INTRODUCTION TO MODULAR FORMS

ALEXANDRE ACRA

ABSTRACT. The subject of Modular Forms is a rich sub-area of complex analysis that re-
veals powerful and surprising results in Number Theory. In this paper, we will introduce
Modular Forms as holomorphic functions on the upper half of the complex plane H C C,
exhibiting specific regularity conditions (of "modularity") and some asymptotic behavior at
infinity in the imaginary direction.

The main angle of the paper is to illustrate and enjoy how Abstract Algebra (e.g., group
theory on matrices), Linear Algebra (vector spaces and dimensions), Complex Analysis (el-
liptic functions and lattices on C, Eisenstein series and Fourier analysis, holomorphicity,
summation techniques and convergence of series) come together to deliver powerful results
in Number Theory, such as relationships between sums of divisors of integers, and the Four
Square Theorem which counts the ways in which any integer can be written as a sum of
four squares.

The paper assumes sufficient background in Complex Analysis and Holomorphic and Elliptic
Functions, as it is the capstone of a course on these topics, but we have attempted to make
it self-contained when it comes to definitions and results from other domains, notably from
Abstract and Linear Algebra. This has led to significant sections on necessary preliminaries.

We will also discuss examples and benefits of broadening the topic to include Mock Modular
Forms, and will end with an introduction to Hecke Operators and discuss how they led to
proofs of some conjectures posited by Ramanujan.

1. HISTORICAL BACKGROUND

By the late nineteenth century, the field of Number Theory had already evolved to make
advances by using non-elementary techniques, i.e., by leveraging other fields of mathematics
including real analysis (e.g., Dirichlet's use of the pigeonhole principle) and the use of infinite
sums and products (e.g., by Euler then Gauss).

By that time, the use of Complex Analysis towards Number Theory was also well underway,
such as with the work of Klein and Jacoby on Elliptic Curves, and of course Riemann's work
and insights in leveraging the ( function that now bears his name and the corresponding
Riemann Hypothesis about zeros of the ¢ function and the distribution of the primes.

The field of Modular Functions had also been developed by that late nineteenth century
timeframe, although it was mostly aimed at achieving results in Hyperbolic Geometry. A
seminal period appeared in the early twentieth century regarding Modular Forms strongly
impacting Number Theory, when Ramanujan had the idea of expressing Modular Forms
through their corresponding g¢-series, also known as g¢-expansions, and more formally as
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Fourier Series representation.

This intuition led him to formulate three conjectures around his so-called A function, subse-
quently designated as Ramanujan's A function. These conjectures led to active work for the
rest of the twentieth century, including Mordell's proof of two conjectures, then Hecke's de-
velopment of his framework of linear operators on Modular Forms, culminating with Deligne's
proof of the third conjecture as part of proving the Weil conjecture in the 1970's.

The impact of Modular Forms has continued through the twentieth century, with a high
point being Andrew Wiles' 1994 proof of Fermat's Last Theorem via his proof of the Shimu-
ra-Taniyama-Wiles Modularity Theorem which states that every elliptic curve corresponds
to a Modular Form. The juxtaposition of the Wiles result with a previous result by Frey
(1986) that a solution of Fermat's equation would lead to an elliptic curve, and with a
subsequent result by Ribet (1986) that Frey curves do not correspond to Modular Forms,
achieved the proof by contradiction that solutions to Fermat's Last Equation could not exist.

Exciting work continues well into the twenty-first century, notably with the connections
between Mock Modular Forms (a relaxed and more inclusive class of functions) and Finite
Simple Groups (with no non-trivial quotient groups). Important results are revealed by the
Representation Theory Moonshine approach to quantifying the order (i.e., cardinality) of
Sporadic Groups (Finite Simple Groups that are neither cyclic nor alternating nor Lie), such
as Mathieu Groups and The Monster.

2. ABSTRACT ALGEBRA PRELIMINARIES

As we will see when we introduce Modular Forms, a key condition to be satisfied by these
is a certain form of invariance in the face of fractional linear transformations derived from a
matrix group. In order to make this document self-contained, we introduce in this section the
main definitions and results from Group Theory that are needed to understand the definition
of modular forms. In particular, we will lead towards concepts of a Quotient Group, the
Index of a Subgroup, and Groups Actions. Lastly, since we mentioned how modular forms
impacted research on Finite Simple Groups in the Historical Background section, we will
cover that topic as well.

Definition 2.1 (Group). We recall that a group (G, ) is defined as a non-empty set G
endowed with a binary operation denoted by "-" (a dot symbol): G x G — G such that

o Closure: f,ge G — f-g€(.

o Associativity: ¥f,g,h € G, we have (f-g)-h=f-(g-h).

e [dentity: there exists and element e € G acting as the neutral identity element for
the - operation, i.e.,e-g=g¢g-e =g, Vg € G.

o Invertibility: Vg € G, there exists an inverse element denoted as ¢~! € G such that
g lg=g-9 " =e

Remark 2.2. Tt is frequent to denote the binary operation by "x" or "+", and it is also frequent
to omit the explicit presence of the operator symbol altogether, and to denote f - g simply
by fg when the context is clear enough. It is also frequent to refer to the operation as
multiplying, when the context is clear enough.
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Theorem 2.3 (Uniqueness of Inverse). If 2,y € G and z -y = e theny-x = e. The left
inverse and right inverse are necessarily the same. In addition, there is a unique inverse for
each element.

Proof. If = -y = e, then we left-multiply by y and we have y - (- y) =y -e = y. Now we
left-multiply by ! and we have y~'- (y- (z-y)) =y~ !y = ¢ and we now now associativity
on the left-hand side to get y ™' - (y - (x-y)) = (y ™ -y) - (z-y) =e- (z-y) =z -y. We have
therefore shown that -y =e¢ = y-x = e, so the left inverse and the right inverse are
necessarily the same.
To complete the uniqueness proof, we show uniqueness of the inverse on a given side, e.g.,
the left side, and we are done. If -y = x -2 = e, we left-multiply by 27! and we have
b (vey)=ax2), ie, (a7t x)y=(27tx) -2 ie, ey =€ 2, i, y = 2. O
Theorem 2.4 (Inverse of Product). Vr,y € G, (z-y) =yt 2L
Proof. We multiply and we have the following by repeatedly using associativity of the oper-
ation

(@-y)y™ a2 )=y -y
By virtue of Theorem 2.3, it is enough to show on one side that two elements are inverses,
for them to be each other's unique inverse. O

1

=yt =@e) T =22 =

Theorem 2.5 (Injection Induced by Operation). Let (G,-) be a group and let S C G
be a subset of G. Let g be any element of G. Then the function
S—=d

fo(s)=g-s

is injective. It is therefore bijective when its co-domain is restricted to its image (which we
will define below as a coset). The same is true for the function defined by right-multiplying
by g, i.e., fi(s)=s-g.

Proof. It f,(s) = f4(t) for two elements s,t € S, then ¢g-s = ¢g-t. We multiply both sides by
¢~ ! which is guaranteed to be an element in GG, and we get by invoking associativity of the
group operation

9 (g-8)=g"(gt) = (979 -s=(g -9t = es=ct = s=t

The proof is identical for the function f;. 0

-1 -1

Corollary 2.6. If we designate by g - S the image set of S by f,, i.e., the set {r € G:x =
g-s, for some s € S}, then f, is a bijection from S to g-S. Similarly, if we designate by
S - g the image set of S by fy, i.e., the set {xr € G :x = s-g, for some s € S}, then f; is a
bijection from S to S - g.

Proof. We have already shown that f, is injective, and it is clear that it is surjective by
construction of the co-domain as its image. It is therefore a bijection. A similar reasoning
on f, concludes that it is bijective. 0

Corollary 2.7. For any subset S of G, and any element g of G, we have
S| =1g-SI=15"4l,

where we are referring to cardinalities of sets.

Proof. This is a direct consequence of having f, as a bijection from S to g-.S and a bijection
from S to S - g. O
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Definition 2.8 (Conjugates). We say that two elements a,b € G are conjugates if there

exists an element ¢g in GG such that

b=g ' a-g.

Theorem 2.9 (Conjugacy Equivalence Relation). Conjugacy between elements defines
an equivalence relation, and conjugate elements are within equivalence classes.

Proof. We let the relation xRy be defined as 2Ry <= dgc G:y=g ' -x-g. We prove
that R is an equivalence relation on G.

e Reflexive: Vo € G,z = e~ - - e so we have established that zRz.
e Symmetric: If Ry, then y = g~ - 2 - g for some g € G. We left-multiply by ¢ and
right-multiply by ¢g~! and with associativity, we get

1

_ _ 1\ -1 _
TRy <= y=g ' x-g <= gy-g =2z <= (¢7") -y () =2 < yRa

e Transitive: If 2Ry and yRz, thenlet y = g7 -2 -g and 2 = h™! -y - h for some
h,g € G. We then have

Z:hflyh:hfl(gilxg)h:(hflgfl)x(gh):(gh)flx(gh) — JJRZ,

where we have used associativity as well as Theorem 2.4.
O

Notation. Given a subset S of G and an element g of G, we denote by
g S-g={9"-x-g:xe8}

the set of the results of conjugation of all elements of S by the element g.

Definition 2.10 (Order of an Element). The order of an element g € G is the smallest
m € N such that ¢ =¢g-¢g-...-g=ce.

Definition 2.11 (Abelian Group). An Abelian group, also known as a Commutative
Group is a group in which the defining "-" binary operation is commutative, i.e.

VigeG f-9=9-/
Ezample. The integers with the addition operation form an Abelian group (Z,+).

Example. The Rubik's cube with the operation of composition of actions is a group. However,
it is not an Abelian group as switching the order in which two actions are performed generally
leads to different results.

Definition 2.12 (Subgroup). A non-empty subset H C G of a group G is called a subgroup
of G if the defining "-" binary operation defines a group (H,.) when restricted to H x H. In
particular, the result of operating on two members of the subgroup remains in the subgroup,
the neutral element is in the subgroup, and the inverse of each element in the subgroup is
also in the subgroup.

Definition 2.13 (Proper Subgroup). A subgroup H of a group G is proper if H C G.

Ezample. The set of even integers with the addition operation (2Z,+) forms a proper sub-
group of (Z,+).
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Definition 2.14 (Left Cosets). Given a subgroup H of a group G, and an element g € G,
the left coset g - H is

g-H={g-h:heH},
i.e., it is the set of the results of the operation on g with all elements of H, with g being in
the left position of the binary operation.

Definition 2.15 (Right Cosets). Given a subgroup H of a group G, and an element g € G,
the right coset H - g is

H-g={h-g:heH},
i.e., it is the set of the results of the operation on all elements of H with g, with g being in
the right position of the binary operation.

Remark 2.16. Clearly when (G, -) is Abelian, g- H = H - g, i.e., the left coset and the right
coset are the same set for a given element g and a given subgroup H.

Remark 2.17. We note that g € g- H, Vg € G because e € H due to the fact that H is a
subgroup. Therefore, g-e € g- H and since g - e = ¢, this implies that g € g - H. It is
similarly true that g € H - g, Vg € G.

Lemma 2.18. We have v € g- H if and only if g € x - H if and only if g™' - x € H if and
only ifz='-ge H.

Proof. v € g- H <= 3h € H such that z = gh. Left-multiplying both sides by ¢!
maintains the equivalence with gtz =g '-(g-h) = (¢g7'-g)h =e-h = h € H. Reversing
the roles of x and ¢ shows the rest of the equivalence being true. 0

Corollary 2.19. We note that by Lemma 2.18, a given coset may very well have several
representatives and that it can be equivalently referred to using any of its representatives.

Theorem 2.20 (Cosets are Equivalence Classes). Given a subgroup H, the relation
TRy <= z7'-y € H is an equivalence relation over G. Similarly, the relation R’y <=
x-y ' € H is an equivalence relation.

Proof. We prove that the relation R is reflexive, symmetric, and transitive.

e Reflexivity: for any z € G, 7Rx <= 27 '-2 € H <= e € H which is true since
H is a subgroup.
e Symmetry: for any 2,y € G, 2Ry < z'-ye H = (z7'-y) " € H <
y'-x € H <= yRux, where we have used Theorem 2.4 for the inverse of a product.
e Transitivity: for any z,y, 2 € G, if ¥Ry and yRz, then by definition 2! -y € H and
y~!.-z € H. Since H is a subgroup, the product of two of its elements is also an element
of H,sothat (v '-y)-(y'-2)=((@y)y ) z=0@"(yy")z=0"2€H,
which shows that 2R z.
The proof for the right-coset equivalence relation is identical and we omit detailing it. [
Corollary 2.21 (Cosets Partition a Group). Since every equivalence relation on a set

induces a partition of the set into equivalence classes, this is the case with left cosets of a
subgroup H. It is also the case with right cosets of a subgroup H.

Theorem 2.22 (Conjugation of Subgroup). If H is a subgroup of G and g € G, then
g t-H- g is also a subgroup.
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Proof. We show that the identity is in ¢~!- H - ¢, that it is closed under the group operation,
and that the inverse of an element in g=' - H - g is also in g7! - H - g.

1 1 -1

e Identity: since e € H, and therefore g7'-e-g€ g ' -H-g,and gl -e-g=g1-g=ce,
we have established that e € g7 - H - g.
e Closure: let x1,29 € g~ '+ H - g, then there exist hy, hy € H such that 2, = ¢ ' -hy-g

and x5 = ¢! - hy - g. We write

:L’1-£L’2:(g_l'h1'g)-(g_1'h2'g):g_l'(h1-h2)'g,
and hy - hy € H because H is a subgroup.
e Inverse: let x =g '-h-g€ g ' -H-g. Then by Theorem 2.4, 2=t =gt -h71.g,
and h~! € H because H is a subgroup. Therefore, x=' € g71 - H - g.

O

Theorem 2.23 (Cosets and Conjugate Subgroups). Given a subgroup H of G, and an
element g of G, the right coset H - g of the subgroup H with respect to the element g is the
left coset g- (9! H - g) of the conjugate subgroup g~* - H - g with respect to the element g,
i.e.,
H-g=g-(9  H-g).
Proof. We have
re€H-g <= dhe€ Hsuchthat xt="h-g

<= Jhc Hsuchthatz=(g-g ') -h-g

<= Jhc Hsuchthatz=g¢g-(g7' - h-g)

<~ I =(g ' h-g)€g ' H gsuchthat z =g-h

= xeg-(g-H-yg)

OJ

Remark 2.24. We note that in the general case the right cosets of a subgroup H are distinct
from its left cosets. However, by Corollary 2.7, the cardinality of all cosets (right or left) of
a given subgroup is the same as the cardinality of that subgroup, and by Theorem 2.23, the
number of left cosets of a subgroup is equal to the number of its right cosets.

Definition 2.25 (Normal Subgroup). A subgroup N of a group G is a normal subgroup
if and only if for any element g € GG, the corresponding left and the right cosets are equal,
ie., g- N = N -g. Equivalently, this means that a normal subgroup is its own conjugate
subgroup, i.e.,

Vge G, neN, wehave g' -n-g e N.

Remark 2.26. We note that the condition for a subgroup being normal does not imply that
an element in that subgroup commutes with all elements of the group G (see the definition
for center). It simply implies that if x € g- N = g -ny with ny € N, then x € N - g, i.e.,
there exists some ny € N such that x = ny - g but we may have n, # ns.

Definition 2.27 (Center of a Group). The center of a group G, denoted by Z(G), is the
set of elements of G that commute with all elements of G, i.e.,

Z(G)={2€G|VgeG,g-z2=2-g}.
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Theorem 2.28 (The Center is a Subgroup). The center Z(G) of a group G is a subgroup
of G.

Proof. o Identity: the identity element commutes with all elements of a group because
Vge G, e-g=g-e= g, so it is in the center.
e Closure: if ¢1, ¢ € Z(G), then for any g € G, we have

(c1-e)-g=c-(-g)=a-(g-c)=(a-9) a=(9 ca) a=g-(a-c),
which shows that ¢; - co € Z(G).

e Inverse: let ¢ € Z(G), we want to show that ¢™* € G. For any g € G, we have after
left-multiplying by ¢!, then right-multiplying by ¢~

1 1 1

'C'g:C_ .g.c —— g.c_ :C_l'g'C'C_l

_ -1
=cC 9,

which shows that ¢! also commutes with all elements g of G, thus ¢! € Z(G).

c-g=g-c — C

O

Corollary 2.29 (The Center is a Normal Subgroup). The center Z(G) of a group G
is a mormal subgroup of G, i.e., it is its own conjugate subgroup, and its left coset is equal
to its right coset with respect to any element of G.

Proof. This is clear since elements of Z(G) commute with all elements of G, then the left-coset
and the right-coset of Z(G) are the same with respect to any element g € G. The condition
for the center is stronger than the condition for a normal subgroup. U

Definition 2.30 (Quotient Group). For a normal subgroup N of a group G, we define
the set of all left cosets of N (which are the same as its right cosets, because N is normal),
G/N ={g-N:ge€G}.

We define the binary operation on elements of G/N as follows:
(g-N)*(g"-N)=(g9-9)-N.
Theorem 2.31. (G/N,x) is a group.

Proof. We first show that the binary operation is well defined and does not depend on the
choice of representative elements of the cosets. Indeed, if g- N =h-N and ¢- N =h'- N,
then we have (omitting the dot notation for convenience)

(99 )N = g(g'N) = g(h'N) = g(NI') = (gN)h' = (hN)h" = h(Nh') = h(W'N) = (hl')N.
We remark that we used repeatedly the fact that N was a normal subgroup in the trans-
formations above, notably when switching freely between a left coset and a right coset of N
with respect with the same element of G.

We then note that associativity of the % operation on G/N follows directly from the
associativity of the - operation on G.

The identity element is the coset e - N = N, as we can easily see that

Nx(g-N)=(e-N)x(g-N)=(e-g)-N=g-N,VgeG.

And the inverse with respect to * of a coset gV is the coset g~ ' N, as we have by definition
of the % operation

(g7 "N)x(g-N)=(97""g)-N=e-N=N,
with NV being the identity element. This completes the proof that (G/N, ) is a group, thus
justifying its designation as a quotient group. O
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Remark 2.32. Given that N is normal, it is clear that we could have defined the quotient
group G//N by way of right cosets, those being the same as the left cosets of V.

Remark 2.33. We note (but don't prove) that there is a converse statement to Claim 2.31,
which states that if the operation x above is well defined on a subgroup N, then N must be
a normal subgroup.

Definition 2.34 (Index of Subgroup). As noted in Remark 2.24, every left or right coset
of a subgroup H has the same number of elements (or cardinality, if infinite). Furthermore,
the number of left cosets of H is equal to the number of right cosets of H. This number is
the indez of the subgroup H in G and is denoted by [G : H].

Remark 2.35. When a group is finite, then Lagrange's Theorem lets us relate the index of a
subgroup H in G to the cardinalities of H and G, via the relation

G| =G - H]|H].
Definition 2.36 (Finite Index Subgroup). A finite index subgroup is a subgroup whose

index is finite. The number of left cosets or of right cosets of such a subgroup is finite. We
will refer to this concept when discussing certain matrix subgroups later on in the paper.

As we made reference to Finite Simple Groups in the Historical Background section of
this paper, we provide the definition of simple groups.

Definition 2.37 (Simple Group). A non-trivial group is said to be a simple group if its
only normal subgroups are the trivial subgroup ({e}, -),where e is the identity element, and
the group itself.

Definition 2.38 (Finite Simple Group). A finite simple group is a simple group that has
finite cardinality, i.e., it has no non-trivial normal subgroups and has finite order (which is
a synonym for the cardinality of a group).

Remark 2.39. A non-simple group can be broken down into a proper normal subgroup and
the corresponding quotient group. This can be recursively pursued until arriving (in the case
of a finite group) at uniquely determined simple groups, by the Jordan-Holder Theorem.

Not so for a simple group as it has no proper normal subgroups, thus cannot be broken
down into normal subgroup and corresponding quotient group substructures.

Definition 2.40 (Subgroup Generated by Set). Given a group (G,:) and S C G a
subset of G, the Subgroup Generated by S , denoted as (S) is the subgroup of all elements
of GG that can be expressed as the finite product of elements of S and their inverses.

Remark 2.41. This is clearly a subgroup as can be derived from its definition.

Definition 2.42 (Generator Set). We say that a subset S C G is a Generator Set of the
group G if the subgroup (S) is equal to G, i.e., every element in G can be expressed as a
product of elements of S and their inverses. We also say that G is generated by S, and write

(S) = G.

Ezample. The additive group of integers (Z,+) is generated by the one-element set {1} as
every integer can be expressed as a finite sum of the element 1 or its inverse —1. Therefore,

we have
({1}h) = (Z,+).
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Definition 2.43 (Presentation of a Group). A Presentation of a Group is a method of
specifying a group via a generator set S such that (S) = G and a set of relations R between
the elements of the generator set. We then say that G has a presentation

G = (S|R).

Ezample. The multiplicative group (Z/57Z)* of integers modulo 5 is generated by the element
2as22 =4 (mod 5), 2> =3 (mod 5), and 2 =1 (mod 5), and this element is characterized
by its fourth power being equal to the identity element of the group. We therefore have

(Z/5Z)* = ({2} [{2" =1}).

Example. The Dihedral Group D4 is the group of symmetries on the square. It is called the
dihedral group of order 8 (because it has 8 elements). It consists of all possible 90° rotations
and reflections about the horizontal or vertical or diagonal axes of symmetry of the square,
with the operation of composition of such transformations. The group D4 can be generated
by any one 90° rotation and any one reflection about a symmetry axis. So if we designate a
counter-clockwise 90° rotation as the element a, and a reflection about the vertical axis of
symmetry as b, then we have the generator set
(S) = {{a,b}) = Dy.

Furthermore, and if designate the identity operation as e, then the elements a and b are
characterized by the relations a* = e, b*> = e, and a - b = b°a™", so that the set of relations is

R={a*=b"=¢,a-b=b-a'},
and therefore a presentation of the group D4 is the following
Dy= {{a,b}|{a*=b*=¢€,a-b=0b-a"'}).

Definition 2.44 (Finitely Generated / Related / Presented). If a group can be gener-
ated by a finite subset S, then it is said to be finitely generated. If the set of relations among
the elements of the generating set is finite, then the group is said to be finitely related. If
both conditions are met, then the group is said to be finitely presented.

2.1. Functions on Groups.

Definition 2.45 (Group Homomorphism). A group homomorphism is a function from
a group to another that preserves the operations of the groups, i.e., for z,y € G:

f : <G7 ) — (GI7*)
flx-y) = f(z)* f(y)

Ezample. The structure (R, +) is a group and the structure (Rt \ {0}, -) is another group,
and the exponential function

fr (R, +) = (RT\{0},-)
flz) =€
is a group homomorphism between the two groups above, because we have
flaty) =e=e" e = f(z) fy).

Definition 2.46 (Group Isomorphism). A group isomorphism is a bijective group homo-
morphism between two groups.



10 ALEXANDRE ACRA

Definition 2.47 (Group Automorphism). A group automorphism is an isomorphism
from a group onto itself.

Definition 2.48 (Kernel). Given a homomorphism f : G — G’ from a group to another,
we define the kernel of the homomorphism as the subset of elements of G whose image by f
is the identity element of G', i.e.,

ker(f) ={g € G: flg) =ec} CG.

Definition 2.49 (Image). Given a homomorphism f : G — G’ from a group to another,
we define the ¢mage of the homomorphism as the subset of elements of GG’ that are images
by f of some elements of G, i.e.,

im(f) ={¢ € G':3g € G such thatf(9) = ¢} C G

Theorem 2.50 (Group of Automorphisms on a Group). Given a group G, the set of
automorphisms on G, with the operation of function composition, is a group.

Proof. We prove that all the conditions of a group structure are met.

e Identity: the identity function on a group is an automorphism of that group, and is
the identity element for the function composition operation.

e Associativity: function composition is associative in general, so it is so for automor-
phisms on a group.

e Closure: if f; and f; are two automorphisms on GG, then they are bijective from G to
G, and their composition is also a bijection from G to G, as this is a general result.
We now examine the behavior of their composition with respect to homomorphic
behavior. For any two elements x,y € G, we have

(fao f1)($y) = f2[f1($y)] = f2[f1(17)f1(y)] = fz(f1($))f2(f1(y)) = (f2 © fl)(f)?) “(fao fl)(y)-

e Inverse: if f is an automorphism on G, then f~! is a bijection from G to G because
this is a general result for bijections. We now show that the inverse satisfies the
homomorphism condition. For any z,y € G, there exist u,v € G, such that x = f(u)
and y = f(v) because the bijection f is a surjection. We then have

fHay) = @) - f)] = o)) =u-v= () (),
where we have used the homomorphic property of f in the second equality above.
O

Definition 2.51 (Isomorphic Groups). Two groups (G,-) and (G’,*) are said to be
isomorphic if there exists an isomorphism from one to the other (and thus vice-versa). We
denote such isomorphic groups as

(G7 ) = (le *)

Ezample. The exponential function is a group isomorphism from (R, +) to (R \ {0}, "), as
it is a homomorphism and is also bijective.

Theorem 2.52 (Properties of Isomorphisms). We state, and they are straightforward
to prove, a few important properties of isomorphisms. Let f : (G,-) — (G',*) be a group
isomorphism, and let eq and e be the identity elements of G and G', respectively. We then
have

o f(eg) = €eqg'.

e (G is Abelian if and only if G' is Abelian.



INTRODUCTION TO MODULAR FORMS 11

o flg)=[flg) Vgeq.

o flg™) = [f(g™.

e The order of g € G is equal to the order of f(g) € G'.

o The kernel of f is eq, i.e., eq is the one and only element in G whose image by f is

eqr.

Theorem 2.53 (Equivalence Classes of Isomorphic Groups). The relation of being
isomorphic between groups (G,-) = (G', %), as defined in Definition 2.51, is an equivalence
relation.

Proof. The relation is clearly reflexive as any group is isomorphic to itself with the isomor-
phism being the identity function.

It is symmetric because if f is an operation-preserving bijection from (G, -) to (G’, *), then
its inverse f~! is an operation-preserving bijection from (G, %) to (G, ).

It is transitive because if f; : (G,-) — (G, %) is an isomorphism and f; : (G, *) — (G”, X)
is an isomorphism, then fy o f; : (G, ) — (G”, X) is a composition of bijections, therefore a
bijection. And it is operation-preserving because if ¢, ¢’ € G, then we have

(f20f1)(9'9,) = f2[f1(9'9/)] = fQ[fl(g)*fl(g/)] = fz[fl(g)]xf2[f1(9/)] = (f?ofl)(g)x(f20f1)<g,)-
O

We end this section with a result for all homomorphisms, which we will show in the context
of groups. The result will be useful when discussing modular forms in its form for linear
transformations between vector spaces, and in fact this result has versions that apply to
many algebraic structures, including groups, rings, and others. We will re-state the result in
the vector space context that will be of interest to us for modular forms.

Theorem 2.54 (Isomorphism Theorem). Let (G,-) and (G',*) be two groups, and let
f:G —= G be a group homomorphism. We then have the following results:

e The kernel ker(f) of f is a normal subgroup of G.
e The image im(f) of f is a subgroup of G'.
e The image im(f) of f is isomorphic to the quotient group G/ ker(f).

Proof. e Recalling from Definition 2.25 that a normal subgroup is a subset of the group
such that its elements conjugated with any element of G remain in the subset in
question. We want to show that this is the case for ker(f), so we suppose k € ker(f),
and let g be any element of G. We want to show that g1 - k- g € ker(f). We have

flg™tk-g)=flg ") = f(k) = f(g)
= flg7") xec = f(g)

= flg™"* flg)
=flg"-9)

f(eq)
=eq.

The kernel ker(f) is therefore a normal subgroup of G.
e Since f(eg) = eqr, we have established that eg: € im(f). We now verify that inverses
of elements of im(f) are also in im(f): we let ¢ € im(f) be such an element, then
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there exists g € G such that f(g) =¢. We now have

e = fleg)=flg7 - g9) = flg7") = flg) = flg™") i

= i'=f(g7")

= i ' €im(f).

Lastly, we show closure of im(f) under the group operation *. Let i; and iy be two
elements of im(f), so there are two elements gy, g2 € G such that i; = f(g1) and
ia = f(g2). We then have

f(g1-92) = Fg1) * f(g2) = ix i,

so we have found an element ¢; - go € G such that i; * iy = f(¢1 - g2), which shows
closure of im(f) under the operation of the group G'.

We have threfore shown that im(f) is closed under the group operation, contains the
identity element e/, and contains the inverse of any of its elements. It is therefore a
subgroup of G'.

To show that (im(f),*) = (G/ker(f), ), we define the function

¢ (G/ker(f),-) — (im(f), )

and we show that it is a well-defined function, that it is homomorphic, and that it is
bijective. We first note that an element in the subgroup G/ ker(f) is an equivalence
class of an element g of G multiplied by all elements k € ker(f).

The function ¢ is well-defined because if ki, ks € ker(f), then f(k1) = f(k2) = eq
and f(g- ki) = fg) * f(k1) = f(9) x ear = f(g) and f(g - ka) = [f(g) * f(k2) =
f(g) * e = f(g), therefore the function ¢ defined on a coset g - ker(f) as f(g) is
well-defined.

The function ¢ is homomorphic because it is derived from f which is homomor-
phic from (G, ) to (G', %), and since group structure is preserved by f, then group
structure is also preserved by ¢ since for any two elements g1, g, € G, and the two
corresponding cosets g1 - ker(f) and ¢ - ker(f), we have ¢lg; - ker(f)] = f(g1) and

¢lga - ker(f)] = f(g2), therefore

ol(g1 - g2) - ker(f)] = fg1- g2) = fg1) * f(g2) = dlgr - ker(f)] * @[go - ker(f)],

which proves that we have a homomorphism.

We now prove that ¢ is a bijection. It is clearly a surjection because by defini-

tion of im(f), every element is the image by f of some element g of GG, which means
that it is the image by ¢ of this element's coset ¢ - ker(f) which is an element of
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G/ ker(f). It is also an injection because
¢lgr - ker(f)] = ¢lga - ker(f)] <= f(g1) = f(92)
= flo1-92") = f(g1) = flgz") = flg2) * f(927) = f(92-95") = flea) = ear
= g1- 95 € ker(f)
<= 3k € ker(f) such that g; - g, ' =k
— g=k-g
<= ¢ is in the right coset ker(f) - g2
— ¢ is in the left coset g - ker(f) because ker(f) is a normal subgroup
= g1 - ker(f) = go - ker(f).

This completes the proof of the isomorphism

im(f) = G/ ker(f).

2.2. Group Actions.

Definition 2.55 (Transformations). Given a set or a geometric space S, a transformation
on S is a bijective function from S to S.

Theorem 2.56 (Transformation Group). The set of transformations on a space forms a
group with the function composition operation, with the identity element of the group being
the identity function.

Proof. Composition of functions is associative, the identity function acts as the identity for
function composition, the composition of bijective functions from a set to itself results in a
bijective function from that set to itself, and each bijective function from a set to itself has
an inverse which is also a bijection from that set to itself. We therefore have a group. U

Definition 2.57 (Group Action). A group action of a group G on a space S is a group
homomorphism from the group G to the group of transformations of S (which we know to
be a group from Theorem 2.56). A group action of a group G on an algebraic structure is
a group homomorphism from the group G to the group of automorphisms of the structure
(which we have shown to be a group when the structure is a group, in Theorem 2.50). More
generally, a group action of a group GG on a set X is a group homomorphism from G to the
group of all bijections of X onto itself, i.e., to the symmetric group of X.

Definition 2.58 (Representation). When the target structure of the group action is a
finite-dimensional vector space (e.g., R"™), the group action is called a representation of the
group G.

Remark 2.59. We will see in the following sections that a frequent use of such a group action
is to allow the identification of the group G with subgroups of the so-called linear group of

invertible square matrices of some given finite dimension over a ring such as Z or a field such
as R.

Definition 2.60 (Orbit of an Element). In the context of a group action, each element
g of a group G induces a bijection f, : X — X or an automorphism on the target set X.
Given an element x € X, each of the induced bijections maps = to some image f,(z) that is
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also in X. The set of all images of the element = by all the bijections on X induced by the
elements g of GG is called the orbit of the element x. The orbit of x € X is therefore the set
denoted as

G2 ={f,(x): g€ G}

Theorem 2.61 (Orbits as Equivalence Classes). The relation on elements of X
TRy <— G-x=G-y

is an equivalence relation.

Proof. The relation is defined by equality of sets, so it is trivially easy to see that it is
reflexive, symmetric, and transitive. [l

Notation. The set of all orbits of elements of X by a group action of a group G is denoted
by X/G or also G\ X.

Definition 2.62 (Fundamental Domain). In the context of a group action (homomor-
phism) from a group G into the group of transformations on a set or space X, a Fundamental
Domain for this action is a set D of representatives of all the orbits of all elements x € X
(i.e., the set of images f,(x) of x by all the induced actions f, : X — X by all the elements
g €@G).

As an important note, fundamental domains are often considered in the context of X being
a Topological Space (i.e., endowed with a distance and where concepts of open and closed
sets and convergence of sequences are well-defined). In those cases, fundamental domains
are particularly useful when they exhibit "good" properties such as being open, connected
sets, for instance.

The key benefit of fundamental domains is that they enable the study of the behavior of the
induced transformations f, : X — X over their entire domain X by reducing the study to
the behavior over the fundamental domain, as all such behaviors will be exhibited on points
in the fundamental domain due to the fact that the fundamental domain contains a (usually
unique) representative from all orbits of all elements of X.

Ezample. Let (Z,+) be the additive group of integers, and let X = R. We consider the
group action as the homomorphism that maps an element n € Z to the function

fn:R—=R

falz)=n+zx
It is easy to see that this is a homomorphism as
fram() = (n4+m)+z=n+m+2)=n+ fin(z) = fulfu(z)) = (fuo f)(2).
And it is also clear that each of the functions f,,(z) as defined is a bijection from R to R, so
we have a group action. The orbit O(x) of a given element x € R is the set of reals
O(z) ={n+x:nelZ}

A fundamental domain for this group action would be the real semi-open interval

D=10,1).
Indeed, every orbit O(z), for any = € R, has one and only one representative in D because
for any real z, we have x — |z] € [0,1) and = — | x| € O(z) since it is the image of x by the
function f_|;(y) = —|z| +y, for y € R.

We can see that studying the behavior of the functions {f,(x) = n + x},ez on the fun-
damental domain [0, 1) reveals their behavior over the entire original set R.
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2.3. Rings and Fields. We end this section with a reminder of the definition of a ring,
as we will use this definition further down when discussing groups of matrices defined over
rings, i.e., matrices whose entries are ring elements.

Definition 2.63 (Ring). A ring is an Abelian group whose operation is called addition,
with a secondary binary operation called multiplication that is associative, distributive over
the addition operation, and that has a multiplicative identity element.

Ezample. The algebraic structure (Z, +, -) of the integers endowed with addition and multi-
plication is a ring.

Definition 2.64 (Field). A field is a ring in which, additionally to the ring conditions,
multiplication is commutative, and every element except the additive identity element has a
multiplicative inverse in the field.

Ezample. The structure (Q, 4+, -) of the rationals with addition and multiplication is a field.

Ezample. The structure (R, +,-) of real numbers with real addition and real multiplication

is a field.

Definition 2.65 (Vector Space). Given a field F, a vector space over the field F' is a
set V endowed with two operations that satisfy the eight axioms below. In the context of
vector spaces, elements of F' are called scalars and elements of V' are called vectors. The first
operation is vector addition + : V' x V' — V and the second operation is scalar multiplication
-1 F xV — V. Scalar multiplication is frequently represented without the - (dot) symbol.
e Associativity of addition: Yu,v,w € V, u+ (v +w) = (v +v) + w.
e Commutativity of addition: Vu,v € V, u+v =v + u.
e Identity element of addition: 30 € V such that Vv € V, v+ 0 =0+ v = v. This
vector 0 is called the zero wvector.
e Inverse elements of addition: Vv € V, 3 —v € V such that v+ (—v) = 0. This vector
—uv is called the additive inverse of v.
e item Compatibility between scalar multiplication and field multiplication: Va,b € F
and Vv € V, we have a - (b-v) = (a-b) - v, i.e., a(bv) = (ab)v.
e Identity element of scalar multiplication: with 1 denoting the multiplicative identity
in the field F', we have Vv € V, 1lv = v.
e Distributivity of scalar multiplication with respect to vector addition: Va € F' and
Yu,v € V, we have a(u + v) = au + av.
e Distributivity of scalar multiplication with respect to field addition: Va,b € F and
Vv eV, we have (a + b)v = av + bv.

Ezample. Given any field F', the set of ordered n-tuples (ay, as, . .., a,) with ay, as, ..., a, € F
is a vector space usually denoted by F™ and called a coordinate space. A common example
iswith F=Ror FF=C and V =R"” or V = C", respectively.

Definition 2.66 (Linear Subspace). A non-empty subset U of a vector space V is called
a linear subspace or a vector subspace (or simply subspace) of V' if it is closed under vector
addition and scalar multiplication, and therefore linear combination operations, and as a
consequence of which it contains the 0 vector in particular.
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Theorem 2.67 (A Subspace is a Vector Space). A linear subspace of a vector space is
itself a vector space.

Proof. Tt is easy to prove all eight conditions defining a vector space for a subspace, in that
the vector addition identity element is in the subspace, it has the required closure conditions,
and it carries over the other conditions related to scalar multiplication with elements of the
field over which these vector spaces are defined. O

Definition 2.68 (Quotient Space). Similarly to quotient groups being cosets attached to
a subgroup of a group, if U is a subspace of a vector space V', then the quotient space V/U
is defined as

VIU={v+U:veV}
i.e., it is the set of cosets of each element of V' with the subspace U. An element in that
quotient space is an equivalence class of vectors whose difference is an element of the subspace

U.

Theorem 2.69 (A Quotient Space is a Subspace). The quotient space of a vector space
by one of its subspaces is itself a linear subspace of the vector space.

Proof. We omit the proof because it is very similar structure to the proof we gave for the
equivalent result of quotient groups being subgroups of a group. 0

Definition 2.70 (Linear Combination). For any set of scalars {\;};c; indexed by some
set I and for any similarly indexed set of vectors {v; }icr, a sum of the form

Z)\i’l)i = )\1?}1 + )\2’02 + ...

icl
is called a linear combinations of the vectors {v; }ie;.

Definition 2.71 (Basis). A set of vectors {b; };cr, where b; € V and [ is some set of indices,
is a basis of the vector space V' if
Vv €V, I{Ai}ies with all \; € F, such that v =Y Ab;.
i€l
This means that a basis is a set of vectors from V' such that any vector in V' can be obtained
by a linear combination of the vectors in the basis. The basis {b;}ic; is said to span the
vector space V.

Remark 2.72. The choice of a basis allows the unique decomposition of any vector into its
linear combination of the basis vectors, and it allows the representation of any vector as the
ordered n-tuple of the scalars that appear in its linear combination representation. These
scalars are called the coordinates of the vector in the basis.

Remark 2.73. Tt is important to note that the coordinates of a vector depend on the choice
of the basis for the vector space, and are not invariant with respect to changes of bases.

Proposition 2.74 (Uniqueness of Basis Decomposition). Once a basis {b;}ic; has been
chosen for a vector space, the decomposition of a vector v € V' as a linear combination of
vectors from that basis is unique.

Proposition 2.75 (Dimension). All bases of a vector space V' have the same cardinality,
i.e., if {bi}ier and {U}je; are two bases of V, then |I| = [J|. As a result, there is a
well-defined quantity called the dimension of a vector space and denoted by dim(V') that is
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independent of the choice of basis, and is equal to the cardinality of any basis of the vector
space.

Remark 2.76. A vector space can have finite dimension when |I| =n € NU{0} such as with
R3, or it can have a countably infinite dimension when |I| = Xy = |N| such as with the space
of all real polynomials of any degree, or it can have a dimension that is uncountable when
|I] = 2% = ¢ such as with the space of all functions on real variables.

Definition 2.77 (Linear Transformation or Map). A function f : V' — V' from a vector
space to another is a linear map or linear transformation if it satisfies

\VI{)\l € F}ie[; V{UZ € V}ie[, we have f(z )\Z%) = Z )\zf(vz)
iel iel
We note that this is really a homomorphism that preserves the algebraic structure of a vector

space, in that the image by the function of a linear combination of vectors is equal to the
corresponding linear combination of images by the function of the individual vectors.

Definition 2.78 (Endomorphism). When V' = V', a linear transformation from V to
itself is called an endomorphism.

Definition 2.79 (Eigenvectors and Eigenvalues). Given an endomorphism f on a vector
space V over a field F', a vector v € V' is an eigenvector with associated eigenvalue A € F' if

f(v) = .

Theorem 2.80 (Eigen-subspace). The set of vectors in V' associated with a common
eigenvalue \ for en endomorphism f on 'V is a linear subspace of V. Its dimension is called
the multiplicity of the eigenvalue X\, and as a consequence there is a basis of eigenvectors for
that subspace, and their number is equal to the multiplicity of \.

Proof. The vector 0 satisfies f(0) = 0 = A0, so our set satisfies the first condition of a
subspace, i.e., being non-empty. Furthermore, if u,v € V are such that f(u) = Au and
f(v) = Av, then for any a,b € F', we have

flau+bv) =af(u) +bf(v) = adu + bv = Aau + bv),
which shows that our set is closed under linear combinations. O

Definition 2.81 (Automorphism). When an endomorphism is also bijective, i.e., it is also
an isomorphism, then it is called an automorphism of the vector space V. Any eigenvalue A
of an automorphism f must satisfy A # 0.

Definition 2.82 (Linear Operator). When V' = F'| i.e., the linear map is from a vector
space V' over the field F' to the field F', then it is called a linear operator on V.

Definition 2.83 (Kernel). The kernel of a linear map f : V' — V' is the set ker(f) C V
defined as the set of elements in V' whose image by f is the 0 vector in V' i.e.,

ker(f) ={veV: f(v) =0y}

Definition 2.84 (Image). The image of a linear map f : V' — V' is the set im(f) C V'
defined as the set of elements in V' that are images by f of vectors of V| i.e.,

im(f) = {v' € V': Jv € V such that f(v) =}
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Theorem 2.85 (Kernel, Image, Dimension). An equivalent theorem to Theorem 2.5/
that we introduced in the context of group homomorphisms is the following in the context of
linear maps (i.e., homomorphisms) between vector spaces. If f :V — V' is a linear map,
then we have

e ker(f) is a linear subspace of V.
e im(f) is a linear subspace of V'.
o V/ker(f) = im(f) and, when all dimensions are finite, we also have

dim(V') = dim[ker(f)] + dim[im(f)].

Proof. We omit the proof because it is very similar in structure to the proof of the equivalent
result for group homomorphisms that we gave for Theorem 2.54. U

Definition 2.86 (Matrix). A matrix with entries from a ring R or a field F' is a rectangular
array of scalars from the ring or field. Although infinite dimension matrices exist, we will
restrict our attention to finite-dimension matrices where the number of (horizontal) rows
and of (vertical) columns are both finite positive integers.

Definition 2.87 (Matrix Dimensions). A matrix of finite dimensions is said to be n x m,
with n,m € N, if it has n rows and m columns.

Definition 2.88 (Matrices and Linear Maps). Given a linear map f : V — V' between
two vector spaces, with dim(V') = n and dim(V’) = m, and given a choice of a basis for V'
and a basis for V’, vectors in V' can be represented by their coordinates in the chosen basis of
V as n x 1 matrices and vectors in V'’ can be represented by their coordinates in the chosen
basis of V' as m x 1 matrices, and the linear map f can be represented as an n X m matrix.

Theorem 2.89 (Bijective Linear Maps Isomorphic to Invertible Matrices). The
following propositions are important results in linear algebra.

e The set of invertible linear maps from a vector space V. with dim(V') = n to itself,
and with V' defined over a field F', is a group with the function composition operation,
and with the identity function as the identity element. This group is the group of
automorphisms of the vector space V.

e The set of invertible square n X n matrices with entries in a field F' is a group with
the matrix multiplication operation, and with the identity matriz I, ., as the identity
element, where the identity matriz has the 1 element of the field F' as its main diagonal
entries and the 0 element of the field F' as its off-diagonal entrie.

e For each choice of a basis for the space V', there is an isomorphism between the group
of automorphisms of a vector space V' over a field F' and with dim(V') = n, and the
group of invertible square n X n matrices with entries in F'.

o If an automorphism fy_,v corresponds to a matriz My, then the entry m;; in the
it" row and j™ column of My, is the j* coordinate (in the chosen basis) of the
image by f of i*" basis vector of V.

Theorem 2.90 (Vector Space Generated by Vectors). Given a set of n vectors {vy, ..., v,}
with entries in a field K, all with equal number of entries greater than or equal to n, the
set of all linear combinations with scalars in K of the vectors in {vi,...,v,} is a vector
space designated as the vector space generated by these vectors. Furthermore, if the vectors
are linearly independent, then the dimension of the generated vector space is equal to the
cardinality of the set of generating vectors, in this case n.
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Proof. The proof is very straightforward as it is easy to see that the 0 vector can be gener-
ated by a linear combination with all scalar coefficients equal to the 0 of the field K, and
closure under linear combinations is evident from the definition of the set being all linear
combinations of vectors from the initial set. 0

Notation (Generation of Vector Space from Subspaces). Given a set of vectors

{v1,...,v,} on a field K that generate a vector space by their linear combinations with

scalars in K, we denote the vector space generated by the set of vectors as follows
K& Ku,.

Similarly, if a vector space is generated by the linear combinations of a given vector v and a
subspace W (i.e., by all linear combinations of the vector v and of all vectors in W), then
the generated vector space is denoted as follows

Kvep W.

Ezample. As an example, if we designate by P, the vector space of polynomials with com-
plex coefficients of degree less than or equal to 2, then it is generated by the subspace of
polynomials of degree less than or equal to 1, i.e., P; and the monomial X2, so we can denote
this result as

Pa(X) =CX* @ Pi(X)

Definition 2.91 (Direct Sum). When generating a vector space over a field K from linear
combinations of all vectors in some subspaces or of a specific set of vectors, then we say that
the generated vector space is the direct sum of the subspaces (or vectors) that generate it by
all linear combinations with coefficients in K.

3. MATRIX GROUPS

Definition 3.1 (Matrix Group). A matrix group is a group consisting of invertible ma-
trices over a given ring R or field F' (as defined in Definition 2.63 and Definition 2.64), with
the matrix multiplication operation.

Example. The group of n x n real matrices with non-zero determinant form a matrix group
with the matrix multiplication operation.

Definition 3.2 (General Linear Group). The General Linear Group of degree n over a
ring R or a field F', denoted as GL,(R) or GL,(F), respectively (or sometimes also GL(n, R)
or GL(n, F)), is the set of n x n invertible matrices, whose entries are from the ring R or
the field F', respectively, together with the matrix multiplication operation.

Remark 3.3. This forms a group because such matrix multiplication is associative, the iden-
tity matrix I,,.,, is the identity element, the product of two invertible matrices is also invert-
ible, and an invertible matrix has an inverse which is also invertible.

Remark 3.4. In the case of a matrix with entries from a field, a matrix is invertible whenever
its determinant is non-zero. However, in the case of a matrix with entries from a ring, a
matrix is invertible whenever its determinant is a unit in that ring, i.e., the determinant
must be equal to an element z of the ring such that there exists an inverse =! in the ring,
and the product z -z ' = 27! -2 = 1.

Ezample. When considering n x n matrices with entries from the ring (Z, +, -) , invertibility
requires the determinant to be equal to 1 or —1 because these are the only two units in Z.
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Ezample. On the other hand, when considering matrices with entries from the ring (Z/nZ, +, ),
invertibility requires the determinant to be equal to one of the units in the multiplicative
group of integers modulo n, i.e., Z*. Such units are those integers in {1,...,n — 1} that are
relatively prime with n. If n = p prime, then all non-zero integers in Z/pZ are units.

Remark 3.5. For a vector space V over a field F', there is a definition of general linear group
for that vector space, defined as the group of all automorphisms of V', i.e., all bijective linear
transformations from V' to V, together with function composition as the operation. It is

denoted as GL(V).

Remark 3.6. When the vector space V is finite-dimensional of, e.g., degree n, then this
general linear group of the vector space can become isomorphic to the general linear group
GL,(F) as defined in Definition 3.2, once a basis for the vector space V' has been chosen.

Definition 3.7 (Special Linear Group). The Special Linear Group of degree n over a
ring R or a field F', respectively denoted as SL,(R) or SL,(F'), is the set of n X n invertible
matrices whose entries are from the ring R or the field K, respectively, and whose determinant
is equal to 1.

Ezample. SLy(Z) is the group of 2 x 2 matrices with integer entries and whose determinant
is equal to 1., with matrix multiplication as the group operation. We note that this group
is sometimes denoted I" in the context of modular forms.

Definition 3.8 (Projective General Linear Group). The Projective General Linear
Group of degree n over a ring R or a field F', respectively denoted as PG L, (R) and PGL,(F),
is the quotient group of GL,,(R) or GL,(F) by their centers (recalling from Definition 2.28
that the center of a group is the subgroup of elements that commute with all elements of
the group).

Ezample. The center of GL,(R) is the subgroup made of n x n invertible matrices with real
coefficients and that commute with all other n x n invertible real matrices. This set is in
fact composed of all non-zero multiples of the identity matrix, i.e., it is the set

{AMxn : A ER N # 0}
Therefore, PGL,(R) is the quotient of GL, (R) by these multiples-of-identity matrices. Two
matrices are equivalent in this context if they are non-zero real multiples of one another.

Definition 3.9 (Projective Special Linear Group). The Projective Special Linear Group
of degree n over a ring R or a field F', respectively denoted as PSL,(R) and PSL,(F), is the
quotient group of SL,(R) or SL,(F') by their centers (recalling from Definition 2.28 that the
center of a group is the subgroup of elements that commute with all elements of the group).

Ezample. The center of SL,(Z) is made of just the two matrices I, and —I,«, as these
are the only invertible matrices with integer coefficients that commute with all invertible
integer matrices. Therefore, PSL,(7Z) is made of equivalence classes each of size 2, with a
class having an integer matrix of determinant 1 and its additive inverse (i.e., "its negative").

Remark 3.10 (Matrices in I' = SLy(Z)). In the introduction of modular forms, we will be
referring to matrices of SLo(Z) and PSLy(Z). Recalling that

['=SLy(Z) = {(ﬁ Z) :a,b,c,deZ,ad—bc—l},
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we note that such matrices can be constructed by choosing two non-zero and relatively
prime integers a and b, then running Euclid's algorithm to arrive at the Bézout identity of
gcd(a,b) =1, ie.,

gcd(a,b) =1 = de,d, € Z|ad — be = 1.

We now introduce the concept of congruence subgroups and illustrate a few of the impor-
tant ones in the group I' = SLy(Z), as these will play an important role in the development
of modular forms on subgroups.

Definition 3.11 (Congruence Subgroups). A congruence subgroup of a matrix group
with integer entries is a subgroup defined by congruence conditions on the entries.

Definition 3.12 (Reduction Modulo n). For n € N; there is a homomorphism
Tn: I = SLo(Z) — SLy(Z/nZ)

( a b | = a (modn) b (modn)
¢ d)'~ \¢ (modn) d (modn)/
Theorem 3.13 (7, is a Homomorphism). The mapping m, introduced in Definition 3.12 is

a group homomorphism from the multiplicative matriz group I' = SLo(7Z) to the multiplicative
matriz group SLo(Z/n7Z).

Proof. This is the case because modular multiplication and addition are well-defined over
the integers Z for any modulus n, so the result of the mapping by m, of a product of two
matrices in I' = SLy(Z) is equal to the matrix product of the mappings of each matrix. If

_ (@ by _ [ G2 by
= (Cl dl) and vy = (02 d2), then we have

( ) = ajas + bicg  (mod n) ayby + c;dy  (mod n)

TmiN72) = crag + dicg (mod m) c¢1by + didy  (mod n)
B (a1 (mod n)ay (mod n)+b; (mod n)c; (mod n) )
= T (71) 70 (72)-

O

Definition 3.14 (Principal Congruence Subgroup of Level n). The principal congru-
ence subgroup of level n in I' = SLy(Z) is the kernel of 7, and is denoted by I'(n), i.e., it
is

['(n) = ker(m,) = {(CCL Z) el'=5Ly(Z):a,d=1 (modn), bc=0 (mod n)} ,

so it is the set of matrices whose image by m, (entry-wise reduction modulo n) is the con-
gruence class of the identity matrix Ioyxo in SLy(Z/nZ).

Theorem 3.15 (I'(n) is a Finite Index Normal Subgroup). I'(n) is a normal subgroup.
Furthermore, it is a finite index subgroup in I', i.e.,
[SLy(Z) : T'(n)] = [I': T'(n)] < co.

Proof. By the isomorphism theorem proven in Theorem 2.54, the kernel of a group homo-
morphism is a normal subgroup, therefore I'(n) = ker(m,) is a normal subgroup. In addition,
and by that same theorem, the image subgroup im(7,) is isomorphic to the quotient group
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SLy(Z/ ker(my,)).

Since the cardinality of Z/nZ is finite (with n elements), the cardinality of SLs(Z/nZ)
is also finite, therefore the cardinality of im(7,,) is finite since it is a subgroup of SLy(Z/nZ).
Since this image is isomorphic to the quotient group SLs(Z)/ker(w,), we deduce that
SLy(Z)/ ker(m,) = SLy(Z)/T'(n) has finite cardinality (equal to the cardinality of im(7,)).
But this cardinality is the index of the subgroup I'(n) in SLy(Z). O

Remark 3.16 (Index of I'(n)). It can be shown -- but we won't prove it here -- that the
actual (finite) index of I'(n) is:
1
[SLy(Z) : T(n)] = [T :T(n)] =n®- ] (1 - F) .
pln
p prime

Definition 3.17 (Congruence Subgroup of Level n). If H is a subgroup of I' = SLy(Z),
then it is a congruence subgroup of level n if H contains the principal congruence subgroup

['(n) and if n is the smallest integer -- therefore leading to the largest subgroup I'(n) -- for
which I'(n) C H.

Definition 3.18 (Hecke Congruence Subgroup ['y((n)). The pre-image by 7, of the
group of upper triangular matrices in SLy(Z/nZ) is called the Hecke congruence subgroup

Io(n) and is therefore
Co(n) = {(CCL Z) el:ec=0 (modn)}

Example. An example which we will use when we explore modular forms on subgroups of
SLy(7Z) is the group of matrices with an even lower left entry, i.e.,

To(2) = {(‘C‘ Z) € SLy(Z):c=0 (mod 2)}

Theorem 3.19 (I'y(n) Finite Index Subgroup). I'¢(n) is a finite index subgroup of
SLy(Z).

Proof. In short, it is a subgroup because the identity matrix I.s is in I'g(n) and it is closed
Co d2

with ¢; = 0 (mod n) and ¢; = 0 (mod n), then the lower left entry of the matrix product
M2 is crag + dica =0 (mod n), which shows closure under matrix multiplication. In addi-

under matrix multiplication and inversion. Indeed, if v, = <Z1 Zl) and vy = (a2 b2>,
1

tion, if v = b) € I'o(n), then ¢ = 0 (mod n). And we have the following, noting that

d
ad — be = 1 because v € SLy(Z)

L1 d —b\ _ (d —b
T T wd—be\——c a)  \=¢c a)

and c=0 (mod n) = —c=0 (mod n) = ! € Ty(n). Ty(n) is therefore a subgroup.

To show that I'g(n) has finite index, we note that I'(n) C T'¢(n) because the conditions

on y = CCL Z being in I'(n) are a,d = 1 (mod n) and b,c = 0 (mod n) which are a
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superset of the condition ¢ = 0 (mod n) which defines I'g(n). Therefore the cardinality of
SLy(Z)/To(n), which is the index of I'g(n), is less than the cardinality of SLs(Z)/T'(n) which
is the index of I'(n). And we have proven in Theorem 3.15 that I'(n) had finite index in
SLy(Z). O

Remark 3.20 (Index of T'y(n)). It can be shown -- but we won't prove it here -- that the

index of I'g(n) is

[SLy(Z) : To(n)] = [T : To(n)] =n- ] (1 + 3) .

p
pln

p prime

We now move our focus back to the group I' = SLy(Z) and we examine a generating
subgroup of that group, which will simplify our work on modular forms when we get to that
point in the paper.

Definition 3.21 (S and 7 in SLs(Z)). We introduce the following two matrices, and we will
subsequently prove that they generate SLo(Z), and play a fundamental role in understanding

modular forms.
0 1 1 1
s=(%o) =0 1)

Theorem 3.22. The matrices S and T as introduced in Definition 3.21 satisfy the following
properties
52 = _I2><27 (ST)3 = IQ><2'

Proof. This can be verified by simple matrix multiplication. 0J

Theorem 3.23 (S and T Generate SLy(Z)). The group (S, T) generated by S and T is
all of SLy(Z).

Proof. We show that every integral (i.e., with integer entries) matrix with determinant 1,
ie.,

a b .
v = (c d) with ad — bc =1

can be expressed as a product of the matrices S and T" or their inverses, i.e., v € (S, T'). We
first examine the effects of each of S and T on the matrix v, and we have

si= (5 0) (5 a)= (5 4).

and we verify that, as expected, we have
det(Svy) = ¢(—=b) — (—a)d = ad — bc = 1.

T — 1 1\ (fa b\ (a+c b+d
T=\o 1) \e a) ™ c d )’
which by a trivial induction implies for n € Z,

Tn_ln a b\ [(a+nc b+nd
7= o 1) \e d) T\ ¢ d )

We then have
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and we verify that, as expected, we have
det(T"v) = (a + nc)d — ¢(b+nd) = ad — bec = 1.

Choosing v = 542 we see in particular that

(1 n
r —(0 1>'

a b

d
matrix with lower-left diagonal element equal to 0 by repeated left-multiplication by S and
powers of T' (which can be of either algebraic sign).

We now show that any matrix v = € PSLy(Z) can be transformed into another

If ¢ = 0, we are done. Otherwise, if |c| > |a|, then by left-applying S once, a gets replaced
with ¢ and ¢ gets replaced with —a such that we can bring things back to the higher-left
diagonal element being greater or equal in absolute value to the lower-left diagonal element,
i.e., |a] > |c¢|. With this in place, we can write a in the form of its division with remainder
by ¢, so we have
a=cq+r, with¢g,r€Z and 0 <r < |c|.

By now left-multiplying by 79, we have a matrix T~ %y with an upper left entry a — qc =r
which is now smaller in absolute value than the lower left entry that remained unchanged
and equal to ¢ in T7%y. Left-multiplying by S places ¢ in the upper left position and
—r = —(a — qc) in the lower left position, with |¢| > | — r|. If » = 0, then we are done.

Otherwise, we can repeat the process by applying the integer division algorithm to ¢ di-
vided by r which gives us a remainder strictly less than |r| in absolute value. This means
that we have a procedure that yields (by repeated applications of S and the right powers of
T') a monotonous, strictly decreasing sequence of positive integers in the lower left entry of
the resulting matrix.

A strictly decreasing monotonous sequence of positive integers must eventually reach 0 in a
finite number of steps, so we have proven our intermediate result that we can transform our
initial matrix v into a matrix with a lower left entry equal to 0, and this transformed matrix
has a determinant of 1. But now that the lower left entry is 0, and with the entries of the
matrix being integers, the only possibility is that the main diagonal elements of this matrix
are either both 1 or both —1, i.e., we have transformed our initial matrix v into a matrix of

the form
1 kE\ % -1 —k\ %
(O 1) =T or ( 0 _1> = —T" for some k € Z,

and we note that two such matrices are indistinguishable in the quotient group PSLy(Z
which is the quotient group of SLy(7Z) by the subgroup (lax2, —Iox2) in which a matrix and
its opposite (additive inverse) are in the same equivalence class.

Therefore, by left-multiplying one more time the matrix 7%, we arrive at the identity
matrix Ir.o. If we summarize what we have done, we have found a matrix « € (S,T) (the
subgroup of SLy(7Z) generated by the matrices S and 1), such that ay = I5ys. Equivalently,
we have a found a matrix o € (S,T) such that v = a~! which is itself in (S,T) because a
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subgroup is closed under taking the inverse of any of its elements.

We have therefore shown that the subgroup (S,7T) generates the entire group LSy(Z) be-

cause we have shown that for any matrix v € SLy(Z), we also have v € (S,T), ie.,
SLy(Z) C (S, T) C SLy(Z). This shows that
PSLy(Z) = (S, T).

Corollary 3.24 (Presentation of SLy(7Z)). A presentation of SLy(Z) is
PSLy(Z) = (S, T|S* = —Izxa, (ST)? = Lrys).

Corollary 3.25 (Presentation of PSLy(Z)). A presentation of PSLy(Z) is
PSLy(Z) = (S, T|S* = Lo, (ST)® = Lyya).

Remark 3.26. As a matter of notation, since —Isys is indistinguishable from I5ys in the
quotient group PSLs(Z) which is the quotient of the group SLs(Z) by the group generated
by Isyo and —Ioxo, i.e., the quotient by (Isya, —Iox2), it is appropriate to turn the relation
S? = —I,.5 into the relation S* = Iy since there is no existence of an element —I5y o
distinctly from I54o in the quotient group PSLy(Z).

4. GROUP ACTION OF PSLy(Z) oN H

Definition 4.1 (Fractional Linear Transformation). We define a fractional linear trans-
formation to be an invertible transformation (FLT) on C which can be expressed as a ratio
(fraction) of two linear functions on C. More formally, we define a fractional linear trans-
formation as

az+0b

cz+d’

with a,b,c,d € C and ad — bc # 0.

In the context of Modular Forms, we will be interested in the FLTs where a, b, c,d € Z and
ad — bc = 1. In addition, we will be interested in the effect of these transformations on the
half-plane H = {z € C: J(2) > 0}. We show our first result in the following theorem.

Theorem 4.2. For any a,b,c,d € Z, with ad — bc > 0, the function

f:H—H
az+b
f(z)_cz—i-d

is a bijection, i.e., a transformation of H.

Proof. We must prove that the image of any element of H is also in H, which is equivalent to
proving that the imaginary part fo the image is positive. With ¢, d being integers, therefore
reals and invariant by complex conjugation, we first note that

cz+d=cz+d = (cz+d)(cz+d) = |ez+d*.

and therefore we have

az+b  (az+b)(cz+d)  (ac|z]* 4+ bd) + (adz + bcZ)

J(2) = cz+d lcz + d|? B lcz + d|?
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Since the denominator is evidently real, and the part (ac|z|? + bd) of the numerator is also
real (|z|> € R and a,b,c,d € Z C R) is also real, we now can write

f2)] =73 {adz il bcE] _ Jadz —bez)  ad—be

= J(2).
lez + d|? lcz + d|? lez + d|? ()

We note that the only possibility for |cz + d| to be zero would be for cz = —d € Z which
would necessarily imply that ¢ = 0 because J(z) > 0, and this would imply that d = 0. But
then ¢ = d = 0 would prevent the assumption ad —bc > 0, so we are certain that |cz+d| > 0.

With J(z) > 0 by assumption, and |cz + d|* > 0, and ad — bc > 0 by assumption, we
see that J[f(z)] > 0, i.e., that f(z) € H.

We now show that f is injective
az+b az’ +b
cz+d o +d
— aczz + adz + beZ' + bd = aczz' + adz’ + bez + bd
— (ad — bc)z = (ad — be)2
—> 7z = 2 because ad — bc > 0.

We finally show that f is surjective by showing that for every z € H, there is a w = jiczz_fa
such that f(w) = z. This is an easy verification:
B a_dczzfa +b0  (ad—bc)z
flw) = cEZL i q T Tad—be
[l

We now show the important result that we have a group action, i.e., an isomorphism from
PSLy(7Z) to H by mapping a matrix to a fractional linear transformation on H.

Theorem 4.3 (Group Action of PSLy(Z) on H). The map

PSLy(Z) — Aut(H)

a b az+b
7= (C d) —>f7(z)—cz+d

is a group action on H, i.e., it is an isomorphism from the multiplicative group PSLy(7Z)
to the group of automorphisms on H with composition of functions. We say that the group
PSLy(Z) acts on the upper half plane H via fractional linear transformations.

Proof. We must show that the map is a bijection, and that it is an isomorphism, i.e., that the
fractional linear transformation induced by a product of matrices from PSLs(Z) is equal to
the composition of the two fractional linear transformations induced by each of the matrices,
respectively.

The proof of the surjection will be skipped, as we have developed it in Complex Analy-
sis theory by way of mappings from the upper half plane H to the unit disk ID and back.
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The proof of the injection amounts to equating two fractional linear transformations for
all z € H, then asserting the equality at z = i, and at z = «N with N € N and letting
N — oo and at z = ie with ¢ € RT and letting ¢ — 0+. The calculations lead us to the
interesting result that the fractional linear transformations are identical if and only if they
are respectively induced by a matrix 7 and another matrix 4 = 4. But then since we are
considering the matrices 7 in the quotient group PSLo(Z (i.e., the projective special linear
group as opposed to the special linear group), this is precisely the case where two elements
of the same equivalence class are indistinguishable, so that —y = ~ in this quotient group.

We now show the homomorphism property by examining the action induced by the product
of two matrices, and showing that it is equal to the composition of the induced actions by

each of the matrices. Let v, = (Zl Zl) and let v = (CCL2 22> be both from PSLy(Z), so
1 dy 2 da

_ as b2 aq bl _ ag01 + bgCl agbl + bgdl
2m Co dg C1 dl Co01 + dzCl 62b1 + dgdl ’
so that this resulting matrix induces the fractional linear transformation

f (Z) _ (agal + b201>2 + (agbl -+ bgdl)
e (02a1 + dgCl)Z + (Cgbl + dzdl) ’

we have

Meanwhile, if we compose the two FLTs (f,, o f,,), we get
(fra 0 f3)(2) = fru (52 (2))

o f a1z + b1
e c1z + d1

a1z+b1
a2 c1z+d1 + b2

= a12+b1
C2 c1z+dq + d2

_ (agay + bycr)z + (agby + bady)

~ (cpa1 + dacy)z 4 (coby + dody)

= from (2):
We have therefore shown the homomorphic property and this, along with the sketch of the
proof of bijection, shows that we have a group isomorphism, and therefore a group action. [J

Proposition 4.4 (Actions of S and T on H). The action induced on the half-plane H by
the matriz S = < 0 1) is

-1 0
fsiH—>H
folr) = —

and the action on H induced by the matrix T = (é i) is

friH—T
fr(r)=71+1
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b

Proof. From the general case that a matrix v = (i d

) € PSLy(Z) induces the fractional

linear transformation

fy H—H
ar+b
fV(T)_CT—Fd’

we easily see that the fractional linear transformation corresponding to S is
0-7+1 1

Js(r) = (=1)-7+0 T
Similarly, we have
1-7+1
= = 1
fr(7) 0-7+1 T

U

Remark 4.5 (Interpreting the Effects of 7" and S Actions). We note that the trans-
formation induced by T (i.e., the action of T') makes it such that the orbit of a given point
7 € H has translates of 7 with a period of 1 in the "real" (horizontal) direction of the complex
upper half plane. In particular, this transformation leaves the imaginary part of 7 intact.

In addition, the transformation induced by S (i.e., the action of S) sends points in H that are
outside the upper half of the unit circle into the upper half of the unit circle, and vice-versa.

Proof. The first statement about the effect of T" is obvious, so we focus on proving the second
statement, relative to S. Let 7 = x + iy € H. We have

1 1 —T + 1y 1 1
fs(7) - Tty 21y | fs(7)] 212 |

This shows that if 7] < 1, then |fs(7)| > 1, and if |7] > 1, then |fs(7)| < 1. O

Theorem 4.6 (Fundamental Domain of Action of PSLy(Z) on H). The region of H
defined by

1
F={remiml<g 21}

is a Fundamental Domain (by Definition 2.62) of the group action of PSLo(Z) onH, recalling
that a fundamental domain is a set in which the orbit by actions of PSLy(Z) of every element
of H is represented.

Said otherwise, for every T € H, there is some v € PSLy(Z) such that (1) € F. And since
we have proven that (S, T) = PSLy(Z), i.e., the subgroup generated by S and T generates
all of PSLy(Z), a corollary is that there exists some composition of actions of S, T, their

powers, and the powers of their inverses, which brings the image of T by that composition
into F.

Proof. For any 7 € H, if 7 is not already in the vertical strip {z € H : [R(2)| < 1}, we can
first have an image of 7 in that vertical strip as follows.

Let fr—is() be the action that iterates T—' a number of times equal to the floor (i.e., integer

part) of the real part of 7. This action produces an image of 7 that is in the vertical strip

{z € H:0<R(z) < 1}. If this image has a real part less than or equal to 3, then we are done
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because this image is in the vertical strip {z € H: 0 < R(z) < 3} C{z € Z: |R(2) < 3}
Otherwise, the real part of this image is greater than %, so by applying the action of 7! one
more time, the resulting image will be in {z € Z: —1 <R(z) <0} C {z € Z: |R(2) < i}

So we can assume that for every 7 € H, its orbit has a representative in the vertical strip
{z € Z : M(2) < i}. We now seek to show that there is a representative of the orbit in
F. If the representative of the orbit that is in the vertical strip {z € Z : |R(z) < 1} also
satisfies |z| > 1, then we are done as the combination of these two conditions define F.

Otherwise, this representative of the orbit of 7 that we have on hand is in the upper half of
the unit disk and satisfies |R(z)| < 3, so it is of the form pe with £ <0 < 2T and p < 1.

We then apply to it the action of S which transforms z to —é, so that the new image
becomes —pelw = —% = 62(7;_9), with % >1land § <7 —6 < 23 ie., with a modulus
greater than 1 and a real part less than or equal to % in absolute value. This is the definition

of F, so we have a representative of the orbit of 7 in F. 0

5. MODULAR FORMS INTRODUCTION

The main idea behind modular forms is that they are holomorphic functions over the
upper half of the complex plane that exhibit a certain invariance under composition with
fractional linear transformations (modularity conditions), in addition to having certain reg-
ularity regularity conditions. We formally introduce them now.

Definition 5.1 (Modular Form). For k € Z, a Modular Form of weight k for SLy(Z) is a
function f : H — C satisfying the following three conditions:

e f is holomorphic on H.
e Modularity: f (“Z£2) = (e + d)*f(7) for all matrices (CCL

ct+d
T € H.
e f(7) is bounded as T — ioco, i.e., as T = a+if and § — oo.

Z) € SLy(Z) and all

Remark 5.2. We note that the modularity condition amounts to an infinite set of conditions
since the equality must be true for all matrices in SL9(Z). However, we have shown in

Theorem 3.23 that the two matrices S = (? _01) and T = ((1) D generate the entire

multiplicative group SLs(Z). We also recall from Theorem 4.3 that we have a group action
from PSLy(7Z) to H by way of induced fractional linear transformations on H.

The modularity condition applied to these two group-generating matrices yields the fol-
lowing two conditions

Condition on S : f(_%) - ka(T)’
Condition on T": f(7 4+ 1) = f(7).

Remark 5.3 (Defining with SLy(Z) vs PSLy(Z)). It is worth noting a subtle difference
between defining the modular forms for the group SLy(Z) as opposed to doing the same for
the group PSLy(Z). The group PSLy(Z) is the quotient group of SLs(Z) by the subgroup
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(Iyxo, —Iox2) generated by the identity matrix and its additive inverse.

The advantage of defining modular forms for the main group SLy(Z) is that we get an easy
proof that there are no modular forms of odd weight, and this is straightforward to prove
(see Theorem 5.5 below) by singling out the modularity condition on the matrix —Ipxs. A
disadvantage, however, is that the matrix I5xo and the matrix —/59 are distinguishable in
SLy(Z) even though their induced fractional linear transformations are identical as trans-

formations on H. This is generally true for any pair of opposite matrices v = (CCL Z) and

—c ct+d — (—c)T+(—d)
group gives us a non-injective mapping from the matrix group to the group of frational linear
transformations that is induced by it.

—y = (—a :Z) due to the fact that 2 = ED™EY ¢ 311 7 € H. This choice of matrix

On the other hand, the advantage of using the quotient group is that there is an isomorphic
relationship (i.e., both bijective and homomorphic map), and therefore a group action, from
PSLy(Z) (with matrix left-multiplication) to the fractional linear transforms on H (with
function composition). A matrix v € PSLy(Z) is in fact an equivalence class of a matrix
from SLo(Z) together with its additive inverse, and this uniquely corresponds to a fractional
linear transformation on H induced by it.

We now verify that the modularity condition is preserved under matrix multiplication and
matrix inversion, and this lets us reduce the modularity condition to being met on the two
generating matrices of SLy(Z), i.e., S and T

Theorem 5.4 (Modularity Satisfied for Products, Inverses). Let v, = (Cczl Zl) and
1y

Yo = <Z2 22) be two matrices in SLy(Z) and let f,, and f,, be the induced fractional linear
2 d

transformations, respectively. If a function g : H — C satisfies the modularity condition with

weight k for f,, and f.,, then it satisfies the modularity condition with weight k for f,, o f,

which is induced by v,y and for f,yl—l which is induced by vy .

Proof. We start by proving the result for the action induced by the matrix product v;y,. We
have

a; b ay by\  [aiaz +bica aiby + bids
C1 dl Co d2 o 61a2+d162 Clbg+d1d2 ’

so that satisfying the modularity condition with weight & for the action of the product matrix
Y1772 would mean satisfying

9(frrre) (T) = [(c102 + dica)T + (c1be + did)]*g(7). (1)
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We know from the group action being an isomorphism, and from the assumption that g
satisfies the modularity condition with weight k for v, and ~,, that we have

Frima(T) = (fyy 0 f2u)(7)
= f’Yl(f’YQ(T))
= (1 /5 (1) + d1)*(car + ds)* g ()

aoT + b2

k
_ k
B <01 CoT + ds " dl) (ea7 +d2)"a(7)

= (c1a9T + c1bg + dicoT + d1d2)k9(7')
= [(cras + dic2)T + (e1be + dldQ)]kg<7_).

We see that the last expression in the series of equalities above matches exactly the ex-
pression (!) for satisfying the modularity condition with weight k for the fractional linear
transformation induced by 7;7s.

We now show the result for the inverse, and we start by noting that the inverse of v

is
1 (d =~
"= (_ e ay )
We apply the modularity condition for f,, to f71-1(7) and we get
9(1) = g(fru (f,-1(7)) = (e1f, 1 (7) + ) g(f -1(7)),
which implies by dividing both sides that

9(f, (7)) = :

(crf—1(7) + dl)kg(T). (1

We now calculate the expression in the denominator and we have

k k
- - 1
(levfl(T) +di)* = (01M + dl) = <M> = (

—aT+a -7+ -7+ )k

We plug this expression back into (!!) and we get
9f, (7)) = (—err + ar)*g(7).

But this is exactly the modularity condition with weight & for the action of the matrix !,
so we have completed the proof of our theorem. O

Theorem 5.5 (No Non-Zero Odd Weight Modular Form). There are no non-trivial
modular forms with odd weight for SLy(7Z).

Proof. We note that since the modularity condition must be true for all matrices in SLy(Z),
-1 0

it must also be true for the matrix —Iloyo = ( 0 —1

). But the modularity condition then
becomes
f(r) = (=1)"f(7).

This is only possible if & is even, or if the function f(7) is the constant zero function, which
is a trivial case. O
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Remark 5.6. We note that it is possible to define modular forms on other groups than
PSLy(Z) or SLy(Z), and in particular it is possible to define modular forms on subgroups of
SLy(Z) or of PSLy(Z). In those cases, it is possible to have modular forms with odd weight,
as long as these subgroups do not include the matrix —/5.5. We will such examples further
in the paper.

Given that the matrices S and T generate the groups SLs(Z) and PSLy(Z), and given
that the modularity condition is preserved under matrix multiplication and inverse, we can
state an alternative formulation of the definition of modular forms. We also present an
alternative formulation to the third condition in the alternative definition below

Definition 5.7 (Alternative Definition). For k € Z, a Modular Form of weight & for
SLy(7Z) is a function f : H — C satisfying the following three conditions:

e f is holomorphic on H.
e Modularity: f(7+1) = f(7) and f(—21) = 7%f(7) for all 7 € H.
e f(7) converges to a limit as 7 — ioc0, i.e., a8 T = a4+ i and  — .

Theorem 5.8 (Vector Spaces of Modular Forms). The set of modular forms for SLy(Z)
and of weight k € N is a vector space on the field C.

Proof. 1t is clear that for any choice of weight k, the constant function equal to 0 on all of H
satisfies all the conditions of a modular form, as it is holomorphic, it is bounded as 7 — 700,
and the modularity conditions are satisfied. These sets are therefore non-empty.

We now prove closure under linear combinations: if f and g are two modular forms of
weight £, then it is easy to see that any of their linear combinations would be holomorphic
(as the two functions are), and any linear combination is also bounded as 7 — ioco (as the
two functions are). As to the modularity conditions, we can see that if Af + pg is a linear
combination of f and g (with A\, u € C), then

f(=2) =7 () and g(~2) = Thg(r) = (M +f)(~) = *INF() + ()],

-
and

(Af +pg)(T+1) = (Af + pg)(7).
Therefore each set of modular functions of weight k is either a trivial vector space with only
0 as its element, or a vector space on the field C. O

We cite and prove one additional result that will be important in developing the results
on dimensionality of the vector spaces of modular forms of given weight.

Theorem 5.9 (Product of Modular Forms). Let f be a modular form on H of weight
k for SLy(Z) and g be a modular form on H of weight I for SLy(Z). Then the point-wise
product function

fg:H—C
(f9)(7) = f(1)g(7)

is a modular form on H of weight k + 1 for SLy(Z).
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Proof. Tt is clear that the product of two holomorphic functions on H is also holomorphic on
H. It is also clear that if f(7) and g(7) are both bounded as 7 — ioco, then (fg)(7) = f(7)g(T)
is bounded as 7 — i00.

Moving on to the modularity conditions, we have

(fo)(T+1) = f(r+1)g(r+1) = f(r)g(7) = (f9)(7),
and we have

) (<3) =1 (1) o (1) = Hatr) = o))

> )7
This completes the proof that (fg) is a modular form of weight k + [ for SLy(7Z). O

Corollary 5.10 (Ratio of Modular Forms). Let f be a modular form of weight k for
SLy(Z), and let g be a modular form of weight | for SLy(Z), such that g does not vanish
anywhere on H (no zeros). If the point-wise ration function (5) (1) = % is bounded as

T — 100, then the point-wise ratio function (5) is a modular form of weight k—1 for SLy(7Z).
Proof. The proof is similar throughout with the proof of Theorem 5.9 so we omit laying out
all of its details again for this corollary. The important difference from the previous theorem
about products is the added condition that the ratio must be bounded as 7 — 700 in order
to satisfy the modular form conditions, and this boundedness condition cannot be always

assumed for the ratio. OJ

We now proceed to introduce actual examples of modular form, by defining the Eisenstein
Series. In the next section, we are assuming familiarity with lattices on the complex plane
and more generally with the main concepts of complex analysis, including elliptic functions
and holomorphic functions.

6. EISENSTEIN SERIES

Definition 6.1 (Eisenstein Series). Let £ € N be even and k > 4. We define the Eisen-
stein Series of weight k£ as the function expressed in elliptic function form

GkH%C
1
Gi(r) = Z mr +n)F

(m,n)EZXZ

(m,n)#(0,0)
Theorem 6.2 (Eisenstein Series as Modular Form). The FEisenstein series of weight
k > 4 is a modular form of weight k for the group SLs(Z).

Proof. We must first show that the function is well-defined (i.e., convergent). The function is
in fact absolutely convergent and this can be shown by way of a Lemma that proves that for
any 7 € H, there is a 0, € (0, 1), such that |m7 + n| > §;|mi + n| for all m,n € Z. (In fact,
we can find a uniform value ¢ that does not depend on 7 if we consider 7 in a vertical strip
of H with finite width for the real part and a strictly positive lower bound for the imaginary
part, i.e., {z € H: |R(z)| < «a,T(7) > B}, for some a > 0,5 > 0.)
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The lemma lets us bracket the terms of the Eisenstein series
1 1 1
0< < — )
imT +nfk = okmi+nlt gk(m2 4+ n2)s

The exponent g on n and m is greater than or equal to 2, so absolute convergence of G(7)

is a result of convergence of the the series ) n)ezxz —L _ when k >4 > 2. This is an
(m.n)#(0,0) (m?+n?)2

instance in 2 dimensions of a broader result on convergence of lattice sums in any number

of dimensions.

We must them prove that the Eisenstein series is holomorphic on H. We know that each
of its terms is clearly holomorphic as it has no poles or singularities in H. We recall a
result from complex analysis about limits of holomorphic functions: if a sequence {h,} of
holomorphic functions on a common open set 2 C C converges uniformly on all compact
subsets of €2, then the pointwise limit h(z) = lim,,_, h,(2) is also holomorphic on Q. The
region €2 that lets us invoke this result for the Eisenstein series is a vertical strip of the sort
{zeH: |R(z)| < a,I(r) > S}, for some a > 0, 5 > 0 that we invoked in parentheses above,
and applying the Weierstra M-test (proof not detailed here).

We now prove that Gy, satisfies two modularity conditions. For the first condition, we have

1 1
G- 5 > :
oo T DA e (M7 + (m A n))
If we reindex the double sum by setting m’ = m and n’ = m+n, then the condition (m, n) #
(0,0) is equivalent to (m/,n’ —m’) # (0,0) which is also equivalent to (m/,n’) # (0,0), so
our double sum becomes

Gr+1) = > ;:ka.

/ Nk
om0y VT T )

For the second condition, we have

1 1 Tk & 1
Gl 7')_ Z (=) +nk Z (nT — m)* - Z (nT —m)k’
(m,n)#(0,0) T (m,n)#(0,0) (m,n)#(0,0)
If we reindex the double sum by setting m’ = n and n’ = —m, then the condition (m,n) #
(0,0) is equivalent to (—n',m’) # (0,0) which is equivalent to (m/,n’) # (0,0), so our double
sum becomes

Gk(_l> =7" Z L TFGL(T).

/ Nk
T o 00) (m/T 4+ n')

The last condition to verify is bounded behavior of Gx(7) as 7 — ico. Since we are inter-
ested in the limit at infinity in the imaginary direction, we can assume that J(7) > L > 0
for some L > 0 (say L = 1), and with the periodicity Gy (7 + 1) = G(7), we can assume
that |R(7)| < 1. We are therefore in the situation of the vertical half-strip with bounded
width that we described in the earlier part of this proof when sketching proof of absolute
convergence of G(7). So there is some ¢ > 0 such that |m7 4 n| > §|mi + n| for all 7 in this
strip and all m,n € Z.
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Since Gg(7) is absolutely convergent, we can rearrange its terms without altering the re-
sult of the sum, so we can separate the terms m = 0 from the terms m # 0 and write

1 1 1 1
Gulr) =S — + L oyl 1
TEISS DF. T 3) pyct S DR SE) p ppws S
n#0 m#0 neZ neN meN nezZ

where we were able to convert sums over non-zero integers into twice the sums over the
natural numbers because k is even therefore (—m7 — n)* = (m7 + n)*. We then note that
the first sum 23 # does not depend on 7 so it is a constant, and therefore bounded
as T — i00. As to the second term 23 > -, m, we note that it is bounded in
absolute value by 2% > m > &=y m and the right-hand side converges

independently of 7, so the entire sum is bounded as 7 — 700. [l

We now introduce the g-series, also known as the Fourier series representation of Gy (7), as
this representation will be very fruitful in deriving results around spaces of modular forms,
their dimensions, relations between modular forms, as well as results in Number Theory.

The first intuition in the following result which leads to the Fourier representation is that if
a function is periodic in the sense that f(7+1) = f(7), then it is reminiscent of the function
e?™7 which also satisfies this periodicity.

Theorem 6.3 (First ¢ Representation Result). Let f : H — C be holomorphic, and
satisfying f(r + 1) = f(7) for all T € H, and with f bounded as T — ico. Then there is a
sequence a, € C such that for all T € H

f(T) _ Z an€27rin7‘
neZ+

In addition, f(7) has a limit as T — i00.

Proof. We will only sketch the proof to convey the idea of how the coefficients a,, are derived.
If we let ¢ = €™, with 7 = o + iy € H (i.e., y > 0), then ¢ = e 2> and we have
0 < |g| = e *¥ < 1 because y > 0, therefore the image of H by the function ¢(7) is the
punctured unit disk D* = {g € C: 0 < |¢q| < 1}. Also, we have

2miT 2miT!

e =¢ if and ony if 7/ = 7 +n, with n € Z,
so if we define the function
f(q) = f(r) for g = €™,

then this function f is well-defined on the punctured unit disk.

Since f is bounded as 7 — ioco which corresponds to y — oo and to ¢ — 0, then f(q)
which is holomorphic on D* can be analytically continued at ¢ = 0 (by the Riemann sin-
gularity removal theorem), so that f becomes holomorphic on the unit disk D. We can
therefore write f as a power series around the point ¢ = 0, so let this power series be

f(q) = Zanq" = Z an€®™ | with ag = £(0) = f(ico).
n=0 n=0
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Since the result above is true even before considering the other weight-£ modularity condi-
tion, it is evidently also true whenever f is a modular form because a modular form certainly
satisfies the conditions of Theorem 6.3. We therefore given the definition in the context of
a modular form.

Definition 6.4 (¢g-expansion and Fourier Coefficients). The ¢-expansion of a modular
form f(7) is the series

Z a/nqn fOI' Wthh f(T) — Z an62ﬂ'in7’.
n=0 e

The coefficients a,, are the Fourier coefficients of f.

Remark 6.5. It is frequent to see the abuse of notation in the writing f(g) when writing
the g-expansion for f(7), instead of always distinguishing the variable change with a f(q)
notation.

Remark 6.6 (Second Modularity Condition Hidden from View). We note that while
the first modularity condition f(7+1) = f(7) is well encoded in the ¢g-expansion of a modular
form, the second condition f(—1) = 7% f(7) is not visible at all in the g-expansion. In fact,
by looking at a g-expansion, it is not apparent at all whether it is the g-expansion of a
modular form or not.

We now state and sketch the proof of an explicit expression for the g-expansion of the
Eisenstein series. On the way to doing so, we state two beautiful definitions and results
from Fourier analysis, namely the introduction of the Fourier transform of a function and
the Poisson summation formula that relates a function and its Fourier transform.

Definition 6.7 (Fourier Transform). For an absolutely integrable function f : R — C,
i.e., such that [*°|f(z)dx < oo, we define its Fourier Transform as the function (which is
a continuous function)

f:R—C
i) = / F()e2 i do

Lemma 6.8 (Poisson Summation Formula). If a function f : R — C as well as its

Fourier transform f : R — C are both continuous and absolutely integrable, then the Poisson
summation formula gives the remarkable result

Y f)=3% fn).

nel nez

Remark 6.9. We will not provide the proof of the Poisson summation formula but we note
that it is a very powerful result (which we will use in the next theorem), that equates the
sum from sampling one function over all the integers to the sum from sampling its Fourier
transform over all the integers.

Lemma 6.10. For z € H and k > 3, the following equality holds as a result of the Poisson

summation formula
1 (__Qﬂi)k k—1 _2minz
) o ik o s DL
(z+mn) (k—1)! =
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Proof. We will not give the detailed proofs but mention that the right-hand side is obtained
as a result of calculating the Fourier transform of the function f,(z) = G + o using the

Cauchy residue theorem on a proper contour, then summing the samples of f,(z) and of its
Fourier transform over all the integers. 0

Theorem 6.11. For even k > 4, the g-expansion of Gy(T) is

Gi(7) = Cula) = 2 (K 27”,2“ ,

neN

where ox_1(n) =3, d*=t is the sum of the k'™ powers of the divisors of n.

Proof. We only sketch the proof in its main outline, and we start from an expression of
G (1) that we had derived at the end of the proof of Theorem 6.2 on Eisenstein series being

modular forms. We have
Z (mT +n)k > '

—2Z—+2ZZ CoETL - =2((k +2Z(nez

neN meN nez meN
By Lemma 6.10, the rightmost term in parentheses in the equation above can be expressed

as
1 TINmT

neZ " neN

where we replaced the parameter z from Lemma 6.10 with mr.
We therefore have

Gk(T) = ék(q) = QC(k' 27” ' Z Z k—1 27rmmr

meN neN
We can now reindex the double sum over the natural numbers with a single sum over the
values that the product » = nm of the indices can take, and regroup terms so that a term in
the series has exponent ™7 with r = nm. It becomes clear that this term will be multiplied
by a sum of terms that came from n*~! where n | nm, i.e., a sum over d | r of terms d*~*.
More specifically, we have

Gulr) = Gala) = 2¢(0) + X2 S | St | e

"\
2(—2mi)* omir
= 20(k) + ((k_1>)1 %Ukl(r) (e277)
2(—2mi)k
=260 + G S

U

Remark 6.12. Euler had already found a formula for (k) when k > 2 is even, by way of
Bernoulli numbers, and it is

_@mk(=1)5 B, (2m)F By
G(k) = k! 2 (k=112
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where By, is the k™" Bernoulli number, i.e., it is one of the rationals appearing in the power
series

The Bernoulli numbers are 0 for odd £ > 1 and early values of Bernoulli numbers are the
following;:

k- 0 1 2 4 6 8 10 12

11 11 1 5 691
Bh: 1 —= - - = = 2
2 6 30 42 30 66 2730

We therefore have another expression for the Eisenstein series, using the Bernoulli num-
bers, which we state in the next theorem.

Theorem 6.13 (Eisenstein Series and Bernoulli Numbers). We have the following

Gulr) = Gula) = 200 — 5 S )

Since it is often convenient to have the constant term equal to 1, we add a definition for
the normalized Eisenstein series of weight k

Definition 6.14 (Normalized Eisenstein Series). Foe even k > 4, we define the normal-
ized Eisenstein series of weight & to be

Ex(1) = Ek( ) = (;g(( = 2k Zak 1

Example. Some examples of starting terms of g-expansions of standardized Eisenstein series
are:

o By(1)=FEy(q) =1+2403", oy 03(n)g" = 1 + 240q + 2160¢° + 6720¢> + . ..

o E5(1) = Eo(q) =1 - 5043, .y os5(n)g" = 1 — 504q — 16632¢> — 1229764¢° — . ..

o By(1) = Es(q) = 1+ 4803,y 07(n)g" = 1 + 480g + 61920¢> + 1050240¢° + . . .

o Fy(1) = Em(q) =1-2643", v 0o(n)g" =1 — 264q — 135432¢> — 5196576¢° —

° E12(7_) E12(q) — 1_1_622%0 e 011(”)(1” — 1+623?0q+ 13423(1)480612_'_ 11602;?6960(]3_‘_. .
o Fiy() = Eu(g) =1 - 243, .y or3(n)g" = 1 — 24q — 196632¢> — 38263776¢° — ...

Remark 6.15. We note that for some g-expansions of standardized Eisenstein series, the a,,
coefficients are integers. This is the case for k = 4,6, 8,10, 14, and is consistent with the fact
that the ratio g—i is an integer for these values of k. This is not the case for all values of k,
however, as can be seen with the case k = 12.

We have seen in Theorem 5.9 the result that the product (in the sense of pointwise prod-
uct of functions) of a modular form of weight k with a modular form of weight [ is in fact a
modular form of weight k£ + [. We will see in the next section an illustration of this result
in the form of some normalized Eisenstein series being the product of two others of lower
weight, but this result is spurious and depends in very interesting ways on the dimensions
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of the vector spaces of modular forms of a given weight, which is the subject of the following
section after next.

Having introduced Eisenstein series, and derived results for their g-expansions and associated
Fourier coefficients, we end this section with a question relative to whether the expression
we have derived for the g-expansion of normalized Eisenstein series for & > 4 could also work
for k = 2 and give us a modular form for SLs(Z) of weight 2. We show that "we can come
close" to having one, but we will have a more definitive result about the existence (or lack)
of modular forms of weight 2 for SLy(Z) in the next section.

Lemma 6.16. For all 7 € H, we have the equality
1 9 .
=T — 2T,
J (—l) J(7)

T

Proof. Let T =z + iy, x,y, € R, so that y = J(7). We have
1 1 T — 1y -+ 1y

T _x+iy:_x2+y2 a2

1
()t
T x2 + 92
1 2?4y
3(-1) y

T

This implies that

and

We now calculate the right-hand side of our desired equality and we have

2?2 — y? + 2ixy

TP —— — 2iT = — 2i(x + iy)
3(7) y
B 2% — y? + 2xy — 2ixy + 2°
)
B 2?2 + y?
y
We have therefore shown equality. 0

Corollary 6.17. A corollary of the result above is that

31 ,(3 1 6i
— =7 =] - =T
™ J(-1) T J(7) T

T

Proof. All we need is multiply the equality from Lemma 6.16 by % # 0 on both sides. U
Corollary 6.18. The function

¢o:H—C
3 1
¢(7)—;'%

satisfies the condition
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In other words, this function almost exhibits the second modularity condition of weight 2 for

SLy(Z), except for the extra term —%r.

Proof. This is a direct consequence of the definition of the second modularity condition with
weight 2 and of the result of Corollary 6.17. OJ

Definition 6.19 (Eisenstein Series of Weight 2). From the general expressions that
we have previously derived for Eisenstein series and normalized Eisenstein series for even
weights k£ > 4, we extend these expressions to the case £ = 2 and we will then assess what
properties these Eisenstein series still exhibit from the relevant standpoint to modular forms.
We define

Go(T) = é2(Q) =2¢(2) + (22(2_m1))' 2 o1(n)q" = % — 87 Z o1(n)q”,

neN

and

Ez(r):EZ(q):i?g; ng =1-24) o(n)

Theorem 6.20 (Properties of G5(7) and FEs(7)). We state, without fully proving, the
following facts about these Fisenstein series of weight 2 for SLo(Z): these functions satisfy
all of the conditions of being modular forms for SLs(Z) with weight k = 2 except for the
second modularity condition.

Proof. The series Giy(q) converges for all ¢ € D because o;(n) < >"_ m = @ < "72,
therefore Y~ o1(n)¢" is dominated as a non-negative series by the series with terms n?q"
whose radius of convergence is the unit disk ID. It is also holomorphic in ¢ as any power
series is within its radius of convergence. By the inverse transformation of ¢ = €2™7, i.e., by
choice of a proper logarithm branch for 7 as a function of ¢, the functions Go(7) and Es(7)

are also convergent and holomorphic in 7 on H.

Also, Go(1) — %2 and Fy(17) — 1 as 7 — ioo, because with 7 = x + iy and y > 0, we
have

qn — 627r'm7' — 6727Tny627rm:r

and this implies

|Z 0'1 q | < Z |O’1 —2mny < 6—27ry ZnQB—QW(n—l)y < Me_gﬂ—y7

neN neN neN
where M can be a constant that uniformly bounds the series Y,y n%e=2"™=1Y for all values
of y above a certain positive threshold (say, y > 1), which is the case when we're examining
behavior as y — 00, i.e., as T — ic0. Therefore the series Y, n?e~?" ("~ is dominated in
absolute terms by a constant (that does not depend on y) times the term e~*™ which goes

to 0 as y — oo.

In addition, G5(7 + 1) = G2(7) and correspondingly Es(7 + 1) = E5(7), because the terms
of their g-expansion series ¢" = €™ clearly satisfy e2™(7+1) = g2minT . g2mi — 2minT

So the last question is does Gs(7) satisfy the second modularity condition with k& = 2
for SLy(Z), i.e., is it the case that G (—1) = 72G5(7)? The answer is in fact 'no", but there
is an alternative result, which we state without proving in the next theorem. O
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Theorem 6.21 (Not Quite Modular G, and E,). The functions Go(7) and E5(T) satisfy
the following equivalent equalities. For all 7 € H, we have

G (—1) = 72Gy(T) — 2mi,
T
and
1 :
E, (——) = 72Ey(T) — @T.
T T

Remark 6.22. We notice that the function Ey(7) satisfies the exact same functional equality
as the function ¢(7) = % . ﬁ that we introduced in Corollary 6.18, so we ask what happens
if we consider the function that is equal to their difference.

Definition 6.23 (E5(7)). We define the function on H
, 31
E5(1) = Eo(7) — ¢(1) = Ea(7) — 73(0)
Proposition 6.24 (E;(7) Not Holomorphic). The function E3(T) is bounded as T — ico,
and it satisfies the two modularity conditions for being a modular form of weight 2 for LS (Z).
However, it is not holomorphic.

Proof. 1t is easy to verify that the function satisfies the two modularity conditions. Also, it
has a limit of 1 as 7 — ioco because Ey(7) — 1 and %ﬁ — 0 as 7 — i00. However, it is not
holomorphic because the term ﬁ is real, and a function that only takes values in R cannot
be holomorphic by the Open Mapping Theorem which states that a holomorphic function
must map an open set to an open set (and there is no open set in C that can be a subset of

R as an open set in C must contain some open ball and R doesn't). 0

7. Mock MODULAR FORMS AND MODULAR FORMS ON SUBGROUPS

We have found in the previous section that we could construct a function that met all
the conditions of being a modular form on SLy(Z) of weight 2, except that it was not a
holomorphic function on H. We introduce a definition to represent the holomorphic part
of such functions, which turn out to have a very useful set of applications, in particular in
the direction of quantifying the cardinality of some of the Finite Simple Groups (introduced
in Definition 2.38), and of the dimensions of the vector spaces towards which they have
isomorphisms, i.e., the dimensions of their representations (as introduced in Definition 2.58).

Definition 7.1 (Mock Modular Form). When a function on H satisfies the conditions
of modular forms, except for the condition of being holomorphic, then if the function has a
holomorphic part (e.g., a subset of its terms), then the holomorphic part of such a function
is called a mock modular form.

Ezample. The function E}(7) introduced in Definition 6.23 and discussed as being non-holo-
morphic in Proposition 6.24 gives us a mock modular form by taking the holomorphic part

which is Fy(7) and letting go of the non-holomorphic part which is the term %ﬁ

We know define a few concepts that set the stage for defining modular forms on finite-index
subgroups of SLs(Z).
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Definition 7.2 (Compactification). The compactification of a topological set (a set armed
with a distance, so that limits and convergence have a meaning) is the process of adding to
that set the points that it needs to become a compact set. We recall that a compact set is a
set such that from any cover of that set made of open sets, there is a cover of that compact
set by a finite subset of the open sets that gave the cover.

Ezxample. As an example that is relevant to our context, we have described in Theorem 4.6 the
Fundamental Domain F of the group action of SLy(Z) on H. This set has closed boundaries
on three of its sides (an arc of the unit circle and two vertical lines), but it is not compact
in the direction ico. So we compactify it by taking its union with {oc}.

Definition 7.3 (Cusp). A cusp is an element in the set that is added to compactify a given
set. Referring to Definition 7.2, we say that the set is compactified by adding a set of cusps
to it, such that the union of the original set with the set of cusps becomes a compact set.

Ezample. The only cusp of the fundamental domain of the group action of SLy(Z) (or of
PSLy(7Z)) on H is the point at ico, i.e., 7 = ico. In the g-representation, it is the point
q = 0, which corresponds to the 7 = ioco.

Definition 7.4 (Cusp of Group Action). When we have a group action from a group G
on a space S, we define the cusp of the group action to be the cusp that compactifies the
orbits of the elements of S by the action of the elements of G.

Ezample. The cusp of the group action of I' = SLy(Z) on H is the set of points needed to
compactify the orbits of all the points in H. These orbits each have one representative in
the Fundamental Domain, but they each also have an infinity of points within H under the
action of elements of I' = SLy(Z). We have the following theorem.

Theorem 7.5 (Cusps of Group Actions of I' = SLy(Z) on H). The cusps of the action
by I' on the points in H is made of all rational points as well as the point at infinity. It is
denoted as

P'(Q) = QU {0}

Remark 7.6. While we don't give the proof of Theorem 7.5, we note the importance of cusps
to the upcoming definition of modular forms for subgroups of SLs(Z), especially due to the
fact that their fundamental domains will have additional cusps to the single cusp of the
fundamental domain of I' = SLy(Z).

We saw in Theorem 6.21 that the Eisenstein series Ey was not quite a modular form be-
cause it failed to satisfy the modularity condition under all transformations of I' = SLy(Z).
We also saw at the start of this section one approach to relax the conditions by defining a
mock modular form which we extracted as the holomorphic part of Ej which satisfied the
modularity conditions with weight 2 but was not holomorphic.

In the next definition, we will explore a different direction of relaxing the conditions of
a modular form, by requiring the modularity conditions to be met for all transformations by
matrices from a subgroup of SLy(7Z) instead of the entire I' = SLy(Z). This is motivated by
the following observation.

Theorem 7.7. The function F(1) = 2E5(27) — E5(7) is holomorphic, bounded at ico, and
it also satisfies the modularity condition with weight 2 for the Hecke congruence subgroup
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['0(2) of I' = SLy(Z), which -- recalling Definition 3.18 -- is the subgroup of SLo(Z) with an

even lower left entry, i.e.,

To(2) = {(‘Z Z) :c=0 (mod 2)}.

0 -1
1 0
lower left entry is odd. This is the intuitive explanation to why the function F'(7) is able to
satisfy the modularity condition of weight 2 for this particular subgroup of SLy(Z).

Theorem 7.9 (Finite Index 3 of I'y(2)). The subgroup I'¢(2) has finite index of 3, and is
generated by three matrices

= ((5 %) (1) 1))

We now proceed to define modular forms on subgroups. We will see that we will place a
higher requirement than simply translating all conditions of a modular form for SLs(Z) to
similar conditions for a subgroup of SLy(Z). In particular, we will introduce a condition of
being holomorphic at the cusps.

Remark 7.8. We note that the matrix S = ( ) is not an element of I'y(2) because its

Definition 7.10 (Modular Form for Finite Index Subgroup). A modular form of
weight k for a finite index subgroup G C SLy(Z) is a function f : H — C satisfying the
following three conditions:

e f is holomorphic on H.

e Modularity of weight k for the finite-index subgroup G:

ar +b a b
f (cr+d) = (et +d)* f(7) for all 7 € H and all <c d) eqG.

e Holomorphicity at the cusps:

1 b
o+ d)kf (Z:j—_d) is bounded as 7 — ‘oo for all <Z Z) € SLy(Z).
Remark 7.11. We note that the third condition of holomorphicity at the cusps requires the
product (cr + d)~*f (g::g) to be bounded at 7 — ico not only for actions of matrices in
the finite index subgroup G, but in fact for actions of all matrices in SLy(Z). It is the
modularity condition with weight & which is relaxed to only apply for actions of the finite

index subgroup G.

Remark 7.12. The fundamental domain of the group action of a finite index subgroup of
SLy(7Z) is a superset of the fundamental domain of the group action of the entire SLy(Z).

For instance, the fundamental domain of T'g(2) consists of FU fs(F)U fsr(F), where fg(F)
and fsr(F) refer to the respective actions of the matrices S and ST on the original funda-
mental domain F of SLy(Z). In particular, this fundamental domain reaches into the unit
circle (which F did not) and has additional cusps at 0, besides the cusp at oo that was
already a cusp for F.

Theorem 7.13. The function Fy(T) = 2E5(27) — Es(7) is a modular form of weight 2 for
the finite index subgroup I'o(2) of SLo(Z).
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Remark 7.14. We don't provide the proof of this theorem but one of its remarkable conse-
quences is a path to the proof of the four-square theorem, which we examine in the next
section.

8. FOUR-SQUARE THEOREM

In 1770, Joseph-Louis Lagrange proved the four-square theorem which states that every
natural number can be written as the sum of four integer squares. The proof given by
Lagrange, while valid, was non-constructive. In 1834, Carl Gustav Jakob Jacobi gave a
constructive proof with a formula for the number of ways that a natural number could be
written as the sum of four squares. We will state the theorem, and proceed to sketch its
proof using modular forms.

Remark 8.1. In the course of the proof sketch, we will use in anticipation a result that will
only be discussed in the following section on dimensions of the vector spaces of modular
forms of a given weight.

Theorem 8.2 (Four-Square Theorem). For n € Z", let r4(n) designate the number of

ways that n can be written as the sum of four integer squares, where order matters, i.e.,
ry(n) = [{(a,b,c,d) € Z* : a* + b* + & + d* = n}|.

Then we have

r4(n) =24% qn d, if n is even.
d odd
Another way to write the same result is the following:

n) =38 Z m.

m:4m|n

{7’4(7”6) = 801(n), if n is odd.

Proof. The rest of this section is a sketch of the proof of the theorem, so we will first define

the Jacobi © function, then proceed to outline the proof. O
Ezrample. We have

7”4(0) = 1,

T4(1) == 8,

’I“4(2) =24
Definition 8.3 (Jacobi Theta Function). We define the Jacobi © function as

©:H—-C

O(r) = Z 2T e,
meZ
_ Z me’ with g = 627rz'7'.
MEZ

Another way to also write © by regroupmg opposite terms in Z is the following:
O(@)=1+2Y ¢" =1+2¢+2¢"+2¢° +2¢"° + ..
meN

We now consider the function © raised to the 4" power, ie., ©* =0 -0 -0 -0, and we
have the following result.
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Theorem 8.4.

&) = 3 raln)g™.

neZt

Proof. We write out © as the product of its four factors

va=(2r) (2e) (2) (2)

so the coefficient of ¢" for ©* is exactly the number of ways that 4 integer squares in Z can
add up to the exponent n, since the exponents in each of the four sum-factors are squares
of integers in Z.

We conclude that the Fourier coefficients of ©%(7), i.e., the coefficients of ©%(q) are the
quantities r4(n) as we defined them in Theorem 8.2. O

Corollary 8.5. We have
O%q) =1+ 8¢ +24¢% + ...

Claim 8.6 (©* Modular Form for T'y(4)). The fourth power of the Jacobi © function is
a modular form of weight 2 for the finite index subgroup I'o(4) of SLy(Z), i.e., the subgroup
of matrices whose lower left entry is a multiple of 4.

Proof. We will not give the proof other than mentioning that the proof is derived from the
application of the Poisson summation formula. O]

Remark 8.7. It can be said in a certain sense (of the fourth power being a modular form of
weight 2) that the © function is "modular of weight 3" for the subgroup I'o(4).

We cited in Theorem 7.13 the result that Fy(7) = 2E5(27) — E»(7) is a modular form of
weight 2 for the finite index subgroup I'g(2). Since I'g(4) C I'z(2), this implies that Fj(7)
is also a modular form of weight 2 for the finite index subgroup I'g(4). This is because
a function that satisfies the modularity condition for all matrices in a larger subgroup will
also satisfy these conditions for the smaller subgroup which is a subset of the larger subgroup.

Another fact that we cite without proving it is that the function

FQ(’T) = 2E2(47’) - EQ(QT) = F1(27')
is in fact a modular form of weight 2 for the finite index subgroup I'g(4) of SLs(Z), although
it is not a modular form of weight 2 for the finite index subgroup ['0(2). We note that the

function Fy(7) being the same as F}(27), its g-expansion Fy(q) is the same as the g-expansion
Fi(q) except for the series being expressed in powers of ¢* instead of powers of q.

Theorem 8.8 (Expansions of F| and F,). We have the following q-expansions for the
functions Fy(1) = 2E5(27) — Eo(7) and Fo(T) = 2E5(47) — E5(27):

FI(T):Fl(Q)Zl—i—Qélz Zd " =14+24q+ ...

neN d|n
d odd
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B(r)=Fyqg)=1+24) [ D d|q"=1+24¢+...

neN dln
d odd

Proof. We recall from Definition 6.19 that

Ey(7) = Ea(q) =1-24) ai(n)q

neN

Therefore, we have

Fi(r) = Fl(Q) =2 (1 - 24201(n)q2n> - (1 - 24201(77/)61”)

neN neN
=1424) oi(n)q" —2-24) o1(n)
neN neN
—1—1—24201 n)q" +24ZU1271 — 201(n)]q n
nG(I}Id neN

Now looking at the term 242 neN o1(n)g™ on the right hand side of the last equality, the

coefficient o (n) when n is odd s the sum of the divisors of n, and these are all odd because
n is odd.

And looking at the term 24" _[o1(2n) — 201(n)]¢*", we note that the difference o (2n) —
201(n) only leaves the odd divisors of 2n because the even divisors of 2n get canceled by

twice a divisor of n, term per term.

Our expression for F; therefore becomes

A =FR@=1+24Y [ S a|lq+24> [ Y a|e™
neN dln neN \ d|2n
nodd \¢g odd d odd
=1424> | > d|g"+24> [ D d]| ¢
neN dn neN dn
nodd \{g odd neven  \d odd
=1+24) [ d|¢
neN dn
d odd

This proves the desired result for F;. The proof of the similar result for F3 is identical,
except for the substitution of ¢? instead of ¢ in the series, so the result is easily shown to be
as stated in this theorem. O

Theorem 8.9 (Fy, F, Not Linearly Dependent). The funtions Fy and Fy are linearly
independent, i.e., they are not scalar multiples of one another.
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Proof. The Fourier coefficient for the single power of ¢ is non-zero in Fi(g) but it is zero in
F5(q). Just as with polynomials, infinite series cannot be linearly dependent if they non-zero
terms in one are zero terms in the other. U

Claim 8.10 (Space of Weight 2 Modular Forms for I'y(4)). The modular forms of
weight 2 for the subgroup T'o(4) form a vector space of dimension 2. As a result of showing
the linear independence of Fy and Fy which were both also claimed to be modular forms of
weight 2 for T'o(4), the functions Fy and Fy form a basis of this vector space.

Proof. 1t is fairly easy to see that modular forms of a given weight and for a given subgroup
of SLy(Z form a vector space over the scalar field C, as the 0 function is a modular form
for all weights and all subgroups of SLs(Z), and linear combinations with coefficients in C
of similar weight modular forms are modular forms of the same weight, and all for the same
subgroup.

The next section will be dedicated to showing the dimensions of the spaces of modular
forms, so we will skip the part of the proof relative to the dimension being 2.

And we have proved in Theorem 8.9 that F; and F, are linearly independent. Since the
space is of dimension 2, two elements of the space that are linearly independent form a basis
of that space. O

We now proceed to the final step of the proof of the Four-Square Theorem, building on
the last result that F; and F, form a basis for the two-dimensional space of modular forms
of weight 2 for I'y(4), and on the stated claim (not proven here) that ©* is itself a modular
form of weight 2 for the subgroup I'y(4).

Theorem 8.11. We have the following relationship between ©* and F, and Fy

O (1) = %Fl(f) + §F2(T).

Proof. We have shown previously that
O%(q) =1+ 8¢ +24¢* + ...
and that
Fi(q)=1+24q+ ...
and that

Fy(q) =1+424¢" +. ..

and by virtue of F} and F5 forming a basis for our two-dimensional vector space of interest,
we can express the vector ©4 as a linear combination of the two vectors of the basis, so there
exist a, B € C such that
0' = aF, + BF,.
Looking at the constant coefficients of all three g-expansions, we have
a+p=1,
and looking the coefficient of ¢, we have
8 = 24a.

Our solution is therefore

2
=13,
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This last result delivers the proof of the Four-Square Theorem, as it now suffices to regroup
the terms of the sum

é‘*@):% L+24) 1 Y d| g +§ 1424 | > d| |,

neN d|n neN din
d odd d odd

and to set the coefficient of ¢" equal to r4(n). We have

6'(q) = = 14+24) [ Y d | g 12 1424 | > d| g™
3 neN dln 3 neN dln
d odd d odd

=148 [ D d|g+16> [ D d|¢

neN d|n neN dln
d odd d odd

=148 | Dod| 48y | Dod|ar 16y [ Do de”
neN dln neN dln neN din
nodd \{ odd neven \g odd d odd

=148 | D d|qm+8> [ Dod|m 1) | > d|
neN din n’eN \ d|2n’ neN dln
nodd \{ odd d odd d odd

where we have reindexed the middle term with the sum over the all the even natural numbers
via n = 2n’ with n’ € N.

We now note that the odd divisors of n are the same as the odd divisors of 2n because
for any of these odd divisors d we have ged(d, 2) = 1, and we use the well-known result that
if an integer divides the product of two others while being relatively prime with one of the
factors of the product, then it must divide the other factor of that product.

So in the next step of simplification of the right-hand side above, we change the condi-
tion on the rightmost term d | n into the equivalent (as argued above) condition d | 2n due
to the fact that we're conditioning this by d being odd. We also simply rename the index n’
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in the middle term on the right-hand side as n, and we get the following:

O =1+8> | D d|q+8> | Y da| @ +16d> | Y d|e™
neN dln n’eN \ d|2n’ neN din
nodd \d odd d odd d odd
=148 [ Y d|g s> | Y a| @ +16d | Y d| e
neN dln n’eN \ d|2n’ neN \ d|2n
nodd \d odd d odd d odd
=148 [ S d|a+sd [ D d|em+16d | D d|e
neN dn neN \ d2n neN \ d2n
nodd \g odd d odd d odd
=148> | > d|q+24> | > d|g"
neN dln neN \ d|2n
nodd \qg odd d odd

We lastly note that when n is odd, all of its divisors are also odd, so we can remove the
extra condition "d odd" that qualifies the sum of its divisors in the right-hand side of the
expression above. We also reindex the rightmost term with n’ = 2n and summing over n/
even natural number, then we reindex it back to n even natural number, so our expression
becomes

Ofg)=1+8> [ D d|qg+24) [ D dafqg™

neN dln neN \ d2n

nodd \¢ odd d odd
=148) (D d|g +24 ) | D> d|q”
neN dn n’eN dln’
n odd n' even \d odd
=148) (D d|qgn+24> [ D d]|q
neN dln neN dln
n odd neven \(g odd
=1 Z 8a1(n)q" + Z 24 Z d|q"
neN neN dln
n odd n even d odd
=1+ Z ra(n)q" + Z rq(n)q"
nnc€>§d nneevIEn

Identifying term-wise the last two lines on the right-hand side of the last expression above,

we obtain
8c1(n) if n is odd
r4(n) =

243 g d if n is even
d odd
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and this completes the proof of the Four-Square Theorem!

9. DIMENSIONS OF SPACES OF MODULAR FORMS

This section gives a few relative to the structure of modular forms of even weight as vector
spaces over the field C, each of finite dimensions. In fact, the set of conditions that define
modular forms (notably those relative to being bounded at infinity and being holomorphic)
are key to having the vector spaces keep finite dimensions.

In this section we also develop a few results for the dimensions of each space of modular
forms, via a calculation of the first few dimensions followed by a recursion on the dimensions
of modular forms of higher weights from those of lower weights.

We will derive results on bases of some spaces of modular forms, by examining the Eisen-
stein series as well as by introducing the discriminant function A which is a discriminant
of an elliptic curve associated with the solution the Weierstra equation, and which has the
property of not vanishing anywhere on H and having no constant Fourier coefficient.

We start by stating a theorem that the set of modular forms with even weight k is a vector
space.

Theorem 9.1 (M, Vector Space of Weight k& Modular Forms). The modular forms
of weight k with respect to SLs(Z) form a vector space over the field C. We designate this
vector space by M.

Proof. Most of the axioms defining a vector space are inherited from the fact that functions
on H are themselves a vector space. The two key conditions to check are the fact that the 0
vector (i.e., the constant 0 function on H) is in My, and this is the case, and that modular
forms of weight k& for SLy(Z) are closed under linear combinations with coefficients in C,
which is also the case. O

We now proceed to prove that the vector spaces My for k < 0 are all reduced to the trivial
vector space {0}. To do so, we start by introducing a lemma about an invariant of modular
forms to SLy(Z).

Lemma 9.2 (SLy(Z) Invariance). For any even integer k, and any modular form f of
weight k for SLy(Z), the expression
o pE
[f ()] - [3(7)]>
is SLy(Z) invariant, i.e., the expression for T is equal to the expression for the image of T
by the action induced by a matriz in SLy(Z).

Proof. We have shown in the proof of Theorem 4.2 the equality
5 (az+b> _ ad—be 3(2)
cz+d lcz + d|? ’
which, for an action induced by SLy(Z) implies

5 ar +b B 1 3(7)
cr+d) et +dJ? -
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Raising this equality to the power % (with k even) gives us
at +b b 1 k
I(TEN] = b
cT +d ler + d|

By the modularity of f with weight k, we also have

F(555) = e atsn) = |r(E05) | =ler + ariso

Multiplying our two equalities together, we get

’f <+b>\ H”“ﬂk — ler + dFLf(7)] - —— 3] = [£(7)] - B,

cr+d cr+d leT + d|¥

—~

2 under group actions from SLy(Z).

O

Theorem 9.3 (M, = {0} for k < 0). The vector space of modular forms of weight k < 0
for the group SLs(7Z) is the trivial space with just the zero function as an element.

which shows the invariance of the expression |f(7)|-[3(7)]

Proof. By Lemma 9.2, the function on H (with real values) |f(7)| - [3(r)]2 is invariant by
actions induced by SLo(Z). It therefore attains all of its values for 7 € F, the fundamen-
tal domain of the group actions of SLy(Z), and we recall that this fundamental domain
is bordered by an arc of the unit circle at its bottom end, and by the two verticals lines
{r € H:R(r) = £1i} at its lateral ends.

We split F by a horizontal line {z € H : J(z) = I}, for a real value I > 1 which will
shortly determine in this proof. As 7 — ioo with 7 € F, |f(7)] is bounded as this is one of
the conditions of being a modular form, and J(7) > 1 with & < 0 implies that

[TJ(T)]g — 0 as 7 — ioc0.

Therefore, the product
lf(r)]- [T (7')]2 — 0 as 7 — i00.
We can therefore now pick a value for I such that

J(r)>1 = |f(r)]-[3(7)]2 < 1.

And on the remaining part of F where J(7) < I, we have a compact set (delimited by the
horizontal line at I, the two vertical lines, and the arc of the unit circle). Noting that the

real-valued function | f(7)[J(7)]? is continuous, it must be bounded on a compact set.

We therefore have an upper bound M > 0 such that
~ 1k N . _k
OB =1f@+iy)ly? <M = [f(z+iy)| < My~ >,

for all x + iy € F, and by SLy(Z) invariance also for all x + iy € H. We now write the
modular form f using its g-expansion with ¢ = e?™7 = e~2™¢e2™® which is

:U—I—zy § :anq — 2 e 27rnye2ﬂ'mz

neZ+ nezt
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Multiplying both sides by e~2™™* for some m € Z*, we get
f(ZL' + Z'y>6—2m'ma: _ Z ane—27rnye27ri(n—m)m‘

nezZt

We now fix y > 0, and we integrate the two sides of the last equality above over the range
x going from 0 to 1. We note that thanks to the term e~2™¥ the series on the right-hand
side is absolutely convergent, so we can bring the integral into the infinite series term-wise,

so we have )
/ f(ﬂ? + ,l'y)6727rim:p dr = Z an627rny/ eQﬂi(nfm)z dzr.
0

1
nezt 0

The integral on the right is equal to 0 for n # m, and is equal to 1 for n = m, so we only
have one term from the series contributing, which results in the equality

! 1
/ f(l’ + iy)e—Qwimw dr = ame—2ﬂ'my <~ a,, = 627rmy/ f(l' + iy)e—Qm'mm dr.
0 0

We therefore have, taking absolute values,

1
eQﬂmy/ f(CC 4 ?;y>672m'mz dr
0

|| =

1
< ezﬂmy/ |f(z +iy)| du.
0

Recalling our calculated bound |f(x 4 iy)| < M y‘g, our inequality above becomes

1 2mm;
k Me=™my
|| < e%myMy_?/ dr = ———,
0 Y2

and this inequality holds for any arbitrary value of y > 0. If we let y — 04, the numerator
of the last fraction goes to M > 0 and the denominator goes to oo because k < 0, therefore
the entire fraction goes to 0. We therefore have |a,,| = 0 = a,, = 0. But this was true
for any arbitrary choice of m € Z*, so we have just shown that every Fourier coefficient of
f is 0, so the function f must be the constant 0 function. O

We will now seek to leverage this result that M = {0} for all k£ < 0, to derive dimensions
of vector spaces My for even k > 0. To do this, we will leverage the existence of a modular
form A € Mjy (modular form of weight 12) which vanishes nowhere on H and with no con-
stant term in the g-expansion, i.e., its constant Fourier term is ay = 0.

To construct the modular form A, we will need a second Poisson summation result, which
we state together with the first result in one theorem (which we don't prove).

Theorem 9.4 (Two Poisson Summations). For a function f : R — C such that both f
and its Fourier transform f(§) = ffooo f(x)e?™ @ dx are continuous and absolutely integrable,
we have the following two summation equalities:

Y f)=3 fn),

and <n>EZ ineZ (n=1) 5 /M
;H) : f(n)=§%(—l) =7 (3)
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We will apply the second Poisson summation to the function f(z) = ze ™ with a > 0,

whose Fourier transform is f (&) = (—(;52 )e_”52/ ¢ mnoting that both functions are continuous
and absolutely integrable. The result we obtain is stated in the following theorem, which we
do not prove.

Theorem 9.5. We have the following equality between series as a result of applying the
second Poisson formula to the function f(x) = ze™™ for a > 0:

n— 1 n—
S (1) et = N (1) e e
a

neN neN
n odd n odd

From this equality, we define a function inspired by the left hand side replacing the pa-
rameter a with —i7.

Definition 9.6. We define the function 6 (not to be confused with the Jacobi © function
discussed earlier), as
0:H—C

9(7_) — Z (_1) gl nemng'r/él:7

which can also be written as )
n— 2 . 2
O(x +iy) = E (=1) 2 ne ™ y/4gmin x/‘l,

neL
n odd

Theorem 9.7 (Properties of 0). The function 0 defined in Definition 9.6 is holomorphic
on H and it satisfies 0(T) — 0 as T — ico. In addition, 0 satisfies the property

0 (—%) = y*%0(iy).

Proof. We only prove the equality, starting from the definition of 6 and leveraging the second
Poisson summation that we obtained in Theorem 9.5. We look at the value of 0 for 7 = iy
on the imaginary axis, and we have

Oliy) = 3 (~1) e v/t

ne’
n odd

1 (n—=1) _n2
= 2 (D) ey

1 7
=t (y)

1 1
=’ (‘—y)

We therefore have, by swapping i instead of v,

0 (—%) = 320(iy).
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O

We are now ready to define our function A, which we do by raising the function 6 to the
8" power which turns the 3/2 exponent in the expression of Theorem 9.7 into a 12 exponent
and makes it a modular form of weight 12. We will cite its properties without proving them.

Definition 9.8 (The A Function). We define the function
A(r) = [0(7)]".

Theorem 9.9 (A Modular Form in M,). The function A is holomorphic, it converges to
0 as T — i00, and it is modular of weight 12 for SLy(7Z). In addition, A is non-vanishing over
H, its constant Fourier coefficient is 0. Lastly, its Fourier coefficient ay for the monomial q
18 non-zero, i.e., its q-expansion A(q) has a simple zero at ¢ = 0, which is equivalent to A
having a simple zero as T — 100.

With the existence of such a function A in hand, we can now proceed to deriving results
on the dimensions of the vector spaces M, for even k > 0.

Theorem 9.10 (M, Vector Space of Dimension 1). The vector space My of modular
forms of weight 0 has dimension 1.

Proof. 1t is clear that the constant function equal to 1 everywhere on H satisfies all the
conditions of being in My. Now we let f be another modular form in M, and let ay € C be
the constant term of it g-expansion f, i.e., ag = f (0). Then the function
J—ap-1
A

is a modular form in M_15 by Corollary 5.10 about ratios of modular forms with the denom-
inator function vanishing nowhere on H. And we have shown in Theorem 9.3 that for k£ < 0,
My, = {0}, which is clearly also true for k = —12. We therefore have

J—ap-1

A :0:>f:a0-1:a0.

The function f is therefore the constant function equal to ag everywhere on H, which is a
scalar multiple of the constant function 1 on H. We have therefore shown that My = C -1,
i.e., it is a vector space of dimension 1 with the constant function 1 being a basis for the
space. [

Theorem 9.11 (M,, Mg, Mg, M1y Vector Spaces of Dimension 1). The vector spaces
My, Mg, Mg, Myy are all of dimension 1. Since we have shown the existence of Eisenstein
series Ey, for even k > 4, each of these vector spaces My, for k € {4,6,8,10} has an Fisenstein
series B, as its basis.

Proof. Let f € My, and let ag € C be ag = f(O) = lim, ;o0 f(7). We then consider the

function
J —aoEk
A
which we now show satisfies all the conditions of Corollary 5.10. Since A does not vanish n

H, it is clear that the ratio f%AOE’“ is holomorphic on H. It is also the case that this ratio
satisfies the modularity conditions of weight —12.
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However, we must check the important condition of the ratio being bounded as tau — ioco
or equivalently the ¢ expansion of the ratio being bounded as ¢ — 0. The g-expansion
(f — aoEy)(q) has a zero constant term by construction, since the constant term of Ej, is
equal to 1 by construction of these normalized Eisenstein series.

Crucially, the g-expansion A(q) has a simple zero at ¢ = 0, such that the ratio under

f—aoEy
A

consideration ( > (¢) not only has no constant term, but also the series in the numer-

ator has first non-zero term ¢ to an exponent greater than or equal to 1 whereas the series
in the denominator has first non-zero term ¢ (to the power 1) because we stated that A has

a simple zero at ¢ = 0. The ratio (f%fE’“) (q) therefore has a finite limit at ¢ = 0, which

equivalently means that the ratio % has a finite limit as 7 — ¢0o. This shows that the
boundedness condition of being a modular form is satisfied.

By Corollary 5.10, the ratio f%AOE’“ is therefore a modular form in the vector space M_1o
of modular forms of weight —12 and which is the trivial space equal to the constant zero
function {0}, so this ratio is the constant 0 function everywhere on H. This implies that

f=aoEk
or equivalently that
My =C- E,, for k=4,6,8,10.
OJ

Theorem 9.12 (M, Vector Space of Dimension 0). The space My of modular forms of
weight 2 has dimension zero, i.e., it is reduced to a single element being the constant zero
function {0} on H.

Proof. Let f € My, then the modularity condition with weight 2 implies f(—21) = 72 f(7).
We apply the equality to 7 = ¢, and we get

F—2y = 2£6) = ),

]

but since —1 = i, the equality above becomes

f@) = f(==) =i*f(i) = —f(i) = [f(i) =0.

By Theorem 5.9, the function f? = f - f is a modular form in M,, and we have shown in
Theorem 9.11 that M, = C - E4. We can therefore express f? as

f? = ak,, for some o € C.

Recalling that
Ey(7) = Eu(q) = 14240 03(n)q",

neN
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we derive the equality

fQ(T) = ]‘:2((]) =« (1 + 24020’3(”)(]”) .

2t

We now set 7 =1, i.e., ¢ = ¥ = ¢72" and we get

0=f2(i) = f2(e¥) = a (1 +240) ag(n)e—2“”> .
neN
Since the parenthesized term on the right-hand side above is strictly positive, and the left-
-hand side is 0, we must have o = 0. The function f must therefore be the constant 0
function on H. This proves that My = {0} and its dimension is 0. O

Recapitulating the results achieved so far from the previous three theorems, we have the
following for spaces of modular forms and their dimensions:

k: 0 2 4 6 8 10
dim(My): 1 0 1 1 1 1

We now state and prove a very powerful result on a recursion that links the dimensionalities
of M, for all even k > 0.

Theorem 9.13 (M, Finite Dimensional and dim(My) = 1 + dim(Mjy_12). For all even
k > 0, the vector space My has finite dimension. Furthermore, we have the recurrence
relation

dim(My) = 1+ dim(Mj_12), for all even k > 0.

Proof. O

Theorem 9.14 (Explicit Dimension of M;). For even k > 0, the dimension of the vector
space My, is given by
|k/12) +1, ifk#2 (mod 12),

dim(My) = {U{:/lQJ, if k=2 (mod 12).

Proof. We have shown in Theorem 9.10, Theorem 9.11, and Theorem 9.12 the result to be
true for k£ = 0,2,4,6,8,10, so we now focus on the cases of even £ > 12. We consider a
modular form f € My, and we let ag be its constant Fourier coefficient.

As with the previous cases, we consider the function g = f%AOE’“ which is a modular form of
weight £ — 12 per Corollary 5.10, i.e., g € My_15 and f = agE) + gA.

We now define the function 1 as follows:
V:C® Mp_12 — My

)] e

where we recall that an element in the direct sum C & Mj,_;5 is a vector with its first coor-
dinate being a complex scalar and its second coordinate being a complex scalar multiple of
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a modular form g € Mj_15.

We now argue that 1 is a linear mapping, i.e., it is a homomorphism of vector spaces
over the field C, and it is a bijection. As a result, we will prove that 1 is an isomorphism
between its domain and its co-domain.

e 1) is a linear mapping: we verify the C-linear mapping property of i) by verifying its
linearity for multiplication of a vector by a scalar in C and for summation of vectors
inC ® Ej_12. We have

] <[(2)] - 03 s 29 [ ()]

for all A € C and (3) € C ® Mi_15. And we have

W K;‘) + (g)] —ozEk+gA+6Ek+hA—(a+ﬁ)Ek+(9+h)A—wKzigﬂ,

for all (3) €C @ M, 1, and (5

h) eC @ My_1s.

So 1 is a linear mapping.

e 1 is surjective: for any modular form h € M; with constant Fourier coefficient ag, we
know that we can express it as h = agF), + (%) A, where ag € C and f%AOE’“ €

Mj._15. This shows that h is the image by 1 of a vector f,iﬁf}Ek cCo Mk —-12.

A
Since h was an arbitrary modular form in My, this shows that v is surjective.

e 1) is injective: to show that a linear map is injective, we can either show as we would
for any injective function that if two elements have the same image, then the two ele-
ments are the same, or we can take advantage of the fact that v is a linear mapping,
in which case injectivity can be shown by showing that its kernel is {0}, i.e., only the
0 vector has an image of 0. We do the latter:

If (‘;‘) € C & M1y is such that ¢ Kog‘ = 0, then this implies that aFj +gA = 0

as a constant 0 function on H. As a result, the Fourier series for aFy + gA = 0
should have all coefficients equal to 0. We recall that the normalized Eisenstein se-
ries F) has a constant Fourier coefficient equal to 1 and that the A function has
a constant Fourier coefficient equal to 0 (no constant term in its g-expansion). We
must therefore have
a-1+40=0 = a=0.
So we are now left with
0-Ep+gA=gA=0.

But A is the function that vanishes nowhere on H, and its product by the function
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g produces the constant 0 function on H. Therefore the function g must be the con-
stant 0 function on H. We have therefore shown that

G =0 = ()= ()

which is equivalent to showing that
ker(w) = {O} = (8) c C D Ek_lg.

We have therefore shown that the vector spaces are isomorphic, i.e.,

C @ My_12 = M.
This implies that
1 -+ dim(Mk,m) = dlIIl(C D Mk712> = dlm(Mk),

and this proves that M, with even £ > 12 is finite dimensional, and that its dimension is

Lastly, we have the sequence of dimensions {dim (M)} for even & > 0 which is fully described
by the recursion dim(Mj) = 1+ dim(Mj_12) and by the first six terms of the sequence being
1,0,1,1,1,1.

|k/12] + 1, if k# 2 (mod 12)
|k/12], if k=2 (mod 12)’
and this sequence starts with the same first six terms as {dim(Mj)}, and satisfies the same

recursion. The two sequences are therefore equal. This achieves the proof that for even
k>0,

And we have the sequence described for even k > 0 by

. C[[k/12]+1, ifk#2 (mod 12),
dim(Me) = {UC/lQJ, ifk=2 (mod 12).
0

Remark 9.15 (Dimensions of some M;). We leverage the recursion and the first values
that we have already calculated for dimensions of M} to show a few more values in the
sequence.
k ‘O ‘2 ‘4‘6 \8 ‘10‘12‘14\16‘18‘20‘22‘24
dim(Mk)M ]O ‘1 ‘1 ‘1 ]1 ‘2 ‘1 ‘2 ]2 ]2 ‘3 ‘2

Remark 9.16. Another remark is that given the low dimensionality of many of these vector
spaces, it becomes quite easy to relate two or more modular forms of same weight, by com-
paring just one or a couple of their Fourier coefficients.

For instance, when a space M, is of dimension 1, then any modular form of weight k& must
be a scalar multiple of any other modular form of weight k. A simple comparison of their
constant Fourier coefficients yields the scalar factor relating the first form to the second.

Similarly, if a space Mj is of dimension 2, then any two linearly independent pair of modular
forms of weight £ would form a basis for the space. Determination of linear independence is
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often very easy and can be achieved by simple comparison of the first few Fourier coefficients.
In this case too, a third modular form can be expressed as a linear combination of the first
two that form a basis, and the scalar coefficients of the linear combination can be determined
by equating the g-expansions forms and solving a small system of linear equations.

In fact, we can state a theorem (which we won't prove) to this effect. The important
insight to derive from this theorem is that since modular forms of given weights fall within
low-dimensional vector spaces, yet each such modular form has an infinite number of Fourier
coefficients, there must be a large amount of redundancy among these Fourier coefficients.

Theorem 9.17 (Form Determined by First R Fourier Coefficients). For each even
k >0, there is an R € Z™, such that the first R Fourier coefficients of any weight k modular
form for SLo(Z) completely determine the modular form.

Ezample. A first example takes advantage of the fact that dim(Msg) = 1, so all modular
forms of weight 8 for SLy(Z) are (complex) scalar multiples of each other. We know that
Egs € Mg, so Eg is a basis for it too, and the constant coefficient of Fg is equal to 1 (by
construction of the normalized Eisenstein series).

We also know by Theorem 5.9 that since E; € M, then E? € M. Therefore, there
must be some complex constant « such that E? = aFg. But both modular forms have,
by constructions, constant coefficients equal to 1. Therefore @« = 1, and we derived the
result

E? = Eg.

Ezample. Similarly, from dim(M;o) = 1, we know that Ej is a basis for M;g. We also know
from Theorem 5.9 that E,FEs € Mg, so we know that E4Fg is a complex scalar multiple
of Fip. But all three modular forms have a constant Fourier coefficient equal to 1, so the
constant is 1, and we have derived another result

E4E6 = ElO-

Example. With dim(M;5) = 2, and with the knowledge from Theorem 5.9 that E3 € M,
and E2 € My, we can verify linear independence of Ej and E? by a quick look at their
g-expansions which easily shows that they are not scalar multiples of one another. We there-
fore have a basis for M;5 composed of E} and EZ. Any other modular form of weight 12 for
SLy(Z) must therefore be expressible as a complex linear combination of E} and E?2.

Since Ej5 € Mis, Ej5 must be a complex linear combination of the vectors E} and E?
of the basis of Mj,. Looking at the constant and degree-1 Fourier coefficients of the three
functions gives us a system of two linear equations in two unknowns, and its solution reveals

another relation A41 250
2= Go1 4 T Ger

We end this section with a result that illustrates the central role played by Eisenstein
series in providing bases for all vector spaces M}, of modular forms for SLy(Z). In particular,
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we will show that just two specific Eisenstein series, raised to the right powers and properly
multiplied, deliver a basis for each M} for even k£ > 0.

Lemma 9.18. Fvery even integer k > 4 can be written in the form

k = 4m 4+ 6n, for some m,n € Z*.

Proof. Let k > 4 be an even integer , then either £ =0 (mod 4) or kK =2 (mod 4).

If k=0 (mod 4), and with k£ > 4, then there exists m € N such that k = 4m =4m +0-6,
so we have found a pair of non-negative integers (m > 1,n = 0) such that & = 4m + 6n.

If £ =2 (mod 4), and with k£ > 4, then there exists some ¢ € N (i.e., ¢ > 1) such that
k=4q+ 2. If k =6, then we are done with 6 =0-4+1-6.

Otherwise, with k£ > 10 and & = 2 (mod 4), we have the following with ¢ > 2:
k=4¢+2=4(¢—1)44+6-1,

sothat (m=¢—1>1,n=12>1) is a solution.
[

Remark 9.19. We note that the pair of solutions (m,n) may well not be unique -- in fact
there will typically be several solutions as the values of k get larger.

Corollary 9.20 (EJ'E} € My). For even k with k > 4, we let (m,n) be a pair of non-negative
integers such that k = 4m + 6n. Then EJ'EY € My, and has constant Fourier coefficient
equal to 1.

Proof. First off, it is easy to see that E}'E{ has constant Fourier coefficient equal to 1 since
both F,; and Eg have constant Fourier coefficients equal to 1 by construction of the normal-
ized Eisenstein series.

We also know by iteratively invoking Theorem 5.9 that EJ* € M,,, and Ef € Mg, and
therefore the product EY'Ef € Muy+6n = M. O

Theorem 9.21 (E]'E} Basis for My). For k >0, the set

{EVEY :m,n € Z" 4m +6n =k}
is a basis for Mj,.

Proof. Let S(k) be the number of solutions in non-negative integers (m,n) to the equality
4m + 6n = k. We check the first seven values of S(k), and we have:

0 k=00=4-0+6-0 = S(0)=1.

o k=2:2#4m+6n, Ym,n e Zt* — S(2) =0.

okh=4d=4-1+6-0 = S(4) =1.

o k=6:6=4-0+6-1 = S(6)=1.

0 k=8 8=4-2+6-0 = S(8) =1.

0 k=10:10=4-14+6-1 = S(10) = L.

0 k=1212=4-346-0=4-0+6-2 = S(12) = 2.
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We see that S(k) = dim(My) for all £: 0 < k < 12.
We now sketch the proof that S(k) satisfies the following induction for £ > 12, and we will
see that the result comes from the fact that 12 = lem(4, 6):

S(k) =1+ Sk —12).

We note that the number of solutions S(k) to 4m + 6n = k is the same as the number of
solutions to 2m + 3n = %, since we are focusing on even values of k£, where the modular form

spaces are not trivially equal to {0} as is the case for k odd. We let h = g for simplification
of notation.

The number of non-negative integer solutions (m,n) to 2m + 3n = h, which we denote
by S’(h), is given by the coefficient of the term z" in the generating function

1 1
1—22 1—2a3

=(1+a*+2'+2% 2P+ A+ 2P+ a2 2+ )

We first note that there is only a single positive integer value h which cannot be realized
with non-negative (m,n) and 2m+3n = his 1, and this is a result of the "Chicken McNugget
Theorem" that states that the largest such number is (2)(3) —2 — 3 = 1. So the product of
the two series above produces every power of " for h € N\ {1}.

We now observe that for N € N such that 6(N — 1) < h < 6N, we have
S'(hy=1+5Mh—-6)=---=(N—-1)+S'[h—6(N —1)].

Indeed, we see from the expansion of the product of the two series above that the powers
of = less than 6 (with the exception of z! which cannot be realized) can only be realized
in a single way, e.g., 2 - 23 = 2° is the only way to realize 2°, and this corresponds to the
equation 2 + 3 = 5, i.e., to (m,n) = (1,1). Then we arrive at z° which -- because it is the
LCM of 2 and 3 -- appears in both of the series, so we get 2 ways to realize it, one from the
2% which came from (z3)? in the second series multiplying 1 from the first series, and one
from the % which came from (z?)? in the first series multiplying 1 from the second series.
This corresponds to 3-24+0=0+2-3 =6.

This pattern continues for 6 < h < 12, e.g., the term 27 can be obtained in one way,
i.e., as z* from the first series multiplying 2 from the second series and this corresponds
to 2-2+1-3 = 7. And this is one more than the number of ways of realizing 27 ¢ = x,
which was 0. On the other hand, z° can be realized in two ways, which is one more than
for 2976 = 23, and this is done by the product of 1 from the series with 2° from the second,

plus the product of 28 from the first series with 23 from the second.

And when we arrive at 2, which is double the LCM of 2 and 3, and therefore appears
in both series, we have 3 ways of realizing x'%: 1 from the first series times z'? from the
second, or z'? from the first series times 1 from the second, or 2% from the first series times
2% from the second. These correspond, respectively, to the three solutions to our integer
linear equation 2m +3n =12 being2-64+0=12,0+3-4=12,and 2-3+3-2 =12. And
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this is 1 more than the 2 ways there were of realizing x'2=% = 2.

We now argue that in order to prove our desired result for all h, it is sufficient to prove
it for the multiples of 6 = lem(2,3) values of h and for these multiples plus 1, i.e., it is
sufficient to prove it for h =0 (mod 6) and h =1 (mod 6).

This is because if we have a solution (m,n) that satisfies 2m + 3n = h with Ao =0 (mod 6),
then it uniquely induces a solution for h + 2 by way of (m + 1,n), and a solution for h + 3
by way of (m,n + 1), and a solution for h + 4 by way of (m + 2,n), and a solution for h + 5
by way of (m + 1,n + 1). Due to this 1 : 1 relationship between solutions, the number of
solutions (m,n) to 2m + 3n = h with h =0 (mod 6) is equal to the number of solutions for
h+2,h+3, h+4,and h + 5.

This leaves out just A = 1 (mod 6), but for this case we have a 1 : 1 association between
the solutions to 2m + 3n = 6(/N + 1) + 1 and the number of solutions to 2m + 3n = 6N.
Indeed, there is a unique way to go from 6N to 6(N + 1) +1 = 6N + 7, and it is the fol-
lowing: (m,n) is a solution for 2m + 3n = 6N if and only if (m + 2,7+ 1) is a solution for
2m+3n=6N+T7=6(N+1)+1,since 2(m+2)+3(n+1)=2m+3n+7=h+T7.

So we are down to only needing to prove the result that if h = 6N, then
S'(h)y=1+S5(h—-6)=---=N+S(h—6N)=N+1.

To prove this equality, one way to proceed is by considering this as a "stars and bars" prob-
lem where the contributions of the multiple of 2 and of the multiple of 3 must each be a
multiple of 6, and there are N + 1 multiples of 6 when considering the set {0,6,...,6N},
so the number of choices for two non-negative numbers adding up to 6N while each is a

non-negative multiple of 6 is equal to (”ﬁ;l), where k =2 and n = N, i.e., it is

N+2-1 N+1
N = T N +1.
2—-1 1
So we have now proven the result for all values of h by proving it for the multiples of 6, and
we recall that this result is equivalent to the result that if 12(N — 1) < k < 12N, then

S(k)=1+S(k—12) = --- = (N — 1) + S[k — 12(N — 1)].

Since all we needed was the first equality S(k) = 1+ .S(k —12), we have obtained our desired
result.

We have therefore shown that the two sequences S(k) and dim(M}) satisfy the same re-
currence relation and start with the same initial values, so they are equal. We have therefore
shown that we have the right number of elements in the set to form a basis of M.

We must now verify that these are linearly independent vectors in My, or else they could
generate only a lower dimension strict subspace of Mj. So we suppose
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Z A EY(T)Eg (7) = 0, for all 7 € H.

dm~+6n==k
m,neZt

If there is a term in the sum with the exponent n of Eg equal to 0, then setting 7 = i
forces all the other terms with n > 1 to be zero because Fg(i) = 0. The last assertion is
because Eg satisfies the modularity condition of weight 6, and this implies, since —* = 4, then

Fy(i) = Fo(—3) = *Bali) = ~Foli) = Boli) = 0.

So this leaves us with that single term oy, o Ef* (i) = 0. But E4(i) # 0, so this forces o, o = 0.
We can therefore assume that all terms have an exponent n > 1 on Fj.

Since the function FEjg is not identically 0, we can divide by it and we now have a new
linear relation but with the sum of the exponents equal to £ — 6 instead of k. This gives a
path to a proof by strong induction in which we suppose the elements of the set are linearly
independent for lower weights, and we prove the result for a higher weight.

We have therefore identified a set of dim(Ej) linearly independent vectors in Ej, so we
have a basis of E}. O

Definition 9.22 (Eisenstein Basis). The basis {EJ"Ef : m,n € Z,4m + 6n = k} is
called the Fisenstein basis of the vector space M}, of modular forms of weight k for SLo(Z).

10. HECKE OPERATORS

To give some historical perspective to this section, we start by mentioning that the A
function that we discussed in the previous section arose during the study of elliptic curves
by the likes of Jacobi and Klein in the 19 century. Indeed, for any 7 € H, the Weierstra
equation gives an elliptic polynomial, and the discriminant of this polynomial is A(7) for
the 7 that we started from.

In 1916, Ramanujan had the idea of exploring this A function under the aspect of its
g-expansion and the associated Fourier coefficients. By some unfortunate collision of nota-
tion, it has been customary to refer to the Fourier coefficients of A(7), i.e., to the coefficients
of the power series A(q) as 7(n), where we normally would generically call them a,. This
is despite 7(n) here being an arithmetic function (i.e., a function on natural numbers n)
instead of a complex number in H.

In order to avoid confusion from this notational collision, we choose a different notation
and will refer to these Fourier coefficients of A as d(n) instead of 7(n), breaking with the
most prevalent convention denoting these coefficients. We must insist, however, that the lit-
erature refers to these as 7(n), and in fact this arithmetic function is known as Ramanugjan's
Tau Function.

Ramanujan observed for n up to 30 (and conjectured the generality of) three properties
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of these Fourier coefficients. Shortly after Ramanujan published his conjectures, Mordell
proved the first two, then Hecke re-proved these two conjectures after developing a new
framework of linear operators on modular forms. It is this framework of Hecke Operators
that we will introduce in this section.

We mention for good historical measure that the third Ramamujan conjecture was only
settled in the 1970's by Deligne, as part of settling the Weil conjecture about the Riemann
Hypothesis on Finite Fields (and which earned a Fields Medal!).

We will start by introducing Ramanujan's conjectures, then will proceed to describe the
Hecke Operators and how proofs can be derived from them.

Remark 10.1 (First Explicit A Coefficients). Just for purposes of illustration, we show
here the first few Fourier coefficients of the A function. We have

A7) = Aq) = q — 24> + 252¢° — 1472¢* + 4830¢° — 6048¢° + . ..
so that what was conventionally denoted as 7(n) and we will denote instead as §(n) start as
0(0) =0, 0(1) =1, 5(2) = —24, §(3) = 252, §(4) = —1472, and so on.

Conjecture 10.2 (Ramanujan's Conjectures). Since they have all been proved by now,
these conjectures can now be more accurately designated as theorems, but we describe them
as conjectures only for purposes of their historical context and the state they were in at the
time the theory of Hecke Operators was developed.

o Claim #1: the arithmetic function 6(n) is multiplicative, i.e.,
ged(m,n) =1 = 6(m-n) =06(m)-d(n).
We can see an illustration of this with
d(6) = —6048 = (—24)(252) = 6(2)0(3), and gcd(2,3) =1,

and we note that this implies that it is sufficient to determine the values of 6(p) for
p prime, in order to derive the values for all composite natural numbers.

o Claim #2: For p prime and for r € N, there is a 3-term recursion in the exponent r
for the values of 6() for powers of the prime p, as follows:

S(pt) =d(p)-o(p") —p" - a(p" ).

o Claim #3: We have the following inequalities as bounds on the absolute values of the
d(n) coefficients:

11

6(p)| < 2-p2 =2-p>°, forp prime,
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and equivalently,
1

ol
I

10(n)] <d(n)-n d(n) -n>?,

where d(n) is the usual arithmetic function counting the number of divisors of n.

Remark 10.3. We relay the historical anecdote that Hecke was not only able to prove the
first two conjectures above, but he was also able to prove that |§(p)| < 2-p°, as partial result
towards proving the third conjecture.

Definition 10.4 (Hecke Linear Operators). We first note that, as linear operators, the
Hecke operators act on modular forms and map them to other modular form of same weight,
i.e., they are linear maps from M, to M,,.

We also highlight that the Hecke Operators are parameterized by prime numbers p, so we
define the Hecke Operator T, as

TpZMk—>Mk

(Tpf) (1) ="' f(p7) + Zf(Ter),forauTeH.

So a Hecke Operator maps a modular form f(7) € M to a linear combination of terms

P £ (2) £ (52) o f (222):

Theorem 10.5 (Heck Operators Map from M to My). The image by a Hecke Operator
T, of a modular form f € My of weight k for SLy(Z) is itself a modular form of weight k
for SLy(Z), i.e., we have

f e M, — (Tpf) € M.
Proof. We show that the conditions of being a modular form of weight k are satisfied by
(T, f) if they are satisfied by f in the first place.

e Since (7, f) is a finite sum of modular forms which are all holomorphic, then (7}, f)
is holomorphic.

e Also, since (7}, f) is a finite sum of terms which are all bounded as 7 — ioco, then so
is (Tp,f)-

e We now examine invariance to integer translations in the direction of the real axis,
and we have

(T,)(r +1) = 0 (o7 + ) + Zf(”””).

For the first term on the right-hand side, we have
P ot +p) = " f(o7),
because f itself is modular so it is invariant to any integer translation of 7's real part.

As for the sum that makes the second term on the right-hand side, we have a sum
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p p
permutation of the terms that were originally in the sum defining (7,,f)(7).

that now runs over f (%1) f (T—”> N & (L’H> f (%), so it is simply a cyclic

We have therefore shown that (7,f)(7 + 1) = (1,f)(7), which is the condition of
invariance to translation of the real part by an integer (i.e., invariance to action of
matrix 7' € SLy(Z)).

We now examine the modularity condition of weight k, i.e., we determine the effect
of swapping (—%) for 7 in the expression of (7),f). We have

()= (9) 150 ()

p

=+ ()] o)+ bi / (‘$ ")

We note that if we break out the first term corresponding to b = 0 of the rightmost
sum in the expression of (7}, f)(7), we can write it as

(T f)(7) =P fpr) + %f (%) + % :é f (T - b) .

D

So we see that the sum of the first two terms in the last expression for (7,f) (—1)
above is equal to 7% times the sum of the first two terms in the expression of (7, f)(7)
once we have rewritten by breaking out the term corresponding to b = 0 from the
rightmost sum.

We now compare the remaining terms from b = 1,...,p — 1 in the rightmost sums,
and we will exploit the following property: since p is a prime, all integers 1,...,p—1
are units in the multiplicative group (Z/pZ)*, in the sense that they all have inverses
because they are all relatively prime to p. In particular, for every b € {1,...,p— 1},
there is another &' € {1,...,p — 1}, such that b’ = —1 (mod p).

This ability to group all remaining terms in the sum over b = 1,...,p — 1 into
pairs b, 0’ that are multiplicative inverses (mod p) of one another, is the key to the
manipulation of the expressions towards showing that the remaining sum in the ex-
pression of (7, f) (—%) is equal to 7% times the corresponding sum in the expression

of (T,f)(7).

In other words, the change 7 — —% results in a permutation of the terms for a
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b
leads to the sums of all terms becoming a factor of 7% of one another.

given b and for its inverse ¥ = —+ (mod p) in the sum %Zi’: f (Tbe), and this

This achieves the goal of proving the modularity condition with weight k for (7,f),
and by consequence the proof that f € M, = (T,,f) € M.

O

Theorem 10.6 (Properties of Hecke Operators). We highlight the following important
properties of the Hecke Operators.
e They commute, i.e., T, T,, = T,T,,.
e They are multiplicative, i.e., T, = T, T, when ged(m,n) = 1.
e They satisfy the recurrence
Tyrr =TTy — pk_lTprq for prime p, and r € N

Theorem 10.7 (¢-Expansion of T,f). If f(7) = f(q) = >, cz+ anq"™, then we have

(Tpf) = Z apnqn + Z pk—lanqpn‘

nezZt neZt

We now look at how to leverage the properties of the Hecke Operators, notably those
in Theorem 10.6 and Theorem 10.7 to sketch proofs of the first and second Ramanujan
conjectures.

Theorem 10.8 (The First Ramanujan Conjecture is a Theorem). The Ramanujan
tau function is multiplicative. We will use the 6(n) instead of T(n) for the same reasons as
above, but we are talking about the Ramanujan tau nevertheless.

Proof. We start from the observation that M;, which is two-dimensional is realized as the
direct sum of the scalar multiples of the Eisenstein series 5 and the scalar multiples of the
A function (which, we recall, has a 0 constant Fourier coefficient and a 1 for the Fourier
coefficient of degree 1), i.e., we have

Mlng'Elz@C'A.

From Theorem 10.7, and focusing on constant Fourier terms, we see that if ag is the constant
Fourier term for a modular form f, then the constant Fourier term for (7),f) is

p.0 +p"ag = ag + pFrag = (1+ pk_l)ao

Recalling that A has a 0 constant term, we know that the subspace C- A of scalar multiples
of A all modular forms have constant term ag = 0. This implies that the constant Fourier
term for their images by Hecke operators are all (1 + pF~1) -0 = 0. This means that the
T, Hecke operator sends the C - A subspace of M, to itself. But this is a one-dimensional
subspace with A as an eigenvector. We therefore have the result

T,A = \,A, for some )\, € C.
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We now turn to the coefficient of ¢ (first degree monomial) in (7,f) as given to us by The-
orem 10.7, and we have a term a, coming from .. a,,¢" with n = 1, and there is no
term with ¢ to the power 1 in the sum ) . p*La,q”" because all terms have a ¢” factor or
other exponents of ¢ that are all multiples of p. We therefore have, noting that the Fourier
coefficient of ¢ in the g-expansion of A is equal to 1

o(p) =Ap- 1=,

Therefore, d(p) is the eigenvalue associated with the subspace C - A C M, for the linear
operator T,. So we have shown that

LA =0(p)A,

where §(p) is the way we are designating the Ramanujan tau function evaluated at the prime
integer p. But we know from Theorem 10.6 that 7}, is multiplicative, i.e., if gcd(m,n) = 1,
then T,,, = T,,T,,. This means that if gcd(m,n) = 1, then §(mn) = §(m)d(n), i.e., the
Ramanujan tau function is also multiplicative. This proves the first Ramanujan conjecture.

O

Theorem 10.9 (The Second Ramanujan Conjecture s a Theorem). For prime p and
exponent r € N, we have the following recursion for the Ramanujan tau function

S(p"t) =d(p)-o(p") —p" - a(p"T).

Proof. We first prove the result for r = 1, and we want to show that
3(p*) = 8(p) - d(p) = p'* - 6(1) = [6(p)]* - p'",

because d(1) is the Fourier coefficient for degree 1 of the g-expansion for A, which we know
to be equal to 1. We now examine the coefficient of ¢ from the g-expansion given in Theo-
rem 10.7, and we have:

- One component comes from a,,q" for n = p, therefore a,, ie., 6(p?) in this case of
the function being A.

- One component comes from n = 1 in p*'a,¢"™, so in this case of M, we have k =
12 = k—1=11 and with n = 1, this becomes p'*§(1).

Since we have shown in Theorem 10.8 that T,A = §(p)A, we have that the coefficient
of ¢” in (T,A) which is 6(p)A is therefore §(p) multiplied by the coeflicient of ¢? in the
g-expansion of A, but that is §(p) too, by definition. So the product is equal to [6(p)]?, and
it is equal to the sum of the two components that we have identified above, so we have

or, equivalently,



INTRODUCTION TO MODULAR FORMS 69

So we have proven the stated claim for r = 1.

The proof for the recursion proceeds similarly by equating the coefficients of the terms

¢**,q”, ..., and this delivers the proof of the second Ramanujan conjecture.
|

Remark 10.10. On a final historical note, it is interesting to realize that the reason Ra-
manujan was studying these series is that he was interested in analogs of the Riemann zeta
function by studying the Dirichlet series associated with his tau coefficients, i.e., he was
interested in

neN

It turns out that the recursions which Ramanujan had identified imply an Euler product
similar to the case for the Riemann zeta function, and in the case of A the product is the
following;:

d(n) 1
L S,A = —_— = DT ——T
( ) Z ns H 1— (5}(7153) + ;P%

neN p prime

This series converges for $R(s) > 6.5 but it can be analytically continued to all of C. The
functional equation resulting from the last equality above related s to k — s which is 12 — s
in this case of M;5, and we note that the midpoint of s and 12 — s is 6.

Expecting the Riemann Hypothesis to be true, all the non-trivial zeros would be on the
line MR(s) = 6. However, for modular forms that are not eigenvectors of the Hecke Operator,
there is no Euler product for their Dirichlet L-series, and consequently they can have zeros in
the half-plane where their L-series converges, rather than only on a line of constant real value.

11. SUMMARY

The goal of this paper was to introduce modular forms to an audience that is already fa-
miliar with Complex Analysis, with a view to illustrating the impact of the field of modular
forms on number theory. In particular, we have found it interesting to demonstrate the low
dimensionality of many relevant vector spaces of modular forms. Following this path has
allowed us to relate some key modular forms either by scalar proportionality factors or by
simple linear combinations, from which number theory results could be derived, such as the
Four Squares Theorem.

We have also introduced the concept of Hecke Operators which act linearly on vector spaces
of modular forms, and which have been very instrumental in proving results such as a few fa-
mous Ramanujan Conjectures. We also mentioned, although in passing, the notion of mock
modular forms which open very fruitful paths towards characterizing orders of the Sporadic
Finite Simple Groups (such as Mathieu Groups and The Monster) and of dimensionality of
their (vector space) representations. In an attempt to control the length of this expository
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paper, we had to refrain from detailing this path via mock modular forms, despite its very
stimulating rewards.

Lastly, we have attempted to make the paper self-contained when it comes to its reliance
on domains external to Complex Analysis, including Group Theory, Linear Algebra, Matrix
Groups, and Group Actions. This has lengthened the paper by a significant extent, but we
hope to have made the paper self-contained as a result.
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