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Modular forms and their combinatorial variants - Introduction & Motivation

1 Introduction & Motivation

Modular forms are functions appearing in several areas of mathematics as well as mathematical
physics. We start directly with a rough definition of modular forms and give some explicit appli-
cations of them. In this lecture, a modular form of weight k € Z for some subgroup I' C SLy(Z)

of the modular group
a b
SLo(Z) = {(C d> ‘a,b,c,de Z ., ad - be = 1}

is a holomorphic function f € O(H) in the complex upper half-plane H = {7 € C | Im(r) > 0},
which satisfies the modular transformation property

f(ZiS):(m+dVﬂﬂ (1.1)

for all 7 € H and all <Z 2) € I together with certain growth conditions (”holomorphicity at the

cusps”). We will make this notion precise later, but in the case I' = SLo(Z) this just means that
f(it) is bounded as t — co. By M} (") we denote the C-vector space spanned by all modular forms
of weight k € Z for the subgroup I'. A common example for subgroups T are given for N > 1 (the
level) by the congruence subgroups

Do(V) = { (i Z) € SLy(2)

c=0 mod N} . (1.2)

Notice that in the level N =1 case we have I'g(1) = SL2(Z). One important fact is that (1.1)) just
needs to be checked for the generators of I'. For example, SLo(Z) is generated by the two matrices

1 1 0 -1
=) s-0 )
Therefore, a holomorphic function f (bounded at ico) satisfying

e+ =1,  f(=2)=7"1()
is already a modular form of weight k for SLy(Z).
In general, if T € ' then f(7 + 1) = f(7) and f € My(T") has a Fourier expansion

f@) = ang",  (g=€"")

n>0

for some a, € C, which are called the Fourier coefficients. That this sum starts at n = 0
is a consequence of f being bounded at ico. One of the many reasons why modular forms are
interesting/powerful are given by the following facts:

e Modular forms occur naturally in connection with problems arising in many areas of mathe-
matics and theoretical physics and the Fourier coeflicients a,, often encode the arithmetically
interesting information about a problem.

e The spaces My(T') are finite dimensional and algorithmically computable.

One common theme is the following: Assume you have some sequence of numbers a, € N (or
Q,R,C) which arise "naturally” (e.g. they count something) and you want to find an explicit
formula for them. Then in a lot of applications, where modular forms appear, the following
strategy works:
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Modular forms and their combinatorial variants - Introduction & Motivation

@ Consider the generating series G(7) = >, <, anq™.

@ Try to find k € Z, N > 1 such that G € My(I'g(NN)). Often this can be done by showing the
modular transformation property (1.1} for the generators of T'g(IN) using well-known tools
from calculus (e.g. Poisson summation formula).

@ Determine dim M (T'g(N)) = d. We will see that this can be done explicitly by using complex
analysis (residue theorem, Riemann-Roch).

@ Construct a basis of dim My (Tg(V)). Often one can construct d linearly independent elements
by using, for example, Eisenstein series. The fourier coefficients of these elements are given
explicitly.

@ Write G in terms of this basis. For this one just needs to check the first few Fourier coeflicients.

This strategy will then lead to an explicit formula for a,. We will use this strategy now to prove
two well-known theorems in classical number theory.

1.1 The four square theorem

We start by illustrating some applications coming from classical number theory. For this we start
with the following well-known theorem:

Theorem 1.1 (Theorem of Lagrange (1770)). Every positive integer is a sum of f0u7E| squares.
For example 1 =12 +02 402402 or 30 = 12 +22 4+ 32+ 42 = 02 + 12 + 22 - 52 and
2023 = 17 + 2% + 137 +43% = 3% + 3% + 187 + 417,
In particular, these examples show that the representation as a sum of four squares is not unique.
Question: In how many ways can a natural number n be written as a sum of four squares?
In other words, the question asks for an explicit formula for the function
ra(n) = # {(a,b,c,d) € Z* | n = a® + b* + > + d*} .
For example, r4(1) = 8 since
1=12402+02+0* =0+ 12+ 0*+ 0% =--- = (=12 + 02+ 0 +0* = ...
The question was answered by Jacobi who gave the following explicit formula for r4(n).
Theorem 1.2 (Jacobi’s four-square theorem (1834)). For all n € Z>1 we have
ra(n) =8 Z d.
dln
atd
Here the sum runs over all positive divisors d of n, which are not divisible by 4.
Example 1. i) If p is prime, then there are 8(p+ 1) ways to write p as a sum of four squares.

it) The divisors of 2023 are 1,7,17,119,289, and 2023, which are all not divisible by 4 and
therefore we have

r4(2023) = 8 (14 7+ 17 + 119 + 289 + 2023) = 19648

ways of writing 2023 as a sum of four squares.

IFour is the smallest integer with this property, since 5 is not the sum of two squares and 7 is not the sum of
three.
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Modular forms and their combinatorial variants - Introduction & Motivation

We will now use the strategy mentioned before to prove Theorem [[.2}

@ We consider the generating series of r4(n), i.e. set

G(1) =) ra(n)g" = 1+8¢+24q° +32¢° +24¢" +48¢° +96¢° + 64¢" +24¢° +104¢° + ... .
n>0

@ Now we will sketch how to show that G € M3(T'o(4)), i.e. we need to check the modular

transformation property
at +b 9
= d
G(c7’+d> (et 4+ d)°G(r)

for all <UCL Z) € T'y(4). Since we just need to check this on the generators of I'g(4) we

first show (Homework 1) that T'g(4) is generated by the matrices <_01 _01>,<(1) }) and

(éll (1)) Therefore, we just need to check

47+ 1

since (1.1)) is trivial for the negative identity matrix. Since we defined G' by the Fourier
expansion we automatically get G(7 + 1) = G(7). To show the second equation we define
the theta-function by

O(r) =Y ¢ =1+2¢+2¢" + 24 +....
nez

G(r +1) = G(r), G( T ):(4T+1)2G(T) (1.3)

For this function one can show the following.

Proposition 1.3. The theta-function satisfies the two functional equations

O(r+1)=0(r), © (-417) = ﬁ@(ﬂ (r € H). (1.4)

Proof. The first equation follows directly from definition and the second follows from the

Poisson transformation formula. See [Z Proposition 9] for details. O
. _ 4 . T _ 1 . e

Now notice that we have G(7) = O(7)*. Using ;75 = ~i=oy i Proposition then

implies G (ﬁ) = (47 + 1)2G().

@ As we will see we have dim¢ My (To(4)) = 2.

@ Now define the Eisenstein series of weight 2 by
nqg"

FE. =1-24

2(7) Z 1—q»

n>1

=1-24> o1(n)q" =1 —24q — 72¢> — 96¢° — 168¢* + ...,
n>1

where o1(n) = > 4, d is the sum of all divisors of n. Later we will see that E; almost
transforms like a modular form of weight 2 as we will have

E, (ar + b) = (er + d)*Ey(1) — Eic(cr +d). (1.5)
cT+d 0

Using this one then checks by direct calculation that Ea(7) — 2E2(27) and Eo(7) — 4E2(47)

also satisfy . Moreover, comparing their first few Fourier coefficients show that they are

linearly independent and therefore they form a basis of Ms(I'g(4)). (We ignored the growth

condition here, but this one is easy to check for all appearing functions in this example.)
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@ Finally we want to write G in terms of the basis we found. Comparing the first few Fourier
coefficients (which is sufficient as we will see) we find

G(r) = —% (Ea() — 4By (47)) =8> | Y d—> d|q",

n>1\ dn d|n
4|d

which then gives exactly the formula in for r4(n).

1.2 Sum of divisors and the Hurwitz identity
In this section, we will give another classical example for the application of modular forms. For
this we will prove some identities of general divisor sums. For [ € Z and n € Z>; the [-th divisor
sum o;(n) is defined by
O’l(n) = Z dl N
d|n

where the sum runs over all positive divisors d of n. In particular og(n) counts the divisors of n
and o1 (n) is the sum of all divisor of n. For example since the divisor of 6 are 1,2, 3,6, we have
00(6) =4 and 01(6) =142+ 3+ 6 = 12. A few more examples:

o1(n) | o3(n) | o5(n) | o7(n) a9(n) o11(n)
1 1 1 1 1 1
3 9 33 129 513 2049
4 28 244 2188 19684 177148
7 73 1057 16513 262657 4196353
6 126 3126 78126 1953126 48828126

12 252 8052 | 282252 10097892 362976252

16808 | 823544 | 40353608 | 1977326744
15 585 | 33825 | 2113665 | 134480385 | 8594130945
13 757 | 59293 | 4785157 | 387440173 | 31381236757

oo
w
=
=

OO || O x| W N3

As a generalization of Es from the previous section, we define for an even k > 2 the (normalized)
Eisenstein series of weight £ by

where again ¢ = ¢2™" and B denotes the k-th Bernoulli number defined by the generating
function
(o)
Bryn X

k! eX —1°
k=0

(1.6)

A few example for the first Bernoulli numbers are given by the following table The Eisenstein

k 0] 1 2|3 4 51 6 |7 8 91011 12 13|14 | 15 16

3617
510

[eEN]
o

Be || 1] - 0l - |0 5050 &[0 |-2L]0

N[
=
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Modular forms and their combinatorial variants - Introduction & Motivation

series of weight 4,6 and 8 are given by the following g¢-series

Ey(r) =1+240 > o3(n)q" = 1+ 240q + 2160¢” + 6720¢" + 17520¢" + . ..

n>1

Eg(r) =1-504 o5(n)q" =1 —504g — 16632¢> — 122976¢° — 532728¢" + . .. (1.7)
n>1

Bs(r) =1+4480 > o7(n)q" = 1+ 480q + 61920¢” + 1050240¢> + 7926240¢* + ... .
n>1

The goal of this section will be to give two different proofs of the following identity. One of these
will again use the strategy used before (i.e. we use modular forms) and the other will be done by
explicit calculation.

Theorem 1.4 (Hurwitz identity). For all n € Z>1 we have

n—1

o7(n) = o3(n) + 120 Z o3(j)os(n —j).

Jj=1

For example for n = 3 we have 07(3) = 1 + 37 = 2188 and

2
03(3) + 120 o3(j)os(3 —j) =1+ 3% +120(1- (1 +2°) + (1+2%) - 1) = 28 4+ 120 - 18 = 2188,
j=1

= Until here in lecture 1 (14th April, 2023) =

Modular proof of Theorem[I4] First notice that the identity in question equivalent to the equation
ES(T) = £;4(7')2 .

We will see that for all even k > 4 we have Ej € M, and that (Homework 1) we have E} € Ms.
Further we will show that dim Mg = 1 and therefore Ef needs to be a multiple of Fs. But this
multiple is 1, since both have 1 as the constant term in their Fourier expansion. O

Since we did not prove any of the claims in the above proof, we will also give a combinato-
rial/elementary proof. These kinds of proofs will also be generalized at a later stage, when we talk
about combinatorial modular forms.

Combinatorial proof of Theorem[1.7} We use the elements F),, € Z[[g]] N Q(g) defined by

R
Fn—liqn—mZ:lq (n €N),
to write
2 2 wo
( Z Ug(n)q”) = (Z u3Fu) = Z —((u+v)* + (u— v)t — 2ut — 20*)F,F,
n>0 u>0 u,v>0 12
4
=3 %{ S wF,F,+2 Y wk,F, - 4wF, Y uFu} :
w>0 ut+v=w v—u=w u>0
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Modular forms and their combinatorial variants - Modular forms for SLy(Z)

Using the identity Fo Fy = FoFoyp + FpFutp + Fatrp We can rewrite the expression in curly brackets
as

> w(w—u)Fy(2F, +1) + 23 u(u+w)(FuFy — FuywFu = Fuyw) — 4wFy Yy uP,

o<u<w u>0 u>0

=2F, Z +Z—Z n(w—n)Fn—&—é(uﬁ—w)Fw—QZu(u—w)Fu.

o<n<w n>w n>0 u>w

The first term here vanishes identically since every positive n > 0 satisfies either 0 < n < w or
n > w but not both. It follows that

(Sostme) = U5 - ¥ Sy,

n>0 w>0 u>0 O<w<u
7 3
w’ —w o7(n) — o3(n)
= 7}7 = RS .
Z 120 w Z 120 q
w>0 n>0

2 Modular forms for SLy(Z)

The modular forms mentioned in the previous section were given by g-series. But actually modular
forms are functions from the upper half plane to the complex numbers. That they can be written
as g-series will follow later as a simple implication of their definition. We will start by giving the
definition of the upper half plane and the action of the modular group on this space. With this,
we will define modular functions and modular forms, before giving (non-trivial) examples.

2.1 The modular group and fundamental domains
The upper half plane, denoted H, is the set of all complex numbers with positive imaginary part:
H={reC|Im(r) >0} ={z+iyeC|z,y e R,y > 0}.

The modular group (or special linear group) SLy(Z) is the group of 2 x 2-matrices with integer
entries and determinant one:

SLo(Z) = {(Cc‘ Z) ’a,b,c,dGZ,adbc—l} .

For v = (Z Z) € SLy(Z) and 7 € C we define the fractional linear transformation

ar +b
ct+d’

V(1) =

This gives a left action of SLy(Z) on H (Homework 1)
The group SLy(Z) contains the following three matrices

10 0 —1 11
) s=0) )

which correspond to the identity and the fractional transformation 7 — —% and 7 — 7+ 1. The
latter two fractional transformation will play the major role in our studies, since we have following:
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Modular forms and their combinatorial variants - Modular forms for SLy(Z)

Proposition 2.1. The matrices S and T generate SL2(Z).
Proof. Homework 1. O

Remark 2.2. Some authors denote by the modular group the group of transformations generated
by ~(.) for v € SLa(Z). Since (—I)(7) = 7 this group is isomorphic to PSLy(Z) = SLo(Z)/{£I}.

Definition 2.3. Two points 71,72 € H are called SLy(Z)-equivalent if there exists a v € SLy(Z)
with y(m1) = 72. A fundamental domain F for SLy(Z) is a closed subset of H, such that

i) every T € H is SLa(Z)-equivalent to a point in F.
it) no two points in the interior of F are SLo(Z)-equivalent.

Proposition 2.4. The following set is a fundamental domain for the action of SLo(Z)

}.

F={reH||r| =1 and |Re(r)| <

| =

+ i and —w = S(w) = L + i,

Figure 1: Fundamental domain F and the points w = —%

Proof. We first show that every element 7 € H is equivalent to a point in F: For v = <CCL Z) we
have (see Homework 1)
Im(7)

Im(y(7)) = m

. . . a
Since ¢, d are integers, we can find a matrix vy = (c

b) € SLy(Z), such that |er + d] is minimal.
In particular we get by (2.1) that

d

Im(yo(7)) > Im(v(7)) for all v € SLo(Z) . (2.2)

Since the action of 1" corresponds to a horizontal translation, we can find a j € Z, such that
v1 = T satisfies —4 < Re(y1(7)) < 1. We now already have ,(7) € F because otherwise we
would have |y1(7)] < 1 and therefore

_ Im(n(r)

) =T

> Im(y1 (7)) = Im(yo(7)),

which is not possible by ([2.2).
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We now prove that no two points in the interior of F are SLo(Z)-equivalent: Let 7 € F and
b
d
we can assume that Im(y(7)) > Im(7) (otherwise replace v by v=1). By (2.1)) we therefore have
ler +d| < 1. Since ¢,d € Z and 7 € F this can just be the case if |¢| < 1, which leaves us with the
following cases:

assume we have a v = (Z ) € SLy(Z) such that also y(r) € F. Without loss of generality

1 b

i) c=0,d==+1: Inthiscasewehave’y:(o 11

) and therefore we either have v = I or

Re(r) = 1, i.e. 7 is on one of the vertical boundary lines of F.

ii) ¢==1,d =0 and |7| = 1: In this case we have v = (ial T)l = £7*S. This gives either
a = 0 with 7 and v(7) on the unit circle (and symmetrically located with respect to the
imaginary axis), a = —1 with 7 = (1) =w or a = 1 with 7 = y(7) = —w.

Gy 1., 3. . _(a aFl\ _ o .

iii) c=d==+1and 7 = w = —5 + %>i: In this case we have v = (:l:l 1 ) = +T7*ST which
gives either a = 0 and y(7) =w or a =1 and ¥(7) = —&.

iv) c=—d=+land7=-w=1+ @z This case is similar to case iii).

In all cases we conclude that either v = I or 7 and (7) are on the boundary of F. O

Remark 2.5. The following diagram shows how the fundamental domain F is translated by different
matrices in SLy(Z).

STt | TST

AN AN

,,,,,,,,,,,,,,,,,,,,,,,,, \,,,,,J,,,,,[,,,,, R S P,
-2 -1 0 1 2
Figure 2: Translations of the fundamental domain F.

2.2 Modular functions and modular forms

We will now recall some basic definitions from complex analysis. For details, we refer to [SS] and
[EB].
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Definition 2.6. Let U C C be an open subset of the complex numbers. A function f : U — C is
called holomorphic on U, if for all zg € U the limit

lim f(z0+h) — f(20)

h—0 h

exists. If it exists, it is denoted by f'(zo). By O(U), we denote the set of all holomorphic functions
on the open set U.

A basic fact from complex analysis is that holomorphic functions are also analytic. This means
that if f is holomorphic on U, then for each zy € U there exists a € > 0, such that f can be written
as a power series

1) =3 an(z = z0)",
n=0

for all z € U with |z — 29| < € and some a,, € C.

Definition 2.7. A function f is meromorphic on U, if there exists a discrete subset P C U with
i) f is holomorphic on U\P.
it) f has poles at p; € P.

If f is meromorphic on U, then for each p € U, there exists a unique integer v,(f) € Z, a e > 0
and a non-vanishing holomorphic function g on the neighborhood |z — p| < €, such that

f(z) = (z=p)"Pg(2)
for all 0 < |z — p| < e. The v,(f) € Z is called the order of f at the point p € U and we have:
i) If v,(f) < 0 then f has a pole of order |v,(f)| at p.
ii) If v,(f) = 0 then f has no pole and no zero at p.
iii) If v,(f) > 0 then f has a zero of order v,(f) at p.

Equivalent to above condition is that f has a Laurent expansion in all p € U of the form

oo

f(Z) = Z an('z*p)na

n:Up(f)

for 0 < |z —p| < € and a,, € C with a,, (5 # 0.

Example 2. i) The rational function f(z) = % is meromorphic on C with va(f) =
Lvi(f) = -1 and v_1(f) = —2. Its Laurent expansion around z =1 is given by
1 1 7 )
Y | Tt T SV | “(z=1)2%+....
R e Y- YA ) Bt

ii) The function e is holomorphic on C\{0}, but it is not meromorphic on C, since it has an
essential singularity at z = 0.

Definition 2.8. For a function f : H — C and a matriz v = <Z b> € SLy(Z) we define the

d
slash operator of weight k € Z by

()= e+ 4y (20
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This gives a right action of SLa(Z) on O(H) (Homework 1).

Definition 2.9. A meromorphic function f : H — C is called a weakly modular function of
weight k € Z, if it satisfies

at +b
() =t (23)
for all v = <CCL Z € SLy(Z) and all T € H. In other words, if it is invariant under the slash

operator, i.e., flxy=f.
= Until here in lecture 2 (21st April, 2023) &

Remark 2.10. (i) Since —I € SLy(Z), a weakly modular function of weight k satisfies f(7) =
(=1)%f(7). This shows that there are no non-trivial weakly modular functions of odd weight.

(ii) A weakly modular functions f is uniquely determined by its values f(7) for 7 € F.

If f is a weakly modular function of weight k, we have
fir+1) = f(1),
f(=1/m) =7 f(7),

by choosing the matrices T and S for (2.3)). These two conditions are already sufficient for f to be
a weakly modular function of weight k.

(2.4)

Proposition 2.11. A meromorphic function f : H — C which satisfies (2.4) is already a weakly
modular function of weight k.

Proof. This is Homework 1, Exercise 2 (iv). O
Now consider the following holomorphic map from the upper half plane to the punctured unit disc

H—D":={eC|0<|2| <1},

_ 2wt

T gr=¢

First notice that this is indeed a map from H to D*, since if 7 = x+4y then ¢, = >™" = e~2™V27%%
which lies in D* because of y > 0.
The equation f(7 4 1) = f(7) implies that f can be written in the form
f(r) =1(g),
where f is a meromorphic function on the punctured unit disc D*.
Definition 2.12. i) A weakly modular function f is meromorphic (resp. holomorphic)

in oo, if the function f extends to a meromorphic (resp. holomorphic) function at 0.
ii) The order at oo of a meromorphic weakly modular function f is defined by voo(f) := vo(f).

Extending to a meromorphic (resp. holomorphic) function at 0, means that there exists a N € Z
(resp. N € Z>g) such that the Laurent expansion of f around 0 has the form

fla)="73" and",
n=N
for some a, € C. The smallest such N is given by wvg( f)
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Definition 2.13. A weakly modular function (of weight k) [ is called modular function (of
weight k) if it is meromorphic at co.

Definition 2.14. A holomorphic function f : H — C is called a modular form of weight &, if
i) f is a modular function of weight k,
it) f is holomorphic at co.

By My, we denote the space of all modular forms of weight k.

In other words, modular forms of weight k& are holomorphic functions f : H — C, which satisfy
(2.3) and which have a Fourier expansion of the form

oo
F0) =3 ang?
n=0
for some a, € C, which are called the Fourier coefficients of f. By abuse of notation, we will,
in the following, always write ¢ instead of g..
Definition 2.15. i) A modular form f(1) =" anq" is called a cusp form, if ag = 0.
it) By Sk we denotcﬂ the space of all cusp forms of weight k.

In other words, cusp forms are modular forms that vanish as 7 — 700 or equivalently have order
Voo (f) > 0 at infinity. We have the decomposition My, = CEj & S, (Homework 1, Exercise 3 (i)).

Example 3. i) For all k € Z the function f(7) =0 is a modular form of weight k.
i1) There are no non-trivial modular forms of odd weight.
it1) For all c € C the constant function f(7) = c¢ is a modular form of weight 0.

Of course, other non-trivial examples of modular forms exist, as we will see in the next section.

2.3 Eisenstein series

In this section we will introduce Eisenstein series, which is one of the most important examples
of modular forms. These already appeared in the first section as g-series. Here we will give their
”correct” definition as a function in a complex variable 7 € H and calculate their Fourier expansion.
For this, we will also need to recall the Riemann zeta function

C(S)ZZ%, (s € C, Re(s) > 1)

which will give the constant term in the Fourier expansion of the Eisenstein series.

Proposition 2.16. For even k > 4 the Eisenstein series of weight &, defined by

1 1
Gu(r)=5 Y, ——- (2.5)
(m.m)£(0,0)

1s a modular form of weight k.

278" in S}, stands for the German word ”Spitzenform” for cusp form.
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Proof. First one can check that for £ > 2 the above sum is absolutely convergent and uniformly
convergent on compacts subset (actually also on F) of H and therefore Gy, is a holomorphic func-
tion on H. For proof of this fact, we refer to the literature (see for example [Kil, Lemma 2.7] or [S]
p. 82, Lemma 1]).

To check that Gy is holomorphic at infinity, we will show that G (7) approaches an explicit finite
limit as 7 — i0o. By the uniform convergence, we can exchange summation and the limit and

obtain ) 1 . i
lim Gk(T):§ lim Z e Z — = (k).

T—100 T—100 (m7’ + n)k
m,n€EZ
(m,n)#(0,0)
Now we check the modularity conditions for G. For this, the sum must converge absolutely and

therefore we are allowed to arrange the terms in any way. To show that Gi(7 + 1) = Gk(1) we
calculate

1 1 1 1
Cu(r+1) = = 1 ! _
W+l =3 m;gz (m(r+ 1) +n)F 2 mzn:ez (7 + (m 1))
(m,n)#(0,0) (m,n)#(0,0)

As (m,n) runs over Z2\{(0,0)}, so does (m,m +n) = (m,n’), so by the absolute convergence we
get

1 1 1 1
Celr+1) = = B S = G(r).
(T +1) 5 mzn;Z (mt +m + n)k 9 E;EZ (mt + n')k k(T)
(m7n7)7£(0’0) (7n,n7/)75(070)

Similarly, to show G (—1/7) = 7G4 (1) we derive

alyn=5 Y —to-sl oy e,

ez (/T )t ez (07 = m)"
(m,n)7#(0,0) (m,n)#(0,0)
since also (n, —m) runs over Z2\{(0,0)}. O

We will now calculate the Fourier expansion of Gy for which we will need the following lemma.

Lemma 2.17. (Lipschitz‘s formula) For k > 2 and 7 € H we have

1 —2mi)F S,
2, (r+n)F ((k - 1))! ;dk s (2.6)

neE”Z

Proof. (Sketch) This follows by differentiating the following two expressions of the cotangent k — 1-

times -
1 7T . . d
= = —7m1 — 271 q .
nze; T+mn  tan(nT) ;
See for example [Z, Proposition 5] for more details. O

Proposition 2.18 (Fourier expansion of Gy). For even k > 4 the Fourier expansion of Gy is
given by

Golr) — (@2mi)* n 97
k(T) = C(k) + (k_l)!nzzzlak—l(”)q : (2.7)
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Proof. Again we use absolute convergence which allows the following rearrangements

1 1 even 1 1 > 1
G =5 X Grrar 3 2wt

( m,)nE(Z ) 0#£n€EZ m=1n€Z
m,n)#(0,0
(28] 2mi)F SN o= g m 2mi )P = n
= ((k) + (;_)1), SN Td g = (k) + (;_)1), > oka(n)g”.
" m=1d=1 " n=1

O

In the definition of Gy, we needed k > 2 to assure absolute convergence. But the g-series in (2.7))
also makes senseﬂ for K = 2 and also defines a holomorphic function in 7 € H. We therefore use
this equation to define the Eisenstein series of weight 2 by

Ga(7) :=((2) + (2mi)* > a1(n)g" . (2.8)

n=1

This is not a modular form anymore, but plays an important role in the theory of modular forms.
We have the following Proposition which gives the failure of G2 to be a modular form.

Proposition 2.19 (Modular transformation of Gs). For 7 € H and <Z Z) € SLy(Z) we have

at +b 9 .
= —_— . 2-
Go (CT " d) (et + d)*Ga(1) — mic(cT + d) (2.9)
& Until here in lecture 3 (28th April, 2023) !

Proof. We will just sketch the idea of this proof. For details see for example [Z, Proposition 6] or
Ko, Chapter III, Proposition 7]. The sum (2.5)) does not converge absolutely for k = 2, but it does
for k > 2. We now use what is called Hecke’s trick and consider for ¢ > 0 the function

1 1

Gae(r) = 5 > : (2.10)
NEZ

(mom)£(0,0)

This sum does converge absolutely and we can use the same argument as before to see that for
e>0

b
Gae <(cl77'——td> = (cz +d)?|cz + d|**Ga.(T) . (2.11)
One then shows that the limit € — 0 of G2 . exists and equals Ga(T) — 3Ty Laking the limit
€ — 0 in (2.11) then proves the statement. O

We will later see that (2.19) means that G2 is a quasimodular form.
Proposition 2.20 (L. Euler (1735)). For even k > 2 we have

By, (2mi)*

k) = =5 k-1’

where By, denotes the k-th Bernoulli number defined in ([1.6)).
3The g-series (2.7) actually makes for any k > 2, but for odd k these are not modular forms.
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Proof. See for example [FBl Proposition I11.7.14]. O
We get the following values of {(k) for k = 2,4,6,8,10,12:

2 i 76 78 710 691712

W=g5 O=gr =gy A0 =grs (12) = goroers

Using Proposition [2.20| we define for even k > 2 the normalized Eisenstein series by

2k
Ey(r) = mGk ZO’k 1 . (2.12)

These are the g-series which also appeared in (1.7)).

2.4 Cusp forms and the discriminant function A

In this section, we will consider cusp forms, which are modular forms vanishing at the ”cusps”. By
cusps, one usually denotes the classes of QN {oco} modulo the action of a subgroup of SLa(Z). For
the level one case, where we consider the whole group SL2(Z), we have | SLo(Z)\(Q N {o0})| = 1,
because every rational number can be send to oo by a linear fractional transformation. This means
there is just one cusp. A cusp form of level one is, therefore, a modular form which vanishes at ocoi
or, equivalently, has a vanishing constant term in its Fourier expansion.

Definition 2.21. We define the discriminant function A by (g = *™'7)

(oo}

H 1—q¢")*. (2.13)

The function T(n) defined by A(t) =>"°7 , 7(n)g" is called Ramanujan tau function.
Expanding the product in the definition of A gives the following first values for 7(n)

A(T) = q — 24¢* + 252¢° — 1472¢" + 4830¢° — 6048¢° — 16744¢" + 84480¢° — 113643¢° + ... .
(2.14)

Remark 2.22. i) Ramanujan observed in 1915 that 7(n) is multiplicative, i.e. 7(m -n) =
7(m) - 7(n) for coprime m,n € Z>q. For example 7(6) = —6048 = —24 - 252 = 7(2) - 7(3).
This was proved by Mordell the next year and later generalized by Hecke to the theory of
Hecke operators, which we will discuss later. The function A is an example of a Hecke
eigenform (meaning it is an eigenvector for all Hecke operators having 1 as the coefficient
of ¢q), which all satisfy the property that their Fourier coefficients are multiplicative.
The divisor-sums o_1(n) are also multiplicative and the Eisenstein series, after some nor-
malization, are also examples of Hecke eigenforms.

ii) Lehmer (1947) conjectured that 7(n) # 0 for all n > 1, an assertion sometimes known
as Lehmer’s conjecture. This conjecture is still unproven but checked for all 1 < n <
816212624008487344127999 (due to Derickx, van Hoeij, and Zeng in 2013).

Since ™| < 1 for 7 € H, the terms of the infinite product (2.13) are all non-zero and tend
exponentially rapidly to 1, so A gives a holomorphic and everywhere non-zero function on H. It
gives the first example of a non-trivial cusp form.

Proposition 2.23. The function A(T) is a cusp form of weight 12.
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Proof. Since A(7) # 0, we can consider its logarithmic derivative. We find

1 d 1 1 d o0
——log A (1- —— |1 24 log(l1—q¢™) .
2wt dt g A(T) = 27ri dT ( 1;[ a") ) 2wt dt ( og(q) + Z og( q )>

n=1
Since ¢ = €2™™ we have ﬁ% = qdiq and therefore
1 d n oo oo oo
— —log A(1) =124 =1-24 dn—1-24 "= Ey(1).
L AR IET) 30 BRI St
(2.15)
By Proposition and Fy(1) = 5 Ga(7) we have
at +b 9 6.
E, = (et +d)°Es(1) — —ic(er + d) . (2.16)
ct+d s
Combining (2.15), (2.16) and using
d (far+b\ _ ad—bc _ 1
dr \er+d) (et +d)2 (et +d)?
a b
for v = (c d) € SLo(Z), we deduce
at+b
L d, A(CTL) L ety 12 e ooy
I —— = _— — T) = .
omidr ° (e + d)12A(T) (cr+d)? *\er+d 2mier +d 2

In other words, (A|1277)(7) = C(v)A(7) for all 7 € H and all v € SLy(Z), where C(v) is a non-zero
complex number depending only on . We want to show that C(v) =1 for all ~.
The slash operator |, gives a right action of SLy(Z) on H, i.e. for v1,v2 we get

C(m)C(12)A = C(71)Al272 = Ali2(71) 1272 = Al12(m172) = C(1112)A.

Therefore C : SLy(Z) — C is a homomorphism and we just need to prove C(T) = C(S) = 1. By
definition we have A(T(7)) = A(7), since it is defined by a g-series, which gives C(T) = 1. To
show C(S) =1, we set 7 =i in 77 12A(=2) = (A]125)(7) = C(S)A(7). O

Remark 2.24. Since E and A are modular forms of weight 12 and A(7) # 0 for 7 € H, the
modular invariant (or j-invariant), defined by

is a holomorphic function in H satisfying j(v(7)) = j(7) for all 4 € SLy(Z). Since A has a zero of
order 1 at oo and F, does not vanish there, the function j has a pole of order 1 at co. Therefore j
is a modular function of weight 0, which is not a modular form. Its Fourier expansion, the Laurent
expansion at ¢ = 0 of 7, starts with

1
G(T) = = + 744 + 196884q + 21493760¢° + 8642999704¢° + 20245856256¢" + . .. .
q

These Fourier coefficients, for the positive exponents of ¢, are the dimensions of the graded part
of an infinite-dimensional graded algebra representation of the so called monster group.
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2.5 Structure of the space of modular forms

We now come to a very important technical result about modular forms. To state and prove this
result, we will use some definitions and results from complex analysis that can be found again in
[EB] or [SS]. Especially the notion of contour integration will be necessary, which can be found in
[SS| Section 1.3] or [EBl Chapter 2].

Proposition 2.25 (Argument principle). If f is a meromorphic function inside and on some
closed contour C with interior D C C, and f has no zeros or poles on C, then

i f/(z>dZ:ZUp(f)

2mi Jo f(2) oy

Proof. See for example [FB| Proposition II1.7.4]. O

Example 4. We again consider the rational function f(z) = %, which is meromorphic

on C with va(f) = 1,v1(f) = =1, v_1(f) = =2 and v,(f) = 0 for p € C\{—1,1,2}.

With the two contours C1 and Cy shown on the Ca
right, we get for example e
1 f'z) _
i . f(z>dz—vl(f)+v2(f)_0a % % % %
L[ e, B o0 |1 2
ami o, 702) dz =v_1(f) +vi1(f) +va2(f) = —2.

Lemma 2.26. (Integration over arcs) Let f be a meromorphic function on some open set U C C.
For an arc Ac C U of radius € > 0, center p € U, angle ¢ not intersecting any zeros or poles of f,
we have

A,
.1 ['(2) @
— dz = — .
50 27 a, [(2) : 27rvp(f)
: S
P €
Proof. See for example part (4) in the proof of [FB| Theorem VI.2.3]. O

Lemma 2.27. Let [ be a modular function of weight k with no zeros or poles on a (not necessarily
closed) contour C C H. Then

./c JJC':((TT)) a7 - /7((:) J;/((:)) ir = _k/c CTj‘ ddT
for all v = <‘Cl Z) € SLy(Z).

Proof. Differentiating f(v(7)) = (¢ + d)* f(7) gives

7N DD~ ey 1) 4 keter + )= s).

Dividing the left-hand side by f(v(7)) and the right-hand side by (c7 + d)* f(7) leads to

PO, F)
o) 2 =T

d7_+k70 dr
ct+d
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and therefore

f(7) (7)) ) c
dr — d =—k dr.
[ (G - Faatn) = [ g
Example 5. For v =S Lemma|2.27 gives for a modular function f of weight k
f(7) f(7)
dr —
/c Fo /s@ 7(r)
Since the factor (cm 4 d)* does not vanish for 7 € H and ¢,d € Z, we have v,(f) = vy, (f) for

~ € SLy(Z) and a modular function f. The following theorem gives a restriction on the orders of
a modular functions, which will be crucial to describe the space M}, afterwards.

dr = —k;/ 1d7'. (2.17)
cT

Theorem 2.28 (Valence formula). For a non-zero modular function f of weight k we have

1 1 k
veo(F) + 5ol N+ gD+ Y wlf) =15 (2.18)
pESL2(Z)\H
PFLw
& Until here in lecture 4 (12th May, 2023) =

Proof. The idea of the proof is to count the (order) of the zeros and poles in SLy(Z)\H by inte-
grating the logarithmic derivative f’/f of f around the boundary of the fundamental domain F
and then applying the argument principle.

A H

-1/2 0 1/2

Figure 3: The contour C.

More precisely, we need an approximation first and start with a curve as shown in Figure 3] The
contour C is chosen in such a way that it contains exactly one represent in SLo(Z)\H of each pole
and zero, except i, w (and —w = S(w)) which are kept outside.
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Since f is a modular functions, it is meromorphic at co. This means that for some T € R the
function f has no poles or zeros with imaginary part larger than 7. Therefore we can choose the
the top line from H = % +iT to A = —% + 4T such that f does not have any poles or zeros on or
on top of the line HA.

The rest of the contour follows the boundary of F with a few exceptions: For each zero or pole
P # i,w on the boundary, we simply circle around it with a small enough radius and the other
way round for the congruent point on the other side of the boundary (this way we will only count
the point once). This procedure is illustrated for two such points P and @ in Figure

So far we still followed the boundary of F (modulo SLs(Z)) but since we don’t want to include 4
and w we also have to circle around those points with a small enough radius e (and the same way

for —w = S(w)).

By the argument principle (Proposition [2.25]) we obtain

L o 3wl (2.19)

2mi Je f(7) pESLy (Z)\H
pFi,W

On the other hand we can evaluate the contour integral over C on the left-hand side section by
section:

i) AB and GH: The integral from A to B cancels the integral from G to H, because f(7+1) =
f(7), and the lines go in opposite direction, i.e.

L ( [ /GH) P

ii) HA: By the map q = €2™" the line from H to A gets send to a circle in the unit disc of

radius e~2"7 running clockwise around 0. Recall that f(7) = f(¢) and therefore we have
ff((:))d I ((q)) dg. By the argument principle we get

1, 1 (@)
2mi Jy o f(7) 21 Jygj=e-2=7 f(q)

Here the minus sign comes from the fact that the contour integral runs clockwise around 0.

dq = _UO(f) = Voo (f)-

iii) BC, DE and FG: All these three sections are small arcs of a small radius € which approach
angles %, 7 and § as € — 0. Using Lemma and noticing that all three arcs run clockwise
(minus sign), we obtain

1312W</ ey ) Dar = - o (Fuulh + 7t + Fo-a()

where we used v_5(f) = vg(w)(f) = v, (f) in the last equation.

iv) CD and EF': First notice that the transformation S(7) = —2 sends the contour CD to the
contour E'F', but with directions reversed. By ([2.17)) we therefore have

1 Df/(T) F /T) B k Dl
2m‘<c e [, o) = a2
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Sending € — 0, the integral on the right-hand side is just an integral over an arc from w to i:

kP k 1 ree®i k(2 E (2 k
1im——,/ —dr = —— —dr = =—— 2d@=— LI
e—=0 2mi Jo T 278 Jare from w to i T 27 2 2 \ 3 2 12

1 D F /

w L] @)y &

271 c E f(T) 12

Combining the parts i) - iv) and plugging them into the left-hand side of (2.19) finishes the
proof. O

and therefore we obtain

Recall that the difference between a modular function and a modular form is, that a modular
form is holomorphic on H and at co. This means that for f € My all the numbers in are
positive and therefore for a fixed k there are just finitely many solutions. This leads to the following
proposition.

Proposition 2.29. Let k € Z be an integer. Then
i) My =C,
i) If k=2, k <0 or if k is odd then My, = 0.
iii) If k € {4,6,8,10,14}, then M), = CEy.
w) If k <12 or k = 14 then S, = 0.
v) S12 = CA and if k > 12 then S = A - My_12.
vi) If k > 4 then My, = CE, @ Sj.

Proof. i) We know that the constant functions are elements in My and we want to show the
reverse. Let f € My be an arbitrary modular form of weight 0 and let ¢ € C be any element
in the image of f. Then f(z) — ¢ € My has a zero in H, i.e. one of the terms in is
strictly positive. Since the right-hand side is 0, this can only happen if f(z) — ¢ is the zero
function, i.e. f is constant.

ii) We already saw that My = 0 if k is odd. If k = 2 or k < 0 then the right-hand side of (2.18))
is negative or %, which has no positive solutions on the left-hand side.

iii) When k € {4,6,8,10,14}, then there is only one possible way of choosing the v,(f), such
that holds:
k=4: v,(f) =1 and all other v,(f) =0.
k=6": v;(f) =1 and all other v,(f) = 0.
k=8: v,(f) =2 and all other v,(f)=0.
k=10 : v,(f) =v(f) =1 and all other v,(f) = 0.
kE=14: v,(f) =2, v;(f) =1 and all other v,(f) =0.

For such k two arbitrary modular forms fi, fo € M}, have the same order at all points, i.e.

% is a modular form of weight 0, which by i) must be constant. Therefore f; and fo are

proportional and since Ej, € M, the statement follows.
iv) If f € Sy we have voo(f) > 0, which is not possible in (2.18)) for k¥ < 12 or k = 14.

v) We know that v (A) = 1 and by (2.18]) this can be the only zero of A. Therefore for any
f € S the function % is a modular form of weight k£ — 12.
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vi) This was part of Homework 1.

O
Theorem 2.30. (Dimension formula) For an even positiver integer k we have
k
= 1 k=£2 d12
dim([j Mk _ |_1k2j + ) $—é mo . (220)
{5 , k=2 mod 12

Proof. This will now follow by induction on k from the results in Proposition 2.29] For k£ < 12 the
above dimension formula is already proven. Combing the results of Proposition we have

Mk+12 = CEk+12 ® A Mk

and since | £ | + 1 = |22 | the statement follows inductively. O
k 024681012 |14 |16 |18 |20 |22 |24 |26 |28 |30 |32|34] 36
dimecMg || 101 |1]1] 1 2 1 2 2 2 2 3 2 3 3 3 3 4

Figure 4: Dimension of M} for even 0 < k < 36.

Completion of the modular proof of Theorem[I.J]. Both E3 and FEg are modular forms of weight
8. Since dim¢ Mg = 1 there must exists a ¢ € C with E7 = cEg. But since both have 1 as the
constant term in their Fourier expansion we deduce ¢ = 1. O

Both Ef and E2 are modular forms of weight 12 having 1 as the constant term in their Fourier
expansion and therefore E§ — E3 € Si5. By Proposition v) this has to be a multiple of A and
comparing the first few Fourier coefficients gives

_ Eu(r)’ - Eo(r)®

AlT) 1728

(2.21)

In general every modular form can be written (uniquely) as a polynomial in E4 and Eg:

Proposition 2.31. For k > 0, the set {E$EY | a,b > 0,4a + 6b = k} is a basis of the space M.

= Until here in lecture 5 (19th May, 2023) =

Proof. We first check that the mentioned set has the correct size. Let N be the number of
solutions to 4a + 6b = k in nonnegative integers a and b. For k£ < 12 one can check directly that
Ny = dim¢ My, (given in ) and for £ > 12 one can check that N, = Ni_12 + 1. Therefore we
have N = dim¢ My, for all k. It remains to show that the set is linearly independent. Suppose we

have a relation of the form
> AawBa(r)"Es(r)’ =0
da+6b=Fk

a,b>0

for all 7 € H. If there is a pure Ey term, say Aq 0E4(7)%, then setting 7 = ¢ shows A\, 0 E4(i)* =0
since Fg(i) = 0 (Homework 1). Since E4(i) # 0 (which follows from the valence formula (2.18))
we deduce A\, o = 0. Therefore all nonzero terms in the sum have b > 1. As Ej is not identically
0, we can divide by it and get

> AawEa(r)*Eg(r)" =0,

4a+6b=~k
a,b>0
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which is a linear relation in weight £ — 6. By induction we see that the remaining coefficients are
0. O

Remark 2.32. Starting with a modular form f = > a,¢" € M and choosing a and b with
4a + 6b = k, we have f — aOEjng € Sg. By Proposition m v) we have S, = A - My_12, ie.
we find a g € My,_12 with f = agE$ES + A - g. With the explicit expression of A, this
gives a recursive algorithm (and in fact another way of proving Proposition to write f as a
polynomial in E4 and Fj.

Proposition 2.33. Modular forms with different weights are linearly independent over C.

Proof. Suppose we have nonzero modular forms fi, fo,..., f;n with respective weights k1 < ko <
-+ < ky,, such that they admit a nontrivial linear relation

Oélfl (T) + a2f2(7) +-+ amfm(7-) =0 (222)

for all 7 € H and o # 0 for j = 1,...,m. Replacing 7 by S(7) and using the modularity, i.e.
f;(S(7)) = 7% f;(7), we obtain

alTklfl (1) + a27k2f2(7) + et amTk’"fm(T) =0

for all 7 € H. With Fourier expansions f;(7) =Y.~ aﬁlj)q” where ¢ = €™, this is equivalent to
e .
> (el + apr2al® 4+ 4 agrhral ) 27T =0,
n=0

Now consider the case of 7 =iy (y > 0) being on the positive imaginary axis, then

o0
Z (oq (i) alM) + a(iy)*2a® + - + ozm(iy)kmaglm)) e Y =), (2.23)

n=0

For n > 0 and any r > 0 we have lim,_,o, y"e 2™ = 0. Now let N be the smallest integer, such

that at least for one 1 < j < m we have a%) # 0. Dividing (2.23) by e=2"™"¥ and taking the limit
Yy — 00 we obtain

lim o (iy)" 0y + as(iy)2a) + - - + am (iy) ™ = 0.

Y—r0o0

But the left-hand side of this equation is the limit y — oo of a non-constant polynomial in ¥, which
can not be zero and therefore a relation of the form (2.22)) can not exist. O

Proposition 2.34. The modular forms E4 and Eg are algebraically independent over C.

Proof. Let P € C[X,Y] be with P(E4(7), E¢(7)) = 0 for all 7 € H. By Proposition we can
reduce this to the case where P(Ey, Eg) is a sum of modular forms of the same weight k. But by
Proposition we know that E$Eg with 4a + 6b = k are linearly independent and therefore we
conclude P = 0. O

Summarizing all the results we get the following description of the space of modular forms.
Corollary 2.35. Let M denote the space of all modular forms (of level 1), then we have
M = P M, = C[Ey, Eg) = C[X, Y],
k=0

i.e. M is a graded C-algebra, which is isomorphic to the polynomial ring in two variables.
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Finally, we give another consequence of the valence formula (2.18)). The following statement can
be used to determine if two modular forms of a given weight k are the same if they have the same
first % Fourier coefficients.

Corollary 2.36 (Sturm bound). Let f,g € My be two modular forms of weight k with Fourier
expansions (1) =3, soang™ and g(1) = 32,50 bnq". If an =byp for 0 <n < £ +1 then f = g.

Proof. If we set h = f — g then h € M}, and v (h) > & since h(r) = an%H(an —by)q". By
the valence formula (2.18]) this is just possible if h is the zero function and therefore f = g. O

3 Modular forms for congruence subgroups

In this course, we just considered modular forms of level 1. We want to consider higher level
modular forms or more precisely modular forms for congruence subgroups. A complete discussion
of modular forms for higher level can be found for example in [DS]. So far we always required
that a modular form (or (weakly-)modular function) satisfies f|xy = f for all v € SLy(Z). This
condition will be weakened now and we will just require it for v € I', where I' C SLo(Z) are certain
subgroups of SLy(Z).

3.1 Congruence subgroups

Definition 3.1. i) For N € Z>1 we define the following subgroups of SLa(Z)

To(N) = { (z Z) € SLy(Z) ‘ c=0 mod N},

FI(N)z{(‘C‘ Z) EFO(N)‘aEdEI modN}7

F(N){(a Z) eFl(N)‘bEO modN}.

c
By definition we have the inclusions
I'(N) CT1(N) CTy(N) C SLy(Z).
i1) A subgroup I' C SLo(Z) is called congruence subgroup if there exists a N with T'(N) C T.
The smallest such N is called the level of T

We have T'(1) = T';(1) = T'y(1) = SLy(Z) and hence SLy(Z) is the only congruence subgroup of
level 1. The congruence subgroups all have finite index, which can be computed explicitly:

Proposition 3.2. For N > 1 we have

[[1(N) : T(N)] = N,

rov):nm =~ T (1-3).

pIN P
p prime
1
[SL2(Z) : To(N)] =N [] (1 + ) .
p
pIN
p prime
Proof. The last formula is part of Homework 2. O

For example we have [SLa(Z) : I'g(2)] = 2 (14 %) = 3. As before we can define weakly modular
functions for I':
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Definition 3.3. Let T be a congruence subgroup. A meromorphic function f : H — C is a weakly
modular function of weight k € Z for I, if fi, = f for ally €T.

Again we could give the definition for a fundamental domain for I', which is just the same as before
by replacing SLo(Z) by T'. These are given by [SLa(Z) : I'-many translates of F:

Proposition 3.4. Let I' be a congruence subgroup written as a disjoint union of cosets as

n

SLy(Z) = | J il

i=1
Then G =, a ' F is a fundamental domain for T.

Proof. We will just give the argument why any point 7 € H is I'-equivalent to a point in G. Since
F is a fundamental domain for SLo(Z) we can find a v € SLy(Z) with v.7 € F. By the above
decomposition we also have v = a;7' for some 1 < i < n and 7/ € I'. Therefore we get that
yY.rea'FCg. O

For example, one can check that
SLy(Z) = Tp(2) U ST(2) U (ST) ™ 'To(2),

which gives the following fundamental domain for I'y(2):

—1+iv/3
2

1 1
-3 —3 0

=

Figure 5: A fundamental domain of T'g(2).
3.2 Modular forms for congruence subgroups

Definition 3.5. Let I' C SLy(Z) be a congruence subgroup and let k € Z. A holomorphic function
f:H — C is a modular form of weight &k for I' if
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i) fley=f forally €T,
it) flgy is holomorphic at oo for all v € SLo(Z).

By M (T") we denote the space of modular forms of weight k for T, i.e. with the notation used before
we have My, = My (SL2(Z)). We say f is a cusp form if f|ry vanishes at oo for all v € SLa(Z)
and Sk(T") denotes the space of all cusp forms.

&l Until here in lecture 6 (26th May, 2023) =

Remark 3.6. Similar to the level 1 case there exist dimension formulas and valence formulas for the
higher level case. For a given congruence group I' the valence formula can be obtained similarly like
we did in the classical case. But these do not suffice to obtain the dimension formulas, which need
more tools from algebraic geometry. Nevertheless the valence formula also give a Sturm bound and
one can show that two modular forms f, g € M (I') are the same if their first (£ + 1)[SLa(Z) : T
Fourier coefficients agree.

Proposition 3.7. i) For all N > 0 the function
GQ’N(T) = GQ(T) - NGQ(N’T)

is an element in May(T'o(N)).

it) The group T'y(4) is generated by +T and + <i (1))

iii) We have dimc M3(T'o(4)) = 2.

Proof. The first statement can be proven directly by using the modular transformation of G2 given
in Proposition 219

at +b 9 )
_ _ . 1
(CT n d) (em + d)*Ga (1) — mic(cT + d) (3.1)
. a b . a Nb
Any element v € T'g(N) can be written as vy = Ne d) Now write n = e d )€ SLo(Z) and
notice that Nvy(7) = aévj\fjfév = n(NT). Using this together (3.1 we get

(Ganle)(7) = (Nem +d) 72 | Ga(v(7)) = NG2(N~(7))

n(NT)
milNc milNc
= Go(N) = Nrgg NG+

= Ga(7) = NGo(N7) = Go n (7).

This shows the correct transformation property. We will skip the proof for the holomorphicity at
oo. Part ii) is part of Homework 2 (see also [DS| Exercise 1.2.4]) and iii) follows from the general
formula given in [DS| Theorem 3.5.1]. O

We now come back to the example from the motivation where we defined the theta-function by

o(r) =Y q¢".

neEZ
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We mentioned that the theta-function satisfies the two functional equations

O(r+1)=0(), O (-L) - ﬁ@(r) (r € H). (3.2)

Now recall that we were interested in counting the number of ways to write a positive number as
the sum of for squares, i.e. we wanted to evaluate

ra(n) = #{(a,b,c,d) € Z* | n = a® + > + * + d*} .
For this we considered the generating series of r4(n), i.e.

F(g) = ra(n)q" =1+ 8¢+ 24q° + 32¢° + 24¢* + 48¢° + 96¢° + 64¢” + 24¢° + 104¢° + ... |
n>0

By the definition of the theta-function, it is easy to see that

Corollary 3.8. We have ©* € Ms(To(4)).
Proof. By Lemma ii), we just need to check that

4
o(r+ 1) =0(r)*, ¢S] <4TT+ 1> = (47 + 1)?0(1)* (reH).

which can be checked directly by writing 77 = — m - ) and using (3.2)). O
ir

With all this we can now give a proof of Jacobi’s four-square theorem:

Proof of Theorem[I.3 By Lemma i) and iii) one can check that Gy 2 and Gg 4 are a basis
of M5(Tg(4)) by checking that they are linearly independent. Looking at the first two Fourier
coefficients of ©%, we deduce ©* = _$G2,4, which gives the formula for r4(n) given in the
Theorem. O

4 Quasimodular forms

4.1 Derivatives of modular forms

Modular forms are holomorphic function and therefore we can differentiate them with respect to
7. It is convenient to consider the following notation for a modular form f =Y a,q™:

[y S S < S
= =——f=q—f= nanq" .
2mi dr qdq — nd
Here the factor 27 has been included in order to preserve the rationality properties of the Fourier
coefficients. The derivative of a modular form is, in general, not a modular form anymore. The

failure of modularity is given by the following proposition.

Proposition 4.1. The derivative of a modular form f € My satisfies

7 (D) = e+ 12+ pter + )0 ).

for all (‘CL Z) € SLy(Z).
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Proof. Homework 2. O

Definition 4.2. For a modular form f € My, we define the Serre derivative by

k
Onfi=f — —=Eof.
of i= I~ T Faf
Proposition 4.3. For a modular form f € My we have Oy f € My 2.

Proof. Homework 2.

Proposition 4.4. The ring M= C[Es, Ey, Eg) is closed under differentiation and we have

E§1—2E4 . DE, - E2E43— Es . DE, - E2E62_ E3 .

Proof. By Propositionwe have 0,E4 = Ej— %E2E4 € Mg and 9¢E¢ = E§— %EZEG € Msg. Since
both spaces are one-dimensional with basis Eg and E37 respectively we get the second and third
equation after comparing the first Fourier coefficients. Using again the modularity formula of
E5 and doing a similar calculation as in Proposition one can also show that B} — 5 F3 € M.
Therefore this is also a multiple of F4, which turns out to be —% by comparing the Fourier
coefficients. O

DE; =

The first equation in Proposition gives for all n € Z> the relation
n—1
6noi(n) = 503(n) + o1(n) — 12 Z o1(j)o1(n —j).
j=1

4.2 Quasimodular forms

The ring M is called the ring of quasimodular forms (for SLy(Z)). By definition it contains the
ring of modular forms M as a subring. We will now give a more intrinsic/general definition of
quasimodular forms for congruence subgroups I' C SLy(Z). Recall that the Eisenstein series Go was

not modular, i.e. not invariant under the slash operator, but we saw that for v = (CCL 2) € SLy(Z)

we have
at+b

ct+d

(Gal2)Y(T) = (e7 4+ d) 3Gy ( ) = Go(T) — i c (4.1)

ZCT—i—d'

We denote by Holp(H) the ring of holomorphic functions ¢ of moderate growths on H, i.e. for
all C >0, v € SL2(Z) and & € R one has (¢j,)(z +iy) = O(e“Y) aﬁy — 00.

Definition 4.5. A quasimodular form of weight k > 0 and depth at most p > 0 for T is a
function ¢ € Holo(H) such that there exist @o,...,pp € Holg(H) so that for all 7 € H and all

a b
’y_(c d)ef‘onehas

(b)) = o) +r(r) =+ ) (255)

By M, Iggp )(I‘) we denote the C-vector space of all quasimodular forms of weight k£ and depth at
most p for I. We set My (I') =, M,ggp) (I') and M(T') = @y,>o Mx(T).
Notice that by (4.1) we have G5 € M;l(SLQ(Z)).

4Here f(y) = O(g(y)) as y — oo means that there exist real numbers M and yo such that |f(y)| < Mg(y) for all
Y 2 Yo-
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Proposition 4.6. (i) The space M(I‘) is closed under differentiation and D(Méép)(F)) MSEHD

k+2
for all k,p > 0.

(i) Every quasimodular form on I' is a polynomial in G with modular coefficients. More pre-
cisely, we have

P
MEP(T) = @D Mye—2,(T) - G5

for all k,p > 0.
Proof. See [Zl Proposition 20]. O

In the case I' = SLy(Z) we see that M(SLQ(Z)) =M = C[Es, Ey4, Eg).

&l Until here in lecture 7 (2nd June, 2023) B

4.3 Derivations and sl,-action

In this section, we will be interested in more derivations on M besides D = qd—‘z. For this, we first
recall a few notations from algebra. For a field K and K-algebra A a derivation is a K-linear
map d : A — A satisfying the Leibniz rule d(ab) = d(a)b + ad(b) for all a,b € A. The set of all
derivations on A is denoted by Der(A). A Lie algebra is a K-vector space V with a K-bilinear
map [,-] : V x V — V, the Lie bracket, which satisfies [x,z] = 0 for all x € V and the Jacobi
identity [z, [y, z]] + [z, [z, y]] + [y, [z, 2]] = 0 for all z,y,z € V. One can check by direct calculation
that Der(A) is a Lie algebra with Lie bracket [dy,ds] = di o do — dg o d1. Notice that by the
Leibniz rule a derivation is already uniquely determined by its image on the algebra generators. In
particular, for M = C|[Es, E4, Eg| a derivation d : M — M is uniquely determined by d(Fs), d(E4)
and d(Eg), since we can then, for example, evaluate

d(FE3Ey) = d(E3)Ey + E3d(E,) = 2F2d(Fy)Ey + F3d(Ey) .

Moreover, Es, Ey, Eg are algebraically independent over C (we just proved it for E4, Eg, but one
can adapt the proof of Proposition for quasimodular forms). Therefore, one can define a
derivation d by choosing arbitrary images for d(Fy) for k = 2,4,6. We define the derivations
W, 6 : M — M by

W(E,) = 2E,, W(E,) =4E,, W (Es) = 6FEs,
§(Ey) =12, 6(Ey) =6(Eg) =0.

Notice that for f € M,, we have W(f) = kf, which is called the weight operator. The derivation

6 can be seen as the derivative with respect to 1—22 We will now see that the three derivations

D, W, 6 make M into a so-called slp-algebra. Notice that the algebra of modular forms is given by
M = keré.

The Lie algebra sl2 is a central object in the field of mathematics, more specifically in the study
of algebraic structures known as Lie algebras. The Lie algebra sl2 is associated with the special
linear group SL(2,C). It comprises all 2 x 2 complex matrices that have trace equal to zero. sl2 is
three-dimensional, spanned by three elements usually denoted by X, Y, and H, with

S I I (A B G
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These fulfill the commutation relations

[H,X]=2X, [HY]=-2Y, [V,X]=H. (4.2)

The structures of Lie algebras and their representations play pivotal roles in various mathematical
and physical theories, such as quantum mechanics and representation theory. The algebra sl2 has
a particularly special role in these fields due to its fundamental and prototypical nature.

Definition 4.7. A triple of operators (X, H,Y) on an algebra A is called sly-triple if they satisfy
the commutator relations (4.2)). If furthermore the X, H,Y are derivations on A then A is called
a slp-algebra.

Proposition 4.8. (D, W,0) is a sly-triple and thus M is a sla-algebra.

Proof. This is part of Homework 3. By the above explanation one just needs to check that (4.2))
is satisfied by acting on Es, F4 and Eg, which can be done by direct calculation using the explicit
formulas for the action of D given in Proposition [4:4] O

Definition 4.9. For f € Mk,g € Z\Z and n > 0 we define the n-th Rankin-Cohen bracket by
sfE+n—1\/l+n—-1\_. R
fal= X (I (T o).

S r
r,s>0
r4+s=n

Proposition 4.10. If f, g € kerd, then [f, g], € ker

Proof. This is part of Homework 3. The idea is to use the commutator relations among D, W and
6 to show that for r > 1

[6,D"] =7(W —r +1)D"*
and then use this to show that 6[f, g], = 0 if f, g € kerd. O
Corollary 4.11. If f € My, g € M; then [f, gln € Mti+2n-

Remark 4.12. For a general sly-algebra A with sly-triple (D, W,§) we denote for k € C the
eigenspace of W for the eigenvalue k by

Ap ={a € A|W(a) = ka}.

Then one can define for f € Ax, g € A; the Rankin-Cohen brackets as above (by using the general
definition of the binomial coefficient ('z) for a € C) and Proposition is still true, since just the
commutator relations are used in the proof.

5 Hecke theory

5.1 Functions on lattices & Hecke operators

Let £ be the set of all lattices in C, i.e. lattices of the form Zwi + Zws with wi,ws € C which
are linearly independent over R. We can assume that 5—; € H. A function F': £L — C is called

homogeneous of degree —k if F(A\) = A"*F(A) for all A\ € C* and A € L. Notice that for any
<i Z) € SLy(Z) we have Zw; + Zws = Z(awy + bws) + Z(cwy + dws) since matrices in SLo(Z)

just make a change of basis. If F' is homogeneous of degree —k we get

F(Zwy + Zwsy) = F(Z(awy + bws) + Z(cwy + dws))

awi + bws K awi + bwy
=F d 7—=+ 7 = d F\Z————+7Z| .
((cun + dws) ( w1 & dova + )) (cwy + dwo) ( cor 1 don +
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Moreover, the values of a homogeneous F' are determined by F(Z71 + Z) with 7 € H. If we define
the function f : H — C by f(7) := F(Z1 + Z) we get

awi + bws
cwy + dwo

o) = e+ a*f ) = (o).

i.e. homogeneous I of degree —k are in correspondence with weakly modular functions of weight k.
This interpretation of modular forms will be used to give a natural definition of Hecke operators,
which we first define on functions on lattices as follows.

Definition 5.1. For a homogeneous function F : L — C of degree —k and n > 1 we define the
n-th Hecke operator by

T,F(A) =nf"" Y F(A),
N cCA
[A:A’}:n
where the sum runs over all sublattices of index n.
Notice that by definition we immediately get that T,, F is also homogeneous of degree —k.
Lemma 5.2. For A = Zw; + Zws the lattices A C A with [A : A'] = n are in 1:1 correspondence

with matrices (g Z) with ad =n and 0 < b <d—1 via N = Z(awy + bws) + Zdw,.

Proof. Homework 3. O

The correspondence of lattice functions and modular forms together with above Lemma leads to
the following definition of Hecke operators for modular forms.

Definition 5.3. For a modular form f € My and n > 1 we define the n-th Hecke operator by

Tf(r) =t S did*’“f (‘”; b) .

a,d>0 b=0
ad=n

Notice that we again get, by the correspondence with the lattice functions above, T, firy = To. f
for any v € SLo(Z).

Proposition 5.4. (i) For a modular form f € My with f(1) =3_, . 5ccmq™ the Fourier expan-
sion of T, f is given by

T.f(T) = Z de_lc% q".
m2>0 \ d|m
d|n
In particular, T,,M;, C My, and T,,S; C Sk.

(1t) For m,n > 1 we have
_ _ k—1
d|lm

d|m

In particular, if ged(m,n) =1 then T, T, = TiTr = T

& Until here in lecture 8 (16th June, 2023) =
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Proof. For (i) we use the definition of T}, to get

d—1
_ _ at +b
Tof(r)=n*"t 30 > d*f (d >
a,d>0 b=0
ad=n

d—1
_ _ caT+b
:nk: IE 2 E d kcm62‘m 7—m

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

d

— _ 2wiamT ]. 2mim b
:nklg Edlkcmedg (ed).

m>0a,d>0 0
ad=n

I
-

o
Il

Now we use
1 " 2mim b 0, d )(m,
E ; (6 ! ) - {]_7 d|m

k=1ql=F = g*=1 to obtain (by setting m = dm/)

together with n

k—1 2miam’T k—1 am’ k—1 m
Tnf(T): E a Cdm’€ = g a Cdm'q = § E a C% q

a,d>0 a,d>0 m2>0 \ a|lm
ad=n ad=n aln
m’>0 m’>0

mn

where in the last step we set m = am’, which together with ad = n gives dm’ = Z3. From this
formula, we immediately see that T, f is holomorphic at co and 0 at infinity if ag = 0. Therefore,
T, My C My and T, S, C Sk, since we already saw that T, f is invariant under the slash operator.
For (ii), we just apply the formula from (i) twice to calculate the coefficients of T,,T,, f and notice
that they coincide with the formula for the coefficients of ), f. O

5.2 Hecke Eigenforms

For each n > 1 we defined the Hecke operator T, : My — Mj. A natural question is to ask for
its eigenvalues and eigenvectors. Even more, one can ask if there are modular forms f which are
eigenvectors for all T;,, i.e. there exist numbers \, € C with

T.f =M\uf (for all n > 1). (5.1)

If the space My, is one-dimensional (k = 4,6,8,10,14) this is clearly the case. Since Sy is closed
under 7;, the same statement holds when S}, has dimension one. In particular, A is an eigenvector
for all T;, since dim S15 = 1. By Proposition we then get that for modular forms f(r) =
Y om0 @ng™ With the eigenvalues \,, satisfy

)\nam: E dk_la%.
dlm
d|n

In particular, in the case m = 1 we get A\,a1 = a,, i.e. it makes sense to normalize these
eigenvectors such that a; = 1. This leads to the following definition.

Definition 5.5. (i) A modular form f € My, is called Hecke eigenform if it is an eigenvector
for all T,, with n > 1.

(ii) A Hecke eigenform f(1) = >_, 5 ang"™ with a1 = 1 is called Hecke form (or often normalized
Hecke eigenform,).
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Hecke eigenforms have the Fouriercoefficient a,, as the eigenvalues for the operator T},. As a direct
consequence of Proposition [5.4] we obtain the following.

Proposition 5.6. If f(7) = ano a(n)q™ € My, is a Hecke form then for all m,n > 1

a(n)a(m) = de—la(%). (5.2)
d|
d|n

In the special case ged(m,n) = 1 we get a(n)a(m) = a(mn). In particular, the coefficients a(n)
are uniquely determined by a(p) for p prime, since for r > 1

=a(p)a(p”) —p" a(p’ ) (5.3)

and a(py ---p') = a(pi*) - --a(p;') for distinct primes p1,...,p;.

a(p™)

Proof. This is an immediate consequence of above discussion and Proposition The recursion
(5.3) follows from (5.2)) by taking m =p and n =p". N

Proposition 5.7. (i) For even k > 4 the Eisenstein series

6= G G = = + X (o’

are Hecke forms.
(ii) A is a Hecke form, i.e. 7(n) is multiplicative.

Proof. For (i) it suffices to check that the divisor sums oj_1 satisfy (5.3) and are multiplicative.

Then Gy, satisfy (5.1]) with A, = o_1(n). For p prime we have o _1(p") = 1+ pF=1 ... 4 prk=1)

from which we obtain by direct calculation oj,_1(p"*) = op_1(p)or_1(p") — p*Lop_1(p""!) for

r > 1. That the o;_; are multiplicative follows directly from the definition since for coprime m,n
the divisors d|m - n are in 1:1 correspondence with divisors di|m and da|n via d = dyda,i.e.

ok—1(mn) = Z dh1l = Z di=t Z d5 ' = op_1(m)og_1(n).

d|mn di|m da|n
Statement (ii) follows from the discussion above. O

Theorem 5.8. The Hecke forms in My form a basis of My, for every k > 1.
Proof. See, for example, [Z2 Chapter 2, Theorem 2]. O

& Until here in lecture 9 (23rd June, 2023) &3

5.3 L-series
For a f(1) =3_,5a(n)q" we define its L-series by

L(fs)= > a;“;‘).

m>1

Here s € C is a complex number such that the above sum converges. The region of convergence,
i.e., admissible s depends on the growth of a(n). For example, for a modular form f € My we will
see that the L-series converges for Re(s) > k. If the a(n) are multiplicative, i.e. a(m)a(n) = a(mn)
for coprime m, n, then a(pi* - --p;') = a(p}') - - - a(p;') and the L-series of f has an Euler product

L) = X W ] YA

m>1 p prime >0 p
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Example 6. If f(1) = 13(1 = > 514", t.e. a(n) =1, the L-series of f is the Riemann zeta
function

1
L(f,s)=¢(s) = ) —,
n
m>1
which converges absolutely for Re(s) > 1. Since Zrzo p}.s = 1%}),5 the Fuler product is given by
1

= ) 4
o pzl:i[mel_p_s o4

The Euler product for Hecke forms can also be written down explicitly:

Proposition 5.9. If f(7) = ano a(n)q™ € My, is a Hecke form, then

1
L(fa 8) = H 1— a(p)p—s +pk—1—25 :

p prime

Proof. Set Ap(X) =3, 5qa(p")X". By using (5.3) we obtain
_1+Z r+1 XT+1 _ 1+Z Xr+1 Zpk 1 r 1 XT+1

r>0 r>0 r>1
— 1+ a(p) X Ay(X) — P X24,(X)

and therefore

1
Ay(X) = .
o(X) 1—a(p)X + ph-1X2
From this the result follows since L(f, s) =[], ime Ap(P™°)- O

Example 7. For f = Gy we have

(r+1)(k-1) _q
ap’) = op 1 (p") =14+ pr Lo gpreo = 2

pk—l -1 ’
(r+1)(k=1) _ | 1
P

Ap(X) = Z = X' = - ;

e (1-p"1X)(1-X)

1
L(Gk,s) = ][ — — = (s —k+1)((s).
o prime (17D ) —p~*)

Here we see that the L-series converges for Re(s) > k.
Theorem 5.10. Let f € My and f(7) =}_,5,a(n)q".
(i) We have the growth estimates

a(n) =0V (feMy), an)=0mn3) (feS).

Hence L(f,s) converges absolutely and locally unifrom,y in the half-plane Re(s) > k for any
f € My, and in the larger half-plane Re(s) > g + 1 if f is a cusp form.

(i) L(f,s) has a meromorphic continuation to the whole complex plane. If f is a cusp form

then this continuation is holomorphic everywhere. Otherwise, it has a simple pole of residue

((zml)),a(()) at s = k. The completed L-series L*(f,s) = (2w)*T'(s)L(f,s) (Here L is the

meromophic continuation) satisfies the functional equation
* koo
L*(f,s) = (=1)2L7(f, k — s).

Proof. See, for example, [Z2 Chapter 2, Theorem 4]. O

Version 12 (July 16, 2023) -33-



Modular forms and their combinatorial variants - Period polynomials of modular
forms

6 Period polynomials of modular forms

6.1 Definition & Eichler-Shimura isomorphism
Let Vi, C Q[X,Y] denote the space of all homogeneous polynomials of degree k — 2. On Vi we

define a right-action of GLy(Z) for a v = <CCL Z) € GLo(Z) and F € Vi, by

(FIY)(X,Y) = F(aX +bY,cX +dY). (6.1)

This action can then extended linearly to an action of the group ring Z[GL2(Z)] on Vi. The
following elements in GLo(Z) will be of importance when working with the above group action.

(-1 0 (01 s_ (10
=\ o -1)° “T\1 o) o 1)
1 1 0 -1 1 -1
=) s=0a) v-Gd)
Definition 6.1. Let f € Sy be a cusp form of weight k.
(i) Forn=0,1,...,k — 2 we define the n-th period of f by

ro(f) = h (r)r"dr.
0

(i) Define the period polynomial of f as following polynomial in C @ Vi
Pi(X,Y) :/ (X —Y7)"2f(r)dr. (6.2)
0
Notice that

k—2
P ) = S0 (M),

n
n=0

Moreover, one can show, using the Mellin transform, that the periods of f are given by the values
of its completed L-series. More precisely, we have

ra(f) = "L (fon 4 1),
Proposition 6.2. For a cusp form f € Sy and v € SLa(Z) we have

7~ (ico)
Brimeey) = [ T vet e, (63)

__ az+b _ a b
where v(z) = ¢ for v = <c d) as before.
Proof. will be added later —. O

In particular we see that

(Pr (14 9))(X,Y) = (/Om+/0> (X — Yr)F2f(r)dr = 0,

oot

(6.4)
(P |(1+U+UH)(X,Y)=0.

Motivated by (6.4) we define the following subspace of Vj, for even k > 2
Wi =ker(1+ S)Nker(1+U +U?) C Vj .
By Proposition (6.2)) we get Py € C® Wy, for f € Si.
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Let Vki denote the +1-eigenspaces under the action of ¢, i.e. V,;L are the symmetric and V) are
the antisymmetric polynomials. By V¢ and V°¢ we denote the +1-eigenspaces of d, i.e. the even
and odd polynomials. With this we define the symmetric (4), antisymmetric (—), even (ev) and
odd (od) parts of Wy, for e € {+, —,ev,0d} by

We=WinV;?.
Lemma 6.3. i) We have

+ od - _ ev
Wk_ka Wk_ k -

ii) The spaces Wy and Wlf can also be written as

Wi =ker(1-T —-T"), (6.5)

where T' = —U?S = <1 ?) and

VVki =ker(1—-T FTe).
Proof. Homework 4. O

The equation is also called Lewis equation. The period polynomials of cusp forms satisfy
the Lewis equation and the following theorem states, that there are no more relations. More
precisely the statement of the Eichler-Shimura theorem is that we get isomorphisms of Sy to W,;t
(modulo a subspace of dimension one in the even case) by sending a cusp form f to the odd P;'

and even part P, of its period polynomial Py. Notice that Pfi = %Pf\(l +e).

Theorem 6.4. (Eichler-Shimura Isomorphism) The map p* : f Pfi induces isomorphisms
+.g, ~ + -.q Wy
pT Sy —CW,, p S, —C® "k Q(Xk72_yk72).

Proof. See for example [LJ]. O

Theorem 6.5. For a Hecke eigenform f € Sy there exist two complex numbers w*(f) such that
the polynomials Pfi have coefficients in the field generated by the Fourier coefficients of f.

Proof. See [Z2]. O

For a modular form f = )" - anq"™ € My, which is not a cusp form, i.e. ag # 0, the integral
(6.2) does not converge. In [Z4] Zagier introduces the extended period polynomial for any
f=2050anq" € My, by

PH(X,Y) :/Tm(X —Y7)P2(f(7) — ao)dr + /OTO (X —Y7)k=2 (f(r) - 7) dr

0
ap 1 ik _
+(l€1)<Y_ ?)()(X—Y’Tb)kl.

Here 79 € H is arbitrary, and one can check that the definition of 13]« (X,Y) is independent of 7y
since the derivative of the right-hand side with respect to 79 vanishes.

For example, the extended period polynomial of the Eisenstein series Gy, is
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N omiC(k — 1 omi)k B. B
PGk ()(7 Y) = M(ka2 — Yk*Q) _ ﬂ Z k1 Pky Xk:1flyk2fl )

2(k — 1) 20k —1) 2= kil k!
k1,ka>0

In general I3f (X,Y) is not an element in C ® V}, anymore, since we can get poles in X and Y. We
therefore define the space

Vo= @ oxhlykt
k1+ko=k
k1,k220

With this we have for any f € My, that ﬁf(X, Y)eC® Vi.. The group I' does not act on Vi
anymore, but still it makes sense to define the following subspace of Vj

Wi :=ker(14 U + U?) Nker(1 + §) = ker(1 = T — T,

which contains all elements in Vi, which vanish under the actions 1+ U + U2 and 1+ § (defined
in the same way as before). One can then also check that 13f (X, Y)eCo® Wy and we have the
following extended version of the Theorem of Eichler-Shimura, where we define Wki again by the
symmetric and antisymmetric parts of /V[7k

Theorem 6.6. (Fichler-Shimura, Zagier [Z4)]) The map ﬁf Cf e ﬁfi induces isomorphism
pF M, S CoW, by My, S CoW, =Co W, .

6.2 Hecke operators

In this section we want to shortly mention how Hecke operators can be defined on period polyno-
mials. For details we refer to [Z5]. For n > 1 we define the Manin matrices by

0 b a > lc|,d > |bl,bc <0
Man,, = |a,b,c,d € Zyad—bc=n, b=0=> -5 <c< g,
c d 2 2

For example, for n = 2 we have

wea= {5 99226 2

Denote by M., the set of 2 x 2-matrices with integer entries and determinant n. Then Man,, C M,
and we extend the action (6.1) to an action of Z[M,,] on Vj. Further, we define for n > 1 the

element T}, € Z[M,] by T,, =3 m.

meEMans

Theorem 6.7 ([Z5]). The action of T, on W,;t corresponds to the action of the Hecke operator
T, on Sk, i.e., for any f € S, and n > 1 we have

P:t

_ px 7
o = Fr [ Tn

As shown in [Z4] this theorem also extends to the extended periods polynomials. In particular, for
even k > 4 we have

(Xk—2 _ Yk—2)|j:n _ O'k_l(n)(Xk_Q _ Yk_Q).
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Setting (X,Y) = (1,0) gives the following formula for the divisor sums
ok—1(n) = Z (aF=2 — ckF=2).
(Z 3) €Man,,

This formula can probably be proven purely combinatorially, since it also seems to hold for all
k > 2 (also odd), when replacing ¢*~2 by |c|*=2. (But there is no proof known to the lecturer). In
general, if f =73 . a(n)q" is a Hecke form with Pfi(l, 0) # 0 we have

aln) = —./——— Z Pfi(a,c).

<a Z) €Man,,

7 Combinatorial modular forms

GX

= Until here in lecture 11 (14th July, 2023) &
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