Part III — Modular Forms and L-functions

Based on lectures by A. J. Scholl
Notes taken by Dexter Chua

Lent 2017

These notes are not endorsed by the lecturers, and I have modified them (often
significantly) after lectures. They are nowhere near accurate representations of what
was actually lectured, and in particular, all errors are almost surely mine.

Modular Forms are classical objects that appear in many areas of mathematics, from
number theory to representation theory and mathematical physics. Most famous is,
of course, the role they played in the proof of Fermat’s Last Theorem, through the
conjecture of Shimura-Taniyama-Weil that elliptic curves are modular. One connection
between modular forms and arithmetic is through the medium of L-functions, the
basic example of which is the Riemann {-function. We will discuss various types of
L-function in this course and give arithmetic applications.

Pre-requisites

Prerequisites for the course are fairly modest; from number theory, apart from basic
elementary notions, some knowledge of quadratic fields is desirable. A fair chunk of the
course will involve (fairly 19th-century) analysis, so we will assume the basic theory of
holomorphic functions in one complex variable, such as are found in a first course on
complex analysis (e.g. the 2nd year Complex Analysis course of the Tripos).
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0 Introduction

One of the big problems in number theory is the so-called Langlands programme,
which is relates “arithmetic objects” such as representations of the Galois group
and elliptic curves over Q, with “analytic objects” such as modular forms and
more generally automorphic forms and representations.

Example. 32 +y = 3

function

— z is an elliptic curve, and we can associate to it the

00
f(Z) =q H(l _ qn)Q(l _ qlln)2 — Z anqn7 q= 627”2,
n=1

n>1

where we assume Imz > 0, so that |¢| < 1. The relation between these two
objects is that the number of points of E over F, is equal to 1 + p — a,, for
p # 11. This strange function f is a modular form, and is actually cooked up
from the slightly easier function

n(z) =" [[(1-q"

by
f(z) = (n(2)n(112))*.
This function 7 is called the Dedekind eta function, and is one of the simplest

examples of a modular forms (in the sense that we can write it down easily).
This satisfies the following two identities:

we+ ) =), 0 () = e

z

The first is clear, and the second takes some work to show. These transformation
laws are exactly what makes this thing a modular form.
Another way to link F and f is via the L-series

o an
L(E,s)=Y_ ot
n=1

which is a generalization of the Riemann (-function

()=

n=1

We are in fact not going to study elliptic curves, as there is another course
on that, but we are going to study the modular forms and these L-series. We are
going to do this in a fairly classical way, without using algebraic number theory.
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1 Some preliminary analysis

1.1 Characters of abelian groups

When we were young, we were forced to take some “applied” courses, and learnt
about these beasts known as Fourier transforms. At that time, the hope was
that we can leave them for the engineers, and never meet them ever again.
Unfortunately, it turns out Fourier transforms are also important in “pure”
mathematics, and we must understand them well.

Let’s recall how Fourier transforms worked. We had two separate but closely
related notions. First of all, we can take the Fourier transform of a function
f R — C. The idea is that we wanted to write any such function as

flx) = /_ h 2™ f(y) dy.

One way to think about this is that we are expanding f in the basis x,(z) = e2miye,
We also could take the Fourier series of a periodic function, i.e. a function defined
on R/Z. In this case, we are trying to write our function as

f(x): i Cn627rinw.

n=—oo

In this case, we are expanding our function in the basis x, (z) = e?""%, What
is special about these basis {x,} and {x,}?

We observe that R and R/Z are not just topological spaces, but in fact
abelian topological groups. These x, and X, are not just functions to C, but
continuous group homomorphisms to U(1) C C. In fact, these give all continuous
group homomorphisms from R and R/Z to U(1).

Definition (Character). Let G be an abelian topological group. A (unitary)
character of G is a continuous homomorphism x : G — U(1), where U(1) = {z €
C||z| =1}.

To better understand Fourier transforms, we must understand characters,
and we shall spend some time doing so.

Example. For any group G, there is the trivial character xo(g) = 1.
Example. The product of two characters is a character.
Example. If x is a character, then so is x*, and yx* = 1.

Thus, we see that the collection of all characters form a group under multi-
plication.

Definition (Char@cter group). Let G be a group. The character group (or
Pontryagin dual) G is the group of all characters of G.

It is usually not hard to figure out what the character group is.
Example. Let G =R. For y € R, we let x,, : R — U(1) be
_ e27riwy.

Xy(2)

For each y € R, this is a character, and all characters are of this form. So R~R
under this correspondence.
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Example. Take G = Z with the discrete topology. A character is uniquely
determined by the image of 1, and any element of U(1) can be the image of 1.
So we have G = U(1).

Example. Take G = Z/NZ. Then the character is again determined by the
image of 1, and the allowed values are exactly the Nth roots of unity. So

Gepuy={¢ceC*:¢N=1}.

Example. Let G = G; X G3. Then G~ G xGs. So, for example, R» = R™.
Under this correspondence, a y € R™ corresponds to

Xy(x) = .

Example. Take G = R*. We have
G = (&1} x RY, = {1} xR,

where we have an isomorphism between R, = R by the exponential map. So
we have

G =7/27 x R.
Explicitly, given (g,0) € Z/27 x R, then character is given by

x> sgn(z)¢|z|".

_ Note that G has a natural topology for which the evaluation maps (x €
G) — x(g) € U(1) are all continuous for all g. Moreover, evaluation gives us a

map G — G.

Theorem (Pontryagin duality). Pontryagin duality If G is locally compact,

then G — G is an isomorphism.

Since this is a course on number theory, and not topological groups, we will
not prove this.

Proposition. Let G be a finite abelian group. Then |G| = |G|, and G and G
are in fact isomorphic, but not canonically.

Proof. By the classification of finite abelian groups, we know G is a product of
cyclic groups. So it suffices to prove the result for cyclic groups Z/NZ, and the
result is clear since

Z/NZ = uy = Z/NZ. O

1.2 Fourier transforms

Equipped with the notion of characters, we can return to our original goal of
understand Fourier transforms. We shall first recap the familiar definitions of
Fourier transforms in specific cases, and then come up with the definition of
Fourier transforms in full generality. In the mean time, we will get some pesky
analysis out of the way.
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Definition (Fourier transform). Let f : R — C be an L! function, i.e. [ |f| dz <
o0o. The Fourier transform is

f) = [ s de = [ ) ) do
This is a bounded and continuous function on R.

We will see that the “correct” way to think about the Fourier transform is
to view it as a function on R instead of R.

In general, there is not much we can say about how well-behaved f will
be. In particular, we cannot expect the “Fourier inversion theorem” to hold for
general L' functions. If we like analysis, then we can figure out exactly how
much we need to assume about f . But we don’t. We chicken out and only
consider functions that decay rely fast at infinity. This makes our life much
easier.

Definition (Schwarz space). The Schwarz space is defined by
S(R) = {f € C®°R) : 2" f®(z) = 0 as & — +ooc for all k,n > 0}.

Example. The function
@)=

is in the Schwarz space.
One can prove the following:

Proposition. If f € S(R), then f € S(R), and the Fourier inversion formula

holds.

Everything carries over when we replace R with R”, as long as we promote
both x and y into vectors.

We can also take the Fourier transform of functions defined on G = R/Z.
For n € Z, we let x,, € G by
— 627r7inx'

Xn(T)

These are exactly all the elements of Cl and G = Z. We then define the Fourier
coefficients of a periodic function f: R/Z — C by

ealf) = / ¢=2minT f(1) Ao = / ) @)

Again, under suitable regularity conditions on f, e.g. if f € C*°(R/Z), we have

Proposition.

F@) =" el ™™ = 3" en(f)xn(2)-

nez nez~G
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This is the Fourier inversion formula for G = R/Z.
Finally, in the case when G = Z/NZ, we can define

Definition (Discrete Fourier transform). Given a function f : Z/NZ — C, we
define the Fourier transform f : uny — C by

fO= > ¢“fla).

aw€Z/NT

This time there aren’t convergence problems to worry with, so we can quickly
prove this result:

Proposition. For a function f : Z/NZ — C, we have
1 -
fla) =~ D ¢
Cenn

Proof. We see that both sides are linear in f, and we can write each function f

as
f = Z f(a')(sav
a€Z/NZ
where
1 z=a
dq(x) = {O rta’

So we wlog f = d,. Thus we have

and the RHS is

1 r—a
DI
CeEnn
We now note the fact that

5 Ck:{N k=0 (mod N)

e 0 otherwise

So we know that the RHS is equal to d,, as desired. O

It is now relatively clear what the general picture should be, except that we
need a way to integrate functions defined on an abelian group. Since we are not
doing analysis, we shall not be very precise about what we mean:

Definition (Haar measure). Let G be a topological group. A Haar measure
is a left translation-invariant Borel measure on G satisfying some regularity
conditions (e.g. being finite on compact sets).

Theorem. Let G be a locally compact abelian group G. Then there is a Haar
measure on (G, unique up to scaling.

Example. On G = R, the Haar measure is the usual Lebesgue measure.
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Example. If G is discrete, then the Haar measure is the counting measure, so

that
[ras=3 ft0).

geG

Example. If G = R, then the integral given by the Haar measure is

JECE

dz i5 invariant under multiplication of z by a constant.

since <%
xT

Now we can define the general Fourier transform.

Definition (Fourier transform). Let G be a locally compact abelian group with
a Haar measure dg, and let f: G — C be a continuous L' function. The Fourier
transform f : G — C is given by

00 = /G x(9)" £ (g) d.

It is possible to prove the following theorem:

Theorem (Fourier inversion theorem). Given a locally compact abelian group
G with a fixed Haar measure, there is some constant C' such that for “suitable”
f:G — C, we have

flg)=Cf(=g),
using the canonical isomorphism G — é

This constant is necessary, because the measure is only defined up to a
multiplicative constant.
One of the most important results of this investigation is the following result:

Theorem (Poisson summation formula). Let f € S(R™). Then

S fa) = 3 .

aczZn bezn

Proof. Let
g(z) = flz+a).

a€zZm™

This is now a function that is invariant under translation of Z™. It is easy to
check this is a well-defined C* function on R"/Z", and so has a Fourier series.

We write _
g(x) — Z Cb(g)€27”b'z,
bezm™

with

cp(g) = / e 2™y do = Z / ¥ £ (1 + a) da.
R™ /Zn acze /021"
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We can then do a change of variables  — = — a, which does not change the
exponential term, and get that

er(g) = / e300 f(1) dw = f(b).
Finally, we have

Y fla)=g(0) = elx)= > fb) H
bezn

a€zZn bezn

1.3 Mellin transform and I'-function

We unfortunately have a bit more analysis to do, which we will use a lot later
on. This is the Mellin transform.

Definition (Mellin transform). Let f: Rsg — C be a function. We define
%) . dy
it = [t L
0 Y

whenever this converges.

We want to think of this as an analytic function of s. The following lemma
tells us when we can actually do so

Lemma. Suppose f : Rsy — C is such that
~yNf(y) - 0asy — oo forall N € Z
— there exists m such that |y™y(f)| is bounded as y — 0
Then M (f, s) converges and is an analytic function of s for Re(s) > m.

The conditions say f is rapidly decreasing at oo and has moderate growth at
0.

Proof. We know that for any 0 < r < R < o0, the integral

R
dy
v fy) —
[
is analytic for all s since f is continuous.
By assumption, we know | 1;0 — 0 as R — oo uniformly on compact subsets

of C. So we know ~ d
Y
v fly) —
| v
converges uniformly on compact subsets of C.
On the other hand, the integral fg as 7 — 0 converges uniformly on compact

subsets of {s € C : Re(s) > m} by the other assumption. So the result
follows. O

This transform might seem a bit strange, but we can think of this as an
analytic continuation of the Fourier transform.
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Example. Suppose we are in the rather good situation that

& d
[ <o
0 Yy

In practice, this will hardly ever be the case, but this is a good place to start
exploring. In this case, the integral actually converges on iR, and equals the
Fourier transform of f € L*(G) = L'(RZ,). Indeed, we find

G={y—y“:0eR} =R,

and % is just the invariant measure on G. So the formula for the Mellin
transform is exactly the formula for the Fourier transform, and we can view the
Mellin transform as an analytic continuation of the Fourier transform.

We now move on to explore properties of the Mellin transform. When we
make a change of variables y <+ ay, by inspection of the formula, we find

Proposition.
M(f(ay),s) = M(f,s)
for a > 0.

The following is a very important example of the Mellin transform:

Definition (I" function). The I' function is the Mellin transform of

fly)=e?.

oo_ dy
Fs:/eys—.
(s) ; v

Explicitly, we have

By general theory, we know this is analytic for Re(s) > 0.
If we just integrate by parts, we find

o) s o 1 o0 1
I'(s) = / e Yy tdy = [e‘yy} + f/ e Yy dy=-T'(s+1).
0 S 0 S Jo S

So we find that

Proposition.
sT(s) =T(s+1).

Moreover, we can compute

So we get

Proposition. For an integer n > 1, we have

I'(n) =(n— 1)L

10
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In general, iterating the above formula, we find

1
s+1)---(s+N-1)

Os) = 5 (s + N).

Note that the right hand side makes sense for Re(s) > —N (except at non-
positive integer points). So this allows us to extend I'(s) to a meromorphic
function on {Re(s) > —N}, with simple poles at 0,1,---,1 — N of residues

e
ST = oo

Of course, since N was arbitrary, we know I'(s) extends to a meromorphic
function on C \ Z<o.

Here are two facts about the I' function that we are not going to prove,
because, even if the current experience might suggest otherwise, this is not an
analysis course.

Proposition.
(i) The Weierstrass product: We have
s
[(s)"'=¢ || (1 —) —s/n
(s) e sn>1 —|—n e

for all s € C. In particular, I'(s) is never zero. Here « is the Fuler-
Mascheroni constant, given by

. 1 1
y=lim {1+ -+---4+——logn|.
2 n

n— oo

(ii) Duplication and reflection formulae:

1
730(2s) = 22711 (s)T <s + 2>
and
D(s)D(1—s) = ——.
sinmz

The main reason why we care about the Mellin transform in this course is
that a lot of Dirichlet series are actually Mellin transforms of some functions.
Suppose we have a Dirichlet series

o0
>
n=1 n’
where the a,, grow not too quickly. Then we can write

2m)°T(s) Y 2 = 3" ay(2mn) S M(e Y, 5)

=1 n=1

3
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where we set

f(y) _ Zane—%rny.

n>1

Since we know about the analytic properties of the I" function, by understanding
M(f,s), we can deduce useful properties about the Dirichlet series itself.

12
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2 Riemann (-function

We ended the previous chapter by briefly mentioning Dirichlet series. The first
and simplest example one can write down is the Riemann (-function.

Definition (Riemann (-function). The Riemann (-function is defined by

1

¢(s) = Z s
n
n>1
for Re(s) > 1.
This (-function is related to prime numbers by the following famous formula:

Proposition (Euler product formula). We have

=11 ==

p prime

Proof. Euler’s proof was purely formal, without worrying about convergence.
We simply note that

I1 1 —lp—s =[[a+p>+@H ™+ )=> n",

p prime n>1

where the last equality follows by unique factorization in Z. However, to prove
this properly, we need to be a bit more careful and make sure things converge.

Saying the infinite product Hp convergence is the same as saying > p~*
converges, by basic analysis, which is okay since we know ((s) converges absolutely
when Re(s) > 1. Then we can look at the difference

) - Tl gz =)~ [T +p~ +p2 4 )

—_ —S

1-p p<X
e
neNx

where Nx is the set of all n > 1 such that at least one prime factor is > X. In
particular, we know

¢s)— 11 1_1p,s <> In[=0

p<X n>X
as X — oo. So the result follows. O

The Euler product formula is the beginning of the connection between the
(-function and the distribution of primes. For example, as the product converges
for Re(s) > 1, we know in particular that ((s) # 0 for all s when Re(s) > 1.
Whether or not Re(s) vanishes elsewhere is a less straightforward matter, and
this involves quite a lot of number theory.

We will, however, not care about primes in this course. Instead, we look at
some further analytic properties of the ¢ function. To do so, we first write it as
a Mellin transform.

13
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Theorem. If Re(s) > 1, then

20T = [ A V)

627ry 1 y
where .
fly) = 2y 1
This is just a simple computation.
Proof. We can write
727ry 9
fo) = = 2™
n>1
for y > 0.
As y — 0, we find
1
fly) ~ %

So when Re(s) > 1, the Mellin transform converges, and equals

> M(eTP s) = (2mn) " M(e 7Y, s) = (2m)"T(s)(s). O

n>1 n>1

Corollary. ((s) has a meromorphic continuation to C with a simple pole at
s = 1 as its only singularity, and

res ((s) = 1.

s=1

Proof. We can write

i ([ o [7) %

The second integral M, is convergent for all s € C, hence defines a holomorphic
function.
For any fixed N, we can expand

N-1

F@) =Y ey + 9y an()

n=—1
for some g € C*°(R), as f has a simple pole at y = 0, and

1
c_1 = —.
! 2

So for Re(s) > 1, we have

Mo = Z cn/ et dy+/ y T gn(y) dy

n=-—1
N-1

1
Cn B
> 7ys+”+/ gn )y TNt dy.
0

s+n
S5t

n=—

14
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We now notice that this formula makes sense for Re(s) > —N. Thus we have
found a meromorphic continuation of

(2m) T (s)¢(s)
to {Re(s) > N}, with at worst simple poles at s =1— N,2— N,---,0,1. Also,

we know I'(s) has a simple pole at s = 0,—1,—2,---. So ((s) is analytic at
s=0,—1,—2,---. Since c_1 = % and I'(1) = 1, we get
res ¢(s) =1. O

Now we note that by the Euler product formula, if there are only finitely
many primes, then ((s) is certainly analytic everywhere. So we deduce

Corollary. There are infinitely many primes.

Given a function (, it is natural to ask what values it takes. In particular,
we might ask what values it takes at integers. There are many theorems and
conjectures concerning the values at integers of L-functions (which are Dirichlet
series like the (-function). These properties relate to subtle number-theoretic
quantities. For example, the values of ((s) at negative integers are closely
related to the class numbers of the cyclotomic fields Q(¢,). These are also
related to early (partial) proofs of Fermat’s last theorem, and things like the
Birch—Swinnerton-Dyer conjecture on elliptic curves.

We shall take a tiny step by figuring out the values of ((s) at negative integers.
They are given by the Bernoulli numbers.

Definition (Bernoulli numbers). The Bernoulli numbers are defined by a gen-
erating function

£ t t 2 -t

The first thing to note about this is the following:
Proposition. B, =0 if n is odd and n > 3.
Proof. Consider

t t tm
f0=g—gt5= 2. By
n>0,n#1
We find that b
te +
t) = — = f(—t).
1) = $55 = 1)
So all the odd coefficients must vanish. O
Corollary. We have
1 B,
C(O):Blz—§7 C(l—”):—7

for n > 1. In particular, for all n > 1 integer, we know ((1 —n) € Q and vanishes
if n > 1is odd.

15
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Proof. We know
(2m)°T'(s)¢(s)

has a simple pole at s = 1 — n, and the residue is ¢,,_1, where

1
P Z ey

n>—1
So we know B
Cp—1 = (2’/7')”_1”7?
We also know that
es I'(s) (-
I = Y
s=1-n 5 (n — 1)' ’
we get that
(1—n) = (-1 En
—

If n =1, then this gives —%. If n is odd but > 1, then this vanishes. If n is even,
then this is —%, as desired. O]

To end our discussion on the (-function, we shall prove a functional equation,
relating ¢(s) to ¢(1 — s). To do so, we relate the {-function to another Mellin
transform. We define

@(y) — Z e—Trn2y =142 Z e—Trn2y.

neZ n>1

This is convergent for for y > 0. So we can write

O(y) = 9¥(iy),
where »
19(2) _ Zeﬂzn z’
nez

which is analytic for [e™#| < 1, i.e. Im(z) > 0. This is Jacobi’s 9-function. This
function is also important in algebraic geometry, representation theory, and even
applied mathematics. But we will just use it for number theory. We note that

O(y) —» 1

as y — 00, so we can’t take its Mellin transform. What we can do is
Proposition.

(L) ()

The proof is again just do it.
Proof. The left hand side is

Z M (e*’mzy, g) = Z(mz?)*s/zM (e*y, ;) =71 (;) ¢(s). O

n>1 n>1

16
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To produce a functional equation for ¢, we first do it for ©.
Theorem (Functional equation for O-function). If y > 0, then

0 @) — y2e(), (+)

where we take the positive square root. More generally, taking the branch of v
which is positive real on the positive real axis, we have

(1))

The proof is rather magical.

Proof. By analytic continuation, it suffices to prove (x). Let

gt(-T) — e—Trth _ gl(tl/QIL‘).

In particular,
71'1)2

gi(z) =€

Now recall that §; = g1. Moreover, the Fourier transform of f(ax) is 1 fy/a).
So
gt(y) _ t71/2g1(t71/2y) — t71/2g1(t71/2y) — t71/2€7ﬂ—y2/t.

We now apply the Poisson summation formula:

o) = ™t =3 "gi(n) =Y giln) =t720(1/1). O

nez neEZ neZ

Before we continue, we notice that most of the time, when we talk about the
I’-function, there are factors of 7 floating around. So we can conveniently set

Notation.
Lr(s) = 7%/ (s/2).
Te(s) = 2(2m)~°I'(s)
These are the real/complex I'-factors.
We also define

Notation. s

Z(s) = Ta(s)G(s) = 7/ () ().
The theorem is then

Theorem (Functional equation for ¢-function).
Z(s)=2Z(1—5s).

Moreover, Z(s) is meromorphic, with only poles at s = 1 and 0.

17
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Proof. For Re(s) > 1, we have

2Z(s) =M (@(y) -1, g)

-/ Tlow) - 1y Y

v
= (/01+/100> [©(y) - 1]?”%

The idea is that using the functional equation for the ©-function, we can relate
the fol part and the [ part. We have

! d ! _ s d 1 s—1 d
[ -vy Y = [Cew -y my Y [ (F )
0 Yy 0 0
1

y y
dy 2 2
&y

= /O (y~'*e(1/y) —y~'?)

Y s—1 s’
In the first term, we change variables y <> 1/y, and get

2 2

0o B dy
_ 1/2 s e 2
/ly O - 2L+ 22

So we find that

e dy 22
= —Z2=27(1-5).
2)y+5_1 S (1-s)

22(5) = | TOW) - D +y

Note that what we’ve done by separating out the y%l — y®/2 term is that we
separated out the two poles of our function. O

Later on, we will come across more L-functions, and we will prove functional
equations in the same way.
Note that we can write

Z(s)=Ta(s) []

p primes

1

and the term I'g(s) should be thought of as the Euler factor for p = oo, i.e. the
Archimedean valuation on Q.

18
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3 Dirichlet L-functions

We now move on to study a significant generalization of {-functions, namely
Dirichlet L-functions. While these are generalizations of the {-function, it turns
out the ¢ function is a very particular kind of L-function. For example, most
L-functions are actually analytic on all of C, except for (finite multiples of) the
¢-function.

Recall that a Dirichlet series is a series of the form

00
an,

ns’
n=1

A Dirichlet L-function is a Dirichlet series whose coefficients come from Dirichlet
characters.

Definition (Dirichlet characters). Let N > 1. A Dirichlet character mod N is
a character x : (Z/NZ)* — C*.

As before, we write (Z/NZ)* for the group of characters.

Note that in the special case N = 1, we have

Z/NZ ={0=1} = (Z/NZ)*,

-

and so (Z/NZ)* = {1}, and the only Dirichlet character is identically 1.

Not all characters are equal. Some are less exciting than others. Suppose
X is a character mod N, and we have some integer d > 1. Then we have the
reduction mod N map

(Z/NdzZ)* — (Z/NZ)*,

and we can compose x with this to get a character mod Nd. This is a rather
boring character, because the value of x € (Z/NdZ)* only depends on the value
of x mod N.

—

Definition (Primitive character). We say a character x € (Z/nZ)* is primitive
if there is no M < N with M | N with x’ € (Z/MZ)* such that

X = X’ o (reduction mod M).
Similarly we define

Definition (Equivalent characters). We say characters x1 € (Z/T\fl\Z)X and
X2 € (Z/N2Z)* are equivalent if for all « € Z such that (z, Ny N3) = 1, we have

x1(z mod Ny) = x2(x mod Na).

It is clear that if we produce a new character from an old one via reduction
mod Nd, then they are equivalent.
One can show the following:

—

Proposition. If x € (Z/NZ)*, then there exists a unique M | N and a primitive
X« € (Z/MZ)* that is equivalent to .
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Definition (Conductor). The conductor of a character x is the unique M | N

—

such that there is a primitive x. € (Z/MZ)* that is equivalent to x.
Example. Take

X = Xo € (Z/NZ)*,
given by xo(x) = 1. If N > 1, then X is not primitive, and the associated
primitive character is the trivial character modulo M = 1. So the conductor is 1.

Using these Dirichlet characters, we can define Dirichlet L-series:

—

Definition (Dirichlet L-series). Let x € (Z/NZ)* be a Dirichlet character. The
Dirichlet L-series of x is

Lix,s)= Y x(nn™*
n>1
(n,N)=1
Since |x(n)| = 1, we again know this is absolutely convergent for Re(s) > 1.
As x(mn) = x(m)x(n) whenever (mn, N) = 1, we get the same Euler product
as we got for the (-function:

Proposition.

1
Lix,s)= [ ———
1_ —S
I tte x(p)p

The proof of convergence is again similar to the case of the {-function.
It follows that

o — —

Proposition. Suppose M | N and xa; € (Z/MZ)* and xn € (Z/NZ)* are
equivalent. Then
1

WL(XNaS)'

L(XM;*S) = H

ptM
p|N

In particular,
L(xn,s) H 1

L(xn,s) arky 1—xm(p)p—

p|N

is analytic and non-zero for Re(s) > 0.

We’ll next show that L(x, s) has a meromorphic continuation to C, and is
analytic unless x = xo-

Theorem.

(i) L(x,s) has a meromorphic continuation to C, which is analytic except for
at worst a simple pole at s = 1.

(i) If x # xo (the trivial character), then L(x, s) is analytic everywhere. On
the other hand, L(xo, s) has a simple pole with residue

enfe)

p|N

where ¢ is the Euler function.
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Proof. More generally, let ¢ : Z/NZ — C be any N-periodic function, and let

L(gs) = > élmm~".

n=1
Then -
(2m) " T(s)L(¢, s) = Y d(n)M(e>™, 5) = M(f(y), s),
n=1
where
fly) =" d(n)e ™.
n>1
We can then write
N o N —27mny N 27 (N—n)y
f(y) _ > Z_:O¢(n)672ﬂ(n+rN)y = Z:l Qﬁ(n)lfem = Z:l (’b(n);ﬂ’Niy_l

As 0 < N —n < N, this is O(e=2™) as y — oo. Copying for ((s), we write

M(f,s) = ( / o / m) Fl L = Mols) + M)

The second term is analytic for all s € C, and the first term can be written as

N 1 2n(N—-n)y d
_ ¢ s 4Y
V(o) = 30t [ Sy -
Now for any L, we can write
e27r(N—n)y 1 L-1

— T L
e2™Ny _ 1 2Ny + ;) crny” + Y7910 (y)

for some g1, ,,(y) € C*°[0,1]. Hence we have

1L-1

N 1
Mo(s) =D ¢(n) (/0 25@93% +/0 > ey dy) +G(s),
n=1

r=0

where G(s) is some function analytic for Re(s) > —L. So we see that

B N 1 Co.n
(27) T (s)L(¢,5) = Y ¢(n) <2wN(s—1)Jr ’

n=1

CL—1,n
coogp Alm G(s).
5 T +s+L—1>+ ()

As T'(s) has poles at s =0, —1, - - -, this cancels with all the poles apart from the

one at s = 1.
The first part then follows from taking
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By reading off the formula, since I'(1) = 1, we know

1 N
res L(x,s) = 7; ¢(n).

If x # xo, then this vanishes by the orthogonality of characters. Otherwise, it is
[(Z/NZ)*|/N = ¢(N)/N. O

Note that this is consistent with the result

L(xo,s) = [[(1 =p7")¢(s).

p|N

So for a non-trivial character, our L-function doesn’t have a pole.

The next big theorem is that in fact L(x, 1) is non-zero. In number theory,
there are lots of theorems of this kind, about non-vanishing of L-functions at
different points.

Theorem. If x # xo, then L(y,1) # 0.

Proof. The trick is the consider all characters together. We let

)= [ Leos)=]I1I0-x@p )"
XE(ZINZ) PIN X
for Re(s) > 1. Now we know L(xo,s) has a pole at s = 1, and is analytic
everywhere else. So if any other L(x, 1) = 0, then (y(s) is analytic on Re(s) > 0.
We will show that this cannot be the case.
1

We begin by finding a nice formula for the product of (1 — x(p)p~*)~" over
all characters.

Claim. If p{ N, and T is any complex number, then

II Q-x1)=@-1k)erMN

—

X€(Z/NZ)*

where f, is the order of p in (Z/nZ)*.

So
Cn(s) = H(l _p—fpS)—w(N)/fp.
PIN
To see this, we write f = f,,, and, for convenience, write
G=(Z/NZ)*
H=({p)CcqG.

We note that G naturally contains CT/_I\'{ = {x € G : x(p) = 1} as a subgroup.

Also, we know that
|G/H| =|G/H| = ¢(N)/f.
Also, the restriction map R
é —H
G/H
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is obviously injective, hence an isomorphism by counting orders. So
[T 0—x)T) = [T =-xe)T)# ™ = T] (=m0 = =140,
x€G xE€H CEHns

We now notice that when we expand the product of (y, at least formally, then we
get a Dirichlet series with non-negative coeflficients. We now prove the following
peculiar property of such Dirichlet series:

= E apn”?

n>1

Claim. Let

be a Dirichlet series with real a,, > 0, and suppose this is absolutely convergent
for Re(s) > o > 0. Then if D(s) can be analytically continued to an analytic
function D on {Re(s) > 0}, then the series converges for all real s > 0.

Let p > 0. Then by the analytic continuation, we have a convergent Taylor
series on {|s — p| < p}

Ds) = 32 DM (p)(s — p)"

k>0

Moreover, since p > o, we can directly differentiate the Dirichlet series to obtain
the derivatives:
D(k) Zan logn)kn=".
n>1

So if 0 < x < p, then

D(z) = Z %(p — )" Z an(logn)kn=r

k>0 n>1

Now note that all terms in this sum are all non-negative. So the double series
has to converge absolutely as well, and thus we are free to rearrange the sum as
we wish. So we find

=Y a3 (o~ ) (log )

n>1 k>0

— E ann*pe(ﬂ*r) logn

n>1

= g apn” Pnf="

n>1
_ —x
g anm =,

as desired.
Now we are almost done, as

(n(s) = Lixo,s) J] L(xs

X#X0
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We saw that L(xo,s) has a simple pole at s = 1, and the other terms are all
holomorphic at s = 1. So if some L(x,1) = 0, then (yx(s) is holomorphic for
Re(s) > 0 (and in fact everywhere). Since the Dirichlet series of ny has > 0
coefficients, by the lemma, it suffices to find some point on R.y where the
Dirichlet series for (y doesn’t converge.

We notice

CN(:E) = H(l _|_p*fpm _|_p72fpiE 4. )@(N)/fp Z Zp7¢(N)z
ptN pIN

It now suffices to show that Y p~! = oo, and thus the series for (x(z) is not

_ 1
convergent for x = 2

Claim. We have
>t~ —loglo—1)

p prime
as £ — 17. On the other hand, if x # Yo is a Dirichlet character mod NN, then
> xep "
ptN

is bounded as x — 1.

Of course (and crucially, as we will see), the second part is not needed for
the proof, but it is still nice to know.
To see this, we note that for any y, we have

log L(x,x) = Z —log(1— x(p)p™*) = Z Z X(p)rp_m'

T
pIN pIN r>1

So

log L, @) =Y x(p | <D > p "

PIN PIN 7>2

which is a (finite) constant for C' < co. When x = xo, N = 1, then

log¢(z) =Y p*

is bounded as x — 1. But we know
1

C(s) = P + O(s).
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So we have

Zp ¥~ log(x —1).

When x # xo, then L(x,1) # 0, as we have just proved! So log L(x,z) is
bounded as x — 17. and so we are done. O

Note that up to a finite number of factors in the Euler product (for p | N),
this (i (s) equals to the Dedekind ¢-function of the number field K = Q( /1),
given by

1
(K (s) = Z D)

ideals 0#ICOk

We can now use what we’ve got to quickly prove Dirichlet’s theorem:

Theorem (Dirichlet’s theorem on primes in arithmetic progressions). Let a € Z
be such that (a, N) = 1. Then there exists infinitely many primes p =
(mod N).

Proof. We want to show that the series

>

p prime
p=a mod N

is unbounded as  — 171, and in particular must be infinite. We note that for
(x,N) =1, we have

Z X(x):{ap(]\f) z=1 '(modN)v

T 0 otherwise
XE(Z]NZ)*

since the sum of roots of unity vanishes. We also know that y is a character, so

x(a)"tx(p) = x(a~1p). So we can write
Y 1 - .
> = ) S x@™ > xp
p prime v X€E(Z/NZ)* all p

p=a mod N

Now if x = xo, then the sum is just

Zp T~ —log(z—1)

ptN

as ¢ — 17. Moreover, all the other sums are bounded as z — 1. So

S e —ﬁlog(w _).

p=a mod N

So the whole sum must be unbounded as x — 1. So in particular, the sum
must be infinite. O
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This actually tells us something more. It says

> p®

p=a mod N 1
YT p(N)
all p

as z — 17. So in some well-defined sense (namely analytic density), ﬁ of the
primes are = a (mod N).

In fact, we can prove that

) {p < X :p=amod N}| 1
lim = .
X o0 I{p < X} @(N)

This theorem has many generalizations. In general, let L/K be a finite Galois
extension of number fields with Galois group G = Gal(L/K). Then for all primes
p of K which is unramified in L, we can define a Frobenius conjugacy class
[0p] € G.

Theorem (Cebotarev density theorem). Cebotarev density theorem Let L/K
be a Galois extension. Then for any conjugacy class C' C Gal(L/K), there exists
infinitely many p with [o,] = C.

If L/K = Q(¥/1)/Q, then G = (Z/NZ)*, and 0, is just the element of G
given by p (mod N). So if we fix a (mod N) € G, then there are infinitely many
p with p = a (mod N). So we see the Cebotarev density theorem is indeed a
generalization of Dirichlet’s theorem.
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4 The modular group

We now move on to study the other words that appear in the title of the course,
namely modular forms. Modular forms are very special functions defined on the
upper half plane

H={z€C:Im(z) > 0}.
The main property of a modular form is that they transform nicely under

Mobius transforms. In this chapter, we will first try to understand these Mobius
transforms. Recall that a matrix

v <CCL Z) € GLy(C)

acts on C U oo by
az+b

cz+d
If we further restrict to matrices in GLg(R), then this maps C \ R to C\ R, and
R U {0} to RU {oo}.

We want to understand when this actually fixes the upper half plane. This is
a straightforward computation

1 <az—|—b a2+b)_1(ad—bc)(z—2) Imz

I S - = MO T2 et(y) —aE
my(z) 2i \cz+d cz+d 24 lez + dJ? e(fY)|cz—i—d|2

zy(z) =

Thus, we know Im(7y(z)) and Im(z) have the same sign iff det(y) > 0. We write
Definition (GL3(R)™).
GLy(R)" = {y € GL2(R) : dety > 0}.

This is the group of Mébius transforms that map H to H.
However, note that the action of GL2(R)™ on H is not faithful. The kernel

is given by the subgroup
x 7_mx (10
R*-I=R <0 1)

Thus, we are naturally led to define
Definition (PGLy(R)™).

. _ GLy(R)*

PGLy(R) o

There is a slightly better way of expressing this. Now note that we can obtain
any matrix in GL2(R™), by multiplying an element of SLy(R) with a unit in R.
So we have

PGLy(R)" = SLy(R)/{#I} = PSLy(R).

What we have is thus a faithful action of PSLy(R) on the upper half plane H.
From IA Groups, we know this action is transitive, and the stabilizer of i = v/—1
is SO(2)/{£I}.

In fact, this group PSLy(R) is the group of all holomorphic automorphisms
of H, and the subgroup SO(2) C SLy(R) is a maximal compact subgroup.
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Theorem. The group SLo(R) admits the Twasawa decomposition

SLy(R) = KAN = NAK,

K =S0(2), A‘{(S (3)} N_{(é Qf)}

Note that this implies a few of our previous claims. For example, any
z = + iy € C can be written as

N 0y
Z:m“y:(0 313) (%ﬂ 1)'@’
VY

using the fact that K = SO(2) fixes i, and this gives transitivity.

where

Proof. This is just Gram—Schmidt orthogonalization. Given g € GL2(R), we
write

ger = 837 gea = 6/2,
By Gram-Schmidt, we can write
fi =X
fo = Xael + pey

such that
Ifill =Nl =1, (f1, f2) = 0.

(h )= (& ) <A01 /\2>

So we can write

I
Now the left-hand matrix is orthogonal, and by decomposing the inverse of
(>(\)1 if)’ we can write g = (¢} e5) as a product in KAN. O

_ In general, we will be interested in subgroups I' < SL (R), and their images
I'in T € PSLy(R), i.e.
r

INORES S

We are mainly interested in the case I' = SLy(Z), or a subgroup of finite index.

f:

Definition (Modular group). The modular group is

_ SLy(Z)
- =D

PSL,(Z)
There are two particularly interesting elements of the modular group, given

by
0 -1 1 1
s=x(0 ). 1-x(1 ).

Then we have T'(z) = 2+ 1 and S(z) = —1. One immediately sees that T has
infinite order and S? =1 (in PSLy(Z)). We can also compute

1 -1
rs-x (! )
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and
(TS)*=1.

The following theorem essentially summarizes the basic properties of the modular
group we need to know about:

Theorem. Let

1 1
D{ZGH:2§Rez§2,|z|>1}u{z€7-l:|z1,Re(z)20}.

Then D is a fundamental domain for the action of T' on #, i.e. every orbit
contains exactly one element of D.

The stabilizer of z € D in T is trivial if z # 4, p, and the stabilizers of ¢ and p
are

- Z - Z
Finally, we have I' = (S, T) = (S, TS).

In fact, we have

[ =(ST|S*=(TS)*=e),

but we will neither prove nor need this.
The proof is rather technical, and involves some significant case work.

Proof. Let I'* = (S, T) C T. We will show that if z € H, then there exists v € ['*
such that v(z) € D.
Since z € R, we know Z 4+ Zz = {cz + d : ¢,d € Z} is a discrete subgroup of
C. So we know
{lez+d|:c,d €7}

is a discrete subset of R, and is in particular bounded away from 0. Thus, we

know Im(2)
m(z a b =
= e = (0 3) e}

is a discrete subset of R+ and is bounded above. Thus there is some v € I'*
with Im~(z) maximal. Replacing v by T™v for suitable n, we may assume
[Rey(:)[ < b.

We consider the different possible cases.
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- If |v(2)] < 1, then
-1 Im~(z)

Im Sv(z) = Im@ =~ TR

> Im~(2),
which is impossible. So we know |y(z)| > 1. So we know 7(z) lives in the
closure of D.

— If Re(v(2)) = —3, then Ty(2) has real part +3, and so T'(y(z)) € D.

~ If =1 < Re(z) <0and |y(z)| = 1, then |Sy(z)| = 1 and 0 < Re Sv(z) < 3,
ie. Sy(z) € D.

So we can move it to somewhere in D.

We shall next show that if 2,2’ € D, and 2’ = vy(z) for v € T, then z = 2.
Moreover, either

- v=1;0r

— z=1dand y=S5;or

—z=pandy=TS or (TS)>.

It is clear that this proves everything.
To show this, we wlog

Im z o1
=———>Imz
lez 4+ d|? —

_f(a b
Y= c d ’
and we also wlog ¢ > 0.
Therefore we know that |cz + d| < 1. In particular, we know

V3

1> Im(cz +d) = cIm(z) > e

Im(z")

where

since z € D. Soec=0or 1.
— If ¢c=0, then

1 m
=+ 1)

for some m € Z, and this 2’ = z + m. But this is clearly impossible. So we
must have m =0, z = 2/, v =1 € PSLy(Z).

— If ¢ =1, then we know |z + d| < 1. So z is at distance 1 from an integer.
As z € D, the only possibilities are d = 0 or —1.

o If d =0, then we know |z| = 1. So

_fa -1
T=\1 o
for some @ € Z. Then 2’ =a — % Then
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x either a = 0, which forces z =4, y = S; or
* a=1, andz’:lf%,whichimpliesz:z/:pand’y:TS.

o If d = —1, then by looking at the picture, we see that z = p. Then
lez+d| =1]z—-1] =1,

and so

Imz =Imz = @
2

So we have 2’ = p as well. So

ap+b
p—1

)

which implies
P’ —(a+1)p—b=0

Sop=—1,a=0, and v = (TS)>. O

Note that this proof is the same as the proof of reduction theory for binary
positive definite binary quadratic forms.

What does the quotient I' \ N look like? Each point in the quotient can be
identified with an element in D. Moreover, S and T identify the portions of
the boundary of D. Thinking hard enough, we see that the quotient space is
homeomorphic to a disk.

An important consequence of this is that the quotient I'\ A has finite invariant
measure.

Proposition. The measure
_dzdy
Y2

dp
is invariant under PSLa(R). If I' € PSL2(Z) is of finite index, then pu(I'\H) < co.

Proof. Consider the 2-form associated to pu, given by

_dzAdy  idzAdz

2 2(Imz2)?’
We now let
a b
<C d) € SLQ(R)
Then we have
Ty (z) = Im z
NE= lez +dJ?’
Moreover, we have
dy(z)  alcz+d)—claz+b) 1
dz (cz+d)? ~ (ez+d)?

Plugging these into the formula, we see that n is invariant under ~.
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Now if I' < PSLy(Z) has finite index, then we can write PSLy(Z) as a union
of cosets

PSLy(Z H Vs

where n = (PSLy(Z) : T'). Then a fundamental domain for T is just

and so
pw(C\ H) =Y u(iD) = nu(D).

So it suffices to show that (D) is finite, and we simply compute

Yy=00
1(D) = /dxdy / / da:dy < 0. 0
vae Y

It is an easy exercise to show that we actually have

™

D)= —.
wD) =3
We end with a bit terminology.

Definition (Principal congruence subgroup). For N > 1, the principal congru-
ence subgroup of level N is

T(N)={y€eSLy(Z): y=1 (mod N)} = ker(SLy(Z) — SLy(Z/NZ)).

Any I" C SLo(Z) containing some I'(V) is called a congruence subgroup, and its
level is the smallest N such that I' D I'(N)

This is a normal subgroup of finite index.

Definition (I'g(N), I'1 (IV)). We define

To(N) = {(‘CL Z) €SLy(Z):c=0 (mod N)}
" I‘l(N):{<z Z) €SLy(Z):c=0,d=1 (mod N)}.

We similarly define T%(N) and T''(N) to be the transpose of I'q(N) and T'; (V)
respectively.

Note that “almost all” subgroups of SLy(Z) are not congruence subgroups.
On the other hand, if we try to define the notion of congruence subgroups in
higher dimensions, we find that all subgroups of SL,,(Z) for n > 2 are congruence!
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5 Modular forms of level 1

5.1 Basic definitions

We can now define a modular form. Recall that we have SLy(Z) = T'(1).

Definition (Modular form of level 1). A holomorphic function f:H — C is a
modular form of weight k € Z and level 1 if

(i) For any

we have

F(4(2)) = (cz + )" f(2).
(ii) f is holomorphic at co (to be defined precisely later).

What can we deduce about modular forms from these properties? If we take
v = —1, then we get
f(z) = (=D)*f(2).

So if k is odd, then f = 0. So they only exist for even weights. If we have even
weights, then it suffices to consider I' = (S, T"). Since

f(z) = (cz +d) ™" f(1(2))

is a group action of T'(1) on functions on H, it suffices to check that f is invariant
under the generators S and T. Thus, (i) is equivalent to

Fe+1) = f(z), f(=1/2)=2"f(2).

How do we interpret (ii)? We know f is Z-periodic. If we write ¢ = e2™#, then
we have z € H iff 0 < |¢| < 1, and moreover, if two different z give the same g,
then the values of f on the two z agree. In other words, f(z) only depends on g,
and thus there exists a holomorphic function f(g) on {0 < |g| < 1} such that

f(e™) = f(2).
Explicitly, we can write

~ 1
= —1 .
flo=f (2m. ogq)
By definition, f is a holomorphic function on a punctured disk. So we have a

Laurent expansion
oo

f@=3 ana".

n=—oo

called the Fourier expansion or q-expansion of f. We say f is meromorphic
(resp. holomorphic) at oo if f is meromorphic (resp. holomorphic) at ¢ = 0.

In other words, it is meromorphic at oo if a,,(f) = 0 for n sufficiently negative,
and holomorphic if a,(f) = 0 for all n > 0. The latter just says f(z) is bounded
as Im(z) — oo.

The following definition is also convenient:
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Definition (Cusp form). A modular form f is a cusp form if the constant term
ap(f) is 0.

We will later see that “almost all” modular forms are cusp forms.

In this case, we have
[= Z an(f)q".

n>1

From now on, we will drop the ~, which should not cause confusion.

Definition (Weak modular form). A weak modular form is a holomorphic form
on H satisfying (i) which is meromorphic at co.

We will use these occasionally.

The transformation rule for modular forms seem rather strong. So, are there
actually modular forms? It turns out that there are quite a lot of modular forms,
and remarkably, there is a relatively easy way of listing out all the modular
forms.

The main class (and in fact, as we will later see, a generating class) of modular
forms is due to Eisenstein. This has its origin in the theory of elliptic functions,
but we will not go into that.

Definition (Eisenstein series). Let k > 4 be even. We define

1 ! 1

m,n€’ (m,n)€Z2
(m,n)7(0,0)

Here the ZI denotes that we are omitting 0, and in general, it means we
don’t sum over things we obviously don’t want to sum over.

When we just write down this series, it is not clear that it is a modular form,
or even that it converges. This is given by the following theorem:

Theorem. Gy is a modular form of weight & and level 1. Moreover, its ¢-
expansion is

Gr(z)=2¢(k) | 1 — %]Z de—l(n)qn ) (1)
n>1
where
or(n) = > d.
1<d|n

Convergence of the series follows from the following more general result. Note
that since z ¢ R, we know {1, z} is an R-basis for C.

Proposition. Let (e1,--- ,eq) be some basis for R?. Then if r € R, the series

!/
> llmuer+ -+ maeq|| ™"

meZ4d

converges iff r > d.
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Proof. The function

(.’L'Z) € Rd —

E Li€;
=1

is a norm on R?%. As any 2 norms on R¢ are equivalent, we know this is equivalent

to the sup norm || - ||so. So the series converges iff the corresponding series
!/
> lml
mezad

converges. But if 1 < N < Z, then the number of m € Z? such that |[m|l, = N
is (2N + 1) — (2N — 1)% ~ 29dN9~1. So the series converges iff

Z Nerdfl

N>1
converges, which is true iff r > d. O

Proof of theorem. Then convergence of the Eisenstein series by applying this
to R? = C. So the series is absolutely convergent. Therefore we can simply
compute
/
1
G 1) = = Gr(2).
D =D e myr = Oh)

,n

Also we can compute

eh (—i) = Z = (_mzjm)k = G (2).

m,n

So Gy, satisfies the invariance property. To show that Gy is holomorphic, and

holomorphic at infinity, we’ll derive the g-expansion (1). O
Lemma.
= 1 (—2mi)* - k—1 _2mid
— d Tiadw
n;) (n+w)f  (k—1)! ; ‘

for any w € H and k > 2.

There are (at least) two ways to prove this. One of this is to use the series
for the cotangent, but here we will use Poisson summation.

Proof. Let
1
We compute
R o] e—27riwy
= —— dx.
f(y) /—oo(»’C—Fw)k T

We replace this with a contour integral. We see that this has a pole at —w. If
y > 0, then we close the contour downwards, and we have

£ —2miyz —oriu)k-1
f(y) = —2miRes.—_, e _ _2m.( TiY)

(z + w)F k- 1)

2miyw
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If y < 0, then we close in the upper half plane, and since there is no pole, we
have f(y) = 0. So we have

o

£ k—1 27rzdw
2. e - =) fd= k Z d
n=-—0oo nez deZ d>1
by Poisson summation formula. O

Note that when we proved the Poisson summation formula, we required f
to decrease very rapidly at infinity, and our f does not satisfy that condition.
However, we can go back and check that the proof still works in this case.

Now we get back to the Eisenstein series. Note that since k is even, we can
drop certain annoying signs. We have

722n’“+2zz (n + mz)k

n>1 m>1n€eZ
271'2
_ 2<— _|_2 § § k 1 dm
m>1 Td>1

= 2¢(k) Qm Zak 1

Then the result follows from the fact that
1 « B

C(k) = _5(27(1) k'

So we see that GG is holomorphic in H, and is also holomorphic at co.
It is convenient to introduce a normalized Eisenstein series

Definition (Normalized Eisenstein series). We define
Ei(2) = (2((k)) "' Gi(2)

B S
n>1
1 1
_5( Z)l (mz +n)k’

m,n€”z

The last line follows by taking out any common factor of m,n in the series
defining GY.

Thus, to figure out the (normalized) Eisenstein series, we only need to know
the Bernoulli numbers.

Example. We have

1 ~1 1 ~1
By = - By = — Bg = — S
276 17 307 67 42 8730
5 —631 7
By = — Bl = —— B, = —
10 667 12 27303 14 6
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Using these, we find

Ey=1+240) o3(n)q"
Eg=1-504) o5(n)q"
Eg =1+ 480 Z or(n)q"
Fip=1-—264 Z o9(n)q"
65520
Eip=1+—r n
12 + 691 o11(n)g

E14 =1- 242013(70(]”

We notice that there is a simple pattern for k& < 14, except for k = 12.
For more general analysis of modular forms, it is convenient to consider the
following notation:

Definition (Slash operator). Let

a b o +
(C d)—’YEGLQ(R), z €H,

and f:H — C any function. We write
Jjlv,2) =cz+d.
We define the slash operator to be
(fILW)(Z) = (det)"?j (7, 2)* F (v ()

Note that some people leave out the det v¥/2 factor, but if we have it, then
whenever v = Ia, then

f]\cw = sgn(a)" f,

which is annoying. In this notation, then condition (i) for f to be a modular
form is just

flv=1f
k

for all v € SLy(Z).
To prove things about our j operator, it is convenient to note that

g G) =7J(r2) (7(1»2)) :

(i) 5(vd,2) = j(v,9(2))j(d, z) (in fancy language, we say j is a 1-cocycle).

—~
*
~—

Proposition.
(ii) j(y~"2) =gy, M=)
(iii) v : ¢ — f|vyis a (right) action of G = GLy(R)" on functions on H. In
k

other words,

fly]0 = fl(v9).
k k k
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Note that this implies that if if ' < GLa(R)™ and T' = (v, , V) then
flv=f<flyvi=fforalli=1--- ,m.
k k

The proof is just a computation.

Proof.
(i) We have

o (751(2,)) s <i> 62y (5(1Z)> =7(6,2)j(7,0(2)) <i>

(ii) Take 6 =~ 1.
(iii) We have
((f]m)]0)(2) = (det 8)M2j (6, z)*’“(fp)(é(z))

= (det 6)"/25(8, ) (det )*25(7,8(2)) * f(v6(2))
= (dety6)"2j(~0, 2)7F f(70(2))
= (f]|€75)(Z)~ O

Back to the Eisenstein series. G, arise naturally in elliptic functions, which
are coeflicients in the series expansion of Weierstrass p function.

There is another group-theoretic interpretation, which generalizes in many
ways. Consider

T(1)a = {i (é ’11) ‘ne z} <T(1) = SLy(Z),
which is the stabilizer of co. If
1 n
5=+ (0 1) €T(1) s,

then we have
307, 2) = j(0,7(2))i (v, 2) = £j(7, 2).
So j(7, 2)? depends only on the coset I'(1)s.y. We can also check that if

a b a v
Fy* <C d)7 ’yf <cl d/> EF(l)v

then T'(1) ooy = T'(1) ooy iff (¢,d) = £(, d).
Moreover, ged(c, d) = 1 iff there exists a, b such that

a b
c d

-

We therefore have
By(z)= >, inah
YEN (L)oo \I'(1)
where we sum over (any) coset representatives of I'(1) .
We can generalize this in two ways. We can either replace j with some other
appropriate function, or change the groups.
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5.2 The space of modular forms

In this section, we are going to find out all modular forms! For k € Z, we write
My, = Mi(T'(1)) for the set of modular forms of weight k (and level 1). We have
Sk € Sk(I'(1)) containing the cusp forms. These are C-vector spaces, and are
zero for odd k.

Moreover, from the definition, we have a natural product

My, - My © M.

Likewise, we have

Sk - My C Sk
We let
M, =P M, S.=EP Sk
keZ Kz

Then M, is a graded ring and S, is a graded ideal. By definition, we have
Sk = ker(ao My — (C)

To figure out what all the modular forms are, we use the following constraints
on the zeroes of a modular form:

Proposition. Let f be a weak modular form (i.e. it can be meromorphic at co)
of weight k and level 1. If f is not identically zero, then

1

k
3 ord, f +ordeo (f) = —

S orday(f) |+ yordi(f) + =

) 2
z20€D\{4,p}
where ordy f is the least r € Z such that a,.(f) # 0.

Note that if v € T'(1), then j(v, 2) = cz+d is never 0 for z € H. So it follows
that ord, f = ord, () f.
We will prove this using the argument principle.

Proof. Note that the function f(g) is non-zero for 0 < |g| < & for some small &
by the principle of isolated zeroes. Setting

€ = e—27rR

b

we know f(z) #0if Imz > R.
In particular, the number of zeroes of f in D is finite. We consider the
integral along the following contour, counterclockwise.

—3+iR 14iR

p-e o p
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We assume f has no zeroes along the contour. Otherwise, we need to go around
the poles, which is a rather standard complex analytic maneuver we will not go
through.

For ¢ sufficiently small, we have

I'(z) = 27 or
/pf(z) dz =2 > .y s

20€D\{i,p}

by the argument principle. Now the top integral is

7%7LR f/
/ —dz = —/ —— dg = —2miord f.
yrin [ jal== ()

As L has at worst a simple pole at z = 4, the residue is ord; f. Since we are
integrating along only half the circle, as € — 0, we pick up

P%“E:I

—mires = —miord; f.

Similarly, we get —%m’ ord, f coming from p and p?.
So it remains to integrate along the bottom circular arcs. Now note that
Sz —% maps C to C’ with opposite orientation, and

df(Sz) dz df(z)

f(S2) z f(2)
as
f(5z) = 2" f(2).
So we have
! ! !/
/—I— f—dz: fdz—(kdz—l—dz)——k: dz
c Jo f o f z ! o Z
— k/ dz
o
_ ik
6
So taking the limit ¢ — 0 gives the right result. O

Corollary. If k < 0, then M;, = {0}.
Corollary. If kK =0, then My = C, the constants, and Sy = {0}.

Proof. If f € My, then g = f — f(1). If f is not constant, then ord; g > 1, so
the LHS is > 0, but the RHS is = 0. So f € C.
Of course, ap(f) = f. So Sy = {0}. O

Corollary.

k
. < L
dim M, <1+ 5

In particular, they are finite dimensional.
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Proof. We let fo, -, fa be d+ 1 elements of My, and we choose distinct points
21, ,24 € D\ {4, p}. Then there exists Ag, -, g € C, not all 0, such that

d
F=Y \ifi
1=0

vanishes at all these points. Now if d > %, then LHS is > % So f=0. So (f;)

are linearly dependent, i.e. dim Mj < d + 1. O

Corollary. My = {0} and M}, = CE}, for 4 < k < 10 (k even). We also have
Eg = EZ and E10 = E4E6.
Proof. Only My = {0} requires proof. If 0 # f € Ms, then this implies
P
2 3 6

for integers a, b, ¢ > 0, which is not possible.

Alternatively, if f € Ma, then f? € My and f3 € Mg. This implies E3 = EZ,
which is not the case as we will soon see.

Note that we know Eg = E3, and is not just a multiple of it, by checking the
leading coefficient (namely 1). O

Corollary. The cusp form of weight 12 is
E} —E2=(14+240g+---)> — (1 —504q+---)?> = 1728¢ + - -- .
Note that 1728 = 123.
Definition (A and 7).
E3 _ E2
A=2__5 " e Sio.
1728 ;T(")q & o

This function 7 is very interesting, and is called Ramanujan’s T-function. It
has nice arithmetic properties we’ll talk about soon.
The following is a crucial property of A:

Proposition. A(z) # 0 for all z € H.

Proof. We have
1 1 k
E ord,, A + iordiA—l— gordpA—&—ordooA =—=1.

12
207#1,p

Since ord, A =1, it follows that there can’t be any other zeroes. O
It follows from this that

Proposition. The map f — Af is an isomorphism Mj_12(I'(1)) — Si(T'(1))
for all k£ > 12.

Proof. Since A € Sy, it follows that if f € My_q, then Af € Si. So the map
is well-defined, and we certainly get an injection Mj_15 — Si. Now if g € Si,
since ordeg A = 1 < ordeo g and A # H. So £ is a modular form of weight
k—12. O
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Thus, we find that
Theorem.
(i) We have
0 k <0 ork odd

dim M(T(1)) = < [ & ] kE>0k=2 (mod 12)
1+ L%J otherwise

(ii) If £ > 4 and even, then
My = Sy, @ CE}.
(iii) Every element of My is a polynomial in E, and Eg.

(iv) Let

b 0 k=0 (mod4)
S|l k=2 (mod4)’

Then ' )
{hy = ATESESF20/ 0 < < dim My}

is a basis for M}, and
{hj :1<j < dim My}
is a basis for Sj.
Proof.

(ii) Sk is the kernel of the homomorphism My — C sending f +— ag(f). So the
complement of Sy has dimension at most 1, and we know E}, is an element
of it. So we are done.

(i) For k < 12, this agrees with what we have already proved. By the
proposition, we have
dika_lg = dim Sk.

So we are done by induction and (ii).

(iii) This is true for k < 12. If k > 12 is even, then we can find a,b > 0 with
4a + 6b = k. Then E¢EY € My, and is not a cusp form. So

My, = CE{ES & AMy_ 5.
But A is a polynomial in Ey4, Fg, So we are done by induction on k.

(iv) By (i), we know k — 12§ — 6k > 0 for j < dim M}, and is a multiple of 4.
So hj € Mj. Next note that the g-expansion of h; begins with ¢7. So they
are all linearly independent. O

So we have completely determined all modular forms, and this is the end of
the course.

42



5  Modular forms of level 1 IIT Modular Forms and L-functions

5.3 Arithmetic of A
Recall that we had

and we knew

In fact, more is true.
Proposition.
(i) 7(n) € Z for all n > 1.
(ii) 7(n) = o11(n) (mod 691)

The function 7 satisfies many more equations, some of which are on the
second example sheet.

Proof.

(i) We have
1728A = (1 +240A43(q))® — (1 — 50445(q))?,

where

A, = Z or(n)q".

n>1

We can write this as
1728A = 3 - 240A;3 + 3 - 2407 A3 + 2403 A3 + 2 - 504 A5 — 5042 A2.
Now recall the deep fact that 1728 = 123 and 504 = 21 - 24.
Modulo 1728, this is equal to
720A5 + 1008 As5.

So it suffices to show that

503 + Tos(n) =0 (mod 12).
In other words, we need

5d* +7d° =0 (mod 12),

and we can just check this manually for all d.

(if) Consider
Ef =1+ bug"

n>1

with b,, € Z. We also have

65520
Eip =14+ —— > o11(n)q".
691
n>1
Also, we know

Fiy — Ei’ € 512.

43



5  Modular forms of level 1 IIT Modular Forms and L-functions

So it is equal to AA for some A € Q. So we find that for all n > 1, we have

665520

6971011(71) — by, = A7(n).

In other words,
655200, (n) — 691b,, = p7(n)
for some 7 € Q.
Putting n =1, we know 7(1) =1, 011(1) =1, and by € Z. So p € Z and
= 65520 (mod 691). So for all n > 1, we have
65520011(n) = 655207(n) (mod 691).

Since 691 and 65520 are coprime, we are done. O

This proof is elementary, once we had the structure theorem, but doesn’t
really explain why the congruence is true.

The function 7(n) was studied extensively by Ramanujan. He proved the 691
congruence (and many others), and (experimentally) observed that if (m,n) = 1,
then

T(mn) = 7(m)7(n).

Also, he observed that for any prime p, we have

I7(p)| < 2p"*/2,

which was a rather curious thing to notice. Both of these things are true, and
we will soon prove that the first is true. The second is also true, but it uses deep
algebraic geometry. It was proved by Deligne in 1972, and he got a fields medal
for proving this. So it’s pretty hard.

We will also prove a theorem of Jacobi:

oo
A=q]J-qg*
n=1
The numbers 7(p) are related to Galois representations.

Rationality and integrality

So far, we have many series that have rational coefficients in them. Given any
subring R C C, we let My(R) = My (T'(1), R) be the set of all f € My, such that
all a,(f) € R. Likewise, we define S(R). For future convenience, we will prove
a short lemma about them.

Lemma.

(i) Suppose dim My = d+ 1 > 1. Then there exists a basis {g; : 0 < j < d}
for Mj, such that

- gj € My(Z) for all j €{0,---,d}.
— an(g;) = 0p; for all j,n € {0,---,d}.

ii) For any R, Mj(R) = R4 generated by {g;}.
j
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Proof.

(i) We take our previous basis hj = AngEik712j76b)/4 € My(Z). Then we
have ay,(hy) =1, and a;(h,) = 0 for all j < n. Then we just row reduce.

(ii) The isomorphism is given by
My(R) +— R!

f— (an(f))

d

Z cjgj < (¢cn)

=0
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6 Hecke operators

6.1 Hecke operators and algebras

Recall that for f: H — C, v € GL2(R)" and k € Z, we defined

(f]Lv)(Z) = (det7)*2j(v, 2)* f(v(2)),

where

v = (a Z) iy, 2) = cz+d.

c

We then defined

My ={f: f|y=f for all ¥ € T'(1) + holomorphicity condition}.
k

We showed that these are finite-dimensional, and we found a basis. But there
is more to be said about modular forms. Just because we know polynomials
have a basis 1,z,z2,--- does not mean there isn’t anything else to say about
polynomials!

In this chapter, we will figure that M} has the structure of a module for
the Hecke algebra. This structure underlies the connection with arithmetic, i.e.
Galois representations etc.

How might we try to get some extra structure on M;? We might try to see
what happens if we let something else in GL2(R)™ act on f. Unfortunately, in
general, if f is a modular form and v € GLy(R)™, then g = f|v is not a modular

k

form. Indeed, given a 6 € I'(1), then it acts on g by

gl6 = flve = (flvov ")y
k k k

and usually y0y~1 € T'(1). In fact the normalizer of T'(1) in GL2(R)™ is generated
by I'(1) and al for a € R*.

It turns out we need to act in a smarter way. To do so, we have to develop
quite a lot of rather elementary group theory.

Consider a group G, and I' < G. The idea is to use the double cosets of T’
defined by

Igl' = {vgy':7,7" €T}
One alternative way to view this is to consider the right multiplication action of

G, hence I' on the right cosets I'g. Then the double coset I'gI" is the union of
the orbits of I'g under the action of I'. We can write this as

Iyl =[] Ty
i€l

for some g; € gI' C G and index set 1.

In our applications, we will want this disjoint union to be finite. By the
orbit-stabilizer theorem, the size of this orbit is the index of the stabilizer of I'g
in T'. Tt is not hard to see that the stabilizer is given by I' N g~ 'I'g. Thus, we
are led to consider the following hypothesis:

Hypothesis (H): For all g € G, (T : TNg~'Tg) < cc.
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Then (G,T') satisfies (H) iff for any g, the double coset I'gI' is the union of
finitely many cosets.
The important example is the following:

Theorem. Let G = GL2(Q), and T' C SLy(Z) a subgroup of finite index. Then
(G,T) satisfies (H).

Proof. We first consider the case T' = SLo(Z). We first suppose
g= (CCL 2) € Maty(Z),
and det g = =N, N > 1. We claim that
g~'TgnT 2 T(N),
from which it follows that
(T:TNg 'TI'g) < .

So given v € I'(IV), we need to show that gyg~! € T, i.e. it has integer coefficients.

We consider
a b d —b\ _ .
(C d) (—c a):NI:O (mod N).

_ a b d —b
+N-979 = (c d) v (—c a )
must have integer entries. Now in general, if ¢’ € GL2(Q),

So we know that gyg~!

then we can write

1

Mg

for g with integer entries, and we know conjugating by ¢g and ¢’ give the same
result. So (G,T') satisfies (H).

/

g:

The general result follows by a butterfly. Recall that if (G : H) < oo and
(G: H') < o0, then (G: HNH') < co. Now if I' C T'(1) = SLy(Z) is of finite
index, then we can draw the diagram

g 'T(l)g

finite wte ﬁry Wte
g 'Tyg

Each group is the intersection of the two above, and so all inclusions are of finite
index. O
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Note that the same proof works for GLy(Q) for any N.

Before we delve into concreteness, we talk a bit more about double cosets.
Recall that cosets partition the group into pieces of equal size. Is this true for
double cosets as well? We can characterize double cosets as orbits of I' x I" acting
on G by

(7,6) -9 =~g6"".

So G is indeed the disjoint union of the double cosets of T'.

However, it is not necessarily the case that all double cosets have the same
size. For example |T'el’| = |T'|, but for a general g, [T'gI"| can be the union of
many cosets of IT".

Our aim is to define a ring H(G,T") generated by double cosets called the
Hecke algebra. As an abelian group, it is the free abelian group on symbols
[[CgT] for each double coset [I'gl']. It turns out instead of trying to define a
multiplication for the Hecke algebra directly, we instead try to define an action
of this on interesting objects, and then there is a unique way of giving H(G,T')
a multiplicative structure such that this is a genuine action.

Given a group G, a G-module is an abelian group with a Z-linear G-action.
In other words, it is a module of the group ring ZG. We will work with right
modules, instead of the usual left modules.

Given such a module and a subgroup I' < G, we will write

M" ={me& M :my=mforall y €T}

Notation. For g € G and m € MT, we let

m|[Tgl] = > " mgi, ()
=1
where .
Iyl =[] .

i=1

The following properties are immediate, but also crucial.
Proposition.
(i) m|[T'¢gT"] depends only on I'gT".
(i) m|[Tgl] € M*.
Proof.

(i) If g, = vig; for »; € ', then

> mgl=> myigi =Y myg

asm e M.
(if) Just write it out, using the fact that {I'g;} is invariant under I. O

Theorem. There is a product on H(G,T') making it into an associative ring,
the Hecke algebra of (G,T'), with unit [T'el'] = [I'], such that for every G-module
M, we have M" is a right H(G,T')-module by the operation ().

48



6 Hecke operators IIT Modular Forms and L-functions

In the proof, and later on, we will use the following observation: Let Z[I'\ G]
be the free abelian group on cosets [I'g]. This has an obvious right G-action by
multiplication. We know a double coset is just an orbit of I' acting on a single
coset. So there is an isomorphism between

0:H(G,T)—Z[l'\G).

given by
[gT] = [Tgil,

where

Tgl =[] Tg:.
Proof. Take M = Z[T"\ G], and let

Iyl =[] Ty

rhl = [ Th;.
Then

> gl e M,

(2

and we have

Z[ng]\[FhF] = Z[nghj] e M,

% 1,7
and this is well-defined. This gives us a well-defined product on H(G,T'). Ex-
plicitly, we have

[TgT] - [TAT] = ©~1 | " [Tgihy
4,J
It should be clear that this is associative, as multiplication in G is associative,

and [['] = [Cel'] is a unit.
Now if M is any right G-module, and m € M, we have

m|[Cgr)|[TAT] = (Y- mg:) IIPAL] = Y mgih; = m([TgT] - [PAT)).

So M7 is a right H(G,T')-module. O

Now in our construction of the product, we need to apply the map ©~ 1. It
would be nice to have an explicit formula for the product in terms of double
cosets. To do so, we choose representatives S C G such that

G =[] ror.

geSs
Proposition. We write
Igl =[] Ty
i=1
Thl' =[] Th;.
j=1
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Then
Tgr] - [ThT) = 3 o(k)[TAT],
keS
where o (k) is the number of pairs (4, j) such that I'g;h; = k.

Proof. This is just a simple counting exercise. O

Of course, we could have taken this as the definition of the product, but we
have to prove that this is independent of the choice of representatives g; and h;,
and of S, and that it is associative, which is annoying.

6.2 Hecke operators on modular forms

We are now done with group theory. For the rest of the chapter, we take
G = GL3(Q)" and I'(1) = SLy(Z). We are going to compute the Hecke algebra
in this case.

The first thing to do is to identify what the single and double cosets are.
Let’s first look at the case where the representative lives in GLo(Z)*. We let

v e GLQ(Z)+
with
dety=mn>0.

The rows of v generate a subgroup A C Z2. If the rows of 7/ also generate the
same subgroup A, then there exists 6 € GLy(Z) with det § = £1 such that

v =07
So we have degy’ = +n, and if dety' = +n, then § € SLy(Z) = T. This gives a
bijection
2
cosets I'y such that «_ ) subgroups A C Z
v € Maty(Z), dety =n of index n
What we next want to do is to pick representatives of these subgroups;j hence
the cosets. Consider an arbitrary subgroup A C Z? = Ze; ® Zey. We let
A N ZGQ =7Z- d62
for some d > 1. Then we have
A = {aey + beg, des)

for some a > 1, b € Z such that 0 < b < d. Under these restrictions, a and b are
unique. Moreover, ad = n. So we can define

H"{(S Z) gMatz(Z):a,dzl,adn,0§b<d}.

Then

{*y € Mato(Z) : detvy = n} = H Ty.
vEln

These are the single cosets. How about the double cosets? The left hand side
above is invariant under I' on the left and right, and is so a union of double
cosets.
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Proposition.

(i) Let v € Maty(Z) and dety =n > 1. Then

_ ny 0
ryIr=r <0 nz) r
for unique ny,n9 > 1 and ng | ny, ning = n.
(i)
{’y € Maty(Z) : dety = n} = HI‘ 0 r
0 %) ’
where we sum over all 1 < ny | ny such that n = nins.

(iii) Let ~,n1,ns be as above. if d > 1, then
—1 o n1/d 0
I(d 7)I‘—F< / n2/d)r,

Proof. This is the Smith normal form theorem, or, alternatively, the fact that
we can row and column reduce. O

Corollary. The set

{[F(Tl O>F:| :T1,T2€Q>Q,TIEZ}
0 T2 T9
is a basis for H(G,T') over Z.

So we have found a basis. The next goal is to find a generating set. To do so,
we define the following matrices:
For 1 < ns | ny, we define

ny 0
T(ny,ng) = [r (01 n2> F}
For n > 1, we write

=[G )11 )

Finally, we define

In particular, we have
T(1,1)=R(1) =1=T(1),
and if n is square-free, then
T(n)=T(n,1).

Theorem.
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(i) R(mn) = R(m)R(n) and R(m)T'(n) =T(n)R(m) for all m,n > 1.
(ii) T(m)T(n) = T(mn) whenever (m,n) = 1.
(iii) T(p)T(p") = T(p"™") + pR(P)T(p"~") of r > 1.

Before we prove this theorem, we see how it helps us find a nice generating
set for the Hecke algebra.

Corollary. H(G,T) is commutative, and is generated by {T(p), R(p), R(p)~" :
p prime}.

This is rather surprising, because the group we started with was very non-
commutative.

Proof. We know that T'(n1,n2), R(p) and R(p)~! generate H(G,T'), because

@ TG )= G )

In particular, when ny | nq1, we can write

T(n1,n2) = R(ng)T ("1 1) .

n2

So it suffices to show that we can produce any T'(n, 1) from the T'(m) and R(m).
We proceed inductively. The result is immediate when n is square-free, because
T(n,1) = T(n). Otherwise,

T(n)= > T(n1,ns)
1<nz|ny
nina2=n
- ¥ R(nQ)T<”1,1)
n2
1<na|ny
ninz2=n
=T(n, 1)+ > R(ng)T<Zl,1).
1<ng|ni 2
nina=n

So {T(p), R(p), R(p)~!} does generate H(G,T), and by the theorem, we know
these generators commute. So H(G,T') is commutative. O

We now prove the theorem.
Proof of theorem.

(i) We have

(6 o=l o) =rnfe ()]

by the formula for the product.

52



6 Hecke operators IIT Modular Forms and L-functions

(i)

(iii)

Recall we had the isomorphism © : #(G,T') + Z[I'\ G]', and

O(T(n)) = Y [I]

e,
for some II,,. Moreover, {yZ? | v € II,,} is exactly the subgroups of Z? of
index n.

On the other hand,

O(T(mT(n)= Y  [I&],

6€IL,, ,y€EIL,

and
{6yZ? | § € ,,} = {subgroups of yZ? of index n}.

Since n and m are coprime, every subgroup A C Z2? of index mn is
contained in a unique subgroup of index n. So the above sum gives exactly
O(T'(mn)).
We have

oI )T(p) = > [T,

eIl r ,y€EIl,

and for fixed v € II,,, we know {§7Z? : § € II,-} are the index p” subgroups
of Z2.

On the other hand, we have
o) = > [,
66Hp7v+1

where {¢Z?} are the subgroups of Z? of index p"*!.

Every A = ¢Z? of index p"*! is a subgroup of some index p subgroup
N € 72 of index p". If A € pZ?, then A’ is unique, and A’ = A + pZ2. On
the other hand, if A C pZ?, i.e.

for some &’ of determinant p”~!, then there are (p+1) such A’ corresponding
to the (p + 1) order p subgroups of Z?2/pZ2.

So we have
O(T(p")T(p)) = > Tel+(p+1) > [Tple]
aerT+1\(pIFpT_1) E'EHpr_l
= Y [@e+p Y [IpI]
EEHPT+1 E/EHpr—l
=T +pR(p)T(p" ). O

What’s underlying this is really just the structure theorem of finitely generated
abelian groups. We can replace GLy with GLy, and we can prove some analogous
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formulae, only much uglier. We can also do this with Z replaced with any principal
ideal domain.
Given all these discussion of the Hecke algebra, we let them act on modular
forms! We write
Vi = {all functions f : H — C}.

This has a right G = GL2(Q)™ action on the right by

g: = flg.
k
Then we have My, C VI, For f € V', and g € G, we again write

Ll = [1rg:

and then we have

f|[Tgr] =Zf}|€gi eV

k

Recall when we defined the slash operator, we included a determinant in there.
This gives us

fIR(n) = f
k
for all n > 1, so the R(n) act trivially. We also define
T,=Ty: Vi =V

by
T,f =n*271f|T(n).
k

Since H(G,T') is commutative, there is no confusion by writing 7,, on the left
instead of the right.

Proposition.
(i) Tk, TETEF if (m,n) =1, and

mn—-mo.n

k  _ mk pk k—1mk
Tpr+l = TpT'Tp —Pp Tpr—l.

(ii) If f € My, then T, f € My,. Similarly, if f € Sk, then T, f € S.

(iii) We have
an(Tmf) = Z dkilamn/d2 (f)

1<d|(m,n)

In particular,
ao(Tm f) = op—1(m)ao(f).

Proof.
(i) This follows from the analogous relations for T'(n), plus f|R(n) = f.

(ii) This follows from (iii), since T, clearly maps holomorphic f to holomorphic

f.
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(iii) If r € Z, then

b
qT]LT(m) = mh/2 Z e Fexp (27rimjr + 27rier) ,

e
e|m,0<b<e

where we use the fact that the elements of II,,, are those of the form

Hm:{<a b):ae:m,0§b<e}.
0 e

Now for each fixed e, the sum over b vanishes when £ ¢ Z, and is e
otherwise. So we find

g —k _mr/e?
q7 \T(m) _ mk/Q 2 : el kq / )
k
el(n,r)
So we have

Lo =Y Y (2 g

r>0 el(m,r)

Z ek—l Z ams/d(f)qu

1<d|m

Z Z dk_lamn/d2qn7

n>0d|(m,n)

where we put n = ds. O

So we actually have a rather concrete formula for what the action looks like.
We can use this to derive some immediate corollaries.

Corollary. Let f € Mj be such that
To(f) = Af
for some m > 1 and A € C. Then
(i) For every n with (n,m) = 1, we have
amn(f) = Aan(f).
If ao(f) # 0, then A\ = op_1(m).

Proof. This just follows from above, since

an(Tmf) = Aan(f%
and then we just plug in the formula. O

This gives a close relationship between the eigenvalues of T},, and the Fourier
coefficients. In particular, if we have an f that is an eigenvector for all T),, then
we have the following corollary:

Corollary. Let 0 # f € My, and k > 4 with T,,, f = A, f for all m > 1. Then
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(i) If f € Sk, then a1(f) # 0 and
f=a(f)D Mg

n>1
(ii) If f & Sk, then
f=ao(f)Ek.
Proof.
(i) We apply the previous corollary with n = 1.

(ii) Since ao(f) # 0, we know a,(f) = ox—1(m)ay1(f) by (both parts of) the
corollary. So we have

f=ao(f)+ar(f) D or1(n)q" = A+ BE.
n>1
But since F' and Ej, are modular forms, and k£ # 0, we know A =0. O

Definition (Hecke eigenform). Let f € Si \ {0}. Then f is a Hecke eigenform
if for all n > 1, we have
for some 1,, € C. It is normalized if a1(f) = 1.

We now state a theorem, which we cannot prove yet, because there is still
one missing ingredient. Instead, we will give a partial proof of it.

Theorem. There exists a basis for Sy consisting of normalized Hecke eigenforms.

So this is actually typical phenomenal

Partial proof. We know that {7}, } are commuting operators on Sy.

Fact. There exists an inner product on Sy for which {T},} are self-adjoint.
Then by linear algebra, the {T},} are simultaneously diagonalized. O

Example. We take £k = 12, and dim S35 = 1. So everything in here is an
eigenvector. In particular,

n>1

is a normalized Hecke eigenform. So 7(n) = A,. Thus, from properties of the
T,, we know that

7(mn) = 7(m)7(n)
T(pr+1) — T(p)T(pr) _pllT(pr—l)
whenever (m,n) =1 and r > 1.

We can do this similarly for & = 16, 18, 20, 22, 26, because dim S = 1, with
Hecke eigenform f = Ej_12A.

Unfortunately, when dim Sg(I'(1)) > 1, there do not appear to be any
“natural” eigenforms. It seems like we just have to take the space and diagonalize
it by hand. For example, So4 has dimension 2, and the eigenvalues of the T;,
live in the strange field Q(+/144169) (note that 144169 is a prime), and not in Q.
We don’t seem to find good reasons for why this is true. It appears that the nice
things that happen for small values of & happen only because there is no choice.
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7 L-functions of eigenforms

Given any modular form, or in fact any function with a ¢ expansion

f=Yang" € Sk(I(1)),

n>1

we can form a Dirichlet series

L(f,s) = Z apn”°.

n>1

Our goal of this chapter is to study the behaviour of this L-function. There
are a few things we want to understand. First, we want to figure out when
this series converges. Next, we will come up with an Euler product formula
for the L-series. Finally, we come up with an analytic continuation and then a
functional equation.

Afterwards, we will use such analytic methods to understand how FEs, which
we figured is not a modular form, transforms under I'(1), and this in turns gives
us a product formula for A(z).

Notation. We write |a,,| = O(n*/?) if there exists ¢ € R such that for sufficiently
large n, we have |a,| < cn®/2. We will also write this as

|a,| < n*/2,

The latter notation might seem awful, but it is very convenient if we want to
write down a chain of such “inequalities”.

Proposition. Let f € Si(I'(1)). Then L(f,s) converges absolutely for Re(s) >
k

7+ 1

2

To prove this, it is enough to show that

Lemma. If

f=>ang" € Sp(I(1)),

n>1

then

|an| < n*/?

Proof. Recall from the example sheet that if f € Sy, then y*/2|f| is bounded on

the upper half plane. So
1 / —n 7 1dg
> g "fla)—
27 Jigl=r q

for r € (0,1). Then for any y, we can write this as

lan(f)| =

< sup [f(a+iy)| < 2y
0<z<1

1
/ e 2mn(@ ) £ (1 4 jy)da
0

We now pick y = %, and the result follows. O
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As before, we can write the L-function as an Euler product. This time it
looks a bit more messy.

Proposition. Suppose f is a normalized eigenform. Then

Lt = 1 !

1— appfs _’_pk:7172s '

p prime

This is a very important fact, and is one of the links between cusp forms and
algebraic number theory.

There are two parts of the proof — a formal manipulation, and then a
convergence proof. We will not do the convergence part, as it is exactly the same
as for {(s).

Proof. We look at

(1—app "+ 0" 72) 1+ app™® + apep > + )
r—1

=1+ Z(apr +p" a2 — apa,” " )p~ "t
r>2

Since we have an eigenform, all of those coeflicients are zero. So this is just 1.
Thus, we know

_ _ 1
L+app S +apep 2+ = 1—ayp— + ph-1-2
P

Also, we know that when (m,n) = 1, we have
Omn = GmQn,

and also a; = 1. So we can write

1
l—ayp=s+p

O

L(f,s) = H(l +app t+aypp ) = H

p p

k—1—2s"

We now obtain an analytic continuation and functional equation for our
L-functions. It is similar to what we did for the (-function, but it is easier this
time, because we don’t have poles.

Theorem. If f € Si then, L(f,s) is entire, i.e. has an analytic continuation to
all of C. Define

A(f;s) = (2m) T (s)L(f, ) = M(f(iy), 5)-

Then we have
A(f? S) = (_1)k/2A<f7 k— S)'

The proof follows from the following more general fact:

Theorem. Suppose we have a function

0# f(z) = ang",

n>1
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with a,, = O(n®) for some R, and there exists N > 0 such that
f(xa)=cf

for some k € Z~¢ and ¢ € C. Then the function

= g apn”?

n>1
is entire. Moreover, ¢? = (—1)%, and if we set
A(s) = (2m)°T'(s)L(s), &=c-i* € {#1},

then
Ak — s) = eN*7F/2A(s).

Note that the condition is rather weak, because we don’t require f to even
be a modular form! If we in fact have f € Sy, then we can take N = 1,¢ =1,
and then we get the desired analytic continuation and functional equation for

L(f,s).

Proof. By definition, we have

cf@)=f|(§5) =N (le) :

Applying the matrix once again gives
fl(0 *1)]|¢(° o) = fl( o ) =DEf),

but this is equal to ¢?f(2). So we know
= (=1

We now apply the Mellin transform. We assume Re(s) > 0, and then we have

9] 1/VN
A(f,5) = M(f(iy), s) = /0 Fliy)y ;y (/1/r / > (in)y ‘zy

By a change of variables, we have

‘ y i s s dy
fzyysf:/ f()NSyS
/0 (i) Yy v~ \Ny Yy

> - —s - c—S d
:/ cik NR/2 (f(zy)yk P 719.
1/vVN Yy

So

A(f,s) = / T i)yt eNR2sypy
1/vVN Y

where
e =ife = +1.

Since f — 0 rapidly for y — oo, this integral is an entire function of s, and
satisfies the functional equation

A(f,k—s) =eN*"3A(f, s). O
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Sometimes, we absorb the power of N into A, and define a new function
A*(f,s) = N*/2A(f,5) = eA*(f,k — 5).

However, we can’t get rid of the ¢.

What we have established is a way to go from modular forms to L-functions,
and we found that these L-functions satisfy certain functional equations. Now is
it possible to go the other way round? Given any L-function, does it come from
a modular form? This is known as the converse problemr One obvious necessary
condition is that it should satisfy the functional equation, but is this sufficient?

To further investigate this, we want to invert the Mellin transform.

Theorem (Mellin inversion theorem). Let f : (0,00) — C be a C*° function
such that

— for all N,n > 0, the function y®™ f(")(y) is bounded as y — oo; and

— there exists k € Z such that for all n > 0, we have y"** f(") (y) bounded
asy — 0.

Let ®(s) = M(f, s), analytic for Re(s) > k. Then for all o > k, we have

o+ic0
f(y) = 1/ B(s)y~" ds.

218 J oo

Note that the conditions can be considerably weakened, but we don’t want
to do so much analysis.

Proof. The idea is to reduce this to the inversion of the Fourier transform. Fix
a o > k, and define

9(x) = () € CF(R).
Then we find that for any N,n > 0, the function eN*g(")(z) is bounded as
r — 400. On the other hand, as x — —o0, we have

g(n) (z) < ZeQW(UH)ﬂf(j)(ez”)\

J=0

n

< 262w(0+j)$€—27r(j+k)x
=0

< e?ﬂ(afk)a:.

So we find that g € S(R). This allows us to apply the Fourier inversion formula.
By definition, we have

g(—t) :/ eQwaxf(€2wx)e27rz’xt dz
1 [ - dy 1

- o+t A it).

o ), Y f(y)y 5~ 2o +it)
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Applying Fourier inversion, we find

fly) =y <logy>

27
1 e .
— y—ag/ e—27rzt(logy/27r)q)(0_ + it) dt
1 g+4ioc0 (I)( ) oyq -
= — S S.
27 4

—0o0

o—100

We can now use this to prove a simple converse theorem.

L(s) = Z anpn”®

n>1

Theorem. Let

be a Dirichlet series such that a,, = O(n'?) for some R. Suppose there is some
even k > 4 such that

~ L(s) can be analytically continued to {Re(s) > £ — £} for some & > 0;
~ |L(s)| is bounded in vertical strips {oop < Res < o1} for £ < 0¢ < 0;.

— The function
A(s) = (2m)°T'(s)L(s)

satisfies
A(s) = (=1)*2A(k — s)

for§—5<Res<§+€.

Then
f= Zanq” € Si(T'(1)).

n>1

Note that the functional equation allows us to continue the Dirichlet series
to the whole complex plane.

Proof. Holomorphicity of f on H follows from the fact that a, = O(nf?), and
since it is given by a ¢ series, we have f(z+ 1) = f(z). So it remains to show

that
/ (—1) — Ff(2).

By analytic continuation, it is enough to show this for

£(2) = s
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Using the inverse Mellin transform (which does apply in this case, even if it
might not meet the conditions of the version we proved), we have

1 o+100

fin) =g [ A s
1 £ tico

=5 A(s)y=° ds

k-
E*ZOO

_1)k/2 pEtico
k

21

Pl —100

_1)k/2 pEico
= ( ) /2 A(s)y* =% ds
k

27

5 100

— v (1),

Note that for the change of contour, we need
o+iT
/ A(s)y™?ds =0
E44T

as T — oo. To do so, we need the fact that T'(o + ¢T) — 0 rapidly as T — oo
uniformly for ¢ in any compact set, which indeed holds in this case. O

This is a pretty result, but not really of much interest at this level. However,
it is a model for other proofs of more interesting things, which we unfortunately
would not go into.

Recall we previously defined the Eisenstein series 5, and found that

By(2) =1-24 o1(n)g

n>1

We know this is not a modular form, because there is no modular form of weight
2. However, Es does satisfy Fs(z 4+ 1) = E(z), as it is given by a g-expansion.
So we know that E(—1) # 22F>(z). But what is it?

We let ) E
B Zy —27n
fly) = 22 =Y or(n)em

n>1

Proposition. We have

M(f,s) = (2m)""T(s)C(s)¢(s — 1).
This is a really useful result, because we understand I" and ¢ well.

Proof. Doing the usual manipulations, it suffices to show that
Y oi(mym™ = ((s)¢(s — 1).
We know if (m,n) = 1, then

o1(mn) = o1 (m)oy(n).
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So we have
S oimym= =[O+ @+ p~ + (> +p+1)p % + ).
m>1 »

Also, we have

Q=p A+ +p *+ @ +p+Lp > +--)
1

:1+p1*s+p2725+”.:1_7pl_5.

Therefore we find
> or(m)m ™ = ((s)¢(s — 1). O

The idea is now to use the functional equation for ¢ and the inverse Mellin
transform to obtain the transformation formula for F5. This is the reverse of
what we did for genuine modular forms. This argument is due to Weil.

Recall that we defined

Ta(s) = 7=/ (g) . Z(s) =Tr(s)((s).
Then we found the functional equation
Z(s)=2Z(1—s).
Similarly, we defined
Te(s) =2(2m)7°T'(s) = Tr(s)Tr(s + 1),

where the last equality follows from the duplication formula. Then we know

s—1

(2m)7°T(s) = (2m) (s = 1) (s—1) = - Tr(s)Tr(s —1).

This implies we have the functional equation
Proposition.

s—1
47

M(f.s) = 2= 2()Z(s — 1) = —M(f,2 - s).

This also tells us the function is holomorphic except for poles at s = 0,1, 2,
which are all simple.

Theorem. We have

1 11 1
—2 - - - —1 o —2
fy)+y f(y) 51 Y Toav

Proof. We will apply the Mellin inversion formula. To justify this application,
we need to make sure our f behaves sensibly ass y — 0, 00. We use the absurdly
terrible bound
o1(m) < Z d < m?.
1<d<m
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Then we get
f(n) ) < Z m2tne—2mmy

m>1

This is certainly very well-behaved as y — oo, and is < y~» for all N. As
y — 0, this is
1 —n—3
< Gy <V
So f satisfies conditions of our Mellin inversion theorem with k = 3.
We pick any o > 3. Then the inversion formula says

o+1i00
) = —— / M(f,s)y~* ds

2mi o—100
So we have
f 1 1 o+i00 M(f ) ) g
- = — — — 8 s
Yy 2mi o—100 7 Y
-1 2—o+100 0
= — S d
2mi 2—0—100 (f’ ) 8
So we have

o+1i00 2+o+1i00
f(y)+y2f( ) 5 (/ /2 o > L 8)y~° ds.

This contour is pretty simple. It just looks like this:

Using the fact that M(f, s) vanishes quickly as |Im(s)| — oo, this is just the
sum of residues

fw) +y2f (;) = Z res M(f,s)y *°.

S=s
s0=0,1,2 ¢

It remains to compute the residues. At s = 2, we have
1 1
res M(fos) = 2@ res 2(s) = g 1= 57

By the functional equation, this implies

1
rg%M(f,s) =_—.
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Now it remains to see what happens when s = 1. We have

1 1
SrgslM(f,s) =l Z(s) rg%Z(s) =~
So we are done. O
Corollary.
1 ) 12z

Proof. We have
Ey(iy) =1 —-24f(y)

1
=1— 24y 2f () —1+ Qy_l +y 2
Y T
1 6
=y 2 <1 —24f ()) + =y 1
Yy ™

1 6
=y °E < > + -y L
iy T

Then the result follows from setting z = iy, and then applying analytic con-
tinuiation. O

2 =q [[(1—q™)*

m>1

Proof. Let D(z) be the right-hand-side. It suffices to show this is a modular
form, since S12(T'(1)) is one-dimensional. It is clear that this is holomorphic on
H, and D(z + 1) = D(z). If we can show that

D\(O*I):D,

Corollary.

then we are done. In other words, we need to show that

D <Zl) = 22D(2).

But we have

So we know

1 1
z z

dz

Il
-l
—~
N
~—
+
[y
I
[a—
@]
o
N
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So we know that .
log D <—> =log D + 12log z + ¢,
z

for some locally constant function ¢. So we have

D <_1> —412D(2) - C

z

for some other constant C. By trying z = 4, we find that C' =1 (since D(i) # 0
by the infinite product). So we are done. O
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8 Modular forms for subgroups of SLy(7Z)

8.1 Definitions

For the rest of the course, we are going to look at modular forms defined on
some selected subgroups of SLa(Z).

We fix a subgroup I' C T'(1) of finite index. For T'(1), we defined a modular
form to a holomorphic function f :#H — C that is invariant under the action of
T'(1), and is holomorphic at infinity. For a general subgroup T, the invariance
part of the definition works just as well. However, we need something stronger
than just holomorphicity at infinity.

Before we explain what the problem is, we first look at some examples. Recall
that we write I' for the image of I' in PSLy(Z).

Lemma. Let I' < T'(1) be a subgroup of finite index, and 71, ,7; be right
coset representatives of I' in I'(1), i.e.

d
(1) =]
i=1
Then
d
H D
i=1

is a fundamental domain for T'.

Example. Take

U0 = { (i 7) €51 0=0 odn)|

Recall there is a canonical map SLa(Z) — SL2(F,) that is surjective. Then I'(p)
is defined to be the inverse image of

H= {(‘b‘ 2)} < SLy(F,).

_ ISLa(F,)|
H]

So we know
(P(1) : T°(p)) = (SLa(Fy) : H) =p+1,

where the last equality follows from counting. In fact, we have an explicit choice
of coset representatives

statey) = 11 O NI 96

Thus, we also have coset representatives of I'’(p) by

=3 Yenlols-( )

For example, when p = 3, then b € {0, —1,+1}. Then the fundamental domain
is
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So in defining modular forms, we’ll want to control functions as z — 0 (in
some way), as well as when y — oco. In fact, what we really need is that the
function has to be holomorphic at all points in P*(Q) = QU {oo}. It happens
that in the case of I'(1), the group I'(1) acts transitively on Q U {oo}. So by
invariance of f under I'(1), being holomorphic at co ensures we are holomorphic
everywhere.

In general, we will have to figure out the orbits of QU {oco} under T, and then
pick a representative of each orbit. Before we go into that, we first understand
what the fundamental domain of I' looks like.

Definition (Cusps). The cusps of T' (or ') are the orbits of I on P(Q).

We would want to say a subgroup of index n has n many cusps, but this
is obviously false, as we can see from our example above. The problem is that
we should could each cusp with “multiplicity”. We will call this the width. For
example, in the fundamental domain above

p=00

0

In this case, we should count p = oo three times, and p = 0 once. One might
worry this depends on which fundamental domain we pick for I'. Thus, we will
define it in a different way. From now on, it is more convenient to talk about T
thanI'.

Since I'(1) acts on P1(Q) transitively, it actually just suffices to understand
how to define the multiplicity for the cusp of co. The stabilizer of oo in I'(1) is

.= e () D) vez).

For a general subgroup I' < T'(1), the stabilizer of oo is Too = TNT(1)_ . Then
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this is a finite index subgroup of I'(1) _, and hence must be of the form

= 1))

for some m > 1. We define the width of the cusp to be this m.
More generally, for an arbitrary cusp, we define the width by conjugation.

Definition (Width of cusp). Let a € QU {oco} be a representation of a cusp of
I'. We pick g € T'(1) with g(c0) = a. Then v(a) = a iff g~ 1yg(c0) = c0. So

s Tog =@ Toe = (£ (5 "1"))

for some mg, > 1. This m,, is called the width of the cusp « (i.e. the cusp I'a).

The g above is not necessarily unique. But if ¢’ is another, then

;L +1 n
9790 +1
for some n € Z. So m,, is independent of the choice of g.

As promised, we have the following proposition:

Proposition. Let I'" have v cusps of widths mq,--- ,m,. Then

> mi=(T(1):T).
i=1

Proof. There is a surjective map

7: T\ T(1) — cusps

given by sending - -
' y—=T-v(c0).

It is then an easy group theory exercise that |7~ ([a])| = mq. O

Example. Consider the following subgroup

rro(p){@ Z) e=0 (modp)}.

Then we have

We can compute

So ms = 1. But we also have

(4, 9)

and this gives moy = p. Since p + 1 = p = 1, these are the only cusps of I'g(p).
Likewise, for I'(p), we have ms, = p and mg = 1.
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Equipped with the definition of a cusp, we can now define a modular form!

Definition (Modular form). Let I' C SLy(Z) be of finite index, and k € Z. A
modular form of weight k on T" is a holomorphic function f : H — C such that

(i) fly=fforallyeT.
k

(ii) f is holomorphic at the cusps of T".
If moreover,

(iii) f vanishes at the cusps of T,
then we say f is a cusp form.

As before, we have to elaborate a bit more on what we mean by (ii) and (iii).
We already know what it means when the cusp is oo (i.e. it is T'oo). Now in
general, we write our cusp as 'a = I'g(00) for some g € I'(1).

Then we know
a0 1 m —~1
f=a(xp 7))o

This implies we must have

1 m 1 m —1
(0 1> or—(0 1>€g Cug.

Squaring, we know that we must have

1 2m —1
(O 1 > e€g Ta.g.

So we have
So we know

Thus, we can write

flg = fola) = (constant)q"*™ = Y~ ag.(f)q",

neZ neQ
2mne€Z

where we define

qa/b 2miaz /b

=€

Then f is holomorphic at the cusp a = g(oc0) if

agn(f) =0
for all n < 0, and vanishes at « if moreover
ag,O(f) =0.
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Note that if —I € ', then in fact

1 m —1

So the “q expansion at o” is actually series in ¢'/™.

There is a better way of phrasing this. Suppose we have g(c0) = a = ¢'(o0),
where ¢’ € GL2(Q)". Then we have

!/

g =gh

for some h € GL2(Q)™ such that h(co) = co. So we can write

a b
hzﬂ:(O c)

where a,b,d € Q and a,d > 0.
Then, we have

flg" = (flg)|h
k k k
= Z ag,n(f)qnl‘C + (8 Z)

neQ
2mnez

_ (:I:Z)k Zagm(f)qan/de%rbn/d_
n

In other words, we have

Flag=> cng™
k

n>0
for some positive r € Q. So condition (ii) is equivalent to (ii’):
(ii") For all g € GLy(Q)™, the function f|g is holomorphic at oco.
k

Note that (ii’) doesn’t involve I', which is convenient. Likewise, (iii) is
consider to
(iii’) f|g vanishes at oo for all g € GLo(Q)™.

k

We can equivalently replace GLy(Q)" with SLy(Z).

Modular form and cusp forms of weight k on I" form a vector space My (T") 2

Si(T).
Recall that for T' = T'(1) = SLy(Z), we knew M}, = 0 if k is odd, because

FI(=1) = (-D*f.
k
More generally, if —1 € ', then My = 0 for all odd k. But if —I ¢ T', then

usually there can be non-zero forms of odd weight.
Let’s see some examples of such things.
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Proposition. Let I' C I'(1) be of finite index, and g € G = GL2(Q)". Then
I = g~ 'TgNT(1) also has finite index in (1), and if f € M(T') or Si(T), then
flg € M(T") or Si(I") respectively.

k

Proof. We saw that (G,T) has property (H). So this implies the first part. Now
if v € I, then gyg~* €T. So

1

flove™ =f= flglv = flg.
k k k k

The conditions (ii’) and (iii’) are clear. O

This provides a way of producing a lot of modular forms. For example, we
can take I' = T'(1), and take
(N 0
9= o 1)-

Then it is easy to see that IV = I'o(N). So if f(z) € M(T'(1)), then f(Nz) €
My (To(N)). But in general, there are lots of modular forms in I'g(NN) that
cannot be constructed this way.

As before, we don’t have a lot of modular forms in low dimensions, and there
is also an easy bound for those in higher dimensions.

Theorem. We have

0 k<O
M’“(F):{C E=0

and .
dime My () <1+ E(F(l) : ).

for all £ > 0.

In contrast to the case of modular forms of weight 1, we don’t have explicit
generators for this.

Proof. Let
d
r(1) =[]
i=1
We let
[ € My(T),
and define
Ne= 11 flw
1<i<d *

We claim that Ny € Myq(T(1)), and Ny = 0 iff f = 0. The latter is obvious by
the principle of isolated zeroes.
Indeed, f is certainly holomorphic on H, and if v € T'(1), then

Nf}L’Y = prﬂ =Nj.

As f € M(T"), each f|~; is holomorphic at co.
k
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— If k <0, then Ny € Myq(I'(1)) =0. So f =0.
— If £ > 0, then suppose dim My(G) > N. Pick z1,---,zny € D\ {i,p}
distinct. Then there exists 0 # f € M (T") with
f(z1) == f(an) =0.

So
Ni(z1) = =Ns(zn) =0.

Then by our previous formula for zeros of modular forms, we know N < %.
So dim Mj,(T') <1+ 4.

— If k =0, then My(T") has dimension < 1. So My(T") = C. O

8.2 The Petersson inner product

As promised earlier, we define an inner product on the space of cusp forms.
We let f,g € Sg(I'). Then the function y*f(2)g(z) is I-invariant, and is

bounded on H, since f and ¢ vanish at cusps. Also, recall that d””yfly is an

GL2(R) T -invariant measure. So we can define

1 & ——dz dy
5 o AT e

where fF\H means we integrate over any fundamental domain, and v(T") is the
volume of a fundamental domain,

B drdy —— = dz dy
v(I‘)—/FH 7 —(F(l).F)/D o

The advantage of this normalization is that if we replace I by a subgroup I'/
of finite index, then a fundamental domain for I' is the union of (I' : I”) many
fundamental domains for I'. So the expression (*) is independent of T', as long
as both f,g € Si(I).

This is called the Petersson inner product.

(f,9) =

Proposition.
(i) (-, -) is a Hermitian inner product on S (T").

(i) (-, ) is invariant under translations by GLy(Q)*. In other words, if
v E GLQ(Q)+, then
(flrglm = (f,9)-

(iii) If f,g € Sk(I'(1)), then
(Tnf,9) = (f, Tag).

This completes our previous proof that the T}, can be simultaneously diago-
nalized.

Proof.
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(i) We know (f,g) is C-linear in f, and (f,g) = (g, f). Also, if (f, f) =0,
then

/ y* 2| f1? da dy = 0,
I\H

but since f is continuous, and y is never zero, this is true iff f is identically
zero.

(i) Let f' = f|y and ¢’ = g|y € Si(I"), where I = ' Ny~ 'Ty. Then
k k

g (dety)”

Tz dPF FOr(2))g(3(2)) = (Im~(2))* f(1(2))9(7(2)).

v g =y
Now Im~y(2) is just the y of v(z). So it follows that Then we have

1 _dx dy
(f'g") = / y* 19
v(IV) Dy y? 7(z)

1 / g ,—dz dy
= —x Y fg :
o(I) ~(Drr) y?

Now ~(Dr/) is a fundamental domain for 4/I"y~! = 4Ty~ T, and note that
v(T") = v(yT'y~1) by invariance of measure. So (f',¢') = (f, g).

(iii) Note that T;, is a polynomial with integer coefficients in {7, : p | n}. So it
is enough to do it for n = p. We claim that

(Tpf.9) =p* L(p+ 1)<f]\€<57 9),

where 6 € Mato(Z) is any matrix with det(d) = p.

Assuming this, we let
5% = ps—! € Mato(Z),
which also has determinant p. Now as
9 (5) =9.
we know
(Tf.9) =2~ (0 + 1(f]3.9)
P+ D(fg]07)
e+ DS, 9}L5“>

= <f7 Tpg>

[SIE

p

To prove the claim, we let

r) (5 9)rw = IT v

0<j<p
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for some ~; € I'(1). Then we have

(Tpf,9) = <Zfl|€5%g>
pE- Zfléwgl%

J
=p§‘1(p+1)<fl|€5,g>,

using the fact that g|v; = g¢. O
k

8.3 Examples of modular forms

We now look at some examples of (non-trivial) modular forms for different
subgroups. And the end we will completely characterize Ms(I'g(4)). This seems
like a rather peculiar thing to completely characterize, but it turns out this
understanding M3(T'0(4)) can allow us to prove a rather remarkable result!

Eisenstein series

At the beginning of the course, the first example of a modular form we had was
Eisenstein series. It turns out a generalized version of Eisenstein series will give
us more modular forms.

Definition (G, ). Let k > 3. Pick any vector r = (r1,73) € Q*. We define

: 1
Gr,k’(z) - Z ((m1+T1)Z+m2+T2)k’

meZ2
where 3" means we omit any m such that m +r = 0.

For future purposes, we will consider r as a row vector.
As before, we can check that this converges absolutely for £ > 3 and z € H.
This obviously depends only on r mod Z?2, and

Goi, = Gy,
Theorem.
(i) If y € I'(1), then
Gnk |7 = Gr'y,k-
k
(ii) If Nr € Z?, then Gy € Mg(T(N)).
Proof.
(i) If g € GL2(R)™ and u € R?, then

1 (det g)*/? (det g)*/?

(u1z + ug)* kg ((auy + cug)z + (buy + dug))* — (viz + vo)k

)
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where v=mn-g. So

/ 1
Gea1= 2 (s m)s + (@ e

1
a ; ((m} +77)z +mh + )k
= Gl‘%k(z)’
where m’ = m~y and r’ = r.

By absolute convergence, Gy i is holomorphic on the upper half plane.
Now if Nr € Z? and v € T'(N), then Nry = Nr (mod N). Sory =r
(mod Z?). So we have

Gr,k |’Y = Gr%k = Gr,k~
k
So we get invariance under I'(N). So it is enough to prove G,y is holo-
morphic at cusps, i.e. Gy k|7 is holomorphic at oo for all v € T'(1). So it is
k

enough to prove that for all r, G j is holomorphic at co.

We can write

1
< 2o+ D+ ) ) (my +71)z +mg + 1)k

mi+r1>0 mi+r1=0 mi1+r1<0

The first sum is

1
Z Z Z [(m1 4+ 71)z + 2] + ma)F’

mi1+r1>0 m1>—Ty szZ

We know that (mq +71)z+re2 € H. So we can write this as a Fourier series

Z Z 277 b1 g2mrad g(mar)d,

mi>—T1 d>1

We now see that all powers of ¢ are positive. So this is holomorphic.
The sum over m; + r; = 0 is just a constant. So it is fine.

For the last term, we have

S =Y Yot
—my —7T1)z — 19 —ma)k’

my1+7r1<0 m1<—7q szZ

which is again a series in positive powers of g7t 7", O

¢ functions

Our next example of modular forms is going to come from ¢ functions. We
previously defined a ¢ function, and now we are going to call it ¥3:

I3(2) =0(2) = D™ E =142 gv /2

neZ n>1
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We proved a functional equation for this, which was rather useful.
Unfortunately, this is not a modular form. Applying elements of T'(1) to ¥3
will give us some new functions, which we shall call 5 and 9.

Definition (J5 and 9,).

192(2,) _ Z mi(n+1/2)%z _ q1/8 an(n+1 _ 2q1/8 Z qn(n+1)/2

nez neEZ n>0
194(2)22( )n mnz_l+2z n n /2
nez n>1

Theorem.
(i) 94(z) = V3(z£1) and (2 + 1) = e™/%95(2).
(ii)

Proof.
(i) Immediate from definition, e.g. from the fact that ™ = 1.

(ii) The first part we’ve seen already. To do the last part, we use the Poisson
summation formula. Let

1
hala) = e @D g, (x + 2> ,

where )
e—ﬂ'tl’ .

gi(z) =

We previously saw

Guly) = 1712

R . 1
he(y) = /672””% (x + 2> dz
:/6—27ri(w—1/2)ygt(x) dz

Ty

We also have

9t (y)-

=€

So by the Poisson summation formula,

_ th th Z )nt—1/2 —mn?/t _ t_1/2194 (z) )

nez nez nez
O
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There is also a ¥1, but we have 97 = 0. Of course, we did not just invent
a funny name for the zero function for no purpose. In general, we can define
functions ¥;(u, z), and the ¥ functions we defined are what we get when we set
u = 0. It happens that ¥; has the property that

91 (u, 2) = =91 (—wu, 2),

which implies ¥4 (z) = 0.
We now see that the action of SLa(Z) send us between ¥4, ¥3 and 4, up to
simple factors.

Corollary.
(i) Let
)
F=|vi
I3
Then
-1 0 0 1 0 0 -1
F(z+1)=[0 0 1]|F, 22F<> 0 -1 0 |F
0 1 0 o -1 0 0

(ii) ¥f € My(T) for a subgroup I' < T'(1) of finite index. In particular, 97~ is
holomorphic at oo for any v € GL3(Q)™T.
Proof.

(i) Immediate from the theorem.

(ii) We know I'(1) = (S, T), where T = +({ }) and S = +(
there is a homomorphism p : I'(1) — GL3(Z) and p(—1I)

1

o )- So by (i),
I

1)
= I with

Fy = p(7)F,

where p(7) is a signed permutation. In particular, the image of p is finite,
so the kernel I' = ker p has finite index, and this is the I' we want.

It remains to check holomorphicity. But each 1J; is holomorphic at co.
Since F|v = p(y)F, we know 19?| is a sum of things holomorphic at oo,
2 2

and is hence holomorphic at co. O

It would be nice to be more specific about exactly what subgroup 19? is
invariant under. Of course, whenever v € T', then we have 19;1- |y = 19?. But in
2

fact 19? is invariant under a larger group.

To do this, it suffices to do it for ¥* = 93, and the remaining follow by
conjugation.
We introduce a bit of notation

Notation. We write
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Note that in general, Wy does not have determinant 1.
Theorem. Let f(z) = ¥(22)*. Then f(z) € M2(T¢(4)), and moreover, f|W, =
—f. :

To prove this, we first note the following lemma:

Lemma. T'y(4) is generated by

(11 (1 0\ _ 1 =1\,
1 T_<0 1), U_(4 1)—W4<0 1>W4.

Four is special. This is not a general phenomenon.

Proof. Tt suffices to prove that T'g(4) is generated by T and U = £(}9).

Let
a b
'y:i(C d) €F0(4)

s(y) = a® + b2

We let

As ¢ is even, we know a = 1 (mod 2). So s(y) > 1, and moreover s(v) = 1 iff
b=0,a==1, iff y =T" for some n.

We now claim that if s(y) # 1, then there exists § € {7+, U1} such that
s(yd) < s(v). If this is true, then we are immediately done.

To prove the claim, if s(y) # 1, then note that |a| # |2b| as a is odd.

— If |a| < |2b], then min{|b+a|} < |b|. This means s(yT*!) = a®+ (b+a)? <

s(7)-
— If |a| > |2b|, then min{|a & 4b|} < |a|, so s(yUT!) = (a £ 4b)? + b? <
s(7)- O
Proof of theorem. It is enough to prove that

fIT=fIU = f.
2 2

This is now easy to prove, as it is just a computation. Since J(z + 2) = 9(z), we
know

fLT:f(Z+1):f(Z)-

We also know that

| 1 1\*
fLW4=4(4z) 2f (42> =127 (—22) = —f(2),

(1)) "o

FIU = fIWQ| T Wy = (=1)(-1)f = f. O
2 2 2 2

as

So we have
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We look at I'g(2) and I'g(4) more closely. We have

r0(2)={(2“6 Z)}:{fyéf(l):fy:(l 1‘) modZ}.

We know |[SLo(Z/2Z)| = 6, and so (I'(1) : T'y(2)) = 3. We have coset representa-
tives
0 -1 1 0
o )00

To(2) — Z/27

ab'_)
2¢ d &

which one can directly check to be a homomorphism. This has kernel I'g(4). So
we know (T'g(2) : T9(4)) = 2, and has coset representatives

()
(o} )} o)

We can draw fundamental domains for I'°(2):

We also have a map

So

1
1
1
1
1
1
1
1
1
1 _
L-"
=

and T'0(4):

We are actually interested in I'g(2) and I'g(4) instead, and their fundamental
domains look “dual”.



8 Modular forms for subgroups of SLa(Z) IIT Modular Forms and L-functions

Consider

g(Z) == Egl(g (1)) — E2 = 2E2(2Z) — EQ(Z)

Recall that we had

Ey(z)=1-24) o1(n)q" = 2 E; (—1) _ 12

n>1

Proposition. We have g € M3(T'9(2)), and g|Ws = —g.
2

Proof. We compute
2 1
Wo=-—=g|—
s = o0 (-2

3a() e ()

1 12
= Balz) + omiz 2 <E2(2Z) * 2w - 2z>

We also have
giT =g(z+1) =g(z),

and so
gé(% 9) = 9£W2T’1W{1 =9

Moreover, ¢ is holomorphic at co, and hence so is g|Wy = —g. So g is also
2

holomorphic at 0 = Wa(00). As oo has width 1 and 0 has width 2, we see
that these are all the cusps, and so g is holomorphic at the cusps. So g €
M5(I'o(2)). D

Now we can do this again. We let
1
h=g(2z) = §gl(% V) =2F5(4z) — E2(22).

Since g € MQ(F()(Z)), this implies h € MQ(F0<4)) D) MQ(F0(2))
The functions g and h are obviously linearly independent. Recall that we

have
k(L(1): To(4))

12
So the inequality is actually an equality. We have therefore shown that

dim My (To(4)) < 1+ =2.

Theorem.

Recall we also found an f(z) = 9(22)* € M2(To(4)). So we know we must
have
f=ag+bh

for some constants a,b € C.

81



8 Modular forms for subgroups of SLa(Z) IIT Modular Forms and L-functions

It is easy to find what a and b are. We just write down the g-expansions. We
have
f=9(22)*
=(1+2¢+2¢" +--)*
=1+48q+24¢> +32¢° + - --
g =2E5(22) — Ey(2)
=1+24 Z a1(n)(q" — 2¢*™)
n>1
=1+ 24q + 24¢> + 96¢° + - --
h=g(2z)
=1+24¢> +---

By looking at the first two terms, we find that we must have

= bt 2o Y05 =145 (i (2)
k>1

where o4 (%) =0if 7 ¢ Z.
But recall that

4
f — <Z qn2> — Z q(l2+b2+(12+d2 — Z T.4<n)qn7

neZ a,b,c,d€Z neN

where r4(n) is the number of ways to write n as a sum of 4 squares (where order
matters). Therefore,

Theorem (Lagrange’s 4-square theorem). For all n > 1, we have

r4(n) =8 (Ul<n) — 4oy (g)) =8> d

d|ndtd
In particular, r4(n) > 0.

We could imagine ourselves looking at other sums of squares. For example,
we can look instead at ¥5(22)?, which turns out to be an element of M (T'1(4)),
one can get a similar formula for the number of ways of writing n as a sum of 2
squares.

We can also consider higher powers, and then get approzimate formulae for
rar(n), because the appropriate Eisenstein series no longer generate M. There
may be a cusp form as well, which gives an error term.

In general, if we have

v = (AO;C 2) € To(N),

then we find

_ R
WayWR! € (Nb ac) € To(N).
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So Wy normalizes the group I'g(N). Then if f € Mi(Io(N)), then f|Wy €
k

M. (To(N)), and this also preserves cusp forms.
Moreover, we have

as —I € Ty(N). So
M (Do(N)) = Myp(To(N))* & My (To(N))~,

where we split into the (£1)-eigenspaces for Wy, and the cusp forms decompose
similarly. This Wy is the Atkin-Lehner involution. This is the “substitute” for
the the operator S = (9 ') in T'(1).
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9 Hecke theory for I'y(V)

Note that it is possible to do this for other congruence subgroups. The key case
is

I'y(N) = {(Z Z) €SLy(Z):¢=0 (mod N),d,a=1 (mod N)}
What is special about this? There are two things

— The map (2%) + d mod N is a homomorphism I'o(N) — (Z/nZ)*, and
the kernel is T'1 (N).

So we can describe

STiN) = P SeT(V), %),

XE(Z/NT)*
where f € Si(I'1(n), x) if

f(¢4) =x(@)f for all (¢ }) € To(N).

Of course, Sk(T'1(N), Xtrivial) = Sk(To(INV)). In general, everything we can do for
T'y(N) can be done for Si(T'1(N), x)-
But why not study T'(N) itself? We can check that

((1) ](\)i'> L(N) ((1) N01> O Iy (N2),

So we can go from modular forms on I'(V) to ones on I'y (N').

For various representation-theoretic reasons, things work much better on
Ty (N).

Last time, we used in various places the matrix

0 -1
e (8 7).
Then we decomposed
Sk(To(N)) = Sk(T2(N))" @ Si(To(N)) ™,

according to the t-eigenspaces of the operator Wy. A while ago, we proved
some theorem about the function equation of L-functions.

Theorem. Let f € S;(T'o(NV))°, where e = +1. Then define

L(f,s) = Z apn”°.

n>1

Then L(f,s) is am entire function, and satisfies the functional equation

A(f,5) = (2m) T (s)L(f,s) = e(—N)¥/>A(f,k — s).

Proof. We have f|Wy = ef, and then we can apply our earlier result. O
k
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This is a rather remarkable thing. We didn’t really use much about the
properties of f.

Now we want to talk about Hecke operators on I'g(IN). These are a bit more
complicate. It is much better to understand these in terms of representation
theory instead, but that is outside the scope of the course. So we will just state
the relevant definitions and results.

Recall that a modular form of level 1 is defined by the g-expansion, and if
what we have is in fact a Hecke eigenform, then it suffices to know the Hecke
eigenvalues, i.e. the values of a,. We describe this as having “multiplicity one”.

Theorem (Strong multiplicity one for SLy(Z)). Let f,g € Sk(I'(1)) be normal-
ized Hecke eigenforms, i.e.

f‘Tp =Xf Ap = ap(f)
9T, = ppg pp = ap(g)-

Suppose there exists a finite set of primes S such that such that for all p & S,
then Ap = pp. Then f =g.

Note that since the space of modular forms is finite dimensional, we know
that the modular forms can only depend on finitely many of the coefficients. But
this alone does not give the above result. For example, it might be that as(f) is
absolutely crucial for determining which modular form we are, and we cannot
miss it out. The strong multiplicity one theorem says this does not happen.

Idea of proof. We use the functional equations
A(f k= s) = (=1)"2A(f.9)
A(ga k — S) = (71)’6/2‘/\(97 S)

So we know
L(ka_s)_L(g7k_S)
L(f,s) —  Llg,s)

Since these are eigenforms, we have an Euler product

L(f,s) =0 = Ap~ +p* 17271,
P

and likewise for g. So we obtain

H 1— )\pps—k _|_p2$—k—1 _ H 1— Mpps_k _~_p2s—k—1

1— Appfs +pk7172s - 1— ,U,ppfs +pk7172s :

p p

Now we can replace this [], with [[,.s. Then we have some very explicit
rational functions, and then by looking at the appropriate zeroes and poles, we
can actually get A, = p,, for all p. O

This uses L-functions in an essential way.

The reason we mention this here is that a naive generalization of this theorem
does not hold for, say, I'y(IV). To even make sense of this statement, we need to
say what the Hecke operators are for I'g(/V). We are going to write the definition
in a way as short as possible.
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Definition (Hecke operators on I'g(N)). If p4 N, we define

p—1
1,7 = ph (f|<g?>+zf|<éz>)
k k=0 k

which is the same as the case with I'(1).
When p | N, then we define

p—1
k_
Upf =02 FI(65)
n=0 k
Some people call this T}, instead, and this is very confusing.

We can compute the effect on g-expansions as follows — when p{ N, then
we have

an(Tpf) = anp(f) + 0 an (),
where the second term is set to 0 if p{n. If p| N, then we have
an(Upf) = anp(f)'
Proposition. T, U, send Si(I'g(N)) to Si(I'o(V)), and they all commute.
Proof. T),, U, do correspond to double coset actions
L()(59) L To(V(38) pEN
[T, To(N) (4 5) pIN

Commutativity is checked by carefully checking the effect on the g-expansions. [

Fo(N)(%S)Fo(N)={

However, these do not generate all the Hecke operators. For example, we
have Wiy!

Example. Consider S12(I'0(2)). This contains f = A(z) and
9="rF1(39)=2°A(22) = A| Wy,
12 12
using the fact that
A1) =4
k
So the matrix of W5 on span{f, g} is

(3 o)

£="7(n)g" = q - 244> + 252> — 1472¢* + - --
g= 262T(n)q27l — 26((12_’_24(14_’___.)

So we find that

We can write out

Ugg = 26f.
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It takes a bit more work to see what this does on f. We in fact have

Uaf =Y 7(2n)q" = —24q — 1472¢" + - -- = —24f — 32g.

24 64
V2= (—32 0) ‘
Now Uy and W5 certainly do not commute. So the Hecke algebra is not com-

mutative. In fact, A generates a two-dimensional representation of the Hecke
algebra.

So in fact we have

This makes life much worse. When we did Hecke algebras for I'(1), all our
representations are 1-dimensional, and we can just work with linear spans. Now
everything has higher dimensional, and things go rather wrong. Similarly, we
can consider A(dz) € S12(Fo(IN)) for any d | N, and this gives a whole bunch of
things like this.

This turns out to be the only obstruction to the commutativity of the action
of the Hecke algebra. We know Sy (T'g(N)) contains

{f(dz): f € Sk(To(M)),dM | N,M # N}.

We let S (I'g(N))° be the span of these. These are all the forms that come
from a smaller level.

Now Sk(I'o(N)) has an inner product! So the natural thing to do is to
consider the orthogonal complement of Sy (I'o(N))°'4, and call it Sy, (To(N))™ev.

Theorem (Atkin-Lehner). The Hecke algebra H(G,To(N)) fixes Si(I'o(N))™™
and Si(To(NV))°, and on Si(To(N))"e¥, it acts as a commutative subalgebra
of the endomorphism ring, is closed under adjoint, and hence is diagonalizable.
Moreover, strong multiplicity one holds, i.e. if S is a finite set of primes, and we
have {\, : p & S} given, then there exists at most one N > 1 and at most one
f € Sk(To(N), )™ (up to scaling, obviously) for which

T,f =M fforallpf N,p&S.
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10 Modular forms and rep theory

In this final chapter, we are going to talk about the relation between modular
forms and representation theory. The words “representation theory” are a bit
vague. We are largely going to talk about automorphic representations, and this
is related to Langlands programme.

Recall that f is a modular form on SLy(Z) if

(i) f is holomorphic H — C
(i) 7] = (ez+ () = () for al

y = <Z Z) € SLy(Z)

(iii) It satisfies suitable growth conditions at the cusp co.

Let’s look at the different properties in turn. The second is the modularity
condition, which is what gave us nice properties like Hecke operators. The
growth condition is some “niceness” condition, and for example this gives the
finite-dimensionality of the space of modular forms.

But how about the first condition? It seems like an “obvious” condition to
impose, because we are working on the complex plane. Practically speaking,
it allows us to use the tools of complex analysis. But what if we dropped this
condition?

Example. Recall that we had an Eisenstein series of weight 2,

Ey(2)=1-24> o1(n)q".

n>1

This is not a modular form. Of course, we have F3(z) = E2(z + 1), but we saw
that . 1
E2 <—) — Z2E2(Z) = 72 7& 0.
z 2m
However, we can get rid of this problem at the expense of making a non-
holomorphic modular form. Let’s consider the function

1
" = Tm(2) = f(z+1).

We then look at

f<1) — 22f(z) = ﬁfﬁzm:f%z.
Y Y Y

Aha! This is the same equation as that for Fy apart from a constant factor. So

if we let 3
Ea(z) = Ea(z) — -t
then this satisfies
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The term ﬂ% certainly tends to O rapidly as |z| — oo, so if we formulate the
growth condition in (iii) without assuming holomorphicity of f, then we will find
that E, satisfies (ii) and (iii), but not (i). This is an example of a non-holomorphic
modular form of weight 2.

Perhaps this is a slightly artificial example, but it is one.
Let’s explore what happens when our functions satisfy (ii) and (iii), but not

(i)
Definition (Non-holomorphic modular forms). We let W (I'(1)) be the set of
all C'*° functions H — C such that

(ii) fly=fforallveI(1)
k
(iii) f(z +iy) = O(y™) as y — oo for some R > 0, and the same holds for all
derivatives.

Note that the notation is not standard.
Before we proceed, we need to introduce some notation from complex analysis.
As usual, we write z = x + iy, and we define the operators

9 _1(0, 0
0z 2 \0x iy

9 _1/90 9
0z 2\0x ioy)’

We can check that these operators satisfy

0: _0:_ | 0z_0:_
oz 90z ' 0z 0z
Moreover, the Cauchy-Riemann equations just says % = 0, and if this holds,

then the complex derivative is just %. Thus, if we are working with potentially
non-holomorphic functions on the complex plane, it is often useful to consider
the operators % and % separately.

Using this notation, given f € Wy, we have

af _

fEM,<— —=0.
0z

So suppose f is not holomorphic, then % # 0. We can define a new operator by

20f
0z’

Note that this is slightly strange, because we have a subscript k, but the function
doesn’t depend on k. Also, we put a star up there for some reason. It turns out
there is a related operator called Ly, which does depend on k, and this L} is a
slight modification that happens not to depend on k.

This has the following properties:

Li(f) = —2iy

Proposition.

— We have L} f = 0 iff f is holomorphic.
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= If f € Wi(I'(1)), then g = L} f € Wi_o(I'(1)).
Thus, L} is a “lowering” operator.
Proof. The first part is clear. For the second part, note that we have
FO1(2)) = (e + d) ().

We now differentiate both sides with respect to z. Then (after a bit of analysis),
we find that

20f _ kO
(cz+d)” a_( ¥(2)) = (cz + d) 55"
On the other hand, we have
2
(ImA(2))* = =

lcz + d|*
So we find

P s _ of
g(v(z))——QZm(cz+d)2(cz+d) e (cz-i—d)]’C 29(2).

The growth condition is easy to check. O

Example. Consider E, defined previously. Since E, is holomorphic, we have

= 6i ,0 (1
LiEs = —ZyQ 57 ( ) = constant,

which is certainly a (holomorphic) modular form of weight 0.

In general, if L} f is actually holomorphic, then it is in My_,. Otherwise, we
can just keep going! There are two possibilities:

— For some 0 < /¢ < §7 we have
0% Li_op-+  Liy_oLyf € My_2.

— The function g = L3L} --- L. f € Wy(I'(1)), and is non-zero. In this case,
9(3(2)) = g(2) for all € SLy(2).

What does Wy(I'(1)) look like? Since it is invariant under I'(1), it is just a C*°
function on the fundamental domain D satisfying suitable C'*° conditions on the
boundary. This space is huge. For example, it contains any C*° function on D
vanishing in a neighbourhood of the boundary.

This is too big. We want to impose some “regularity” conditions. Previously,
we imposed a very strong regularity condition of holomorphicity, but this is too
strong, since the only invariant holomorphic functions are constant.

A shghtly weaker condition might be to require it is harmonic, i.e. Af =

2
gx]; + gy]; = 0. However, the maximum principle also implies f must vanish.

A weaker condition would be to require that f is an eigenfunction of A, but
there is a problem that A is not invariant under I'(1). It turns out we need a
slight modification, and take
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It is a straightforward verification that this is indeed invariant under SLy(R), i.e.

A(f(v(2)) = (AN (v(2))-

In fact, this A is just the Laplacian under the hyperbolic metric.

Definition (Maass form). A Maass form on SLa(Z) is an f € Wy(T'(1)) such
that
Af = \f

for some \ € C.

There are interesting things we can prove about these. Recall that our
first examples of modular forms came from Eisenstein series. There are also
non-holomorphic Eisenstein series.

Example. Let s € C and Re(s) > 0. We define

1 ys 1 s
E(z,s) = 5 Z W =35 Z (Im~(2))*.
(c,d)=1c,d€E v==%(} 7)ex(d 1) \PSLa(2)

It is easy to see that this converges. From the second definition, we see that
E(z,s) is invariant under I'(1), and after some analysis, this is C*° and satisfies
the growth condition.
Finally, we check the eigenfunction condition. We can check
2
2

Ay® = —y oy

(v°) = s(1 = s)y".
But since A is invariant under SLz(R), it follows that we also have
AE(z,s) = s(1 — s)E(z,s).

In the case of modular forms, we studied the cusp forms in particular. To
study similar phenomena here, we look at the Fourier expansion of f. We have
the periodicity condition

fla+iy+1) = flzx+iy).

Since this is not holomorphic, we cannot expand it as a function of e2™*. However,
we can certainly expand it as a function in e?7%®. Thus, we write

oo

fla+iy)= > Fuly)e’™.

n=—oo

This looks pretty horrible, but now recall that we had the eigenfunction condition.
Then we have

M =A==y Y (F(y) = 4mn’Fy ()™

This tells us F,,(y) satisfies the differential equation

—y?F)(y) + (A — 47°n*y?) F(y) = 0. (%)
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It isn’t terribly important what exactly the details are, but let’s look what
happens in particular when n = 0. Then we have

Y2 F) 4+ A\ = 0.
This is pretty easy to solve. The general solution is given by
Fy = AZ/S + BySIv

where s and s’ =1 — s are the roots of s(1 —s) = A.

What about the other terms? We see that if y is large, then, if we were an
applied mathematician, then we would say the AF'(y) term is negligible, and
then the equation looks like

Fl!(y) = 4r*n’F (y).

This has two independent solutions, and they are e=2™¥. It is in fact true that
the true solutions to the equation grow as e*2™ for large y. To satisfy the
growth condition, we must only pick those that grow as e™2"™¥. We call this
Kn| A (y). These are known as the Bessel functions.

Thus, we find that we have

F(2) =AY + By + > an(f)hjna(y)e’™ .
—_——
“constant term” n70

The exact form isn’t really that important. The point is that we can separate
out these “constant terms”. Then it is now not difficult to define cusp forms.

Definition (Cusp form). A Maass form is a cusp form if F; =0, i.e. A= B =0.
Similar to modular forms, we have a theorem classifying Maass cusp forms.

Theorem (Maass). Let Syaass(I'(1), A) be the space of Maass cusp forms with
eigenvalue A. This space is finite-dimensional, and is non-zero if and only if
A€ {\, :n >0}, where {\,} is a sequence satisfying

0<)\0<)\1<)\2<"'—>OO.

Given this, we can define Hecke operators just as for holomorphic forms (this
is easier as k = 0), and most of the theory we developed for modular forms carry
over.

Even though we proved all these very nice properties of these cusps forms, it
took people a lot of time to actually come up with such a cusp form! Nowadays,
we are able to compute these with the aid of computers, and there exists tables
of \’s and Hecke eigenforms.

Now recall that we had this mysterious operator

] .20
Lk = _22y2£u

which had the property that if f|y = f, then (L} f) | v= (Lif)-
k k—2

With a bit of experimentation, we can come up with something that raises
the weight.
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Definition (Rj). Define

0 1
R} =2i— + —k.
k Zaz+y

Now this has a property that

Proposition. If f|y = f, then (R;f) | v= R} f.
k k+2
Note that this time, since we are differentiating against z, the cz + d term
will be affected, and this is where the 1% term comes in.
Suppose we have f = fy € M(I'(1)). Then we can apply R to it to obtain
J1 = R} fo. We can now try to apply Ly, to it. Then we have

0 k oyt
* * .2 . .2
LiyoRif = —2iy 9 (QZf/ + yf> = —2iy k’fﬁ =—kf.
So we don’t get anything new.
But of course, we can continue in the other direction. We can recursively
obtain

Jo=Riof1, fz=Ri 4fo,-

Then we can compute Ly, ,, and Ry ,, of these, and we find that
(R*L* — L*R*) fp, = (k+2n) fp.

This looks suspiciously like the representation of the Lie algebra of sly, where we
have operators that raise and lower weights. The only slightly non-trivial part is
that this is an infinite-dimensional representation, as we can keep on raising and
(at least in general) it doesn’t get to 0.

It turns out it is much easier to make sense of this by replacing functions on
H with functions on G = SLy(R). By the orbit-stabilizer theorem, we can write
H = G/K, where

—sinf cosf

K =S0(2) = {g € SLy(R) : gi) = 1} = {m - ( cos 51“9) }

Recall that we defined the function j(v,z) = cz + d, where v = (2%). This
satisfied the property
J(v0,2) = j(7,0(2))j (6, 2).

The main theorem is the following:

Proposition. For I' C I'(1), there is a bijection between functions f : H — C
such that f|y = f for all ¥ € T', and functions ® : G — C such that ®(yg) = ®(g)
k

for all v € T and ®(gry) = e*?®(g).

The real reason of this is that such an f is a section of a certain line bundle
Ly on T\'H = T'\G/K. The point is that this line bundle can be made trivial
either by pulling to H = G/K, or to I'\G. Of course, to actually prove it, we
don’t need such fancy language. We just need to write down the map.
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Proof. Given an f, we define
O(g) = (ci+d) " f(g(i)) = j(g,9) " f(9(5))-
We can then check that
O(v9) = j(v9,9) " f(v(9(9)))
= j(v9,9) " 5(7, ()" f(g(i))
= 2(g)-

On the other hand, using the fact that 7y is in the stabilizer of i, we obtain

®(gro) = j(gre, i) kf(gre( )
= j(gre. 1) " f(g(3))
= 3(g,70(1))7(re,1) f(9(7))
= D(g)j(re,i)"
But j(rg,i) = —sinf + cosf. So we are done. O

What we can do with this is that we can cast everything in the language of
these functions on G. In particular, what do these lowering and raising operators
do? We have our C*° function ® : I'\G — C. Now if X € g = sl3(R), then this
acts on @ by differentiation, since that’s how Lie algebras and Lie groups are
related. Explicitly, we have

d

Xo=—
dt

P(geXt).
t=0

When we compute these things explicitly, we find that, up to conjugacy, L* and
R* just correspond to the standard elements

0 0 0 1
X_ = <1 0), X+ = <0 0) 65[2,

1 0
[X,, X_]=2H, H_(O 1).

and we have

Then the weight & is just corresponds to H.
What does the Laplacian correspond to? It corresponds to a certain product
of these operators, the Casimir operator, given by

1
Q=X X_+X_X; + 5HQ.

This leads to the notion of automorphic forms.

Definition (Automorphic form). An automorphic form on I' is a C°° function
® : T'\G — C such that ®(gry) = e**?®(g) for some k € Z such that

QP =\

for some A € C, satisfying a growth condition given by

d <(Cl Z) < polynomial in a, b, ¢, d.
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The condition of this being a cusp function is then

[o(( ) s

These things turn out to be exactly what we’ve looked at before.

Proposition. The set of cuspoidal automorphic forms bijects with representa-
tions of sls generated by holomorphic cusp forms f and their conjugates f, and

Maass cusp forms.
The holomorphic cusp forms f generate a representation of sly with lowest

weight; The conjugates of holomorphic cusp forms generate those with highest
weight, while the Maass forms generate the rest.

This is now completely susceptible to generalization. We can replace G, T’
with any semi-simple Lie group (e.g. SL, (R), Sp,,, (R)), and I' by some arithmetic
subgroup. This leads to the general theory of automorphic forms, and is one
half of the Langlands’ program.
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non-holomorphic modular form, 89
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Petersson inner product, 73
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