y € Ip}.
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Theorem 2.2.11 Let f # 0 be a modular function of weight k. Then

1 k
ordeo(f) + 3, —ord:(f) = 5.

e
zelp\H <

Proof Note first that the sum is finite, as f has only finitely many zeros and poles
modulo I. Indeed, in I\ H these cannot accumulate, by the identity theorem. Also
at oo they cannot accumulate, as f is meromorphic at oo as well.

We write the claim as

1 1 k
ordoo (f) + 5 0rd; (f) + S ordy (f) + > ord(f) = ol
£

Let D be the fundamental domain of I as in Sect. 2.1. We integrate the function

21?% along the positively oriented boundary of D, as in the following figure.

T

Assume first that f has neither a zero or a pole on the boundary of D, with the
possible exception of i or p, —p. Let C be the positively oriented boundary of D,
except for i, p, —p, which we circumvent by circular segments as in the figure.
Further, we cut off the domain D at Im(z) = T for some T > 0 which is bigger than
the imaginary part of any zero or pole of f. By the residue theorem we get

1 Vi
= | F= ord; (f).
2mi C f ze%‘:H
Z#L,p
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On the other hand:

(a) Substituting g = €2™Z we transform the line % +iT, —% + iT into a circle w
around g = 0 of negative orientation. So

_Lir o 77
L[ L—Lfiz—ordoo(f).

i Jiyr  f 2milde f
(b) The circular segment k(o) around p has angle %’T By Exercise 1.11 we con-
clude:
1 f 1
— — — ——ord ,
2mi k(p) f 6 p(f)

as the radius of the circular segment tends to zero. Analogously, one treats the
circular segments k(i) and k(—p),

1 ! 1 1 !
I S Y
2mi k(i) f 2 2mi k(=p) f
(c) The vertical path integrals add up to zero.
(d) The two segments s1, 52 of the unit circle map to each other under the transform
7+ Sz=—z"'. One has

fT(SZ)S/(Z) = g + fT(Z).

1
— 5 ord, (f).

So
1 /o1 S f! f! /
i ], 7 [ [ (o Fsaso) e
1 k k
=—— | —dz— —.
2mi Jy, z 12

Comparing these two expressions for the integral, letting the radii of the small cir-
cular segments shrink to zero, one obtains the result.

If £ has more poles or zeros on the boundary, the path of integration may be
modified so as to circumvent these, as shown in the figure. g

Let My = My (I'p) be the complex vector space of all modular forms of weight
k and let Sy be the space of cusp forms of weight k. Then Sy C My, is the kernel of
the linear map f — f(ico). By definition, it follows that

MMy C Miqa,

which means that if f € My and g € M, then fg € M.
Note that a holomorphic function f on H with f|yy = f for every y € Iy lies
in My if and only if the limit

lim  f(2)

Im(z)—o00

exists.
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The differential equation of the Weierstrass function g features the coefficients
g4 =60Gy4, g6 = 140Ge.

It follows that g4(ioco) = 1204 (4) and gg(ioo) = 280¢(6). By Proposition 1.5.2 we
have

4 6

T T
4= 90" and ¢(6) = YT

So with
A=gl—27g;,

it follows that A(ico) =0, i.e. A is a cusp form of weight 12.

Theorem 2.2.12 Let k be an even integer.

(@) If k <0 ork=2, then M =0.

(b) Ifk=0,4,6,8, 10, then My, is a one-dimensional vector space spanned
by 1, G4, Gg, Gg, G, respectively. In these cases the space Sy is zero.

(c) Multiplication by A defines an isomorphism

Mk_lz i) Sk.

Proof Take a non-zero element f € M. All terms on the left of the equation

Ordoe () + 3 0 () + 30, (1) Y ond() = 15
zelp\H
Z#i,p
are > 0. Therefore £k > 0 and also k # 2, as 1/6 cannot be written in the form
a+b/2+ c/3 with a, b, c € Ny. This proves (a).
If 0 < k < 12, then ords (f) = 0, and therefore Sy = 0 and dim My < 1. This
implies (b).
The function A has weight 12, so k = 12. It is a cusp form, so ords,(A) > 0. The
formula implies ords, (A) = 1 and that A has no further zeros. The multiplication
with A gives an injective map My_12 — Sk and for 0 # f € S; we have f/A €

Mj_12, so the multiplication with A is surjective, too. g
Corollary 2.2.13
(a) One has
) [k/12] if k=2mod 12,k >0,
dim M = :
[k/12]+1 if k#£2mod12,k > 0.

(b) The space My has a basis consisting of all monomials G}' Gy with m,n € Ny
and 4m + 6n =k.
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Proof (a) follows from Theorem 2.2.12. For (b) we show that these monomials span
the space My. For k < 6, this is contained in Theorem 2.2.12. For k > 8 we use
induction. Choose m, n € Ny such that 4m + 6n = k. The modular form g = G}' G¢
satisfies g(o0o) # 0. Therefore, for given f € M there is A € C such that f — Ag is
a cusp form, i.e. equal to Ak for some i € Mj_1>. By the induction hypothesis the
function 4 lies in the span of the monomials indicated, and so does f.

It remains to show the linear independence of the monomials. Assume the con-
trary. Then a linear equation among these monomials of a fixed weight would lead to
a polynomial equation satisfied by the function G3 1/ G2, which would mean that this
function is constant. This, however, is impossible, as the formula of Theorem 2.2.11
shows that G4 vanishes at p, but Gg does not. O

Let M = ;2 ) My be the graded algebra of all modular forms. One can formu-
late the corollary by saying that the map
CIX,Y]> M, X G4, Y Gg
is an isomorphism of C-algebras.

‘We have seen that

Gi(z) =2¢(k) +2

1), Zak 1(m)g",

where oy (n) = de d*. Denote the normalized Eisenstein series by Ej(z) =
Gi(2)/(2¢(k)). With y; = (— 1)’</2%2 we then have

Ex@ =14y or1(nq".

n=1
Examples

o0 o0

E4=1+240) " o3(n)q", Es =1-504) os(n)q",
n=1 n=1

Eg=1+480) o7(n)q". Eg=1-264) o0o(n)q",
n= 1 n=1

65520 .
Epn= oL ZGH(”)CI

Remark As the spaces of modular forms of weights 8 and 10 are one-dimensional,
we immediately get

Ei:Eg, E Eq = Ep.
These formulae are equivalent to

n—1

07(n) = 03(n) +120 ) 03(m)03(n — m)

m=1
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and
n—1
L1o9(n) =2los(n) — 1003(n) + 5040 Y _ o3(m)os(n — m).
m=1
It is quite a non-trivial task to find proofs of these number-theoretical statements
without using analysis!

2.3 Estimating Fourier Coefficients

Our goal is to attach so-called L-functions to modular forms by feeding their Fourier
coefficients into Dirichlet series. In order to show convergence of these Dirichlet
series, we must give growth estimates for the Fourier coefficients. Let

o
f@ =) anq", q=e""

n=0

be a modular form of weight k£ > 4.

Proposition 2.3.1 If f = Gy, then the Fourier coefficients a,, grow like n*='. More

precisely: there are constants A, B > 0 with
Ank1 <lan| < Bnk1,

Proof There is a positive number A > 0 such that for n > 1 we have |a,| =
Aoy_1(n) > An*—1. On the other hand,

A 1 o 1
T =AY I SAY g = ALk =) <o O
din d=1

Theorem 2.3.2 (Hecke) The Fourier coefficients a, of a cusp form f of weight
k > 4 satisfy

a, = O(nk/z).

The O-notation means that there is a constant C > 0 such that

lan| < Cnk/?.

Proof Since f is a cusp form, it satisfies the estimate f(z) = O(q) = O(e ™)
for ¢ — 0 or y — oo. Let ¢(z) = y*/?| f(z)|. The function ¢ is invariant under
the group [Iy. Furthermore, it is continuous and ¢(z) tends to O for y — oo. So
¢ is bounded on the fundamental domain D of Sect. 2.1, so it is bounded on all
of H. This means that there exists a constant C > 0 with | f(z)| < Cy~*/? for every
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z € H. By deﬁnition, a,; = f()l f(x + ly)q_n dx’ so that |an| < Cy—k/2€27rny, and
this estimate holds for every y > 0. For y = 1/n one gets |a,| < e** Cn¥/?. O

Remark 1t is possible to improve the exponent. Deligne has shown that the Fourier
coefficients of a cusp form satisfy

ay = 0(n§7%+8)

for every ¢ > 0.

Corollary 2.3.3 For every f € My (Ip) with Fourier expansion

f(Z) — Zanezmnz

n=0
we have the estimate

a, = O(nk_l).

Proof This follows from My = Sy + CGy, as well as Proposition 2.3.1 and Theo-
rem 2.3.2. O

2.4 L-Functions

In this section we encounter the question of why modular forms are so important
for number theory. To each modular form f we attach an L-function L(f, s). These
L-functions are conjectured to be universal in the sense that L-functions defined in
entirely different settings are equal to modular L-functions. In the example of L-
functions of (certain) elliptic curves this has been shown by Andrew Wiles, who
used it to prove Fermat’s Last Theorem [Wil95].

Definition 2.4.1 For a cusp form f of weight k with Fourier expansion

f(Z) _ Zanebn’nz’

n=1

we define its L-series or L-function by
o0

L(f,s):ZZ—n seC.

s b
n=1

Lemma 2.4.2 The series L(f, s) converges locally uniformly in the region Re(s) >
k

5+ 1

2

Proof From a,, = O(nk/z), as in Theorem 2.3.2, it follows that
a,n_* = O(ng_Re(s)),

which implies the claim. g
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For the functional equation of the L-function we need the Gamma function, the
definition of which we now recall.

Definition 2.4.3 The Gamma function is defined for Re(z) > 0 by the integral

o
I'(z) =/ e 'tV dr.
0

Lemma 2.4.4 The Gamma integral converges locally uniformly absolutely in the
right half plane Re(z) > 0 and defines a holomorphic function there. It satisfies the
functional equation

I'z+1)=zI"(2).
The Gamma function can be extended to a meromorphic function on C, with simple

="

n!

poles at z = —n, n € Ny and holomorphic otherwise. The residue at 7 = —n is

Proof The function e ™" decreases faster at 400 than any power of 7. Therefore the
integral floo e~'1*~1dr converges absolutely for every z € C and the convergence
is locally uniform in z. For 0 < < 1 the integrand is < tR®@~1 5o the integral
fol e~'1*~1 dt converges locally uniformly for Re(z) > 0. As z¢%~! is the derivative
of t%, we can use integration by parts to compute

oo , o0
zF(z):/ e (1) dt:—e“t2’8°+/ et dt.
0 _—  Jo

=0 =I'(z+1)

The function I"(z) is holomorphic in Re(z) > 0. Using the formula
1
I'(z) = EF(“_ 1),

we can extend the Gamma function to the region Re(z) > —1 with a simple pole at
z =0 of residue equal to I'(1) = fooo e~'dt = 1. This argument can be iterated to
get the meromorphic continuation to all of C. O

Theorem 2.4.5 Let f be a cusp form of weight k. Then the L-function L(f,s),
initially holomorphic for Re(s) > % + 1, has an analytic continuation to an
entire function. The extended function

def

A(f,5) = Q)" T ($)L(f,9)
is entire as well and satisfies the functional equation
A(f.$) = (D2 A(f k= 5).

The function A(f,s) is bounded on every vertical strip, i.e. for every T > 0
there exists Ct > 0 such that | A(f, s)| < Ct forevery s € C with |[Re(s)| <T.
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Proof Let f(z) =Y oo, anq" with ¢ = ™12 be the Fourier expansion. According
to Theorem 2.3.2 there is a constant C > 0 such that |a,| < Cn*/? holds for every
n € N. So for given ¢ > 0 we have for all y > ¢,

)
§ :ane—2nny

n=1

00
< Cznk/Ze—Zﬂny < De—ny’

n=1

|fiy)|=

with D=C) 2, n*/2¢=¢T" < o0, So the function f(iy) is rapidly decreasing as
y — 00. The same estimate holds for the function y > Y o, la,|e=2™". Conse-
quently, for every s € C we have

0o 00
/ Zlan|e_2”y”|ys_l|dy < o0.
€ n=1

Hence we are allowed to interchange sums and integrals in the following computa-
tion due to absolute convergence:

*© 1 & 2 1
/ Fliy)y™ dy=/ > ane ™y dy
& & n=1

For Re(s) > % + 1 the right-hand side converges to

@m)* T ()L(f,5) = A(f. 9),

as ¢ tends to zero. On the other hand, f (i 5) = f(—%) = (yi)* f(iy), sothat f(i/y)
is also rapidly decreasing, and the left-hand side converges to fooo fly)y*~ldy, as
& — 0. Together, for Re(s) > % + 1 we get

/0 £y~ dy = A(f.s).

We write this integral as the sum fol + loo. As f(iy) is rapidly decreasing, the in-

tegral A1(f,s) = floo f@iy)y*~!dy converges for every s € C and defines an entire
function.
Because of

sl = [l a

the function Aj(f, s) is bounded on every vertical strip.
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For the second integral we have

1 ) d 00 1 d 00 ' d
A2(fas)=/ f(ly)yx—y=/ f(l—)y S—y=(—1)k/2/ Fiyy 2,

0 y 1 y y 1 y
which means Ay (f, s) = (—D¥2A1(f, k —5), so the claim follows. O

Generally, a series of the form

> a
Lis)=) —
n=1
for s € C, convergent or not, is called a Dirichlet series. The following typical con-

vergence behavior of a Dirichlet series will be needed in the sequel.

Lemma 2.4.6 Let (a,) be a sequence of complex numbers. If for a given sy € C
the sequence :T”o is bounded, then the Dirichlet series L(s) = oo, % converges

absolutely uniformly on every set of the form
{s € C:Re(s) = Re(sp) + 1 + ¢},

where ¢ > 0.

This lemma reminds us of the convergence behavior of a power series. This is by
no means an accident, as the power series with coefficients (a,) and the correspond-
ing Dirichlet series are linked via the Mellin transform, as we shall see below.

Proof Suppose that |a,n™0| < M for some M > 0 and every n € N. Let ¢ > 0 be
given and let s € C with Re(s) > Re(sg) + 1 4+ . Then s = 59 + o with Re(a) >
1+ &, and so

a, a, 1 1
— | =l— == <M——.
ns n% | pRe(@) — nlte
As the series over 1/n!7¢ converges, the lemma follows. O

Theorem 2.4.7 (Hecke’s converse theorem) Let a, be a sequence in C,
such that the Dirichlet series L(s) = Y v ayn™* converges in the region
{Re(s) > C} for some C € R. If the function A(s) = 2m) ' (s)L(s) extends
to an entire function, which satisfies the functional equation

Al) = (=D Atk - ),

then there exists a cusp form f € Sy with L(s) = L(f,s).

Proof We use the inversion formula of the Fourier transform: For f € L' (R) let

fo) =/ F(x)e 2 dx.
R
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Suppose that f is two times continuously differentiable and that the functions
f. f', f" are all in L'(R). Then f(y) = O((1 + |y|)~2), so that f € L'(R). Un-
der these conditions, we have the Fourier inversion formula:

Fo) = f(—).

A proof of this fact can be found in any of the books [Dei05, Rud87, SW71]. We
use this formula here for the proof of the Mellin inversion formula.

Theorem 2.4.8 (Mellin inversion formula) Suppose that the function g is two
times continuously differentiable on the interval (0, 0c0) and for some c € R the

functions
xcg(x)’ xc-‘rlg/(x), xc+28//(x)

are all in € L1 R4, “;—x). Then the Mellin transform

. oo d
Ma(s) d:f/ Pe
0 X

exists for Re(s) = ¢, and satisfies the growth estimate Mg(c +it) = O((1 +
|11)72). Finally, for every x € (0, o) one has the inversion formula:

1 c+ioo
gx)= —/ xS Mg(s)ds.
2ni J.

—ioo

Proof A given s € C with Re(s) = ¢ can be written as s = ¢ — 2ziy for a unique
y € R. The substitution x = ¢’ gives

Mg(s) =/ e‘”g(e’)dt =/ e“g(e’)e_zmyt dt = ﬁ(y),
R R

with F(t) = e g(e"). The conditions imply that F is two times continuously dif-
ferentiable and that F, F’, F” are all in L' (R). Further, one has F(y) = Mg(c —
2miy). By the Fourier inversion formula we deduce

ectg(ef):F(t):F:'(_t)Z/ ﬁ'(y)eZNiytdy
R

. ct c+ioo
=/Mg(c—27riy)ezmy’dy=; / Mg(s)e *" ds.
R Tl Je—ioco

The theorem is proven. g
We now show Hecke’s converse theorem. Let a, be a sequence in C, such that

the Dirichlet series L(s) = Z;‘;l apn—* converges in the region {Re(s) > C} for a
given C € R. We define

o
f(Z) — ZaneZHinZ.
n=1
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According to Lemma 2.4.6 there is a natural number N € N such that the Dirichlet
series L(s) converges absolutely for Re(s) > N. Therefore one has a, = O(n"),
so the series f(z) converges locally uniformly on the upper half plane H and de-
fines a holomorphic function there. We intend to show that it is a cusp form of
weight k. Since the group I is generated by the elements S and T, it suffices
to show that f(—1/z) = zXf(z). As f is holomorphic, it suffices to show that
[/y) = @iy)* f(iy) for y > 0.

We first show that the Mellin transform of the function g(y) = f(iy) exists and
that the Mellin inversion formula holds for g. We have

00
Z aneonny

o0
< const. E nNe=2mny,

|fy)|=
n=1 n=1
Denote gy (y) = > o0 nNe 2T Let
> 1 1
_ —2mny __ _
Qo= M == 3y THO)

n=0

for some function /& which is holomorphic in y = 0. Then

a1
an(y) = 2s" () = S+ Vo),

(=2m)N

so |gn(Y)| < yCH for y — 0. The same estimate holds for f(iy). For y > 1 the

function | f (iy)] is less then a constant times

00 o0
gN(Y) — ZnNe—Znny < e—ZJ'r(y—l) ZnNe—Zrm — e_ZJTyEZHgN(l).

n=1 n=1
So the function f(iy) is rapidly decreasing for y — oco. The same estimates hold
for every derivative of f, increasing N if necessary. So the Mellin integral Mg(s)
converges for Re(s) > N + 1 and since f(iy) is rapidly decreasing for y — oo, the
conditions for the Mellin inversion formula are satisfied. Hence by Theorem 2.4.8
we have for every ¢ > N + 1,

1 c+ioo
=5 [ ayas
270 Je—ico
We next use a classical result of complex analysis, which itself follows from the
maximum principle.

Lemma 2.4.9 (Phragmén—Lindelof principle) Let ¢ (s) be holomorphic in the strip
a < Re(s) < b for some real numbers a < b. Assume there is a > 0, such that for
every a <o < b we have ¢ (o +it) = O(e!""). Suppose there is M € R with ¢ (o +
it)=0((1+t)DM) for 0 = a and o = b. Then we have ¢ (o +it) = O((1 +|t)M)
uniformly for all o € [a, b].

Proof See for instance [Con78], Chap. VI, or [Haz01, SS03]. O
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We apply this principle to the case ¢ = A and a =k — ¢ as well as b =c. We
move the path of integration to Re(s) = ¢ = k — ¢, where the integral also con-
verges, according to the functional equation. This move of the integration path is
possible by the Phragmén—Lindeldf principle. We infer that

1 k—c+ioco (_])k/2 k—c+ioco
fliy)=—— / As)y~ ds = /
2mi Ji k

—c—i00 2

Ak — )y~ ds

—c—i00

_k/2 petioo '
_&D / AG)y R ds = (iy) ™ £ /).

2mi —ioo
2.5 Hecke Operators

We introduce Hecke operators, which are given by summation over cosets of matri-
ces of fixed determinant. In later chapters, we shall encounter a reinterpretation of
these operators in the adelic setting.

For given n € N let M,, denote the set of all matrices in M, (Z) of determinant .
The group 1) = SLy(Z) acts on M,, by multiplication from the left.

Lemma 2.5.1 The set M,, decomposes into finitely many I'y-orbits under multipli-
cation from the left. More precisely, the set

R,,:{(a Z):a,deN, ad =n, 0§b<d}

is a set of representatives of IH\M,,.

Notation Here and for the rest of the book we use the convention that a zero entry

. ab . ab
of a matrix may be left out, so ( d) stands for the matrix ( 0 d)‘

Proof We have to show that every I'p-orbit meets the set R, in exactly one element.
For this let (‘z Z) € M,,. For x € Z we have

1 a b\ a b
x 1)\c d) \c+ax d+bx)’
This implies that, modulo I'p, we can assume 0 < ¢ < |a|. By the identity
—1 a b\ _ (—c —d
1 c d) \a b

one can interchange a and c, then reduce again by the first step and iterate this
process until one gets ¢ = 0, which implies that every [y-orbit contains an element
of the form (“ Z) Then ad = det = n, and since —1 € I one can assume a, d € N.

B N

one can finally reduce to 0 < b < d, so every [p-orbit meets the set R,,.
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In order to show that R, is a proper set of representatives, it remains to show

that two elements in R,, which lie in the same [p-orbit, are equal. For this let
/o . . . .

(¢ b), (“?)) € R, be in the same I-orbit. This means that there is (1) €T

(" a)=(22)(" %)

with
The right-hand side is of the form ( :Z +). Since a # 0, we infer that z = 0. Then
xw =1, s0x =w = =*1. Because of

Xy a b\ _ [(ax =
w d) U x =«
one has a’ =ax > 0, so x > 0 and therefore x =1 =w, soa’ =a and d' =d. It
follows that
a b\ _ (1 y\(a b\ _(a b+dy
d) 1 d) d ’
so that the condition 0 < b, b’ < d finally forces b =b'. O

Let GLy(R)™ be the set of all g € GL,(R) of positive determinants. The group
GL,(R)™ acts on the upper half plane H by

a b L= az+b
c d o cz+d’
The center R* (! ) acts trivially.
For k € 27, a function f on H and y = (‘Z 5) € GL,(R)™ we write

b
f|kJ/(Z)Zdet()/)k/z(cz+d)_kf(i:::__d>~

If k is fixed, we also use the simpler notation f|y(z). Note that the power k/2 of
the determinant factor has been chosen so that the center of GL, (R)™ acts trivially.
We write I) = SL,(Z). For n € N define the Hecke operator 7, as follows.

Definition 2.5.2 Denote by V the vector space of all functions f : H — C with
fly = f forevery y € I'y. Define T,, : V — V by

k
k_q
Tof=n2"""Y" fly,
y:Io\Mp
where the colon means that the sum runs over an arbitrary set of representatives of

I'v\M,, in M,,. The factor n%’l is for normalization only. The sum is well defined
and finite, as f|y = f for every y € Iy and 1\ M, is finite. In order to show that
T, f indeed lies in the space V, we compute for y € I,

Tfly=n"' Y (fly=nt"" 3 flyy=ntTt Y fly=Tf.

y:Io\My y:Io\M, y:Io\Mp
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Using Lemma 2.5.1 we can write

Tf@)=n1 Y d"ﬁ‘(#).

ad=n
0<b<d

Lemma 2.5.3 The Hecke operator T, preserves the spaces My (1) and Sk (1p).

Proof We have just shown that for a given f € My (1) the function T}, f is invari-
ant under the action of 7. Being a finite sum of holomorphic functions, the function
T,, f is holomorphic on H. To show that 7,, f is a modular form, we write

Tf@)=n1 Y d—kf<”;b>.

ad=n
0<b<d

This formula shows that T, f (z) converges as Im(z) — o0, since f(z) does. This
means that 7,, f € My (Ip). If f is a cusp form, the limit is zero and the same holds
for T,, f . O

Proposition 2.5.4 The Hecke operators satisfy the equations

o 71 =1d,
o Ty =T,T,, if ged(m,n) =1,
e for every prime number p and every n € N one has TpTpn =T n+1 + pk*ITpn_L

Together these equations imply that T, T,, = T,y T, always, i.e. all Hecke operators
commute with each other.

Proof The first assertion is trivial. For the second note
IR, =) d=01(n).
d|n

If m, n € N are coprime, then it follows that |R,,,| = | R, || R, |. To ease the presen-
tation we will, in the following calculations, in an integer matrix (“ Z), consider the
number b only modulo d. Under this proviso, we show that the map

Ry x Ry —> Ry, (A,B)—~ AB

is a bijection, where we still assume that m and n are coprime. As both sets have the
same cardinality, it suffices to show injectivity. So let

aa’ abl+bd'"\ _(a b\(a V\_[(a B\(o B
dd’ o d d ) 8 8
_(ad aB’ +BS
o 88’ '

Then aa’ = aa’ and since (m, n) = 1, it follows that a = @ and @’ = «’. Analogously
for d and §. So we have

ab' +bd' = ap’ + pd' mod(dd').
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Reduction modulo d’ gives
ab’ = ap'mod(d").

Being a divisor of n, the number a is coprime to d’, so b’ = 8’ mod(d’). In the same
way we get b = S modd. Hence R, R, = R, and so

TuTuf =m2™" Y Tufly=mn):™" 3 Y fl2)

YERM yERm ZER,

=)= Y flw=Tunf:

WER,

For the last point note

_J(p AW
R”_K 1)}U{< P)'medp}’
pa X a,b>0, a+b=n
an = b . » .
)4 xmod(p?)
It follows that

1 _ b a,b>0,a+b=n
RyRp = pa+ p,l)g : a,b>0, a+b=n U p* x —|—b_)|—){7 . xmod(ph) .
P x mod(p?) P ymod p

as well as

. n+1 . .
The second set, together with {(1’ * ) )}, is a set of representatives R ,+1. The sum

p
. . . n+1 .
over this gives the term 7 ,.+:1. The first set minus {(1’ " ) )} is

+1 a,b>0, a+b=n
P PR mod(ph)
p b>1

pa X a,b>0, a+bb=n
- . xmod(ph) L
p ( ph-1 ) b1

Denote this last set by S. Since the central p acts trivially, one gets

)T =) X sy =p T

yeS yEanfl -

We now want to see how the application of a Hecke operator changes the Fourier
expansion of a modular form.

Proposition 2.5.5 For a given form f(z) = Zmzo c(m)q™ € My and n € N the
Fourier expansion of T,, f is

T.f(2)= ) y(mq"

m>0
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with

y(m) = Z ak]c<%).

al(m,n)
a>1

Proof By definition we have

T,f(2) = nk-1 Z d* Z c(m)eh"m(“z"‘b)/d.

ad=n, a>1 m>0
0<b<d

The sum Y _,_, €*""*"/? equals d if d|m and 0 otherwise. Setting m’ = m /d one
gets

Tnf(z) — nk*l Z d*k+lc(m/d)qam/'
ad=n
a>1, m'>0

Sorting this by powers of g results in

o 5 ()

u=0 al(n,p)
a>1

The proposition is proven. O
The following two corollaries are simple consequences of the proposition.
Corollary 2.5.6 One has y (0) = ox—1(n)c(0) and y (1) = c(n).

Corollary 2.5.7 If p is a prime number, then
y (m) = c(pm) if m #0mod(p),
y(m) = c(pm) + p*~Lem/p), if m=0mod(p).

In Proposition 2.5.4 we have shown that Hecke operators commute with each
other. We next show that they can be diagonalized simultaneously.

Lemma 2.5.8 A set of commuting self-adjoint operators on a finite-dimensional
unitary space can be simultaneously diagonalized.

We elaborate the formulation of this lemma as follows: let V be a finite-
dimensional complex vector space equipped with an inner product (.,.) and let
E C End(V) be a set of self-adjoint operators on V. Suppose that any two ele-
ments S, T € E commute, i.e. ST = TS. Then there exists a basis of V such that
all elements of E are represented by diagonal matrices with respect to that basis.
More precisely, this basis, say vy, ..., vy, consists of simultaneous eigenvectors, so
foreach 1 < j <n there exists amap x; : E — C such that

Tvj=x;(T)v;
holds for every T € E.
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Proof We prove the lemma by induction on the dimension of V. If dim(V) =1,
then there is nothing to show. So suppose dim(V) > 1 and that the claim is proven
for all spaces of smaller dimension. If all 7 € E are multiples of the identity, i.e.
T = \1d for some A = A(T') € C, then the claim follows. So assume there exists a
T € E not a multiple of the identity. Since 7 is self-adjoint, it is diagonalizable, so
V is the direct sum of the eigenspaces of T, and each eigenspace is of dimension
strictly smaller than dim(V). Let S € E and let V) be the T-eigenspace for the
eigenvalue A. We claim that S(V,) C V,. For a given v € V, we have

T(S)) =S(T () = S(h) =1rS(v),

i.e. S(v) € V, and the space V), is stable under all S € E and by the induction
hypothesis, V) has a basis of simultaneous eigenvectors. As this holds for all eigen-
values of 7', the entire space V has such a basis. U

Definition 2.5.9 Let E be as in the lemma. Then V has a basis vy, ..., v, such that
for every S € E,

Svj ZX/'(S)U/'

for a scalar x;(S) € C. We say, the v; are simultaneous eigenvectors of E.

Recall the notion of a complex algebra. This is a C-vector space A with a bilinear
map A X A — A written (a, b) — ab, which is associative, i.e. one has

(ab)c = a(bc)

foralla, b, c € A.

Examples 2.5.10

e The set M, (C) of complex n x n matrices is a complex algebra which is isomor-
phic to the algebra End (V) of linear endomorphisms of a complex vector space of
dimension n. Giving an isomorphism End(V) = M,, (C) is equivalent to choosing
abasisof V.

e The set B(V) of bounded linear operators on a Banach space V is a complex
algebra.

e Let § = E C End(V) for a vector space V. The algebra generated by E is the
set of all linear combinations of operators of the form S ---S,,, where Sy, ...,
S, € E. Itis the smallest algebra which contains E.

Denote by A the algebra generated by E. Then the v; are simultaneous eigen-
vectors for the whole of .4, and the maps x; can be extended to maps x; : A — C,
such that for every operator 7' € A the eigen-equation Tv; = x;(T)v holds. Note
that for S, T € A one has

XjiS+Tv;j =S +T)v;=8v;+Tv;=x(S)v; + x(T)v;,
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s0 x;j(§+T) = x;(S) + x;(T). Further x;(AT) = Ay ;(T) for every A € C; this
means that each x; is a linear map. More than that, one has

xj(STYv;=STv; =S(T(vj)) =S(x;j(T)vj) = x;(T)S;j) = x;(T) x; (S)vj,

soiteven follows x;(ST) = x;(S)x;(T),1i.e. the map yx; is multiplicative. Together
this means: every y; is an algebra homomorphism of the algebra A to C.

In the sequel, we shall need to following theorem, known as the Elementary
Divisor Theorem.

Theorem 2.5.11 (Elementary Divisor Theorem) For a given integer matrix
A € M, (Z) with det(A) # O there exist invertible matrices S, T € GL,,(Z) and

natural numbers dy, dy, . .., d, with dj|dj1 such that
di
A=S . T.
dn
The numbers dy, ...,d, are uniquely determined by A and are called the ele-

mentary divisors of A.

Proof For example in [HH80]. 0

Definition 2.5.12 Denote by GL,(Q)™" the set of all matrices g € GL,(Q) with
det(g) > 0. This is a subgroup of the group GL,(Q) of index 2.

Proposition 2.5.13 We continue to write I'y = SLo(Z). A complete set of represen-
tatives of the double quotient

TH\GLa (@)1 / Ty

is given by the set of all diagonal matrices (a an ), where a € Q and n € N.

Proof For a given o € GLy(Q)™ there exists N € N, such that Ne is an integer
matrix. By the Elementary Divisor Theorem there are S, T € GL2(Z) such that
Na = SDT, where D = (d‘ nd|) with dy,n € N. If necessary, one can multiply

S and T with the matrix (_1 1), so that S, T € SL,(Z) can be assumed. Therefore

we find Ipaly = Fo(dl/ N ndy /N )Fo. The uniqueness of the representative follows
from the Elementary Divisor Theorem, if one chooses N as the unique smallest
N e N making N« an integer matrix. 0

Corollary 2.5.14 For given g € GL(Q)" and I'y = SLy(Z) one has

hg 'np=

Toglo.
dercg) 080
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Proof By the proposition we can assume that g is a diagonal matrix (a an ) Then

g = ( e 1 /an) = ﬁ(@ (an a) and this last matrix lies in the same double Ij-coset
as g, since
-1 an 1Y (a
1 a -1 - an )’
so the corollary is proven. g

We have seen that the group G = SL,(R) acts on the upper half plane H via
a b L= az+b
c d)” cz+d

Lemma 2.5.15 The measure dp = d);# on H is invariant under the action of G,

i.e. we have

/f(z)du(z)=/ fgz)du(z)
H H

for every integrable function f and every g € G.

Proof Every g € G defines a holomorphic map z — gz on H. We compute its dif-
ferential as

= d(gz) alcz+d)—claz+b) 1
84= " T (cz +d)? " (cz+d)?

This is equivalent to the identity of differential forms

1
d(gz) = ——=dz,
)= v an
where dz = dx + idy and d(gz) is the pullback of dz under g. Applying complex
conjugation yields dz = dx — idy, so dz A dz = —2i(dx A dy). Further, by the
above,

Im(gz)? , —

d(g2) Nd(g) = ———dz ndz = dz A T2,
(82) nd(g2) = {om g N =z BB

or

d(gz) Nd(g2) . dz Adz

Im(gz)?  Im(z)?’
which is to say that the differential form ﬁfl/(\zg is invariant under G. This implies
the claim. O

This lemma can also be proved without the use of differential forms; see Exer-
cise 2.8.
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Theorem 2.5.16 The spaces My and Sy have bases consisting of simultaneous
eigenvectors of all Hecke operators.

Proof We want to apply the lemma with E = {7}, : n € N}. For this we have to define
an inner product on M. For given f, g € M; the function f(z)g(z)y* is invariant
under the group Ip. It is a continuous, hence measurable, function on the quotient
TH\H. The measure 2% is [}-invariant as well, and hence defines a measure

on [p\H. This is an important point, so we will explain it a bit further. One way to
view this measure on the quotient /\H is to identify I\ H with a measurable set of
representatives R with D C R C ‘D, where D is the standard fundamental domain of
Definition 2.1.6. Then any measurable subset A C Ip\H can be viewed as a subset
of R C H and the measure % can be applied. Interestingly, the measure © on

ID\H is a finite measure, i.e.

w(Io\H) < oo,
as the %-measure of D is finite by Exercise 2.9. According to Exercise 2.15 the
integral

dxdy
2

(f. &)per = f(@g@y*
I\H

exists if one of the two functions f, g is a cusp form. This integral defines an inner
product on the space Sk, which is called the Petersson inner product. We show that
(T, f, g)pet = ([, Tng)pet, SO the T, are self-adjoint on the space Si. This implies the
claim on Si. The space Skl ={f e My :{f gpet =0Vg € S} is one-dimensional
if My # 0. By the self-adjointness of the Hecke operators, this space is 7, -invariant
as well, so, being one-dimensional, it is a simultaneous eigenspace. It only remains
to show the claimed self-adjointness.

We do this by extending the Petersson inner product to functions which are not
necessarily invariant under I, but only under a subgroup of finite index in Iy. We
first consider the case k = 0. Take two continuous and bounded functions f, g on H,
which are invariant under [y, so they satisfy f(yz) = f(z) for every z € H and
every y € I, and the same for the function g. Then we define

(f.8)= f f(2)g@du(z),
To\H

where p is the measure d’;fy. The integral exists, since f and g are bounded and

I'H\H has finite measure, as we have seen above. We now make a crucial observa-
tion: If I C I is a subgroup of finite index, then

1 _
)= du(z),
(f. &) T T /F\H f(2)g(@)du(z)

where, as in Definition 2.1.6, the group Tois Iy/ £ 1 and T is the image of I in
I'. If the functions f and g are continuous and bounded, but only invariant under
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I" and no longer invariant under Iy, then the last expression still does make sense.
This means that we can define ( f, g) in this more general situation by the expression

e 1 —
(f. 8 d=fﬁ/F\Hf(Z)g(Z)dM(Z).

In this way we extend the definition of the Petersson inner product in the case k = 0.
In the case k > 0 we consider two continuous functions f, g with f|,o = f for ev-
ery o € I', and the same for g. We assume that the I"-invariant function | f(z) yk/2|
is bounded on the upper half plane H and the same for g. We then define

def
= 2)g(@)y du(z
(figh = o T / f(@2g@y du().
We claim that for a given a € GLy(Q)* the group I' = ' Ia N Iy is a sub-
group of I of finite index.

Proof of This Claim By Proposition 2.5.13 we can assume o = (r rn) with r € Q

and n € N. Then
i b o= nb
c d “\& d)
ab

So a given (cd) € Ip lies in I" if and only if ¢/n € Z, i.e. if n divides c.
Therefore the group I' contains the group I"(n) of all matrices y € SL,(Z) with
y = (] 1)modn. This group is by definition the kernel of the group homomor-
phism SL(Z) — SLy(Z/nZ), which comes from the reduction homomorphism
Z — Z/nZ. As the group SLy(Z/nZ) is finite, the group I" has finite index in Ij.

S

Definition 2.5.17 Let I" C SL,(Z) be a subgroup. A fundamental domain for I" is
an open subset F' C H, such that there is a set R C H of representatives for I"\H
with
FCRCF and u(F~F)=
dx dy

y?

where u is the measure

In particular, if F is a fundamental domain for I”, then UUE r oF =M, so every
point in H lies in a I'-translate of F.

Lemma 2.5.18 Let F C H be a fundamental domain for the group I' C SLy(Z).
For every measurable, I -invariant function f on H one has

/ F@du() = / F@du).
F M\H

dxdy

where pu = is the invariant measure. So in particular, the first integral exists if

and only if the second does.
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Proof The projection p : H — I'\H maps F injectively onto a subset, whose
complement is of measure zero. Therefore fF\H f@du(z) = fp(F) f(@du(z).
Since the measure on the quotient is defined by the measure on H, the bijection
p: F — p(F) preserves measures. This implies the claim. 0

Lemma 2.5.19

(a) D is a fundamental domain for Iy = SLo(Z).
(b) If I is a subgroup of Iy = SLo(Z) of finite index and S is a set of representatives
of T\Ty, then

sp=|JyD
yeSs

is a fundamental domain for the group I'. The set S C Ty is uniquely deter-
mined by the fundamental domain SD.

Proof Part (a) follows from Theorem 2.1.7. L
(b) The set S is finite, as I" has finite index in I. Hence it follows that SD =
Uyes yD. Now let Rp; be a set of representatives of IH\H with D C R, C D.

Then R = Uyes v R, is a set of representatives of I"\H with SD C R C SD.
Further one has

M(S_D\SD)=M<U)/5\ UVD> §M<UV5\VD)

yes yes yeS
=M(UV(5\D)) <) wD~D)=0.
yesS yes

The last assertion follows from the fact that for y # t in I'g the translates y D and
7D are disjoint. 0

The points yoo € R for y € § are called the cusps of the fundamental domain
SD. These lie in Q = Q U {oco}. The wording becomes clearer, when one considers
the unit disk instead of the upper half plane. So let E = {z € C: |z| < 1} be the open
unit disk. The Cayley map:

def 2 —1
(z) = -
Z+1

is a bijection from H to E such that t as well as its inverse 7 ~! are both holomorphic.
Transporting the fundamental domain S D into £ by means of the map t, the cusps
are the points where the fundamental domain touches the boundary of the disk, i.e.
the unit circle. Each cusp is the endpoint of two circles which lie inside E and
are orthogonal to the unit circle, so they are tangential at the cusp, i.e. the cusp is
‘infinitesimally sharp’, which explains the name ‘cusp’. The next figure shows a
fundamental domain F with one cusp.
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As the specific choice of a set of representatives S is not important, we frequently
write D for the fundamental domain SD.

Lemma 2.5.20 The Petersson inner product is invariant under GLy(Q)*, which
means the following: For given f,g € My, one of them in Sy and for each o €
GLy(Q)™T, the inner product {f|a, gla)y is defined in the above sense with I' =
alpa™t N Iy, and it holds that

(fle, glayk = (f, &)k-

Proof Let Iy = SLy(Z) and I' = alpa™' N Iy, as well as IV = o~ ' e =
o~ Iy N Iy. For given f € M the function i = f|a has the property that h|o = h
for every o € I'’, since o = a~ !y« for some y € I, so

hlo = flao = flya = fla =h.

The same holds for g, so the inner product ( f|«, g|o) is well defined. Note that for
a= (1) €GL(Q)" we have

m(z)
|cz +d|2'

In the following calculation we use the GL,(Q) T -invariance of the measure u to-
gether with the fact that we may replace integration over I"\H with integration over
a fundamental domain according to Lemma 2.5.18. We further use that « ' D is a
fundamental domain for I"’ to get

Im(az) =deta

1 _
5 e I k d
(f, &)k o T /F\Hf(z)g(z) m(z)" du(z)

= = —I kd
o T1/o; f(2)g(2) Im(z)" du(z)
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1

~[To:T1Ja1pr

1
[Fo:T1Jru

flaz)g(az) Im(az)* du(z)

fla()gla(@) Im@)* duz) = (fla, gla)s.

Finally we have [Tg: T'] = [To : T'1, since [Ty : T') = u(Dr)/u(D) =
u(e'Dr) /(D) =[To:T'1. O

The lemma implies for y € GL,(Q)*,
(fly. ) =(rIyy~ gy~ ) =(fgly™").

hence,
(Tfog)=n*""">" (fly.e)=n"" > (figly™").

y:Io\My y:Io\Mp

As f and g are both invariant under I, the expression (f, g|y~') depends only
on the double coset Iyy~'I. By Corollary 2.5.14, this double coset equals
Iy ﬁ(wyl'b. The center acting trivially on My, this matrix acts like y. Therefore,

(Tof,g)=n*""" )" (frgly)=(f,Tng).
y:FO\Mn

It follows that there are bases of M and Sy consisting of simultaneous eigenvectors
of all Hecke operators. Theorem 2.5.16 follows. O

Theorem 2.5.21 Let f(z) = ZZOZO c(n)q" be a non-constant simultaneous
eigenfunction of all Hecke operators, i.e. for every n € N there is a number
An) € Csuchthat T, f =A(n) f.

(a) The coefficient c(1) is not zero.
(b) If c(1) =1, which can be reached by scaling f, then c(n) = \L(n) for every
neN.

Proof By Corollary 2.5.6 the coefficient of g in T, f equals c(n). On the other
hand, this coefficient equals A(n)c(1). Therefore, c¢(1) = 0 would lead to c¢(n) =0
for all n, hence f = 0. Both claims follow. O

A Hecke eigenform f € My, is called normalized if the coefficient c(1) is equal
to 1.

Corollary 2.5.22 Let k > 0. Two normalized Hecke eigenforms, which share the
same Hecke eigenvalues, coincide.
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Proof Let f,g € My with T, f = A(n) f and T,,g = A(n)g for every n € N. By the
theorem, all coefficients of the g-expansions of f and g coincide, with the pos-
sible exception of the zeroth coefficients. This means that f — g is constant. As
k > 0, there are no constant modular forms of weight k other than zero. We con-
clude f =g. U

Corollary 2.5.23 For a normalized Hecke eigenform f(z) =Y -, c(n)q" we have
e c(mn) =c(m)c(n) if gcd(m,n) =1,
o c(p)e(p)y=c(p"t + p*le(pn = 1.

Proof The assertion follows from the corresponding relations for Hecke operators
in Proposition 2.5.4. 0

Definition 2.5.24 We say that a Dirichlet series L(s) = Z,‘:o:] a,n—*, which con-
verges in some half plane {Re(s) > a}, has an Euler product of degree k € N, if for
every prime p there is a polynomial

Opx)=1+ap1x+--- +a,,,kxk
such that in the domain Re(s) > a one has

1
to=Ilg,65

p

Example 2.5.25 The Riemann zeta function {(s) = Y .o, n"°, convergent for
Re(s) > 1, has the Euler product

(=TT

—s
» p

see Exercise 1.5.

Corollary 2.5.26 The L-function L(f,s) =Y oo, c(n)n* of a normalized Hecke
eigenform f(z) =Y o2y c(n)q" € My has an Euler product:

1

L(f,s)= ,
(f.$) Ul_c(p)p—s_i_pk—l—lv

which converges locally uniformly absolutely for Re(s) > k.

Proof By Corollary 2.3.3 the coefficients grow at most like c¢(n) = O (n*=1). So the
L-series converges locally uniformly absolutely for Re(s) > k. The partial sum

o0

Z c(n)nfs — Zc(pn)pfsn

nepho n=0
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also converges absolutely. Denote by [ | p<n the finite product over all primes p < N
for a given N € N. For coprime m,n € N we have c(mn) = c(m)c(n), so that

Hic(p")p_m: Z c(n)n™"%,

p<N n=0 neN
pln=p=N

where the sum on the right-hand side runs over all natural numbers whose prime
divisors are all < N. As the L-series converges absolutely, the right-hand side con-
verges to L(f, s) for N — oo, and we have

o]

L(f,s)= Zc(m)m s ]‘[Z p".
m=1 P n=0
It remains to show
> 1
n —ns
Zc(p )[7 - 1— c(p)p_s + pk—1—2s'
n=0
We expand
o0
(Zc(pn)p—ns>(l _ C(p)p—s + pk—1—2s)
n=0
o
Z —ns C(p)C(pn) p—s + pk—lc(pn)p—Zs)

[ —
=c(pmth+pk-le(pr=l), n>1

x
=1—c(pp ™ +p 4D c(p)p

n=1

_ C(pn+1)p—(iz+1)s _ pk—l(c(pn—l)p(n—i-l)v _ ( ) —(n+2)s)
1.

=1_C(p)p—s+pk—l—2s+c(p)p k 1 —2S=

2.6 Congruence Subgroups

In the theory of automorphic forms one also considers functions which satisfy the
modularity condition not for the full modular group SL;(Z), but only for subgroups
of finite index. The most important subgroups are the congruence subgroups.

Definition 2.6.1 Fix a natural number N. The reduction map Z — Z/NZ is a ring
homomorphism and it induces a group homomorphism SL;(Z) — SLy(Z/NZ).
The group I'(N) = ker(SLy(Z) — SL,(Z/NZ)) is called the principal congruence
subgroup of I'y = SLo(Z) of level N. So we have

F(N):{(i Z) ‘a=d=1modN, bzczOmodN}.
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A subgroup I C SLa(Z) is called a congruence subgroup if it contains a principal
congruence subgroup, i.e. if there is a natural number N € N with I'(N) C I".
Note the special case

I'(l) =1y =SLy(Z).

Note that for N > 3 the group I"(N) does not contain the element —1. Therefore,
for such a group I" there can exist non-zero modular forms of odd weight.

Lemma 2.6.2

(a) The intersection of two congruence groups is a congruence group.
(b) Let I" be a congruence subgroup and let o € GLp(Q). Then I" N ala~Visalso
a congruence subgroup.

Proof (a)Let I', I'" C I be congruence subgroups. By definition, there are M, N €
Nwith '(M)Cc ', [(N)CTI'.Then '(MN)C (I'(M)NT(N))Cc(I"NnTI").
(b) Fix N > 2 such that I'(N) C I'. There are natural numbers My, M, such
that Mia, Maa™! € My(Z). Set M = M{M,N. We claim that I'(M) C alpo ™!
or equivalently « ™' I"(M)a C Iy. For y € I'(M) we write y = I + Mg with g €
My (Z). It follows that o~ 'ya = I + N(Mpya ™" g(Mia) e (N) C I". O

Let D be a fundamental domain for the congruence subgroup I” as constructed

in Lemma 2.5.19. The cusps of the fundamental domain D[ lie in the set
I'(1)oo =QU {oo}.

The stabilizer group " (1) of the point oo in I7(1) is j:(1 ?)
Lemma 2.6.3 Let I" be a subgroup of finite index in Iy = SLa(Z). For every ¢ €
QU {00} there exists a . € GLo(Q)™ such that
e 0.00=cand
(%) -rer

+('%) if-1er.

—1 —
e o, Io.=

The element o. is uniquely determined up to multiplication from the right by a ma-
trix of the form a( ! )lc) withan x € Q and a € Q*.

Proof A given ¢ € Q can be written as ¢ = «/y with coprime integers « and y.
There then exist 8,8 € Z with a8 — By =1, 50 0 = (;‘f ?) € SL,(Z). 1t follows

that 0 0o = c. Replacing I" with the group o ~! "o we reduce the claim to the case
¢ =00.

So we can assume ¢ = 0o. Since I" has finite index in I" (1), there exists n € N
with (1 ’IL)F =1, s0 (1 ’;) € I'. Let n € N be the smallest with this property. This

means ' = (' an) or (! an) so the claim follows with o, = (1/" 1).
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For the uniqueness of o, let o/ be another element of GL;1r (Q) with the same
properties. Let g = ac_l
g= (" IC’) is an upper triangular matrix. Consider the case —1 ¢ I". The second
property implies g~ (' ?)g =(! %) In particular, one gets g~ (' })g =(! ill ),
which implies the claim. The case —1 € I" is similar. O

o/, s0 0/ = o.g. The first property implies goo = 00, so

Definition 2.6.4 Let I" be a subgroup of finite index in SL(Z). A meromorphic
function f on H is called weakly modular of weight k with respectto I, if fxy =
f holds forevery y € I'.

A weakly modular function f is called modular if for every cusp ¢ € Q U {oo}
there exists 7, > 0 and some N, € N such that

floe@= Y acn,e™™"™

n>—N,

holds for every z € H with Im(z) > T¢. In other words this means that the Fourier
expansion is bounded below at every cusp. One also expresses this by saying that
f is meromorphic at every cusp. By Lemma 2.6.3 this condition does not depend
on the choice of the element o, whereas the Fourier coefficients do depend on this
choice.

The function f is called a modular form of weight k for the group I, if f is mod-
ular and holomorphic everywhere, including the cusps, which means that a. , =0
for n < 0 at every cusp c. A modular form is called a cusp form if the zeroth Fourier
coefficients a. ¢ vanish for all cusps c. The vector spaces of modular forms and cusp
forms are denoted by My (") and Si(I").

As already mentioned in the proof of Theorem 2.5.16, the Petersson inner prod-
uct can be defined for cusp forms of any congruence group I as follows: for
f, g € Sx(I") one sets

— ,dxd
F@g@y 2
H y

(fs 8)pet = m F\

2.7 Non-holomorphic Eisenstein Series

In the theory of automorphic forms one also considers non-holomorphic functions
of the upper half plane, besides the holomorphic ones. These so-called Maaf; wave
forms will be introduced properly in the next section. In this section, we start with
a special example, the non-holomorphic Eisenstein series. We introduce a fact,
known as the Rankin—Selberg method, which says that the inner product of a non-
holomorphic Eisenstein series and a Ij-automorphic function equals the Mellin in-
tegral transform of the zeroth Fourier coefficient of the automorphic function. This
in particular implies that the Eisenstein series is orthogonal to the space of cusp
forms, a fact of central importance in the spectral theory of automorphic forms.
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Definition 2.7.1 The non-holomorphic Eisenstein series for I'y = SL,(Z) is for
z=x+1iy € Hand s € C defined by

N

1 y
E(z,)=n"5T(s)= _
(2 9) )5 2 P
m,nez
(m,n)#(0,0)

By Lemma 1.2.1 the series E(z, s) converges locally uniformly in H x {Re(s) > 1}.
Therefore the Eisenstein series is a continuous function, holomorphic in s, by the
convergence theorem of Weierstrass.

Definition 2.7.2 By a smooth function we mean an infinitely often differentiable
function.

Lemma 2.7.3 For fixed s with Re(s) > 2 the Eisenstein series E(z,s) is a smooth
Sfunction in z € H.

Proof We divide the sum that defines E(z, s) into two parts. One part with m =0
and the other with m # 0. For m = 0 the sum does not depend on z, so the claim
follows trivially. Consider the case m # 0 and let log be the principal branch of the
logarithm, i.e. it is defined on C . (—o0, 0] by log(re’?) =1log(r) +i6, if r > 0 and
—7 <6 < 7. For z € H and w € H, the lower half plane, we have

log(zw) = log(z) + log(w).

For m # 0, n € Z, and z € H, one of the two complex numbers mz + n, mz + n is
in H, the other in H. Hence

|mZ + n|72s —e log((mz+n)(mz+n)) —e " log(mz+n)efs log(mZJrn).
Write log(mz + n) =log(|mz + n|) 4+ i0 for some |0| < . Then

Re(—s log(mz + n)) = —Re(s) 10g(|mz + n|) + Im(s)0
< —Re(s)log(|mz + n|) + | Im(s)|x,
so that

|efslog(mz+n)| — eRe(fslog(mz+n)) < ellm(s)|ﬂ|mz +n|7Re(s)'
For z € H and w € H define

F(Z, w, S) — T[_SF(S)ysl Z e=s log(mz+n)e—s log(mw+n)'
2 m,nez
(m,n)#(0,0)
Keep w fixed and estimate the summand of the series F(z, w, s) as follows

e—slog(mz+n)e—s log(mw+n) < C82|Im(s)|n Re(s)’

Imz +n|~
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with a constant C > 0, which depends on w. According to Lemma 1.2.1, the series
F(z, w,s) converges locally uniformly in z, for fixed w and s with Re(s) > 2. As
the summands are holomorphic, the function F(z, w, s) is holomorphic in z. The
same argument shows that F' is holomorphic in w for fixed z. By Exercise 2.20 the
function F(z, w, s) can locally be written as a power series in z and w simultane-
ously, which means that F(z, w, s) is a smooth function in (z, w) for fixed s with
Re(s) > 2. Therefore F(z,z,s) = E(z, s) is a smooth function, too. O

Lemma 2.7.4 Let Iy = SLy(Z) and let Iy be the stabilizer group of 0o, so
I.00 = :t(1 %) Then the map

I,00\ 0 — {:I:(x, y) € Zz/ +1:x,y coprime}
a b
Ib.00 (C d) — £(c, d)
is a bijection.

Proof If ¢,d € 7Z are coprime, then there exist a, b € Z such that ad — bc = 1. If

(a, b) is one such pair, then every other is of the form (a + cx, b + dx) for some

x € Z. (Idea of proof: Assume 1 < ¢ < d. After division with remainder there is

0 <r < ¢ with d =r + cq. Then divide ¢ by r with remainder and so on. This

algorithm will stop. Plugging in the solutions backwards gives a pair (a, b).)
For(“l‘) € Iy, and (’;Z) e I' one has

1 x\(fa b\ _ [(a+cx b+dx
1)\c d) c d '
This implies the lemma. O

Definition 2.7.5 An automorphic function on H with respect to the congruence sub-
group I" C SL(Z) is a function ¢ : H — C, which is invariant under the operation
of I', so that ¢ (yz) = ¢(2) holds forevery y € I'.

Proposition 2.7.6

(a) The series E(z, s) = ZV:FOO\F Im(yz)* converges for Re(s) > 1 and we have
E(z,5) =n " T'(){(29)E (2, 5),

where ¢ (s) is the Riemann zeta function.
(b) The functions E(z,s) and E(z,s) are automorphic under I' = SLo(Z), i.e. we
have

E(yz,s) =E(z,s)

for every y € I'. The same holds for E.
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Proof (a) With y = (j;) we have Im(yz) = Im(z)/|cz + d|2. According to
Lemma 2.7.4 it holds that
)

= y

E@o= ) ——0
(c,d)=1 |CZ+d|
mod +1

Hence we get convergence with E(z, s) as a majorant. We conclude

o0 K s
- y 1 y
§(2s)E(z,s)=Z Z ezt nd® 2 Z imz +n|>

n=1 (¢,d)=1 m,nez
mod +1 (m,n)7(0,0)

(b) It suffices to show the claim for E.We compute
E(yz, §) = Z Im(zyz)’ = Z Im(tz)*,
T: T\l T\

since if T runs through a set of representatives for I, \I”, then so does Ty . 0

In particular it follows that
E(z+1,5)=E(z,s).

It follows that for Re(s) > 2 the smooth function E(z,s) has a Fourier expansion
in z. We will examine this Fourier expansion more closely.
The integral

1 [ - dt
0 t

converges locally uniformly absolutely for y > 0 and s € C. The function K so
defined is called the K -Bessel function. It satisfies the estimate

|Ks()| < e Kre(s)(2),  if y > 4.

Proof For two real numbers a, b we have

ab > 2a

a>b>2 = {2a>a+b

} = ab>a+b.

The last assertion is symmetric in @ and b, so it holds for all a, b > 2. Therefore one
has e~ < e=%~". Applying this to a = y/2 > 2 and b =t + ¢~ and integrating
along t gives

V(% e Re) 9t _ 2
|Ks ()| =5 [ e R — = e P KRe() ().
0

We also note that the integrand in the Bessel integral is invariant under > ¢!,
s — —s, so that

K_(y) = Ks(y).
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Theorem 2.7.7 The Eisenstein series E(z,s) has a Fourier expansion

oo

E(z,s)= Z ar(y’s)e%nrx

oo
where
ao(y.s) =T ($);2s)y" + 7' I(1 =502 —25)y' "
and forr #0,
ar(y,8) =221 a5 (Irl) VYK, _y (2r1).

One reads off that the Eisenstein series E(z,s), as a function in s, has a mero-
morphic expansion to all of C. It is holomorphic except for simple poles at
s =0, 1. It is a smooth function in z for all s # 0, 1. Every derivative in z is
holomorphic in s # 0, 1. The residue at s =1 is constant in z and takes the
value 1/2. The Eisenstein series satisfies the functional equation

E(z,8) =E(z,1—5).
Locally uniformly in x € R one has
E(x+iy)=0(y?), fory— oo,
where 0 = max(Re(s), 1 — Re(s)).

Proof The claims all follow from the explicit Fourier expansion, which remains to
be shown.

Definition 2.7.8 A function f : R — C is called a Schwartz function if f is in-
finitely differentiable and every derivative f®, k > 0 is rapidly decreasing. Let
S(R) denote the vector space of all Schwartz functions on R. If f is in S(R), then
its Fourier transform f also lies in S(R); see [Dei05, Rud87, SW71].

Lemma 2.7.9 IfRe(s) > 1 and r € R, then

7s+1/21—v 1y, 1—s H =0
(2) oo [ monae [ TG0 o=
T 2rSY2 YK s—1pQrlrly), if r #0.

Proof We plug in the I"-integral on the left-hand side to get

s
2 —mt(x?+y? 2
// ( > > ) mrx / / wt(x+y )/} K mrxdx
(x4 y%)
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. . 2. .
where we have substituted ¢ > 7¢(x% + y2)/y. The function f(x) =e ™" is its
own Fourier transform: f = f. To see this, note that f is, up to scaling, uniquely
determined as the solution of the differential equation

£1(x) = —27xf (x).
By induction one shows that for every natural n there is a polynomial p,(x), such

that £ (x) = p, ()f)e—”xz, So f lies in the Schwartz space S(R) and so does its
Fourier transform f, and one computes

= / (~2mix)e ™ e dx =i f (e7™) e dx = —2my f ().
R R

Therefore f =cf and f = cf =2 f. Since, on the other hand, f(x) =f(—x)=
f(x), we infer that ¢2 = 1, so ¢ = £1. By f(0) = Ja e~ dx > 0 it follows that
c=1.

By a simple substitution one gets from this

/ e—tﬂxz/yeZnirx dx = /Xe—ynrz/t'
R t

We see that the left-hand side of the lemma equals

00
Y o2y oAt
/ e Xe ymr /tts ,
0 t t

which gives the claim. g

We now compute the Fourier expansion of the Eisenstein series E(z,s). The
coefficients are given by

1
ar(y,s) =/ E(x +iy,s)e_27””dx
0
1 1 ys .
Zﬂ_SF(S)—/ Z - 236_2”’”dx.
2 Jo e mx + imy + n|
(m,n)#(0,0)

The summands with m = 0 only give a contribution in the case r = 0. This contri-
bution is

TUr(s)y ) n R =a T ()52’

n=1
For m # 0 note that the contribution for (m, n) and (—m, —n) are equal. Therefore
it suffices to sum over m > 0. The contribution to a, is

© o 1
n,—SF(S)yS Z Z / [(mx +}’l)2 +m2y2]_se—271irx d.x
0

m=1n=—00

o =)
=7 (s)y° Z Z / [(mx +n)? —i—mzyz]_se_z”i” dx.
o

m=1 nmodm"*
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The substitution x — x — n/m yields
0 00

T[_SF(S)yS Zm—Zs Z eZm’rn/m/ ()C2 +y2)—se—2rrirx dx.

m=1 nmodm -

Because of

Z eZﬂirn/mz{m it m|r,
0

otherwise
nmodm

the contribution is

00
n—sl—v(s)ys Zml—Z‘v‘/\ (x2+y2)—S62mrx dx.
mr -

There are two cases. Firstly, if » = 0, the condition m|r is vacuous and we get
) ) © _ ) 1 '
TS0 (s)y ¢ (2s — 1)/ (x*+y?) dx = n*“/?z“(s — 5);(% —Dy'™,
—00

where we have used Lemma 2.7.9. The Riemann zeta function satisfies the func-
tional equation

L(s)=2(1—s),

with ;C(s) = /2" (s/2)¢(s), as is shown in Theorem 6.1.3. Therefore the ze-
roth term ag is as claimed. Secondly, in the case r # 0 we get the claim again by
Lemma 2.7.9. U

We now explain the Rankin—Selberg method. Let I" = SL(Z) andlet ¢ : HH — C
be a smooth, I"-automorphic function. We assume that ¢ is rapidly decreasing at the
cusp 00, i.e. that

p(x+iyy=0(""), y=1

holds for every N € N. Because of ¢ (z + 1) = ¢(z) the function ¢ has a Fourier
expansion

P =Y ¢u(y)e™™

with ¢, (y) = fol O (x +iy)e 2" dx. The term ¢y is called the constant term of
the Fourier expansion. Let

o0 d
Meo(s) = / oyt 2
0 y

be the Mellin transform of the zeroth term. We shall show that this integral converges
for Re(s) > 0. Put

A(S) = T (s)c(2s)Meo(s — 1).
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Proposition 2.7.10 (Rankin—Selberg method) The integral Mey(s) converges lo-
cally uniformly absolutely in the domain Re(s) > 0. One has

xdy

A(s) = / E(z,5)¢(2)
I(D\H

The function A(s), defined for Re(s) > 0, extends to a meromorphic function on C

with at most simple poles at s =0 and s = 1. It satisfies the functional equation
A(s) = A(1 —s).

The residue at s = 1 equals

1 dxdy
ress=1 A(s) =7 F(l)\qu(z) R

Proof The proof relies on an unfolding trick as follows

/ 3 (2 ¢ du)

Viloo\I"

> / Im(y2)* ¢ (2) du(z)

Yo\’

= / Im(2)° ¢ (2) diu(2)

Yoo\’

_ / Im(2)* ¢ () dpu(z)
Uy oo\ YD

/ EG )¢ du(z)
'\H

= / Im(z)*¢(z) du(z)
Too\H

oo pl
d
=f /y‘**‘¢<x+iy>dx—y
0 Jo y

o0 d
= f B0y "L = Meo(s — 1).
0 y

The claims now follow from Theorem 2.7.7. O

We apply the Rankin—Selberg method to show that the Rankin—Selberg convo-
Iution of modular L-functions is meromorphic. Let k € 2Ny and let f, g € My be
normalized Hecke eigenforms. Denote the Fourier coefficients of f and g by a, and
by, for n > 0, respectively. We define the Rankin—Selberg convolution of L(f,s) and
L(g,s) by

o0
L(f x g.5) < ¢25 —2k+2) Y anbun™.

n=1
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By Proposition 2.3.1 and Theorem 2.3.2 one has a,, b, = O(n*~!). Therefore the
series L(f x g, s) converges absolutely for Re(s) > 2k — 1. We put

A(f xg,8)= (Zn)_ZSF(s)F(s —k+DL(f x g,5).

Theorem 2.7.11 Suppose that one of the functions f, g is a cusp form. Then
A(f x g,s) extends to a meromorphic function on C. It is holomorphic except
for possible simple poles at s = k and s = k — 1. It satisfies the functional
equation

A(f xg,8)=A(f xg,2k—1—3%).

The residue at s =k is 30" 7% (f, g);.

Proof We apply Proposition 2.7.10 to the function ¢ (z) = f(z)g(z) y*. Then
1
b0 = [ i iyt

0o 00 1
— Z Z / an€2mnxe—27rnybme—2mmxe—27rmyyk dx.
0

n=0m=0

Since fol eI =mx g x — 0 except for n = m, we get po(y) = Y oo | apbye ¥ Yk,
So

00 00 d 00
My (s) = Zanb_,,/ 674””yyx+k?y =@m) (s +k) Zananﬂ*k.
0
n=0

n=1

The number b,, is the eigenvalue of the Hecke operator 7,,. As T, is self-adjoint, b,
is real. Therefore,

Meo(s — 1) = (@dm) M —1 +k)LL(f x g, s —14+k).
¢(2s)

Let A(s) be as in Proposition 2.7.10. It follows that
A(s) =45 g =2k Py P(s — 1+ k)L(f x g, 5 — 1 + k),
or
A +1—k)=7"1Qr)y ™) rs+1—kL(f xg,s)=r""TA(f x g,5).

By Proposition 2.7.10 one has A(s +1 — k) = A(1 — (s + 1 — k)), which implies
the claimed functional equation. Finally one has

ress—k A(f X g,8) = resS:krrlka(s +1—k)= 7' Fress— A(s)

_ l—kl — l—kl
=7 p()du(z)=m (fs &k 0
2 Jranm 2
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Next we show that the L-function L(f x g, s) has an Euler product. We factorize
the polynomials

1—a, X+ p' X = (1 a1 (p)X) (1 — 2(p)X),
1= b, X+ p"1X% = (1 - Bu(p)X) (1 — Ba(p) X).

Theorem 2.7.12 Let k € 2Ny and let f, g € My be normalized Hecke eigen-
forms. The Rankin—Selberg L-function has the Euler product expansion

2 2
L(f xg.9=[]TTT10 - emBipp~)"

p i=lj=1

Proof This is a consequence of the following lemma.

Lemma 2.7.13 Let a1, an, B1, B2 be complex numbers with a1op 81 2 7 0 and sup-
pose that the equalities

x
Zarz’ =(-a12) (1 —a2)™!,

r=0
[ee]
Y b =U-p 1= B2
r=0
hold for small complex numbers z. Then for small z one has

2

o 2
Zarbrzrz(l—alazﬂlﬂzzz)nn (I —aipja) ™

r=0 i=1
Proof Let ¢(z) =Y ;2pa,2" and ¥/ (z) = Y o brz". Consider the path integral
1 —1n4q
o /6K¢<qz>1/f(q )’
where K is a circle around zero such that the poles of g = ¢(zq) are outside K,

and the poles of g — (¢ ") are inside. This is possible for z small enough. The
integral is equal to

o0 1 o0
’
E arbx" — qg " 71dq = E aybyx".
2mi K
r,r'=0 r=0

On the other hand, the integral equals
1 1 dq
2i Jox (1 —a1xq)(1 —a2xg)(1 = B1g=H(1 = og™") ¢~
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which we calculate by the residue theorem as
2 2

(1—aipipox) [ [ — i)™

i=1j=1

2.8 Maall Wave Forms

This section is not strictly necessary for the rest of the book, but we include it for
completeness. In this section we shall not give full proofs all the time, but rather
sketch the arguments.

The group G = SL,(R) acts on H by diffeomorphisms, so it acts on C°*°(H) by
Ly : C*°(H) — C*°(H), where for g € G the operator Ly is defined by

Lep(2) =¢(g7'2).

On the upper half plane H we have the hyperbolic Laplace operator, which is a
differential operator defined by

N
A=—y—+—).
g <ax2 i ay2>
Lemma 2.8.1 The hyperbolic Laplacian is invariant under G, i.e. one has

LgALg—l =A
forevery g € G.

Proof The assertion is equivalent to L, A = AL,. It suffices to show this assertion
for generators of the group SL,(R). Such generators are given in Exercise 2.6. We
leave the explicit calculation for this invariance to the reader, see Exercise 2.7. [

Definition 2.8.2 A Maaf; wave form or Maaf3 form for the group I"(1) is a smooth
function f on H such that

e f(yz)= f(z) forevery y e I'(1),
e Af =Af forsome A € C,
e there exists N € N with f(x +iy) = 0("N) fory > 1.

If additionally one has

1
/ fz+1)dt=0
0

for every z € H, then f is called a Maaf3 cusp form.

Proposition 2.8.3 The non-holomorphic Eisenstein series

s

A
|mz +n|25

s 1
E(z,s)=m F(s)E XE:Z

(m.n)#(0,0)
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is a Maap form; more precisely it holds that
AE(z,s)=s(1 —s)E(z,s), s#0,1.

Proof We only have to show the eigen-equation. We have
E(z,8) =T (s)¢(25)E(z, 5)

with E (z,9)=>" oo\l Im(yz)*. So it suffices to show the eigen-equation for E.
We have

2 9
A(y') = —yz(ﬁ + 8—y2>ys =s(l—s)y’.
By invariance of the Laplace operator we get

Alm(yz)’ =s(1 —s)Im(yz)’
for every y € I'. By means of Lemma 1.2.1 one shows that for Re(s) > 3 the se-
ries ) o\l % Im(z)* and ) Mo\l % Im(z)* as well as the x-derivatives converge
locally uniformly, so we may differentiate the Eisenstein series term-wise. This im-

plies the claim for E and therefore also for E in the domain Re(s) > 3. For arbitrary
s € C the Fourier expansion shows that AE(z,s) — s(1 —s)E(z, s) is a meromor-
phic function in s, which for Re(s) > 3 is constantly equal to zero. By the identity
theorem it is zero everywhere. g

The differential equation can also be expressed in the form

AE +1 L2 E +1
WVt =)=(-—v v+ = .
“VTy 4 LVTy

Let f be an arbitrary Maal3 form for the group I"'(1). Because of f(z + 1) = f(z)
the function f has a Fourier expansion

o]

fatin= Y a@e

r=—00

Lemma 2.8.4 Let ) € C be the Laplace eigenvalue of the Maaf3 form f. There is a
v € C, which is unique up to sign, such that ). = % — v2. The Fourier coefficients of
f are

ar(y) =a,/yK, (27 |rly)
if r #0, where a, € C depends only on r. For r =0 one has

1 1
ao(y) =aoy2 " 4+ boy2*"

for some ag, by € C.

Proof We have Af = (% — v2)f(z). The definition of a,(y),

I
ar(y) = / [ +iy)e " dx,
0
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implies

1
(1 - vz)ar(y) =/ Af (x +iy)e ™ dx
0

4
1 92 2
%f .
—y2/ Ly —’; (x + iy)e i dx
0x

0 9y?
82 1 .
==y gaa ) =y’ fo fOr+iy) (—4n?r?)e 7 dx
2 82 2.2.2
=-y a—yQar(y)+4ﬂ reyar(y).

So there is a differential equation of second order,

9? 1

y2@ar ) + (Z —v? - 4m»2y2)ar () =0.

The rth Fourier coefficient of the Eisenstein series is a solution of this differential
equation. Therefore the function

ar(y) = JyK,(27|rly)

solves this linear differential equation. A second solution is given by

br(y) = /y1,(27|r]y),

where [, is the I-Bessel function [AS64]. As the differential equation is linear of
order 2, every solution is a linear combination of these two basis solutions. A proof
of this classical fact can be found for example in [Rob10]. Further, the 7-Bessel
function grows exponentially, whereas the K-Bessel function decreases exponen-
tially [AS64]. According to the definition of a Maa8} form, the function a,(y) can
only grow moderately, and the claim follows. g

Let ¢ : H — H be the anti-holomorphic map t(z) = —Zz, so t(x +iy) = —x +iy.
Then ¢ ot = Idy and one finds that ¢ commutes with the hyperbolic Laplacian A,
when ¢ acts on functions f of the upper half plane by ¢(f)(z) def f(t(2)). Therefore
¢ maps the A-eigenspace into itself for every A € C. By (> = Id the map ¢ itself has at
most the eigenvalues £1. A Maal3 form f is called an even Maaf3 form if ((f) = f
and an odd Maaf} form if ((f) = — f. By

1

1
f= 5(f+t(f)) + E(f—t(f))

every Maal} form is the sum of an even and an odd Maal3 form.
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Theorem 2.8.5 Let
f@ =) ar/yK,(27lrly)e? "™
r#0
be a Maaf; cusp form and let

L(s, /)= amn™*
n=1

be the corresponding L-series. The series L(s, f) converges for Re(s) > 3/2
and extends to an entire function on C. Let f be even or odd and let ¢ =0 if f
isevenand e = 11if f isodd. Let Af = (% —v2) f. Then with

AGs, f) =n~“1“<s _;+V>F<s _;_U)L(s,f),

one has the functional equation

As, f)= (=D A0 =, ).

Proof Note that a_, = (—1)%a, holds. The convergence is clear by the following
lemma.

Lemma 2.8.6 We have a, = O (n'/?).

Proof There are C, N > 0 such that for y > 1 the inequality | f(x + iy)| < Cy"
holds. If y < 1/2 and if w € D is conjugate to z modulo I"(1), then Im(w) < % So

suppose y < 1/2. Then it follows that | f (x +iy)| < Cy~". So that for y < 1/2 one
has

1
a3 K @rlrly)| < fo £ G+ i) dx < Cy~™N.
With y = 1/|r| we get from this
jar < CrVH3 | K, 2m)| 7

As the K-Bessel function is rapidly decreasing and f is a cusp form, we conclude
that f is bounded on D and therefore on H. This argument can be repeated with
N =0. The claim is proven. g

Lemma 2.8.7 The integral

o0 d _
/ Ku(y)ys—y=2”1“<s+v>r<s ”)
0 y 2 2

converges absolutely if Re(s) > |Re(v)|.
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Proof Plugging in the definition of K, the left-hand side becomes

l/m/wef(zw‘)y/ztvysd_yﬂ
2Jo Jo vt

‘We use the change of variables rule with the diffeomorphism ¢ : (0, co) x (0, c0) —
(0, 00) x (0, 0c0) given by

1
o, y)= ( 1y, 51 1y>=(u,v).

Then y = 2,/uv and ¢t = i/u/v. The Jacobian matrix of ¢ is

1
poay=5( 2y 1),
P f

Its determinant equals det D¢ = 2% By the change of variables rule the integral

equals
2&—1 /OO/OOe—u—vv(s—u)/Zu(s—i-v)/Zd_u@‘
0 0 u v
The claim follows. g
We now prove the theorem in the case when f is even. Then
. _ipdy 1
/ Fany ™= = S AGs, ).
0 y 2
By Lemma 2.8.6 we infer that f(iy) is rapidly decreasing for y — oco. Because of

fly)= fG 5) the claim follows similar to Theorem 2.4.5.
If f is odd, put

18 =
g(2)= R%(Z) = nz_:lannﬁKU(Znny)cos(Znnx).
Then
* d
f gy 12 = 4G, ).
0 y
Because of g(iy) = ——g( L) the claim follows in this case as well. O

More generally, for every k € Z we introduce the operator
2 9? D

Ap=—y? ~—> Tt ) tiky—.
y X

A computation shows that

Ak LRk1+k—RL+k1k
= — L4218 5 )= T Re2bk Tt 5 5 )

where
0 k 0 0 k

3
Ri=iy— +y— + = Li=—iy—+y— — =.
K=y +yay+ k yax+yay 3
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Definition 2.8.8 For f € C*°(H) and g = () € G = SLy(R) let

g\ SPAN:
f||k8(Z)=<CZ+ ) f(gz)=<cZ+ )f(gz)-

lcz +d| lcz +d|

Lemma 2.8.9 With f € C*°(H) and g € G = SL2(R) we have

(R Hllx+28 = Ri(fllxg), (L Hllx—28 = Li(flxg)

and

(A Hllkg = Ak(f11x8)-

Proof A direct computation verifies the first two identities. The third then follows.
Alternatively, one waits until the next section, where a Lie-theoretic and more struc-
tural proof is given. g

Differential operators are naturally defined on infinite-dimensional spaces like
C°°(R). These are not Hilbert spaces, but one can define differential operators on
dense subspaces of natural Hilbert spaces. This motivates the next definition.

Definition 2.8.10 Let H be a Hilbert space. By an operator on H we mean a pair
(Dr,T), where Dy C H is a linear subspace of H and T : Dy — H is a linear
map. The space Dr is the domain of the operator. The operator is said to be densely
defined if Dt is dense in H. The operator is called a closed operator if its graph
G(T)={(h,T(h)):h € Dr}is aclosed subset of H x H.

An operator T is called symmetric if

(T ), w)= (v, T(w))

holds for all v, w € Dr.

Given a densely defined operator T on H we define its adjoint operator T* as
follows. Firstly the domain D= is defined to be the set of all v € H, for which the
map w — (T w, v) is abounded linear map on D7. As Dr is dense, this map extends
uniquely to a continuous linear map on H. By the Riesz Representation Theorem
there exists a uniquely determined vector T*v € H, such that (Tw, v) = (w, T*v)
holds for every w € Dr. It is easy to see that the so-defined map T* : D+ — H
is linear. If the domain D7+ is dense, one can show that the adjoint operator T* is
closed.

An operator T is called self-adjoint if Dr+ = Dy and T* = T. We have

T self-adjoint = T closed and symmetric,

but the converse is false in general, as the following example shows.

Example 2.8.11 Let H = L%([0,1]) and let Dy be the set of all continuous
functions f on [0, 1] of the form f(x) = fg fl@®dr = (f', 1j0.x;) for some
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f' € L*0,1) with f’ 1 1jo,1}. Then f is uniquely determined by f. For every
f € Dronehas f(0)=0= f(1). Let T be the operator with domain Dy given by

T(fH)=f"
Since C([0, 1]) is dense in H, for every f € Dr there is a sequence of contin-

uously differentiable functions f; with f; — f and T f; — T f. Using integration
by parts we get

(Tf.g)=(f.Tg)

for all f, g € Dr. This means that T is indeed symmetric. It is also closed, since for
every sequence f; € Dy with f; — fand Tf; — g wehave f e Drandg=Tf.
It remains to show that 7* £ T. The constant function 1, for example, lies in Dy,
but not in Dy . Furthermore, the adjoint operator 7* is not symmetric.

If H is finite-dimensional, then every densely defined operator T is defined on
all of H, as the only dense subspace is H itself.
We recall from linear algebra:

Theorem 2.8.12 (Spectral theorem) Let T : H — H be a self-adjoint operator
on a finite-dimensional Hilbert space H. Then H is a direct sum of eigenspaces,

H = (P Eig(T. »).

reR

where

Eig(T, 1) = {v eH:T®) =Av}.

The proof is part of a linear algebra lecture. If H is infinite-dimensional, there is
also a spectral theorem for self-adjoint operators. However, the space is not a direct
sum in general, but a so-called direct integral of eigenspaces. We shall come back
to this later.

Definition 2.8.13 The support of a function f : X — C on a topological space X
is the closure of the set {x € X : f(x) # 0}. By C.(X) we denote the set of all
continuous functions of compact support.

As usual, we denote by L>(H) the space of all measurable functions f : H — C
such that fH | £(z)|*du(z) < oo modulo the subspace of all functions vanishing

' . L dxd
outside a set of measure zero. The measure w is the invariant measure izy . The

space D = C2°(H) of all infinitely differentiable functions on H of compact support
is a dense subspace on which the operator Ay is defined.

Proposition 2.8.14 The operator Ay with domain C2°(H) is a symmetric operator
on the Hilbert space H = L*(H).
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Proof Let
e _ 8_2 + i
ax2  9y?
be the Euclidean Laplace operator and let d denote the exterior differential, which
maps n-differential forms to (n 4 1)-forms. For f, g € C2°(H) we have

of ;. _of g g e .
d(é’(a y——yd) f(ady—ad)o)—(gA f—fA°g)dx ndy.

By Stokes’s integral theorem we conclude
/(gAef fA°g)dx Ady =0,
o)
/HgAefdx Ady = /H:H fA gdx Ndy.

Write T = ’;% Integration by parts yields

f((Tf)g—f(T_@)dmdy:i/—(%g oy )dmdy
H HY

1 1
Zi/d<—f§dy)=/ L rgay=o,
H y iRy

where §2 is any relatively compact open subset of H with smooth boundary, con-
taining the support of fg. So

/(Tf)?dx/\dy:/ f(Tg)dx ndy.
H H
One has

(Ax [, 8) /(Akf)_

Hence the operator Ay is symmetric. O

dx Ndy

f (=A°f +kTf)gdx Ady.
H

Pick a discrete subgroup I" of SL,(R). By invariance, the operator Ay preserves
the set of all smooth functions f on H, which satisfy f||xy = f for every y € I'.
Write C*°(I"\H, k) for the vector space of all these functions and LX(Ir \H, k) for
the space of all measurable functions f on H with f||yy = f for every y € I" and

e dxd
|21 [ PR <

modulo the subspace of functions with || /|| = 0. Note that the integral is well de-
fined, since the function | f (z)|? is invariant under I". Then L>(I"\H, k) is a Hilbert
space with inner product

dx/\dy

(f.8) = f(2)g[2)

M\H
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For the rest of this section we assume that the topological space I"\H is compact.
This is equivalent to the quotient I"\SL,(R) being compact.

In that case one calls I" a cocompact subgroup of SL,(R). A subgroup of SL;(Z)
is never cocompact, because SL;(Z) is not cocompact itself. Do cocompact groups
exist at all? Yes they do, and we will show this, using some facts of complex analy-
sis, topology and elementary number theory.

e We start with a concrete example. Pick two rationals 0 < p, g € Q. The matrices

(7 ) ()
P NG
generate a (Q-subalgebra M of My (R) with the relations
P=p. jP=q.  ij=-ji
These relations imply that the vectors 1,4, j,ij form a basis of M over Q, so
M has dimension four over Q. The algebra M is a special case of a quaternion
algebra.

We now insist that p and ¢ are prime numbers and that ¢ is not quadratic
modulo p, i.e. we assume that g = k2 mod p for every number k modulo p. In
that case one can show (Exercise 2.21), that M is a division algebra, which means
that every m # 0 in M is invertible. The set

Mz =Z1®Zi®LjDZij
is a subring. Let
Ir'={y e Mz :det(y)=1}.

One can show that I” is a discrete subgroup of SL,(R), such that I"\H is compact.

e Let X be a Riemann surface of genus g > 0. Let X be its universal covering and
I' its fundamental group, which we consider as a group of biholomorphic maps
on X. Then there is a natural identification I" \X X . The Riemann surface X is
simply connected and I” acts on X without fixed points. By the Riemann mapping
theorem, there are the following possibilities:

(a) )g =P (C) = C the Riemann number sphere,
(b) X=C,
(c) X=H.

In case (a) every biholomorphic map y : X — X is a linear fractional y(2) =

?iis and every such transformation has at least one fixed point in C, which means

that ' ={1}and X = X =C, so g = 0.

Case (b): A biholomorphic map on C is a linear fractional y with y (c0) = 0o
so y(z) =az+ b. If a # 1, then y has a fixed point given by zo = b/(1 — a).
So I' consists only of transformations of the form y (z) = z + b. The set of all
b € C with (z+— z+b) € I then is a lattice and X is topologically isomorphic to
R?/7Z%, s0 g =1.

In case (c) the group I is a discrete cocompact subgroup of SLy(R)/ £ 1, as
the latter is the group of all biholomorphic maps on H. Every X as in (c) therefore
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gives a I" as we need it. This still doesn’t prove existence, but one can show that
there are uncountably many such I”, even modulo conjugation.

Definition 2.8.15 A torsion element of a group I" is an element of finite order.
A group I' is said to be torsion-free if the neutral element 1 is the only torsion
element.

Now let I" C SLo(R) be a discrete cocompact subgroup. One can show that I”
always contains a torsion-free subgroup of finite index. Hence we do not lose too
much if we restrict our attention to torsion-free groups I". The upper half plane H
has a natural orientation (%, %) If you don’t know the notion of an orientation on
a manifold or Stokes’s theorem, you may for example consult [Lee03]. You may, on
the other hand, understand what follows also if you consider the next proposition as

a definition of the set C°°(I"\H).

Proposition 2.8.16 If the group I' C SLy(R) is discrete and torsion-free, then the
topological space I'\H carries exactly one structure of a smooth manifold such that
the map H — I'\H is smooth. In that case one has

C®(M\H) = >’

The natural orientation on H induces an orientation on I'\H, so that '\H is an
oriented smooth manifold.

Proof (Sketch) As I' is torsion-free, one can show that the group I” acts discontinu-
ously on H, which means that for every z € H there exists an open neighborhood U,
such that for every y € I" one has: yU NU # () = y = 1. This implies that the
projection p : HH — I"\H maps the open neighborhood U homeomorphically onto
its image p(U), so that p|y is a chart. The set of all these charts is an atlas for
I'\H. Since I" acts by orientation-preserving maps, the orientation descends to the
quotient "\ H. O

The smooth manifold I"\H being oriented, one can integrate differential forms.
If w is a differential form on I"\H and if p : H — I'\H is the canonical projection,
then the pullback form p*w is a I"-invariant form on H.

Lemma 2.8.17 Let w be a 1-form on I'\H. Then

/ dw =0.
I\H

Proof This follows from the theorem of Stokes, since /"\H is a compact manifold
without boundary. O

Definition 2.8.18 Let C°°(I"\H, k) denote the set of all smooth functions f on H
with f||xy = f forevery y e I'.
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Lemma 2.8.19

(@) If f € C®(I'\H, k) and g € C*°(I'\H, k'), then fg € C°(I'\H, k + k).
(b) If f € C®(I'\H, k), then f € C®(I'\H, —k).
(c) C®(I'\H, 0) = C®(I'\H).

Proof A smooth function f on H lies in C°°(I"\H, k) if and only if for every y =

(j:})efonehas
cz+d k
f()/z)=(|cz+d|) f@.

The claims follow. O

Proposition 2.8.20 The operator Ay with domain C*°(I'\H, k) is a symmetric op-
erator on the Hilbert space L*(I'\H, k).

Proof Similar to the proof of Proposition 2.8.14. g

The Spectral Problem of Aj; Is it possible to decompose the Hilbert space
L2(I"'\H, k) into a direct sum of eigenspaces? If this is the case, we say that Ay
has a pure eigenvalue spectrum. In this case every ¢ € L>(I"\H, k) can be written
as a L?-convergent sum

$=> .

reR
with Ax¢p) = A¢y..

If I" is not cocompact, one will not have such a sum decomposition. Instead there
is a so-called direct integral of eigenspaces. This is generally true for self-adjoint
operators. We will not properly define a direct integral here, but we give an example
of such a spectral decomposition.

Example 2.8.21 Let V be the Hilbert space L?(R) and let D = —% with domain
C2°(R). Then D is symmetric and one can show that D has a self-adjoint extension.

The operator D has no eigenfunction in L?(R). For ¥ € R the function ey (x) =
e?™i%Y is an eigenfunction for the eigenvalue 4772y2, but this function does not be-
long to the space L?(R). Nevertheless, according to the theory of Fourier transfor-

mation, every ¢ € L?(R) can be written as an L?-convergent integral

¢= / P (y)eydy.
R

2.9 Exercises and Remarks

Exercise 2.1 Show that for (¢ Z) € GLy(C) and z € C the expressions az + b and
cz + d cannot both be zero.
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Exercise 2.2 Find all y € I' = SL,(Z), which commute with

@ S=(,7")
® T=("}]),
(c) ST.

Exercise 2.3 Which point in the fundamental domain D is I"-conjugate to

(@) 6+ 3i,

8+6i o
(b) 3420 ¢

Exercise 2.4 Let I' = SL;(Z) and let N € N. Show that the set I'H(/N) of all matri-
ces (‘; Z) € I with c =0mod N is a subgroup of I".
(Hint: consider the reduction map SL,(Z) — SL2(Z/NZ).)

Exercise 2.5 (Bruhat decomposition) Let G = SL>(R) and let B be the subgroup
of upper triangular matrices. Show that

G =BUBSB, S=(l _1>,
where the union is disjoint.

Exercise 2.6 Show that the group SL,(R) is generated by all elements of the form
(“ 1)) witha eR*, (' %) withx e Rand S=(, 7).

Exercise 2.7 Carry out the proof of Lemma 2.8.1.

d} is in-

variant under the actlon of SL; (R).
(Hint: use the change of variables rule.)

Exercise 2.9 Show that D has finite measure under d); dy

Exercise 2.10 Show that for every g € SL,(R) with g # 1 one has
|tr(g)| <2 & g hasafixed point in H.

Exercise 2.11 The Ramanujan t-function is defined by the Fourier expansion

AR =0m'"?)Y tng", q=eT"

n=1

Show 7 (n) = 8000((03 * 03) *03)(n) — 147(05 x 05)(n), where f x g is the Cauchy
product of two sequences:

frgmy=>_ fk)gn—k).

k=0
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Here we put o, (n) = Zd‘n d? forn > 1 and 03(0) = 2}‘—0 as well as 05(0) = —ﬁ.

Exercise 2.12 (Jacobi product formula) Show that for 0 < |g| < 1 and r € C* one
has
o ) o
Z qn " = 1_[(1 _q2n)(1 +q2n7]t)(1 +q2n71_rfl)'
n=—00 n=1
This can be done in the following steps.
Let 0z, w) = Y20 g"' 1", where z € H, w € C and g = 273, 7 = ¢27iv,
Let
oo

P(z,w)= l_[(l +q" ) (1 +¢* ).

n=1

(a) Show: 9 (z, w 4 22) = (¢7) "9 (z, w) and P(z, w + 2z) = (¢7) "' P(z, w).

(b) Show that for fixed z the function f(w) = ¥ (z, w)/P(z, w) is constant.
(Hint: show that f is entire and periodic for the lattice A(1,2z).)

(c) Show that for the function ¢ (q) = ¥ (z, w)/ P(z, w) one has

@) =]](1-4q™).
n=1
(Hint: show that ¥ (4z, 1/2) =¥ (z, 1/4) and
1 A n— 1 —
<4z, )/P(Z, 4) }_[1(1 —q¢* 2)(1 —q8 4).
Pz, 1)

Therefore ¢ (q) = P& )

@ (g*). Now show that ¢ (¢) — 1 for g — 0.)

Exercise 2.13 Show that the L-series L(f, s) = anl apn~* also possesses an an-
alytic continuation if f € Mo, f(z) =) ,-¢@nq" is not a cusp form. It is not
necessarily entire, but meromorphic on C. Where are the poles?

Exercise 2.14 Let f € Mj with k > 4. Assume that f is not a cusp form. Show
that f is a normalized Hecke eigenform if and only if
k—1)!

f= 202mi)k

Exercise 2.15 For f, g € My let

d
<fgpet—/ F@Y ); dxdy,

Show that the integrand is invariant under I" and that the integral converges if at
least one of the functions f, g is a cusp form. Show that for k > 2 the Eisenstein
series Gy is perpendicular to all cusp forms.
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Exercise 2.16 Show that the map I" (1) — SL,(Z/NZ) is surjective.

(Hint: use the Elementary Divisor Theorem to reduce to the case of a diagonal ma-

trix of the form (a an ) Vary n modulo N and consider matrices of the form ( /‘\l/ Nx )
. an

Recall that @ and N are coprime.)

Exercise 2.17 Let I" C I'(1) be a congruence subgroup and let X' be a normal
subgroup of finite index in I". Show that the finite group I'/X acts on My (X)
by f +— f|y. Show that this action is unitary with respect to the Petersson inner
product.

Exercise 2.18 Let I'H(N) be the group of all (i’ Z) e I'(1) with ¢ = 0mod(N) and
let I (N) be the subgroup of all (‘; Z) € I'H(N) with a =d = 1 mod(N). Let x be
a Dirichlet character modulo N, i.e. a group homomorphism y : (Z/NZ)* — C*.
Let Sx(Io(N), x) be the set of all f € Sp(I1(N)) with fly = x(d)f for every
y=(“") e rp). Show

SN (N) = @D Sk (M), x),
be
where the sum is orthogonal with respect to the Petersson inner product.

Exercise 2.19 Let f € M (I") for a congruence subgroup I". Show that there is a
a € GLy(Q)* and a N € N, such that fl|a € My (I (N)).

Let S be the finite set of all primes which divide N and let Zg be the localiza-
tion of Z in S, i.e. the set of all rational numbers a/b, where the denominator b is
coprime to N. Then NZg is an ideal of Zg and Zs/NZs = 7Z/NZ. Let Go(N) be
the subgroup of GL,(Zg) consisting of all matrices (‘: Z) with positive determinant
such that ¢ € NZg. Show that a set of representatives of IH(N)\Go(N)/Io(N) is
given by the set of all matrices (a" 4 ), where a € Zg is positive and n € N is coprime
to N.

Exercise 2.20 Let f be a continuous function on an open set D C C2. Suppose that
for every zg € C the function w — f(zg, w) is holomorphic where it is defined, and
that for every wg € C the function z — f(z, wg) is holomorphic where it is defined.
So f is holomorphic in each argument separately. Show that f is representable as a
power series in both arguments simultaneously. This means that for every (zg, wo) €
D there is an open neighborhood in which

(oSl ]

F@w)=>" " amnlz —20)" (w — wo)"

n=0m=0

holds. Here a,, , are complex numbers and the double series converges absolutely.
Conclude that f is a smooth function.

(Hint: it suffices to assume (0,0) € D and to show the power series expansion
around that point. Let K, L be two discs around zero in C such that K x L C D.
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Let z be in the interior of K and w in the interior of L. Apply Cauchy’s integral
formula in both arguments to get

1 fE, w) fE. )
dc dE.
fz,w)= oy = i //M(E ¢ dé

i Jak E—Z —2)(¢ —w)
Write
fEo 1 fED
E-0@-w & A-z/HA-w/0) f@ “;)n;)s" 4'"'
Exercise 2.21 Let 0 < p, g € Q. The matrices
(7 ) ()
-Jr)’ Va

generate a (Q-subalgebra M of M;(R) satisfying the relations

P=p. j=q.  ij=-ji
These relations imply that the vectors 1,1, j,ij for a basis of M over Q, so M
is four-dimensional. Such an algebra is called a quaternion algebra. Show that M

is a division algebra if p and g are prime numbers such that g is not a quadratic
remainder modulo p.

Remarks A homothety on C is a map of the form z — Az, where A € C*. The bi-
jection given in Theorem 2.1.5, I'\H — LATT/C*, shows that I"\H is the moduli
space of the lattices modulo homothethies. Generally a moduli space is a mathemat-
ical object, whose points classify other mathematical objects. If you want to learn
about moduli spaces, you should read [HM98] and [KM85].

The j-function is a bijection from I"\H to C. If one adds the I"-orbit of the
point co, one gets a bijection to C=cCu {oo} = P!(C). More generally one com-
pactifies I'\H for a congruence subgroup I" by adding the cusps of a fundamental
domain. The so-defined compact space has the structure of an algebraic curve which
can be realized in some projective space.

Instead of congruence subgroups, one can also look at arbitrary subgroups of
finite index in SL,(Z) or even more general at discrete subgroups I” of G = SL, (R)
of finite covolume; see [Iwa02]. In this book we will concentrate on congruence
groups, as they are most important to number theory.

Non-holomorphic Eisenstein series give the continuous contribution in the spec-
tral decomposition of the Maall wave forms; see [Iwa02]. In the proof of this, the
Rankin—-Selberg method is crucial. In this book, we mentioned this method also for
another reason. The Rankin—Selberg convolution is the first example of an auto-
morphic L-function, which does not belong to the group GL,, but rather to GL4.
This is seen by the order of the polynomials in the Euler product. The Langlands
conjectures imply roughly that every L-function, that shows up in number theory, is
automorphic. This can only hold if one considers automorphic L-functions from all
groups GL,,; see [BCAS*03].



Chapter 3
Representations of SL;(R)

In this chapter we will show that cusp forms can be viewed as representation vectors
for Lie groups. This opens the way for the application of representation theory to
automorphic forms.

3.1 Haar Measures and Decompositions

The group G = SL,(R) acts on the upper half plane by linear fractionals (i Z)z =

az+b
cz+d”
‘L’l’_ts =i orai+b=—c+di,which gives a = d and b = —c by comparison of real

and imaginary parts. It follows that the stabilizer of i € H is the group

Let g = (‘Z Z) € G be in the stabilizer of i € H, i.e. gi = i. Then one gets

K=SO(2)={<Z _ab):a,beR, a2+b2:1},

This is the group of all matrices of the form

cosp —sing foro € R
sing  cosg ¢ )

The action of G on H is transitive (i.e. there is only one orbit), because for z =

x + iy € H one has
(ﬁ f) .
= 0 L l.
vy
So the map

G/K — H,
gK — gi
is a bijection which identifies the upper half plane with the quotient G/K .

A. Deitmar, Automorphic Forms, Universitext, 79
DOI 10.1007/978-1-4471-4435-9_3, © Springer-Verlag London 2013
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The group G is a subset of Ma(R) = R*, and thus inherits a natural topology.
A sequence (?” Z") converges in G to an element (‘Z Z) if and only if a, — a,
b, — b, ¢, > c and d,, — d. The action on H is continuous in that the map

GxH—H
(g, 2) > gz

is a continuous map. (See Exercise 3.2.)

Theorem 3.1.1 (Iwasawa decomposition) Let A be the group of all diagonal
matrices in G with positive entries. Let N be the group of all matrices of the
form ((1) i) with s € R. Then G = AN K. More precisely, the map

Y:AXNxK— G,

(a,n, k) — ank

is a homeomorphism.

Proof Let g € G and let gi = x + yi. With

a=<ﬁ 1/ﬁ) and nz(l x{y>,

one has gi = ani and so g lan lies in K, i.e. there is k € K with g = ank. By

means of the formula gi = Z’Z’Is we can determine the inverse map as follows. Let

¢:G—>AxNxK

be given by ¢(g) = (a(g),n(g), k(g)), where
a a b = Y, Czl+d2
“e d JETE)
a b\ _ (1 ac+bd
“\e a)~ 1 ’

{08 (C0)

It is an easy computation to show that ¢ =Id and ¢ = 1d. 0

The notation a(g), n(g) and k(g) will be used in the sequel. For x,t,6 € R we

write
t
def (€
ay é ( et) S A
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nxdéf(l )16>6N

k def (cos2mwt) —sin2m0 cK
= \sin270  cos276 '

Definition 3.1.2 Let k € Ny. A function f : G — C is said to be k-times continu-
ously differentiable if the map R> — C, given by

(t,x,0) = flamniky)

is k-times continuously differentiable. The map is called smooth if it is infinitely
often continuously differentiable. The set of smooth functions on G is written as
C®°(G). The set of smooth functions of compact support is written as C2°(G).

The group G is a locally compact Hausdorff space, since G is a closed subset of
R*. Further, G is a topological group, i.e. the group operations,

GxG—>G G—>G
1

(x,y) = xy, X x,
are continuous maps. A topological group, which is locally compact and Hausdorff,
is called a locally compact group.

Examples 3.1.3

e An arbitrary group G becomes a locally compact group, if we equip it with the
discrete topology (i.e. every set is open). In that case, one speaks of a discrete
group.

e The groups GL,(R) and SL,(R) are locally compact groups when equipped with
the subspace topology of R*.

o We will construct further examples using p-adic numbers and adeles later.

Lemma 3.1.4 Let G be a locally compact group. Every function f € C;(G) is uni-
formly continuous, which means that for every € > 0 there exists a neighborhood
U of the unit element of G, such that for x, y € G with x~'y € U or yx~! € U one

has | f (x) = f(0)] <e.

Proof We show only the case x "'y € U, as the other case is analogous. Let S be the
support of f. Choose ¢ > 0 and a compact neighborhood V of the unitin G. Since f
is continuous, for given x € G there exists an open unit neighborhood V,; C V such
that y e xV, = | f(x) — f(y)| < &/2. As the group multiplication is continuous,
there is an open unit neighborhood Uy such that U)g C V,. The sets xU,, with x €
SV, form an open covering of the compact set SV. So there exist x1,...,x, € KV
such that SV C x1U; U --- U x, Uy, where we have written U; for ij. Let U =

UiN---NU,. Then U is an open unit neighborhood. Let x, y € G with x’ly eU.If
x ¢ SV, theny ¢S, since x € yU~™! = yU C yV. In that case we conclude f(x) =



82 3 Representations of SL;(R)

f(y)=0.Soletx € SV.Thenthereis j withx € x;U;,soy € x;U;U Cx;V;. We
get
€

@)= fO] = |F0) = Fapl+|fop = r0)] <5 +3

as claimed. O

=¢&

Definition 3.1.5 A measure p, defined on the Borel o -algebra of a locally compact
Hausdorff space X, is called a Radon measure if the following conditions are met:

(a) u(K) < oo for every compact subset K ;

(b) u(A) = infy54 w(U), where the infimum runs over all open subsets with
U D A and A C X is measurable; this property is called outer regularity;

(¢) n(A) = supg u(K), where the supremum runs over all compact subsets
K C X, which lie in A, and A is open or of finite measure; this property is
called inner regularity.

Examples 3.1.6

e If X is discrete, i.e. every set is open, then the counting measure

n  if A is finite with n elements,
u(A) = .
oo otherwise,

is a Radon measure.
e If X =R, then the Lebesgue measure is a Radon measure.

Proposition 3.1.7 Let i be a Radon measure on the locally compact Hausdorff
space X. For every 1 < p < oo the space C.(X) is dense in L (X).

Proof Let f € LP(X). We want to write f as a limit of a sequence in C.(X). We
can decompose f into real and imaginary parts and these again into positive and
negative parts. If we can write all these as limits of C.(X) functions, then we can
do so for f. So it suffices to assume f > 0. One can write f as the point-wise limit
of a monotonically increasing sequence of Lebesgue step functions. It therefore
suffices to assume that f is a Lebesgue step-function. By linearity it suffices to
consider the case f = 14 for a set A of finite measure. By outer regularity there
exists a sequence U, of open sets, U, D U,+1 D A, such that u(U,) — n(A), i.e.
114 — 1y,ll, — 0. So we can assume that A is open. By inner regularity there
exists a sequence of compact sets K, C K11 C A such that |14 — 1k,[, — O.
By the lemma of Urysohn, A.3.2, there is, for each n, a function ¢, € C.(X) with
1k, < ¢, <14. Then the sequence ¢, converges to 14 in the L”-norm. O

If 1 is a Radon measure on X, then the integral I/ =1, : ¢ — fx p(x)du(x)isa
linear map C.(X) — C, which is positive in the sense that ¢ > 0 = I(¢) > 0. The
Representation Theorem of Riesz says that the map u +— I, is a bijection between
the set of all Radon measures and the set of all positive linear functionals on C.(X).
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Theorem 3.1.8 Let G be a locally compact group. Then there exists a Radon
measure u % 0 on the Borel o-algebra, which is left-invariant, i.e. one has
w(xA) = u(A) for every x € G and every measurable set A C G. This measure
W is uniquely determined up to scaling by positive numbers. It is called a Haar
measure of G.

Every open set has positive Haar measure, and every compact set has finite
Haar measure. The Haar measure is finite if and only if the group is compact.

Proof One finds a proof for instance in each of the books [DE09, Str06]. O

Note that a Radon measure p on a locally compact group G is a Haar measure if
and only if

[ rwanei= [ ranaue)
G G
holds for every f € L'(G)and every x € G.

Examples 3.1.9

If G is a discrete group, then the counting measure is a Haar measure.
For the group G = (R, +), the Lebesgue measure dx is a Radon measure.
A Haar measure on the group G = (R*, x) is given by ‘i—x.

A Haar measure for the group G = GL,(R) is given by

dxdydzdw
lxw —yz|?

where the coordinates are the entries of the matrix (7 ;) € G. This is easily
shown by change of variables.

Convention For simplicity we will write dx instead of du(x), when integrating
over a Haar measure u, where we always assume a fixed choice of Haar measure.

So we write
/ fx)dx
G

instead of fG f(x)du(x). The volume ©(A) of a measurable set A C G will be
denoted as

vol(A) or volg.(A).

Definition 3.1.10 Let G be a locally compact group with Haar measure dx. For
f, g € LY(G) the convolution is defined by

frgx)= /G Fg(y"x)dy.
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Proposition 3.1.11 Let G be a locally compact group with Haar measure dx. For
f. g € L'(G) the convolution integral f x g(x) exists for x outside a set of mea-
sure zero and the so-defined function f x g lies in L'(G). More precisely, one has
If =gl <l fllillgl. Equipped with the convolution product, the space LY (G) is
an algebra over C, i.e. for all f, g, h € L'(G) one has

(f*g)xh=fx(gxh), [fx(g+h)=fxg+fxh, (f+gxh=fxh+gxh
and for every X € C the equalities

AMfxg)=@Af)xg=f=*(Ag)
hold.

Proof The proposition follows from simple applications of the invariance of Haar
measure. As an example, we will prove the first assertion. Let f, g € L! (G). Then
we compute, formally at first,

Il f*glh :/(;U*g(x)‘dx:/c‘/cf(”g(yIX)dy‘dx
< [ [lroetolavas= [ [ 17010 axay

=f/|f(y>g<x)|dxdy=||g||1||f||1.
GJG

The existence of the integrals on the right-hand side implies their existence on the
left. The existence of f * g(x) outside a set of measure zero follows from Fubini’s
theorem, A.2.3. O

3.1.1 The Modular Function

A Haar measure ¢ needn’t be right-invariant as well, i.e. in general one has w(Ax) #
w(A). For given x € G let

px(A) = u(Ax).

Then w, is a left-invariant measure, as

mx(YA) = u(yAx) = n(Ax) = e (A).

The uniqueness of Haar measures implies that there is a unique number A(x) >
0 with uy = A(x)u. The resulting function A = Ag : G — (0, 00) is called the
modular function of G. The modular function is a group homomorphism of G to

I x
the multiplicative group R, since

Alxy)u(A) = n(Axy) = A(y)u(Ax) = A(y) A(x)u(A).

Further one shows that A is a continuous function (see [DE09], Chap. 1).
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Example 3.1.12 Let B denote the group of all real matrices of the form ( (1) ;‘) with
vy #£ 0. Then the modular function of B is A((l) )yc) = |y| (see Exercise 3.4).

Definition 3.1.13 Let the set X be equipped with a o -algebra. Assume the group G
acts on X by measurable maps. A measure ¢ on X is called an invariant measure if
for every measurable set A C X and every g € G one has u(gA) = n(A). We will
examine the case when X is the coset space G/H of a subgroup H of G.

Lemma 3.1.14 Let G be a locally compact group and let H be a closed subgroup.
Then H is again a locally compact group and the quotient space G/ H, equipped
with the quotient topology, is a locally compact Hausdorff space.

Proof [DEO09]. O

Theorem 3.1.15

(a) Let H C G be a closed subgroup of the locally compact group G. On the
locally compact space G/ H there exists a non-trivial, G-invariant Radon
measure if and only if

Ag(h)=An(h)

holds for every h € H. If it exists, the invariant measure is unique up to
scaling. Given Haar measures on G and H it can be normalized such that
for every f € L'(G) the integral formula

/ F)dx = / f Flyhydhdy
G G/HJH
holds.

(b) Fory € G and f € L'(G) one has
/ f(xy)dx=A(y*‘)f f(x)dx.
G G
(c) The equation
st ae = [ was
G G

holds for every f € L'(G).

(d) If H C G is a closed subgroup and K C G a compact subgroup such that
G = HK, then one can normalize the Haar measures of G, H, K in such
a way that for every integrable function f the identity

/f(x)dx://f(hk)dkdh
G HJK

holds.
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Proof [DE09, Str06]. O

Example 3.1.16 The upper half plane H can be identified with the quotient G/K =
SL,(R)/SO(2). The invariant measure du = d’;fy is a measure as in the theorem.

Therefore the G-invariance determines the measure x uniquely up to scaling.
A locally compact group G is called unimodular if A =1.

Examples 3.1.17

e If G is abelian, then G is unimodular.

e If G is compact, then G is unimodular, since the image A(G) is a compact sub-
group of R% ), so A(G) = {1}.

e If G is adiscrete group, then G is unimodular, since the cardinality of aset A C G

equals the cardinality of Ax for every x € G.
Proposition 3.1.18 The group G = SLy(R) is unimodular.

Proof Let ¢ : G — R be a continuous group homomorphism. We show that ¢ is
trivial. Firstly, we have that ¢ (K) is a compact subgroup of (0, co), but the lat-
ter group has only one compact subgroup, the trivial one. Hence it follows that
¢ (K) = 1. The restriction of ¢ to A is a continuous group homomorphism, so there
exists a real number x € R such that ¢ (a,) = e'* for every 1 € R. Let w = ( ).

Then wa,w~! = a_;, and therefore ¢'* = ¢ (a;) = p(wa,w™') = e~ * for every

t € R. This means x = 0 and so ¢ (A) = 1. Analogously we have ¢ (n,) = ¢’* for
some 7 € R. By ainca; ' =n,a it follows that ¢™s = 'S for everyt e R,sor =0
and ¢ (N) = 1. By the Iwasawa decomposition we infer that ¢ (G) = ¢(ANK) =
$(A)p(N)p(K) =1. O

Let g € G = SLy(R). We write 7(g) for the unique ¢ € R with a(g) = a;, i.e. we
have

a(g) = a(g)-

Theorem 3.1.19 (Iwasawa integral formula) Let G = SLo(R) and A, N, K C
G as in Theorem 3.1.1. For any given Haar measures on three of the groups
G, A, N, K there is a unique Haar measure on the fourth, such that for every
f € LY(G) the equality

/f(x)dx:f//f(ank)dkdnda
G AJNJIK

holds.

In the sequel, we will choose fixed Haar measures as follows. On the compact
group K we choose the unique Haar measure of volume 1. On A we choose the
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measure 2dt, where t = t(a), and on N we choose fR f(ns)ds. The factor of 2 in

the measure on A was put in to grant compatibility with the measure d);f Y on the

upper half plane.

Proof of the Theorem Let B = AN be the subgroup of all upper triangular ma-
trices with positive diagonal entries. It is easy to show that db = dadn is a Haar
measure on B and that B is not unimodular. Indeed, one has Ag(a;) = e 2 as
the equation a,nyashy = a;4sn Yoy yields. Let b : G — B be the projection
b(g) = a(g)n(g). The map B — G/K = H, sending b to bK, is a B-equivariant
homeomorphism. Every G-invariant measure on G/K = H gives a Haar measure
on B and the uniqueness of these measures implies that every B-invariant measure
on G/K already is G-invariant. The formula [ f(x)dx = fG/K [ f(xk)dkdx
gives [, f(x)dx = [ [ f(bk)dkdb. Since db = da dn, the integral formula fol-
lows. g

3.2 Representations

We define the notion of a continuous representation of a topological group on a
Banach space V.

Definition 3.2.1 Let G be a topological group. A representation of G is a pair
(r, V) consisting of a Banach space V and a group homomorphism 7 : G —
GL(V), such that the map

GxV—->V, (g,v)—>mn(gv

is continuous.

Examples 3.2.2

e Let x : G — C* be a continuous group homomorphism, i.e. a so-called quasi-
character. One can consider y as a representation, since naturally, C* = GL(C).

e Let G = SL;(R). This group has a canonical representation on the Banach space
C?2, given by matrix multiplication.

Now assume that V is even a Hilbert space. A representation w of the group
G on V is called a unitary representation if w(g) is unitary for every g € G. This
means that 7 is unitary if and only if for every g € G and all v, w € V one has
(r(@v, T(gw) = (v, w).

Lemma 3.2.3 A representation 7 of a topological group G on a Hilbert space V is
unitary if and only if T(g~") = m(g)* holds for every g € G.
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Proof An operator T is unitary if and only if it is invertible and satisfies 77! = T*.
A representation 7 is a group homomorphism, so it satisfies 7(g™') = 7(g)~! for
every g € G. These two assertions give the claim. O

Example 3.2.4 Let x : G — C* be a quasi-character. As a representation, x is
unitary if and only if its image lies in the compact torus T={z € C: |z| =1}. In
this case we say that x is a character.

We will next consider an important example. Let G be a locally compact group
and let x € G. On the Hilbert space L*(G), we define an operator L, by

Lyo()=0(x7'y), @eL*G).

Lemma 3.2.5 The map x — Ly is a unitary representation of the locally compact
group G. It is called the left regular representation.

Proof We first show that L, is a unitary operator. This is a consequence of the
left-invariance of the Haar measure:

<Lx<p,wa)=/GLw(y)Lxl/f(y)dy=/G¢(x_1y)1/f(x‘1y)dy

— [ oIy =te. )
Next we show that x — L is a group homomorphism. This is immediate by
L@ =900~ '2) =y 'x7'2) = Lyp) (v '2) = L:Ly9().

It remains to show continuity of the map @ : G x L2(G) — L3(G); (x, @) = Lyo.
For this let ¢y € L?>(G) be given. An open neighborhood of ¢ in L?(G) is given
by the set B, (¢o) of all ¢ € L*>(G) with ||¢ — ¢l < r, where r > 0 and || - || is the
L?-norm. We have to show that § = @1 (B, (¢p)) is an open subset of the product
G x L*(G). Let (x,¢) € S, 50 ||[Lyg — @o|l < r. The claim asserts that there are
open neighborhoods U of x and V of ¢ with U x V C S. To prove this, we estimate
for y € G and ¢ € L*(G),

ILyY¥ —@oll < [ILxp = Ly¥ll + [ Lxp — ¢ol
< |IILxg = Lyoll +ILye — Lyy | + ILxe — ol
= (L = Lye| +llg = ¥l + ILxe = gol.
The last summand is strictly smaller that r. Set

def
=71 —|Lyp —goll > 0.



3.2 Representations 89

The claim follows, if we can show that there are neighborhoods U of x and V of ¢,
such that for (y, ¥) € U x V the estimate

||(Lx _Ly)(p” + ||§0—1ﬂ|| <é

holds. So let V be the set of all y € L?(G) with |l¢ — /|| < £/2. We show that there
exists an open neighborhood U of x, such that for every y € U one has | (L, —
Ly)o|l < /2. By Proposition 3.1.7 there exists a g € C.(G) with [l¢ — g|| < &/8. It
follows that

[(Lx = Lol < [y = Lyg| + (L — L) (g -9
< [(@x = Lyg| + | Lce =) | + | Lye — 0]
= |(Ly — Lyg| +2lg — ¢l < | (Ly — Ly)g| +e/4.

Let C C G be a compact set such that g = 0 outside C. We can assume that C has
positive Haar measure vol(C) > 0. By uniform continuity of g, i.e. Lemma 3.1.4,
there exists an open neighborhood U of x, such that for all y € U and all t € G the
inequality

—1,\ -1 €
l¢00) = 207 < e
holds. So
2
_ _ I
lg(x'1) — g (v 1f)|2<732\,01(c)'

We integrate this over r € G to getfor y € U,

|(Le—Lye| = /G lg(x ') — g(y 1) Par

= [ el =) ar
xCUyC

2 82

< (vol(xC) +VOI(yC))16T1(C) =

Taking square roots, we get || (Lx — Ly)gll < ¢/4 and the lemma is proven. O

We define the right regular representation x — R, on the Hilbert space L*(G)
by

Rep(y) =V AW)@(yx), ¢ e L*(G),

where A is the modular function of G. Analogous to the right regular case, one
shows that R is a unitary representation as well.

Definition 3.2.6 Two representations (7, V) and (n, V) of a topological group G
are called equivalent representations if there exists a linear operator T : V; — V),
such that
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e T is continuous, invertible, and the inverse T is continuous as well, and further
e Tm(g)=n(g)T holds for every g € G.

The second property can also be written as 7 (g) = T~ !5 (g)T. Every such operator
T is called an intertwining operator between the two representations 7 and n. If
Vz and V;, are Hilbert spaces, and there is a unitary intertwining operator, then the
representations are said to be unitarily equivalent.

Let (71, V1) and (72, V2) be two unitary representations. On the direct sum V =
V1 @ V; there is a direct sum representation m = 1 @ . More generally, one can
define direct sum representations of infinitely many summands as follows.

Definition 3.2.7 Let I be an index set and for every i € I let a Hilbert space V; be
given. The Hilbert direct sum

V:@Vi

iel
is the set of all v € [[;; V; such that
def
[V =D lill? < oo
iel
The algebraic direct sum ,.; V; of all v € [[;; V; such that v; = 0 for almost all

i € I is a subset of the Hilbert direct sum.

Since the set I may be uncountable, it is not immediately clear how the sum
Yoier llvi |2 is defined. It is defined to be the integral with respect to the counting
measure on / of the function i — ||v;]|2. By definition of the integral one gets

> lvil? = sup > il

iel E ﬁmte ieE

where the supremum is extended over all finite subsets £ of /. The reader not fa-
miliar with integration theory may take the right-hand side of this equality as the
definition of the left-hand side. The condition ), ; ||lv; I* < oo then implies that
there exists a countable subset J C I such that ||v;|| =0 for all i € I ~. J and the
sum Zie] [|vi ||2 converges in any order (see Exercise 3.8).

Note that by the definition it is not clear that V is a vector space, i.e. it is not clear
why with v, w € V their sum v 4+ w lies in V.

Lemma 3.2.8 The direct Hilbert sum V = @ie] V; is a sub vector space of [ [; Vi.
It is a Hilbert space with inner product

def
(v, w) = Z(vi, W)
iel

The algebraic direct sum is a dense subspace.
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If for every i € I there is given a unitary representation w; of the topological
group G on the space V;, then

m(g) <Z Ui) EDPEAOT

iel iel
defines a unitary representation of G on V , called the direct sum representation.

Notation In the sequel, we will often leave out the hat in the direct sum. So we
write @;; Vi when it is clear from the context that we really mean &, V;.

Proof Let v, w € V. We shall show that the sum v 4+ w lies in V, if v does. Also,
we shall show that the sum Zi <1 {vi, w;); converges absolutely (see Exercise 3.8).

If we equip the set I with the counting measure defined on the o -algebra of all
subsets of I, the corresponding L2-space is the space £>(I) of all functions ¢ : I —
C with |J¢||?> = Yier l¢(i)|*> < oo. This is a Hilbert space with the inner product
(@, ) =2 ;0¥ (@). For v e V, the map ¢,(i) = |lv;| is in £2(1) and one has
levll = |lv]l. We now apply the Cauchy—Schwarz inequality first for the Hilbert
spaces V; and then for 22(I) to get

3 [ w)| < 7 villlwill = [(@o. @u)] < o lllgwll = ]l < co.

iel iel
This implies the claimed absolute convergence of the sum (v, w) and by

> (i, wi)i' <> [(vi wii

iel iel

(v, w)| =

we infer the Cauchy—Schwarz inequality for this inner product, so that for v, w € V
we have

|||v—|—w||2| = |(v+w,v+w)| <(v,v) +(w,w)+ I(v,w)| + |(w,v)|
< I+ lwl? + 2l wl = (vl + w])? < oo,

so that finally we get that V indeed is a sub vector space of [ |, V;. The last claim is
trivial. 0

Example 3.2.9 Let G = R/Z. The left regular representation L of G lives on the
Hilbert space V = L*>(R/Z). By the theory of Fourier series, L is isomorphic to the
direct sum representation on V= D7 Cuk, where G acts on Cuy, by the character
X—k(x) = e 27* je. we have 7 (f)v = x_x(f)v if v lies in the one-dimensional
space Cug.

Definition 3.2.10 A representation (77, V) is called a subrepresentation of a repre-
sentation (7, V;), if Vy is a closed, G-stable linear subspace of V,, and 7 (g) is the
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restriction of 7(g) to V. So every G-stable, closed linear subspace gives a subrep-
resentation of 7.

A representation (r, V) is called irreducible if V;, # 0 and it has no proper
subrepresentations, i.e. if for every closed linear subspace U C V,, which is G-
stable, onehas U =0or U = V.

Example 3.2.11 Let G = SL»(C) and V = C2. Let 7 be the standard representation
of G on V given by matrix multiplication. Then 7 is irreducible. For a proof let
e1 = (1,0)" be the first standard basis vector. For g € G the vector 7 (g)e; equals
the first column of g. Therefore, for every v € V ~ {0} there exists a g € G with
v = 1 (g)er. This implies irreducibility as follows. Let 0 # U C V be a G-stable
linear subspace. We have to show that U = V. Let 0 ## v € V be arbitrary. Choose
a0s# u € U. Then there are g, h € G such that w(g)e; = u and w(h)e; = v. Then
n(g_l)u = ¢ and so n(hg_l)u =m(h)e; = v. As U is stable under the G-action,
we conclude v € U. Since v is arbitrary, U = V.

3.3 Modular Forms as Representation Vectors

Lemma 3.3.1 Let G be a locally compact group and let I' C G be a discrete sub-
group. Then I' is closed in G.

Proof Let g be in the closure I" of I". We want to show that g € I", so we assume
the contrary. Since g € I', every neighborhood of g contains an element of I'". If U
is a neighborhood of the unit, then gU is a neighborhood of g, and hence contains
an element yy of I'. Since g # yy, we get g~ 'yy # 1, so, by the Hausdorff prop-
erty, there is a neighborhood V C U of the unit such that yy ¢ gV. As gV again
contains an element yy of I, we infer that yy # yy, so we get that for every unit
neighborhood U there exist two different elements yy; # ty of I" with yy, Ty € gU.

As I is discrete, there exists a unit neighborhood V C G such that VN T" = {1}.
Since the multiplication of G is a continuous map, there exists a unit neighborhood
U with U2 C V, where

U2={uu/:u,u/€U}.

Since U™! = {u™! : u € U} again is a unit neighborhood, we can, by replacing U
with U N U™, assume that U = U~!. This means in particular that for any two
up, uy € U we have ul_luz € V. Consider yy, ty € gU. Then g_lyy,g_lry eU;
hence

I 1

vo'tw=(g"'vw) gl eV.

Since y;; Y1y e I' this implies y;, 7y =1, in contradiction with yu # tu. Hence
the assumption is false, so I" is indeed closed. O
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a —b

The group K = SO(2) is isomorphic with T= {z € C : |z] = 1} via (b B

a + ib. Any character of K is of the form

—b
&y (a ):(a—}—ib)”, veZ.
b a

) >

Let I' C G = SL(R) be a congruence subgroup. The topology of G makes I"
a discrete subgroup. By Lemma 3.3.1 it is a closed subgroup. As I is discrete, the
counting measure is a Haar measure, so I" is unimodular. Since G is unimodular,
too, Theorem 3.1.15 implies that there exists a non-trivial G-invariant Radon mea-
sure on G/I". It is now convenient to switch between left and right cosets, since we
will use left cosets with respect to the subgroup K. The map

G/I" — I'\G,

gl — Fg_1

is a homeomorphism sending the left translation action of G to the right translation
action. It transports the invariant Radon measure on G/I" to a right G-invariant
Radon measure on I'\G. Let L*>(I"\G) be the corresponding L>-space. This is a
Hilbert space with an action of G by right translations:

Rgp(x) = ¢(xg).
Lemma 3.3.2 The representation R of G on the Hilbert space L*(I'\G) is unitary.

Proof We have to show that for g € G the operator R, : L*(I'\G) — L*(I'\G) is
unitary, i.e. that

(Rg(pv Rgl//) = ((p7 1//)
for all ¢, ¥ € L2(I'\G). We compute

(Reg. Re) = f o(rg) P ) dx = / e T @ dx = (o, P),
NG G

where we have used the G-invariance of the measure. Further we have to show
that the representation is continuous. This is proven analogously to the proof of
Lemma 3.2.5. O

For v € Z recall the character ¢, : K — T given by
SU(kg) — eZnive_

Let L2(I'\G)" be the space of all ¢ € L?>(I"\G) which are continuously differ-
entiable; the latter means that ¢ as a function on G is continuously differentiable in
the sense of Definition 3.1.2.
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Lemma 3.3.3
(a) The space L*(I'\G)" is dense in the Hilbert space L*(I'\G).
(b) The space L*(I'\G) is a direct Hilbert sum
LX(I\G) =P L*(I'\G)(e)),
VEZ

where

LAM\G)(&) = {p € LAN\G) : g(xu) = £, ()p(x) Yu € K }.

Proof (a) It suffices to show that the orthogonal space W = L2(I'\G)"+ is zero.
Lety € L2(F\G), let f € C°(G) and define

R(f)xzf(x)=[Gf(yw(xy)dy=/Gf(x”y)w(y>dy.

Then R( f) is continuously differentiable, as the second representation shows. The
first representation shows that R(f) is still I"-invariant on the left. To show that
R(f)y lies in L2(I"\G)" it suffices to show that its L2-norm is finite. Let C C G
be the support of f and let M = |, clf (»)|?dy. We use the Holder inequality and
the Fubini theorem to get

2
dx

\\R<f>w\}2=/ !R(f)w(x)|2dx=/ V FOW(ry) dy
e nal/e

\G
B /r\c

s/ /|f(y)|2dy/ v () Pdydx
neJe c

=Mf/ |w(xy)|2dxdy=Mvol<C)f v dx < oc.
CcJI\G G

2
dx

fcf(y)w(xy)dy

So we see that R( f) is an operator on LZ(F\G) with image inside Lz(I"\G)1 . Now
let € W, i.e. we have (i, @) = 0 for every ¢ € L>(I'\G)'. We want to show that
¥ = 0. We first show that R(f)y¥ € W again. To see this, let ¢ € LZ(F\G)l and
compute

(R(f)w,¢)=/ R(HY(x)p(x)dx
I'\G
=/ /f(y)llf(xy)dyw(x)dx
'\GJG

=f/ FOW () 9 dx dy
¢Jre
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=/f FOW ooy dxdy
G¢Jre

zf w(x)/ FO ey dydx =y, R(f*)e),
G G

where f*(y) = f(y~1). Now R(f*)¢ lies in L>(I"'\G)! as we have seen, so the
latter product is zero. It follows that R(f)y lies in L3*(I'\G)' and its orthogonal
space; hence it is zero. Being a continuous function, it must vanish everywhere, so
R(f)y¥ = 0 holds for every f € C°(G). We finally deduce ¢ = 0 from this. As
Y is continuous at x, for given ¢ > 0 there exists a unit neighborhood U such that
for every y € U one has |/ (xy) — ¥ (x)| <. Let f be a function in C°(G) with
support in U, such that f >0 and |, G J(x)dx = 1. Such a function exists for every
U by Exercise 3.6. Then

IRCW () — ()| = ’ /U FONW ) — ¥ () dx
S/Uf(y)lxlf(xy)—l,/f(x)|dx<8.

Since R(f)y¥ =0 for all f, we infer that y» = 0 as claimed.
For part (b) we first show that L>(I'\G)(e,) L L>(I'\G)(g,,) for v # . For this
let p € L>(I'\G)(gy) and ¢ € L*(I'\G)(¢,,). Then

(0. %) = / 0 ()P ) dx = / / o ()P Gt e i
G kJr\G

= / / @(xu) ¥ (xu) du dx
'\GJK

- f / £ (W6 W) T ) dudx
e Jk

f vy ) du / PP dx.
K ne
[N —

=0

So the sum is indeed orthogonal.

Let ¢ € L>(I"'\G) be continuously differentiable, which means that ¢ as a func-
tion on G is continuously differentiable in the sense of Definition 3.1.2. For given
x € G the group K =T acts on xK C G. By the theory of Fourier series we have

9(xkg) =Y pu(x)e™

veZ
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where the series converges absolutely. The function ¢, (x) is given by

1
00 (x) = / o (rka)e 27" 4o,
0

This implies that ¢, € L3I’ \G)(ey) and that we have the desired decomposition for
the subspace L>(I"\G)! of all continuously differentiable functions. As this space
is dense in L? by part (a), the claim follows. g

Let f € Si(I") for a congruence subgroup I" C I'(1). Then f(yz) = (cz +d)* x
f(z) holds forevery y = (. }) € I'. For g € G set

br(9) = (cz+d)Ff(gi),

if g=(}7). Forg=(})eG andzeHset u(g,z) = (cz +d)*. A computation
shows

u(gh,z) = pu(g, hz)pu(h, z)
for all g, h € G and all z € H. For u € SO(2) one also has

nlu, i) = e (u).

Proposition 3.3.4 The map f +— ¢y is an isometric injection of the Hilbert space
Sy(I') into the space L>(I'\G)(g_x).

Proof We show that ¢ ¢ is invariant under I”. For this let y € I" and g € G. Then

br(ve) =u(yg, i) 'g(ygi) =y, g) (g, ) 1y, gidg(gi) = ¢ s (g).

We see that this map is an isometry by noting that

(¢f,¢>g)=/ ¢f(x)¢g(x)dx=/ M(x,i)’lu(x,i)_lf(xi)g(xi)dx
I'\G I'\H

=Im(xi)k

_ / Mm@ FOF@D i) = (. &)per
\H

The image lies in L*(I'\G)(e_y), as foru € K,
dpxu) = pCxu, )71 feui) = pe, ), )7 (i) = e p(x). O

Let G = SL,(R). By Lemma 3.3.2, the representation of G on LZ(F\G) is uni-
tary.

Definition 3.3.5 An automorphic form is a function ¢ in L?>(I"\G). Later we will
extend this notion to include functions of the adele valued group which are invariant
under GL;(Q).
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The word automorphic indicates the invariance ¢(yx) = ¢(x) under the I"-left-
translation. It derives from the Greek word for of the same form, meaning unchanged
under the transform. Felix Klein formed this notion in his paper Zur Theorie der
Laméschen Functionen which appeared in the year 1890.

The Automorphic Spectral Problem Can the unitary representation (R, L>(I"\G))
be decomposed into a direct sum of irreducible subrepresentations? We will show

that a positive solution of this problem solves the spectral problem for each of the

operators Ay. This problem admits a positive solution if and only if " is cocompact.

If I" is not cocompact, there will also be the so-called continuous spectrum.

3.4 The Exponential Map

Let n € N. The following assertions will be used subsequently only in the case
n = 2. But as the proofs are the same for any dimension n, we prove them in general.

On the real vector space M, (R) of all real n x n matrices we consider the Eu-
clidean norm

Al =

where we have written the entries of a matrix A as A; ;. For matrix multiplication
we have |AB|| < ||A|l|l|B]|, since by means of the Cauchy—Schwarz inequality we
get

2
||AB||2=Z<ZA,~,kBk,,~) < Z(ZAEkXZBﬁj)=”A”2”B”2-
ij k i,j k l

A series Z(;io A of matrices in M, (R) is said to be absolutely convergent if
> j |Ajll < oo. In this case, the series converges in M, (R) and the limit doesn’t
change under reordering of the series.

For a given real n x n matrix X € M,,(R), the exponential series

1
exp(X) = Z JXV
v=0

converges absolutely in M,, (R), as follows from the estimate || X" || < || X||" and the
absolute convergence of the R-valued exponential series.

Proposition 3.4.1
(a) If the matrices A, B € M,,(R) commute, i.e. AB = BA, then

exp(A + B) =exp(A) exp(B).
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(b) For every A € M, (R) the matrix exp(A) is invertible and we have exp(A)_1 =
exp(—A).

(c) The exponential map is a smooth map M,,(R) = R" — M, (R), the image of
which lies in GL,,(R), and whose differential at zero D exp(0) : R” — R" is
an invertible linear map.

(d) In the group GL,, (R) there is a unit neighborhood U, which does not contain
any subgroup of GL,, (R) other than the trivial one.

Proof The equality AB = BA implies (A + B)”" =) ;_ 0( )AkB" k for every
v € N. Therefore,

exp(A + B) = Z Z()AkB“k
v=| 0

= Z k' (v — k)’AkB”_k = exp(A) exp(B).

This proves (a). Part (b) follows from part (a), as exp(A) exp(—A) = I. For part (c)
note that the entries of the matrix exp(A) are convergent power series in the entries
of A. So the exponential map is infinitely differentiable. We compute the directional
derivative in the direction X € M, (R) as follows

n—1

d X"=X
n! -

1
lim — tX)— 0)) =1
tlfgt(exp< ) —exp(0)) ;fg;

This means D exp(0) = Id, so the claim follows.

(d) Since the Jacobi matrix of exp is invertible, there exists an open neighborhood
VC M, (R) of zero in M,, (R), such that Vis mapped diffeomorphically to an open
neighborhood V of the unit matrix in GL, (R) by the exponential map. We may
choose V to be bounded. Let U = %‘7 and U = exp(U )- Then U contains no non-
trivial subgroup. To see this let a = exp(X) € U with X € U and assume X # 0.
Then there exists v € N with vX € V ~ U. Assuming that a* = exp(vX) lies in U,
there exists ¥ € U with exp(Y) = a” = exp(vX), so the two elements ¥ and vX
of V have the same image under the exponential map, and hence they are equal,
contradicting vX ¢ U. U

Every X € M, (R) defines, by taking right derivatives, a differential operator of
first order Ry on G = GL,(R) by

~ d
Rx f(x)= dr

f(x exp(tX)).

1=0
Analogously, there is a differential operator L x given by left derivatives,

f(exp(—tX)x).

t=0

~ d
Lx f(x)= dr
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Let (7, V) be a representation of the group G = GL,(R). A vector v € V, is
called a smooth vector if the map

x> ma(x)v

as a map from the open set GL,(R) C M,,(R) = R”Z into the Banach space V; is
infinitely differentiable. The set V.2° of all smooth vectors in V; is a linear subspace
of the vector space V.

Let v € V; be a smooth vector and let X € M, (R). Then the map ¢t
7 (exp(tX))v is differentiable, so the limit

7 (X)v def hm ! ( (exp(tX))v — v) = % n(exp(tX))v
t=0

exists.

Lemma 3.4.2

(a) The operator Rx, X € M, (R) is left—invariant ie. Ly RXL _1 = Ry, where
x €G=GLy(R) and Ly f(y) = f(x~ L'y) for every smooth function fonG.
Analogously, the operator Lx is right-invariant, i.e. RyL xR.-1 = Lx with
Ry f(y) = f(yx).

(b) A continuous intertwining operator T : V; — V, between two representations
of G = GL,,(R) maps smooth vectors to smooth vectors, i.e. T (V) C Vnoo.

(c) Forve Vg and f € C°(G), the vector w(f)v is smooth. The space of smooth
vectors is dense in V. For X € M, (R) we have

F(X)m(fHv=n(Lx f)v.

(d) Let f € C°(G) and let ¢ be a locally square-integrable function on G, that is,
for every x € G there exists a neighborhood U of x, such that |y € L*>(U).
Then the integral

R(Po(x) = fG FOpGy)dy

exists for every given x € G and defines a smooth function R(f)¢. For every
X e M;,(R) one has

Rx(R(f)¢) = R(Lx f)e.

Proof (a) Let f be a differentiable function on GL,(R). We have to show that
RxL, f=L, Rxf where L, f(y) = f(x~'y). For y € GL, (R) we compute

d
RxLyf(y) = ar,_

d

Cdt

L f(yexp(X))

f(x_lyexp(tX)) =Rxf(x7'y) =L:Rx f ().
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() If f:RY — V is a smooth map into a Banach space and if 7: V — W is a
continuous linear map between Banach spaces, then T o f : RN — W is smooth.

Now for (c). Since the differential of the exponential function is surjective, a
vector v is smooth if and only if for every x € G the map X — m(exp(X)x)v as a
map M,,(R) — V; is smooth. So the smoothness, as well as the claimed formula,
follow from

n(exp(tX))n(f)v:/ f(x)rr(exp(tX)x)vdx:/ f(exp(—tX)x)m(x)vdx.
G G

Finally we have to show that smooth vectors are dense. This follows if we show
that vectors of the form 7 (f)v for f € C°(G) are dense. Let € > 0 and v € V.
By continuity of & there exists a neighborhood U of the unit in G such that
7 (x)v — v|| < e forevery x € U. Let f € C2°(G) be supported inside U, satisty
f>0and fG f(x)dx = 1; see Exercise 3.6 for the existence of such a function.
For v € V; we get

ool =| [ reoteon=v)as

< / f(x)“r[(x)v — vH dx <e.
G

So the set of all vectors of the form 7 (f)v for v € V; and f € C°(G) is indeed
dense in V.
(d) follows similar to (c). O

3.5 Exercises and Remarks

Exercise 3.1 Prove Proposition 3.1.11.

Exercise 3.2 Show that the map SL,(R) x H — H, given by (g, z) > gz is contin-
uous.

Exercise 3.3 Let K = SO(2) and let D be the set of all diagonal matrices in G =
SL>(R) or in G = GL,(R). Show in both cases that G = K DK .

Exercise 3.4 Let B be the group of all real matrices of the form ((1) ’y‘) with y # 0.
Show that the modular function is A (é )yc) =1y|.

Exercise 3.5 Let ¢ be a Haar measure of the locally compact group G. Let ¢} #
U C G be an open subset. Show that u(U) > 0.
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Exercise 3.6
(a) Show that the function

0 ifr <0,
f= e ifr>0,
is infinitely differentiable on R.
(b) Show that for every neighborhood U of zero in R there exists a function
f =0 on R which is infinitely differentiable, has support in U and satisfies
Jg f)dx=1.
(c) Let G = SL,(R). Show that for every unit neighborhood U there exists a func-
tion f € C>°(G) such that f > 0, the integral fG f(x)dx isequal to 1 and f
has support inside U. Show the same for G = GL, (R).

Exercise 3.7

(a) Show that the map f > ¢y with

br(g) = (ci+d)* f(gi)

defines a bijection between the set C°°(H) of all smooth maps on H and the
set Vi of all smooth functions ¢ on SL>(R) with ¢ (xu) = e_;(u) for every
u € SO(2).

(Hint: the inverse map is given by ¢ > fy with fi(x + iy) = ﬁ_k X

/5
(b) Let H = (1 _1), E = (8(1)) and F = ((1)8). For ¢ € Vi define the differential
operator
d . .
Dp(g)=—|  ¢(gexp(tH)) —i¢(gexp(tE)) —ig(gexp(t F)).
=0

Show that fpy = —2i yd Jfo, where 9= % +i %. Conclude that f is holomor-
phic if and only if f is continuously differentiable and D¢y = 0.

Exercise 3.8 Let I be an index set and for each i € I let a; € C be given. We define

Dolail= sup Y lail.

icl ECI finite icE

Suppose that ), |a;| < co. Show that there is a countable subset C C E such that
a; =0if i ¢ C and that the sum
2 i

ieC
converges in any order, always yielding the same complex number. We call this

number the sum ) ,; a; and say that this sum converges absolutely.
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Exercise 3.9 Assume that the series L(s) = fo;l apn—* converges in s = 50 € C.
Show that the series converges locally uniformly absolutely in Re(s) > Re(sp) + 1.

Exercise 3.10 Let L(a,s) = Y oo ayn~* and L(b,s) =Y oo byn~* both con-
vergent for some s € C. Assume L(a,s,) = L(b,s,) for a sequence s, € C with
Re(s,) — oo. Show that a,, = b,, for every n € N.

Exercise 3.11 A sequence (a,) of complex numbers is called weakly multiplicative
if a,,, = ana,, for every coprime pair of natural numbers (m, n). The sequence is
called strongly multiplicative or just multiplicative if this holds for every pair of
natural numbers. Let L(s) = Z;’;l apn~* be absolutely convergent for Re(s) > oy.
Show:

e The sequence (a,) is weakly multiplicative if and only if for every s € C with
Re(s) > o¢ one has

L(s)= nZapkp“.

P k=0

e The sequence (ay,) is strongly multiplicative if and only if for every s € C with
Re(s) > o one has

1

p

Remarks We have encountered classical modular forms My (I") and cusp forms
Si(I'"), and we have seen how to attach L-functions L(f, s) to these.

The L-functions have Euler products if the forms are Hecke eigenforms. Finally
we saw how to embed Si (") into the space LXr \G), where the latter space carries
a unitary representation of G = SL,(R). The spectral problem of decomposition of
this representation into irreducibles is a central problem in the theory of automorphic
forms.

We shall show that sometimes, f € Sx(I") C L3I’ \G) generates an irreducible
subrepresentation 7. We want to define L( f, s) using m, but there are data missing
to do that. These data are encoded in the Hecke action.

Let I" C SLp(Z) be a congruence subgroup. Recall that the Hecke action
comes about by the operation of the group Gg = GL2(Q). For o € G the group
I' Nal'a™! is again a congruence subgroup. the Hecke operator T, can be defined
by the action of a: f +— f|a, which maps Sx(I") to Sy(I" Nala™"), followed
by a sum over I'/(I' Nal'a™"), the latter mapping to Sx(I") again. This summa-
tion is just the orthogonal projection onto the subspace Sx(I") in the Hilbert space
Sy(I' Nal'a~'). By projecting, one loses information. If we leave out the pro-
jection, the Hecke operator does not map the space Si(I") to itself. We solve this
problem by enlarging the space to

Se=J Sk,
r
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where I" runs through all congruence subgroups of I". This is a vector space with a
linear action of the group Gg. The space

JLramoe
r

inherits an inner product, if one normalizes the inner products on the space
LQ(F\G) as follows:

(fv g>= f(x)@dx

[[:T1)re

Let H be the completion of the resulting pre-Hilbert space. One can define Hecke
operators on this space. However, in the current description, this space is not easy
to understand.

Here comes the punch line: There exists a natural ring A, the ring of adeles, such
that as SLy (R)-module,

H = L*(SL2(Q)\SL2(A)).

Given the definition of H, this assertion seems ridiculous. More precisely, one has
A = Aqp x R, where Agy is called the ring of finite adeles. The group SLy(A) =
SLy(Agp) x SLp(R) acts by right translations on H. The action of SLy(R) is the
same as before. It turns out that the action of SL;(Agy) is, in a sense to be made
precise, equivalent to the action of the Hecke algebra! Consequently, a decomposi-
tion of H into SL,(A)-irreducibles gives Hecke eigenforms with Euler products. So
the L-function should be expressible in representation-theoretic terms of the group
SLo(A).



Chapter 4
p-Adic Numbers

In this chapter we introduce p-adic numbers, the siblings of the real numbers. These
live in a bizarre universe, in which every point of a disk is its center and two disks
of the same radius are either equal or disjoint. The p-adic numbers are, as the reals,
a completion of the rationals Q. One can show that the reals and the p-adic numbers
give all completions of the rationals.

The set of real numbers is the completion of Q with respect to the usual absolute
value

X ifx >0,

|x]00 = .
o —x ifx <O.

We will see that there are other absolute values, which give other completions. In
order to make this precise, we first have to make clear, what exactly we mean by
‘absolute value’.

4.1 Absolute Values

Definition 4.1.1 By an absolute value on the field K we mean amap |-|: K —
[0, o0) such that for all a, b € K we have

e la|=0&a=0, definiteness
e |ab| =|allbl, multiplicativity
e la+b| <lal+1b|. triangle inequality
Remark Every absolute value satisfies |[—1| = 1, since firstly [1|=|1-1]| = 1112 so

|1| = 1 and secondly |—1|> = |(—=1)?| =|1| = 1 and therefore |—1| = 1.
Examples 4.1.2
e For K = Q the usual absolute value | - | is an example.

A. Deitmar, Automorphic Forms, Universitext, 105
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e The trivial absolute value exists for every field and is given by

x| 0 ifx=0,
X|uiv =
T ifx #£0.
Next we give a more elaborate example for the field K = Q of rational numbers.
For a fixed prime number p, every rational number r # 0 can be written as

m
r:pk—,
n

where m, n € Z are coprime to p. The number k € Z is uniquely determined by r.
We define the p-adic absolute value by

kM| def _j
rlp=|p"—| =pr".

p

We complete this definition by

0], £o.

Lemma 4.1.3 Let p be a prime number. Then |- |, is an absolute value on Q, which
satisfies the strong triangle inequality

lx + ylp < max(|x]p, [y]p)-

Here we have equality, if |x|p, # |y,p.

Proof The definiteness is clear by definition. For multiplicativity write x = pk%

’ ! .
and y = pk =7, where m,n,m’, n" are coprime to p. Then

/
_ k+k/mm
=p

xy -,
nn

which implies multiplicativity, i.e. |xy|, = |x|p|y|p. For the strong triangle inequal-
ity we can assume k < k. Then

/

m r_em mn' + pF ~*nm'’
x+y=pk(—+pk k—/)= L
n n nn

If |x]p # [ylp, i.e. K — k > 0, then the number mn’ + K~ nm’ is coprime to p
and then we have [x + y| = p~* = max(|x|p, |y]p). If, on the other hand, |x|, =
|y|p, then the numerator mn’ + pK % nm’ = mn’ + nm'’ is of the form p! N, where
[ >0 and N is coprime to p. This means that |[x + y|, = |pk+l%|p =p ki<
max(|x|p, [y]p)- U
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Proposition 4.1.4 For every x € Q* we have the product formula

[] k=1

p=00

The product extends over all prime numbers and p = oo. For any given x € Q*,
almost all factors of the product are equal to one.

Here we have used the phrase

almost all, which means all but finitely many.

Proof Write x as a coprime fraction and write the numerator and denominator as a
product of prime powers. Then

kn
n

k
x:j:pll...p

for pairwise different primes py,..., p, and ky, ..., k, € Z. Then |x|, =1if pisa
prime that does not coincide with any of the p;. Hence the product indeed has only
finitely many factors # 1. Further we have,

—k: k kn
|x|p.,~ =p 7 and [x|eo =P11 Py
Therefore,
n
K\ K K
1_[|X|P:<1_[p /)pllpnzl
p=oo j=1
O
Remark One can show that for every non-trivial absolute value | - | there exists

exactly one p < oo and exactly one a > 0, such that |x| = |x|7, for every x € Q.

4.2 Q, as Completion of Q

We now give the first construction of the set Q,, of p-adic numbers. This set will be
the completion of Q by the p-adic metric defined as follows.
Let x — |x| be an absolute value on Q. Then

def
d(x,y) = [x -yl

is a metric on QQ, i.e. one has

e dx,y)=0&x=y, definiteness
o d(x,y)=d(y,x), symmetry
o d(x,y)<d(x,z)+d(z,y). triangle inequality
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A metric space is a pair (X, d) consisting of a non-empty set X and a metric d
on X. A sequence (x;)neN in X is called convergent to x € X, if the sequence of
real numbers (d (x,, X)), eN tends to zero. In this case, x is uniquely determined and
is called the limit of the sequence. A Cauchy sequence in the metric space X is a
sequence (x,) in X such that for every ¢ > 0 there is no € N such that d(x,,, x,,) < ¢
holds for all m, n > ny. It is easy to see that every convergent sequence is a Cauchy
sequence. If the converse holds as well, i.e. if every Cauchy sequence converges, we
say that the metric space X is complete.

A map ¢ : X — Y between metric spaces is called an isometry if for all x, x’ € X
the equality

d(p(x), p(x)) =d(x,x)

holds true. An isometry is injective. If it is also surjective, then its inverse map is an
isometry as well. In this case ¢ is called an isometric isomorphism of metric spaces.
A completion of a metric space X is a complete metric space Y together with an
isometry ¢ : X — Y, such that the image ¢ (X) is dense in Y, which means that
every y € Y is the limit of a sequence in ¢ (X).

Theorem 4.2.1 Every metric space X has a completion Y. The completion is
uniquely determined up to isometric isomorphy.

Proof One constructs a completion as the set of all Cauchy sequences in X modulo
the equivalence relation ~, where

(xn) ~ (yn) < d(x,, y,) tends to zero.

The map X — Y is given by sending an element x € X to the class of the constant
sequence x, = x. Details can be found for instance in [Dei05], Chap. 6. Il

Proposition 4.2.2 Let p < 0o. Then Q is not complete in the metric d, induced by
| ' |p-

We denote the resulting completion by Q. The addition and multiplication of Q
extend in a unique way to continuous maps Q, x Q, — Q,,. With these operations,
Qyp is a field, called the field of p-adic numbers. The absolute value | - |, extends to
a unique continuous map on Q,, which is an absolute value.

Proof We assume the proposition known for p = oo, where Q, =R. Solet p < oo
and write | - | = - | ,. The incompleteness of Q is an easy consequence of a different
characterization of Q, which we will see in the next section.

Now for the extension of the operations. Let x,y € Q,. As Q is dense in Q,,
there are sequences (x,) and (y,), which converge in Q, to x and y, respectively.
These are Cauchy sequences in Q. Therefore (x, + y,) is a Cauchy sequence in Q,
too. Hence (x, + y,) converges in Q,, to an element z. If (x;,) and (y,) are a sec-
ond set of sequences in QQ, converging to x and y as well, the sequence (x], + y/,)
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converges in Q to a limit, say z’. We show that z = z’. Then this element z depends
only on x and y and we may call it x + y, thus extending the addition to Q,,. To see
that z = 7’ let & > 0. Then there exists n € N with

o [2— (xn+yn)l <&/3,
o |2/ —(x;,+y))| <e/3, and
° |(xn+yn)_(xy/;+yy/,)|§|xn_xy/l|+|)’n_y;,| <¢g/3.

Then
2 =2| < |z = G+ 9| + ]2 = G + )|
Slz=Ga+y)| |2 = (G +vp)|+ | n+ ) — Ga+yn)| <e

As ¢ was arbitrary, we get |z — 7’| =0, so z = 7’ and we have extended the addition
to a continuous map. Analogously one extends multiplication to Q. It is a straight-
forward verification to show that Q,, is a field with these operations. The absolute

value | - | of Q extends to @, by the definition [x| & im; o |x;, if x = lim; X .
One checks that |x| does not depend on the choice of the sequence (x;) and that | - |
is an absolute value. O

Note that the strong triangle inequality |x + y| < max(|x|, |y|) holds on Q, as
well. It has astonishing consequences, such as that the set

sz{erp:|x|p§1}

is a subring of Q,. This ring is called the ring of p-adic integers.

4.3 Power Series

Fix a prime number p. In this section we give a second construction of the p-adic
numbers. Every integer n > 0 can be written in the base p expansion,

N
n= Zajp],
j=0

with uniquely determined coefficients a; € {0, 1, ..., p — 1}. The sum of n and a
second number m = Y2 b; p' is

max(M,N)+1
n+m= Z cjp’,
Jj=0
where each ¢; depends onlyona,...,a jandby,...,b;. More precisely, one calcu-

lates the coefficients c; as follows. First one sets c} =a;j+b;. Then0 < c;. <2p-2
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and it may happen that c} > p. One finds the smallest index j, for which this hap-
pens, replaces ¢’; by the remainder modulo p and increases c/j 41 by one. One repeats
these steps until all coefficients are < p — 1. Further,

M+N+1
nm= Z djp’,
—

where d; depends only on ay, ...,a; and by, ..., b;. These properties of addition
and multiplication make it possible to extend these operations to the set Z of formal
series of the form

(x> .
> ajp’
j=0

with 0 < a; < p. By a formal series we mean the sequence of coefficients
(ao, ai, ...). The series is only a convenient way to denote the sequence.

Lemma 4.3.1 With these operations the set Z is a ring. An element x = ZC;O:O aj pl
is invertible in Z if and only if ag # 0.

Proof In order to show that Z is a ring, we only need to prove the existence of
additive inverses. So let x = ZS’OIO aj p/. We have to show that there exists y =
Z?O:O b;p’ such that x + y = 0. One constructs the coefficients b; inductively. In
the case ag = 0 one sets bg = 0. Otherwise one sets bg = p — ag. Suppose now that
by, ..., b, have already been constructed such that for y, = Z?:o bj p/ one has

)
X+ yn= Zijj, 0<c;<p.
j=n+1

If ¢,+1 =0, one sets b,+1 = 0. Otherwise one sets b, 1 = p — cp+1. In this way
one gets an element y = Z;io b p’ which satisfies x +y =0.

‘We now prove the second assertion. If x = Z?’;O aj p/ is invertible, then ag # 0,
as otherwise the series xy has vanishing zeroth term for every y € Z. For the con-
verse direction let x = Zj’io ajp’ with ap # 0. We construct a multiplicative in-
verse y = Z?O:() bjp’ by giving the coefficients b; successively. Since F, =7/ pZ
is a field, there is exactly one 1 < by < p such that agbg = 1 mod p. Next let
0<by,...,b, < p already be constructed such that

(Za,pf)( ) b,.pf)zlmodpnﬂ.
0<j 0<j=n

Then there is exactly one 0 < b,+1 < p such that
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<Zajpj>< Z bjpj> = 1 mod p" 2.

0=j 0<j<n+l
The element y = 230:0 bj p? thus constructed, satisfies the equation xy = 1. O
Lemma 4.3.2 Let (a;) be a sequence in {0,1,...,p — 1}. Then the series

® a;p’ converges in Q,. The resulting map ¥ : Z — Q, induces a ring iso-
j=0%J 4 14
morphism Z = 7.

Proof Letx, = Z;l‘:o aj p/. We have to show that (x,,) is a Cauchy sequence in Q p-
For m > n > ng one has

m
|Xm — Xn| = E lljpj = max |aj|p|Pj|p§p_nO-
j=nt1 nej=m

It follows that the sequence is Cauchy, so ¥ is well defined. The map i is clearly a
ring homomorphism. It remains to show bijectivity of ¢ : Z — Z,.
Injectivity: Let x = Z?io aj p/ 0. Then there is a minimal jy with aj, #0. We
get
oo
Cljopjo + Z a.,'pj — p*jo’
Jj=jo+1

[y ()| =

since | 3232 i 41 ajp/| <max;-j, laj|p~/ < p~/.So ¥r(x) #0 and ¥ is injective.
Surjectivity: We define an absolute value on Z by

2l =0 @],

We claim that Z is complete with this absolute value. Let (z ;) be a Cauchy sequence
in Z. Then for every k € N there exists a jo(k) € N, such that for all i, j > jo(k) we
have |z; — z;| < p~*, which means that ¥ (z;) — ¥ (z;) € p*Z,,s0 z; — z; € p*Z.
We conclude that the coefficients of the power series z; and z; coincide up to the
index k — 1. Hence there are coefficients a, for v =0, 1,2, ..., such that for every
k € Nand every j > jo(k) one has z; = Zﬁ;(l) a, p’ mod p¥Z. Set

o
ZzZavp” e’z
v=0

It follows that the sequence (z;) converges to z, so Z is indeed complete. It now
suffices to show that ¥ (Z) contains a dense subset of Z,. But such a dense subset
is the set of all rational numbers in Z,, i.e. the set of all g = :I:pk% with k >0
and m, n coprime to p. Since Z is a ring, it suffices to show that % €Z,ifneNis
coprime to p. Since n is coprime to p, the zeroth coefficient of its base p expansion
is # 0, which means that » is invertible in Z. 0
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In this way we identify Z, with the set of all power series in p. Since Z,, is the
set of all z € Q, with |z| <1, the set p~/Z,, is the set of all z € Q, with |z| < p/.
So we have

OO .
Q= U p L.
=0

Putting things together, Q,, can be viewed as the set of all Laurent series in p, with
only finitely many negative powers of p occurring, i.e.

o0
Q,= Z ajpj:NeN, 0<a;j<pqg.
j=—N

This description implies that the set QQ,, is uncountable. In particular we have Q #
Qp and so Q is not complete in the p-adic metric.

4.4 Haar Measures

The absolute value | - |, defines a metric, which in turn defines a topology on Q.
We show that the groups (Q,, +) and (Q;, x) are locally compact groups with this
topology. We then determine the Haar measures of these groups.

Lemma 4.4.1 The additive and multiplicative groups of Qp, i.e. the groups (Qp, +)
and (Q*, x), are locally compact groups. Z, is a compact open subgroup of
(Qp. +) and Z3, is a compact open subgroup of Q; .

Proof The topology is given by a metric; hence it is Hausdorff. Next we need to
show that (Q,,, +) is a topological group. We have to show that the maps

Qp xQp > Qp Q—Qp
(x, ) =>x+y X = (=x)

are continuous. Let x; — x and y; — y be convergent sequences in Q,. We have
to show that x; + y; converges to x + y. By the triangle inequality we have

|+ y) =+ )| =] =)+ =] < |xj — x|+ 1y; — vl

As the right-hand side converges to zero, the left-hand side does, and the claim fol-
lows. The continuity of the negation is even simpler as |—x| = |x| holds for every x.

We finally have to show that every point in Q, has a compact neighborhood. It
suffices to do this for the point zero, because if a € Q, and U is a compact zero
neighborhood, then U 4 a is a compact neighborhood of a.
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The subgroup Z ‘p is the closed ball of radius 1. Since the function x > |x|, only
takes values in {p”* : k € Z}, the set Z,, is also the open ball of radius o for any
l<a<p,so

sz{xe(@p:|x| <oc}.
Therefore, it is an open neighborhood of zero, i.e. an open subgroup. We show that
it is also compact. In a metric space, a set K is compact if and only if every sequence
in K has an accumulation point in K. So let x; be a sequence in Z,. We have to

show that it has an accumulation point in Z . Consider the subgroup pZ,. For every
k € N the group homomorphism

00 k—1
Zp—Z/p*Z, Y anp" Y ayp’
n=0 v=0

is surjective and has kernel kap. So the index [Z), : kap] equals |Z/p*7Z| = p*.
Consider first the case k = 1. In the disjoint coset decomposition Z, = Uf: (@i +
pZy) there exists a coset which contains x; for infinitely many j € N. Of these
infinitely many, there are infinitely many for which the x; lie in the same class
modulo p?Z p and so on. This descending sequence of cosets is of the form

a+kap = {x €Zp:|x —al < p_k} =Bp—k(a),

so they are closed balls in the p-adic metric whose radii tend to zero. The inter-
section of these balls contains an element by completeness. So there is an element
X € Zp such that for every n € N one has x; = x mod p" for infinitely many ;. This
means that x is an accumulation point.

The multiplicative group Q7 is an open subset of Q, and therefore Hausdorff and
locally compact. The proofs of continuity of the group operations and the assertions
about Z; are similar. We leave these to the reader as an exercise. U

Note that Z;‘ is the set of all x € Q,, with |x|, = 1.
Let u denote the Haar measure on the group (Q,, +), which maps the compact
open subgroup Z, to one, i.e.

W(Zy) =1.

By invariance of y we have for every measurable A C Q,, and every x € Qp,
p(x + A) = pn(A).

Lemma 4.4.2 For every measurable subset A C Q,, and every x € Q,, one has
u(xA) = x| (A).

In particular, for every integrable function f and every x #0:

1y du(y) = Ix| M dpy).
/f(x y)du(y xprpfy w(y

P
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Proof Let x € Q) ~ {0}. The measure ,, defined by

px(A) = u(xA),

is again a Haar measure, as is easy to see. By uniqueness of Haar measures, there
is M(x) > 0 with py = M(x)u. We have to show that M(x) = |x|,. It suffices to
show that u(xZp,) = |x|,. Suppose |x|, = p K then x = pFy for some y € Z%,
and therefore xZ, = ka,,, so it suffices to show u(ka,,) = p~*. Start with the
case k > 0. Then [Z), : ka pl= pk, so there is a disjoint decomposition of Z,

k
Zp=J(xj +1"2p).
=1

S

By invariance of Haar measure it follows that

pk

1=u(Zp) = n(x;+ p*2,) = p*u(p*zy),
j=1

implying the assertion. If k < 0, one uses [kap 1Lyl = p~* and proceeds simi-
larly. g

According to our convention, we shall write integration with respect to the Haar
measure y simply as dx, so we write

/ £ dp(x) = f Fx)dx.
QP Qp

Proposition 4.4.3 The measure z—x is a Haar measure on the multiplicative group

IxIp
Q5. x).
Proof Let f be an integrable function and y € Q;. Then
_ dx _ _ 1 dx
[ 675 =0 [ o) e dx= [
Q lx[p Q; ly x|p Q, [x]p

X
P

by Lemma 4.4.2. O
The subgroup Z[X, of Q;j is the kernel of the group homomorphism

Q;—>Z

log(|x|p)
X — ",
log p
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We can therefore write Q; as the disjoint union Q; =Uiez ka[X,. Now
kepx\ __ X
vol% (P*zy) = vol.‘% (Z3).

It is therefore interesting to know the measure vol ax (Z;). One has
Txl

VOIL(Z;)=/ d_x_/ dx:voldx(Z;).
zZ

iy zs Xl Jzx

Considering the power series representation of Z,, we order the elements of Z by
their first coefficient to get a disjoint decomposition

zy= |J (a+pzyp.
amod p
a#0mod p

This means that the subgroup 1,7, of Z[X, has index p — 1, so

volax (Z5) = (p — 1) volax (pZy) = pT

Definition 4.4.4 We define the normalized multiplicative measure on Q, by

X

p dx
p—1lxlp
This Haar measure is uniquely determined by the property
VOldxx (Z;) =1.
To get used to integration with these measures, we compute the integral
pr\{O} |x|j,dxx for s € C with Re(s) > 0. We decompose Z, ~ {0} into a dis-
joint union of the sets ka; for k£ > 0. We get

o
. ) 1
|x|5 d*x = piké/ d*x = —.
/Zp\m} b ,; 3 1—p—s
—_——
=1

Remarkably, this is the pth Euler factor of the Riemann zeta function.

4.5 Direct and Projective Limits

In this section we give yet another description of the p-adic numbers. We will not
be using this description much, but the techniques to do so will be useful in later
chapters.
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Direct and projective limits can be defined for all algebraic structures like groups,
rings, vector spaces, modules and so on. In this section we construct these limits ex-
emplarily for groups and rings. We shall show that Z, can be written as a projective
limit of finite rings. Later, in Sect. 7.5, we shall make use of the notion of direct
limits of vector spaces.

We first recall the notion of a partial order on a set I. This is a relation < such
that for all a, b, ¢ € I one has

e a<a, reflexivity
e a <bandb <a implies a = b, and antisymmetry
e a <bandb <cimplies a <c. transitivity

Definition 4.5.1 A directed set is a tuple (I, <) consisting of a non-empty set /
and a partial order < on 7, such that any two elements of / have a common upper
bound, which means that for any two a, b € I there exists an element ¢ € I with

a<c and b<c.

Examples 4.5.2

e The set N of natural numbers is an example with the natural order <. In this
case the order is even linear, which means that any two elements on N can be
compared. Every linear order is directed.

e Let £2 be an infinite set and let I be the set of all finite subsets of §2, ordered by
inclusion, so A < B & A C B. Then [ is directed, as for A, B € I the union
C = AU B is an upper bound.

Definition 4.5.3 A direct system of groups consists of the following data

e adirected set (I, <),
e afamily (A;);ecs of groups and
e a family of group homomorphisms

ol Ai— A;, ifi <],
such that the following axioms are satisfied:
gof =1Id4, and qu?ogaij :(pl{‘, ifi <j<k.

Examples 4.5.4

e Let A be a group and let (A;);<; be a family of pairwise distinct subgroups, such
that for any two indices i, j € I there exists anindex k € I, suchthat A;, A; C Ag.
Then the A; form a direct system, if on I one installs the partial order

i<j & AiCAj,

and if for group homomorphisms <pl.j one takes the inclusions.
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e Let X be a topological space, fix xo € X and let / be the set of all neighborhoods
of xg in X. For U € I let Ay be the group C(U) of all continuous functions
from U to C. We order I by the inverse inclusion, i.e. U <V < U D V. The
restriction homomorphisms

oy CU)Y—CV), oy (f)=Fflv

form a direct system.

Analogously one introduces a direct system of rings, by insisting that all A; be
rings and the (pij be ring homomorphisms.

Definition 4.5.5 Let ((A;)icr, (go;" )i<j) be a direct system of groups. The direct
limit of the system is the set

. def
lim A; S [ [Ai /~,

iel iel

where | | denotes the disjoint union and ~ the following equivalence relation: For
a€A;andbe Aj wesaya~b,if there is k € I with k > i, j and g (a) = ¢} (b).

On the set A =lim A; we define a group multiplication as follows. Let a € A;
and b € A; and let [a] and [b] denote their equivalence classes in A. Then there
is k € I with k > i and k > j. We define [a][b] to be the equivalence class of the
element f ()¢} (b) in Ay, so [al[b] = [¢] (@)¢/; (b)].

Proposition 4.5.6 The multiplication is well defined and makes the set A a group.
This group is called the direct limit of the system (A;, q)}). For every i € I the map

vi: A=A~ ]]Ai/~

jel jel

is a group homomorphism.

The direct limit has the following universal property: Let Z be a group and for
every i € I let a group homomorphism a; : A; — Z be given, such that a; = aj o (pl.j
holds if i < j. Then there exists exactly one group homomorphism o : A — Z with
o =a oy foreveryiel.

In other words: if for any two indices i < j the diagram

J

Aj —— Aj
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commutes, then there exists exactly one o : A — Z, such that for every i the diagram

Vi

%

z

commutes.

Proof To show well-definedness, we need to show that the product is independent
of the choice of k. If k’ is another element of I with k' > i, j, there exists a common
upper bound [ for k and k', so [ > k, k’. We show that the construction gives the same
element with [ as with k. Then we apply the same argument to &’ and [. Note that by
definition for every ¢ € Ay one has [c] = [(p,i (). As (p,l( is a group homomorphism,
it follows that

[of @)} B)] = [t (¢ (@5 )] = [0} (#f @) wi (¢ )] = [0} (@), ()]

This proves well-definedness. The rest is left as an exercise to the reader. d

If (A;) is a direct system of rings, then A is a ring with the same universal prop-
erty for ring homomorphisms.

Example 4.5.7 In the case of the direct system (C(U))y, where U runs through all
neighborhoods of a point in a topological space, one calls the elements of lim C(U)
germs of continuous functions.

There is a dual construction to the direct limit, called the projective limit. Since
our most prominent example is a projective limit of rings, we will formulate the
construction for rings. For groups, vector spaces and so on, one simply replaces the
word ring by the word group, etc.

Definition 4.5.8 A projective system of rings consists of the following data

e adirected set (1, <),
e afamily (A;)ics of rings and
e a family of ring homomorphisms

JTl-] CA;— Ay, i <,
such that the following axioms are met:

i_ Jomk _ ok seo
m;=Ids, and 7jom;=mn;, ifi<j=<k

Note that, in comparison to a direct system, the homomorphisms now run in the
opposite direction.
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Example 4.5.9 Let p be a prime number. Let I = N with the usual order. For n €
N let A, =7/p"Z and for m > n let i)' : Z/p™7Z — 7Z/p"Z be the canonical
projection. Then (A, m)'") form a projective system of rings.

Definition 4.5.10 Let (A;, JTl-j ) be a projective system of rings. The projective limit
of the system is the set

A =1limA;
of all a € [];.; Ai such that a; = 7[1:/ (a;) holds for every pairi < j in I.

Proposition 4.5.11 The projective limit A of the system (A;) is a subring of the
product [|;c; Ai. Let pr; : A — A; be the map given by the projection to the ith
coordinate. Then pr; is a ring homomorphism. The projective limit has the following
universal property: If Z is a ring with ring homomorphisms «; : Z — Aj;, such that
o = rrij oaj holds for alli < j in I, then there exists exactly one ring homomor-
phism o : Z — A, such that a; = pr; o for every i € 1. In other words: If for all
i < j the diagram

commutes, then there is a unique ring homomorphism o such that for every i € I
the diagram

A;

AL

commutes.
Proof The proof is left to the reader. d

The next theorem says that the p-adic integers can be constructed as a projective
limit.

Theorem 4.5.12 Let p be a prime number. Then the ring imZ/ p"Z is isomor-
phic with Z,,.
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Proof We view Z, as the ring of power series a = Z?’;Oajpj with a; €
{0,..., p — 1}. We define a map ¢ : Z, — limZ/p"Z, by setting the nth coor-
dinate ¢ (a), of ¢(a) to Z'};(I) aj pj mod p”. This defines a ring homomorphism,
which is easily seen to be bijective. g

4.6 Exercises
Exercise 4.1 For a € Q, and r > 0 let B, (a) be the open ball
Bi(a)={x€Qp:la—x|,<r}

Show:

(a) If b € B(a), then B,(a) = B, (b).
(b) Two open balls are either disjoint or one is contained in the other.

Exercise 4.2 Show that there is a canonical ring isomorphism
Q » = Q®z7Z P

Exercise 4.3 Show that

o0 o0
Zajp]r—> Zajpﬁ, 0<aj<p,
j=—N j=—N

defines a continuous map @, — R. Is this a ring homomorphism? Describe its im-
age.

Exercise 4.4 Let T = {z € C: |z] = 1} denote the circle group and let x : Z, — T
be a continuous group homomorphism, i.e. y (a + b) = x(a) x (b).

Show that there exists k € N with x (p¥Z ») = 1. It follows that x factors through
the finite group Z,,/kap = 7,/ p*7Z, so the image of  is finite.
(Hint: let U = {z € T : Re(z) > 0}. Then U is an open neighborhood of the unit, so
x ~1(U) is an open neighborhood of zero.)

Exercise 4.5 Let e, : Q, — T be defined by
0 —1
ep< Z ajpf) :exp(Zni Z a./pf>,
j=—N j==N
where a; € Z with 0 < a; < p. Show that ¢, is a continuous group homomorphism.
Exercise 4.6 Let x : Q, — T be a continuous group homomorphism. Show that

there exists exactly one a € Q,, with x (x) = ep(ax).
(Hint: reduce to the case x (Zp,) =1 and consider x (l/pk) for k e N.)
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Exercise 4.7 Let p be a prime number and let O be the polynomial ring IF,[#]. As
one can perform division with remainder, the ring O is a factorial principal domain.
The prime ideals of O are the principal ideals of the form O or (n), where n # 0 is
an irreducible polynomial in O.

(a) For such n let v, : O — Ny U {oo} be defined by

vy (f) =suplk: f € (n")}.
Show that

| fly = pfdeg(n)vn(f)

defines an absolute value on the ring O. ‘
(b) Let voo(f) = —deg(f). Show that | f|oo = p~ /) is an absolute value.
(c) Prove the product formula
[T1r,=1

n<oo
Exercise 4.8 Prove the universal property of Proposition 4.5.6.

Exercise 4.9 Prove Proposition 4.5.11.

Exercise 4.10 Show that the direct limit lim A; of abelian groups is abelian. Show
that the converse does not hold in general.

Exercise 4.11 Show that the universal property determines the direct limit up to
isomorphy. More precisely, let (A;, <pl.] ) be a direct system of groups and let B be a
group and for each i let 5; : A; — B be a group homomorphism such that (B, §;)
has the universal property of the direct limit A = lim A;. Show that A and B are
isomorphic.



Chapter 5
Adeles and Ideles

In order to understand the field Q of rational numbers it seems necessary to consider
all its completions @, at the same time. This is best done through a single object
which contains all the fields Q,. The first candidate would be the direct product
I1 » Qp. Unfortunately, the product topology is no longer locally compact, which
means there is no Haar integration for addition and multiplication. This difficulty is
remedied by using the restricted product which is introduced in the first section of
this chapter. It yields a locally compact ring that still contains all Q.

5.1 Restricted Products

Tychonov’s theorem says that the product of compact spaces is compact (see
[DE09], Appendix A). If one replaces the word ‘compact’ by ‘locally compact’,
the analogous assertion becomes false in general, as the following lemma shows.

Lemma 5.1.1 Given an index set 1 and a locally compact Hausdorff space X; for
every i € I. Then the product space X = [];c; Xi is locally compact if and only if
almost all of the X; are compact.

Proof First note the following observation: if a product X = [[; X; is compact, then
so is each factor X;, since it is the image of the projection p; : X — X;, which is a
continuous map.

Let E C I be a finite subset and for each i € E let U; C X; be a given subset.
These data determine a rectangle

R=R((Ui)ieE)=nUi>< 1_[ X;.

icE ielI\E

A rectangle is open, respectively closed, if and only if all the U; are open, respec-
tively closed. By definition of the product topology, every open set in X is a union of
open rectangles. Note that the intersection of two open rectangles is again an open

A. Deitmar, Automorphic Forms, Universitext, 123
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rectangle. If X is locally compact, there must exist a non-empty open rectangle with
compact closure. The closure of the rectangle R((U;);) is the rectangle R(Uy));), so
that by our remark above almost all X; are compact.

The converse direction is a direct consequence of Tychonov’s theorem and the
simple observation that finite products of locally compact spaces are locally com-
pact. g

Let (X;)ier be a family of locally compact spaces and let, for each i € I, a com-
pact open subset K; C X; be given. Define the restricted product as

— K;
X:l—[ X; déf{xel_[X,-:x,-eKi foralmostalliel}

iel iel
- U]
ECIl ieE i¢E
finite

If it is clear which sets K; have been chosen, we leave out the K; from the notation,
so we simply write X =[], X; then.

We now define the restricted product topology as follows. A restricted open rect-
angle is a subset of the restricted product of the form

1_[ U; x l_[ K;,
icE i¢E

where E C [ is a finite subset and U; C X is an arbitrary open set for i € E. A sub-
set A C [[;¢;Xi is called open if it can be written as a union of restricted open
rectangles. Note that the intersection of two restricted open rectangles is again a re-
stricted open rectangle. This is the place where we use the fact that the K; are open
sets.

Lemma 5.1.2
(a) If I is finite, then

[Tx=I1x
i i

and the restricted product topology coincides with the product topology.
(b) For every disjoint decomposition I = AU B one has

l—[X,' = (nX,) X (HX,)
iel icA ieB
(¢) The inclusion map ﬁ,‘Xi — [1; Xi is continuous, but the restricted product
topology only coincides with the subspace topology, if X; = K; holds for almost
alliel. .
(d) Ifall X; are locally compact, then so is X =[[; X;.
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Proof (a) is clear. For (b) note that both sides describe the same subset of [[; X;.
The definition of the restricted product topology implies that the left-hand side in-
deed has the product topology of the two factors on the right.

(¢) To prove continuity, we have to show that the preimage of a set of the form
[lice Ui x [[;¢£ Xi is openin []; X;, where E C I is a finite set and every U; C X;
is open. This follows from (a) and (b). The second assertion is clear.

We now show (d). Let x € X. Then there exists a finite set £ C I such that
x; € K;,ifi ¢ E.Foreveryi € E we choose a compact neighborhood U; of x;. Then
[licg Ui x ]—[i¢E K; is a compact neighborhood of x, i.e. X is locally compact. [J

5.2 Adeles

By a place of Q we mean either a prime number or co; the latter is called the infinite
place. We write p < 00, if p is a prime number and p < 0o, if p is an arbitrary place.

The wording stems from algebraic geometry, as these ‘places’ in many ways
behave like the points on a curve. A set of places is a subset

S C {p : prime number} U {oco}.
By Q, we denote the completion of Q at the place p, so in particular,
(2m>=ﬂR-

We define the set of finite adeles as the restricted product

—~ Zp
Am=[] Q.
p<00
and the set of adeles as
A = Agy, x R.

We also write
A=l
p=o0

although this is not a restricted product as at the place co there is no restriction
given.
For an arbitrary set of places S we write

Ag = ]‘[@,, and Aszl_[Q,,.
pesS pésS
Note that
A=Ag x AS.



126 5 Adeles and Ideles

Theorem 5.2.1

(a) For every set of places S the ring Ag is a locally compact topological ring.

(b) By the diagonal embedding, Q is a discrete subset of A and A/Q is com-
pact.

(¢c) Q isdensein Agp.

Proof The space Ag is locally compact by Lemma 5.1.2. For (a) we have to show
that addition and multiplication are continuous maps Ag x Ag — Ag. We do this for
the addition only, as the multiplication is similar. Let a, b € Ag and let U be an open
neighborhood of a + b. We have to show that there are open neighborhoods V, W of
a and b, respectively, such that V+ W C U, where V + W is the set of all v+ w with
veVand we W. By shrinking U we can assume U =[], Up x [])es- g Zp
for some finite set £ C S. For p € E the addition is continuous on Q,, so there are
open neighborhoods V,,, W, C Q, of a, and b, respectively, such that V, + W, C
Up. Setting V =[],cp Vp X [1pes g Zp and W =[],cp Wp X [],c5 g Zp we
conclude that V and W are open neighborhoods of a and b, respectively, and that
V + W C U as claimed.
For part (b) let

11
U= (—5, 5) X p]:c[)ozp.

The set U is an open neighborhood of zero in A. Forr e QN U, one has |r|, < 1 for
every p < oo and so r € Z. Further, one has |r|s < % and so finally » = 0. We have
found an open zero neighborhood U with U N Q = {0}. As Q is a subgroup of the
additive group of A it follows that Q is discrete in A. For the compactness it suffices
to show that the compact set K = [0, 11x [ ], -, Z contains a set of representatives
of A/Q, because that means the projection P : K — A/Q is surjective, so A/Q is
the image of a compact set under a continuous map, hence compact.

So let x € A. Then there is a finite set of places E such that p ¢ £ = x, € Z,,.
For p € E, p < 0o we write

oo
— -
Xp= Zajp.

j=—N

Then

-1
— pd
Xp Z ajp’ € Lp.
j=—N
——
=reQ
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For a second prime number g # p we have

1
> ajp!

j==N

Irlg = < max{la;p’| } <1.

q

We replace x by x — r, thus reducing E to E ~\ {p}. Iterating this argument, we
arrive at E = {00}, so x,, € Zj, for all primes p. This means that x € R x [ | Lp.
Modulo Z one can then move x to [0, 11 x [],_, Z), = K.

For (¢) it suffices to show that Z is dense in 7 = I1 Zp, since Afy = Qi.

So we have to show that Z meets every open subset of Z. Every such open set is a

union of sets of the form
v=[]8x]]2%
PEE PEE

p<oo

p<0o0

for a finite set of primes E, where each B, is an open ball in Z,. This means that
B, can be written as B, =n, + pkl’Zp for some n, € Z and a k, € Ng. We have
to show that there exists / € Z, such that for every p € E one has [l € n, + phrz P
or/ =n,mod p*r . The existence of such an / follows from the Chinese Remainder
Theorem. 0

Since A is a locally compact ring, so in particular a locally compact group under
addition, there is an additive Haar measure dx on A. A simple function f on A is a

function of the form f =[], fp with f) =1z, for almostall p.

Theorem 5.2.2 The Haar measure dx on (A, +) can be normalized such that
for every integrable simple function f =] » fp one has the product formula

Foo)dx = ff( Y.
Ax X 1:[@,]17)([7 Xp

The Haar measure on Q,, is normalized such that vol(Z,) = 1 holds for p < oo
and that dx~ is the Lebesgue measure. The product is finite, i.e. almost all
factors are equal to one.

This theorem also holds for Ag, where S is any set of places. In the sequel we
shall always use the normalization of Haar measures indicated by this theorem.

Proof A simple set is a subset A of A of the form A = ]_[p Ap, where every A, is
openin Q, and A, = Z, holds for almost all p. For a simple set we define

def
w(A) = ]_[f 14, dx).
p @p
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The simple sets form a generating set of the Borel o-algebra of A which is stable
under intersections, so this prescription defines a measure, which is easily seen to
be a Haar measure. g

5.3 Ideles

The group of units of the adele ring can be described as follows,

I

lap|p=1 for almost all p

If we equip A* with the subspace topology of A, then the multiplication is con-
tinuous, but not the inverse map x — x~!. In order to make A* a topological
group, we need more open sets. We need to insist that with every open set U the
set U™! = {u~!:u € U} is open as well. The topology of A is generated by sets of

the form
[Tv,x]]2-

PEE PEE

where E is a finite set of places. The subspace topology of A* is thus generated by
all sets of the form
U= {a e AX; weUr Pt },

lap|<1, p¢E
where we can insist that every U, lies in (@;. So we need the condition that the sets
of the form

a;'eUp, pEE]
lap|>1, p¢E
are open as well. This implies that the intersection of two sets, one of the form U
and one of the form U ! (different U), is open. Such sets are of the form

Uflz{aeAX:

W= {a c AX apeW,, peE}
lap|=1, p¢E

where W), is any open subset of Q. One notes that sets of the form U and of

the form U~! can be written as unions of sets of the form W. We have shown the
following lemma.

Lemma 5.3.1 The coarsest topology on A™, which contains the subspace topology
of A and which makes A* a topological group, is the topology generated by all sets
of the type W above. It is the restricted product topology

— 7%
A =T] "Qr xRr~.

p<o0
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The locally compact group A™ with this topology is called the idele-group of Q. Its
elements are called ideles.

Definition 5.3.2 We define the absolute value of an idele a € A* as
lal =] [ laplp-
p

This product is well defined, as only finitely many of the factors are different from
one. We extend the definition to all of A by setting |a| =0 if a € A ~. A*. Note that
the identity |a| =[] » lap|p holds in this case as well, if one interprets the product
as the limit limy _, oo HPSN lap|,. Let

Alz{aeAX:lzﬂ:l}.

According to the product formula one has Q% c A!. We write

Z=[] z,.

p <00

Then Z is a compact subring of Agy,. The unit group is

7x = I]z;.

p <00

Theorem 5.3.3 The subgroup Q* is discrete in A* and the quotient A' /Q*
is compact. More precisely, there is a canonical isomorphism

Al/Q* =7,

In particular, F!' =7 x (1} is a set of representatives of A'JQ* and F =
Z* x (0, 00) is a set of representatives of A* /Q*. The absolute value induces
an isomorphism of topological groups: A* = A x (0, 00). Further, one has
Al = A x {£1}.

Proof Choose 0 < ¢ < 1 and set

U=(1—-¢1+¢)x Hzg.

p<00

Then U is an open neighborhood of the unitin A*. Withr e QN U we get |r|, =1

for every prime p, so r € Z and r~leZ. Wehave r € (1—¢e,14+¢),s0r=1.
Consider the map 7 : ]_[p Z; — Al/Q* givenby x — (x, 1)Q*. We claim that 1

is an isomorphism of topological groups. The map 7 is a group homomorphism and



130 5 Adeles and Ideles

since the map [] » ZIX, <> A* is continuous, the map 7 is continuous. The inverse

map is given by x = (Xfin, Xo0) H> i}mn, where we note that for x € A! we have

Xoo € Q%
The isomorphism A* to Al x (0, 00) is given by the map x — (¥, |x|), where

X € A is defined by

- X if p < o0,

®p=1u

% if p=o0.

Finally, the map ¢ : A} x {1} — Al:
¢ (afin, €) = (aﬁnv 8|aﬁn|7])
is an isomorphism. g

Proposition 5.3.4

(a) The set Ag is the disjoint union

Al = L[ qZ>.
q€QZ,

The set Z.N Af is the disjoint union

ZnAy =1 ]kz*.
keN

(b) For every s € C with Re(s) > 1 the integral

/A|x|5dxx
Z

converges absolutely and equals the Riemann zeta function ¢ (s). Here d* x is
the uniquely determined Haar measure on Agn, such that the compact open
subgroup 7 has volume 1. We also consider this measure as a measure on
Afin, which is zero outside Af .

Proof Given x € Agn, the absolute value |x| lies in Qio. Consider the element
Ix|x € A{, . Let p be a prime number. Then one has x, = p*u for some k € Z
and some u € Z;. Hence |x| = p~%r, where r € Q is coprime to p. We conclude
that ||x|x,], =1, so |x|x € 7. Setting ¢ = |x| 7!, we get x € qZX and therefore
the first claim of (a) is proven. The second follows as well.

To show (b), we use (a) as follows,

|x|°d*x = / |x|°d*x = / lkx|®d™x
/Z Z kZx Z A

keN keN
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=Zk‘sz lx]* d*x.
ken ZZ

=1

The convergence follows from the convergence of the Dirichlet series ¢ (s). g

5.4 Fourier Analysis on A

In this section we introduce Fourier transformation and Fourier series on the adeles.
We finish the section with the most important Poisson Summation Formula.

A character of a topological group G is a continuous group homomorphism
x : G — T, where

T={zeC:|z|=1}
is the circle group. The set of characters is a group under point-wise multiplication,
xn(x) = x()n(x).

This group is called the dual group of G. We denote the dual group of G by G.

Examples 5.4.1
e Consider the group G = Z with the discrete topology. For every z € T the map

X::G—>T

ks ZF

is a character of G. The map z — y; is an isomorphism T = G.
e Dually, for k € Z we have a character ¢ : T — T of the group T given by

e(z) =2~
The map k +— &; is an isomorphism Z = T.

We now define a character e of the additive group of A. First, for every prime
number p we define e, : Q, — T by

00 -1 -1
ep(x)=e< Z ajpj)zexp<_2;-”' Z ﬂjpj>= 1—[ e—Zm'aij-

j==N j==N j==N

The map e, is a character of the additive group (Q,, +), as was shown in Exer-
cise 4.5. Note that e,(Z)) = 1.
For p = oo finally define e, : R — T by

eoo(x) — eZm'x‘
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Lemma 5.4.2 For every x € A the product

e(x) = ]_[ ep(xp)

p=oo

has only finitely many factors # 1, i.e. the product is finite. The ensuing map e :
A — T is a character.

Proof For given x € A one has x, € Z, for almost all p, so the product is indeed
finite and the map well defined. As the single e, are group homomorphisms, so
is e. It remains to show continuity. As e is a group homomorphism and A and T
are topological groups, it suffices to show that for every unit neighborhood U in T
there exists a zero neighborhood V in A such that e(V) C U. It suffices to assume
that U is the set of all 27! € T with r € (—&, &) for some ¢ > 0. Then indeed the
set V=T] Z, x (—e¢, ¢) is an open zero neighborhood in A with e(V) C U. O

p<x

Theorem 5.4.3

(a) For a given place p < oo and a given character x : Q, — T there exists
a uniquely determined a € Q) such that X/(\x) = ep(ax). The map a —
ep(a-) is an isomorphism of groups Q, — Q,.

(b) For every character x : A — T there exists a uniquely determined a € A
with x (x) = e(ax). The map x > a is an isomorphism of groups A — A.

(¢) The characters of the compact group A/Q are the characters x of A with
x(Q) = 1. These are given by x — x(gqx) with g € Q.

(d) For given x € A one has

e(xy)=1VyeQ < xeQ.

Proof Part (a) for p < oo is Exercise 4.6. We now prove it for p =oco. Let x : R —
T be a character. By continuity of x there exists an & > 0 such that x ([—¢, ¢]) C
{Re(z) > 0}. Let a be the uniquely determined element of [Z—;, %] such that x (¢) =

e2miae We claim that
€ 2riak
— =e 2,

To show this, we note )((%)2 = x () = €2™1% 50 x )= 1245 and —e?7i43 has

real part < 0. We repeat this argument and we see that x (57) = 2719 Fork e Z

it follows that
k 1\* ok
#(5) =x(5) =+

The set of all 25,1 with k € Z, n € N, is dense in R, so that by continuity we can
conclude x (x) = e?™%* for every x € R. This gives existence. The uniqueness of a
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2miax atx =0

can be derived, for example, from the fact that the derivative of x > e
is 2rwia.

For part (b) let x, : Q, < A SN T, where the embedding of Q, is given by
x+=(...,0,x,0,...). By (a) there exists a unique a, € Q, with x,(x) =e,(ayx)

for every x € Q,. We now show that
Xp(Zp) =1 for almost all p.

Let U C T be the set of all z € T with Re(z) > 0. Then U is an open neighborhood
of the unit. So x ~!(U) must contain an open neighborhood of zero in A. There
therefore exists a finite set of places E with

X= < I1 Z,,) x (H{0}> cx .

p¢E peE

The left-hand side X is a subgroup of A, so x(X) C U is a subgroup of T contained
in U. The set U, however, contains only the trivial subgroup, so that x (X) =1,
which means x,(Z,) = 1 for every p ¢ E. This implies that the map x : A — T,

30 =[]xp(xp)
p

is well defined. Indeed, it is a continuous group homomorphism and it coincides
with x on all Q,. The Q, generate a dense subgroup of A so x = x. Hence for
x € A we get

x) =[Txpp) =[] enl@pxy) =eax).
p p

The uniqueness of a follows from the uniqueness of its coordinates a,.

The map x + a is a group homomorphism as x (x) = e(ax) and n(x) = e(bx),
so xn =e((a + b)x). The inverse map is a > e(a-), so the map is bijective.

Now for (c). The first assertion is clear. Let yx be a character of A with x (Q) = 1.
By (b) there exists an a € A with x (x) = e(ax) and we have to show that a € Q.
Replacing a by p~*a, if |a| p > 1 we successively get |a|, < 1 for every p,
SO dfin € Z. We want to show that this implies a € Z. By e(afn) = 1 we get
1 = exo(too) = €719, and 50 ay € Z. We multiply by —1 if necessary, so that
We can assume da, > 0. Let p be a prime. Write a), = Z?O:O cjpj withO<c¢; <p
and aoo = Y )_objp/ with 0 < b; < p. We claim ¢; = b; for all j and all p. For
k € N one has e(p~*a) = 1,50 e,(p~*a,)ess (p*ass) = 1, which implies that

k N
exp<2ni chpj_k> = exp(Zm’ ijpj_k>.

j=0 j=0

As this holds for all k, we get ¢; = b;. Part (d) is merely a reformulation of (c). [
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5.4.1 Local Fourier Analysis

Recall the space S(R) of all infinite differentiable functions f : R — C such that
for any two m, n € Z with m, n > 0 the function x™ f W) (x) is bounded.

For p < 0o a Schwartz—Bruhat function is a complex valued function on Q,,
which is locally constant and has compact support. Let S(Q,) denote the vector
space of all Schwartz—Bruhat functions on Q.

Lemma 5.4.4 Every f € S(Q)) is a finite linear combination of functions of the

form1,, iz . where a € Qp and k € 7.

Proof Since any given f € S(Q,) is locally constant, for every z € C the preimage
£~ (2) is an open set in Qp. Therefore £~1(0) is open and Qp~ £710) is closed,
sothat Q, \ f ~1(0) equals the support of f; hence this set is compact. It is covered
by the open sets f~!(z) with z # 0, and by compactness we can choose finitely
many, so that the function f has finite image. Every open set in Q, is a disjoint
union of open balls. Hence so for the open set f~!(z) for z # 0. Open balls in Q »
are of the form a + p*Z p as above. The lemma is proven. O

We now define the Fourier transformation on Q, for arbitrary p < oco. For a
function f € S(Q,) let

Feo= f FOep(—xy)dy
Qp

be its Fourier transform.
Lemma 54.5 Let f € S(Q)).

(a) If g(x) = f(x)ep(ax) witha € Qp, then glx) = f(x —a).
(b) Ifg(x) = f(x —a) witha € Qp, then g(x) = f(x)ep(—ax).
(©) If (x) = f (hx) with & € Q5 then §(x) = 77 £ (5).

Proof These are simple consequences of the definition. g

Lemma 5.4.6 Let K be a compact group with Haar measure dx. For a given char-
acter x : K — T we have

vol(K) if x =1,
d =
Joxeoas {0 if x #1.

Proof The case x =1 is clear. In the other case there is kg € K with x (ko) # 1.
Then, by left-invariance of the Haar measure,

X(ko)/ x(x)dx=/ x(kox)dx=/ X () dx.
K K K

Since x (ko) # 1, we get fK X (x)dx = 0. The lemma is proven. U
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Theorem 5.4.7 For p < 0o and f € S(Q)), the Fourier transform f lies in
S(Qp) and we have the inversion formula for the Fourier transformation,

F) = f=x).

Proof In the case p = oo, we have already made use of the inversion formula in
Theorem 2.4.8. In this case the inversion formula is proven in any of the books
[Dei05, Rud87, SW71]. We consider the case p < co. The function & = IZ is its
own Fourier transform, i.e. i = h, as the following computation shows,

hx) = / h(yep(—xy)dy = / ep(—xy)dy.

P Zp

Now x(y) =e,(—xy) is a character of the compact group Z, and this character is
trivial if and only if x € Z), so we get h=h by Lemma 5.4.6.
We introduce the following operators on S(Q)),

24 f(x) = f(x)ep(ax), Laf(x)=f(x—a), M, f(x) = f(rx),

where a € Q) and A € Q;‘. The assertions of Lemma 5.4.5 can be rephrased as
follows:

— 1 A
-Qaszafs LafZQ_af, M)szli/)Lf-

We show that the Fourier transformation maps the space S(Q,) to itself. By

Lemma 5.4.4 every f € S(Q,) is a linear combination of functions of the form
f =141 pkz, = LaM ,-1h. Therefore,

f=LaM,ih=2_op~™*Myh=2_.p™*Myh.

So we have f (x) =ep(—ax)1 P2 (x)- Since the character e, is locally constant,
this function lies in S(Q,).

Consider the vector space A of all f € S(Q,) with f(x) = f(—x). As h(—x) =
h(x), we have h € A. We now show that the function f = L, M —xh liesin A,

—_—

f=LaMyih=L_o(Myih)=L_oM,sh=L_gM,sh=1_,, 7 .

This means f (x) = f(—x). By linearity and Lemma 5.4.4 the inversion formula
follows in the case p < oo. O
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5.4.2 Global Fourier Analysis

Let Ag, = ﬁ p<oon and let S(Ag,) be the space of all functions f : Ag, — C
which are locally constant of compact support. An elements of S(Agp) is called a
Schwartz—Bruhat function on Agy.

Lemma 5.4.8 Every Schwartz—Bruhat function f on Ag, is a finite linear combi-
nation of functions of the form

f = 1a+NZ’
where a € A and N € N. In turn, the function 1, y5 can be written as a product
f = l_[ 1a,,+NZp,
p<00
where almost all factors are equal to 17,,. For every given x € A the product
f) =[] Lay+nz, xp)
p<00

is finite, i.e. almost all factors are equal to 1.

Proof The proof of the first assertion is completely analogous to the proof of
Lemma 5.4.4. The second comes about by the fact that

a—f—NZ:a—i—N H Zy

p<o0

=[] @+ NZp).

p<00 Il
Let S(A) be the space of all functions of the form

)= hj(xin)g; (Xoo),

j=1

where h; € S(Asn) and g; € S(R). An element of S(A) is called a Schwartz—
Bruhat function on A. For f € S(A) define the Fourier transform by

Feo = /A FOe(=xy)dy.

We have shown above, that every f € S(A) can be written as a finite sum of func-

tions of the form
=11 #-

p<oo

with f, € S(Q)) and f, = 1z, for almost all p.
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Theorem 5.4.9 For every function f on A of the form f =] p<oco fp with
fp € S(Q)p) one has
F=11/
p

For f € S(A) one has f € S(A) and the inversion formula for the Fourier
transformation,

Fo) = f(—x0)
holds.

Proof Let f be a product as in the theorem. By Theorem 5.2.2 one has
fx) = /A fe(=xy)dy =] [@ frWep(=xpyydy =[] fo(xp).
p er P

The global inversion formula therefore follows from the local inversion formulae. [

Theorem 5.4.10 (Poisson Summation Formula, adelic version) For every f €

S(A) one has
Y =Y f@,
q€Q q€Q

where the series are both absolutely convergent.

Proof We show convergence first. It suffices to show convergence for f(x) =
1, v (Xfin) foo(*c), Where a € Afin, N € N, and fo € S(R). As Q is dense in
Agy, we find a rational number r in the set a + Nz, so that a + NZ =r + NZ.
Therefore,

dof@= D fol@d= Y feolg—7)

q€Q geQNr+N7Z geQNNZ
=Y folg=1)=)_ foolgN —1).
gqeNZ qEeZ

The last sum is clearly absolutely convergent.
Next we show the claimed identity by reducing to the case f = 15 fo. Let
h = 15. Then 1r+Nz = L, M/nh, so it suffices to show that the claim is stable

under the operators L, and M, with r € Q. So assume }_ .o f(q) = X" cq f(@)
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and let r € Q. Then

DLf@=) flg-n=)_ f@.

qeQ qeQ q€Q

As ¢(Q) = 1, this equals

Y F@=)e—ro)f@=Y 2, f@=>Y L f@.
q€Q q€Q q€Q q€Q

Using the product formula, we similarly show

Y M f@)=Y M f ().
q€Q q€Q

Assume f =15 foo. Then f = l%foo = lzfoo and

Y F@=)_ foolk).

qeQ keZ

Therefore the adelic Poisson Summation Formula is reduced to the following propo-
sition. We write C*°(R/Z) for the space of all smooth functions g on R with

g +1)=gx).

Proposition 5.4.11 (Poisson Summation Formula, classical) For f € S(R) one has

Y fy=>f.

keZ keZ

Proof For given f € S(R), the function g(x) =Y, f(x + k) is a smooth function
on R/Z (see Exercise 5.1) and by Proposition 2.2.7 we infer that

1
Zf(k)zg(O)ZZCk(g)zzv/o Zf(x+l)872Nikxdx
k k & 7
= Z/oo f(x)e_ZnikX dx = Zf(k)
k VT 2

The proposition and the theorem are proven. U

There is also a higher-dimensional version of the Poisson Summation Formula,
which we give now. Let n € N and let S(A§) ) be the set of all functions f : A — C
which are locally constant and of compact support. Next, S(R") is defined to be the
set of all infinitely differentiable functions f : R" — C, such that every derivative is
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rapidly decreasing, so for every a (a1, ..., a,) € Nj and every polynomial p(x) €
Clxi, ..., x,] the function
ol aa”
X o fx
P )ax‘f" dxp" F@

is bounded. Then S(A) is the space of functions A — C which are finite linear
combinations of functions of the form x — foo (Xo0) fin(Xfin) With foo € S(R") and
fin € S(A™). We establish an additive character ¢” : A" — C* given by

€' (x1, ..., xp) =e(x1) - e(xn),

and we define the Fourier transform as
oo = /A FOIE" (—xy)dy

for f € S(A™). As in the one-dimensional case, we get that the Fourier transforma-
tion maps S(A") to itself and that the inversion formula for the Fourier transforma-
tion,

f) = f(=x
holds.

Theorem 5.4.12 (Poisson Summation Formula in n dimensions) Forevery f €

S(A™) one has
Y f@=>" f@.

qeQ” qeQ”

where the series are both absolutely convergent.

The proof is essentially the same as in the one-dimensional case.

5.5 Exercises

Exercise 5.1 Let f € S(R) and set g(x) = ZkeZ f(x+k). Show that g is a smooth
function on R.

(Hint: the estimate | f (x)| < C/(1 + x2) for a constant C shows point-wise conver-
gence. The same holds for the nth derivative £ instead of f. Now integrate n
times.)
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Exercise 5.2

(a) Show that the family (N Z) NeN is a neighborhood basis of zero in Agy. That is,
show that every N Zisa neighborhood of zero and that every zero neighborhood
contains a set of the form NZ for some N.

(b) Show that the sets of the form (1 + N Z) NZx , N € N are a neighborhood basis
of the unit 1 in Af .

Exercise 5.3 Let U be a compact open subgroup of Ag, and let K C Ag,be a com-
pact set. Let S(U, K) be the set of all functions f : A — C such that

e supp f C K xR,
o fx+u)=f(x)VxeA uel,
o forall m,n € Ng one has 0, , (f) = sup,cp | f ™ (x)||xc0|", < 00.

Show
U S, K)=S(A).

U,K

Exercise 5.4 By a tempered distribution or simply a distribution on A we mean
a linear map T : S(A) — C such that for every sequence f; in S(U, K) with
om,n(fj) — O for every pair (m, n) one has T (f;) — 0.

Show

e fi—>8(f)= f(0)is adistribution,
o > I(f)=[, f(x)dx is a distribution,
o [ 8(f)=2,cq f(q) is adistribution.

Exercise 5.5 Let p be a prime number, n € N and let dx be the additive Haar
measure on M, (Q),), so

/ f(x)dx=/ / Fi ) dxiy - dxan.
M, (Qp) Qp Qp

(a) Show that % is a left- and right-invariant Haar measure on the group

GL,(Q,). Conclude that the group GL,(Q,) is unimodular.
(b) Show that the group GL,, (A) is unimodular.

Exercise 5.6 Let n, N € N and let Ky be the set of all invertible n x n matrices g
with entries in Z such that g = I mod N.
Show

e Ky is a compact open subgroup of GL, (Z),
o Ky C Kyifd|N, R
e the K form a neighborhood basis of the unit in GL,(Z).
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Exercise 5.7 Let U be a compact open subgroup of the locally compact group G.
Show that for every g € G the set

UgU/U
is finite.

Exercise 5.8 Let G be a totally disconnected locally compact group. For a com-
pact open subgroup U and a compact set K let L(U, K) be the set of all functions
f:G — C with

e supp f C K and
e f(ux)= f(x)forevery x € G andevery u € U.

Further let R(U, K) be the set of all functions f : G — C with

e supp f C K and
e f(xu)= f(x)forevery x € G andevery u € U.

Show that in general one has L(U, K) # R(U, K), but

U L(U,K)= U R(U, K).

U.K UK



Chapter 6
Tate’s Thesis

This chapter is devoted to the PhD thesis of John Tate, which has reached cult status
in number theory. In Tate’s thesis, harmonic analysis of adeles and ideles is used to
investigate L-functions. In later chapters we shall do the same with 2 x 2 matrices
and thus obtain analytic continuation of L-functions attached to automorphic forms.

6.1 Poisson Summation Formula and the Riemann Zeta
Function

. . . 2
We apply the Poisson Summation Formula on R to the Gauss function e ™™*" and we
obtain the theta transformation formula, which can be used to prove the functional
equation of the Riemann zeta function.

Lemma 6.1.1

(@) The function f(x) = e lies in S(R). It is its own Fourier transform, i.e. it
satisfies f = f.

(b) For f e SR) let M, f(x) = f(ax) for a > 0. Then M, f is in S(R) and one
has M, f = %Ml/af.

Proof (a) This has been shown in the proof of Lemma 2.7.9.
(b) The function M, f clearly lies in S(R). The change of variables v = ay gives

17 7 —2mixy 1 —2mixv/a 12
Maf(x):/ f(ay)e yd}’=—_/. f(v)e dv=—f(x/a).
R a Jr a
For t > 0 set f;(x) = ¢=™** Then ﬁ = %fl/,.

Lemma 6.1.2 The theta series

e) = Ze—ﬂtkz

keZ
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converges uniformly on every interval of the form [a, c0) for a > 0. The function
O (t) is rapidly decreasing on each such interval. It satisfies the theta transformation
formula,

1
() = —O(1
o) \/;O( /1)
foreveryt > 0.

. 2. . .
Proof For fixed t > 0 the function k > ¢~ "% is rapidly decreasing, therefore the
. . . 2. .
series converges point-wise. Further, each summand e~"**" is monotonically de-
creasing in . The assertion on convergence follows. The transformation formula is

a direct consequence of the Poisson Summation Formula as in Proposition 5.4.11. [

This equation will now lead to a proof of the functional equation of the Riemann
zeta function

o0

1
()= —. Re@)>1.

n=1

Theorem 6.1.3 The function 2(s) = () (s/2)7 %2, defined for Re(s) > 1,
can be extended to a meromorphic function on C which has simple poles at
s =0, 1 and is regular everywhere else. The extension satisfies the functional
equation

Tl —5)=2C(s).

Proof We compute

PR N S o A A
r Ng~$/? = =548 —s -t _ —t%r
()T s/ ;/o PR Zfo (,,_27,) '3

00 00 00
, dr 1 dt
=3 [Cereml S [Teren-nT.

The interchange of summation and integration is justified by absolute convergence.
Let

A(s):%/loots/z(@(t)— 1)%.

As © — 1 is rapidly decreasing, the integral converges for all s € C and defines
an entire function. The remaining integral over the interval (0, 1) is computed by



6.2 Zeta Functions in the Adelic Setting 145

changing variables from ¢ to 1/¢,

1! dt 1 (! dat 1 1 [® ar 1
- ts/z@z—l—z—/ts/z@t———z—/ =200 /1) — — -
2/0 (©@) )t ()t B 1 (/)t B

2 Jo 2
1 [ dt 1
= —/ =2 Jte ) — — -
2 1 t s
- l/oot—u—lm@(t)ﬂ 1
2 )1 t s
o
_ l/ CRLI 10 B L
2 t s 1-—s
1 1
=A(l—s5)——-— .
s l—s
The claim follows. O

6.2 Zeta Functions in the Adelic Setting

We want to repeat the arguments of the last section in the adeles. The role of the
theta series is played by the sum E(f) which we define next.
For f € S(A) let

EN@=1x} Y fgn). xeA”

qeQ*

For technical reasons we shall also consider the sum E(|f])(x) = |x|% X

> e 1@l

Lemma 6.2.1 The sums E(f) and E(|f|) converge locally uniformly on A*, so
they define continuous functions on A* JQ* . These functions are rapidly decreasing
in the sense that for every N € N there exists Cy > 0 with

ECH®| <E(f)x) < CnlxI™  for x| > 1.

One has

E(f)() = E(f)<%) 15 £ ) — [x15 £0),
Proof We can assume that the function f is of the form f(x) = 1z (Xfin) foo(Xo0),
where R is an open restricted rectangle in Af, and foo € S(R). As in the proof
of the Poisson Summation Formula in Theorem 5.4.10, we can assume that R is a
subset of Z. Since foo € S(R), there exists C > 0 such that | fao (x)| < C(1 +|x])~2
holds for every x € R.
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‘We have the estimate

1 2
X lraol=¢ ¥ (rper)

qeQ* q€Q*_

qxfin€Z

Let go € Q. We show uniform convergence in a set of the form qoZX x U with a
compact subset U of R*. If x is in this set, then gxq, € 7 < q€q, ~17. Therefore,

S f@olsc ¥ <;>2

1+ |gx
qux qEqalZ\{O} |q OO|OO

As the right-hand side converges uniformly in x, the claimed locally uniform con-
vergence follows.

We next prove the growth estimate. For x € A™ with 1 < |x| = |xgn||Xco| and
f(x)#£0 we have |xfn] <1 and so |xoo| > 1. Let N € N, N > 2 be given. As f €
S(R), there is a Cy > 0 such that | fao (¥o)| < CN1Xoo| ™™ holds for [xao| = |90]0cs
Xoo € R. Then

> 1£@0)] <Cn D 1gokxeel ™ = Culxoo ™V Y lgok|ZY.

qeQ* keZ keZ

Because of
-N N{.|—N -N
[Xool ™™ = Ixfin|™ [X|77 < x|,

the estimate for E(f)(x) follows.
The functional equation will follow from the Poisson Summation Formula. Let
fy(a) = f(ax) with x € A*. Then

F) = fA Fe@e(—zy)dz = x| f(y /).
This implies

E(H@) = 1x12 Y flgo) = x12 fO) = 1x172 Y f(q/x) — x]2 £(0)
q€Q q€Q

= E(H(1/x) + x| 72 f(0) — |x|2 £(0).

The lemma is proven. 0

For f € S(A) define the zeta integral of f by

((fos) = /A Pkl s,
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Here for a Haar measure d*x on A* = Agn x R* the product d* xg, x % has been
chosen with the normalization d* xg, (Z>) = 1.

Theorem 6.2.2 One has
1
§(f,S)=/ E(f)x)|x*"2d>x.
AX/QX

The integral ¢(f,s) converges locally uniformly for Re(s) > 1 and defines a
holomorphic function there, which extends to a meromorphic function on the
complex plane C. This function is holomorphic away from the points s =0, 1,
where it has at most simple poles of residue — f (0) and f (0), respectively. The
zeta integral satisfies the functional equation

c(fys)=¢(f, 1—s).

Proof We first show convergence for Re(s) > 1. For this we replace f by |f]|
and estimate this function by a scalar multiple of 1, 15 (xfn) (1 + |x|évo)’1, where
n, N € N with N > Re(s). The claimed convergence follows as, on the one hand,

00 txfl .
N {;wdt < 0o, and on the other, [-1z|xI°d*x =n® [5|x|*d* < oo, according

to Proposition 5.3.4. These estimates hold locally uniformly in s for Re(s) > 1,
which shows the convergence.

The set F = 7Z* x (0,00) is, by Theorem 5.3.3, a set of representatives for
A*/Q*. By absolute convergence, we can compute for Re(s) > 1,

4“(]",S)=/Ax fxPPd*x = Z fFf(X)IXISdXx

geQX q

=y / fl@n)lgx|* d*x =/ E(f))lx~2 d%x.
qeQx ¥ AX/Qx
The singleton {1} is a set of measure zero in R, so Al/QX is a set of measure zero
in A*/Q*. Therefore, we can decompose the zeta integral as [ = f‘x|> t+ f‘x|< I

For given N € N there is Cy > 0 such that | foo(X00)| < Cnlxoo| ™ holds for
[Xo0o| = 190]00» Xoo € R. For arbitrary N € N we estimate

Re(s)—3 g% . Re(s)—1-N ;x
[ Ea@ Ot ae <oy [ g b a*x

|x|>1

o
1

The right-hand side is finite for Re(s) < N — % Since this holds for every N, the
integral flx|>1 converges for every s and defines an entire function.
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To extend the integral |,

x|<1» We use the functional equation of E(f) and for
Re(s) > 1 we get,

/| 1E<f><x>|x|“%clx)c=f X[ZE(H)(/x)d* x

|x]<1

4 / ! dx £ (0) — / xl° d*xf (0).
[x]<1

|x|<1

The first integral equals f‘ o>1 E( f ) (x)|x|%_5 d*x and defines an entire function
in 5. The second converges for Re(s) > 1 and equals

1 s—1
/ t‘v—lﬁ — !
0 t s—1

The third converges for Re(s) > 0 and equals fol t % = % Together we get

! 1

o s—1

2 (0 0
£(f9) =f| EO@IE + B a7 /O _ 7O

1—5 K

The theorem is proven. g

Example 6.2.3 Let

F) =1z@a)e ™% =TT £,
P

where f, =1z, if p < co. We note that every local factor f), is self-dual with

respect to the Fourier transformation, i.e. that f,, = f) holds for every p < co.
Therefore,

fo =T] f)=r.

p=0©
By
d A
C(f,s)=/ f(x)|x|5dxx=( l—[ / |x|sdxx)/ e ™ o),
AX <00 Zp~10} RX x|

=I"(s/2)m—5/?
:l_[p Z,oli() pinSZC(S) (S/ )
we conclude that the last theorem implies the functional equation of the Riemann
zeta function. So we have found a new proof of this functional equation. Or was it
the same as the old proof?

Definition 6.2.4 A totally disconnected group is a Hausdorff topological group G
possessing a neighborhood base of the unit consisting of open subgroups (see Exer-
cise 6.5).
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This means that G is a totally disconnected group, if it is Hausdorff and there is
a family (U;);er of open subgroups, such that for every neighborhood U of the unit
in G thereisi € I, such that U; C U.

Note that an open subgroup H of a topological group G is also closed. This
follows from the decomposition of G in left cosets,

G=|]sH.

geG

since one can write the complement of H as

G-\ H= U gH.
geG~\H

The coset gH is open since H is and the map x — gx is a homeomorphism of G.
So G ~\ H is a union of open sets, hence open, so H is closed.

Lemma 6.2.5

(a) If G is a totally disconnected compact group, then every character of G has
finite image. The same holds for a finite-dimensional representation w : G —
GL(V). In particular, 7 is trivial on a compact open subgroup.

(b) Every character of the group A'/Q* has finite image.

(c) Every character x of the group A* JQ* is of the form x (x) = x| xo(x), for
a uniquely determined t € R and a uniquely determined character xo of finite
image.

Proof The set U =T N {Re(z) > 0} is an open neighborhood of the unit. The only
subgroup of T, contained in U, is the trivial group. For any character x the open set
X ~1(U) must contain an open subgroup H. Then x (H) is a subgroup of T contained
in U, hence trivial. This means that y factors through G/H. As G is compact and
H is open, G can be covered by finitely many of the open translates g H, therefore
the set G/H is finite. Next for the case of a finite-dimensional representation 7 :
G — GL(V). Every finite-dimensional Banach space V is isomorphic to C"* with
n =dim V. So the representation r is a continuous group homomorphism 7 : G —
GL, (C) C GL2,(R). By Proposition 3.4.1 there exists an open unit neighborhood
U in GL,,(R), which does not contain any subgroup of GLy,(R) other than {1}.
As in the case of a character we get an open subgroup H such that 7 (H) C U,
hence 7w (H) = {1}. Therefore, the kernel C of 7 contains an open subgroup H, but
because of C =, x H the subgroup C is itself open and so G/C is finite.

The group A'/Q* is isomorphic to 7. Hence it has a unit neighborhood base
consisting of open subgroups, i.e. it is a totally disconnected group.

Part (c) follows from (b) and AX/Q* = (A!/Q*) x R. O
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6.3 Dirichlet L-Functions

Recall that a character y of a topological group G is a continuous group homo-
morphism of G to the circle group T. A finite group G will be equipped with the
discrete topology and in this way become a topological group. Then every map from
G into any topological space is continuous, so that characters are exactly the group
homomorphisms G — T. A finite abelian group G has exactly as many characters
as elements, as is shown in Exercise 6.2.

Let N € N and consider the unit group (Z/NZ)* of the finite ring Z/NZ. A char-
acter

x:(Z/NZ)* - T

is called a Dirichlet character modulo N.
Given a divisor d of N and a Dirichlet character n modulo d, the pre-composition
with the projection (Z/NZ)* — (Z/dZ)* turns n into a Dirichlet character

(Z/NZ)* — (Z)dZ)* -1 T

modulo N.

A given Dirichlet character x modulo N is called primitive if x is not induced
from any character modulo d with d < N. In this case the number N is called the
conductor of x.

Example 6.3.1 One has [(Z/37)*| =2 and |(Z/57)*| =4, so [(Z/15Z)*| = 8 and
there are eight different characters modulo 15. Of these, two are induced from Z/3Z
and four are induced from Z /57, where exactly one, the trivial character, is induced
from both. It follows that there are exactly three primitive characters modulo 15.

Let x be a primitive Dirichlet character modulo N. One sets x(n) = 0 if
gcd(n, N) > 1 and by composing it with the projection Z — Z/NZ one considers
x as a function on Z. As such, it is multiplicative, i.e. one has x (mn) = x (m)x (n)
for all m, n € Z. The corresponding Dirichlet series is defined to be

o0

L(x,s)= Z ern)'

s

n=1

As |x(n)| <1 forall n € N, this series converges absolutely for Re(s) > 1.
Similar to Exercise 1.5, one can use the multiplicativity of x to show that L(y, s)
can be written as an Euler product:

L9 =[]

p

— . R 1.
s W

Lemma 6.3.2 The isomorphism

Al/Q* = Hz; = 1lim (Z/NZ)*
p NeN
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induces a bijection between the set of all characters of the group A' JQ* and the set
of all primitive Dirichlet characters as follows: A given primitive Dirichlet character
x modulo Ny gives a character of A' JQ* by

AY/Q* = lim (Z/NZ)* 23 2/ NoZ)* 25 T.
NeN

Proof Let ¢ denote the map in question, sending a primitive Dirichlet character x
modulo Ny to the character

AYQ* = (Z/NoZ)* 25T

of the group A!/Q*. We claim that ¢ is a bijection. For injectivity assume
¢ (x) = ¢ (x'). Let N1 be the smallest natural number such that ¢ () factors through
(ZJN1Z))*. As x is primitive, we get N| = Ny and therefore Ny is uniquely deter-
mined by ¢ (x) = ¢(x’), so x’ also is a Dirichlet character modulo Ny and it follows
that x = x/.

For surjectivity let i be a character of A!/Q*. For a given N € N let Uy be
the set of all x € Hp Zy with xp = 1modN for every p. The family of the Uy
forms a neighborhood base of the unit in [] » Z;, so there is an N such that Uy
lies in the kernel of 5. Let N be minimal with this property. Then 7 factors through
(Z/NZ)* and by minimality of N we get that n factors through a primitive Dirichlet
character. d

Using the isomorphism
AX/Q* = A'/Q* x (0, 00)
one can identify the set of all characters of A!/Q* with the set of all characters of
A>*/Q>, which have finite image.
Let x be a character of AX/Q*. We view x as a character of A* = A x R*

and we thus write ¥ = Xfin Xco-

Definition 6.3.3 Let x be a character of A*/Q> with finite image and let f €
S(A). Define

;(f9X7S):/AX f(x)X(X)|x|Sd><x.
Analogous to Theorem 6.2.2 one shows
§(faX,S)=/ E(f)(x)x(x)|x|s_%dxx,
AX/QX

if the integral ¢(f, x,s) converges. For the trivial character x = 1 one has
¢(f,1,5) =¢(f,s), so this case has been treated already.
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Theorem 6.3.4 Let x # 1 be a character of A*/Q* with finite image and
conductor N € N. The integral {(f, x,s) converges locally uniformly for
Re(s) > 1 and so it defines a holomorphic function in that range, which ex-
tends to an entire function on C. One has

(o x,)=¢(f. 70 1—5).

There exists an f with

C(fix,8) = Loo(x,8)L(x,s),

where

Loo(x.5) =F(s;”>n”?’

and v € {0, 1} is defined by Xfin(—1) = Xoo(—1) = (—=1)".
Setting L(x,s) = Loo(x,S)L(x, ) one gets the functional equation,

L(x,s) = (—=)"N"*t(x,e)L(1 — 5, %),

where t(x,e) = ¢ (N) fﬁix x(xX)e(x)d*x and ¢ (N) is the Euler ¢-function.
It follows that |t(x, e)| = ~/N.

Proof Once we have shown the functional equation, a second application of the
functional equation yields |t (x, e)T ()X, e)| = N. Now

T = () /  X(0e(—x)d*x = (V) / R~ Dx)e(x) d¥x
e e
— YD) / T s = 7T o),

Therefore 7(x,e) and t(x,e) have the same absolute value and the equality
I7(x, e)| = +/N follows.

The other assertions follow similarly to the proof of the case y = 1, i.e. Theo-
rem 6.2.2. All works well up to the identity

/| lE(f)(x)x(x)lxl“%dxx
=/|| B0 a7

+/H 1x(x>|x|‘—1dxxf(0>—/ Xl d*xf (0).

lx]<1
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The first summand on the right-hand side is an entire function in s. We now show
that the last two summands are zero. We have {|x| < 1} = Al/Q* x (0, 1). Using
this isomorphism, we write the first integral as

_ dt
/ r* ‘/ X d*y—.
(0,1) Al/Qx !

By Lemma 5.4.6 the inner integral equals zero. The second integral is treated simi-
larly. The theorem follows up to the last point, the existence of an f € S(A) with

S(f x5 8) = Loo(X, $)L(X, 5).
We now view x as a character of A*. For p < oo let x,, be the character of (@E,<
given by
Q= A* 5T,
where Q; is embedded viax — (..., 1,x,1,...). Let p < c0.

A quasi-character of the group (@; is a continuous group homomorphism A :
Q, — C*. A quasi-character A is called unramified it M(Z) = 1.

Lemma 6.3.5 A quasi-character \ of Q; is unramified if and only if there exists
s € C with

Aa) = |al’.
Proof Every quasi-character of the announced form is clearly unramified. So let A

be an unramified quasi-character. We have an exact sequence of abelian groups,

Z

1—>Zx—>QX—>p — 1.

This means that a quasi-character is unramified if and only if it factors through
| - |. There exists s € C such that A(p) = p~*. For an arbitrary a = pku e Q; with

ueZ; and k € Z one has
May=r(p") =rp) = (p7*) =lal’. O

Lemma 6.3.6 For almost all p the quasi-character x, is unramified. More pre-
cisely, if x comes from a primitive Dirichlet character modulo N, then Xp is un-
ramified if and only if p is not a divisor of N. If p is a divisor ofN pkn with n
coprime to p, then k is the smallest natural number with x,(1 + p k7 p)=1.

Proof If N = plf1 1’1 , then x factors through
: kj
[1z; - ]_[ (z/p; )"
p j=1

The second assertion follows from the fact that y is primitive modulo N. g
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Let S be the set of prime numbers that divide N. We define

o fp=1z,,if xp is unramified,
o fr= pr(1 — %)11+pkzp if N = p*N’ with N’ coprime to p,

2
o foolt)y=1"eT"",

and finally f =[],_ fp € S(A).
With this choice, the zeta integral is a product,

C(fixs) = /A FEx@)x| dx = Hf@x Fr@) )l d*x
)4 P

=tp(fp:xp>9)
=TT/ soompretya<ox TT [ soompiet, a*s
pes? @ pes Y@
p<o0
x f Fro () Xoo (0 x5, dx.
RX

We compute the factors. For a prime number p ¢ S we have

fx f,,<x)x,,<x>|x|§,dXx=/ Xp()|x[5,d*x
Qp Z,~{0}

- 1
= P p =
J.Z_(:) ! L= xp(p)p~

Let p € S and write N = p* N’ with N’ coprime to p. Then

1
Fp () xp x5 dXx=p"(1 ——)/ Xp (O X[ d*x
[@; PR p) Jigprz, "0

1
=pk(1——>/ d*x=1.
p l+kap

For p = oo and v = 0 we get the contribution
)71_‘ .

dx S
f eV = 2
X |x| 2
In the case v =1 we get
dx o dx s+1 s
/ eiﬂxzxxoo(x)le—:/ e”2|x|‘+1—:1“< + >ni§l
x L T e x| 2

=sgn(x)

[
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This shows that for the chosen f the equation

C(fix,8) =Loo(x,8S)L(x,5)

holds.

To finish the proof of the theorem, we have toAdetermine the Fourier transform
of f. Consider p < oco. If p is unramified, then f = f. If p is ramified, however,
write N = p* N’ with N’ coprime to p. Then we have

p

=pk< ——) ke, (— x)f —p*xy)dy

1\——
= (1 — ;)ep(x)ll,kzp (x).

n 1
fpx) = [ fp(y)ep<—xy>dy=pk<1— —) / ep(—xy)dy
Qp H‘szp

Finally, if p = oo and v = 0, then foo = foo. In the case v = 1, one has

o 2 . 1 o 2 :
X) = ey —27nxyd — v ey —Zntxyd
Joo(x) /R y Y=oy y
1 0 2 X _..02 .
T Tamiat Ti¢ 0 TR

We see that

Loy =c(f. % 1= =] ep(fp Xp 1—9).
P

We compute the local contributions for Re(1 — s) > 1. If p is a prime number such
that x, is unramified, then

1

( l—§) = ————r—
% 1—x(pp'—

In the case p = oo one gets

Cp(f 71 —8) = (=) Loo(X, 1 — 5).

There remains the case of a ramified prime p. Let N = p* N’ with N’ coprime to p.
Then

1

gp(vKvl_s)z(l——>f Wlxll—sdxx
P/ Jpkz,~ (0}

(1——) Z / ep(X)xp(x)d™x.
——k iz



156 6 Tate’s Thesis

We show that fp,-Z; ep(X)xpx)d*x =0 for j > —k. If j >0, then e, equals
the constant 1 on the domain of integration. So one has f PIZ mdxx =0, as
XP(Z;) #1.If —k < j <0, then x, is non-trivial on the multiplicative group
1 + p*~1Z,. On the other hand, p/(1 + p*~'Z,) = p/ + p*~11/Z, and e, is
trivial on p*~1%77 » C Zp. Therefore the integral vanishes by the same argument.
We infer that

r— _ ok _l k\—S
§p(vavl_S)—P <1 p)(p) /k

. ep(x)xp(x)d™x.

The product over all ramified p is just N *t(x, e) and the theorem is proven. [J

The subject of Tate’s thesis is the quotient A*/Q* = GL(A)/GL;(Q). In the
theory of automorphic forms one considers more generally the quotient

GL, (A)/ GL, (Q).

In this book we shall restrict to the case n = 2.

6.4 Galois Representations and L-Functions

This section is a survey without proper proofs.

The Langlands conjectures assert, among other things, that L-functions attached
to Galois representations should be automorphic. In this section we shall define
these L-functions, consider the number-theoretic background and the motivation
given by the one-dimensional case.

Consider a finite field extension L/Q and write Oy, for the ring of integers of L,
i.e. O is the set of all @ € L such that f (o) = 0 for some polynomial f € Z[x]
with leading coefficient 1. One has

e Oy is asubring of L.

e There is a basis vy, ..., v, of the vector space L over Q such that Oy = Zv; &
Zvy @ --- D Zvy,.
e O NQ=7Z.

e (O is a Dedekind ring, i.e. every ideal is a product of prime ideals. Further, for
every prime ideal P # 0, the quotient O/ P is a finite field.

e If P #0is a prime ideal of O, then P N Z is a prime ideal # 0 of Z, so there
exists exactly one prime number p with P N Z = (p). In this case one says that
P lies over p, or P divides p.

We now assume that L/Q is a Galois extension and write Gal(L/Q) for its Galois
group. The group Gal(L/Q) acts on Oy, and on the set Prim, of all prime ideals
of Or . We write Galg for the Galois group Gal(K /K ), where K is any field and K
an algebraic closure of K. So Galg is the group of all field automorphisms of K,
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which leave K point-wise fixed. This group does not depend on the choice of the
algebraic closure K up to isomorphy.

For a given prime number p let Prim;, ,, be the set of all prime ideals of O, lying
above p. Then Prim; , is a non-empty finite set. The Galois group Gal(L/Q) acts
on Primg .

For a given P € Primy p let

Gal(L/Q)p ={g € Gal(L/Q) : gP = P}

be the decomposition group of P. Then Gal(L/Q)p acts on the finite field Fp =
OL/P, so we have a group homomorphism

¢p :Gal(L/Q)p — Gal(Fp /F)).

The kernel Ip of this homomorphism is called the inertia group in P. Since Fp is
a finite field, the Galois group is a finite cyclic group generated by the Frobenius
homomorphism

Frob, : x — x?.

One can show that the homomorphism ¢p is surjective. So one can view Frob,, as
an element of Gal(L/Q)p/Ip.
By a Galois representation over C we mean a group homomorphism

p: Gal(L/Q) — GL(V),

where V is a finite-dimensional C-vector space. The group Gal(L/Q)p/Ip acts on
the space
VI”={v€V:gv=vVgEIp}.

The Galois group Gal(L/Q) acts transitively on the set Prim; ,, so the charac-
teristic polynomial

det(l — x Frob, |V1”) = det(l - x,o(Frob,,)leP)
depends only on p. Define the Artin L-function of the Galois representation p as

1
L(p,s) = .
(p.5) lzldet(l—p*SFropr’P)

One can show that the product converges absolutely for Re(s) > dim V and that it
can be extended to a meromorphic function on the complex plane C.

A Galois representation p is called irreducible if it does not admit any sub-
representation, i.e. for every subspace U C V one has: if p(g)U C U for every
ge€Gal(L/Q),thenU =0or U =V.

Artin Conjecture If p is irreducible and # 1, then L(p, s) is entire.
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We now prove the Artin conjecture for one-dimensional representations. For this
we cite the classical theorem of Kronecker and Weber.

Theorem 6.4.1 (Kronecker—Weber) Let K /Q be a finite Galois extension with
abelian Galois group. Then K is a subfield of Q(§), where & is a root of unity.
In other words, every abelian number field is cyclotomic.

Note the following: if K /Q is a Galois extension, then Galk is a normal subgroup
of Galg and one has Gal(K /Q) = Galg / Galk.

For an arbitrary group G let [G, G] denote the commutator subgroup. This is the
subgroup generated by all commutators, i.e. all elements of the form

[a,b]:aba_lb_l.

It is easy to see that [G, G] is a normal subgroup of G. The quotient G* =
G/[G, G] is called the abelianization of G. It is the largest abelian quotient of G, in
the sense that if N is a normal subgroup such that G/N is abelian, then N D [G, G],
or, equivalently, the map G — G/N factors through G/[G, G].

For given n € N, let ,, be the set of all nth roots of unity in C; this is the set of
all complex numbers & satisfying £" = 1. Further let oo be the union of all w, as
n runs through N. Then o, can also be described as the set of complex numbers
of the form ¢?™® with « € Q/Z. Let Ko = Q(uoo) be the field generated by all
& € lLeo- The field extension K¢/Q is an infinite Galois extension with Galois group
Galf‘QF’, as the Kronecker—Weber theorem implies. One concludes

Galf) = Aut(itoo) = Aut(Q/Z)

= Aut<@ lim p_kZ/Z>

p keN

=[Tu lim A ut(Z/p*2)
=(Z/p*z)*

=[]z, =a"/Q.
P

Let’s turn to the Artin conjecture. Given a finite Galois extension L of Q with Galois
group Gal(L/Q) and a character p : Gal(L/Q) — T. By Galois theory, Gal(L/Q)
is the quotient Galg / Galy, so p can be extended to a character p : Galg — T. As T
is abelian, p factors uniquely through the abelian quotient Galgf. By the Kronecker—

Weber isomorphism given above, p yields a character of A!/Q), i.e. a Dirichlet char-
acter x,.
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Lemma 6.4.2 The Artin L-function of p coincides with the Dirichlet L-function
of Xp» 50

L(;O»S) = L(X,O’S)'

Sketch of Proof In the definition of L(p,s) one can replace the field L by the
fix field of the group ker(p). This field has an abelian Galois group over Q, and
hence is a subfield of Q(uy) for some N € N. Enlarging the field, one assumes
L = Q(uy) with minimal N. Then O = Z[uy] and for a prime ideal P above p
one gets Oy /P =TF,[uy], where N’ is the part of N which is coprime to p, i.e.
N = pkN’. If p|N, then Gal(L/Q)p = Ip and p(Gal(L/Q)p) # 1, so the Euler
factor of L(p,s) equals 1. If p t N, the Frobenius operator is the unique element
of Gal(L/Q), given by & — &” for every & € uy. Then p(Frob,) = x,(p) and the
lemma follows. g

If p # 1, then we conclude that L(p, s) is entire and we have shown the Artin
conjecture for one-dimensional representations!

The absolute Galois group G = Galg of Q and its representations contain some
of the deepest and farthest reaching mysteries of all of mathematics. Since, as we
have seen, the abelian quotient G° of the Galois group is isomorphic to A' /Q*, one
can identify the one-dimensional unitary Galois representations with the characters
of A'/Q* = GL{(A)!/GL1(Q). In order to understand higher-dimensional Galois
representations, one analogously should consider GL,, (A) ! / GL,(Q), where

GL,(A)' ={g € GL,(A) : |det(g)| = 1}.

Since, however, GL,, (Q) is not normal in GL,, (A, the quotient is not a group, and
hence has no representations. So what should be the generalization of the characters
of Al/Q*?

The answer to this question is in the Fourier analysis of the compact group
Al/Q*. Every character x : A'/Q* — T c C is an element of L?(A!/Q*) and
the characters form an orthonormal basis of this Hilbert space, i.e. one has

(A/Q%) EBCX

By analogy, the irreducible subrepresentations 7 of the GL,, (A)! representation on
the space L2(GL, (A)! / GL,(Q)) are the right replacement of the characters . The
global Langlands conjecture asserts that for every n-dimensional Galois representa-
tion p there exists such a representation s, such that L(p, s) = L(r, s). Note that
L(m, s) has not been defined as yet, but we shall do that later. We also show that
the automorphic L-function L(rw,s) extends to an entire function; thus the Artin
conjecture follows from the Langlands conjecture.
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6.5 Exercises

Exercise 6.1 Fix a Dirichlet character x : (Z/NZ)* — T modulo N. The con-
ductor f, € N of yx is the smallest divisor of N, such that y factors through the
projection Z/NZ — Z/ fy Z.

Show that for Dirichlet characters x,n modulo N with (fy, f;) =1, on has

Fxn = Tx Jn-

Exercise 6.2 Let A be a finite abelian group. We equip the vector space C(A) of all
functions f : A — C with the inner product ( f, g) = ﬁ ZaeA f(a)g(a). Let A be
the set of all group homomorphisms y : A — T.

(a) Show that |X | =]A|. (Use the fact that every finite abelian group is a product of
cyclic groups.)

(b) Show that the x € A form an orthonormal basis of C (A).

(¢c) Let N eNandleta € A = (Z/NZ)*. Show that there are coefficients c(x) € C,

such that
1
DL = Y —

A neN
x€ n=amod N

Exercise 6.3 Let K C G be a compact subgroup of the locally compact group G
and let L' (K\G/K) be the set of all f € L'(G), such that f(kjxky) = f(x) holds
for all kq, k» € K. Show that LI(K\G/K) is a convolution subalgebra of LY(G)
(see Proposition 3.1.11).

Exercise 6.4 Let 7 : K — GL(V) be a continuous representation of the compact
group K on the Banach space V. Show that the map P : V — V, given by

P(v) :/ t(k)vdk
K
is a projection with image V(7).

Exercise 6.5 A group G is called pro-finite if it can be written as a projective limit
of finite groups. In this case one equips the finite groups with the discrete topology
and G with the projective limit topology, which is the topology induced from the
product topology.

A topological group G is called totally disconnected if it has a neighborhood
base of the unit consisting of open subgroups (see Definition 6.2.4). Show:

G is pro-finite <& G is compact, Hausdorff and totally disconnected.

(Hint: let G be compact, Hausdorff and totally disconnected and let H be an open
subgroup. Show that G/H is a finite set and conclude that H contains a normal
open subgroup N of finite index. Order the set I of all normal open subgroups by
inverse inclusion and show that G is isomorphic with limy G/N.)
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Exercise 6.6 Let H be a subgroup of the locally compact group G. We extend any
given f € C(H) by zero to a function on G and view C(H) as a linear subspace of
the space of all maps from G to C. Show:

C(H)ycC(G) < HopeningG.
Show that if H is not open in G, then
C(H)NC(G)=0.

Exercise 6.7 Show that the complex algebra M,,(C) of n x n matrices has no two-
sided ideals other than 0 and M,, (C).

(Hint: if J is a two-sided ideal and A € J, then the diagonalizable matrix AA* lies
in J.If J #£ 0, then J must contain invertible elements.)

Exercise 6.8 Let p be a prime number and let M, be the set of all integral 2 x 2
matrices of determinant p. Show that M, = I" ( P 1)F , Where I = S1»(Z).

Exercise 6.9 Let G be a group and H a subgroup of finite index, so |G/H| < oo.
Show that H contains a subgroup N, of finite index and normal in G.
(Hint: write G = (J_, g; H and consider N =[); g, ngfl )



Chapter 7
Automorphic Representations of GL3(A)

We introduce a useful notation. Given a ring R, commutative with unit, we write
G, for the group GL,(R) of invertible 2 x 2 matrices with entries from R. These
are exactly those matrices, whose determinant is a unit in the ring R. In partic-
ular, the group G4 = GL2(A) is the restricted product of the groups Gg,, see
Exercise 7.1. We also write G, for the group Gg, = GL2(Q)), so in particular
Goo = Gr = GL2(R). More generally, for an arbitrary set S of places, we write
Gs = Gy = GLo(Ag). This group equals the restricted product of the G, with
p € S, see Exercise 7.1. Analogously we write G5 for GL, (AS), so that we have
Gpa=Gg x GS.If S is the set of all prime numbers, we write Gfin = G5 = G, -

For any ring R we write Z for the set of all diagonal matrices (", ) with r € R*.
For p < oo we also write Z, for Zg b Finally, we write G}Sk =GL, (A)1 for the set of
all x € GL,(A) with |det(x)| = 1. The injection G}* <> G yields an identification
of Gg\G} with (GgZr)\Ga.

7.1 Principal Series Representations

In this section, we describe an important class of representations of the group G, =
GL>(Q),) for a prime number p, the principal series representations.

The group G, gets a locally compact topology from the inclusion G, =
GL2(Qp) CM2(Q)p) = Q‘[‘,. With this topology it is a locally compact group.

Let A, be the group of diagonal matrices in G, and N, the group of all matri-
ces of the form (1 )1“) with x € Q,,. Finally, let K, be the compact open subgroup
GL,(Z,). We give G, the unique Haar measure, which assigns the volume 1 to the
compact open subgroup K.

Let A : A, — C* be a quasi-character. We write a* for its value A(a) and we
consider the group of quasi-characters as an additive group. So for quasi-characters
A and 2/, the quasi-character A + A is given by

’ ’
aA+A — akak )

A. Deitmar, Automorphic Forms, Universitext, 163
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Example 7.1.1 Given complex numbers A1, Ay, the map a — a* with

A
a def A A
( ) = la1|™az|™
az

is a quasi-character of the group A,. In this way the additive group C? is a sub-
group of the quasi-character group of A ,. Of particular importance will be the quasi-
character a® = |a;|/|az|. Note that the modular function of the group B p=ApNp
is given by Ap, (an) = a® (Bxercise 7.3).

Proposition 7.1.2 The group G is unimodular. One has the Iwasawa decomposi-
tion
Gp,=A,N,K,.

The Haar measures can be normalized in such a way that the Iwasawa integral

formula
/ h(x)dx:/ [ / h(ank)dkdnda
Gp A, JIN, JK,

holds for every h € L'(G »). There are continuous functions
a:G,—>A,, n:G,—> Ny, k:G,— Kp,

such that for every g € G, the identity g = a(g)n(g)k(g) holds. For every choice of
such functions, every f € L'(K p) and every y € G one has the integral formula

fk £ dk = f atky)® £ (k(ky)) dk.

K P
For simplicity we also write an(x) = a(x)n(x).
Note that, unlike the real case, the Iwasawa decomposition is not a direct product
decomposition, as the group K, has non-trivial intersection with both other factors

Apand Np.

Proof Take an element g = (‘; Z) of G . In the case |c| > |d| we multiply g from
the right with the matrix ( | ! ) € K, so we can assume |c| < |d|. As g is invertible,

one has d # 0 and
a b\ _ a—% b 1
c d) d)\c/d 1)

€ApN) €K,

This shows that G, = A, N, K ,. The group B = A, N,, coincides with the subgroup
of G, consisting of upper triangular matrices, and hence is a closed subgroup. Fur-
ther da dn is a Haar measure on B, see Exercise 8.2. Therefore the Iwasawa integral
formula follows from Theorem 3.1.15. The maps a, n, k are defined by the above

formula. They are continuous on the open sets {|c| > |d|} and {|c| < |d|} and there-
fore are continuous everywhere.



7.1 Principal Series Representations 165

A quasi-character x of the group A, is called unramified if it is trivial on
A, N K. This holds if and only if there are A, A € C with x (“ ) = lai*az]"2,
see Exercise 7.4.

Next we show unimodularity. Let A : G, — R} be the modular function of
Gp. We have to show that A is trivial. First note that A(K,) =1, since K, is
compact. So the restriction of A to A, is an unramified character. Therefore there

are Ay, Ay € Cwith A(“' ) =la1|*]az|*2. Letw = (, ') € G . Conjugation by w
interchanges the entries a; and a;. By A(waw’]) = A(a) it follows that A = A;.
Write A € C for this number. By definition the function A is trivial on the center of

Gp, 80
1=A (“ ): la|*.
a

We infer that p?* = 1. As A >0, we get p* = 1 and therefore A(Ap)=1.Fora
givenn = (1)1‘) € N, there existsak € N such that n?" = (] 1”;") € Kp.Hence 1 =

A(npk) = A(n)l’k and as A > 0, we get A(n) = 1. By Iwasawa decomposition one
therefore has A(G,) = A(Ap)A(Np)A(K ) =1, so the group G, is unimodular.

The space of continuous functions C(K ) is dense in LYK p). So it suffices to
show the last formula for f € C(Kp). Choose a function n € C.(A,Np) such that
n >0 and prN,, n(an)dadn = 1. Set g(x) = n(an(x)) f (k(x)). Then g € C.(G)
and

[ g(x)dx:f n(an)dan/ f(k)dk:/ f k) dk.
Gp ApNp Kp Kp

On the other hand, as G, is unimodular, the integral also equals

f g(xy)dx=/ n(an(xy)) f (k(xy)) dx

P G!’

= / / n(an(anky)) f (k(ky)) dk dadn
ApNp VK

-/ ( | nlananky) dan)f(k(ky)) dk
Kp AI’NP

_ / ( / n(anan(iy)) dan)f(k(ky)) dk
K, \Ja,N,
_ f g(ky)‘s( / n(an)dan)f(k(ky)) dk

K, AN,
_ /K aky)’ £ (k(ky)) dk.

The proposition is proven. g
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By V) we denote the space of all measurable functions ¢ : G, — C with

e p(anx) =a**?p(x),ac Ap,ne Ny, x € G and
o pr lp(k)|>dk < oo.

We identify two functions which differ only on a set of measure zero. Thus we get
a Hilbert space with inner product

(o) & f o0 dk.

p

The representation m;, of G, on the space V), is defined by

(1 (1)) () = p(xy),

so it is given by right translation.

Theorem 7.1.3 The map r;, is a representation of the group G, on the Hilbert
space V.. It is unitary if and only if A is a character, i.e. if a* € T holds for
every a € Ap. The restriction of m;. to the compact group K, is independent of
A and is always unitary.

These representations are called the principal series representations of G p.

Note that a* lies in T if and only if a*+* = 1.

Proof First we have to show that m; (y)¢ indeed lies in the space V), if ¢ € V) does.
The first defining property of V) is clearly satisfied by 7, (y)¢, since

A+8/2 A+58/2

m (y)p(anx) = p(anxy) =a p(xy)=a (V) (x).

The second property is more subtle. We have to show

||m(y)</>||2 =/K |g0(ky)|2dk < 00.

p

The following lemma contains a much sharper assertion.

Lemma 7.1.4 For a given compact subset U C G there exists a C > 0 such that for
every y € U and every ¢ € V, one has

(e < Clel.
Proof The property ¢(ky) = a(ky)**t%/2¢(k(ky)) implies

| Tt ak = fK a(ky Y40 (ey)) | di.

Kp P
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The continuous function (y, k) — a (ky)“x is bounded on the compact set U x K,

so there is C > 0 with |g(ky)“x| <C?forall ye U and all k € K. By Proposi-
tion 7.1.2 this implies

| e < C2/K aky) |o(kky)) | dk = szK lp)|* dk = C? o).
P 4
The lemma is proven. 0

We next have to show that the map G, x Vi — V;, given by (g, ¢) > m,.(g)e, is
continuous. So let y,, — y be a convergent sequence in G, and ¢, — ¢ a convergent
sequence in V). We claim that the sequence ) (y,)¢, in V) converges to m, (y)¢.
For the compact set U = {y, : n € N} U {y} C G, there exists a constant C > 0 as
in the lemma. One has

|70, men — 1. eb | < |72 Gn)en — T e | + |7 — T (e |
<Cllgn — @l +|m e — m (e
———
—0

The first summand tends to zero as n — oco. We consider the square of the second
summand:

|7 m)e — e = f o (kyn) — p(ky)|* dk.
p

Assume first that the function ¢ is bounded on K ,. Then it is bounded on K, U, say
by a constant D > 0. Then |¢(ky,) — <p(ky)|2 < 4D? and the constant function 4D?
is integrable on the compact set K, so, by the dominated convergence theorem, one
concludes that the integral f K, loky,) — (p(ky)|2 dk converges to zero for n — oo.
If the function ¢ is not bounded on K, it is still square integrable and so for given
& > 0 there exists a function ¥ € Vj, bounded on K, such that [|¢ — ¥|| < &/4C.
There exists ng, such that for all n > ng one has ||, (y,)¥ — T ()¢ || < &/2. Thus
for every n > ny,

|17 — .| < |72 () — 7 )V |
+ | oY — Y || + | )Y — (e |

<2Clp =¥l + [mGy —m 0| <5+ 3

=E£.

We have shown that 7, is indeed a representation.
For unitarity note that, on the one hand,

/K ey | dk = /K aky) o (k(ky) | dk

P p

for every ¢ € V;.. Then Proposition 7.1.2 asserts that, on the other hand,

| lowl ak= [ at (k) ak.
K K

p
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So unitarity of m, is equivalent to the identity
2 x 2
/ a(ky)’|p(k(ky))|”dk = / a(ky)***a(ky)’|p(kky))|” dk
P KP

for every ¢ € V). This in turn is equivalent to a =1 for every a € Ap.
The restriction to the subgroup K, is a subrepresentation of the right regular
representation on L?(K p). Itis therefore unitary and the theorem is proven. U

7.2 From Real to Adelic

The group G = GL,(A) is a direct product
Ga = Ggp X GR.
The group Gy, is the restricted product
—_ Kp
Gw=[] G,
p<0o
(see Exercise 7.1). We equip Gp with the restricted product topology. The group
Gs = l_[ K,
p<o0

is a maximal compact (and open) subgroup of G,. On Ggp we choose the unique
Haar measure giving G# the volume 1. Instead of GL;, we can do the same with
SLy, so SLp(A) = SLy(Agy) x SLa(R) and SL,(Agy) is the restricted product of
the groups SL>(Q,) with respect to the compact open subgroups SL>(Z).

Theorem 7.2.1 The group SL;(Q) is dense in SLy(Agy). For GLy one has
Gfin=GgG3.

The group G is discrete in G p. It is contained in G}& ={geGy:|detg|=1}.
The quotient GQ\G}& is not compact, but has finite Haar measure. The same
holds for SL,(Q)\SLy(A).

Proof Let X be the closure of SLy(Q) in SL;(Agy,). Since Q is dense in Agy, all
matrices of the form (! 1) or ( )1( ,) lie in the group X. Hence all matrices of the
form

1 x 1 I z\ _ (l4+xy z+4+xyz+x
1/\y 1 1)~ y 1+zy

lie in X. Let (‘;Z) in SL,(Agn), where ¢ is a unit in Ag,. Set y =c and x =
(a—1)/y,aswellas z = (d — 1)/y. Then one gets b = z + xyz + x, as both matrices
have determinant 1. So we see that all matrices of the form (? Z), where ¢ € A}
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lie in X. For arbitrary (i 2) € SL,(Afin) one considers ()lc l)(‘: z) = (c_fax b-fdx)'
Considering one prime at a time, one sees that there exists x € Afn, such that
¢ + ax is a unit. So SL,(Q) is dense in SL;(Agy). As QZ* = Agp, we also get
Gin = GG3.

We now show that G is discrete in G . For this let U C Gr be an open unit
neighborhood such that U N GL(Z) = {1}. Then V = G5 x U is an open unit
neighborhood in G . Since Gg N G5 = GLa(Z), it follows that Gg NV = {1}, so
G is discrete. By the product formula we have | det(g)| =1 for g € Gg.

Let G = GLy(R)! be the set of all g € GL,(R) with | det(g)| = 1. We know that
SL>(Z)\SLz(R) and GL2(Z)\GIIR are not compact, but have finite Haar measure.
Therefore the next claim of the theorem follows from the following proposition.

Proposition 7.2.2 The map ¢ : Gzx — Go(1,x)Gy is a Gr-equivariant homeo-
morphism

Gz\Gr = Go\Ga/G3.
The map SLy(Z)x — SLo(Q)(1, x)SLg(Z) is an SLo(R)-equivariant homeomor-
phism
SL2(Z)\SLa(R) => SLy(Q)\SL2(A)/SLy(Z).

Proof We show the first assertion, as the second is proved analogously. We first
have to show well-definedness of the map ¢. For this let x, y € Gg with

GL,(Z)x = GLy(Z)y.

This means x = yy for some y € GL(Z). Note GL,(Z) = Gg N G7. Using square
brackets to denote double cosets, we see thatin Gg\G, / G the following identity
holds:

[Lxl=[Lyyl=[yy L yy]=[r " y]=0.y1

It follows that the map ¢ is well defined.
To show injectivity assume ¢ (x) = ¢ (y). Then

Go(l,x)Gy = Go(l, y)G7.
This means that there is a y € G and a k € G5 with

(Lx)=y, k=(yk,yy).

Comparing the finite coordinates we get yk =1, so y = k~! lies in GoNGy =
Gg N ]_[p<oo K, = GLy(Z). Because of x = yy it follows that GLy(Z)x =
GL,(Z)y, so ¢ is injective.

For surjectivity we have to show that Gy = GgGrGy. For this let x =
(Xfin, Xoo) € Ga. As Gg is dense in Ggp, there exists y € Gg such that k =
Yy xfn € G7. So we have x = y(1, ¥ "'xoo)k and the claim follows. It is easy
to see that ¢ is continuous and open. g
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To continue the proof of the theorem, we conclude the finiteness of the Haar
measure of Gg\G}, as follows. The Haar measure induces a G, -invariant measure
on

Go\G} /G = GLy(Z)\Gj.
By uniqueness of Haar measures this must be a scalar multiple of the Haar measure
on Gﬁ%' We already know that the quotient
GL2(Z)\G = SLy(Z)\SLa(R)

has finite Haar measure. Hence Go\G 11% / G#% has finite Haar measure. As the group

% is compact, it also has finite Haar measure, so GQ\G}& has finite Haar mea-
sure. O

For N € N let
1"(N)={g€GL2(Z):gE(1 1>m0dN}.

This is the kernel of the group homomorphism
¢ :GLo(Z) — GL(Z/NZ).

Therefore I' (N) is a normal subgroup of finite index. Note that for N > 3 the group
I'(N) is contained in SLy(Z). A subgroup I' C GL,(Z) is called a congruence
subgroup if it contains I"(N) for some N € N.

Lemma 7.2.3 Let I" be a congruence subgroup. Then the closure K of I' in G5
is an open subgroup of the compact group Gz. One has

I'=KrnNGg.

Conversely, for an open subgroup K of G the group I' = K N G is a congruence
subgroup such that K is the closure of I".

Proof For N € N define

KN:{gerng(l 1>modN}.

The group Ky is open in G and satisfies Ky N Gg = I'(N). As G is dense in
Giin, the group I"(N) is dense in K, so Ky is the closure of I"(N).

Now for general congruence subgroups. On the one hand, each congruence sub-
group I contains a group of the form I"(N) with finite index. On the other hand,
each compact open subgroup K of G contains a group of the form Ky with fi-
nite index, as the latter form a neighborhood base of unity by Exercise 5.6. If now
I = U;f:l y;I"(N), then its closure satisfies

n n
Kr=T= U yiT(N) = U viKn.
j=1 j=1
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Therefore, K N Gg = U’}Il YiKn NGg = U.’;Zl yjI(N) = I'. Conversely, if
K = U;f:l k;jKy, then we may choose k; € Gg as the latter is dense. It follows
that

n n
ryk=KnGg=|JkikynGo=|Jk (V).
j=1 j=1

Hence I'x is a congruence subgroup with closure I' = UJI,V:l kiI'(N) =
U kK, =K. -
Proposition 7.2.4 Let I' be a congruence subgroup and let K r be the closure of I’
inGg. Themap ¢ : I'x — Go(l,x)Kr isa Gﬁg—equivarl’ant homeomorphism

Gk = Go\Gh/Kr.
If I' C SLy(Q), then K is a subgroup of SL, (Z) and the map

I'x = SLy(@Q1,x)Kr
is a SLy (R)-equivariant homeomorphism

M\SLy(R) = SLy(Q)\SLa(A)/K .

Proof Analogous to the proof of Proposition 7.2.2. g

Theorem 7.2.5 Let I be a congruence subgroup and let K be the closure of
I' in G%. The restriction induces a unitary Gﬁ-isomarphism

LY GoZr\Ga)XT = L2(I\G}).

Proof Because of LZ(GQZR\GA)KF = LZ(GQZR\GA/KF) the claim follows
from the last proposition. 0

Theorem 7.2.6 The classical holomorphic modular forms, as well as the Maaf3
wave forms, can be interpreted canonically as elements of LZ(GQ Zr\Gp).

Further, this correspondence is compatible with L-functions in the following
sense: To every holomorphic or Maal} cusp form f we have attached an L-function
L(f,s). The spaces of cusp forms have bases consisting of such functions f, the im-
ages of which in L? (GZr\Ga/Kr) generate irreducible subrepresentations 7  of
the group G 4. In the next chapter we shall attach L-functions L(r, s) to those rep-
resentations 7, and we shall show that L (i, s) = L(f, s), if the representation 7 is
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generated by the cusp form f. We shall not prove this fact in full generality, but do
the computations only for cusp forms of the full modular group SL,(Z).

Proof of the Theorem Both the wave forms as well as the modular forms lie in
the Hilbert space L>(I"\H), where I" is a congruence subgroup. The canonical map
g > gi gives an SL, (R)-equivariant bijection SL (R)/SO(2) = H. The same works

for G[}%, if we extend the action of SLr(R) on H to a G]{@ action as follows: If

g= (‘: Z) € GIIR already has determinant 1, we have defined the action by z — gz =

4th 1f det(g) = —1, the complex number %+

this case we define for z € H,

. az+b _aZ—i—b
Tl\eztd) T Gva

lies in the lower half plane H. In

This defines an action of the group GIE on H and the map g + gi is a bijection
G/0(2) = H.
So we get a canonical identification
LA(M\H) = L2(I'\GL/0(2)) = L (I'\GL)*? .
By the last theorem there is a canonical isometric embedding L2(I” \GIIR) —
LY2(GoZr\Ga). 4

Definition 7.2.7 In this book we define an automorphic form to be an element of
LY2(GoZr\Ga).

The theorem says that holomorphic modular forms as well as Maal} wave forms
are automorphic forms. In the literature one finds other definitions of automorphic
forms—some wider and some narrower than ours. For instance, some authors leave
out the L2-integrability and replace it by a growth condition. In this case also non-
holomorphic Eisenstein series will be automorphic forms.

7.3 Bochner Integral, Compact Operators and Arzela—Ascoli
In this section we provide some techniques which will be used later.
The Bochner integral is also called the vector-valued integral. For a func-

tion f : X — V with values in a Banach space V we want to define an integral
f x fdu €V, such that for every continuous linear functional & on V one has

a(/ fdu>=/a(f)du,
X X
where a(f) means c o f.

We need the notion of operator norm.
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Definition 7.3.1 Let V and W be Banach spaces. A linear map 7 : V — W is also
called a linear operator from V to W. The operator norm of T is defined as

1T vl
= sup [|Tv].
vev~oy vl =1

def
1T lop =

The operator T is called a bounded operator if it has finite operator norm, i.e. if
T llop < o0.

Lemma 7.3.2 Let T be a linear operator from the Banach space V to the Banach
space W. Then ||[Tv|| < T lopllvll, if v € V. The operator T is continuous if and
only if it is bounded.

Proof The first assertion is clear. Let T be continuous. Assume |7 ||op = 00. Then
there exists a sequence v; € V with |lv;|| = 1 and ||Tvj|| — oco. We can assume

ITv;l # 0O for every Jj- Then the sequence T tends to zero, so the sequence

ITv I

_ 1Tl
T (7 HTv i vl = ”TU ] converges to zero, which is a contradiction.

For the converse direction assume C = ||T'||op < o0 and let (v;) be a sequence
in V, converging to v € V. Then ||Tv; — Tv|| < C|lv; — v|, so Tv; converges to
Tv and therefore T is continuous. U

Let (V, || - ||) be a Banach space and let (X, .A, 1) be a measure space. A simple
function is amap s : X — V, which can be written in the form

n
N :ZlAjbj*
j=1

where Aq,..., A, are pairwise disjoint measurable sets of finite measure, i.e.
n(Aj) <oo,and bj € V. We define the integral of a simple function as

n
/;(sd,ud:efZ/L(Aj)bj e V.
j=1

Note that || szd/LH < fX |Is]|dp and that for every linear map 7 : V — W for a
Banach space W one has T'(fy sdu) = [y T (s)dpu, where T (s) means T os.

We equip V with the Borel o-algebra. A measurable function f: X — V is
called integrable if there exists a sequence s, of simple functions such that

lim | || f —sulldi=0.
n—oo X

In this case we call (s,) an approximating sequence.
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Theorem 7.3.3

(a) If f isintegrable and (sy) is an approximating sequence, then the sequence
of vectors |, x Sndp converges in V. The limit of this sequence is indepen-
dent of the choice of the approximating sequence. We define the integral of

f as this limit:
f fdp® lim / sndjt.
X n—>0oo X

(b) For every integrable function f one has

[ e

(c) For every integrable function f and every continuous linear operator
T :V — W to a Banach space W one has

T(/deu) =/XT<f>du.

(d) In the case V = C the Bochner integral coincides with the usual integral.

5/ 1 £l dp < oo
X

Proof 1t suffices to show that for any approximating sequence (s,) the sequence of
integrals || x Sndp converges. Then the limit is uniquely determined, as for a second
approximating sequence (#,) also the sequence (r,) with rp, = s, and rp,—1 =1,
is an approximating sequence. Since [, r, dj converges, the limits of [} s, dj and
[y tn d i must coincide.

To show convergence, it suffices to show that [ x Sn du is a Cauchy sequence. For

m, n € N consider
‘/ Sm — Spdu
X

/smdu—/snduH: 5/ 5 — snlldia
X X X

5/ ||sm—flldu+/ If = salld.
X X

The right-hand side tends to zero for m,n — oo. Therefore f x Sn du is indeed a
Cauchy sequence. This implies part (a).

For (b) note that the inequality ||| f|l — |Isx|l| < | f — sx|| implies that the C-
valued function || f|| is integrable and that the sequence ||s, || converges to || f]| in

L'(X). Therefore,
/ sndu
X

‘/fd,uH:lim <tim [ suldn= [ 1f1dn.
X n n X X

Finally for part (c). Continuity and linearity of T implies

T(/ fdu):limf T(sp)du.
X mJx
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We show that T7(f) = T o f is integrable and that the right-hand side equals
/ x T(f)du. Let (s,) be an approximating sequence for f. As T is continuous,
there exists C > 0 such that |7 (v)| < C||v|| holds for every v € V. We conclude

/||T(f)—T(sn)||du=/ |T(f =sw)|du < c/ I f —snlldu.
X X X

The right-hand side tends to zero, so the claim follows. Part (d) is clear, since an
approximating sequence converges to f in the L!-topology and the integral is a
continuous linear functional with respect to that topology. g

Definition 7.3.4 A topological space Y is said to be separable if Y contains a count-
able dense subset. A subset A C Y of a topological space Y is called separable if it
is separable in the subset topology. This is equivalent to the existence of a countable
set C C A such that A lies in the closure C.

A map f: X — Y, where Y is a topological space, is called a separable map if
the image f(X) is a separable subset of Y.

Examples 7.3.5

e The set R of real numbers with its usual topology is separable, as it contains the
countable dense subset QQ of rational numbers.

e If (V,d) is a metric space, then every compact subset K C V is separable. This
can be seen by covering K with finitely many open balls of radius 1/n and centers
in K. Letting n € N tend to infinity, the countably many centers of these balls
form a dense subset.

e A Hilbert space H is separable if and only if it possesses a countable orthonormal
basis (e;)jen. In this case the set of all Q(i)-linear combinations of the basis
vectors e is a countable dense subset.

e For a given measure space (X, A, i) assume that the o -algebra A has a countable
set of generators. Then the Hilbert space L?(X, ) is separable.

e Let (V,d) be a separable metric space. Then every map f : X — V is separable,
see Exercise 7.2.

e Let X be a topological space and (V, d) a metric space. Then every continuous
function f : X — V of compact support is separable.

Definition 7.3.6 For a measure space (X, x) amap f : X — V to a topological
space V is called essentially separable if there exists a set N C X of measure zero,
such that f is separable on X \ N.

Theorem 7.3.7 Let X be a measure space and V a Banach space. For a mea-
surable function f : X — V the following are equivalent:

e f isintegrable,
o f is essentially separable and fX | flldu < oo.
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Proof Forintegrable f, the function || f| is also integrable by Theorem 7.3.3(b). We
have to show that f is essentially separable. Let (s;) be an approximating sequence.
Every s, is a simple function, so the Banach space E, generated by the images
sp,(X) for all n € N, is separable. The set N = f ~1(V \_E) is a countable union
N=J, Ny, where Ny={xeX:|f(x)—el > rll Ve € E}. Since fX I f —salldu
tends to zero, the set N, is a set of measure zero for each n € N and therefore N is
a set of measure zero, so f is essentially separable.

For the converse assume that f is essentially separable and that f x Iflldun < o0
holds. Let C = {c, : n € N} be a countable dense subset of f(X). For n € N and
§>0let Ai be the set of all x € X such that || f(x)|| > 6 and || f(x) — ¢, || < 8. As
f is measurable, this is a measurable set. We make this sequence pairwise disjoint
by defining

s def s 5
Dy = A) <AL

k<n

The set |J,cn Afl = U, en Dfl equals f~1(V ~ B;s(0)), since C is dense. The
function || f|| being integrable, the set |,y Dﬁ is of finite measure. Let s, =

Z’;: 1 pl/nCj- Then s, is a simple function. We show that the sequence (s,) con-
j
verges point-wise to f. Let x € X. If f(x) =0, then s,(x) = 0 for every n. So

1
assume f(x) # 0. Then || f(x)|| > 5 for some n € N. For every m > n one has

1 . . . 1
X € UVGN DU/ ™ so that for every m > n there exists a unique vy with x € DU({ "

ie. sp(x) =cyy and || f(x) — cyll < %, which yields s, — f as claimed. By
construction we get ||s,|| < 2| fI. It follows that || f — s, tends to O point-wise
and || f — sull < | £l + lIszll <3|l fIl. The dominated convergence theorem gives
S ILf = sulldp — 0. O

Corollary 7.3.8 Let i be a Radon measure on the locally compact space X. Then
every continuous function f : X — V of compact support is integrable.

Proof The C-valued function || f|| is continuous as well and has compact support,
and is therefore integrable. Further, the image of f is compact, and therefore sepa-
rable by Example 7.3.5. The claim now follows from Theorem 7.3.7 and the second
example of 7.3.5. d

Let (7, V) be a continuous representation of a locally compact group G on a
separable Banach space Vj;, and let f be a C-valued measurable function on G.
Assume that the function

x = f(x)m(x)

with values in the Banach space B(V;) of all bounded operators is integrable. Then
the operator

def

ﬂ(f)—/Gf(X)ﬂ(X)dx
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is continuous and satisfies
lx(1)lp = [ 17l g

Note that this holds for example if f € C.(G).
According to the remarks following Definition 2.8.10, for every bounded opera-
tor T on a Hilbert space V there exists a bounded operator 7* such that

(Tv,w) = (v, T*w>

holds for all v, w € V. The operator 7* is uniquely determined and is called the
adjointof T.

Lemma 7.3.9 Let (w, V;) be a unitary representation of the locally compact
group G. If f € L'(G), then the function x — f(x)7(x) with values in the Ba-
nach space B(Vy) of all bounded operators on Vy is integrable and the integral
satisfies

|7 ()] op = 1£ 11

For f,g € L'(G) one has n(f x g) = nw(f)m(g) and w(f*) = w(f)*.

Proof We first show the integrability of f(x)m(x). As m is unitary, one has
I f ()7 () llop = | f (x)| and therefore

/Hf(X)JT(x)”dx:f | f(x)|dx < o0.
G G

Next we show that f(x)m(x) is separable. Since the function f is integrable, there
exists an open subgroup H of G, such that f is zero outside H and H is a union
H=, en K of compact sets (see Corollary 1.3.5(d) in [DE09]). On the compact
set K,,, the continuous map f(x)m(x) is separable, so it is separable in general. The
remaining assertions are easily verified. g

An operator T on a Hilbert space H is called a compact operator if T maps
bounded sets to relatively compact sets. Recall that a set A C H 1is called relatively
compact if its closure is compact.

One can reformulate the definition as follows: an operator T is compact if and
only if for any given bounded sequence v; € H, the sequence Tv; has a convergent
subsequence. If T is compact and S is a bounded operator, then 7S and ST are both
compact.

An operator T on a Hilbert space is called a normal operator if it commutes with
its adjoint, i.e. if 77T* = T*T holds.
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Theorem 7.3.10 (Spectral theorem for compact normal operators) Let T be a
compact normal operator on the Hilbert space H. Then there is a sequence of
complex numbers A, # 0, which is either finite or tends to zero, such that the
space H decomposes orthogonally

H =ker(T) ® @Eig(T, An).

Each eigenspace Eig(T, A,) = {v € H : Tv = X,v} is finite-dimensional and
the eigenspaces are pairwise orthogonal.

Proof The proof is found in many books on functional analysis, such as [DE09,
Rud91, Wei80, Yos95]. O

Let G be a unimodular locally compact group. A Dirac sequence in G is a se-
quence of functions f; € C.(G) such that

e supp fj+1 C supp fj,
o for every unit neighborhood U there is j € N with supp f; C U,

o fi=0, filx™)=Ac)fj(x)and [, fj(x)dx=1.

There exists a Dirac sequence if the group has a countable unit neighborhood
base, i.e. if there is a sequence U; of unit neighborhoods such that for every unit
neighborhood U there exists j € N with U; C U. This is an immediate consequence
of Urysohn’s Lemma A.3.2.

Examples 7.3.11

o If the group G is metrizable, i.e. if there exists a metric d on G, which generates
the topology, then G has a countable unit neighborhood base, for instance, one
can take U; to be the open ball By,;(1) of radius 1/j around the unit element.

e The group GL,(R) has a countable uni-neighborhood-base as it is metrizable,
since the topology of R* is given by a metric.

e For every prime number p the group G, = GL»(Q,) has a countable unit neigh-
borhood base givenby U; =1+ p/Mp (Zp).

e If G is the restricted product of countably many groups Gy, each with countable
unit neighborhood base, then G has a countable unit neighborhood base. So in
particular the group G 4 has a countable unit neighborhood base.

Lemma 7.3.12 Let G be a locally compact group that admits a countable unit
neighborhood base. Let (f;) be a Dirac sequence in G and let (7, V) be a unitary
representation. Then for every given v € V., the sequence 7 (fj)v converges to v in
the Banach space V.

Proof Let ¢ > 0 and let U, be the open e-neighborhood of v € V. By continuity
of the representation, there exists a unit neighborhood U in G with 7 (U)v C U,.
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For the Dirac sequence f; there exists an index jo, such that for j > jo one has
supp fj C U, and so

||Jr(fj)v—v||=H/Ufj(x)(rr(x)v—v)dx §/Ufj(x)”7r(x)v—v||dx<a.

O

On C.(G) consider the involution f*(x) = f(x~1). An element f € C.(G) is
called self-adjoint if f* = f.

Proposition 7.3.13 Let (1, V;) be a unitary representation of G such that there
exists a Dirac sequence (f;) on G with n(f;) being a compact operator for ev-
ery j € N. Then n is a direct orthogonal sum of irreducible representations, each
occurring with finite multiplicity.

Proof Zorn’s lemma gives us a subspace U, maximal with the property that it is a
direct sum of irreducible subrepresentations. The assumption of the current proposi-
tion holds for the orthogonal complement U+ of U in V = V,, as well. This orthog-
onal complement does not contain an irreducible subspace. We have to show that it
is zero. In other words, we have to show that a representation n # 0O that satisfies the
assumptions of the proposition contains an irreducible subrepresentation.

Let j € N. Then f = f; is self-adjoint and so n(f) is self-adjoint and compact.
By the spectral theorem the space V = V,, decomposes

00
V=Vio® @ Vi,

v=1

where Vo is the kernel of n(f) and Vy,, for v > 0 is an eigenspace of 1(f) to
some eigenvalue A, # 0. We include the possibility that there are only finitely many
eigenspaces, since we allow that V,,, be the zero space.

The sequence (A f,,)ven of eigenvalues tends to zero and each of the eigenspaces
Vv is finite-dimensional. Fix a closed, G-invariant subspace 0 % V' C V. One gets
a decomposition

oo
V=V @D Vi

v=I
where V},v =V'NVy, is the A,-eigenspace of n(f) acting on the space V'. We
claim that there exists f = f; such that for some v > 1 the space V}’v is non-trivial.
Assume the contrary. Then V' C ker(n(f;)) for every j. For 0 # v" € V' we have
n(fj)v' =0 for all j € N which contradicts n(f;)v" — v" as j — oo. So the claim
follows.
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Fix some f = f; and v in N, and consider the set of all non-trivial intersections
Vv N U, where U runs over all closed, G-stable linear subspaces of V. Among all
these sections choose one, W = V¢, N U, of minimal dimension. Let

v'= () U

U:unvy,=w

where the intersection extends over all closed, G-stable subspaces U, whose in-
tersection with Vy, equals W. Then U is a closed, G-stable linear subspace it-
self. We claim that it is irreducible. For this assume you are given an orthogonal
decomposition U ' — E @ F with closed, G-stable linear subspaces E and F. If
Efy=ENVs,=0=FNVs,=Fp,,then W=(E®F)s,=Ef, ® Fr, =0,
a contradiction. By minimality of W one has W C E or W C F, such that one of the
two spaces E or F is the zero space. Therefore U is irreducible. We have shown
that V indeed contains an irreducible subspace. As shown above, this implies that
V is a direct sum of irreducible subspaces.

It remains to show that the multiplicities are finite. For this let / be any index
set and let V; C V,,, i € I, be linearly independent subrepresentations, such that
o0; = n; |y, are pairwise unitarily isomorphic. Let A € C\ {0} be an eigenvalue of one
of the 0; (f}). Then A is an eigenvalue of every o; (f) fori € I. Since the eigenvalues
of n(f) have finite multiplicity, the set / must be finite. g

7.3.1 The Arzela—Ascoli Theorem

Let (X, d) be a separable metric space. Let C(X) be the set of all continuous
complex valued functions on X.

Definition 7.3.14 A subset 7 C C(X) is called normal if every sequence in F
admits a locally uniformly convergent subsequence.

Definition 7.3.15 A subset F of C(X) is called equicontinuous at x € X, if for
every ¢ > 0 there exists a § > 0 such that for every f € F and every y € X with
d(x,y) < § one has | f(x) — f(y)| < &. We put this in one formula. The set F is
equicontinuous at x if and only if

Ves0 J520 Vyer 1d(x,y) <8 = |f(x)—f(»)|<e

(This is the usual €, § criterion for continuity at the point x, except that the value of
& > 0 does not depend on the chosen function f € F.)

Note that equicontinuity in the case of the manifold G+, = GL,(R) can be veri-
fied through a differential criterion: Suppose that F lies inside C' (G ») and suppose
that for every x € G and every X € M (R) the set

XF(Goo)={Rxf(x): f € F, x € Go
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is bounded by a constant C (X, x), in such a way that for fixed X € M»(R) the map
x +— C(X, x) is continuous. Then the set JF is equicontinuous at every x € Guo.
(This follows from the mean value theorem of differential calculus, as the assump-
tion implies that for every compact set U C G, there exists a bound C(U) > 0,
such that | Df (x)|| < C(U) holds for every f € F and every x € U, where Df (x)
is the differential of the map f.)

Theorem 7.3.16 (Arzela—Ascoli) Let F be a subset of C(X), such that

e forevery x € X the set F(x) ={f(x): f € F} is bounded and
o F is equicontinuous at every point x of X.

Then F is normal.

Proof of the Theorem Choose a dense sequence (x,),eN in X. Since F(xp) is
bounded, there exists a subsequence (f jl) of (fj) such that the sequence f jl (x1)

converges. Next pick a subsequence (f jz) of (f j]) such that f jz (x2) converges as
well. Repeating, for every n € N we obtain a subsequence ( f;l‘H) jen of (f ;’) jeN,

such that (fj’“] (Xn+1)) jen converges. Set

gi=1

Then g;(x,) converges for every n € N. Call the limit g(x,). We claim that the
sequence g; converges locally uniformly. To show this, let x € X and & > 0. Then
there exists § > 0 such that for y € X the inequality d(x, y) < § implies |g;(x) —
gi(y) <e/3 forevery j € N.

The sequence x, being dense, there exists n € N with d(x,, x) < §, and there is
Jo such that for j > jy one has

|8 () — g(xn)| < %

For i, j > jo this implies |g; (x,) — g;(x,)| < &/3, and

lgi () —g; ()| < |8 (x) — g )| + |gi ) — g (xn) | + | gj (xn) — g (0|

€ & &

< 3 + 3 + 3= E.
So g;j(x) is a Cauchy sequence; hence it converges to a complex number which we
call g(x). Finally, to show that this convergence is locally uniform, let y € X with
d(x,y) < é/2. Then one has d(x,, y) < § and the computation above shows that for
J = jo one obtains |g;(y) — g(y)| <e. O
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7.4 Cusp Forms

For any ring R denote by Ny the group of all 2 x 2 matrices of the form (1 ’1‘ )
with x € R. Then Npg is a group isomorphic to the additive group of the ring R.

A function f € L*(Gg\G) is called a cusp form if

f f(nx)dn=0
Ng\Ny

holds for almost all x € Gl&. The set of cusp forms is a linear subspace, denoted
L2 = Lgusp(GQ\G}*) of L2(GQ\G}%). This space is stable under the representa-

cusp —
tion of G}& given by right translation, i.e. with

R(y) f(x) = f(xy)
one has R(y) L3, = L, forevery y € G

(;1 X RX —)N G

given by (g,1) > /g, where /7 is /(! ) at the infinite place and (! ) at the
finite places.

Definition 7.4.1 Let C2°(Gp) be the set of all functions on G4, which are linear
combinations of functions of the form f =[] p» fp» where for every p < oo the func-
tion f), lies in CZ°(Gq,) and for almost all p the equality f), = 1k, holds. For f €
C°(G ) the operator R(f) is defined by integration R(f) = fGA f(x)R(x)dx.

Let Koo = O(2) and K, = GL(Z)) for p < co. Further let K, = GLZ(Z) =
I—[p<oo K, and Kp = Kfin X Koo. For any ring R let Pg be the set of all upper
triangular matrices in GLo (R). For ¢ > 0 let A, be the set of all matrices of the form
("), where y e Raand y < c. A Siegel domain is a set of the form § = S(£2,¢) =
£2A.Kp, where ¢ > 0 and £2 is a compact subset of Pg.

Lemma 7.4.2 There exists a Siegel domain S such that

Gao=GoZrS.

Proof By Proposition 7.2.2 we get
GQZr\GA/Kp = G7ZR\GR/Kco.

The claim is that there exists a compact set 2 C Pr and ¢ > 0 such that the image
of £2A. on the left-hand side is the whole set on the left-hand side. It suffices to
show this on the right-hand side. We therefore have to show

GRr/Koo =G7ZrS2A: Koo/ Koo
V3

for some £2 and some c. If §2 contains the set {(1 )lc) dx| < %} and if ¢ < %2,

then the set 2A.K /K contains a fundamental set for SL(Z) in the upper half
plane H. The claim follows. g
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A function ¢ on ZrRG@\Ga is called rapidly decreasing if there is a compact
set £2 C Pg and ¢ > 0, such that Lemma 7.4.2 is satisfied and for every n € N there

exists C;, > 0 such that
y
oo 1))

holds for every w (* | ) k in the Siegel domain 2A.K .

= Cnyin

Proposition 7.4.3 Let f € C2°(Gp).

(a) There is a constant C > 0 such that for every ¢ € Lcusp(GQ\G}&) =
(GQZr\G ) one has

sup |R(fe()| < Cllgll.

xeGy

cusp

The function R(f )¢ is rapidly decreasing.
(b) The operator R(f) is compact on the space Lgusp(GQZR\GA).

Proof We compute

R(fo(x) = / FOpGey)dy = f £y dy

Ga

/ Fxtyy) e dy.
No\Ga VEN@

=K(x.y)

Set Ko(x, y) = [, f(x~'(")y)da. We have

/ Ko(x,y)w(y)d)’=f /f(x‘1<l ‘l‘)y) dag(y)dy
No\Ga Ng\Ga JA
=f / Z f(x_ly(l ‘f)y) dag(y)dy
No\Ga JA/Q

)/ENQ

1 a
“Lofie Bt (1)) v
A/QINQ\Ga ey,

1 a
o Z e ol 2))se
N@\GAVENQ A/Q

=0

=0.
Putting K'(x, y) = K(x, y) — Ko(x, y), we obtain

R(P o) = / K'(x. o) dy.
No\Ga
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Let Fry() = f7' (" 1)), 1 € A We get Ko(x, y) = Fy,(0) and the Poisson
Summation Formula implies that

K'x,y)=> Foy@=) /f(x‘l (1 j)y)e(—qt)dr.
qeQ* qeQx A

Let S = 2A.Kx be a Siegel domain satisfying Lemma 7.4.2. For x € S, x =
px(™ | )kx one has

K'(x,y)40 = yeN@Xp<ax 1>KACNQ(CZX 1>Xg,

where Xp C P(A) and X C G, are fixed compact sets. We can therefore write

K'(x,y)=)_ Af(x_l <1 i)y)e(—qt)dt
qeQx

-y /f((l mfl>a)x’y)e(—qt)dt,
A

qeQ*

and here wy , stays in a fixed compact set. Changing variables to v = ta; ! we get

K'(e, ) =lax Y fA f((l ;’)wx,y)a—qaxv)dv.

qeQ*

The function A — fA f((1 'f)wx,y)e(—kv)dv is the Fourier transform of a
Schwartz—Bruhat function and therefore is a Schwartz—Bruhat function itself. So
the sum runs over the intersection of Q> with a compact set in Ag, and for every
v € N there exists a constant C,, > 0 such that

|K' (e, »)| < Colaxl(1 + lax]) ™"

The Cauchy—Schwarz inequality implies
[R(Ne(x)] scv|ax|(1+|ax|)”/<ax y e[ dy < Colar|(1+lax]) " llgll2-
" )

This implies part (a). To prove part (b), we use the Arzela—Ascoli theorem. Let f €
C°(G ). There exists a compact open subgroup K of Gy, such that f is invariant
under K in the sense that f(kjxk2) = f(x) forall ki, ko € K. With I' = K N G it
follows that
R(NL*(Gg\G}) C C®(Go\GL)* = c>(I\GY).

2
cusp
the image of RXR(f) =R(Lx f) for every X € M»(R), where we use the notation
of Sect. 3.4. By the Arzela—Ascoli theorem every sequence in R(f )L%usp has a
point-wise convergent subsequence and by part (a) this sequence is dominated by
a constant. Therefore the sequence converges in the L!-norm and as it is bounded,

it converges in the L2-norm. So the operator R(f) on Lgusp is indeed compact. [

By part (a) the image of {p € L : lgll2 = 1} is globally bounded and likewise for
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Using Proposition 7.3.13 we infer the following theorem.

Theorem 7.4.4 The space L> p(GQZr\Ga) is a direct sum of irreducible

cus
subspaces, each occurring with finite multiplicity,

L2,p(GZr\Ga) = @D Newsp()m.

7eGy

7.5 The Tensor Product Theorem

One of the most important results in the theory of automorphic forms is the tensor
product theorem, which says that every admissible irreducible representation of the
group G is an infinite tensor product of irreducible representations of the local
groups G, with p < oo. In this section we shall first define infinite tensor products
in the subsection ‘Synthesis’. Then, in ‘Analysis’, we shall prove the tensor product
theorem.

7.5.1 Synthesis

In this subsection we construct infinite tensor products and show that they are irre-
ducible representations of the global group G4 .

Definition 7.5.1 A *-algebra is a pair (A, x) consisting of a C-algebra A and a map
A — A; a+— a* having the following properties:

(@a+Db)*=a*+b*, (a)*=xra*, (ab)* =b*a*,
ifa,b € A and X € C. Finally, one insists that
a** — (a*)* —a

holds for every a € A. The map a — a* is called the involution of the *-algebra A.

Examples 7.5.2

e Cis a *-algebra with the involution z* =7Z.

e The algebra M,,(C) of complex n x n matrices is a *-algebra with A* = A’ for
A e M, (C).

e Let V be a Hilbert space. The algebra B(V) of bounded operators 7 : V — V is
a *-algebra, when we define 7* to be the adjoint operator of T. This operator is
uniquely determined by

(Tv,w) = (v, T*w)

forallv,we V.
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e Let G be a locally compact group and let A be the convolution algebra C.(G).
This is a *-algebra with the involution f*(x) = A(x_l)f(x_l), where A(x) is
the modular function of the group G.

Definition 7.5.3 Let A be a *-algebra. A *-representation of A on a Hilbert space
V is an algebra homomorphism 7 : A — B(V) such that 7 (a)* = 7 (a™) holds for
every a € A. A *-representation is called irreducible if the only A-stable closed
subspaces of V are the zero space and V itself.

In other words, 7 is irreducible, if for every closed linear subspace U C V one
has

Tn(A A UcCU = U=0orU=YV).

Here we have written w (A)U for the linear subspace of V, generated by all vectors
of the form 7w (a)u fora € Aandu € U.

Two *-representations 7,  of A on Hilbert spaces V;; and V;, are called unitarily
equivalent if there exists a unitary operator T : V; — V), such that

T(x(f)v) =n(HT )

holds for every v € V; and every f € A.

Proposition 7.5.4 Let G be a locally compact group and let A be the *-algebra
C.(G). Let (m, V) be a unitary representation of G on a Hilbert space V. Then
for every f € C.(G) the Bochner integral

n(f)=/Gf(X)n(X)dx

exists in the Banach space B(Vy) of all bounded operators on V. The map
f = nw(f) is a *representation of A. Two unitary representations of G are uni-
tarily equivalent if and only if their induced *-representations of A are unitarily
equivalent.

Proof For f € C.(G) the function x — f(x)m(x) is continuous and has compact

support, therefore is integrable by Corollary 7.3.8. It is a representation of A, as we
can compute, formally at first:

ﬂ(f*g)szf*g(x)N(x)dx
=/ / Fg(y~'x)dydx
GJG
=/ f(y)/ g(y~'x)w(x)dxdy
G G
=/ f(y)/ gx)m(yx)dxdy
G G

=/Gf(y)n(y)dy/6g(x)n(x)dx
=n(f)m(g).
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As we did not prove a Fubini-type theorem for Bochner integrals, it remains to
justify the interchange of order of integration. We choose v, w € V;; and compute,
using the classical Fubini theorem,

<//f(y)3(ylx)ﬂ'(x)dxafyv,w>
GJG
=//f(y)g(y_lx)<n(x)v,w)dxdy
GJG

:/ f(y)/ g(y_lx)(n(x)v,w>dxdy

G G

:</ f(y)/g(ylx)n(x)dxdyv,w>.
G G

As this holds for all v, w € V, the interchange is justified. Finally,
(%) Z/ [H(0)m(x)dx =f Al f(xr N (x)dx
G G

=/ Fem(x ) dx
G

=/ Wn(x)*dm(f f(x)n(x)dx> ,
G G

so indeed, f — m(f) is a *-representation.

For the final assertion assume that T : V; — Vj, is a unitary map with T (x) =
n(x)T for every x € G. Multiplying with f(x) and integrating over x, this identity
yields T (f) = n(f)T for every f € C.(G). For the converse, assume that we
have T (f) =n(f)T for every f € C.(G) and let xo € G. Assume that 7w (xg) #
T_ln(xo)T, say ||m(xp) — T_ln(xo)TH > ¢ for some & > 0, where the norm is
the operator norm. So there exists v, w € V; and a € R with Re({(7(x0)v, w)) <
a < Re((T~'n(xo)Tv, w)). The set U of all x € G with Re((mr (xo)v, w)) < a <
Re((T‘ln(xo)Tv, w)) is open. So let 0 < f € C.(G) be non-zero. Then

Re/ F@{r@)v, w)dx <al flli < Re/ FT ') T, w)dx.
U U
On the other hand, the two outer sides must agree, a contradiction. O

If A is a *-algebra and 7 : A — B(V) an irreducible representation, we also say
that V is an irreducible module of A. This notion is not to be mixed up with the
notion of a simple module:

Recall that a module of a C-algebra A is a complex vector space M together with
an algebra homomorphism A — End(M), which is usually written as (a, m) +— am.
A simple module is a module M, which has no A-stable linear subspaces other than
the trivial ones O and M. The difference from the notion of an irreducible module
is that in the case of a simple module no topology is considered and in the case of
an irreducible module only closed stable subspaces are excluded. So an irreducible
module might still admit non-trivial stable subspaces.
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An A-module M is called a regular module if AM # 0, i.e. a module is regular
if the A-operation is not the zero operation.

A key assertion is the following lemma of Schur:

Lemma 7.5.5 Let (7, V) be an irreducible unitary representation of a group G
or an irreducible *-representation of a *-algebra A. Then every bounded operator
T :V — V, which commutes with all 7w (x), is a scalar multiple of the identity, i.e.
of the form )1d for some A € C.

If V is finite-dimensional and irreducible, then the inner product, with respect
to which V is a unitary or *-representation, is uniquely determined up to scalar
multiples.

Proof We give a complete proof if V is finite-dimensional. For the general case we
provide a sketch of a proof and references. Consider first an irreducible unitary rep-
resentation of a group G. Let A C (V) be the algebra generated by all operators
7 (g) with g € G. Then A is stable under the involution 7 +> T*, so the inclusion
A — B(V) is an irreducible *-representation. Since every a € A is a linear combi-
nation of operators of the form 7 (g), g € G, an operator T € B(V) commutes with
all a € A if and only if it commutes with all 7 (g), g € G. Further, A is commutative
if G is. It therefore suffices to consider the case of an algebra A only.

If an operator T commutes with all a € A, then, because of aT* = (Ta*)* =
(a*T)* = T*a, the adjoint operator T* also commutes with all a € A. Hence
the self-adjoint operators T + T* and (iT) + (iT)* commute with all a € A. By
T = %(T +T% + %((iT) + (iT)*) it suffices, to show the claim for a self-adjoint
operator 7.

We assume that V is finite-dimensional. Then every self-adjoint operator 7 is di-
agonalizable. In particular, T has an eigenvalue A € C. Let E), be the corresponding
eigenspace. We show that E; is stable under the algebra A. Soletv € E; and a € A.
Then Tw(a)v =nw(a)Tv = w(a)lv = Aw(a)v, which means that w(a)v € E). So
the closed linear subspace Ej of V is left stable by A and it is non-zero. As V is
irreducible, we get E, =V or T = LId, as claimed

If V is infinite-dimensional there is not necessarily an eigenvalue. Nevertheless,
one can use the spectral theorem to get a similar argument to work in that case
as well. One may find this in these books: [Heu06, Rud91, Wei80, Yos95]. In the
book [DEQ9] there is a different proof of the lemma of Schur which uses continuous
functional calculus.

We finally prove the addendum on the uniqueness of the inner product. It suffices
to consider the case of an algebra. So let (.,.)1 and (.,.)2 be two inner products on the
finite-dimensional space V, such that 7 is a *-representation with respect to both of
them. By the Riesz Representation Theorem for every w € V there exists a unique
vector T w such that

<U, w>2 = (U, Tw)l
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holds for every v € V. The map w +— T w is easily seen to be linear. For a € A one
gets

(v, 7T(Cl)TU)>1 = <71 (a*)v, Tw)1 = (7'( (a*)v, w>2 = (v, Jr(a)w>2 = (v, Tn(a)w)l.

As this holds for all v, w, one gets w(a)T = Tn(a) foreverya € A, so T is a scalar,
as was to be shown. O

Corollary 7.5.6 Let A be a *-algebra which is commutative. Then every irreducible
*-representation of A is one-dimensional.

Proof Let (r, V) be an irreducible *-representation of A. Let b € A. Then for every
a € A we have

nw(b)m(a) = m(ba) =n(ab) =n(a)w(h).

Therefore the operator T = 7 (b) commutes with every (a), a € A. By the lemma
of Schur, T is a scalar. As this applies to all b € A, 7 (b) is always a scalar, so every
linear subspace U C V7 is stable under A. Being irreducible, V;; can have only two
closed subspaces, 0 and V. This implies that V is one-dimensional. g

An irreducible unitary representation (, V) of the group G, with p < oo is
called unramified if the vector space of K ,-invariants,
Vil ={veVp:m(kv=vVkeK,)

is not the zero space, where K, denotes the compact open subgroup GL(Z)).

Definition 7.5.7 A function f on G, is called K ,-bi-invariant if

fkixky) = f(x) holdsforall x € G, ki,ky € K.

Lemma 7.5.8 If 7w is unramified, then dim V]TK r=1.

Proof Write G = G, and K = K, and assume that 7 is unramified. Let H, = H¢g
be the space of all locally constant functions of compact support. This is an algebra

under convolution. Let ’Hf" be the subalgebra of all K ,-bi-invariant functions and
let P be the orthogonal projection V; — VHK” . In Exercise 7.13 it is shown that
P =mn(1k,). The algebra 'Hf" is commutative by Exercise 7.12. Further one has

H;,(” =1g xH,*x1g.

K . K . . ..
The algebra 7, acts via 7 on the space V; ”. We show that this action is irre-

ducible. For this let v € Vf P {0}. Then 7 (Hp)v is a non-zero G-submodule of
Vr, and therefore is dense in V;; as the latter is irreducible. Therefore P (Hp)v =

(g *Hp*x1g)v = H(pr)v is a dense ’Hf" -submodule of V,,Kp. So for every

K, K, . K,
ve Vg ", the closed # " -submodule generated by v equals the entire space V; ”.
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Hence the representation of the algebra ’HII,(” on VnK” is irreducible. By Corol-

lary 7.5.6, the space V,,K ? is one-dimensional. 0

For every p < oo let there be given an irreducible representation 7, of G,. As-
sume that almost all 7, are unramified. We want to combine these representations
into an irreducible representation

r =R
p

of G4, by extending tensor products of Hilbert spaces. For this we first have to
introduce the latter.

Definition 7.5.9 Let V, W be Hilbert spaces. On the algebraic tensor product
V ® W we define an inner product by Hermitian extension of

(v Qw,v ® w/) d:ef(v, v/)(w, w’).

(See Exercise 7.5.) Then V ® W is a pre-Hilbert space. We denote the completion of
this space by V ® W. In particular we have the following: if (¢;);c; is an orthonor-
mal base of V and (f}) jes one of W, then (¢; ® f}), j)erxJ is an orthonormal base
of VOW.

For finitely many Hilbert spaces Vi,...,V, one defines the tensor product
Vi & V. by iteration, where one can show, that the order of tensoring is irrele-
vant. Indeed, as in the case of the algebraic tensor product, the spaces (V| ® V») ® V3
and V] ® (V2 ® V3) are canonically isomorphic. Further the space V| &® V5 is canon-
ically isomorphic to V> & V.

Notation In the sequel, we shall leave out the hat above the tensor product sign, as
it is clear that we are only interested in Hilbert spaces. So we simply write V @ W
instead of V@ W.

Example 7.5.10 Let V be a finite-dimensional Hilbert space. Then the map ¢ : v —
(-, v) is an anti-linear bijection from V to the dual space V*. We define an inner
product on V* by

@) ={p™ (B).¢~ (@).
The map i given by
V(L ®v)(w) = L(w)v

is an isomorphism ¥ : V* ® V — End(V), where End(V) is the vector space of all
linear maps 7 : V — V. For o, B € V* ® V the ensuing inner product is

(o, B) =tr(Y @)y (B)"),
where ¥ (8)* is the adjoint of ¥ (8).
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Definition 7.5.11 Let (7, V;) be a unitary representation of a topological group G,
and let (n, V;;) be a unitary representation of a topological group H. We define a
unitary representation p = ® n of the group G x H on the space V; ® V; by

p(g. M @wE 7()v @ n(hyw.

The continuity of this representation will be shown in Exercise 7.7.
The representation 7 ® 1 is known as the exterior tensor product of = and 7.

Let G be a locally compact group and let (n, V;) be an irreducible unitary rep-
resentation. For a Hilbert space W we consider the tensor product representation of
G = G x {1} on the space V;, ® W. As G acts on the first tensor factor only, we also
call this the first factor representation.

Lemma 7.5.12 If (n, V) is an irreducible unitary representation of G, then every
closed G-stable subspace of the first factor representation of G on V, @ W is of the
form V, ® W\ for a closed linear subspace W of W.

In particular, for two locally compact groups G, H and irreducible unitary rep-
resentations 1w, T of G, respectively, H, the representation 1 @ T of G x H is irre-
ducible and for another pair (7, t’) of irreducible unitary representations one gets

~

thatt @ T = 7’ @ v/ impliesw =7’ and Tt = 1.

Proof Let U C V; ® W be a closed, G-stable linear subspace. Then its orthogonal
space is G-stable as well and so the orthogonal projection P onto U is a bounded
operator on V,; ® W, which commutes with all n(g), g € G. We show that every such
operator T is of the form 1 ® S for an operator S € B(W). So let T be a bounded
operator on V, ® W with

Th)®1)=nEe )T

for every g € G. Let (e;);c; be an orthonormal basis of W and for j € I let P; be
the orthogonal projection onto the subspace Ce;. For i, j € I consider the operator
T;,; given as a composition:

T 1®Pj
Vi=>Vy®ei = VyaQ@W —= V, ®Qe; > V.

This operator is composed of operators which commute with the G-actions, so it
commutes with the G-action as well. Also, being a composition of continuous op-
erators, it is continuous. By the lemma of Schur there exists a complex number a;
with T; j = a; ; 1d. As Zj Pj =Idy, it follows that

TwvQ®ei)= Zai’jv ®ej=v® S(e),
J

where S(e;) =Y jaijej and the sum converges in W. By continuity of 7 the map
S extends to a unique continuous operator S : W — W, such that

To@w)=v& S(w)
holds for all v € V), w € W. This gives T =1 ® S as claimed.
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We apply this to the projection P onto the invariant subspace U, which therefore
is of the form P =1 ® P;. Then P12 = Py, so P; is a projection. Also, P is self-
adjoint, since P is. Together it follows that Pj is an orthogonal projection. Let W
be its image. Then U =V, ® Wj.

Now for the proof of irreducibility of the exterior tensor product 7 & 7. The first
part implies that a closed, G x H-stable linear subspace U has to be of the form
U =V, ® U; as well as of the form U = U, ® V;, where U; C V; and ;, C V,, are
closed linear subspaces. These subspaces must be invariant themselves, and hence
they are each the respective entire space.

Finally assume 7 ® T =7’ ® t/, so there exists a unitary isomorphism 7 : V,; ®
Vi = Vp ® Vy, commuting with the G x H-actions. Let w € V; of norm one.
Then V, ® w is an irreducible G-subrepresentation, so there is w’ € Vs of norm
one, such that 7(V; ® w) = V;» ® w’. The resulting map

Veo Va@wL Vo @uw — Vi

is a unitary G-isomorphism, so 7 = 7’ and analogously one gets T = 7’. O

For every p < oo let there be given an irreducible unitary representation (7, V)
of G, such that 7}, is unramified for almost all p. Let Sy > oo be the set of places,

. . K
where 7, is ramified. For every p ¢ Sy fix a vector vg €V, " of norm one. For

every finite set of places S D Sy let Vs = Q) pes Vp- For two sets of places S and

S" with Sy C § C S’ define an isometric linear map <p5/ Vs> Vogbyw—»w®
S
,_ <02, Let I be the set of all finite sets S D Sy of places. Then I is a directed
pes’~SVp p

set with the partial order given by inclusion. The maps <p§/ form a direct system of
Hilbert spaces. Consider the direct limit

Q) v, =1lim Vs.
p N

Since the morphisms of the direct system are isometric, the right-hand side is in a
natural way a pre-Hilbert space. We write its completion as ) » Vo

. 0 .
The space ) » Vp depends on the choice of vectors v}, but only up to canonical
isomorphism as follows: for a second choice of vectors vll, for every p ¢ So there is

a unique complex number 6, of absolute value 1, such that v}J =60, vg. For every

finite set of places S O So the multiplication with [],c¢. 5, 6p induces a unitary

isomorphism of Vs = ) .5 V) into itself, commuting with the structural maps (pg/.
This induces the claimed isomorphism between the infinite tensor products.

Let g € Ga. There exists a finite set of places § > oo such that g, € K, for
all p ¢ S. The group element g acts by a unitary operator on every Vg such that
§" D S is a finite set of places. Further, as g, € K, for p ¢ S, the structural maps gosl
commute with the respective action of g. Therefore g acts unitarily on W = ) » Vo
We get a map 7 : Gy — GL(W), such that 7 (g) is unitary for every g € Gp. This
map is a unitary representation (see Exercise 7.8). We denote this representation

by @, 7p.
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Theorem 7.5.13 The representation 1 = @, 7 of Ga on the space @), V)
is irreducible.

Proof Let U # 0 be aclosed, G 4 -stable linear subspace. As the convolution algebra
C2°(Gy) contains a Dirac sequence, the space U= 7 (CX(Ga))U is dense in U.
Let u € U. Then there exists an open subgroup H of Gy, stabilizing u, i.e. m(h)u =
u for every h € H, for suppose u = 7 (f)v for some f € C2°(Gp). There exists an
open subgroup H such that L, f(x) = f(h~'x) = f(x) holds for all x € G 4. But
then w(h)u = n(h)w(f)v =n(Ly f)v = (f)v = u. Here we consider Gy, as a
subgroup of G via the embedding & — (£, 1).

As H is open, there exists a finite set of places S D Sy, such that the group
K, stabilizes u if p ¢ S. It follows that for p ¢ S, the local contribution of u at
p is a multiple of the vector vg, sothat u = ugsg ® ®p¢5 vg for some ug € V.
The representation |G, of the group Gy is of the form Vg ® VS, where VS =
®p¢s V,. By Lemma 7.5.12 the space U is of the form Vs ® US, where US
is a closed subspace of V5. We have just remarked that US contains the vector
X pgs Up which generates V3 as GS-representation space. This implies U = V as
claimed. g

7.5.2 Analysis

In this subsection we show that every irreducible unitary representation of G,
which is admissible in a precise sense to be defined, is isomorphic to an infinite
tensor product as in the last subsection. We first define admissibility.

Definition 7.5.14 For a locally compact group G let G denote the unitary dual
of G, i.e. the set! of all isomorphy classes of irreducible unitary representations.

A representation (7, V) is called unitarizable if there exists an inner product
making V, a Hilbert space and m unitary.

IThere is a set-theoretic problem here. What we really mean is a set of representatives for the iso-
morphy classes of unitary representations. But it is not immediate that this is a set at all. This is
a problem that occurs at many places in mathematics. The remedy is this: let o be the cardinality
of G. For an irreducible representation (7, V) and any vector v # 0 the set 7(G)v generates a
dense linear subspace. This implies that the cardinality of an orthonormal basis of H (= Hilbert
dimension) cannot exceed «. Hence, fixing one Hilbert space V of dimension «, one can find a rep-
resentative of every isomorphy class realized on a subspace of V. Hence one finds representatives
for all isomorphy classes in the set Map(G, B(V)) of all maps from G to the algebra of bounded
operators on V.
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Theorem 7.5.15 (Representations of compact groups)

(a) Every irreducible representation of a compact group K is finite-
dimensional and unitarizable.

(b) Every representation of a compact group K is isomorphic to a direct sum
of irreducible representations.

Note the following simple consequence. For given unitary representations (z, V;)
and (n, Vy) of K, the vector spaces Homg (V¢, V;)) and Homg (V;, V1) have the
same dimension.

Proof The proof of this standard fact of representation theory can be found for
example in [DE09, Kat04]. O

Theorem 7.5.16 (Peter—Weyl) Let K be a compact group. For every irre-
ducible representation (t, V;) of K fix an orthonormal basis ey, ..., e4) of
V: and define the matrix coefficients

7, (k) = (t(k)ei, ej)
if1<i,j <d(t). Then

(v d(f)ftlj)r,i,j

is an orthonormal basis of L*(K).

Proof This assertion can also be found in the standard literature [DE09, Kat04]. [

Definition 7.5.17 Let L be a closed subgroup of a compact group K. If (y, V,)) is
a representation of L, we define the continuously induced representation I f (y)=
(I, V) as follows. The representation space V7 is the vector space of all continu-
ous functions f : K — V,, with the property that f(lk) = y(I) f (k) holds for all
leL,keK.Thenorm | f|lxk =sup;cg |l f(k)|| makes V; a Banach space and the
representation I is given by right translation, I (k) f (k') = f(k'k).

Lemma 7.5.18 Let (1, V) be a representation of K. Then there exists a natural
linear bijection
¥ : Homg (V,, If (v)) — Hom (V,, V).

Proof We define  as ¥ («)(v) = a(v)(1). To show injectivity assume ¥ (o) = 0.
Then a(v)(1) =0 for every v € V,,. For k € K one gets a(v) (k) = (I (k)a(v))(1) =
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a(mk)v)(1) =0, so that @ = 0. To show surjectivity, let 8 : V;, — V,, be an L-
homomorphism. We define « : V;, — ILK()/) by a(v)(k) = B(n(k)v). Then ¢ (x) =
B and so ¥ is surjective. O

If (w, V) is an arbitrary representation of the compact group K and if (z, V;)
is an irreducible representation of K, then we define the t-isotype Vi (t) or the
T-isotypical component of m as the image of the canonical map

Homg (V;, Vi) @ Vi — Vi
o Q@uvi> a(v).

The space V() is the sum of all subrepresentations of 7, which are isomorphic
to 7. The space V; is a direct sum

Ve =P Va(r).
rek

which is orthogonal if 7 is unitary.
For a given representation 7 € K let

er (k) = (dim7) tr(z(k)), keK.

Lemma 7.5.19 The function e, is an idempotent in the convolution algebra C(K),
i.e. one has e; x e = e;. The map

Pr=/ er (k)m (k) dk
K

is a projection onto the isotype V,(t). Here the Haar measure on K is normalized
such that vol(K) = 1 holds. If w is a unitary representation, then Py is an orthogo-
nal projection.

Let y be another irreducible unitary representation of K, not isomorphic to t.
Then one has

er ke, =0.
Proof This is a direct consequence of the Peter—Weyl theorem. g

Definition 7.5.20 Let F C K be a finite subset. Then the function
eFr déf Z €r
TeF
is an idempotent in C(K), since by the last lemma

efF xef = E e,*e,,:é er =¢€r.

T,yeF el
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Let G be a locally compact group and K a compact subgroup. A representa-
tion (7, V) of G is called a K -admissible representation if the representation 7 |x
decomposes into a direct sum with finite multiplicities, i.e. if

JTIK=@[7T (Tlt,

ek

where the multiplicities
[r : ] =dimHomg (V;, V) =dimHomg (V, V;)

are finite. The representation 7 is K -admissible if and only if every isotype V() is
finite-dimensional. By G x we denote the set of all isomorphy classes of irreducible
unitary G-representations, which are K-admissible. A representation of G is called
an admissible representation if there exists a compact subgroup K of G, such that
the representation is K -admissible.

Example 7.5.21 Let G = G, and 7, be the principal series representation attached
to the quasi-character A € Hom(A,, C*). We show that m, is admissible with re-
spect to the compact open subgroup K ,. Let (7, V;) be an irreducible representation
of K. According to Exercise 7.14, the representation t factors over a finite quotient
K, /K, where K is an open subgroup of K. It therefore suffices to show that for
every open subgroup K of K, the space of K -invariants V)LK is finite-dimensional.
Every f € V) is uniquely determined by its restriction to K, which lies in L*(K »)-
Hence one can consider V)\K as a subspace of LZ(KI,)K = Lz(Kp/K). As K, /K is
finite, this space is finite-dimensional.

Lemma 7.5.22 Let G be a locally compact group with two compact subgroups
L C K. For every irreducible representation (7, V;) we have

7 is L-admissible = m is K-admissible.

If L has finite index in K, the converse direction also holds.
If G possesses an open compact subgroup K, then every admissible representa-
tion of G is K-admissible.

Proof Let the representation w be L-admissible. Let (r, V;) be an irreducible
representation of K. Since V; is finite-dimensional, it decomposes as an L-
representation into a finite sum of irreducible representations. Therefore the vector
space Homy (V;, V) is finite-dimensional and so is its subspace Homg (V, V).

Now assume that the group L has finite index in K and let & be K-admissible.
Let (y,V,) be an irreducible representation of L. We want to show that
Homyp (Vy, V,) is finite-dimensional. By Lemma 7.5.18 this space has the same di-
mension as Homg (V;, I LK (¥)). Since m is admissible with respect to the group K,
it suffices to show that the induced representation / f (y) is finite-dimensional. Let
K= U’}zl Lk;j. Thenevery f € 15 (y) is uniquely determined by the finitely many
values f(k1),..., f(k,), so the dimension of ILK()/) is at most dim(V,)[K : L],
hence finite.
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We prove the last assertion of the lemma. Let K be a compact open subgroup
of G, and let L be a give compact subgroup, such that the representation  is L-
admissible. We have to show that 7 is also K -admissible. The group K N L is open
in L, so has finite index in L, so v is K N L-admissible, hence K-admissible. [J

Theorem 7.5.23 (Tensor product theorem) For every set S of places, every
admissible irreducible unitary representation w of the group G g is isomorphic
to a tensor product ®pes 7y, where all w, are admissible, irreducible, and
unitary. Almost all 7w, are unramified. All 7, are uniquely determined up to
unitary equivalence.

We give the proof in the rest of the section.
Let G be a locally compact group. The set C.(G) of all continuous functions of
compact support is a complex algebra under the usual convolution product,

frgl)= /G fMg(y'x)dy = /G fayg(y™")dy, f.geC(G).

Let there be given a compact subgroup K C G. For «, 8 € C(K) we also have
the K-convolution,

a * Bk) =/ a)p(I~ k) al
K

which makes C(K) a convolution algebra. We also want to convolve functions on
K with functions on G. For « € C(K) and f € C.(G) we define

a*f(x):/ ak) f(k~'x)dk and f*oz(x):/ Fkya(k™t) dk.
K K

We normalize the Haar measure on the compact group K by the condition
vol(K) = 1. If K is a set of positive measure with respect to the Haar measure
of G, which is for instance the case if K is an open subgroup of G, like K, in G,
then we insist that the Haar measure of G is normalized to give K the measure 1 as
well. Then the two Haar measures agree on K.

We consider a function f € C(K) as a function on G by setting f(x) =0 if
x € G ~\ K. In this sense we can consider the sum

Cc(G) + C(K)

as a subvector space of the space of all maps from G to C. If K is open in G, then
C(K) C C.(G) and therefore C.(G) + C(K) = C.(G). If K is not open in G, then
the sum C.(G) + C(K) is a direct sum by Exercise 6.6.

Lemma 7.5.24 The two convolution products of G and K are compatible in the
sense that

fr(gxh)y=(fxg)xh
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holds for all possible combinations of f, g, h, lying in C.(G) or in C(K). Further
one always has
(fxg)"=g"*f",
where f*(x) = Ax! ) f(x~ 1Y) and A(x) is the modular function of G. We subsume
these assertions by saying that
Cc(G) + C(K)

is a *-algebra.

A unitary representation (1, V) of G yields a *-representation of C.(G)+ C(K)
by n(f) = fG fx)mw(x)dx for f € C.(G) and n(f) = fK [k (k)dk for f €
C(K).

Proof There is a deeper truth behind this assertion. These convolution products are
special cases of a more general construction by which one can convolve Radon
measures on G. Since we don’t need the general statement, we restrict to C.(G) +
C(K). The verifications are standard. As an example we show associativity in the
case f,g € C.(G) and h € C(K). In this case we have

Farn@= [ 0sh(0)dy
:f f(y)/ g(y_lxk)h(k_l)dkdy
G K
:f/f(y)g(y_lxk)h(k_l)dydk
K JG

=f frgloh(k™ ) dk = (f % g) % h(x). O
K

Definition 7.5.25 Let G be a locally compact group and let K be a compact sub-
group. A function f on G is called K -finite if the set of all functions x — f (k1xk2),
k1, k> € K, spans a finite-dimensional subspace of Abb(G, C). It is easy to see that
the convolution product of two K -finite functions in C.(G) is again K -finite. Anal-
ogously we define the set of K-finite elements of C(K).

Example 7.5.26 Let f € C.(G). Consider the representation p of the compact
group K x K on the Hilbert space L?(G) given by

pk, Dp(x) = p(k~"x1).
The Hilbert space L*(G) has the isotypical decomposition
L*G)= @ LG
tekxK

Accordingly, f can be written as

/= Z Sr.

teKxK
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The function f is K-finite if and only if this sum is finite, i.e. if f; = 0 for al-
most all 7. So the set of K -finite vectors is the algebraic direct sum of all isotypes

L*(G)(1), T € K x K. Tt follows that the set of K-finite functions is dense in
L*(G).

Definition 7.5.27 We define the Hecke algebra H = Hg, x of the pair (G, K) as
the convolution algebra of all K-finite functions in C.(G).

Lemma 7.5.28 Let G be a locally compact group and K a compact subgroup.

(a) Let I be the set of all finite subsets ofle. For F € Ik setep = ZreF e and

def
CF = eF*IHG,K X*er.

Then Cr is a subalgebra of H = Hg k. The Hecke algebra H is the union of
all these subalgebras.
If F = {t} is a singleton, we also write Cp = C-.
(b) Let (r, V) be a representation of G. Then the space w(H)Vy is dense in V.
(c) The Hecke algebra is a *-algebra with the involution f*(x) = A(x~1) f(x—1).
A unitary representation w of G defines by integration a *-representation of H.
For two unitary representations 7, 7w’ of G one has

T=¢n & wZ=y7a,

which means that & and ' are unitarily isomorphic as G-representations if
and only if they are unitarily isomorphic as H-representations.

Proof The function ef is idempotent, see Definition 7.5.20. As H is the set of all
K -finite functions, it is the union of all Cr. This proves part (a).

For proving (b) let h € C(K). Then n(h) = th(k)n(k) dk. Let F € Ig and
Pr = m(eF). Then PZ = n(ep)n(er) = w(ep * ep) = m(er) = Pr, so Pr is a
projection. The image of this projection is V; (F) = @,y Vx (7), the F-isotype
of m, and the kernel is EBrng Vz (7). By Theorem 7.5.15 the union of all V; (F)
with F € Ix is dense in V. So it suffices to show that 7(Cfg)V; is dense in
Vi (F).Letv e V;(F) and let ¢ > 0. Since 7w (er) is continuous, there exists C > 0,
such that |7 (ep)w]| < C||lw|| holds for every w € V. As the map G x V; — Vg;
(g,v) = m(g)v is continuous, there is a neighborhood of the unit in G, such that
xeU=|rnx)v—v|| <e/C.Let f € C.(G) with support in U, such that f >0
and [ f(x)dx =1.Then

[y = o] =

’ / f(x)(r[(x)v — v) dx
G

One has ep x f xep € Cp C H and

S/ f(x)”n(x)v—v” dx <¢/C.
G

“rr(ep * fxep)v — v|| = ||rr(ep)(rr(f)v — v) || <eé.

We finally prove part (c). It is clear that the Hecke algebra is closed under the invo-
lution. Let v be a unitary G-representation. For f € H one has
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n(f*):f A(x_l)f(x—l)n(x)dxzf T (x ) dx
G G
= / mm)*dx:( / f(x)n(x)dx) =7n(f)*
G G

If 7 and 7’ are isomorphic as G-representations, then they are isomorphic as H-
representations. Conversely let 7 : V; — V,/ be a unitary H-isomorphism, so
Tr(f)=nr'(f)T for every f € H. First we note that this identity holds for all
f € C.(G). For this let S = Tw(f) — 7'(f)T. For every finite subset F of K it
follows that

n'(ep)Sm(er) =Tn(er fer) —n'(er fer)T =0.
\q‘,—d
eH

So Sv = 0 for every vector v € V; (F). Since the V, (F) span a dense subspace of
Ve, weget S =0,s0 Tw(f)=n'(f)T holds for every f € C.(G).

Let ¢ > 0, x € G, and v € V. By continuity of the representations = and 7’
there exists a neighborhood U of x € G, such that |7 (u)v — w(x)v| < &/2 and
7" (u)Tv — 7' (x)Tv| < ¢e/2 forevery u € U. Let f € C.(G) with support inside
U and such that f >0 and fG f(x)dx =1. As T is unitary, one has

|T7(fHvo—Tr)w|=|7(fHvo—aCv|
= H/ f(u)(n(u)v—rr(x)v)du
G

5/ F@)|r@v—m@x)v|du <e/2
G

and analogously | T (f)v — 7' (x)Tv|| = |#'(f)Tv — 7' (x)Tv|| < &/2. This im-
plies that the norm || T7 (x)v — ' (x)Tv|| is less than €. Since ¢ > 0 and v € V,; are
arbitrary, we conclude Tm (x) = 7/ (x)T. O

Theorem 7.5.29 Let G and H locally compact groups with compact subgroups

K and L. The map GK xHL—>G><HKxL given by (m, 1) > 7 ®Tisa
bijection.

Proof Injectivity follows from Lemma 7.5.12. We show surjectivity. Let (7, V)
be an irreducible unitary representation of G. Every f € C.(G) yields a continuous
operator on the Hilbert space V. For 0 # v € V; the space 7 (C.(G))v is a G-stable
linear subspace of V. As m is irreducible, the space 7 (#)v is a dense subspace.

Lemma 7.5.30 Let G be a locally compact group and K C G a compact subgroup.

(a) Let (m, V) be an irreducible representation of G and let F be a finite subset
ofle. Then the F-isotype V;(F) = @reF V(1) is an irreducible Cg-module.
Also, m(H) V5 is an irreducible H-module. If V; (F) is finite-dimensional, then
Vx (F) is a regular C p-module.
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(b) Let (n, Vy)) be a unitary representation of G and let M be a finite-dimensional
irreducible Cp-submodule of V,(F). Then the G-representation generated by
M is irreducible.

(c) Let n, w be irreducible unitary, K admissible representations of G. Then

n=n & Vyu(F)=EVy(F) forevery F € Ik,

where the isomorphy on the right-hand side is an isomorphy as Cp-modules.

Proof (a) In order to show irreducibility of V, (F),let 0 £ U C V,(F) be a closed
submodule. Since V,; is irreducible, the space 7 (C.(G))U is dense in V. Let
Pr : Vo — V. (F) be the isotypical projection. For h € C(K) we write 7w (h) =
fK h(k)m(k)dk. Then Pr = m(er). For f € C.(G) one has finite

n(f)m(er) =m(f xer) and m(er)w(f)=m(er * f),

as is easily verified.
The projection Pr being continuous, the space Pr(C.(G)U) is dense in V (F),
so Pr(C.(G)U) =V, (F). Now Pr =m(eF), so

Ve (F) = Pp(Ce(G)U) =7 (er)Ce(G)U
=n(er *Ce(G)xep)U=n(Cp)U=U=U,

and V;(F) is indeed irreducible. Next assume that V, (F) is finite-dimensional.
We have just shown that 7 (Cr)V; (F) is dense in V; (F). As this space is finite-
dimensional, the only dense subspace is the whole space, so 7 (Cr) V; (F) = Vi (F),
which means that V, (F) is regular.

(b) We use the following principle. For a module M of a C-algebra A and an
element my € M, the annihilator

Anny (mo) & {a € A amg =0}
is a left ideal in A and the map a — am induces a module isomorphism
A/ Anny (mg) — Amyg.
In particular, if M is finite-dimensional and irreducible, then for mg # O one has
M = Amg, so M = A/J with J = Anny (my).
Let M be a finite-dimensional Cr-submodule of V,(F). We assume M # 0.
Let U be the G-stable closed subspace of V; generated by M. We show that

Pr(U) = M, where Pr = mr(eF) is the orthogonal projection onto the F-isotype.
For this let vg # 0 be a vector in M and let J = Annc,. (vo). Then J is a left ideal

and the map a — avg is a module isomorphism Cr/J = M, since M is finite-
dimensional.
Claim Let J denote the annihilator Annc,G)(vo) of vg in Cc(G). Then

J= 7€F @ Annc,G)(er),

where Annc,(c)(er) is the annihilator of er in C.(G); this is the set of all f €
C.(G) with f xer =0.



202 7 Automorphic Representations of GLy(A)

We prove the claim. First it is clear that Jer C Annc,G)(vo) = J. Further,
one has vy = ervp, and therefore Annc, (g)(er) C Annc,(c)(vo) = J. It remains
to show that J is a subset of the right-hand side. As er is idempotent, we get
Cc(G) = Ce(G)er @ Annc,(G)(eF), since every f € C.(G) can be written as
f = fer+ (f — fer) and f — fer lies in the annihilator of er. Finally by
Annc,G)(er) C Annc,(G)(vo) = J the claim follows.

We infer that

Ce(G)vg = Ce(G) /T = Ce(Gher/(Jep),
and so
Pr(Ce(G)vg) ZepCe(Glep/(Jep) ZCp/J = M.

This implies Pr(U) = M. If U’ is a subrepresentation of U, then Pr(U’) =0 or M.
In the first case one has M C (U’)* and so U c (U’)1, since (U )L is a subrepre-
sentation. This, however, implies U’ = 0. In the other case one has M C U’ and so
U’ =U. So U is indeed irreducible.

(c) If (n,Vy), (mw, V) are isomorphic representations, then the Cpg-modules
Vy(F) and V; (F) are isomorphic. Conversely, assume for every F there is given
a Cp-isomorphism ¢ : V,(F) — V(F). By Schur’s lemma, for given F, two iso-
morphisms V; (F) — V; (F) will differ by a scalar only. We can, therefore, normal-
ize the isomorphisms in such a way that they extend one another, i.e. that we have
dF = bF lv,(F) if F C F’. Then one can compose the ¢ 5 to a H-isomorphism

¢ :n(H)Vy => 7 (H) V.

Both sides are dense subspaces. If we can show that ¢ is isometric, this map will
extend to an isomorphism of G-representations by Lemma 7.5.28. Let 0 # vg €
n(H)Vy and let wo = ¢ (vp). We can assume that ||vg|| = [|wpl| = 1 and we claim
that ¢ is isometric. For this we use ¢ to transport both inner products to the same
side. We then have, say on 7w (#H) V,, two inner products (.,.); and (.,.)2 such that vy
has norm one in both and the action of H is a *-representation in both inner products.
On the finite-dimensional space 7 (Cr) Vy, the two inner products must agree by the
lemma of Schur. As this holds for every F € I, the map ¢ is isometric. O

Let G D K and H D L be locally compact groups with compact subgroups. Let
E be a finite subset of K and F a finite subset of L. There is a natural homomor-
phism

Y :C(G)QCe(H) —> G(G x H)
given by
v(f @8 x,y)=fx)gy).
This induces a homomorphism
Ce®Cp— Cgxr.

In general, this map won’t be surjective.
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Lemma 7.5.31 Let the module M be a finite-dimensional irreducible Cpyp-
*-submodule of a unitary G-representation. Then M is irreducible and regular as
Cg ® Cr-module.

Proof We give Cgxr C L'(G x H) the topology of the L!-norm. Then Cr ® Cr
is dense in CgxF, as one sees from the fact that C.(G) is dense in LI(G). The
representation p : Cpxr — Endc (M) is a continuous map, since M comes from
a unitary representation of G x H. Hence the image of Cg ® CF is dense in the
finite-dimensional image of Cgxr in End(M), and the two images therefore do
agree. O

Accordingly, in order to finish the proof of Theorem 7.5.29, we only need the
second assertion of the following lemma.

Lemma 7.5.32

(a) Let A be a C-algebra and M a simple regular A-module which is finite-
dimensional over C. Then the map A — Endc (M) is surjective.

(b) Let A, B denote algebras over C and let R = A ® B. For two regular simple
modules M, N of A respectively B, which are finite-dimensional over C, the
tensor product M @ N is a regular simple R-module and every regular sim-
ple R-module is isomorphic to such a tensor product for uniquely determined
modules M and N .

Proof Part (a) is a well-known theorem of Wedderburn. One finds a proof, for in-
stance, in Lang’s book on algebra [Lan02]. However, in this book, the theorem is
proven under the additional hypothesis that the algebra A possesses a unit element,
a condition that we have replaced by asking M to be regular. Consequently, we have
to show how to deduce (a) from the corresponding assertions for algebras with unit.
This is an interesting and often used technique, called the adjunction of a unit: We
equip the vector space B = A x C with the product

(a,2)(b, w) = (ab + zb + wa, zw).

Then B is an algebra with unit (0, 1), containing A as two-sided ideal. Every A-
module M becomes a B-module by setting (a, z)m = am +zm.If A’ C Endc (M) is
the image of A and B’ C End¢ (M) the image of B, then the theorem of Wedderburn,
as given in Lang’s book, yields B’ = Endc(M). Then A’ is a two-sided ideal in B’,
different from the zero ideal. The algebra Endc (M) = M, (C), however, does not
possess any two-sided ideals other than zero and the whole algebra, which implies
A’ = B’ as claimed.

Now for part (b). By (a) it suffices to show the first assertion for the case A =
Endc(M) and B = Endc(N). The canonical map from the algebra Endc(M) ®
Endc(N) to Endc(M ® N), however, is surjective, and therefore M ® N is a simple
module.

Finally, let there be given a C-finite-dimensional simple A ® B-module V.
Then V contains a simple A-module M, since V is finite-dimensional. Let N =
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Hom4 (M, V). This vector space is a B-module in the obvious way. Consider the
map ¢ : M @ N — V given by

¢(m @ a) =a(m).

Then ¢ is a non-zero A ® B-homomorphism, hence surjective, as V is simple. We
have to show that ¢ has trivial kernel. For this let «1, ..., a; be a basis of N and
mi,...,m; abasis of M. Let ¢; ; € C be given with ¢>(Z icijmi ®aj)=0. We
have to show that all coefficients c; ; are zero. The condltlon reads

0=¢(Zci,jmi ®(¥j> = Zci’jaj(mi) = ZOU(ZC,’JI’M).
ij ij j i
Let P : M — M be a projection onto a one-dimensional subspace, say Cmg. By
part (a) there exists a € A with am = Pm for every m € M. Accordingly,

0= Z(Xj (P(Zc,-,jm,)) = ijaj(mo),
J i J
where P(Zi ¢i,jm;) = A jmy. For arbitrary a € A one gets
0= ijaj(amo).
j

As a runs through A, the element amg will run through the simple module M, so
Z A joj = 0.
J

By linear independence of the «;, all A ; are zero. Consequently one has ) _; ¢; jm; =
0 for every j and by linear independence of the m; it follows that ¢; ; = 0.

The proof also shows that all simple A-submodules of V are isomorphic. Thus
the uniqueness follows. g

We now show Theorem 7.5.29. Let n be a K x L-admissible irreducible uni-
tary representation of G x H. Let E C K and F C L be finite subsets. According
to Lemma 7.5.31 the space V,(E x F) is a finite-dimensional irreducible regular
Cg ® Cr-module and by Lemma 7.5.32 the space V;,(E x F) is a tensor product of
modules, which we write as V; (E) ® V;(F). The uniqueness of the tensor factors
gives us injective homomorphisms <pg/ : Vo (E) = Vi (E') if E C E’ and accord-
ingly for F. The uniqueness of inner products by the lemma of Schur allows us to
scale the homomorphisms such that they are isometric. We define

Ve ©lim Ve (E),
where the limit is taken over all finite sets E C K. We write Vj for the completion of
the pre-Hilbert space V.. We construct V; analogously. For every finite set £ C K
the algebra Cg acts on Vﬂ via continuous operators. These extend to V;; and one
gets a *-representation of the Hecke algebra H ¢ and similarly for V. By construc-
tion, the isotypes of V are just the spaces V (E) for E € Ix. The isometric maps
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Vi (E)® V(F) < V, can be composed to an isometric ¢ ® H -homomorphism
@ : Vi ® Vi — V,;, which by irreducibility of  is an isomorphism. We have to in-
stall a unitary representation of the group G x H on V; ® V;. This means that we
have to give a representation = of G on V. Fix a vector w € V; with ||w| = 1.
The map V; — V; Q w LN Vy gives an isometric embedding of V; into V;, which
commutes with the Hg-operation. The G-representation on V), then defines a uni-
tary G-representation on V; inducing the Hg-representation. We do the same with
the group H and we get irreducible unitary representations 7 and v of G and H
such that @ is a G x H-isomorphism. 0

We finally show Theorem 7.5.23. For a finite set of places S, Theorem 7.5.23
follows directly from Theorem 7.5.29. By the same token, one can assume that
the infinite place is not in S. So assume S infinite and oo ¢ S. Let (;r, V) be an
irreducible unitary representation of Gg and let Kg be the compact open
subgroup l_[pES K,. By Lemma 7.5.30 there exists t € I%S such that V;(7) is a
non-zero irreducible module of the Hecke algebra C;. By Lemma 6.2.5 the repre-
sentation 7 is trivial on an open subgroup of K. So there exists a finite set of places
T C S with t(]_[pes\T K,) =1. By Theorem 7.5.29 we can replace Gs by G- 71,
which means we assume K = [],.s K, and 7 = 1. Then by Exercise 7.12 the

convolution algebra C; = C.(G)X is commutative and therefore every irreducible
*-module is one-dimensional, hence V;(7) = VHK is one-dimensional. For every
finite set of places T C § the space VHK generates an irreducible representation of
Gt =[],er Gp by Lemma 7.5.30(b). With ), = 7} one gets 77 = Q) ,c7 7p-
Let n =@ pes Tp- Theorem 7.5.13 implies that 7 is irreducible. For every finite
subset T C S one gets an isometry ny = ) per Tp > 7. These isometries can be
chosen in a compatible way, so that they yield a G s-equivariant isometry n < 7.
As 7 is irreducible, this map is an isomorphism. The proof of the tensor product
theorem is finished. 0

7.5.3 Admissibility of Automorphic Representations

An irreducible representation m of Gy is called a cuspidal representation if w is
isomorphic to a subrepresentation of Lgusp. We want to apply the tensor product
theorem to cuspidal representations. For this we have to ensure they are admissible.

A unitary representation of the group G 4 is called a compact representation if for
every f € C.(G,) the induced operator 7 (f) is compact. Every subrepresentation
of a compact representation is compact. Proposition 7.4.3 asserts that the space of
cusp forms Lgusp defines a compact representation and by Proposition 7.3.13 every

compact representation is a direct sum of irreducible representations.

Theorem 7.5.33 Every irreducible compact representation is admissible. In
particular, every cuspidal representation is admissible.
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Proof Let (r, V) be an irreducible compact representation and let (z, V;) be an
irreducible representation of the compact group Kz =[] p<co Kp> where K, =
GL>(Zp) if p < 00 and K = SO(2). Then 7 is a tensor product T = ®p Tp. Let
A be the *-algebra C.(G,) and set A; = e; Ae;. Then V() is an irreducible A -
s-module.

The algebra A; is itself a tensor product of the form Ay, ® Afin, Where Ay =
er,,C°(Go)er,, and similarly for Agy.

Lemma 7.5.34 The algebra A is commutative.

Proof The irreducible representations of the group Ko, = SO(2) are given by char-

acters &, v € Z, where
—-b .
o <Z a >:(a+lb)v'

Let ¢ be the character giving 7. The algebra Ao, can be viewed as the convolution
algebra of all functions f € C°(G ) with f(kixks) = e(kiks) f(x) forall ki, ky €
K. Let D be the set of diagonal matrices in G,. By Exercise 3.3 we know that
Goo = Koo DK . Consider the map 6 : G — G given by

w-()e( )

One gets 0 (kdl) =ldk for k,l € K and d € D. This implies that for f € A one
has fa = f, where fg (x) = f(@(x)). Since 6 is an anti-automorphism of G, i.€.
6(xy) = 0(y)0(x), one has for arbitrary f, g € C.(G), that (f * g)? = g% % £9. This
implies the claim as for f, g € Ay it holds that

fre=(f*9)"=g"+f'=gxf -

We finish the proof of the theorem. For f € Ay, define w(f) = fGoo fx)m(x)dx
and analogously for Ag,. Since A, is commutative, every f € A, commutes with
every a € A;, so w(f) commutes with every 7 (a), where a € A;. By the lemma of
Schur the operator 7 ( f) acts on the isotype Vy (t) by a scalar. As e; is the idempo-
tent attached to t, the operator 7 (e, ) is the orthogonal projection onto the K -isotype
Vz (7). Choose f € A such that w(f) acts as identity on V(7). The operator
m(e;)m(f) is compact on the one hand, and on the other it acts as an orthogonal
projection on V(7). Ergo its image V (7) is finite-dimensional, as claimed. 0

7.6 Exercises and Remarks

Exercise 7.1 Show that for a set S of places with co € S one has
GL2(Ag) = GLa(As (o)) X GL2(R).

Show that if co ¢ S, then GL>(Ag) equals the restricted product of all GL2(Q,),
p € §, with respect to their compact open subgroups GL,(Zp). As a subset of A%,
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the set GL, (Ay) inherits a topology. Show that this topology does not coincide with
the restricted product topology.

Exercise 7.2 Let (X, d) be a separable metric space and let Z C X be a subset.
Show that Z is separable as well.

Exercise 7.3 Show that the modular function of the group B, = A, N,, is given by
Ap, (an) =d°.

Exercise 7.4 Show that a quasi-character a — a” of the group A p 1s unramified if
and only if it is of the form (' o ))‘ = |a1|* |a2|*2 for some A, Ay € C.
(Hint: A is unramified if and only if it factors over A,/K, N A, = Z2.)

Exercise 7.5 Let V, W be Hilbert spaces. Show that the Hermitian extension of

def
(v Qw,v ® w’) = (v, v’)(w, w/)

defines an inner product on the tensor product space V @ W.

(Hint: the problem is definiteness. Let f = )" v; ® w; be in the tensor product. One

can orthonormalize the finitely many v; and get a new presentation of f, so one can

assume the v; to be pairwise orthogonal.)

Exercise 7.6 Show that for three Hilbert spaces Vi, V5, V3 the tensor products
(V1 ® Vo) ® V3 and V] ® (V2 ® V3) are canonically isomorphic. Further show that
V1 ® V, is canonically isomorphic to V, ® V.

(Hint: one needs to show that the canonical isomorphisms of the algebraic tensor
products are isometries.)

Exercise 7.7 Let (;r, V) and (5, W) be unitary representations of the locally com-
pact groups G and H. Show that p = 7 ® 7 is a unitary representation of G x H on
the Hilbert space V @ W.

(Hint: the problem is continuity. One has to estimate expressions of the form
lo(g', W)V — p(g, h)v| forg, g’ € G, h,h' € Hand v,v' e VR W.)

Exercise 7.8 Show that the infinite tensor product of unitary representations, as
defined before Theorem 7.5.13, is a unitary representation.

(Hint: one has to show that for convergent series g, — g in G and v, —» vin W =
K » V), one has 7 (g,)v, — m(g)v. As in the proof of Theorem 7.1.3 one can restrict
to vectors in a dense subspace.)

Exercise 7.9 Use the Peter—Weyl theorem to show

e; ify=r,

er ke, = )
4 { 0  otherwise.
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Exercise 7.10 Let (i, V) be a representation of G, = GL2(Q)). A vector v € V
is called a smooth vector if its stabilizer in G is an open subgroup. Show that the
space V° of all smooth vectors is dense in V.

(Hint: show that the convolution algebra of all locally constant functions with com-
pact support contains a Dirac sequence.)

Exercise 7.11 Let I" = SL»(Z), k € 2N and f € Si(I") be a cusp form. We can
view Si(I") as a subspace of Lz(GQZR\GA). For distinction we write A(f) €
L*(GgZgr\G) for the element given by f.

Let p be a prime number and let g, € C2°(G ) be given by

=1 , _ )
&p Kp(P ! I)Kp
For ¢ € L2(Z(R)G\Ga) let

R(gp)o(x) = / 2p(e(xy)dy.

P

Show:

R(gp) AN = p' T PAT, ),
where T), is the Hecke operator of Chap. 2.

Exercise 7.12 Let G be a locally compact group and let K be a compact subgroup.
Show that the set C.(G)X of all K -bi-invariant functions in C.(G) is a subalgebra
of C.(G). If C.(G)X is a commutative algebra, one says that the pair (G, K) is a
Gelfand pair. Show: For any set S of finite places (GLy(Ag), GL2(Zg)) is a Gelfand
pair, where Zg =[] ,c5 Zp.

(Hint: find a suitable set of representatives of K\ G /K. Show that matrix transposi-
tion defines a linear map 7 : C.(G) — C.(G) with T(f % g) =T (g) * T(f). Note
that the Haar measure on G is invariant under transposition and forming inverses.)

Exercise 7.13 Let G be a locally compact group and let K be a compact open
subgroup. Normalize the Haar measure such that K has measure 1. Let (7, V) be a
representation of G. Show that 7 (1g) = |, x 7 (x)dx is a projection with image vk,
Show that 7 (1x) is an orthogonal projection if the representation 7 | g is unitary.

Exercise 7.14 Let K be a totally disconnected compact group. Show that every
irreducible representation t factors over a finite quotient K /N of K.

(Hint: by Theorem 7.5.15 the representation t is finite-dimensional. Show that
GL,(C) possesses a unit neighborhood that does not contain any non-trivial sub-
group.)

Remarks In this chapter we have shown that every cuspidal representation is
admissible and is actually a tensor product. It is more sharply true that every ir-
reducible unitary representation of G, Goo or G is admissible, and so in the



7.6 Exercises and Remarks 209

case G, is a tensor product of local representations. To show this, however, one
needs to use more representation theory than would be appropriate for the purpose
of this book. A proof for G, can be found in [KnaOl], for G, in [HC70]. The
global case can be deduced from the local cases.



Chapter 8
Automorphic L-Functions

We denote the algebra of 2 x 2 matrices over a given ring R by Ma(R). For x €
M, (A) we write

x| = |det(x)| = ]_[ |det(x)|.

p<oo

Let S(M2(A)) denote the space of Schwartz—Bruhat functions on Mp(A), i.e. every
f € SMz(A)) is a finite sum of functions of the form f =[] » fp, where f, =
Im,z,) for almost all p and f, € SM2(Q))) for all p. Here S(M2(R)) is the

space of Schwartz functions on M (R) = R* and S(M(Q »)) is the space of all
locally constant functions with compact support on M>(Q),).

8.1 The Lattice M,(Q)

Let e be the additive character on A defined in Lemma 5.4.2. Given x € M (A), we

write e(x) for e(tr(x)), so
e(i 2) =e(a+d).

Lemma 8.1.1 M>(Q) is a discrete, cocompact subgroup of the additive group
Mj(A), i.e. it is a lattice. For x € M (A) one has

e(xy)=1VyeM(Q) < xeM(Q).

Proof For Q and A we have seen a similar assertion before in Theorem 5.4.3. Since
Q is discrete in A and M, (A) = A* has the product topology, the set M, (Q) = Q*
is discrete in My (A). By

M (4)/Ma(Q) = A*/Q* = (A/Q)*
the group M (Q) also is cocompact in M, (A).
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In the last assertion the ‘<=’ direction is trivial. For the ‘=’ direction take
x € Ma(A) satisfying the assumption. Write x = (‘CZ 2) € Ma(A) and let y = (/ %),

00
t € Q. One has
e(xy)=e (tr (i; 8)) =e(at).

We can vary ¢ in Q to get a € Q by Theorem 5.4.3. The same argument with y =

(86)’(?8) and (g?) gives the claim. -

For f € SM3(A)) we define its Fourier transform by
foo = f fe(=xy)dy.
Mz (A)

Using the corresponding assertions in the one-dimensional case, one shows that
the Fourier transform maps the space S(M>(A)) into itself and that it satisfies the

inversion formula f (x) = f(—x), see also the remarks preceding Theorem 5.4.12.

8.2 Local Factors

We use the notion of a group algebra. For this let G be a group. The group algebra
C[G] over C is defined as the convolution algebra C.(G), where we equip G with
the discrete topology. Any discrete group is clearly locally compact and the counting
measure is a Haar measure, which we use in the definition of the convolution.

We make this more explicit. An arbitrary function f : G — C lies in C[G] if
and only if it is zero outside a finite set. For f, g € C[G] their convolution product
equals

frg)=Y" fme(y'x).
veG

The group algebra has a canonical basis given by (dy)ycc, where

5,(0) = 1 ifx=y,
YWE0 ifx#£y.
We compute 8 % 8y(2) = Y, o 8x (1)8y (r~12) =8y (x712) =8,y (2), ie.
8y % 8y = 8yy.

This identity gives rise to another definition of the group algebra, according to which
the group algebra C[G] is the vector space with a basis (dy),ec indexed by elements
of G, equipped with a multiplication which on the basis elements is given by 8,6, =
8y, and which is then bilinearly extended to the entire space. We refer to this second
definition as the algebraic definition, whereas the definition via convolution is called
the analytic definition.

We want to understand the algebra homomorphisms from C[G] to C, and
we want to describe them in both definitions. We are looking at a linear map
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¢ : C[G] — C, which is multiplicative, so ¢ (ab) = ¢(a)¢ (b) holds for all a,b €
C[G] and ¢(61) = 1. Then the map ¢ : G — C given by ¢(y) = ¢(8,) is a multi-
plicative map. Because of 1 =¢(81) = ¢(1) = 0(yy™") = p(»)e(y™1), every ¢(y)
is invertible, and hence lies in C*. Therefore every algebra homomorphism ¢ in-
duces a group homomorphism ¢ : G — C*. The converse is true as well, as for
a given group homomorphism ¢ one can define an algebra homomorphism ¢ by
linear extension from ¢ (8,) = ¢(y). We obtain a canonical bijection

Homglg (C[G1, C) => Homggy (G, C¥).

Finally we want to see how to express this in terms of the convolution algebra def-
inition of C[G]. So let a group homomorphism ¢ : G — C* be given and let ¢ be
the corresponding algebra homomorphism. Let f : G — C be a function of finite
support. Then f is a finite sum f = ZyeG f(y)8y. Linearity implies

P = FMe®).

yveG

This formula will be used later.
Let p < oo be a prime number. Let (7, V) be an irreducible admissible represen-

tation of G, on a Hilbert space. Assume 7 to be unramified. The algebra Hg” of all
K ,-bi-invariant functions of compact support on G, acts on the space VE» . Since
this space is one-dimensional, the algebra pr acts by an algebra homomorphism
Xz € Homalg(H[I:”, C).

Let A, C G be the subgroup of diagonal matrices and N, = Ng, the group
of upper triangular matrices with ones on the diagonal. Then B, = A,N,, is the
group of upper triangular matrices. For a = diag(aj, az) let §(a) = |a1|/laz|. The
map A(an) = §(a) is the modular function of the group B, as was shown in Exer-
cise 7.3. Normalize the Haar measure dn on N, in such a way that vol(NZp) =1.

To motivate the definition of the Satake transform, we recall the principal series
representation (7, Vi) attached to a quasi-character A of A .

Lemma 8.2.1 The representation m,,_is unramified if and only if the quasi-character
A is unramified. In this case one has VAKP = Cpa, where the element p, of V, is
defined by

palank) = a2,

foracAp,ne Ny keK,.

. . K .
Proof Assume that m; is unramified and let 0 # ¢ € V, ”. Then ¢| K, 18 constant
outside a set of measure zero, so after altering ¢ we can assume it to be constant on
K. We multiply ¢ by a scalar so that the constant is one. So fora € A, N K, we
have

1=9(1) = g(a) =a* T ?¢(1) =a*,
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which means that X is unramified. Conversely, let A be unramified. We can define p;,
by the formula in the lemma. Then p; € Vj, since fora € A,,n € Ny and x € G,
one has

pi.(anx) = py(anainik) = p,( aa; n"'ny k)
—— ——
€A, €Ny

Y812 — ght0/2 A+8/2

= (am palainik) =a Pa(x),

where we have written the Iwasawa decomposition of x as x = ajnik and n?! =
aflnal. The function p;,, is, up to scalars, the only element of V;, which is constant

on K, so p; spans the space VAK” . O

Let A or equivalently 77, be unramified. There exists an algebra homomorphism
K P
xx: Hp" — C such that
T () pr = 0. Pa.

Since p; (1) =1, one has x, (f) = m(f) ps(1). We compute
() =m.(fHpa(l) = /G S ) (x)pa(l) dx

=/ f(x)p;\(x)dxzf f(an)p;(ank)dadndk
GF

ApN,y K,

= / f(an)a)""‘s/2 dadn.
ApNp

Definition 8.2.2 We define the Sarake transform of f by

Sf(a) = a5/2/ f(an)dn.
NP

It follows that x,(f) = pr Sf(a)a*da. We write A = A,/A, N K, =
(Qy/Z%)* = Z2. The normalizer N(Ap) of A, in G, is the group of all mono-
mial matrices, i.e. matrices such that in every row and every column there is ex-
actly one non-zero entry. The Weyl group W of A is defined to be the quotient
W =N(A,)/Ap. The latter group is isomorphic to the permutation group Per(2) in
two letters and it acts on A, by permuting the entries. It also acts on A =72 and on
the group algebra C[A]. The set of W-invariants,

C[A1Y = [« e C[A]: wa = Yw € W}

is a subalgebra which is closed under o — a*, where o*(a) = a(a~!) is the canon-
ical involution on the group algebra.
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Theorem 8.2.3 The Satake transformation f +— Sf with Sf(a) = S(a)% X
pr f(an)dn is an isomorphism of *-algebras,

S:HA" S ClA]Y

i.e. it is an algebra isomorphism with S(f*) = S(f)*.

Proof We begin by showing that the function Sf has compact support in A. Let £2
be the support of f. Then £2 N AN is a compact subset of AN. By the formula

() D )

one sees that the multiplication map A x N — AN is a homeomorphism. The sup-
port of Sf is a subset of P(£2 N AN), where P : AN — A is the projection map. As
P is continuous, the support of Sf is compact. Later in Lemma 8.2.4 we shall give
the support in explicit cases.

Next we show that the Satake transformation is an algebra homomorphism. For

. K,
this we compute for f, g € H,":

S(f*g)(a)—S(a)Z/ / F0)g(y~"an)dydn

_S(a)Z/// n') nla g )dadndn

_g(a/ lan//n)

where n” = (a'"'a)~'n'~'(a’"'a) € N. As dn is a Haar measure, we can replace
n’’n by n and we get

S(f * 9)(@) = 8(a)? / [ [ st tan) da an' an
Np JAp INp
:/ S(a/)z/ f(a'n)dn 8(a"~ )%/ g(a/flan)dn da’
A, N, N,
=Sf(a) =Sg(a'"'a)
= (Sf) * (Sg)(a).

We show that the image of the Satake transformation lies within the set of Weyl

group invariants. For this let w = (, ") be the canonical representative of the non-

1 1

trivial element of the Weyl group. Since w = w™"', we have waw™" = waw for

every a € A,. The element w lies in K, so by K,-invariance of f € ’H »’ owe
deduce

Sf(waw):S(waw)%/ f(wawn)dn:é(waw)%/ flawnw)dn.
N, N,
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Writing a = (al 6{2) and n = (1 )1‘) one gets

awnw = (al az) ()lc 1) =an' = (na)'.

In Exercise 7.12 it is shown that for every g € G, one has K,¢K, = K,8'K p, so
it holds that f((na)") = f (na). Noting §(waw) = 8(a)~! = 1@ “\we arrive at

= larl”

1
Sf(waw) = (%)2/@2 f(al aazzx) dx
z(@f/ f(al "”‘) dx = Sf(a)
laal)  Jq, a )

Next we prove the *-property. We have
S(f*) @) = B(a)% / f(n~ta=)dn= S(a)% f f(a=tana=")dn
N

P NP

= S(a_l)% / f(a_ln) dn = S(f)(a_l) =S(H*).

P

k
For injectivity: For k, 1 € Z let A(k,1) = K (" p, )K . By the Elementary Divisor
Theorem one has for the principal ideal domain Z,

Gy,= U A(k,l) (disjoint union).
k<l

Lemma 8.2.4 Fora = (l’i " ), the set aN ), meets a double coset A(k, 1) if and only
ifk<i,jandl=i+ j—k.

k
Proof Assume aN, N K, (" y )Kp # ¥. After multiplication by p” with v € N

we can assume i, j, k,/ > 0. Then all matrices have integral entries and pk is the

first elementary divisor of an, i.e. the greatest common divisor of all entries of the

p'pix
)

matrix an = ( . Therefore k < i, j. The determinant of an is of the form

p**'u, where u € Z. So we have p'*J = p**'y and we infer that i + j =k + 1.
For the converse direction assume k <i, j and k + [ =i + j. Again we assume

ik
all indices are positive. Then the matrix (” ”.) lies in aN. It has first elementary di-
P
k

visor pk and therefore lies in K, ( P v )K p for some [ "> k. But as the determinant

P

ik L ,
of (* Z;) equals p't/ = pkt! = pk*+y for some u € Zy, it follows that I’ =1. [
The following picture shows the coordinates (k, /) of the double cosets A(k, 1),

which have non-empty intersection with the set (p 1 i )N .
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i

Agiven0# f € H;,(” has only finitely many double cosets in its support. So if i
is very small or j is large, then the set aN has empty intersection with the support

of f. Enlarging i and reducing j, one finds an a = (p I _/.) such that a N meets the

support of f in exactly one double coset A(k, ). For this a one has Sf (a) # 0. This
shows injectivity of the Satake transformation.
Conversely, the following picture shows the coordinates (i, j) of those a =

(P’ o ), such that a N meets a given double coset A(k,1).

We conclude that the image of the indicator function f =14, ) under the Satake
transformation is of the form

[
Sf:Zc’;Ja(pu y
v=Kk pk+l—v

where cf*l > 0 are real numbers, satisfying the symmetry condition cl'.(‘l = Cllzil—i'

We use this to show that the image of the Satake transformation contains the gener-
ators

e j= 8 P +6 pi s

)

of C[A]W. It suffices to consider the case i < j. We write j =i 4+ n for n > 0 and

prove the claim by induction on n. For n = 0 the generator is a multiple of the image

i,jer,
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of 14 ;y. Next for the induction step n — n + 1. By the induction hypothesis, there
. K,
is fo € Hp" such that

itn
S(fo): Z Ci},l-‘rl’l-‘-l(g »

v=i+1 ( pZH»)H»lfv)
Let f = 1A(i,i+n+l)- ‘We obtain
S(f) =Sy =" et
We have shown surjectivity of the Satake transformation. O
We want to understand the Hecke algebra H, a bit better. Let Z;, be the linear

subspace

Z,= Span{lpka 1k elZ).
For k, [ € 7Z one computes that

lpka k IP[K,; = lpk+[Kp.

So Z, is a subalgebra of H . Let J, be the ideal of H,, generated by all elements
of the form

lpka _IKP‘

Let V be a module of the commutative algebra H ,. We say that V is a Z,-trivial

module if 1 K,V =V holds for every v € V and every k € Z. This is equlvalent to
JpV =0,1e. equlvalent to V being a module of the algebra H, /7.

Lemma 8.2.5 The algebra H,/J), is isomorphic to the polynomial ring C[x]. The
element g, =1 -1 is a generator of this algebra.
p K, ( p | )Kp f

Proof A computation shows that the Satake transformation maps the algebra Z,, to

the group algebra D = C[A" ] C C[A]". Here A" is the subgroup of W-invariant

elements, so
w 1 1
o (") ()

Further, S(gp) is a multiple of & ( pl ) +46 (1 ) The algebra C[A]Y is linearly
—1
spanned by the elements ! P
atk,)=38 4, +d6 4 . klel
GRS
For m € Z one has

atk+m,l+m)=a(k, 1)

(pm p”l ) ’
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and this element lies in a(k, ) + 7, ». This means that, modulo the ideal J, p» EVETY
element a(k,!) can be brought into the form a(k, 0) with k > 0. Let k > 1. Then
a(1,0)* = a(k,0) + ¢, where ¢ is a linear combination of elements of 7, » and the
elements a(m, 0) with 0 <m < k. This implies that the algebra C[g ] generated by
gp maps surjectively onto H /7, and that 7, N C[g,] =0. O

LetZ, = Q; (1 1) be the center of G . A representation (7, V) of G, is called
Z p-trivial if the group Z, acts trivially on V. Then Z,-trivial G -modules will
give Z,-trivial Hecke modules as follows.

Lemma 8.2.6 Let (, V) be an irreducible unramified representation of G . Then
7w is Zp-trivial if and only if VHK is a Zp-trivial Hecke module.

Proof Let 7w be a Z-trivial representation. For k € Z one has

JT(lpka)Z/ n(pkx)dxzn(pk)/ m(x)dx =n(1g,),
K

p v P

where we have written 77 (p¥) for 7 ( pk(1 1)). Conversely, let Vf be a Z)-trivial
module and let vy € VHK ~{0}. Then 7 (C.(G p))vp isdensein V. Soletv =7 (f)vg
in this subspace. For a € QIX, it follows that

n(a)v =m(a)w(fHvo =7m(f)m(a)vo =7 (f)m(lak,)vo =7 (f)vo = v.

The lemma is proven. g

By the Satake isomorphism we have ’H,[,(” = C[A]". We want to determine the

algebra homomorphisms from 7-[5” to C. For this we need the following lemma.

Lemma 8.2.7 Let A be an algebra over C and let W = {1, w} be a two-element
group of automorphisms of A. The set AW of W-invariants is a subalgebra of A.
The group W acts on the set Homye (A, C) of algebra homomorphisms from A to
C and the restriction yields a bijection

Homyjg (A, C)/ W = Homyj, (.AW, C).

Proof Since the elements of W are algebra homomorphisms, it follows that A" is
a subalgebra. Let A~ be the set of all a € A such that w(a) = —a. Every a € A can
be written as

a= %(a + w(a)) + %(a — w(a)).

By w? =1 we get a — w(a) € A~ and there is a direct sum decomposition
A=AV A"
Consider the restriction map

res : Homyjg (A, C)/ W — Homye (AW, C).
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For injectivity, let ¢, ¥ € Homyg(A, C) with ¢| gqw = Y| gqw. For a € A, the el-
ement a? lies in A" . Therefore, ¢(a)? = ¢(a?) = ¥ (a?) = ¥ (a)?, so ¢(a) =
ty(a).

First case: ¢ (a) = ¥ (a) for every a € A~. Then one obtains ¢ = .

Second case: there is ag € A~ with ¢ (ag) # V¥ (ap). Then it follows that 0 #
¢ (ag) = —V (ap). For any given b € A~ one gets aph € A" and so

¢ (apb) ¥ (aob)

¢(b) (a0) 7 (a0) ¥ (b) =Y (=b) =y (w(b)).
We infer that ¢ = ", which shows the injectivity.

To show surjectivity, let ¢ : A" — C be an algebra homomorphism. We have to
show that ¢ extends to a homomorphism ¢ from A to C. We distinguish two cases:

First case: ¢(b2) = 0 for every b € A™. In this case it follows that ¢ (bb') =0
for all b, b’ € A~ as one sees from 2bb’ = (b + b')> — b* — b'’>. We set

VY(a+b)=¢(a),

fora € AV and b € A~. We have to show that v is multiplicative. So leta, a’ € AW
and b, b’ € A~. Then

V((a+b)(d +b))=v(aa’ +ab +d'b+bb) =¢(ad)
=p(a)p(a’) =y (@+b)y(a +b).

Second case: there is by € A~ with ¢ (b3) # 0. Choose a root ¥ (by) of ¢ (b3)
and set

¢ (bbo)
via+b)=¢a)+——-.
¥ (bo)
A computation shows that this map is multiplicative. The lemma is proven. d

The algebra homomorphisms from Hf" to C are therefore given by

Homyg(H,", C) = Homy, (C[A]", C)
= Homge (C[A], C)/ W
> Homgrp (A, C*)/ W.
For an irreducible unramified representation (w, V;) the space VHK P is one-

dimensional. Let v € V;TK P {0}. Then there exists an algebra homomorphism
KP
Xz 1 Hp" — C such that

T (fHv= Xz (HHv
holds for every f € 7-[5”. Hence to an irreducible unitary unramified representation
7 we attach a group homomorphism A = A, : A — C*, which is unique up to the
action of the Weyl group, such that for every f € 'H,I,(” one has

e (f) = fA Sf(@a* da.

P
The homomorphism A is called the Satake parameter of the representation.
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Lemma 8.2.8 Let (7, V;) be an irreducible unramified unitary representation

of Gp.

(a) The Satake parameter Ay is unitary, so |a*™| =1 for every a € A,.

() Let f € Ll(Gp) be Kp-bi-invariant. Then the integral Sf(a) = a’? x
pr f(an)dn exists for every a € A, and the integral y (f) = pr Sf(a)a* da
exists and one has w(f)v = x. (f)v.

)w|

Proof (a) As xr is a *-homomorphism, one has x, (f*) = x (f) for every f €
7—[,[,(” . Also, the Satake transform is a *-homomorphism, so that

/ASf(a_l)a’\daZXn(f)=Xn(f*)=/ Sf(a=1)a" da

AP
:/ Sf@)(a=")" da,
Al’

which implies the claim.

(b) The existence of the integrals is clear by part (a), integrability of f and
the Iwasawa integral formula. Let C; C Cj41 be a sequence of compact, K-
bi-invariant subsets on G, such that G, = | j C;. Then the sequence s5;(x) =
1¢; (x) f (x)7 (x)v is an approximating sequence for the integral since

/G ||sj(x) — f(x)n(x)v” dx =/ Hf(x)n(x)v“ dz

p\
5/ (o] dx ol
Gp~\Cj

and the latter tends to zero as j — oo since f is integrable. Hence the sequence

fG 57(x) dx = / 1e, 00 fmvdx = (e, Hv = (e, v

P Gp

= / a®/? / lc,. (an) f (an) dna”* dav
Ap N,
converges to 7 (f)v on the one hand, and to x (f)v on the other. O

The group Z,, =A,/A, N K, is isomorphic to 7?. To give an explicit isomor-
phism, one needs to choose two generators of the group A. We choose the generators

(") e ()

Then
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Homyg (7-[,1,{” ,C) = Homgrp(Zz, c*)/w
= (C¥)*/wW
=T/W,
where T C GL,(C) is the group of diagonal matrices and W = 7Z/27Z acts by per-

muting the entries. So to the algebra homomorphism Y one attaches an element A,
of T/ W. With this, one defines the local L-factor of w as

L) ¥ det(1 — 1))

Note that the thus defined local factor depends on the choice of the isomorphism

A = 72 This choice is justified, however, by the next proposition. Note also that we
use the letter A, for the homomorphism of A as well as the corresponding element

of T/W.Letw; = (") and zzrzz(lp).Then

L) = (1 = Az (@) (1 = Az (@2)).
We define

|| = mjax(|)»n(wj)|).

So if 7 is unitary, we have || = 1. If 7 is an unramified representation and s € C,
then the map 75 : x — |x|*7(x) also is an unramified representation on the same
space as . One has

75| = p~ RO ].

We define

L. ) L.

The indicator function Iy, (7 ) which we view as a function on G, = GL2(Q),),

. . K . .
is not in the Hecke algebra #{,,”, as it doesn’t have compact support in G .

Proposition 8.2.9 Let (w, V;) be an irreducible unramified unitary representa-
tion of Gp, and let Py = w(1k,) be the orthogonal projection onto the one-

dimensional space V,f " of K p-fixed vectors. If Re(s) > %, then the Bochner in-
tegral m(1y, (x)|x|s+%) = pr 1y, (x)|x|s+%7r(x) dx exists in the Banach space of

bounded operators on V; and one has

7 (L, () [x*+2) = L(w, 5) P
Proof We use the Iwasawa integral formula to get

: 1
/ vz, (0)|x[" 2 dx < f [x|REO+3 gy
Gp GpNM2(Z))

/ |a|Re(S)+% dadn
ApNpMMa(Z,)
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- Re(s)+1
=/ f la| (|a1||azl) >da; day
QyNZy JQyNZy

as 1 ad 1
=Y p Y pmlth) <o,
k=0 =0

So the Bochner integral exists and by Lemma 8.2.8 we get
1 1
7 (Lag, O 1X1°F2) = X (Tag, () [x"F2) Py

Let f(x) = le(Zp)(x)|x|”% and let a € A,. We have Sf(a) =0 for a ¢ M(Z))
and for a € M(Z,) we compute

1
|lai| 7/' 4l ax
S = (= P
f(a) (|a2|> pr o )4
1
1 2
(k) L 2)
lay|laz| Q, a»
1
. ’ s+3 (1 x) ,
= — all|a 1 dx:aé'
(|al||az|> /Qp(l il 2|) Mz (Zp) 1 la|

Writing a** = |aj|* |ap|*2 for A1, A, € C and a = diag(ay, az), we have Sf(a) =
lal*1anm,z,) () and

o
Xn(f)zf lal*a’ da = Z PRk = (+2))
ApNM2(Z)) o
1 1

=1- P E—— =L(m,s).

The proposition is proven. g

At the end of this section we shalll( determine the local L-function of the trivial
representation. For 7 =1 and f € #H,” one has

Xﬂ(f)=/ f(x)dx:/ f(an)dadn:/ af‘s/sz(a)da.
Gp ApN,

Ap

This means that Aﬂ(p 1) = (p 1)_5/2 =1//p and An(lp) =./p-. So the local
factor is

1
(A —p=+)(1—p=s=1)

This is the Euler factor of the function ¢ (s + %)((s — %), where ¢ is the Riemann
zeta function.

L(m,s)=




224 8 Automorphic L-Functions
8.3 Global L-Functions

In this section we introduce the global L-functions, show that they extend to mero-
morphic functions on the plane and prove their functional equation.
Let & be an admissible irreducible unitary representation of G4. Then 7 is a
tensor product of the form 7 = ), 7, where 7, is unramified for almost all p.
Let F be a finite set of places including co and including all places, at which &
is ramified. We define the (partial) global L-function of 7 as

LY (n,s)= H L(mp,s), seC.
PEF

We shall show convergence of this product for Re(s) > % later.
As an example, consider the trivial representation w = triv. In this case we can
choose F = {oo} and in the last section we have seen that

L (triv, s) = ¢ s—}-l e s—l
’ 2 2)

Note that L (77, 5) depends only on those 7, with p ¢ F, so it depends only on
the representation X) peF Tp Of Gyur.

From now on let (7, V) be a fixed cuspidal representation. Then 7 is admissible
and therefore a tensor product 7 = ) p» Tp of local representations. We choose a set
of places F as above and an isometric G -homomorphism

n: Ve L*(GgZg\Gy).

Further we fix a vector v = ) p Up € Vz suchthatv, € ani” if 7, is unramified. Let
@ = n(v). By changing v if necessary, we assume that ¢ lies in the image of R(h)
for some & € C°(G ). Then the function ¢ is smooth and by Proposition 7.4.3 it is
rapidly decreasing, so in particular the function ¢ is bounded.

We can also assume ¢ (1) = 1. The latter can be achieved by replacing ¢ (x) by
c@(xy) for suitable y € G and ¢ € C. Let A be the product of the fields Q, with
p € F and AT the restricted product of all Q p with p ¢ F. We consider the global
zeta integral,

((fopns) = / FEOPE [ dx,
Ga

where f € S(M2(A)). For the finite set of places F we also need the local zeta
integral,

§F(f,<p,S)=/G FOQEOLx ]2 dx,

where we embed G = HpEF G, in G by sending x to (x, 1), i.e. the coordinates
outside F are set to 1.

For any ring R, let Q2(R) be the set of all x € My(R) with det(x) = 0. Let
So = So (M2 (A)) be the set of all f € S(M3(A)), such that f and its Fourier trans-
form f both vanish on the singular set Q7(A), so f(Q2(A)) =0= f(Qz(A))
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Examples of such functions are easily constructed. For instance, if f =[] » fp, then

one needs only two places p, g such that supp f,, C G, and supp f:, C G, then one
has f € Sp. Note that the set Sy is stable under the Fourier transformation.
A function f € S(M3(A)) is called F-simple if f =[] » fp with

PEF =  fp=1lwa,-

Theorem 8.3.1 Let 7 be a cuspidal representation. Then the L-series LT (7, 5)
converges for Re(s) > % and the ensuing L-function extends to a meromorphic
function on the entire plane.

(a) The global zeta integral for f € S(M3(A)) converges locally uniformly for
Re(s) > % and defines a holomorphic function in that region. If f € Sy,
then the zeta integral extends to an entire function which satisfies the func-
tional equation

t(foo.9)=¢(f.0" 1-5),

where ¢ (x) = p(x ™).
(b) If f is an F-simple function, then for Re(s) > % one has

¢(f,p,5) = LE (7, 9)¢r(f, 9, 9).

(c) If F contains at least two primes and at least one at which 1 is unramified,
then there exists a function f € Sy which is F-simple, such that the local
zeta integrals ¢r(f, ¢, s) and CF(f, @Y, s) are meromorphic and one has
the functional equation

_{F(f,(ﬂv,l—S)LF

F
L7 (m,s)= r(fo.s) (mr,1—5).

The proof will essentially occupy the rest of the section.

We first show locally uniform convergence of the global zeta integral for
Re(s) > 3.

The function ¢ is bounded, so we can estimate the function |p(x) f(x)| by a
constant times 1,y 7 (x)(1 + Ix00I¥)~!, where ¢ € Q and N € N can be chosen
arbitrarily large.

The norm ||x|| is the Euclidean norm on R* > G, so

‘(“ b)H =Va2 +b2+ 2 +d
c d

It emerges that we have to show the convergence of the integrals

Re(s)+1
/ N |x|Re(s)+%dx and / |x|71;dx.
GeinNgM2(Z) e 1+l
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Using Example 3.1.9 we can compute the second integral. It equals

3
|xw_yZ|Re(S)7§
/R/R/R/R1+(x2+y2+z2+w2)N/2dXddedw'

By the Cauchy—Schwarz inequality we get |xw + yz| < (x> + yZ)% (w? + 22)% <
x2 + y2 + 22 + w?, and the integral therefore has the majorant

2 2 2 2\2Re(s)—3
/// O™ +y” 27 Fw) dxdydzdw.
rJRJRJR 1+ (2 +y2 + 22 + wH)N/2

After a change of variable to polar coordinates (see [Rud87]), this is a constant times
fooo rlzj:j(;) dr, which converges locally uniformly for —% < Re(s) < NT_I Since N
can be chosen arbitrarily large, the claimed convergence follows for the second of
the above integrals.

For the first we change variables to y = gx and we get a constant times the
integral

1
/ _xft2dx.
Grin"M2(Z)

The set G, N M2(Z> is the disjoint union of the sets D,,, where n € Ny and
Dy ={xeM@): x| =n""}.

By Lemma 2.5.1 one has | D,/ Gg| = }_,, d. So we can compute, formally at first,

o0 o0
s+l dx = d —s—1 — d*S+l —s—1
/GﬁmMz<2) i ZZ " ZZ o

n=1 dn n=1ad=n
i 1 | 1 1
:ZZaﬂ*?d*H?:{ s+=)cls—= ).
2 2
a=1d=1

Therefore, the integral converges locally uniformly for Re(s) > % and the conver-
gence assertion of the theorem is proven.

Lemma 8.3.2 Let (7, V) be a unitary representation of Gp/Zr. For v € V; and
f € S(M2(A)), the Bochner integral

FOIx T 2 (x)vdx
G

converges for every complex s with Re(s) > %
Proof According to Theorem 7.3.7 we need to know
i / | £+ 2r Coyv] dx = f | £ @) [1x[ROH2 o
Ga Gap

This, however, has just been shown. O
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Now let p < oo be an arbitrary place. If z € Z, and if 7, is an irreducible unitary
representation of G p,, then 7, (z) commutes with all 7,(g), g € G . By the lemma
of Schur it follows that 77 (z) € C Id. So there exists a character wy, : Z, — T, called
the central character, of 7, such that 77 (z) = wy (z) Id holds for every z € Z,.

For f € S(M(A)) define E(f), E(f): Gx — C by

E(f)x)=Ix| Y fyx)

v€Gq

and

E(Hx)=Ix Y f@p).

y€Gq

Proposition 8.3.3 For every f € SMa(A)) the sum E(f)(x) converges locally
uniformly in x € Gy to a continuous function. For every o € R with o > 1 there
exists C(a) > 0 such that for every x one has

|E()H(x)] < C@)]x|™.

Proof The set M,(Q) is a lattice in M3 (A) and so is My(Q)x for x € Gp. We
can assume f to be of the form f = fhn foo With fin € SM2(Agn)) and foo €
SM2(R)).

The function ff, has compact support, which is contained in a set of the form
%Mg (Z) for some m € N. Moving scalar factors from fg, to fo, We can assume
| fin] < 1 and therefore

ECH™]<Ixl D [Frx)|
yeGq
< x| > | foo(rxo0).
yeGoN Mo @)

By enlarging m, we can assume x5, = 1. We have
1 ~ 1 ~ 1
Go N —M2(Z) C Mz2(Q) N —M3(Z) = —M2(Z).
m m m

Consider the lattice A = %Mz (Z) in M(R). Since the function f is rapidly de-
creasing, the sum Zy ea | foo(¥Xo0)| converges locally uniformly in the variable
Xoo-

We show the growth estimate. For this we use

ED@| <kl Y | foolrxoo)].

yeGonA

Let ||gll = +/tr(g’g) be the Euclidean norm on M;(R). For every A > 0 there ex-
ists a C’; > 0 such that | foo (xo0)| < Cy (1 + | Xsoll)~!. There is a unique de-
composition xo, = yz, where z € Zg and |y| = 1. One has |yxl| = llyyzll =
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1 1 .
lyyllzl? = llyylllxecl?. Further one has |x| = [¥finkool = |Xfinl|Xool. Since xfin
stays in a fixed compact set, the value |xg,| is bounded by a fixed constant. So
there exists C (% — 1) > 0 such that

A 1A 1
|E(f><x)|sc<5—1)|x| : N T

yeGonA

The proposition now follows from the next lemma.

Lemma 8.3.4 For A > 4 the map SLgE (R) — R, given by

1
H —_—
Y 2. 1+ [lyylA

yeGonA

is bounded.

Proof Replacing y with y( ! ) if necessary, we may assume y € SL(R). Using
Iwasawa decomposition, it suffices to consider y = na for n = (1 )1( ) and a a diag-
onal matrix with positive entries. We can reduce y modulo the matrices in SL;(Z)
from the left and SO(2) from the right, so we can assume y to be in the fundamen-
tal domain D for the modular group. So in particular |x| < % and a = diag(e’, e™")
with t > 1 log(+v/3/2).

Write y e ANGg as y = %y’ with an integral matrix y’. Then

1 1 mA mA

= = < s
L T N B 2 N T T

and therefore we can assume that m = 1. Then A = M, (Z) and

F:{(“ b):Ofa,b,c,dsl}
c d

is a fundamental mesh for A. Let A’ be the subset of all A € A with all four entries
non-zero. For A € A’ let F), the unique translate of F such that A € Fj and |x;| <

|A;] holds for every x € Fj and all j =1,...,4. Then || x|| < ||A| as well and so
1 1
)y [ S
T+ e 1+ %]

The same argument applies to the lattice Ay as long as this lattice remains rectan-
gular, for instance, if y is a diagonal matrix y = diag(e’, e™"). Since y has deter-
minant 1, the map x — xy on M>(R) has functional determinant 1 as well, so the
change of variables xy — x yields

1 1 1
Z T L ulA = / PRNETIT dx =/ TIonA dx < o0.
S THIYIA T vy T4 eyl Mo 1+ [x]
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Next any y € D can be written as
a1 ¥ e (e 1 xe
y=na= 1 et ) e’ 1 ’

where |x| < % and t > 1y for some #p. This means that the matrix z stays in a com-
pact subset of SLy(R). So there is a constant D > 0 with |z~'||* < D for all z.
Therefore, for L € A we have
1 1 1
A A=
1+ ||/\)’|| 1+ ||Aazl| W + ||)»aZ||A

=4 _ et D
[+ Irazl T4 = T+ aal? = T+ [all A

This takes care of A’. Next consider the set 2 C Gg N A of matrices with at
least one entry equal to zero. For o € SL(Z) let §£2(o) be the set of all w € £2
with ow ¢ 2. It is easy to see that there are finitely many matrices oy, ..., 0, €
SLy(Z) such that 2 = U'}Zl §2(o ). Therefore, it suffices to show that for fixed

o € SLy(Z), the sum ZyeQ(U) m is bounded for y € SL,(R). By the above,

the sum ) is bounded. The inequality [loyy| < |lo|l|lyy] and the

1 W
> and the lemma follows. O
oyyld = 1+lyyl4?

1
Y€2(0) 1+|oyyl4

fact that ||| = 1, imply -,

Proposition 8.3.5 Let f € Sy(M3(A)). For every N € N with N > 2 there exists
C(N) > 0, such that for every x € G 5 one has the growth estimate

|E(f)(x)| < C(N)min(|x|", [x]7Y),
and the functional equation

E(Hx)=EH (.

Proof Using Proposition 8.3.3, the growth estimate follows from the functional
equation. To show the functional equation, note that for y € M2(Q) \ Gg and
x € M»(A) one has det(yx) = det(y) det(x) = 0. Therefore, for f € Sy one has

ENH® =l Y [fyx),
yeM2(Q)

where the sum now runs over M»(Q) instead of Gg. The functional equation there-
fore follows from the next lemma.

Lemma 8.3.6 For x € G and f € S one has

k> Y fem= Y flx'y).

yeM2(Q) YeEM2(Q)
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Proof The Poisson Summation Formula in Theorem 5.4.12 asserts

Yo f= Y fw.

yeM2(Q) yeM2(Q)
For x € G4 let fi(y) = f(yx). Then

J/C;(Y)=/ fx(Z)e(—zy)dz=/
M (A)

My (A

fzx)e(—zy)dz
)
= |x|_2f f(z)e(—zx_ly)dz= |x|_2f(x_1y).
M (A)
The lemma and the proposition are proven. g

Proposition 8.3.7 Let f € SMz(A)) be of the form [ | » fp. Assume that for p ¢ F
the local factor is f, = le(Zp)' For Re(s) > % the identity

/ E() @ Edx = £(f. 9. 5)
Go\Ga

=7 rs) [ frtopl s

Gr

holds, where fr = I—[peF fo If [ € So, then, by Proposition 8.3.5, the integral on
the left-hand side converges uniformly in s € C and thus defines an entire function

ns.

Proof With the usual unfolding trick (compare Proposition 2.7.10) we compute for
Re(s) > 3

_1 1
/ E(f)x)e()|x*"2dx =/ F@IXPT20x)dx =¢(f,¢,5).
Gg\Ga Ga
Let (;) be a Dirac sequence on G 4. The following interchange of limit and inte-

gration is justified by means of the dominated convergence theorem. Note that the
Bochner integral fGA f)lx |S+%n(x)v dx exists by Lemma 8.3.2 and that

y'—>n< / f(x)lxl‘”%n(x)vdx)(y): / FEO P () da
Gp Gap

is a continuous function. We compute
1 . _ st 1
[ reorttewax= [ tim [ 00007 dyer e dx
Ga Gy J JGyp
. _ sl 1
=tim [ [ w067l vt e da
J Gp JGy

_ lim / FOOREH Y (e () dx dy
J Gap /Gy
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=lim< / f(x)|x|é‘+5R(x>¢dx,w,->
J Gap

= lim<n (/ f(x)|x|s+%7r(X)v dx), Wj>
J Ga

=n</ f(x>|x|”5n<x)vdx><1>

Ga

=n<®f6 f,,(x>|x|”5np(x)vpdx)(l).
V4 P

Linearity of  and Proposition 8.2.9 imply

/ E(f)(x)p(x)|x|*~2dx
Go\Ga

:LF(n,s) n(®v,,®®

p¢F peF

/G f,,(x>|x|s+5n,;(x>v,,dx>(1)

=L (r.5) /G Fr()e@)|x[* T 2dx. 0

_ We now prove the theorem. Let f € Sp. The functional equation E(f)(x) =
E(f)(x71) yields

g(fv(pas)=/

Go\Ga

E@ewlax= [ EQEewh s

Go\Ga

=/ ED@e e dx= [ Feoli e )dx.
Ga/Gq Ga

The map ¢ — ¢ with ¢V (x) = ¢(x~!) is a unitary map from L2(G@Z\GA)
to LZ(GA/ G@Z), which is G -equivariant, when we consider the G action on
LZ(GA/GQZ) given by left translation L(y)¢(x) = ¢(y~'x). This is seen by the
following computation,

(R3M9)’ ) =RMe(xN=o(x"y)=0((r"'x)7")
=¢"(y 'x) =L (¢") ).

This means that ¢" takes the role of ¢, if we use left translations instead of right
translations. One gets the functional equation,

f(fvﬁﬁys):{(f:(ﬂv, 1 _S).

Part (a) of the theorem is proven. By Proposition 8.3.7, we also have part (b).
Finally for part (c). Let p and g be different prime numbers in F. Choose a
Schwartz—Bruhat function f,, with supportin G, and a smooth function f, of com-
pact support in M2(Q),) such that its Fourier transform f » has support inside G .
Further choose fo € C2°(GRr). Then f =] » fp is an F-simple function in So- The

functional equation follows from parts (a) and (b) if we can show that L (1, 5) has
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a meromorphic continuation. This assertion does not depend on the set of places F,
for if F’ is another set, then the functions L¥ and L’ only differ by finitely many
Euler factors of the form

1
(1—ap=)(1 —bp~™s)’

which are meromorphic.

It suffices to show that f can be chosen such that g (f, ¢, s) is non-zero and
extends meromorphically to C. To do that, we choose F to contain at least two
prime numbers, and to contain at least one prime number at which  is unramified.
If p is a prime outside F, set f, = Im,z,). Fix a prime g € F, at which 7 is
unramified. For every prime p # ¢ in F we choose f), in CZ°(G ). Let f; be the
Fourier transform of the function

ql61,z,) =4 Z Lergmy@,y)-
¢€GL2(Z/qZ)

Note that this is bi-invariant under K; = GL2(Z,). One computes
fi = Y e iz, ()
8€GLa(Z/qZ)

Setting f =[], fp we get

;F(f’ waS)ZL f(x)go(x)|x|s+% dx

sl
=n(®/G Iy £ R, dx

P#q

ol
®/ |x|q+2fq(x)R(x)qux)(1).

. . 1. S +1
Since the function |.|**2 fq is K,-bi-invariant, we have qu |x|; *faORM(X)v, =

1
Xy (|-|H—7 Jq)vg and

xﬂq(|.|s+%fq)=fA S(fp@lal*2a* da

q

if the integral converges absolutely, which we show below for Re(s) > 0. We want
to show that this is a non-zero rational function in ¢~*. For a = (a1 o) € Ag we
compute Sfy(a) as

Sfy(a) =a8/2/ fqlan)dn
N

1
lai]) 2
= > <—1> /@eq(tr(alaéf)g)lq-’Mz@q)(alaalzx)dx

|as]| .
g€GLa(Z/qZ) 1
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1
1 2 ap x ar x
- Z < ) ‘/é e(I(tr( laz)g)lq*IMz(Zq)( laz)dx.
q

arlla
seciazygn NI

If g is not upper triangular, then the function x > e, (tr(a1 ;2 ) g) is not constant on

q*IZq, and therefore the integral is zero. Let B C GL(Z/qZ) be the subgroup of
upper triangular matrices. It follows that

1

1 3
Sfq(a) =ql,-17,(a1)1;-17, (a2) ( ] ) Z eq(tr(ag))

geB

1

=41, 1M2(Z)(a)<| |> Zeq(tr(ag))

geB

1
1\2
="z, (a)(| |> Y. elaar+Bar).

@, BE(Z/q9T)*)
We conclude
1
an(|~|s+2fq)
= / SU)@lal+ia* da

Aq

=q%(q - 1)2/ eq(ar +a)lal*a* da
ANg=' My (Zy)

o
-1 Y q—i()»1+s)q—j()n2+s)/ ep(diar +qiar) da.
L= ANGL,(Z,)

=ci

We compute

/ (al +az>
C_|—1= ey da
ANGL,(Zy) q
SR T
ay+a
q—l)z_/x/x ( >da1da2
ol (f)dx)
T @-D x o \q

q° x4
(q—1>2< (q a

2
(f) dx) _
q (g —1)7?

=l/q
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Analogously we getc_1 j =¢j—1 = q_Tll and ¢; j =1fori, j > 0. So we end up by
showing that xr, (|.|S+%fq) equals

A+s+2 Ao+s+2

mtitas+2 @ —1Dg (@ —1Dyg
1 — q_()t2+s) 1 — q_()‘1+s)
1
T A= A g O

q

which is a non-zero rational function in ¢ ~%. We write it as Q (g ~*). We have shown

_ +3
¢r(fog.8)=0(q S)n( X / xlp 2 fp()R(x)vpdx ® vq>(1).
p#qeF”Cr
We have to show that we can choose the functions f), for p # g, p € F in such a way
that ¢r(f, ¢, s) is a non-zero function. For example, choose k € N so large that the

non-zero vector v), is stable under the group 1 + pkMz(Z p).Let f =1, M (Z
Then

p)

s+1
/ Il 2 £ O RG)Yp dx = cvp,

14

where

1
c= / Iy 2 £ () dx = vol(1 + p*Ma(Z,)) > 0.

P

With this choice at every p # g we get

1
Cr(fo@.s) =CQ(q_S)/G Il 7 foo (D)@ (x) dx,
where C > 0. The contribution at infinity, f, is of compact support inside G,
so the integral converges for every s € C and defines an entire function. It could
be zero, though. Letting f, run through a Dirac sequence, we see that there exists
a function fo such that this integral is non-zero since ¢ (1) = 1. It follows that
¢r(f, ¢, s) extends meromorphically and non-zero to C and by part (a) then so does
L (7, ). The theorem follows. O

One can show that there are further local Euler factors L(m, s) for the places
p € F, such that L(m)p, s)~! is an exponential polynomial at every finite place and
L(7, s) is an exponential times a I"-factor, such that the function

L(w,s) = ]_[ L(7p,s)

p=oo
satisfies a functional equation of the form
L(m,s) =azb, L(m,1—5),

where a, b, € C with b; > 0.
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8.4 The Example of Classical Cusp Forms

In this section we show that the definition of an L-function given in the last section
is compatible with the notion of L-functions for classical cusp forms as in Sect. 2.4.
We show that in the case of a classical cusp form both definitions in fact give the
same function.

Let I" = SL(Z) be the modular group and let f € Si(I") be a holomorphic cusp
form of weight k € 2Ny. So f : H — C is a holomorphic function satisfying the
equation f(yz) = (cz + d)¥ f(z) for every y = (1) € I and having a Fourier
expansion of the form

f(Z) — Zan€2ni;1z_

n=1

Its L-function is defined by

L(f,s)= Zanrf&.

n=1

The series converges for Re(s) > % + 1 and the ensuing function possesses a con-
tinuation to an entire function satisfying the functional equation

A(f,5) = (=DX2A(f k — ),

where A(f,s) = Qr)™I'(s)L(f,s). We choose f to be a simultaneous eigen-
function of all Hecke operators and normalize it in such a way that the first Fourier
coefficient aj equals 1. Then the nth coefficient g, is the eigenvalue of f under the
Hecke operator T;,. It follows that L( f, s) has an Euler product expansion

1
L(f.s)= - ——
E[l_app s_;’_pk 1-2s

where the product is extended over all prime numbers.
We need to extend the action of SL(R) on the upper half plane to the group
G oo = GL(R). The latter group acts on the upper half plane by

gz—(a b)zdﬁf{ggjg if detg > 0,

¢ d 4t if detg < 0.

Define the function
¢ (x) =det(0)*(ci +d)* fxi), x= (j Z) € Goo.

Then ¢ € L?(ZrI"\Goo). We define ¢ € L2(ZRGg\Ga) by

pr1,x)=¢r(x), x€G.
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Theorem 8.4.1 The function ¢y lies in L%usp. The center Z = A* ( ! 1 ) of G

acts trivially on @ ¢, so R(2)@r = @ holds for every z € Zy. The element ¢ ¢
generates an irreducible representation ¢ of Gp. For F = {00} one has

LF(ﬂf,s):Loo(ﬂf,s):L<f,s+ L;)

The theorem asserts that the closure of the space
Span(R(GA)‘Pf)

is the space of an irreducible G 4-subrepresentation 7y of LZ(ZRGQ\G A), wWhere
R is the representation of G 4 defined by right translation on L*(Zr Go\Ga).

Proof The function ¢ lies in the cuspidal subspace as is immediate from the fact
that f is a cusp form. Let z € Zx. By A* = Q*R*Z* every z € Z is a prod-
uct of an element of G, an element of Zg, and an element of G#. It follows that
@y is stable under the group Z,. Since Lgusp is a direct sum of irreducible repre-
sentations, the function ¢ is a sum whose summands are in different irreducible
representations. These are all Z-trivial. By Lemma 8.2.6 the vector ¢y is trivial

under the algebra Z,, for every p < oo. By Exercise 7.11 and Lemma 8.2.5 the

one-dimensional space Cy is stable under the Hecke algebra ’Hf” for every prime
number p. According to Lemma 7.5.30, the vector ¢ generates an irreducible rep-
resentation of the group Ggp.

The same arguments work at the infinite place as well. First we note that ¢ ¢ lies
in the SO(2)-isotypical space L2(ZRGQ\GA)(1'), where T = ¢_ is the character of
the group SO(2), which is given by the weight k. We have to show that R(h)¢ s =
c(h)gs holds with ¢(h) € C, if h € C;. Since Lgusp is a direct sum of irreducibles,
one has ¢y = ) ;.; ¢i, Where each ¢; lies in one irreducible representation. For
h € C; one has R(h)gy = Y ;; ci(h)g; with scalars c;(h) € C. The vectors ¢;
are smooth by Lemma 3.4.2. Let D be the differential operator of Exercise 3.7.
Then Dg; = P;(Dg¢y) =0, where P; is the projection onto the ith summand. It
follows that DR(h)@s = 0. This means that R(h)@s comes from a holomorphic
function in the sense of Exercise 3.7. We infer that R(h)p s = ¢ ¢ holds for a cusp
form f’. This has the same eigenvalues as f under the finite Hecke operators R(g,),
since these operators commute with R (k). By Theorem 2.5.21, the function f” has,
up to a scalar factor, the same Fourier coefficients as f, and hence we get f' =
cf for some ¢ € C. This means that Ce is an irreducible module of the Hecke
algebra C;, therefore ¢, generates an irreducible representation U of the group
H= Giin X SLo(R). The group Zg acts trivially and the group H = H /ZR has
index 2 in G = Gp/ZR, more precisely, G = H U wH with v = (_l 1). There
are two cases: either R(w)U = U, and then U is stable under G and therefore
irreducible; or one has R(w)U L U, in which case U @ R(w)U is irreducible. So in
either case ¢ s generates an irreducible representation of the group G4 .
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Now for the L-functions. Let a, be the nth Fourier coefficient of f. Then

o
1
— - _
L(fas)—r?_lann - | | 1_app—s+pk—l—2S’

p<00o

and so

k—1 1
p l—apyp 2 p=S+p=%

» 1—k/2

By Exercise 7.11 the eigenvalue of R(gp) on n;.( equals a,p , where g, =

1 .
)k

—1

Kp(l’ .

Lemma 8.4.2 We compute the Satake transform of g, as a function on A=
Ap/ApNKyto

1
S(gy)=p21, 1 +1 ).
P T

Proof We compute

1
_ @ 2 a; ayx
s(gpxa)_('az') /Qplkp(pll)l(p( az)dx.

The double coset K, (7' | )K p is the union of the simple cosets

1 —b -1
U( I/QP)KPU<p 1)1(,,.

0<b<p

If (”1 aalzx) lies in the class (1 _1%”)[(,,, then there is a k € K, such that (u1 uulzx) =
(1 _l%jp)k. Then k is an upper triangular matrix, so k = (* ’g) with , 8 € Z and

B € Z. Therefore,

ap a;xx\ _ (1 —=b/p a B\ _ (o B—34b/p
a 1/p 8 s/p )

We distinguish two cases:

1. Ifb#0, then ag € Z3;, ap € 5 Z5 and x € 5 Z. Since the additive volume of
%Z[X) = %Z p N\ Z, equals (p — 1), the integral over x € %Z; yields a summand
of the form

-1
P=Cq1,
p? ( p’l)

2. If b=0,thena; € Z*, ay € %Z; and x € Z,. The integral over x € Z,, in this

case yields a summand
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We finally consider the coset of (p_] 1 ). One has
ap aix\_(1/p a B\_(a/p B/p
a 1 1) 1) )
This implies a; € %ZX ,a) € Z; and x € Z,, so we obtain a summand

<p71]).

Putting things together, the lemma follows. g

pi1

We give the proof of the theorem. Write 7y = Q) p Tp- For a prime number p
the unramified representation 7, is self-dual and we have A, = A7 I and so Aﬂp =
()" 1/)t) € T/ W for a A € C*. The local factor then equals

1 1

L(T[pvs): s 1 _s = 1y, —s —2s "
A=ap=)A=5p~) 1-QGQ+p*+p~ =
Since p'~*/2q p 1s the eigenvalue of R(g)p), and hence equal to xr,(gp), it follows
that
3 ! 1—k/2
pr{Ar+ T)=P ap,
S0
1 1k
A+ X =p2a
The theorem is proven. g

8.5 Exercises and Remarks

Exercise 8.1 Let (H;);cs be a family of Hilbert spaces. Show that the prescription

<Z Vi, Zwi> = Z(vi, Wi )

iel iel iel
defines an inner product on the algebraic direct sum €, ; H;, making it a pre-
Hilbert space, whose completion can be described as the set of all v € [ [;; H; such
that )", llv; ||i2 < 00, where the inner product is given by the same formula as
above, only it need not be finite anymore.

Exercise 8.2 Show that da dn is a Haar measure of the group B = A, N, of upper
triangular matrices in G .

Exercise 8.3 Let A be an unramified quasi-character of A, so A(a' az) =
lay |)‘1 |<12|)‘2 for two complex numbers A, A2 # 0. Show that the Satake parame-

—Xi
ter of the representation 7, is given by the matrix (” ' " )-
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Exercise 8.4 Let (7, V) be a representation of the locally compact group G. Show
that the map g = ||(g)|lop from G to (0, 00) is bounded on every compact set
K cCG.

Exercise 8.5 Let (7, V) be a Hilbert representation, i.e. the space V is a Hilbert
space. Show that there is a canonical isomorphism of representations & — 7”’. Con-
clude that 7 is irreducible if and only if 7 is irreducible.

Exercise 8.6 Let V be a finite-dimensional complex vector space and let V* be its
dual space. We write (v, @) = «(v) for v € V and « € V*. Let G be a group, which
we equip with the discrete topology, and let 7 : G — GL(V) be a representation.
Then V is a C[G]-module. For f € C[G] let f¥(x) = f(x~!). Show: If : G —
GL(V*) is a representation with (7 (f)v, @) = (v, n(f¥)a) for every f € C[G],
then n = 7',

Exercise 8.7 Show that an irreducible unramified unitary representation 1 of the
group G, = GL,(Q),) is isomorphic to a principal series representation ;,.

Exercise 8.8 Show that an irreducible Hilbert representation of the group G, =
GL>(Q)) is unramified if and only if its dual 7’ is unramified and that in this case
one has

Apr =270

Exercise 8.9 Show that the contents of Sect. 8.4 are analogously true for Maal}
wave forms.
(This exercise is a bit involved.)

Remarks We end this book with a few remarks on the literature. We give only
a few hints and by no means shall we try to give a comprehensive overview. We
order the books alphabetically and start accordingly with the book by Tom Apostol
[Apo90]. This book describes, in more detail than we have done, classical modular
forms and their number-theoretical applications. If you want to learn more about
those, Apostol’s book is a good point to start.

The book of Daniel Bump [Bum97] contains all I intended to say in this book,
and more. I can recommend it highly for further study. It is, however, a demanding
read.

If you are interested in automorphic L-functions, converse theorems and their
meaning within the Langlands program, then you should read the book by James
Cogdell, Henry Kim and Ram Murty [CKMO04].

In order to learn about the trace formula, one should read Stephen Gelbart’s book
[Gel96]. It contains an elementary introduction to this most important tool in auto-
morphic theory.

A true classic is the 1969 book by Gel’fand, Graev and Pyatetskii-Shapiro
[GGPS90]. It is wonderfully written. This book marks the triumph of representation-
theoretic methods in the theory of automorphic forms.
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The book by Dorian Goldfeld [Gol06] mostly uses classical techniques. It is easy
to read and one gets applications pretty quickly.

The books [GH11a, GH11b], which appeared after the German version of this
one, are ideal for further study. They are more elaborate and contain more material
along the same vein as the present work.

The book of Haruzo Hida [Hid93] is quite interesting. It does not use represen-
tation theory, but instead a lot of cohomological arguments, which in the current
book have not appeared at all. It therefore takes a complementary viewpoint and
thus completes the scene quite nicely.

The connection to elliptic curves has, in this book, been mentioned only briefly in
Chaps. 1 and 2. If you intend to go into this, there is another book by Hida, [Hid00],
which you should read. It requires a modest background in algebraic geometry.

The book by Henryk Iwaniec [Iwa02] focuses on Maal3 wave forms and their
analytic aspects, including the trace formula. I recommend this book as an introduc-
tion to the trace formula. However, one should not stop here, as this book only uses
classical tools and in particular the trace formula only gains its full strength in the
representation-theoretic context.

If you find that your knowledge about representation theory of Lie groups is
insufficient, I recommend the book by Anthony Knapp [KnaOl1]. It is one of the best
math books ever written.



Appendix
Measure and Integration

In this appendix we collect some facts from measure theory and integration which
are used in the book. We recall the basic definitions of measures and integrals and
give the central theorems of Lebesgue integration theory. Proofs may be found for
instance in [Rud87].

A.1 Measurable Functions and Integration

Let X be a set. A o-algebra on X is a set A, whose elements are subsets of X, such
that

o the empty set lies in A and if A € A, then its complement X \ A lies in A,
o the set A is closed under countable unions.

It follows that a o -algebra is closed under countable sections and that with A, B the
set A\ B liesin A.

The set P(X) of all subsets of X is a o-algebra and the intersection of arbitrary
many o -algebras is a o-algebra. This implies that for an arbitrary set S C P(X)
there exists a smallest o-algebra A containing S. In this case we say that S gen-
erates A. For a topological space X, the o-algebra B = B(X) generated by the
topology of X, is called the Borel o-algebra of X. The elements of B(X) are called
Borel sets. If A is a o-algebra on X, then the pair (X, A) is called a measurable
space. The elements of A are called measurable sets.

A map f: X — Y between two measurable spaces is called a measurable map
if the preimage f~'(A) is measurable for every measurable set A € Ay. The com-
position of two measurable maps is measurable.

We equip the real line R and the complex plane C with its respective Borel o-
algebra.

Lemma A.1.1 Let (X, A) be a measurable space.
(a) A function f : X — R is measurable if and only if for every a € R the set
Y (a, 00)) is in A.
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(b) A function f : X — C is measurable if and only if Re f and Im f are measur-
able.

() If f, g: X — C are measurable, then so are f + g, f - g, and | f|P for p > 0.

(@ If f, g : X — R are measurable, then so are max(f, g) and min( f, g).

(e) If a sequence of measurable functions f, : X — C converges point-wise to a
function f : X — C, then f is measurable as well.

In the following it is helpful to consider functions with values in the interval
[0, oo], where we equip [0, oo] with the obvious topology and the correspond-
ing Borel X-algebra. A function f : X — [0, oo] is measurable if and only if
f ~1((a, 00]) € A holds for every a € R. The assertions (c), (d) and (e) of the lemma
remain valid for functions f : X — [0, oo].

A measure p on a measurable space (X, A) is a map u : A — [0, co] such that
w(?) =0 and

o w(UrZ; An) => 02 i(Ay) holds for every sequence (A,),en of pairwise dis-
joint sets A, € A.

It is easy to deduce the following.

o W(AUB)=u(A) + u(B) — u(ANB) forall A, B € A.

e For a sequence (A,),en in A with A, C A,y for all n € N, the sequence w(A,)
converges to u(A), where A = ;2| Ap.

e For a sequence (A;),en in A with A, D A,y foralln € Nand u(A;) < oo, the
sequence (4 (A,) converges to w(A), where A = ﬂ;’le A,

Let i : A — [0, co] be a measure on (X, .A). The triple (X, A, ) is called a
measure space.

Let (X, A, ) be a measure space. A step function is a measurable function s :
X — [0, oo] which takes only finitely many values. Any such function is of the form
s =y 7L, ai1a,with pairwise disjoint A; € A. For such a step function we define its
integral as

f sdp =Y ain(a;) €0, ool.
X

i=1

For a measurable function f : X — [0, co] we define

/fdu:sup{/ sdpu:0<s<f; sisastepfunction}.
X X

The function is called integrable if | x fdp < 0o. A measurable function f: X —
R is called integrable if | | is integrable. In that case the functions f+ =max(f, 0)
and f~ = —min(f,0) are both integrable and we set [y fdu = [y, ftdu —
/ x J~ du. A complex valued function f =u + iv is called integrable if its real and
imaginary parts u, v are. In that case one defines [y, fdu= [yudu+i [yvdu.
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Proposition A.1.2 Let (X, A, 1) be a measure space. A measurable function f :
X — C is integrable if and only if its absolute value | f| has finite integral. In that

case one has
o
X

The following two theorems are of central importance.

s||f||1déf/X|f|du.

Theorem A.1.3 (Monotone convergence theorem) Let ( f,,)neN be a point-wise
monotonically increasing sequence of measurable functions > 0. For x € X set
f(x) =1lim, f,(x) €0, oco]. Then one has

/deu=li}£n/andu.

Theorem A.1.4 (Dominated convergence theorem) Let (f;)neN be a sequence
of complex valued integrable functions, which converges point-wise to a func-
tion f. Suppose there exists an integrable function g such that | f,| < |g| holds
for every n € N. Then f is integrable and one has

/deuzli;n-/xfndu.

A.2 Fubini’s Theorem

A measure p on a measurable space (X, .A) is called a o -finite measure if there are
countably many subsets X; C X, j € N with X = [J7Z, X; and u(X;) < oo for
every j € N.

Examples A.2.1

e The Lebesgue measure on X = R is o -finite, since R can be written as a countable
union of the intervals [k, k + 1] with k € Z.
e The counting measure is not o-finite on X = R, since R is uncountable.

For two o-finite spaces (X, 4, u) and (Y, C,v) one shows that there exists a
unique measure 4 - v on the o-algebra A ® C, which is generated by all sets of the
form {A x C: A€ A, C €}, such that

1-v(A x C)=u(A(C), AeA, CeC.

The measure w - v is called the product measure of  and v.
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Theorem A.2.2 (Fubini’s theorem) Let (X, i) and (Y, v) be o-finite measure
spaces and let f be a measurable function on X x Y.

(@) If f >0, then the partial integrals [y f(x,y)du(x) and [, f(x,y)dv(y)
define measurable functions and one has the Fubini formula,

f(x,y>du-v<x,y)=/Xfyf<x,y)dv<y)du(x>

XxY
=//f(x,y)du(X)dV(y)-
YJX

() If f is complex valued and if one of the iterated integrals

//!f(x,yﬂdv(y)du(x) or //!f(x,y)}du(x)dV(y)
XJY YJX

is finite, then f is integrable with respect to the product measure and the
Fubini formula holds.

In this book, we use the Fubini theorem for Haar measures only. All Haar mea-
sures occurring in this book are o-finite. But as we did not mention this explicitly
each time, we will also give a version of Fubini’s theorem for Radon measures which
works without the o -finiteness condition (see [DE09], Appendix).

Theorem A.2.3 (Theorem of Fubini for Radon measures) Let i and v be
Radon measures on the Borel sets of locally compact spaces X and Y, respec-
tively. Then there exists a unique Radon measure (- v on X X Y such that

1.If f:X xY — C is u - v-integrable, then the partial integrals
fX f(x,y)dx and fY f(x, ¥)dy define integrable functions such that Fu-
bini’s formula holds:

f(x,y)d(x,y)://f(x,y)dydx://f(x,y)dxdy.
XxY xJy vy Jx

2. If f is measurable such that A ={(x,y) € X xY : f(x,y) # 0} is o-finite,
and if one of the iterated integrals

//|f(x,y)|dydx or //|f(x,y)}dxdy
xJy v Jx

is finite, then f is integrable and the Fubini formula holds.




A.3 LP-Spaces 245
A.3 LP?-Spaces

Let (X, A, i) be a measure space. For 1 < p < oo write LP(X) for the set of all
measurable functions f : X — C such that

||f||pd=ef</x Ifl”duy < 00.

A function in £'(X) is called integrable, as we already know. A function in £*(X)
is called square integrable. Further, let £°°(X) be the set of all measurable functions
f : X — C for which there exists a set N of measure zero such that f is bounded
on the complement X ~\ N. Then

||f||ood§finf{0 < ¢ < 00 : 3 set of measure zero N with |f(X N N)‘ §c}

is a semi-norm on the complex vector space L>(X).

Proposition A.3.1 (Minkowski inequality) Let p € [1, 00]. For all f, g € LP(X)
one has f + g € LP(X) with

If+glp =IFlp +llgllp.

So || - || p is a semi-norm on LP (X).

A measurable function, being zero outside a set of measure zero, is called a null-
function. This is equivalent to || f||, = 0 for any 1 < p < co. Write \V for the vector
space of null-functions and for 1 < p < oo define

LP(X) % £rx) /N

Then || - ||, is a norm on L?(X). It is the content of the theorem of Riesz and
Fischer, that L? (X) is actually complete, i.e. a Banach space. An important special
case occurs for p =2, as in this case L>(X) is a Hilbert space with inner product

(f.8)= f f)g(x)du(x).
X
In this book we frequently use the lemma of Urysohn.

Lemma A.3.2 (Lemma of Urysohn) Let X be a locally compact Hausdorff space.
Let K C X be compact and let A C X be closed with K N A =0.

(i) There exists an open neighborhood U of K , which has compact closure U and
satisfies K CU C U C X \ A.

(ii) There is a continuous function of compact support f : X — [0, 1] with f =1
on K and f =0o0n A.
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(iii) Let B C X be closed. Let h : B — [0, 00) in Co(B) with h(x) > 1 for every x €
K N B. Then there exists a continuous function f as in (ii) with the additional
property that f(b) < h(b) for every b € B.

This lemma is of utmost importance and the proof is not difficult. We give it here.

Proof For the first assertion let a € A. For every k € K there exists an open neigh-
borhood Uy, of k with compact closure Uy, which is disjoint to a neighborhood Uy ,
of a. The family (Uy)rek is an open covering of the compact set K, so there exists
a finite subcovering. Let V be the union of the sets of this subcovering and let W be
the finite intersection of the corresponding Uy ,. Then V and W are open disjoint
neighborhoods of K and a, respectively. Further, V has compact closure. We repeat
this argument with K taking the part of {a} and V N A in the role of K. We obtain
disjoint open neighborhoods U’ of K and W’ of VN A. The set U = U’ NV satisfies
the assertion (i).

For (ii), choose U as in the first part and replace A by AU (X ~\ U). One sees that
it suffices to show the claim without the condition that f has compact support. So let
U be as in the first part and call this open set U - There exists an open neighborhood

U 1 of K, having compact closure and satisfying

1 1.
2 a

Likewise, one obtains an open set U3 with compact closure such that
I

KCcUsCcU;CU;.
1 7 2
Let R be the set of all numbers of the form % in the interval [0, 1). Set Uy =
X . A. By iteration of the above construction, we obtain open sets U, r € R, with
KcU cU, cU C X~ A forall r > s in R. We now define f. For x € A set
f(x)=0.Forx e X~ Aset f(x)=sup{r e R:x €U,}. Then f =1 on K. For
r > s in R one has

fTen= ) Us~TUg

s<s'<s"<r

This set is open. Likewise the sets f’1 (10, s)) and f’1 ((r, 1]) are open. Since the
intervals of the form (7, 5), [0, 5), and (r, 1] generate the topology on [0, 1], the map
f is continuous.

The proof of (iii) is a variation of the last proof, where in each step of the con-
struction of the sets U, one uses the set AU {b € B : h(b) <r} in the place of A. O
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Abelianization, 158

Absolute value, 105

Absolute value of an idele, 129
Absolutely convergent, 97
Adeles, 125

Adjoint, 177

Adjoint operator, 68
Adjunction of a unit, 203
Admissible representation, 196
Algebra, 42, 84

Algebra generated by E, 42
Algebra homomorphism, 43
Almost all, 107
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Annibhilator, 201
Approximating sequence, 173
Artin L-function, 157
Associative, 42

Automorphic form, 96, 172
Automorphic function, 55
Automorphic L-function, 159

B

Base p expansion, 109
Bi-invariant, 189
Bochner integral, 172
Borel o-algebra, 241
Borel sets, 241
Bounded operator, 173

C

Cauchy sequence, 108

Cayley map, 47

Central character, 227
Character, 88, 131

Circle group, 15, 131

Closed operator, 68
Cocompact subgroup, 71
Commutator subgroup, 158
Commutators, 158

Compact operator, 177
Compact representation, 205
Complete, 108

Completion, 108

Conductor, 150

Congruence subgroup, 52, 170
Congruent modulo A, 2
Conjugate modulo, 15
Constant term, 59
Continuously differentiable, 81

Continuously induced representation, 194

Convergent, 108
Convolution, 83

Countable unit neighborhood base, 178

Cusp form, 24, 53, 182
Cuspidal representation, 205
Cusps, 47

D

Decomposition group, 157
Dedekind ring, 156

Densely defined, 68

Diameter, 5

Dirac sequence, 178

Direct integral, 73

Direct limit, 117

Direct sum representation, 90, 91
Direct system, 116

Direct system of rings, 117
Directed set, 116

Dirichlet character, 150
Dirichlet character modulo N, 76
Dirichlet series, 34, 150
Discontinuously, 72
Discrete group, 81
Discrete subgroup, 11
Division algebra, 71
Divisor sum, 24

Domain, 68

Doubly periodic, 2

Dual group, 131

E

Eigenspace, 178

Eigenvalue spectrum, 73
Eisenstein series, 8, 54
Elementary Divisor Theorem, 43
Elementary divisors, 43
Elliptic curve, 13
Equicontinuous, 180
Equivalent representations, 89
Essentially separable, 175
Euler product, 50

Even Maal3 form, 65
Exponential series, 97
Exterior tensor product, 191

F

Finite adeles, 125

Finite measure, 45

First factor representation, 191
Formal series, 110

Fourier inversion formula, 35
Fourier transform, 134, 136, 212
Frobenius homomorphism, 157
Fundamental domain, 19, 46
Fundamental mesh, 2

G

Galois representation, 157

Gamma function, 32

Gelfand pair, 208

Germs of continuous functions, 118
Group algebra, 212

H

Haar measure, 83

Hecke algebra, 199

Hilbert direct sum, 90
Holomorphic at co, 24
Homothety, 77

Hyperbolic Laplace operator, 63
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I

Idele-group, 129

Ideles, 129

Indicator function, xi

Inertia group, 157

Infinite place, 125

Inner regularity, 82

Integrable, 173, 242

Integral, 174, 242

Intertwining operator, 90

Invariant measure, 85

Inversion formula for the Fourier
transformation, 135, 137, 139

Involution, 185

Irreducible, 92, 157, 186

Irreducible module, 187

Isometric isomorphism, 108

Isometry, 108

Iwasawa decomposition, 164

Iwasawa integral formula, 164

L

L-function, 31

L-series, 31

Langlands conjectures, 77
Lattice, 2, 211

Left regular representation, 88
Left-invariant, 83

Lemma of Schur, 188
Limit, 108

Linear, 116

Linear operator, 173

Local L-factor, 222
Locally compact group, 81

M

Maaf cusp form, 63
Maaf form, 63

Maal wave form, 63
Matrix coefficients, 194
Measurable map, 241
Measurable sets, 241
Measurable space, 241
Measure, 242

Measure space, 242
Mellin transform, 35
Meromorphic function, 1
Metric, 107

Metric space, 108
Metrizable, 178
Modular, 53

Modular form, 24, 53
Modular function, 22, 84
Modular group, 17

Module, 187
Moduli space, 77
Multiplicative, 102, 150

N

Normal, 180

Normal operator, 177
Normalized, 49

Normalized multiplicative measure, 115

North pole, 11
Null-function, 245

(0]

O-notation, 30

Odd Maal form, 65
One-point compactification, 11
Open, 124
Operator, 68
Operator norm, 173
Orbit, 15, 25
Order, 1
Orientation, 72
Outer regularity, 82

P

Partial order, 116

Periodic, 2

Peter—Weyl theorem, 194
Petersson inner product, 45, 53
Place, 125

Poisson Summation Formula, 138

Poisson Summation Formula, adelic, 137

Polar coordinates, 5
Primitive, 150
Principal congruence subgroup, 51

Principal series representations, 163, 166

Pro-finite, 160
Product formula, 107
Product measure, 243
Projective limit, 119
Projective system, 118

Q
Quasi-character, 87, 153
Quaternion algebra, 71, 77

R

Radon measure, 82
Rankin—Selberg convolution, 60
Rankin—-Selberg method, 53
Rapidly decreasing, 22, 183
Rectangle, 123

Regular module, 188

Relatively compact, 177
Representation, 87
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Representation Theorem of Riesz, 82
Restricted open rectangle, 124
Restricted product, 124
Restricted product topology, 124
Restriction homomorphisms, 117
Riemann hypothesis, 13
Riemann sphere, 1, 11, 16
Riemann zeta function, 9

Right regular representation, 89
Ring, xi

Ring of adeles, 103

Ring of finite adeles, 103

Ring of integers, 156

Ring of p-adic integers, 109

S

Satake parameter, 220

Satake transform, 214
Schwartz function, 57
Schwartz—Bruhat function, 134, 136, 211
Self-adjoint, 68, 179
Separable, 175

Separable map, 175

Set of places, 125

Siegel domain, 182

Simple function, 127, 173
Simple module, 187

Simple set, 127

Simply periodic, 11
Simultaneous eigenvectors, 42
Smooth, 81

Smooth function, 54

Smooth vector, 99, 208
Square integrable, 245

Step function, 242

Strong triangle inequality, 106
Strongly multiplicative, 102

Subrepresentation, 91
Support, 69
Symmetric, 68

T
Theta series, 143

Theta transformation formula, 144

Topological group, 81

Torsion element, 72
Torsion-free, 72

Totally disconnected, 160
Totally disconnected group, 148
Transitive, 15

Trivial absolute value, 106

U

Uniformly continuous, 81
Unimodular, 86

Unitarily equivalent, 90, 186
Unitarizable, 193

Unitary dual, 193

Unitary representation, 87
Unramified, 153, 165, 189
Urysohn’s Lemma, 245

\%
Vector-valued integral, 172

W

Weakly modular, 53

Weakly modular of weight &, 20
Weakly multiplicative, 102
Weierstrass g-function, 6

Weyl group, 214

Z
Zeta integral, 146, 224
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