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Preface

This book explains a result called the Modularity Theorem:
All rational elliptic curves arise from modular forms.

Taniyama first suggested in the 1950’s that a statement along these lines might
be true, and a precise conjecture was formulated by Shimura. A paper of Weil
[Wei67] provides strong theoretical evidence for the conjecture. The theorem
was proved for a large class of elliptic curves by Wiles [Wil95] with a key
ingredient supplied by joint work with Taylor [TW95], completing the proof
of Fermat’s Last Theorem after some 350 years. The Modularity Theorem
was proved completely by Breuil, Conrad, Taylor, and the first author of this
book [BCDTO1]. Different forms of it are stated here in Chapters 2, 6, 7, 8,
and 9.

To describe the theorem very simply for now, first consider a situation
from elementary number theory. Take a quadratic equation

Q:z*=d, deZ, d+#0,

and for each prime number p define an integer a,(Q),

ap(Q) =

the number of solutions = of equation @ .
working modulo p ’

The values a,(Q) extend multiplicatively to values a,(Q) for all positive in-

tegers n, meaning that a,;,,(Q) = amn(Q)a,(Q) for all m and n.

Since by definition a,(Q) is the Legendre symbol (d/p) for all p > 2, one
statement of the Quadratic Reciprocity Theorem is that a,(Q) depends only
on the value of p modulo 4|d|. This can be reinterpreted as a statement that
the sequence of solution-counts {a2(Q), a3(Q), a5(Q), ...} arises as a system
of eigenvalues on a finite-dimensional complex vector space associated to the
equation Q). Let N = 4|d|, let G = (Z/NZ)* be the multiplicative group of
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integer residue classes modulo IV, and let Vv be the vector space of complex-
valued functions on G,

VN:{f:G—>C}.

For each prime p define a linear operator 7}, on Vy,

f(pn) ifp{N,

where the product pn € G uses the reduction of p modulo N. Consider a
particular function f = fg in Vy,

f:G—C, fn) =a,(Q) for n € G.

This is well defined by Quadratic Reciprocity as stated above. It is immediate
that f is an eigenvector for the operators T},

(T, )(n) = {é%pn) ~on(@ = eQn@ irA2

=ap(Q)f(n) in all cases.

That is, T, f = a,(Q)f for all p. This shows that the sequence {a,(Q)} is a
system of eigenvalues as claimed.

The Modularity Theorem can be viewed as giving an analogous result.
Consider a cubic equation

E:y* =42 — gz — g3,  g2.93 € Z, g5 — 2795 # 0.

Such equations define elliptic curves, objects central to this book. For each
prime number p define a number a,(E) akin to a,(Q) from before,

the number of solutions (z,y) of equation F
working modulo p ’

ap(E) =p — <

One statement of Modularity is that again the sequence of solution-counts
{ap(E)} arises as a system of eigenvalues. Understanding this requires some
vocabulary.

A modular form is a function on the complex upper half plane that sat-
isfies certain transformation conditions and holomorphy conditions. Let 7 be
a variable in the upper half plane. Then a modular form necessarily has a
Fourier expansion,

f(r) = i an(f)e*™ 7 a,(f) € C for all n.
n=0

Each nonzero modular form has two associated integers & and N called its
weight and its level. The modular forms of any given weight and level form
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a vector space. Linear operators called the Hecke operators, including an op-
erator 1, for each prime p, act on these vector spaces. An eigenform is a
modular form that is a simultaneous eigenvector for all the Hecke operators.
By analogy to the situation from elementary number theory, the Modular-
ity Theorem associates to the equation FE an eigenform f = fg in a vector
space V of weight 2 modular forms at a level N called the conductor of E.
The eigenvalues of f are its Fourier coeflicients,

T,(f) = ap(f)f for all primes p,

and a version of Modularity is that the Fourier coefficients give the solution-
counts,
ap(f) = ap(E) for all primes p. (0.1)

That is, the solution-counts of equation F are a system of eigenvalues, like the
solution-counts of equation ), but this time they arise from modular forms.
This version of the Modularity Theorem will be stated in Chapter 8.

Chapter 1 gives the basic definitions and some first examples of modular
forms. It introduces elliptic curves in the context of the complex numbers,
where they are defined as tori and then related to equations like E but with
g2,93 € C. And it introduces modular curves, quotients of the upper half
plane that are in some sense more natural domains of modular forms than the
upper half plane itself. Complex elliptic curves are compact Riemann surfaces,
meaning they are indistinguishable in the small from the complex plane. Chap-
ter 2 shows that modular curves can be made into compact Riemann surfaces
as well. It ends with the book’s first statement of the Modularity Theorem,
relating elliptic curves and modular curves as Riemann surfaces: If the com-
plex number j = 172843 /(g3 — 27g3) is rational then the elliptic curve is the
holomorphic image of a modular curve. This is notated

Xo(N) — E.

Much of what follows over the next six chapters is carried out with an eye
to going from this complex analytic version of Modularity to the arithmetic
version (0.1). Thus this book’s aim is not to prove Modularity but to state its
different versions, showing some of the relations among them and how they
connect to different areas of mathematics.

Modular forms make up finite-dimensional vector spaces. To compute their
dimensions Chapter 3 further studies modular curves as Riemann surfaces.
Two complementary types of modular forms are Eisenstein series and cusp
forms. Chapter 4 discusses Eisenstein series and computes their Fourier ex-
pansions. In the process it introduces ideas that will be used later in the book,
especially the idea of an L-function,



X Preface

Here s is a complex variable restricted to some right half plane to make the
series converge, and the coefficients a,, can arise from different contexts. For
instance, they can be the Fourier coefficients a, (f) of a modular form. Chap-
ter 5 shows that if f is a Hecke eigenform of weight 2 and level NV then its
L-function has an Euler factorization

L(s, /) = [T(1 = ap(f)p™* + 1y (p)p' )"

p

The product is taken over primes p, and 1x(p) is 1 when p 1 N (true for all
but finitely many p) but is 0 when p | N.

Chapter 6 introduces the Jacobian of a modular curve, analogous to a
complex elliptic curve in that both are complex tori and thus have Abelian
group structure. Another version of the Modularity Theorem says that every
complex elliptic curve with a rational j-value is the holomorphic homomorphic
image of a Jacobian,

Jo (N) — F.

Modularity refines to say that the elliptic curve is in fact the image of a
quotient of a Jacobian, the Abelian variety associated to a weight 2 eigenform,

Af—)E.

This version of Modularity associates a cusp form f to the elliptic curve F.

Chapter 7 brings algebraic geometry into the picture and moves toward
number theory by shifting the environment from the complex numbers to the
rational numbers. Every complex elliptic curve with rational j-invariant can
be associated to the solution set of an equation E with go, g3 € Q. Modular
curves, Jacobians, and Abelian varieties are similarly associated to solution
sets of systems of polynomial equations over Q, algebraic objects in contrast
to the earlier complex analytic ones. The formulations of Modularity already
in play rephrase algebraically to statements about objects and maps defined
by polynomials over Q,

XO(N)alg —)E, JO(N)alg —>E, Af,alg — B

We discuss only the first of these in detail since Xo(IN)ae is a curve while
Jo(N)aig and Ay e are higher-dimensional objects beyond the scope of this
book. These algebraic versions of Modularity have applications to number
theory, for example constructing rational points on elliptic curves using points
called Heegner points on modular curves.

Chapter 8 develops the Fichler—Shimura relation, describing the Hecke
operator T}, in characteristic p. This relation and the versions of Modularity
already stated help to establish two more versions of the Modularity Theorem.
One is the arithmetic version that a,(f) = a,(F) for all p, as above. For the
other, define the Hasse—Weil L-function of an elliptic curve E in terms of the
solution-counts a,(E) and a positive integer N called the conductor of E,
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L(s,E) = [[(1 = ap(B)p~* + 1n(p)p" ~>*) "

Comparing this to the Euler product form of L(s, f) above gives a version of
Modularity equivalent to the arithmetic one: The L-function of the modular
form is the L-function of the elliptic curve,

L(s, f) = L(s, E).

As a function of the complex variable s, both L-functions are initially defined
only on a right half plane, but Chapter 5 shows that L(s, f) extends ana-
lytically to all of C. By Modularity the same now holds for L(s, E). This is
important because we want to understand FE as an Abelian group, and the
conjecture of Birch and Swinnerton-Dyer is that the analytically continued
L(s, E) contains information about the group’s structure.

Chapter 9 introduces {(-adic Galois representations, certain homomor-
phisms of Galois groups into matrix groups. Such representations are asso-
ciated to elliptic curves and to modular forms, incorporating the ideas from
Chapters 6 through 8 into a framework with rich additional algebraic struc-
ture. The corresponding version of the Modularity Theorem is: Every Galois
representation associated to an elliptic curve over Q arises from a Galois
representation associated to a modular form,

Pfe~ PEL-

This is the version of Modularity that was proved. The book ends by discussing
two broader conjectures that Galois representations arise from modular forms.

Many good books on modular forms already exist, but they can be daunt-
ing for a beginner. Although some of the difficulty lies in the material itself,
the authors believe that a more expansive narrative with exercises will help
students into the subject. We also believe that algebraic aspects of modu-
lar forms, necessary to understand their role in number theory, can be made
accessible to students without previous background in algebraic number the-
ory and algebraic geometry. In the last four chapters we have tried to do so
by introducing elements of these subjects as necessary but not letting them
take over the text. We gratefully acknowledge our debt to the other books,
especially to Shimura [Shi73].

The minimal prerequisites are undergraduate semester courses in linear al-
gebra, modern algebra, real analysis, complex analysis, and elementary num-
ber theory. Topics such as holomorphic and meromorphic functions, congru-
ences, Euler’s totient function, the Chinese Remainder Theorem, basics of
general point set topology, and the structure theorem for modules over a
principal ideal domain are used freely from the beginning, and the Spectral
Theorem of linear algebra is cited in Chapter 5. A few facts about represen-
tations and tensor products are also cited in Chapter 5, and Galois theory is
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used extensively in the later chapters. Chapter 3 quotes formulas from Rie-
mann surface theory, and later in the book Chapters 6 through 9 cite steadily
more results from Riemann surface theory, algebraic geometry, and algebraic
number theory. Seeing these presented in context should help the reader ab-
sorb the new language necessary en route to the arithmetic and representation
theoretic versions of Modularity.

We thank our colleagues Joe Buhler, David Cox, Paul Garrett, Cris Poor,
Richard Taylor, and David Yuen, Reed College students Asher Auel, Rachel
Epstein, Harold Gabel, Michael Lieberman, Peter McMahan, and John Saller,
and Brandeis University student Makis Dousmanis for looking at drafts. Com-
ments and corrections should be sent to the second author at jerry@reed. edu.

July 2004 Fred Diamond
Brandeis University
Waltham, MA

Jerry Shurman
Reed College
Portland, OR
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1

Modular Forms, Elliptic Curves, and Modular
Curves

This chapter introduces three central objects of the book.

Modular forms are functions on the complex upper half plane. A matrix
group called the modular group acts on the upper half plane, and modular
forms are the functions that transform in a nearly invariant way under the
action and satisfy a holomorphy condition. Restricting the action to subgroups
of the modular group called congruence subgroups gives rise to more modular
forms.

A complex elliptic curve is a quotient of the complex plane by a lattice.
As such it is an Abelian group, a compact Riemann surface, a torus, and—
nonobviously—in bijective correspondence with the set of ordered pairs of
complex numbers satisfying a cubic equation of the form E in the preface.

A modular curve is a quotient of the upper half plane by the action of a
congruence subgroup. That is, two points are considered the same if the group
takes one to the other.

These three kinds of object are closely related. Modular curves are mapped
to by moduli spaces, equivalence classes of complex elliptic curves enhanced
by associated torsion data. Thus the points of modular curves represent en-
hanced elliptic curves. Consequently, functions on the moduli spaces satisfying
a homogeneity condition are essentially the same thing as modular forms.

Related reading: Gunning [Gun62], Koblitz [Kob93], Schoeneberg [Sch74],
and Chapter 7 of Serre [Ser73] are standard first texts on this subject. For
modern expositions of classical modular forms in action see [Cox84] (reprinted
in [BBB00]) and [Cox97].

1.1 First definitions and examples

The modular group is the group of 2-by-2 matrices with integer entries and
determinant 1,

SLy(Z) = H‘C‘ Z} :a,b,c,deZ,ad—bc:l}.
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The modular group is generated by the two matrices

1] o [70)

(Exercise 1.1.1). Each element of the modular group is also viewed as an

automorphism (invertible self-map) of the Riemann sphere C=cCuU {00}, the
fractional linear transformation

ab ar+b ~
{cd}(ﬂ_w—i—d’ T e C.

This is understood to mean that if ¢ # 0 then —d/c maps to co and oo
maps to a/c, and if ¢ = 0 then oo maps to co. The identity matrix I and
its negative —I both give the identity transformation, and more generally
each pair v of matrices in SLy(Z) gives a single transformation. The group
of transformations defined by the modular group is generated by the maps
described by the two matrix generators,

7—=74+1 and T —1/7.

The upper half plane is
H={reC:Im(r) > 0}.

Readers with some background in Riemann surface theory—which is not nec-
essary to read this book—may recognize H as one of the three simply con-
nected Riemann surfaces, the other two being the plane C and the sphere C.
The formula

Im(7)

Im(vy(7)) = lor +dP V= [a b] € SLy(Z)

cd

(Exercise 1.1.2(a)) shows that if v € SLy(Z) and 7 € H then also (1) € H,
i.e., the modular group maps the upper half plane back to itself. In fact the
modular group acts on the upper half plane, meaning that I(7) = 7 where
I is the identity matrix (as was already noted) and (yy')(7) = v(+'(7)) for
all 7,7 € SLy(Z) and 7 € H. This last formula is easy to check (Exer-
cise 1.1.2(b)).

Definition 1.1.1. Let k be an integer. A meromorphic function f: H — C
is weakly modular of weight k if

PO = (er + 45(0) for = | 4] €S1a(2) and 7 e 1

Section 1.2 will show that if this transformation law holds when + is each
of the generators [} 1] and [{ ~§] then it holds for all v € SLy(Z). In other
words, f is weakly modular of weight k if
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fr+1)=f(r) and f(=1/7)=7"f(7).

Weak modularity of weight 0 is simply SLy(Z)-invariance, f oy = f for
all 4 € SLy(Z). Weak modularity of weight 2 is also natural: complex analy-
sis relies on path integrals of differentials f(7)dr, and SLy(Z)-invariant path
integration on the upper half plane requires such differentials to be invariant
when 7 is replaced by any (7). But (Exercise 1.1.2(c))

dy(T) = (eT + d)~3dr,
and so the relation f(y(7))d(y(7)) = f(r)dr is

F(y(1)) = (e +d)*f(7),

giving Definition 1.1.1 with weight k£ = 2. Weight 2 will play an especially
important role later in this book since it is the weight of the modular form in
the Modularity Theorem. The weight 2 case also leads inexorably to higher
even weights—multiplying two weakly modular functions of weight 2 gives a
weakly modular function of weight 4, and so on. Letting v = —I in Defini-
tion 1.1.1 gives f = (—1)*f, showing that the only weakly modular function
of any odd weight k is the zero function, but nonzero odd weight examples
exist in more general contexts to be developed soon. Another motivating idea
for weak modularity is that while it does not make a function f fully SLo(Z)-
invariant, at least f(7) and f(y(7)) always have the same zeros and poles
since the factor ¢r + d on H has neither.

Modular forms are weakly modular functions that are also holomorphic on
the upper half plane and holomorphic at co. To define this last notion, recall
that SL2(Z) contains the translation matrix

L1}, —T7+1
01 T T 5

for which the factor ¢r + d is simply 1, so that f(r + 1) = f(r) for every
weakly modular function f : H — C. That is, weakly modular functions are
Z-periodic. Let D = {q € C : |q| < 1} be the open complex unit disk, let
D’ = D — {0}, and recall from complex analysis that the Z-periodic holomor-
phic map 7 — €™ = g takes H to D’. Thus, corresponding to f, the function
g : D' — C where g(q) = f(log(q)/(2mi)) is well defined even though the
logarithm is only determined up to 27iZ, and f(7) = g(e?>™*7). If f is holo-
morphic on the upper half plane then the composition g is holomorphic on
the punctured disk since the logarithm can be defined holomorphically about
each point, and so g has a Laurent expansion g(q) = ), c5 ang" for ¢ € D'.
The relation |g| = e~ 2™™(7) shows that ¢ — 0 as Im(7) — oco. So, thinking
of 0o as lying far in the imaginary direction, define f to be holomorphic at oo
if g extends holomorphically to the puncture point ¢ = 0, i.e., the Laurent
series sums over n € N. This means that f has a Fourier expansion
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[ee]
F@) =Y an(f)g", q=€"".
n=0

Since ¢ — 0 if and only if Im(7) — oo, showing that a weakly modular holo-
morphic function f : H — C is holomorphic at co doesn’t require computing
its Fourier expansion, only showing that limyy, ;) f(7) exists or even just
that f(7) is bounded as Im(7) — oc.

Definition 1.1.2. Let k be an integer. A function f : H — C is a modular
form of weight k if

(1) f is holomorphic on H,
(2) f is weakly modular of weight k,
(3) f is holomorphic at oc.

The set of modular forms of weight k is denoted My, (SLy(Z)).

It is easy to check that My (SLy(Z)) forms a vector space over C (Exer-
cise 1.1.3(a)). Holomorphy at oo will make the dimension of this space, and
of more spaces of modular forms to be defined in the next section, finite. We
will compute many dimension formulas in Chapter 3. When f is holomorphic
at oo it is tempting to define f(co) = ¢g(0) = ag, but the next section will
show that this doesn’t work in a more general context.

The product of a modular form of weight k& with a modular form of weight [
is a modular form of weight k + [ (Exercise 1.1.3(b)). Thus the sum

M(SL2(2)) = €D M (SLa2(2))

keZ
forms a ring, a so-called graded ring because of its structure as a sum.

The zero function on H is a modular form of every weight, and every
constant function on H is a modular form of weight 0. For nontrivial examples
of modular forms, let & > 2 be an even integer and define the FEisenstein
series of weight k to be a 2-dimensional analog of the Riemann zeta function

C(k) = ZZC:I 1/dk7
Gk(T): 2/% TEH,

k b
o et +d)

where the primed summation sign means to sum over nonzero integer pairs
(c,d) € Z? — {(0,0)}. The sum is absolutely convergent and converges uni-
formly on compact subsets of H (Exercise 1.1.4(c)), so G} is holomorphic
on H and its terms may be rearranged. For any v = [‘; Z] € SLy(Z), compute
that
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_ ’ 1
Gr((1)) = (Z;) (C/ ((%2) +dl>k

= (et + d)k

/ 1
Z ((da+dc)t + (¢b+ d'd))k"

(¢/,d")

But as (¢, d’) runs through Z% — {(0,0)}, so does (c'a + d’c,c'b + d'd) =
(¢,d)[24] (Exercise 1.1.4(d)), and so the right side is (c7 + d)*Gy(7),
showing that Gy is weakly modular of weight k. Finally, G is bounded
as Im(7) — oo (Exercise 1.1.4(e)), so it is a modular form.

To compute the Fourier series for Gy, continue to let 7 € H and begin
with the identities

- 1 1 =
T+Z(T—d+’r+d> :7rcot7r7'=7ri—27ri2qm, g=¢e*7 (1.1)
d=1 m=0

(Exercise 1.1.5—the reader who is unhappy with this unmotivated incanting
of unfamiliar expressions for a trigonometric function should be reassured that
it is a standard rite of passage into modular forms; but also, Exercise 1.1.6
provides other proofs, perhaps more natural, of the following formula (1.2)).

Differentiating (1.1) k—1 times with respect to 7 gives for 7 € H and ¢ = €277,
1 (_27Ti)k = k—1_m

= k > 2. 1-2

TGPV .

For even k > 2,

e IR 9l P
k
(ed) (CT +a)f d =\ (er + )
so again letting ¢ denote the Riemann zeta function and using (1.2) gives

! 1 klcm
D rar - X+ .ZZ

(c,d) c=1m=1

Rearranging the last expression gives the Fourier expansion

k o
— i Z ox—1(n)q", k>2, k even
" n=1

where the coefficient o_1(n) is the arithmetic function

Ukl Em

m|n
m>0
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Exercise 1.1.7(b) shows that dividing by the leading coefficient gives a se-
ries having rational coefficients with a common denominator. This normalized
Eisenstein series Gi(7)/(2¢(k)) is denoted Ej (7). The Riemann zeta function
will be discussed further in Chapter 4.

Since the set of modular forms is a graded ring, we can make modular
forms out of various sums of products of the Eisenstein series. For example,
Ms(SLa(Z)) turns out to be 1-dimensional. The functions E4(7)? and Eg(7)
both belong to this space, making them equal up to a scalar multiple and
therefore equal since both have leading term 1. Expanding out the relation
EZ = Ejy gives a relation between the divisor-sum functions o3 and o7 (Exer-
cise 1.1.7(c)),

n—1

o7(n) = o3(n) +120 Y  o3(i)os(n —i), n> 1. (1.3)

i=1
The modular forms that, unlike Eisenstein series, have constant term equal

to 0 play an important role in the subject.

Definition 1.1.3. A cusp form of weight k is a modular form of weight k
whose Fourier expansion has leading coefficient ag = 0, i.e.,

e
f(T) — Z anqn, q= 627ri'r'
n=1

The set of cusp forms is denoted Sy (SLa(Z)).

So a modular form is a cusp form when limyy,(r)— o f(7) = 0. The limit
point co of H is called the cusp of SLa(Z) for geometric reasons to be explained
in Chapter 2, and a cusp form can be viewed as vanishing at the cusp. The cusp
forms Sk (SLa(Z)) form a vector subspace of the modular forms M (SLy(Z)),
and the graded ring

S(SL2(2)) = (P Sk(SL2(2))

keZ

is an ideal in M(SLy(Z)) (Exercise 1.1.3(c)).
For an example of a cusp form, let

92(7) = 60G4(7),  gs3(7) = 140Gs(7),
and define the discriminant function
A:H—C, A7) = (g2(7))* — 27(gs(7))*.

Then A is weakly modular of weight 12 and holomorphic on H, and ag = 0,
a; = (2m)2 in the Fourier expansion of A (Exercise 1.1.7(d)). So indeed
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A € 812(SLy(Z)), and A is not the zero function. Section 1.4 will show that
in fact A(7) # 0 for all 7 € H so that the only zero of A is at co.
It follows that the modular function

(92())°
A(r)

jiH—C,  j(r)=1728

is holomorphic on H. Since the numerator and denominator of j have the
same weight, j is SLo(Z)-invariant,

](7(7—)) = j(T)a v e SLQ(Z)v TEH,
and in fact it is also called the modular invariant. The expansion

) 2m)t24+... 1

(1) = em) 2+~ ¢ +
shows that j has a simple pole at co (and is normalized to have residue 1 at
the pole), so it is not quite a modular form. Let p3 denote the complex cube
root of unity ¢*™/3. Easy calculations (Exercise 1.1.8) show that g3(i) = 0
so that g2(i) # 0 and j(i) = 1728, and g2(u3) = 0 so that gs(ps) # 0 and
j(us) = 0. One can further show (see [Ros81], [CSar]) that

N ot a I'(5/4)
g2(i) = 4wy, W4—2/0 et _2\/%7]“(3/4)
and
dt I(4/3)

2Vm

1

= 6 Q = =
) = QT/10)78, w2 [ L
Here the integrals are elliptic integrals, and I" is Euler’s gamma function, to be
defined in Chapter 4. Finally, Exercise 1.1.9 shows that the j-function surjects
from H to C.

(5/6)

Exercises

1.1.1. Let I" be the subgroup of SLy(Z) generated by the two matrices [} 1]
and [ 7] Note that [§7] = [§1]" € ' forall n € Z. Let o = [2}] be a
matrix in SLa(Z). Use the identity

abl{1ln| |a ¥

cd||01]|  |ecnc+d
to show that unless ¢ = 0, some matrix oy with v € I" has bottom row (¢, d’)
with |d'| < |c|/2. Use the identity

ool [ o) = 1n
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to show that this process can be iterated until some matrix ay with v € I’
has bottom row (0, x). Show that in fact the bottom row is (0,£1), and since
[9 *(1)]2 = —1I it can be taken to be (0, 1). Show that therefore ary € I" and so
a € I'. Thus I' is all of SLa(Z).

1.1.2. (a) Show that Im(v(7)) = Im(7)/|cT + d|? for all v = [2 4] € SLy(Z).
(b) Show that (vy")(7) = v(v/(7)) for all v,+" € SLa(Z) and T € H.
(c) Show that dy(7)/dr =1/(cT + d)? for v = [2 )] € SL(Z).

1.1.8. (a) Show that the set My (SLa(Z)) of modular forms of weight k forms
a vector space over C.

(b) If f is a modular form of weight k& and ¢ is a modular form of weight I,
show that fg is a modular form of weight k + [.

(c¢) Show that S;(SL2(Z)) is a vector subspace of My (SLz(Z)) and that
S(SLy(Z)) is an ideal in M(SLy(Z)).

1.1.4. Let k > 3 be an integer and let L' = Z2 — {(0,0)}.

(a) Show that the series 3 . 5/ (sup{|c|, |d|})~* converges by considering
the partial sums over expanding squares.

(b) Fix positive numbers A and B and let

2 ={reH:|Re(r)| < A,Im(r) > B}.

Prove that there is a constant C' > 0 such that |7 + | > C'sup{1,|d|} for all
7 € 2 and § € R. (Hints for this exercise are at the end of the book.)

(c) Use parts (a) and (b) to prove that the series defining Gy (7) converges
absolutely and uniformly for 7 € (2. Conclude that Gy, is holomorphic on H.

(d) Show that for v € SLy(Z), right multiplication by + defines a bijection
from L' to L'.

(e) Use the calculation from (c) to show that Gy, is bounded on 2. From the
text and part (d), Gy, is weakly modular so in particular G (7 + 1) = Gi(7).
Show that therefore G (7) is bounded as Im(7) — oo.

1.1.5. Establish the two formulas for 7 cot 77 in (1.1). (A hint for this exercise
is at the end of the book.)

1.1.6. This exercise obtains formula (1.2) without using the cotangent. Let
f(7) = Y yez /(7 + d)F for k > 2 and 7 € H. Since f is holomorphic (by
the method of Exercise 1.1.4) and Z-periodic and since limpy,(r)—o00 f(7) = 0,
there is a Fourier expansion f(7) = Y °_ amg™ = g(q) as in the section,
where ¢ = €>™" and

R S ()
" 2mi ), gt

is a path integral once counterclockwise over a circle about 0 in the punctured
disk D'.
(a) Show that
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144y ) “+oo+iy _
A, = / f(r)e ?™m7dr = / T Re 72T M 4r for any y > 0.
T7=041y T=—00+1y

(b) Let g, (1) = 77%e~2™"™7  a meromorphic function on C with its only
singularity at the origin. Show that

—2miRes —ogm (T7) = —m

(c) Establish (1.2) by integrating g,,(7) clockwise about a large rectangular
path and applying the Residue Theorem. Argue that the integral along the
top side goes to a,, and the integrals along the other three sides go to 0.

(d) Let h : R — C be a function such that the integral [~ |h(z)|dz
is finite and the sum ) ., h(z + d) converges absolutely and uniformly on
compact subsets and is infinitely differentiable. Then the Poisson summation

formula says that
Z h(z +d) = Z h(m)e?™ime
deZ meZ

where h is the Fourier transform of h,

h(z) = / h(t)e™ 2™t qt.
t=—o0

We will not prove this, but the idea is that the left side sum symmetrizes h to
a function of period 1 and the right side sum is the Fourier series of the left
side since the mth Fourier coefficient is ftlzo ez bt +d)e" 2 dt = h(m).
Letting h(x) = 1/7% where 7 = & + iy with y > 0, show that h meets the
conditions for Poisson summation. Show that iAL(m) = e 2™Yq,, with a,,
from above for m > 0, and that h(m) = 0 for m < 0. Establish formula (1.2)
again, this time as a special case of Poisson summation. We will see more
Poisson summation and Fourier analysis in connection with Eisenstein series
in Chapter 4. (A hint for this exercise is at the end of the book.)

1.1.7. The Bernoulli numbers B, are defined by the formal power series ex-

pansion
t SN
-1 kz Bkﬂ'
=0

Thus they are calculable in succession by matching coefficients in the power
series identity

\ [e'e) tk [e'e] n—1 n tn
t= (e — 1)23,% => (Z (k;)Bk> —
k=0

n=1 \k=0

(i.e., the nth parenthesized sum is 1 if n = 1 and 0 otherwise) and they are
rational. Since the expression
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t  t_t e 41
et—1 2 2 et—1
is even, it follows that By = —1/2 and By = 0 for all other odd k. The

Bernoulli numbers will be motivated, discussed, and generalized in Chapter 4.
(a) Show that By = 1/6, By = —1/30, and Bg = 1/42.
(b) Use the expressions for 7 cot 77 from the section to show

(2miT)*
k!

1- QZC(Zk)T% =T cot T = WiT + ZBk
k=1 k=0

Use these to show that for k& > 2 even, the Riemann zeta function satisfies
o (2mi)*

so in particular ((2) = 72/6, ((4) = 7%/90, and ((6) = 7¢/945. Also, this
shows that the normalized Eisenstein series of weight k

Ep(r) = (2;&(]:)) =1- %]Z ;Uk—l(n)qn

has rational coefficients with a common denominator.

(c) Equate coefficients in the relation Eg(7) = E4(7)? to establish for-
mula (1.3).

(d) Show that ag = 0 and a; = (27)'? in the Fourier expansion of the
discriminant function A from the text.

Bk7

1.1.8. Recall that 3 denotes the complex cube root of unity €27/3. Show that
[978] (u3) = ps + 1 so that by periodicity go([$ 3] (us)) = g2(p3). Show
that by modularity also ga( [(1) _(1)] (u3)) = paga(us) and therefore go(puz) = 0.
Conclude that g3(ps) # 0 and j(pus) = 0. Argue similarly to show that gs(i) =
0, g2(i) # 0, and j(i) = 1728.

1.1.9. This exercise shows that the modular invariant j : H — C is a sur-
jection. Suppose that ¢ € C and j(7) # ¢ for all 7 € H. Cousider the integral

[ j(n)dr
2mi J., j(1) —c

where ~ is the contour shown in Figure 1.1 containing an arc of the unit
circle from (—1 4 iv/3)/2 to (1 + iv/3)/2, two vertical segments up to any
height greater than 1, and a horizontal segment. By the Argument Principle
the integral is 0. Use the fact that j is invariant under [} 1] to show that
the integrals over the two vertical segments cancel. Use the fact that j is
invariant under [(1) *é] to show that the integrals over the two halves of the
circular arc cancel. For the integral over the remaining piece of v make the
change of coordinates ¢ = €*™", remembering that j’(7) denotes derivative
with respect to 7 and that j(r) = 1/¢ + ---, and compute that it equals 1.
This contradiction shows that j(7) = ¢ for some 7 € H and j surjects.



1.2 Congruence subgroups 11

Figure 1.1. A contour

1.2 Congruence subgroups

Section 1.1 stated that if a meromorphic function f : H — C satisfies
11] 0-1
fOy(r) = (er +d)*f(r) fory = and v =
01| 10
then f is weakly modular, i.e,

f(y(r)) = (er + ) f(r) for all vy = _Z Z} € SLy(Z).

Replacing the modular group SLy(Z) in this last condition by a subgroup I’
generalizes the notion of weak modularity, allowing more examples of weakly
modular functions.

For example, a subgroup arises from the four squares problem in number
theory, to find the number of ways (if any) that a given nonnegative integer n
can be expressed as the sum of four integer squares. To address this, define
more generally for nonnegative integers n and k the representation number
of n by k squares,

T(n,k)Z#{UEZk:n:U%+...+U’2€}_

Note that if i +j = k then r(n,k) = >, ._, r(l,i)r(m,j), summing over
nonnegative values of [ and m that add to n (Exercise 1.2.1). This looks like
the rule ¢, = >3, ,._, aiby, relating the coefficients in the formal product of
two power series,

(Z alql> (Z bmqm> = chqn'
=0 m=0 n=0

So consider the generating function of the representation numbers, meaning
the power series with nth coefficient r(n, k),

0(r, k) = Z r(n,k)g", q=¢"", T€H.

n=0
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Chapter 4 will show that the series is absolutely convergent, and so the formal
product relation between power series applies to the 6 series,

(1, k1)0(7, ka) = 0(7, k1 + ko), T €EH.
Clearly 6 satisfies the transformation formula
O(t + 1, k) =0(r, k).

To obtain another such law for 6, write 6(7) for 6(r,1) and note that the
definition of the representation numbers combines with absolute convergence
to give the rearrangement

9(7_) _ Z 627rid27'.
d€Z

This looks like the left side of the Poisson2 summation formula from Exer-
cise 1.1.6(d) with = 0 and h(d) = €24 7. Chapter 4 will carry out the
summation, obtaining the transformation law

0(—1/(471)) = v—2iT0(7).

(This formula calls for the principal branch of square root, making sense since
—2i7 lies in the right half plane.) The matrix [2 _(1)] taking 7 to —1/(41)
does not have determinant 1, but the product {_(1) 1(/)4] [0 1] [ 0] =149),

taking 7 to 7/(47 + 1), does. Applying the corresponding succession of trans-
formations and the transformation laws for 6 gives

0 P =0 U@ D) = 2i( 1) 0(- 1
() = Camrmn) = e 1) o (e )
“ (1) o (o) = i (1) caim o

= V47 +10(7).

Now the product relation 0(7,4) = 6(7)* gives a second transformation for-
mula for the four squares problem,

0 (4711,4) = (47 +1)%0(r, 4).

That is, analogously to the first formula of this section,
00(r).4) = (e + aP0(r ) fory =+ g 1] andy = |3 ]

The subgroup of SLy(Z) associated to the four squares problem is the group Iy
generated by £ [} 1] and £[} 9]. We will soon see that this is a special instance
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of the subgroups about to be introduced more generally. The four squares
problem will be solved at the end of the section once more ideas are in place.

Let N be a positive integer. The principal congruence subgroup of level N

I(N) = {[‘C‘Z} € SLy(2Z) : [‘;Z] = Bﬂ (mod N)}.

(The matrix congruence is interpreted entrywise, i.e., a =1 (mod N) and so
on.) In particular I'(1) = SLs(Z). Being the kernel of the natural homomor-
phism SLo(Z) — SLo(Z/NZ), the subgroup I'(N) is normal in SLy(Z). In
fact the map is a surjection (Exercise 1.2.2(b)), inducing an isomorphism

SLy(Z)/T(N) =+ SLy(Z/NZ).
This shows that [SLy(Z) : I'(N)] is finite for all N. Specifically, the index is

1
sta(z): 7] = NI (1- 3 ).
pIN

where the product is taken over all prime divisors of N (Exercise 1.2.3(b)).

Definition 1.2.1. A subgroup I' of SLa(Z) is a congruence subgroup if
I'(N) C I for some N € Z%, in which case I is a congruence subgroup of
level N.

Thus every congruence subgroup I has finite index in SLo(Z). Besides the
principal congruence subgroups, the most important congruence subgroups

are
TH(N) _Hi Z] € SLy(2Z) : {ZZ} [;:] (mod N)}

Wy n

(where “x” means “unspecified”) and

(N) = {[‘; Z] € SLy(Z) : [ig} = [éi] (mod N)},

I'(N) C I'(N) C I(N) C SLy(Z).

satisfying

The map

I(N) — Z/NZ, {‘CL Z] b (mod N)
is a surjection with kernel I'(N) (Exercise 1.2.3(c)). Therefore I'(N) < I'1(N)
and
M(N)/T(N) =5 Z/NZ, [[(N): T(N)] = N.
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Similarly the map

Io(N) — (Z/NZ)*, {‘c’ Z} + d (mod N)
is a surjection with kernel I'1 (N) (Exercise 1.2.3(d)), so that I1(N) < IH(N)
and

Io(N)/Th(N) = (Z/NZ)",  [Io(N) : I1(N)] = ¢(N),

where ¢ is the Euler totient function from number theory. (Recall that ¢(N)
counts the elements of {0, ..., N — 1} relatively prime to N, so that ¢(1) =1
and ¢(N) = |(Z/NZ)*| for N > 1; see, for example, [IR92] Chapter 2.) It
follows that [SL2(Z) : Io(N)] = N [[,|x(1+1/p), the product taken over all
primes dividing N (Exercise 1.2.3(e)).

Returning briefly to the example of the four squares problem, its associ-
ated group Iy generated by the matrices & [§ 1] and £[} 9] is I(4) (Exer-
cise 1.2.4).

Two pieces of notation are essential before we continue. For any matrix
v = [‘; Z] € SLy(Z) define the factor of automorphy j(v,7) € C for T € H to
be

iy, 1) = e 4+ d,

and for v € SLy(Z) and any integer k define the weight-k operator [y]; on
functions f: H — C by

() =5 *f(y(r), 7 e

Since the factor of automorphy is never zero or infinity, if f is meromorphic
then f[y]x is also meromorphic and has the same zeros and poles as f. Now we
can define weakly modular of weight k with respect to I' to mean meromorphic
and weight-k invariant under I'; that is, a meromorphic function f on H is
weakly modular of weight k if

fVlk=f forallyel.

If f is weakly modular of weight k& with respect to I" then its zeros and poles
are ['-invariant as sets. The factor of automorphy and the weight-k operator
will be ubiquitous from now on. The next lemma lists some of their basic
properties.

Lemma 1.2.2. For all v, € SLo(Z) and 7 € H,

(a) J(v', ) =3y, 2 (1) 7),

(b) (1)(7) = ~2(v'(7)),

(c) ['y'y It = [Vk[Y']k (this is an equality of operators),
(

Q) m<<>>=m,
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dy(r) 1
© ~a il T)?

Proof. Some of these have already been established in Exercise 1.1.2 by com-
puting with the matrix entries, and the rest can be shown similarly. But the
results are now phrased intrinsically, i.e., with no direct reference to the ma-
trix entries, and so a proof in the right spirit should be intrinsic as well. Each
element 7y of SLy(Z) acts on column vectors via multiplication and acts on
points as a fractional linear transformation, and computing with the matrix
entries only once shows that the relation between these actions is

gl {” = P(f)]j(’w)-

Applying this identity repeatedly gives

- [I] = {(W;)(T)] i),
v [I] = [WIY)] ity 7) = {7(7/1(7))} J(A ()i 7).

The left sides are equal, hence so are the right sides. Equating the lower entries
of the right sides proves (a), and then equating the upper entries proves (b).
Next, for any f : H — C compute that

(fD 10 () = G (s 1) 5 F (") (1),
(T =50 1) (F ) (3 (7))
i )R A () TR F (Y (1)
The right sides are equal by parts (a) and (b), hence so are the left sides,

proving (c). For parts (d) and (e), juxtapose two copies of the relation between
the actions of ~y side by side to get

, [;ﬂ _ {7(17) 7(17’)] [J’(VOJ) j(ﬁﬂ)].

Taking determinants and letting 7/ — 7 gives (e). Setting 7/ = 7 (complex
conjugate), noting v(7) = y(7) and j(vy,7) = j(v, 7), and taking determinants
gives (d). O

One consequence of the lemma is that if a function f : H — C is weakly
modular of weight k& with respect to some set of matrices then f is weakly
modular of weight k£ with respect to the group of matrices the set generates.
Thus the fact that the matrices [} 1] and [{ 7§] generate SLa(Z) justifies
the claim that weak modularity needs to be checked only for these matrices
in order that it hold for the full group. Similarly, the function 6(7,4) from
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the four squares problem is weakly modular of weight 2 with respect to the
group I'y = I'y(4) generated by [} 1] and £[}9].

We now develop the definition of a modular form with respect to a con-
gruence subgroup. Let k£ be an integer and let I" be a congruence subgroup of
SLo(Z). A function f : H — C is a modular form of weight k with respect
to I' if it is weakly modular of weight k with respect to I' and satisfies a
holomorphy condition to be described below. When —I ¢ I', nonzero modu-
lar forms of odd weight may well exist, in contrast to the case of SLa(Z) in
Section 1.1.

Each congruence subgroup I' of SLy(Z) contains a translation matrix of

the form
1hl|. et h
o1l T T

for some minimal h € Z*. This is because I" contains I'(N) for some N, but
h may properly divide N—for example, the group I'1(N) contains the trans-
lation matrix [§ 1]. Every function f : H — C that is weakly modular with
respect to I therefore is hZ-periodic and thus has a corresponding function
g : D' — C where again D’ is the punctured disk but now f(7) = g(qn)
where ¢, = *™7/" As before, if f is also holomorphic on the upper half
plane then g is holomorphic on the punctured disk and so it has a Laurent
expansion. Define such f to be holomorphic at oo if g extends holomorphically
to ¢ = 0. Thus f has a Fourier expansion

o0
f@) = angy, qn=e""M
n=0

To keep the vector spaces of modular forms finite-dimensional, modular
forms need to be holomorphic not only on H but at limit points. For a con-
gruence subgroup I' the idea is to adjoin not only co but also the rational
numbers Q to H, and then to identify adjoined points under I'-equivalence. A
I'-equivalence class of points in Q U {oo} is called a cusp of I'. The geometry
motivating the term “cusp” will be explained in Chapter 2. When I" = SLy(Z)
all rational numbers are I'-equivalent to oo and so SLy(Z) has only one cusp,
represented by co. But when I' is a proper subgroup of SLo(Z) fewer points
are I'-equivalent and so I" will have other cusps as well, represented by ratio-
nal numbers. Since each s € Q takes the form s = a(o0) for some o € SLy(Z),
the number of cusps is at most the number of cosets I'a in SL2(Z) but possi-
bly fewer, a finite number since the index [SL2(Z) : I'] is finite. We will count
the cusps in Chapter 3.

A modular form with respect to a congruence subgroup I" should be holo-
morphic at the cusps. Writing any s € Q U {oco} as s = a(c0), holomorphy
at s is naturally defined in terms of holomorphy at oo via the [a]x opera-
tor. Since f[a]i is holomorphic on H and weakly modular with respect to
a~ T, again a congruence subgroup of SLy(Z) (Exercise 1.2.5), the notion
of its holomorphy at co makes sense.
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Definition 1.2.3. Let I" be a congruence subgroup of SLo(Z) and let k be an
integer. A function f : H — C is a modular form of weight k with
respect to I if

(1) f is holomorphic,
(2) f is weight-k invariant under I,
(3) flak is holomorphic at oo for all v € SLo(Z).

If in addition,
(4) ag = 0 in the Fourier expansion of flalx for all oo € SLa(Z),

then f is a cusp form of weight k with respect to I'. The modular forms of
weight k with respect to I' are denoted My ('), the cusp forms Si(I).

The cusp conditions (3) and (4) are phrased independently of the con-
gruence subgroup I'. But in fact f[a]i only needs to be checked in (3)
and (4) for the finitely many coset representatives «; in any decomposition
SL2(Z) = U, I'ayj since flyayle = flayli for all v € I" by the second con-
dition, and these representatives depend on I'. In connection with the third
condition, we will need the following result (Exercise 1.2.6) in Chapter 4.

Proposition 1.2.4. Let I' be a congruence subgroup of SLa(Z) of level N,
and let gy = €>™7/N for € H. Suppose that the function f : H — C
satisfies conditions (1) and (2) in Definition 1.2.3 and satisfies

(3') In the Fourier expansion f(T) = Y. " anqh, the coefficients for n > 0
satisfy the condition

lan| < Cn"™  for some positive constants C' and 7.
Then f also satisfies condition (3) of Definition 1.2.3, and so f € My(I').

For instance, the proposition easily shows that 6(7,4) € My(Io(4)). Con-
dition (3) also implies condition (3'), as we will finally see in Section 5.9.

Definition 1.2.3 reduces to previous ones when I" = SLy(Z). As before, the
modular forms and the cusp forms are vector spaces and subspaces, and the
sums

M) =P Mi(I) and S(I') = P Si(I)
kEZ keZ
form a graded ring and a graded ideal.

The third condition of Definition 1.2.3 does not associate a unique Fourier
series expansion of f to a rational number s or even to s = co. If the matrix
o € SL3(Z) takes oo to s then so does any matrix +af3 where 8 = [ 7] with
j € Z. Note that (f[xap]x)(7) = (£1)*(fla]k) (T +j) (Exercise 1.2.7). Let A’
be the smallest positive integer such that [é 11/] € a 1la. (Since I'(N) c I'
and I'(N) is normal in SLy(Z), it follows that I'(N) C ' I'a and so b’ | N.)
If
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0o
. ’
7_) — E anQZH Q= e?‘n’z‘r/h

2mi(T+35)/h’ 2mi/h’

then since e = Mfl/%/ where pup = e is the complex h/'th root

of unity, it follows that
o) ) .
(f[iaﬁ}k)(T) = (:El)k Z an,uZ/qu/y qn = eQﬂ'z‘r/h
n=0

and all such expansions are equally plausible Fourier series of f at s. In par-
ticular, when k is odd the leading coefficient is only determined up to sign,
and thinking of f(s) as ag does not give it a well defined value. What is well
defined is whether ag is 0, and so the intuition that a cusp form vanishes at
all the cusps makes sense.

For more examples of modular forms with respect to congruence sub-
groups, start from the weight 2 Eisenstein series

ZZ T+d

cEZ dEZ/,

where Z, = Z — {0} if ¢ = 0 and Z!, = Z otherwise. This series converges only
conditionally, but the terms are arranged so that in specializing equation (1.2)
to k = 2, the ensuing calculation remains valid to give

Ga(r) =20(2) =852 S a(m)”, q =€, o(n) =S d

n=1
d>0

(Exercise 1.2.8(a)). Conditional convergence keeps G2 from being weakly mod-

ular. Instead, a calculation that should leave the reader deeply appreciative
of absolute convergence in the future shows that

2mic

(Galil)(7) = Galr) = —

for ~ = {CC‘ Z} €SLy(Z)  (1.4)

(Exercise 1.2.8(b—c)). The corrected function Go(7) — 7/Im(7) is weight-2 in-
variant under SLy(Z) (Exercise 1.2.8(d)), but it is not holomorphic. However,
for any positive integer NV, if

GQ,N(T) = GQ(T) — NGQ(NT)

then Go n € Ma(Ih(N)) (Exercise 1.2.8(e)). We will see many more Eisen-
stein series in Chapter 4.

Weight 2 Eisenstein series solve the four squares problem from the be-
ginning of the section. The modular forms Gg 2 and G3 4 work out to (Exer-
cise 1.2.9)
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Gaa(r) =~ (14243 (X))

n=1 0<d|n
d odd
and -
Cau(7) = —7r2<1 +83° ( 3 d)q").
n=1 OZ}(dd\n

Now, Ga2 € Ma(I((2)) C M2(Ip(4)) (the smaller group allows more weight-
2 invariant functions and the other conditions in Definition 1.2.3 make no refer-
ence to a congruence subgroup, so the smaller group has more modular forms)
and Gg 4 € M2(Ip(4)). Exercise 3.9.3 will show that dim(Msz(Ip(4))) = 2, so
Ga2 and Gz 4, which visibly are linearly independent, are a basis. Recall that
the function 6(7,4) also lies in the space Ms(I((4)). Thus § = aGy 2 + bGa 4
for some a,b € C, and the expansions

0(T54):1+8Q+a
3
_EG2’2(7)21+24Q+"'7
1
5 Gaa(r) = 1+8q+ -+

show that 6(r,4) = —(1/7%)Ga.4(7). Equating the Fourier coefficients gives
the representation number of n as a sum of four squares,

r(n,4) =8 Z d, n>1.
0<d|n
ad

In particular, if 4 f n then r(n,4) = 801(n). The two squares problem, the
six squares problem, and the eight squares problem are solved similarly once
additional machinery is in place. For any even s > 10 the same methods
give an asymptotic solution 7(n, s) to the s squares problem, meaning that
lim,, 00 (1, 5)/7(n, s) = 1. Exercise 4.8.7 will discuss all of this.

For another application of weight 2 Eisenstein series, first normalize G4 to

By = &2 oy i o(n)g"
Then equation (1.4) with v = [{ 7} ] specializes to
T_QEQ(_1/7—>:E2(T)+ 12 . (15)
2miT

The Dedekind eta function is the infinite product

o0
,’7(7_) = goa H(l _ qn)’ gos = 62m‘7—/247 q= GQWiT.
n=1
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Since the series S(7) = > o2, log(1 — ¢™) converges absolutely and uniformly
on compact subsets of H (Exercise 1.2.10(a)), a theorem from complex anal-
ysis (see for example [JS87]) says that n is holomorphic on #H and satisfies
the logarithmic differentiation formula for products, (log[[,, f») = >, fn/fn
(Exercise 1.2.10(b)). The eta function satisfies a relation similar to that sat-
isfied by the theta function.

Proposition 1.2.5. The Dedekind eta function satisfies the transformation
law

n(—1/7) = vV—irn(r), TEH.

Proof. Compute the logarithmic derivative

d%_log(n(T)): + 2 Zzl—q QWZZ qum
=%+2ﬁi22dqdm:%+27riz Zd q"

m=1d=1 n=1 \0<d|n

It follows that p )
T _o
_— — = — —1
~log(n(~1/7)) = T Ba(-1/7)

and

27 12 2miT

These are equal by (1.5), so the desired relation holds up to a multiplicative
constant. Setting 7 = ¢ shows that the constant is 1. O

%log(\/—iirn(r)) = S + ﬂEQ(T) - (Eg( )+ 12 ) )

The function

0
Hl_q q:€27T’LT

is invariant under 7 — 7 + 1 and satisfies n?*(—=1/7) = 7129?4(7). Also,
iy (r) o0 1*4(7) = 0, so ** € S12(SLa(Z)). We will see that this space,
which also contains the discriminant function A from Section 1.1, is 1-dimen-
sional. Comparing the leading terms of the Fourier expansions n?*(7) = ¢+ -
and A(7) = (2m)*2¢ + - - - thus gives the remarkable identity

A= (2m) P,
or

(0 ) (0 ) = e -

(c,d)
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More on the eta function, especially its connection with theta functions per
the beginning of this section, is in Chapter 1 of [Bum97].

For a more general example, to make more modular forms with respect
to congruence subgroups, start from any modular form f. Let d be a positive
integer and let g(7) = f(dr). Then g is a modular form with respect to I'y(d).
The same process takes modular forms with respect to IH(N) to modular
forms with respect to I'h(dN) and takes modular forms with respect to Iy (IV)
to modular forms with respect to I'1(dN) (Exercise 1.2.11).

Exercises
1.2.1. Show that r(n, k) = >, ._. 7(l,4)r(m,j) when i+ j = k.

1.2.2. Let N be a positive integer. Let v € SLy(Z/NZ) be given. Lift v to a
matrix [2 4] € My(Z).

(a) Show that ged(c,d, N) = 1. Show that ged(¢/,d’) = 1 for some ¢/ =
¢+ sN and d’ = d+ tN where s,t € Z. (A hint for this exercise is at the end
of the book.)

(b) Show that some lift [a"’c’fN btll/N] of 7 lies in SLg(Z). Thus the map
SLo(Z) — SLy(Z/NZ) surjects.

1.2.3. (a) Let p be a prime and let e be a positive integer. Show that
|SL2(Z/p°Z)| = p*¢(1 — 1/p?). (Hints for this exercise are at the end of the
book.)

(b) Show that [SLy(Z/NZ)| = N*[], 5 (1—1/p?), so this is also the index
[SLa(Z) : I'(N)].

(c) Show that the map I''(N) — Z/NZ given by [24] — b (mod N)
surjects and has kernel I'(N).

(d) Show that the map I'y(N) — (Z/NZ)* given by [¢ %] — d (mod N)
surjects and has kernel I (V).

(e) Show that [SL2(Z) : Io(N)] = N[, x(1+1/p).

1.2.4. Let I'y be the group generated by the matrices & [ 1] and £ [} ]. This
exercise shows that I'y = I'h(4). The containment “C” is clear. For the other
containment, let o = [2 Y] be a matrix in I(4). Similarly to Exercise 1.1.1,

the identity
abl{1ln| |a ¥V
cd||01]  |cne+d

shows that unless ¢ = 0, some matrix oy with v € I'y has bottom row (¢, d’)
with |d'| < |¢/|/2. (The inequality is strict because ¢’ = 0 (mod 4) and d’ is

odd.) Use the identity
ab 10| a b
cd||4n 1| |c+4ndd
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to show that unless d = 0, some matrix oy with v € Iy has bottom row
(d,d") with |¢/| < 2|d’|. (The inequality is strict because of properties of ¢/
and d’ modulo 4.) Each multiplication reduces the positive integer quantity
min{|c|, 2|d|}, so the process must stop with ¢ = 0 or d = 0. Show that in fact
this means ary € I'y for some v € [y and so a € Iy.

1.2.5. If I" is a congruence subgroup of SLo(Z) and v € SL2(Z), show that
4~ 1y is again a congruence subgroup of SLy(Z).

1.2.6. This exercise proves Proposition 1.2.4. Let I" be a congruence subgroup
of SLy(Z), thus containing I'(N) for some N, and suppose that the function
f : H — C is holomorphic and weight-k invariant under I'. Suppose also
that in the Fourier expansion f(7) = > " anql, the coefficients for n > 0
satisfy |a,| < Cn" for some positive constants C' and 7.

(a) Show that for any 7 =z + iy € H,

[F(T)] < laol + C Y nre /N, (1.6)

n=1

Changing n to a nonnegative real variable ¢, show that the continuous version
g(t) = t"e2™/N of the summand increases monotonically on the interval
0, 5 T{\L | and then decreases monotonically on [ 717\; ,00). Using this, represent
all but two terms of the sum in (1.6) as unit-wide boxes under the graph of g
and consider the missing terms individually to establish the estimate (where

in this exercise Cp and C can denote different constants in different places)

o0
s < Coro( [ amariy).
t=
After a change of variable the integral takes the form C/y"*1 . ftO:OO t"e~tdt.
This last integral is a gamma function integral, to be introduced formally in
Section 4.4, but at any rate it converges at both ends and is independent of y.
In sum,
If(T)| < Co+Cly" asy— oo.

(b) For every o € SLy(Z), the transformed function (f[a]x)(7) is holo-
morphic and weight-k invariant under o~ 'I"o and therefore has a Laurent
expansion

(flal)(r) =D anak, an =eT/N.
nez

To show that the Laurent series truncates from the left to a power series it
suffices to show that

lim ((f[a]x)(7) - qn) = 0.

gn—0

If « fixes oo then this is immediate from the Fourier series of f itself. Otherwise
show that the transformed function (f[a]x)(7) = (c7 +d) =% f(a(7)) satisfies
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lim ' |(fla]e)(7) - an| < Cq]lviglo(y’”*quNl)

gn—0

Recalling that gy = e>™@+W)/N  show that y = C'log(1/|qn|), and use the
fact that polynomials dominate logarithms to complete the proof. (A hint for
this exercise is at the end of the book.)

1.2.7. Show that (f[£af])(T) = (£1)*(f[a]x)(r + j) in the comment after
Proposition 1.2.4.

1.2.8. (a) Verify the Fourier expansion of G.

(b) Suppose that G4 satisfies the identity in (1.4) for two particular matri-
ces 71,72 € SLa(Z). Show that G5 then satisfies the identity for the product
7172 and the inverse v; ' as well. Thus to establish (1.4) it suffices to prove
the identity for a set of generators for SLy(Z). (Hints for this exercise are at
the end of the book.)

(c) Recall that SLy(Z) is generated by [§ 1] and [{ ~§ ]. The Fourier expan-
sion for G shows that it satisfies (1.4) for v = [} ]. For the other generator,
show that

(Gal[§ 512 (71) = 772G (1)) =D Y —— T+d

d€Z ceZ/,

+ZZ c7'+d

deZ c;éO

which differs from Ga(7) = 2¢(2) + Z Z cr+d)” 2 in the reversed order of
c#0 deZ
summation. Next use partial fractions to show that

#Odez (e +d) c7'+d—|— 1)
Subtract this from G2 to get

1
Galr) = 2(@) + 27;0 (et +d)*(cT+d+1)

deZ

where now the sum is absolutely convergent by Exercise 1.1.4 and the limit
comparison test, and thus it can have its order of summation reversed. Doing
so and separating the convergence terms back out shows that

, 1
Go(r) = 77Ga(=1/7) = ZZ(CT+d)(CT+d+1)

d€Z c£0
N-1 1 1
The error term is — lgnoo Z Z (CT n i o dT 1) Reverse the order

d=—N c#£0
and the inner sum telescopes. Manipulate the result into an expression in-
cluding a sum for 7 cot(wN/7) per the first equality of (1.1). Finally, use the
other side of (1.1) to take the limit.
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(d) Show that
™ T 2mic
j(v,7)?Im(y(r))  Im(r) et +d

and therefore the function Go(7)—7/Im(7) is weight-2 invariant under SLo(Z).
(e) Show that Ga,n € Ma(IH(N)).
(f) Compute G n (i) and Go n(p3) where pug = e

for v = {Z Z] € SLo(Z),

27i/3

1.2.9. Verify the Fourier expansions of G 2 and G2 4 given in the section. (A
hint for this exercise is at the end of the book.)

1.2.10. (a) Show that the series S(7) = >~ , log(1—¢™) converges absolutely
and uniformly on compact subsets of H. (A hint for this exercise is at the end
of the book.)

(b) Show the logarithmic differentiation formula (log(I] f»)) = >_ £} /fn
for finite products. The analogous result for infinite products applies to the
Dedekind eta function.

1.2.11. Let GL3 (Q) be the group of 2-by-2 matrices with positive determi-
nant and rational entries. The elements of this group act as fractional linear
transformations on the upper half plane since Im(y(7)) = det v-Im(7)/|cT+d|?
for v € GLF (Q). Let k be a positive integer. For 7 € H, extend the formula
j(v,7) = et +d toy € GL (Q), and extend the weight-k operator to GL3 (Q)
by the rule

(fIVk)() = (det ) Yi(v, 1) f(3(r)) for f:H — C.

(a) Show that [y9]x = [k[Y]x for all 7,7 € GL3(Q), generalizing
Lemma 1.2.2(b).

(b) Show that every v € GLJ (Q) satisfies v = a7y’ where a € SLy(Z)
and ¥/ = r [0 4] with r € QT and a,b,d € Z relatively prime. Use this to
show that given f € My (I") for some congruence subgroup I" and given such
v = av/, since f[a]i has a Fourier expansion, so does f[y]gx. Show that if
the Fourier expansion for f[a]; has constant term 0 then so does the Fourier
expansion for f[v];. (A hint for this exercise is at the end of the book.)

(¢) Suppose that I} and I» are congruence subgroups of SLy(Z) and sup-
pose that I'T D yIsy~! for some v € GL5 (Q). Prove that if f € My(I";) then
flvlk € My (Iz). Show that the same result holds for cusp forms.

(d) Let N and d be positive integers. Suppose f € M (IH(N)). Show that
if (1) = f(dr) then g € My(Io(dN)), and the same result holds for cusp
forms. Show that if f € Mg(I1(N)) then g € My(I1(dN)), and the same
result holds for cusp forms.

1.3 Complex tori

This section gives a sketch of results about complex tori, also known as com-
plex elliptic curves for reasons to be explained in the next section. Since the
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material is covered in many texts (for example, [JS87] is a very nice second
complex analysis book), some facts will be stated without proof. Complex tori
will be related to modular forms in Section 1.5.

A lattice in C is a set A = w1Z & woZ with {w;,ws} a basis for C over R.
We make the normalizing convention wq /ws € H, but this still does not specify
a basis given a lattice. Instead,

Lemma 1.3.1. Consider two lattices A = w1Z ® woZ and A = W|Z ® WiZ
with wy/wy € H and wi/wh € H. Then A" = A if and only if

{Zi] = {Ccl Z} {iﬂ for some [UCL Z] € SLo(Z).
Proof. Exercise 1.3.1. O
A complex torus is a quotient of the complex plane by a lattice,
C/A={z+A:z€C}.

Algebraically a complex torus is an Abelian group under the addition it in-
herits from C. Geometrically a complex torus is a parallelogram spanned by
{w1,ws} with its sides identified in opposing pairs. Identifying one pair of
sides rolls the parallelogram into a tube, and then identifying the other pair
bends the tube into a torus. But the flat model of the complex torus with
neighborhoods extending across the sides (see Figure 1.2) better illustrates
that every complex torus is a Riemann surface, roughly meaning a connected
set that looks like the complex plane C in the small. The precise definition of
a Riemann surface will be demonstrated by example in Chapter 2.

Figure 1.2. A complex torus

The notion of a holomorphic map makes sense for Riemann surfaces since
it is local. Any holomorphic map between compact Riemann surfaces is either
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a surjection or a map to one point. To see this, suppose X and Y are compact
Riemann surfaces and f : X — Y is holomorphic. Since f is continuous
and X is compact and connected, so is the image f(X), making f(X) closed.
Unless f is constant f is open by the Open Mapping Theorem of complex
analysis, applicable to Riemann surfaces since it is a local result, making
f(X) open as well. So f(X) is either a single point or a connected, open,
closed subset of the connected set Y, i.e., all of Y. As a special case of this,
any nonconstant holomorphic map from one complex torus to another is a
surjection.

Proposition 1.3.2. Suppose ¢ : C/A — C/A’ is a holomorphic map be-
tween complex tori. Then there exist complex numbers m, b with mA C A" such
that o(z + A) = mz+ b+ A'. The map is invertible if and only if mA = A'.

Proof. (Sketch.) The key is to lift ¢ to a holomorphic map ¢ : C — C
by using topology. (The plane is the so-called universal covering space of the
torus—see a topology text such as [Mun00] for the definition and the relevant
lifting theorem.) With the map lifted, consider for any A € A the function
fiaz) = ¢z + A) — @¢(2). Since ¢ lifts a map between the quotients, the
continuous function f) maps to the discrete set A’ and is therefore constant.
Differentiating gives ¢'(z+\) = ¢’(z). Thus ¢’ is holomorphic and A-periodic,
making it bounded and therefore constant by Liouville’s Theorem. Now ¢ is
a first degree polynomial ¢(z) = mz + b, and again since this lifts a map
between quotients, necessarily mA C A’. The original map thus has the form
asserted in the proposition. If the containment mA C A’ is proper then ¢ is
not injective: some z € A’ satisfies z/m ¢ A but p(z/m+A) = b+ A" = p(A).
If mA = A’ then (1/m)A’ = A and the map ¢ : C/A" — C/A given by
PY(w+ A') = (w—b)/m + A inverts . 0

Corollary 1.3.3. Suppose ¢ : C/A — C/A’ is a holomorphic map between
complez tori, o(z + A) = mz + b+ A" with mA C A'. Then the following are
equivalent:

(1) ¢ is a group homomorphism,
2)be A, sop(z+A)=mz+ A,
(3) ¢(0) = 0.

In particular, there exists a nonzero holomorphic group homomorphism be-
tween the complex tori C/A and C/A’ if and only if there exists some nonzero
m € C such that mA C A, and there exists a holomorphic group isomorphism
between the complex tori C/A and C/ A" if and only if there exists somem € C
such that mA = A,

Proof. Exercise 1.3.2. a

For one isomorphism of particular interest, start from an arbitrary lattice
A=wZ B wsZ with wy/wy € H. Let 7 = wy/we and let A, = 7Z & Z. Then
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since (1/we)A = A;, Corollary 1.3.3 shows that the map ¢, : C/4 — C/A;
given by ¢(z + A) = z/wy + A, is an isomorphism. This shows that every
complex torus is isomorphic to a complex torus whose lattice is generated
by a complex number 7 € H and by 1. This 7 is not unique, but if 7/ € H
is another such number then 7/ = w{/wj where A = W|Z & W)Z, and so
by Lemma 1.3.1 7/ = ~(7) for some v € SLy(Z). Thus each complex torus
determines a point 7 € H up to the action of SLa(Z). Section 1.5 will show
as part of a more general argument that in fact the isomorphism classes of
complex tori biject to the orbits SLy(Z)7 in H.

Definition 1.3.4. A nonzero holomorphic homomorphism between complex
tori is called an isogeny.

In particular, every holomorphic isomorphism is an isogeny. Every isogeny
surjects and has finite kernel—the kernel is finite because it is discrete (oth-
erwise complex analysis shows that the map is zero) and complex tori are
compact.

Multiply-by-integer maps are isogenies but not isomorphisms. For any pos-
itive integer NV and lattice A consider the map

[N]: C/A — C/A, z4+ A~ Nz+ A

This is an isogeny since NA C A. Its kernel, the points z+ A € C/A such that
[N](z+ A) = 0, is the set of N-torsion points of C/A, a subgroup isomorphic
to Z/NZ x Z/NZ. (See Figure 1.3.) Letting E denote the torus C/A (for
reasons to be explained soon), this subgroup is denoted E[N].

Figure 1.3. E[5]: the 5-torsion points of a torus

Cyclic quotient maps are also isogenies but not isomorphisms. Let C/A be
a complex torus, let N be a positive integer, and let C' be a cyclic subgroup
of E[N] isomorphic to Z/NZ. The elements of C' are cosets {c+ A} and so as
a set C forms a superlattice of A. Slightly abusing notation we use the same
symbol for the subgroup and the superlattice. Then the cyclic quotient map

m:C/A— C/C, z4+ A= z+C
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is an isogeny with kernel C. (See Figure 1.4, where A is of the form A, and
the kernel is C' = (1/5)Z + A.)

Oe o o o o o] Oe +1/5

Figure 1.4. A quotient isogeny with cyclic kernel of order 5

In fact every isogeny is a composition of the examples already given. To
see this, consider an arbitrary isogeny

0:C/A— C/A, z+ A= mz+ A

and let K denote its kernel, the finite subgroup K = m~1A’/A of C/A also
viewed as the superlattice K = m~'A’ of A. If N is the order of K as a
subgroup then K C E[N| = Z/NZ x Z/NZ, and so by the theory of finite
Abelian groups K = Z/nZ x Z /nn'Z for some positive integers n and n’. The
multiply-by-n isogeny [n] of C/A takes K to a cyclic subgroup nK isomorphic
to Z/n'Z, and then the quotient isogeny 7 from C/A to C/nK has kernel
nK. Follow this by the map C/nK — C/A’ given by z + nK — (m/n)z +
(m/n)nK, now viewing nK as a lattice in C. This map makes sense and is
an isomorphism since (m/n)nK = mK = A’. The composition of the three
maps is z+ A= nz+ A= nz+nK — mz+ A" = p(z + A). That is, the
general isogeny is a composition as claimed,

p:c/A M c/a T cmk s Cyn.

A very similar argument shows that isogeny is an equivalence relation.
Suppose that ¢ : C/A — C/A’ is an isogeny. Thus p(z+A) = mz+ A" where
m # 0 and mA C A’. By the theory of finite Abelian groups there exists a
basis {wy,wa} of A’ and positive integers ny, ny such that {njw;, naws} is a
basis of mA. It follows that ninoA’” C mA and therefore (nyng/m)A’ C A.
Thus there is a dual isogeny ¢ : C/A" — C/A back in the other direction,
Pz + A') = (nynay/m)z + A. Note that (@ o p)(z + A) = ningz + A, ie., the
isogeny followed by its dual is multiplication by a positive integer. The integer
ningy in question is the degree of the original isogeny since {wy/m,ws/m} is
a basis of ker(y) and {njwi/m,nows/m} is a basis of A, making ker(p) =
Z/n1Z x Z/nyZ and showing that ¢ is ning-to-1. That is,

¢ o @ = [deg(y)].

This condition specifies ¢ uniquely since ¢ surjects. Since the map [deg(y)]
has degree (deg(y))? and the degree of a composition is the product of the
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degrees, the dual isogeny has degree deg(p) = deg(y). The dual isogeny of a
multiply-by-integer map is itself. The dual isogeny of a cyclic quotient isogeny
quotients the torus in a second direction by a cyclic group of the same order
to restore its shape and then expands it back to full size. The dual isogeny
of an isomorphism is its inverse. The dual of a composition of isogenies is the
composition of the duals in the reverse order. If ¢ is an isogeny and ¢ is its
dual then the formulas ¢(z + A) = mz + A', (2" + A') = (deg(p)/m)z’ + A
show that also
p o @ = [deg(p)] = [deg(p)],

so that ¢ is in turn the dual isogeny of its dual ¢. Isogeny of complex tori,
rather than isomorphism, will turn out to be the appropriate equivalence
relation in the context of modular forms.

If v1,p2 : C/A — C/A’ are isogenies, and ;1 + p2 # 0 so that their sum
is again an isogeny, then the dual of the sum is the sum of their duals. To see
this, let ¢ : C/A — C/A’ be an isogeny. Thus ¢(z + A) = mz + A’ where
m # 0 and mA C A'. Let A = w1Z & weZ with wy/we € H, and similarly
for A’. Consequently

mwy | |wi _labd
{me =« [u}é} for some o = L d} € My(Z).

Homogenizing this equality gives wy/ws = a(w]/wh) where now « acts as a
fractional linear transformation, showing that det & # 0 and hence det a > 0
because in general Im(a(7)) = det a - Im(7)/|j(c, 7)|? for o € GLy(R). This
justifies the last step of the calculation

deg(p) = | ker(p)| = [m~tA": A] = [A : mA] = det .

Since ¢ o ¢ = [deg(p)] and the matrix of a composition is the right-to-left
product of the matrices, the dual isogeny must induce the matrix

o?detowal{ d_b},

—C a

and conversely this matrix determines the dual isogeny. Now let o7 and ¢ be
isogenies from C/A to C/A’ with @1 + 2 # 0. Their sum (@1 + ¢2)(z + 4) =
(my + mg)z + A’ gives rise to the matrix

Q& g = a1+ az by + by

! 2 c1+ co d1 + dQ ’
and so correspondingly the dual isogeny of the sum is determined by the
matrix

di+dy —by—ba| N
{—01—62 a + as =1t

the sum of the matrices determining the dual isogenies. This proves the claim
at the beginning of the paragraph,
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Gr+ga=¢1+ @2 if g1+ #£0. (1.7)

We will cite this fact in Chapter 6.

For one more example, some complex tori have endomorphisms other than
the multiply-by-N maps [N], in which case they have complex multiplication.
Let 7 = +/d for some squarefree d € Z~ such that d = 2,3 (mod 4), or
let 7 = (=14 +/d)/2 for squarefree d € Z~, d = 1 (mod 4). Then the set
O = 7Z® Z is a ring. (Readers with background in number theory will
recognize it as the ring of integers in the imaginary quadratic number field
Q(V/d).) Let A be any ideal of O and let m be any element of ©. Then mA C A,
so multiplying by m gives an endomorphism of C/A. In particular, the ring
of endomorphisms of C/A; is isomorphic to A; = iZ @ Z rather than to Z,
and similarly for the ring of endomorphisms of C/A,, where pus = e2mi/3,

Let A be alattice. The N-torsion subgroup of the additive torus group C/A,

E[N] ={P € C/A: [N]P =0} = (w1 /N + A) x (wa/N + A),

is analogous to the N-torsion subgroup of the multiplicative circle group
C*/RT 2 {z € C: |z| =1} © R/Z, the complex Nth roots of unity

puy={ze€C: 2N =1} = <e2”/N>.
A sort of inner product exists on E[N] with values in p,, the Weil pairing
en : E[N] x E[N] — py.

To define this, let P and @ be points in E[N], possibly equal. If A = w1 Z®w,Z
with wy /we € H then

{g} =~ [Zijxiﬁ] for some v € My(Z/NZ)

since w1 /N + A and wy /N + A generate E[N]. The Weil pairing of P and @ is
eN(P, Q) _ 627”' det 'y/N.

This makes sense even though det~y is defined only modulo N. It is inde-
pendent of how the basis {wj,ws} is chosen (and once the basis is chosen
the matrix v is uniquely determined since its entries are reduced modulo N),
remembering the normalization wi/wy € H (Exercise 1.3.3(a)). If P and @
generate E[N] then the matrix « lies in the group GLy(Z/NZ) of invert-
ible 2-by-2 matrices with entries in Z/NZ, making dety invertible modulo N
and ey (P, Q) therefore a primitive complex Nth root of unity. See Exer-
cise 1.3.3(b—d) for more properties of the Weil pairing, in particular that the
WEeil pairing is preserved under isomorphisms of complex tori. We will use the
WEeil pairing in the Section 1.5.
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Exercises

1.3.1. Prove Lemma 1.3.1.

1.3.2. Prove Corollary 1.3.3. (A hint for this exercise is at the end of the
book.)

1.3.3. (a) Show that the Weil pairing is independent of which basis {wy, w2}
is used, provided wy /we € H.

(b) Show that the Weil pairing is bilinear, alternating, and nondegenerate.
(Remember that the group p, is multiplicative.)

(c) Show that the Weil pairing is compatible with N. This means that for
positive integers N and d, the diagram

@dN(‘»')

E[dN] x E[dN] ——————— HMan

o l

E[N] x E[N] — 00y
commutes, where the vertical maps are suitable multiplications by d. (A hint
for this exercise is at the end of the book.)
(d) Let A and A’ be lattices with mA = A’ for some m € C. Show that
the isomorphism of complex elliptic curves C/A —+ C/A’ given by z + A
mz + A’ preserves the Weil pairing.

1.4 Complex tori as elliptic curves

This section shows how complex tori C/A can also be viewed as cubic curves of
the sort mentioned back in the preface. These cubic curves are called elliptic
despite not being ellipses, due to a connection between them and the arc
length of an actual ellipse. The presentation here is terse, so the reader may
want to consult a relevant complex analysis text such as [JS87].

The meromorphic functions on a complex torus are what relate it to a
cubic curve. Given a lattice A, the meromorphic functions f : C/A — C on
the torus are naturally identified with the A-periodic meromorphic functions
f: C — C on the plane. Exercise 1.4.1 derives some basic properties of these
functions in general. The most important specific example is the Weierstrass
p-function

p(z)=212+2'((21w)2—:2>, 2€C, 2 ¢ A

weA

(The primed summation means to omit w = 0.) Subtracting 1/w? from
1/(z —w)? makes the summand roughly z/w?, cf. the sketched proof of Propo-
sition 1.4.1 to follow, so the sum converges absolutely and uniformly on com-
pact subsets of C away from A. Correcting the summand this way prevents
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the terms of the sum from being permuted when z is translated by a lattice
element, so o doesn’t obviously have periods A. But the derivative

©'(2) = —2Zﬁ

clearly does have periods A, and combining this with the fact that p is an even
function quickly shows that in fact p has periods A as well (Exercise 1.4.2). It
turns out that ¢ and ¢’ are the only basic examples we need since the field of
meromorphic functions on C/A is C(p, p’), the rational expressions in these
two functions. Since the Weierstrass g-function depends on the lattice A as
well as the variable z we will sometimes write p4(2) and ©/;(2); in particular
for lattices A, we will write p,(z) and ! (2).
Eisenstein series generalize to functions of a variable lattice,

11
Gr(A) = Z —, k> 2even,

k?
w
weA

so that Gi(7r) from before is now Gy(A;). As lattice functions Eisenstein
series satisfy the homogeneity condition Gy (mA) = m=*Gy(A) for all nonzero
m € C. Part (a) of the next result shows that these lattice Eisenstein series
appear in the Laurent expansion of the Weierstrass p-function for A. Part (b)
relates the functions p(z) and p’(z) in a cubic equation whose coefficients are
also lattice Eisenstein series.

Proposition 1.4.1. Let p be the Weierstrass function with respect to a lattice
A. Then

(a) The Laurent expansion of p is

1

p(z) = = + Z (n+1)Gpia(A)z"
n=2

for all z such that 0 < |z| < inf{|w|: w € A — {0}}.
(b) The functions o and @' satisfy the relation

(¢'(2))* = 4(p(2))° — g2(A)p(2) — g3(4)

where g2(A) = 60G4(A) and g3(A) = 140Ge(A).
(c) Let A = w1 ZBweZ and let ws = wy +wsz. Then the cubic equation satisfied
by p and o', y* = 4a® — go(A)z — g3(A), is

Y =4z —e1)(x — e2)(z — e3), e = p(wi/2) fori=1,2,3.

This equation is nonsingular, meaning its right side has distinct roots.
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Proof. (Sketch.) For (a), if |z| < |w| then

1 1 1 1 1
G-wp PP ((1 —2fw)? )

and the geometric series squares to Y.~ /(n+1)z" /w", making the summand
2z /w3 + 322 Jwt 4 -+ . Convergence results from Exercise 1.1.4 allow the re-
sulting double sum to be rearranged, and then the inner sum cancels when n
is odd.

For (b), one uses part (a) to show that the nonpositive terms of the Laurent
series of both sides are equal. Specifically, since

o(z) = }2 +3G4(A)2% 4 5G6(A)z* + O(25)

(where “O” means “a quantity on the order of”) and

o(z) = —223 +6G4(A)z 4 20G6(A) 2% + O(25),

a little algebra shows that both (p(2))? and 4(p(2))? — g2(A)p(2) — g3(A)
work out to 4/2% — 24G4(A)/2? — 80Ge(A) + O(2?). So their difference is
holomorphic and A-periodic, therefore bounded, therefore constant, therefore
zero since it is O(z2) as z — 0.

For (c), since @' is odd, it has zeros at the order 2 points of C/A: if
z = —z (mod A) then ¢'(z) = ¢'(—2) = —p'(2) and thus ¢'(z) = 0. Letting
A = wZ & wyZ, the order 2 points are z; = w;/2 with ¢'(z;) = 0 for ¢ =
1,2, 3. The relation between p and g’ from (b) shows that the corresponding
values ©; = p(z;) for i = 1,2,3 are roots of the cubic polynomial p,(x) =
413 — go(A)x — g3(A), so it factors as claimed. Each x; is a double value of p
since p/(z;) = 0, and since p has degree 2, meaning it takes each value twice
counting multiplicity (see Exercise 1.4.1(b)), this makes the three z; distinct.
That is, the cubic polynomial p, has distinct roots. O

Part (b) of the proposition shows that the map z — (pa(2), 9, (2)) takes
nonlattice points of C to points (z,y) € C? satisfying the nonsingular cubic
equation of part (c), y? = 423 —gs(A)z—g3(A). The map bijects since generally
a value z € C is taken by p, twice on C/A, that is, x = pa(+z+A), and then
the two y-values satisfying the cubic equation are p'(+z + A) = +¢'(2 + A).
The exceptional z-values where y = 0 occur at the order-2 points of C/A,
so they are taken once by g, as necessary. The map extends to all z € C
by mapping lattice points to a suitably defined point at infinity. In sum, for
every lattice the associated Weierstrass p-function and its derivative give a
bijection

(p, ©') : complex torus — elliptic curve.
For example, the value g3(i) = 0 from Section 1.1 shows that the complex
torus C/A; bijects to the elliptic curve with equation y? = 423 — go(i)x.
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Similarly the complex torus C/A,,, (where again u3 = €>™/?) bijects to the
elliptic curve with equation y? = 423 — g3(u3). See Exercise 1.4.3 for some
values of the functions p and ¢’ in connection with these two lattices.

The map (g, ') transfers the group law from the complex torus to the ellip-
tic curve. To understand addition on the curve, let z; +/4 and z5+ A be nonzero
points of the torus. The image points (p(z1), p'(21)) and (p(22), ©’(22)) on the
curve determine a secant or tangent line of the curve in C?, azx + by +c = 0.
Consider the function

f(2) = ap(2) +bg/(2) + c.

This is meromorphic on C/A. When b # 0 it has a triple pole at 0 + A and
zeros at z; + A and 29 + A, and Exercise 1.4.1(c) shows that its third zero is at
the point z3 + A such that z; + 20+ 23+ 4 =0+ 4 in C/A. When b = 0, f has
a double pole at 0 4+ A and zeros at z; + A and z2 + A, and Exercise 1.4.1(c)
shows that z1 + 20+ 4 = 0+ A in C/A. In this case let z3 = 0+ A so that again
21+ 204+ 23+ A =0+ A, and since the line is vertical view it as containing
the infinite point (p(0), 9’ (0)) whose second coordinate arises from a pole of
higher order than the first. Thus for any value of b the elliptic curve points on
the line ax + by + ¢ = 0 are the points (x;,y;) = (p(2:), 9’ (z)) for i = 1,2, 3.
Since z1 4+ 22 + 23 + A = 0 + A on the torus in all cases, the resulting group
law on the curve is that collinear triples sum to zero.

Recall that a holomorphic isomorphism of complex tori takes the form
z+ A — mz+ A where A’ = mA. Since pna(mz) = m2pa(z) and
ol a(mz) = m™3g)(2), the corresponding isomorphism of elliptic curves is
(x,y) = (m ™2z, m~3y) or equivalently the substitution (z,y) = (m2z’,m3y’),
changing the cubic equation y? = 423 — gox — g3 associated to A to the equa-
tion y2 = 42® — m~*gox — m g5 associated to A’. Suitable choices of m
(Exercise 1.4.3 again) normalize the elliptic curves associated to C/mA; and
C/m4,,, to have equations

v’ =de(z - D@ +1),  y* =4e—1)(z - ps)(z — p3).

We will return to these ideas in Chapter 7.

The appearance of Eisenstein series as coefficients of a nonsingular curve
lets us prove as a corollary to Proposition 1.4.1 that the discriminant function
from Section 1.1 has no zeros in the upper half plane.

Corollary 1.4.2. The function A is nonvanishing on H. That is, A(T) # 0
forall T € H.

Proof. For any 7 € H, specialize the lattice A in the proposition to A,. By
part (c) of the proposition, the cubic polynomial p, (z) = 423 — g2 (7)x — g3(7)
has distinct roots. Exercise 1.4.4 shows that A(7) is the discriminant of p; up
to constant multiple (hence its name), so A(7) # 0. O
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Not only does every complex torus C/A lead via the Weierstrass p-function
to an elliptic curve

y? =42® —asx — a3z, a3 —27a3 #0 (1.8)
with as = g2(A) and az = g3(A), but the converse holds as well.

Proposition 1.4.3. Given an elliptic curve (1.8), there exists a lattice A such
that as = g2(A) and az = gs(A).

Proof. The case as = 0 and the case ag = 0 are Exercise 1.4.5. For the case
as # 0 and as # 0, since j : H — C surjects there exists 7 € H such that
J(7) = 1728a3 /(a3 — 27a3). This gives

g2(7)? _ a3
g2(7)3 — 27g3(7)2 a3 —27a3’

or, after taking reciprocals and doing a little algebra,

- . (1.9)

For any nonzero complex number ws, let wy = 7w and A = w1 Z @ woZ. Then
g2(A) = w54gg(7) and g3(A) = w5693(7).
Thus we are done if we can choose ws such that

w2_4 =az/g2(7) and w2_6 =a3/g3(T).

Choose wy to satisfy the first condition, so that wy '? = a3/ga(7)%. Then
by (1.9) wy ® = +a3/g3(7), and replacing wy by iws if necessary completes the
proof. ]

2

It follows that any map of elliptic curves (x,y) — (m~2x, m~3y), changing
4

a cubic equation y2 = 423 — asx — a3 to the equation y2 =43 — m*asx —
m~%a3, comes from the holomorphic isomorphism of complex tori z + A
mz+ A’ where ay = go(A), az = g3(A4), and A’ = mA. This makes the map of
elliptic curves an isomorphism as well.

Thus complex tori (Riemann surfaces, complex analytic objects) and el-
liptic curves (solution sets of cubic polynomials, algebraic objects) are inter-
changeable. With the connection between them in hand, let the term complex
elliptic curve be a synonym for “complex torus” and call meromorphic func-
tions with periods A elliptic functions with respect to A.

The lattice Eisenstein series G (A) will appear occasionally from now on
but generally we will work with Gy (7).
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Exercises

1.4.1. Let E = C/A be a complex elliptic curve where A = w1 Z @ woZ, and
let f be a nonconstant elliptic function with respect to A, viewed either as
a meromorphic function on C with periods A or as a meromorphic function
on E. Let P = {z1wy +xows : 1,22 € [0, 1]} be the parallelogram representing
E when its opposing boundary edges are suitably identified, and let 0P be
the counterclockwise boundary of P. Since f has only finitely many zeros and
poles in E, some translation ¢ + 0P misses them all. This exercise establishes
some necessary properties of f. Showing that these properties are sufficient
for an appropriate f to exist requires more work, see for example [JS87].

(a) Compute that 1/(27i) ftJraP f(z)dz = 0. It follows by the Residue
Theorem that the sum of the residues of f on E is 0. In particular there is
no meromorphic function on F with one simple pole and so the Weierstrass
p-function, with its double pole at A, is the simplest nonconstant elliptic
function with respect to A.

(b) Compute that 1/(27) [,, p f'(2)dz/f(2) = 0. It follows by the Ar-
gument Principle that f has as many zeros as poles, counting multiplicity.
Replacing f by f — w for any w € C shows that f takes every value the
same number of times, counting multiplicity. In particular the Weierstrass
p-function on F takes every value twice.

(c) Compute that 1/(2i) [, ,p 2f'(2)dz/f(2) € A. Show that this integral
is also ) - p v (f)r where v, (f) is the order of f at x, meaning that f(z) =
(z —z)"=(Fg(z) with g(x) # 0. Note that v,(f) = 0 except at zeros and poles
of f, so the sum is finite. Thus parts (b) and (c) combine to show that for any
nonconstant meromorphic function f on E,

ZVAf)innZ and Zum(f):r:()in E.

z€EE A
(A hint for this exercise is at the end of the book.)

1.4.2. Let A = w1 Z ® wsZ be a lattice and let p be its associated Weierstrass
p-function.

(a) Show that p is even and that ¢’ is A-periodic.

(b) For i = 1, 2 show that the function p(z+w;) — () is some constant ¢;
by taking its derivative. Substitute z = —w;/2 to show that ¢; = 0. Conclude
that g is A-periodic.

1.4.3. Let A = A;. The derivative g’ of the corresponding Weierstrass function
has a triple pole at 0 and simple zeros at 1/2, i/2, (1 +4)/2. Since id = A it

follows that
2

p(iz) = pia(iz) =i "p(2) = —p(2).
Show that in particular ((1 + ¢)/2) = 0. This is a double zero of p since
also p'((1 +1)/2) = 0, making it the only zero of p as a function on C/A.
Since A = A (complex conjugation) it also follows that p(Z) = p(z), so that
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©(1/2) is real, as is p(i/2) = —p(1/2). Compute some dominant terms of
p(1/2) and @(i/2) to show that p(1/2) is the positive value. For what m
does the complex torus C/mA correspond to the elliptic curve with equation
y? =da(z - 1)(z+1)?

Reason similarly with A = A,, to find the zeros of the corresponding
Weierstrass function p and to show that p(1/2) is real. For what m does the
complex torus C/mA correspond to the elliptic curve with equation y? =
4(x — 1) (2 — p3)(x — p2)? (A hint for this exercise is at the end of the book.)

1.4.4. For 7 € H let p-(z) = 42 — g2 (7)z — g3(7). Show that the discriminant
of p; equals A(7) up to constant multiple, where A is the cusp form from
Section 1.1.

1.4.5. Show that when ay = 0 in Proposition 1.4.3 the desired lattice is A =
mA,, for a suitably chosen m. Prove the case a3 = 0 in Proposition 1.4.3
similarly.

1.5 Modular curves and moduli spaces

Recall from Corollary 1.3.3 that two complex elliptic curves C/A and C/ A’ are
holomorphically group-isomorphic if and only if mA = A’ for some m € C.
Viewing two such curves as equivalent gives a quotient set of equivalence
classes of complex elliptic curves. Similarly, view two points 7 and 7’ of the
upper half plane as equivalent if and only if v(7) = 7 for some v € SLy(Z),
and consider the resulting quotient set as well. This section shows that there is
a bijection from the first quotient set to the second. That is, the equivalence
classes of points in the upper half plane under the action of the modular
group are described by the isomorphism classes of complex elliptic curves.
Theorem 1.5.1 to follow shows considerably more, that the quotients of the
upper half plane by the various congruence subgroups from Section 1.2 are
described by the sets of equivalence classes of elliptic curves enhanced by
corresponding torsion data.

We begin by describing the relevant torsion data for the congruence sub-
groups. Let N be a positive integer. An enhanced elliptic curve for IH(N) is
an ordered pair (F,C) where E is a complex elliptic curve and C is a cyclic
subgroup of E of order N. Two such pairs (E,C) and (E’,C") are equivalent,
written (E,C) ~ (E',C"), if some isomorphism E — E’ takes C to C’. The
set of equivalence classes is denoted

So(IN) = {enhanced elliptic curves for IH(N)}/ ~ .

An element of So(N) is denoted [E, C], the square brackets connoting equiv-
alence class.

An enhanced elliptic curve for I''(N) is a pair (E, Q) where F is a complex
elliptic curve and @ is a point of E of order N. (Thus NQ = 0 but nQ # 0
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for 0 < n < N.) Two such pairs (E,Q) and (E’,Q’) are equivalent if some
isomorphism E — E’ takes Q to Q. The set of equivalence classes is denoted

S1(N) = {enhanced elliptic curves for I} (N)}/ ~ .

An element of S; (V) is denoted [E, Q).

An enhanced elliptic curve for I'(N) is a pair (E,(P,Q)) where FE is a
complex elliptic curve and (P, @) is a pair of points of E that generates the N-
torsion subgroup E[N] with Weil pairing ey (P, Q) = ¢*™/V . From Section 1.3
en(P, Q) is some primitive complex Nth root of unity, but this condition is
more specific. Two such pairs (E, (P, Q)) and (F’, (P’,Q’)) are equivalent if
some isomorphism E — E’ takes P to P’ and Q to @’. The set of equivalence
classes is denoted

S(N) = {enhanced elliptic curves for I'(N)}/ ~ .

An element of S(N) is denoted [E, (P, Q)].

Each of So(N), Si(N), and S(N) is a space of moduli or moduli space
of isomorphism classes of complex elliptic curves and N-torsion data. When
N =1 all three moduli spaces reduce to the isomorphism classes of complex
elliptic curves as described at the beginning of the section.

For any congruence subgroup I' of SLs(Z), acting on the upper half
plane H from the left, the modular curve Y (I") is defined as the quotient
space of orbits under I,

Y()=I'\H={[t:7€H}
The modular curves for I'h(N), I'1(N), and I'(N) are denoted
Yo(N) =Io(N\H,  Yi(N)=I1(N)\H, Y (N)=I(N)\H.

Chapter 2 will show that modular curves are Riemann surfaces and they
can be compactified. Compact Riemann surfaces are described by polynomial
equations. Thus modular curves have complex analytic and algebraic charac-
terizations like complex elliptic curves. Chapter 7 will show how the moduli
spaces arise from a single elliptic curve, and it will further show that the poly-
nomials describing Yp(V) and Y7(N) have rational coefficients. For now we
continue to work complex analytically and show that the moduli spaces map
bijectively to noncompactified modular curves. Recall the lattice A, = 7TZGZ
for 7 € H. Proving the following theorem amounts to checking that the torsion
data defining the moduli spaces match the conditions defining the congruence
subgroups.

Theorem 1.5.1. Let N be a positive integer.
(a) The moduli space for I'H(N) is

So(N) = {[E-. (/N + A,)] : 7 € M),
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Two points [E;,(1/N + A;)] and [E;, (1/N + A./)] are equal if and only
if To(N)T = Io(N)7'. Thus there is a bijection

o :So(N) — Yo(N),  [C/A;, (1/N + Ar)] = [y(N)T.
(b) The moduli space for I't1(N) is
S1(N)={[E:,1/N+ A;]: 7 € H}.

Two points [E;,1/N + A;] and [E.,1/N 4+ A/] are equal if and only if
I'N(N)T = I''(N)7'. Thus there is a bijection

Y1 : S1(N) — Y1(N), [C/A;,1/N + A+ Iy (N)T.
(¢) The moduli space for I'(N) is
S(N) = {[C/A,(T/N 4+ A;,1/N + A,)] : 7 € H}.

Two points [C/ A, (T/N+A;, 1/N+A)], [C/A, (7" /N+ A, 1/N+A0)]
are equal if and only if I'(N)r = I'(N)7'. Thus there is a bijection

¢ :S(N) =5 Y(N),  [C/A, (T/N + A;, 1/N + A)] v T(N)r.

Proof. Parts (a) and (c) are left as Exercise 1.5.1. For (b), take any point
[E, Q] of S1(N). Since E is isomorphic to C/A, for some 7/ € H as discussed
in Section 1.3, we may take E = C/A,. Thus Q = (¢7’ + d)/N + A, for
some ¢,d € Z. Then ged(e,d, N) = 1 because the order of @ is exactly N, i.e.,
ad — bc — kN =1 for some a, b, and k, and the matrix v = [‘g Z] € Mz (Z)
reduces modulo N into SLs(Z/NZ). Modifying the entries of v modulo N
doesn’t affect @, so since SLa(Z) surjects to SLy(Z/NZ) we may take v =
[a¢b] € SLa(Z). Let 7 = ~y(7') and let m = 7’ 4+ d. Then m7 = a7’ + b, so

mA, =m(tZ®Z) = (a7’ +b)Z & (c7' + )L =TZ DL = A

(using Lemma 1.3.1 for the third equality), and

1 e’ +d
—_— A = — A 5 = .
m(N+ O N tAr =0

This shows that [F, Q] = [C/A,;,1/N + A;] where 7 € H.
Suppose two points 7,7’ € H satisfy I'1(N)r = I[1(N)7'. Thus 7 = y(7')
where v = [2 4] € Il (V). Again let m = c¢7’ + d. Then as just shown,

1 '+ d
mA, = A, W(N+m>”;+mu

But since (¢,d) = (0,1) (mod N) the second equality is now m(1/N + A;) =
1/N + A Thus [C/A;,1/N + A;] = [C/A,1/N + A].
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Conversely, suppose [C/A;,1/N+A] = [C/A./,1/N+A ] withT,7" € H.

Then for some m € C, mA, = A, (by Corollary 1.3.3) and m(1/N + A,) =
1/N + A.,. By Lemma 1.3.1 the first of these conditions means that

m

[mﬂ -7 {Tll] for some v = {Z Z} € SLy(Z), (1.10)

so in particular m = ¢’ + d. Now the second condition becomes

e’ +d 1
AT’ = A7 AT’»
N + N +
showing that (¢,d) = (0,1) (mod N) and v € I1(N). Since 7 = ~(7')
by (1.10), it follows that Iy (N)7 = I (N)7'. O
Specializing to N = 1, the theorem shows that the space of isomor-

phism classes of complex elliptic curves parameterizes the modular curve
Yo(1) = Yi(1) = Y(1) = SLa(Z)\H as mentioned in Section 1.3 and at
the beginning of this section. This lets us associate a complex number to
each isomorphism class. Recall the modular invariant j from Section 1.1, an
SLy(Z)-invariant function on H. Each isomorphism class of complex elliptic
curves has an associated orbit SLo(Z)T € SLy(Z)\H and thus has a well
defined invariant j(SL2(Z)7). This value is also associated to any complex
elliptic curve E in the isomorphism class and correspondingly denoted j(E).
The Modularity Theorem states that the elliptic curves with rational j-values
arise from modular forms, as discussed back in the preface.

It follows from Theorem 1.5.1 that maps of the modular curves Yy (IV),
Y1(NV), and Y (N) give rise to maps of moduli spaces. For example, the natural
map from Y7 (N) to Yp(IV) taking orbits I'y (V)7 to Io(N)7T becomes the map
from S;(N) to So(N) taking equivalence classes [E, Q] to [E, (Q)], forgetting
the generator but keeping the group it generates. For another example, since
I''(N) is a normal subgroup of I'h(IN) the quotient group acts on Y7 (V) and
therefore on S; (V). The action works out to

I(N)y:[E,Ql— [E,dQ]  wherey=[2%] (mod N).

This self-map will recur in Chapter 5 and thereafter as a Hecke operator of
the sort mentioned in the preface. For details of these examples and others
see Exercises 1.5.2 through 1.5.6. The hybrid maps from Exercise 1.5.6,

[E,C,Ql—[E,Q, [ECQ—I[E/C,Q+C] (1.11)

where C' is a cyclic subgroup of prime order p and @ is a point of order N
and C N (Q) = {0g}, combine to describe the other Hecke operator to be
introduced in Chapter 5,

[E,Ql— Y [E/C,Q+C].
C
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The bijections between moduli spaces and modular curves give more ex-
amples of modular forms. The idea is that a class of functions of enhanced
elliptic curves corresponds to the weight-k invariant functions on the upper
half plane. Let k be an integer and let I" be one of IH(N), I'1(N), or I'(N).
A complex-valued function F' of the enhanced elliptic curves for I' is degree-k
homogeneous with respect to I' if for every nonzero complex number m,

F(C/mA, mC) m~*F(C/A,C) if I' = Io(N),
F(C/mA,mQ) ={m~*F(C/A,Q) if =TI (N), (1.12)
F(C/mA, (mP,mQ)) m~*F(C/A,(P,Q)) if I' = I'(N).

Given such a function F', define the corresponding dehomogenized function
f:H — C by the rule

F(C/A,, (1/N + A,)) if ' = Iy(N),
f(r) = F(C/A,,1/N + A,) if I' = I (N), (1.13)
F(C/A,, (/N + A 1/N + A,)) if I' = I'(N).

Then f is weight-k invariant with respect to I". To see this, let v = [‘; Z} er
and for any 7 € H let m = (¢t + d)~!. Then, e.g., for I' = I';(N), using the
condition (¢,d) = (0,1) (mod N) at the third step,

f((7)) = F(C/ A7), 1/N + Ay (7)) = F(C/mA;,m(cT + d) /N +mA;)
=m *F(C/A, 1/N + A;) = (et + d)F £ (7).

For instance, the lattice Eisenstein series from Section 1.4 are degree-k homo-
geneous with respect to SLy(Z), dehomogenizing to Eisenstein series on the
upper half plane.

Conversely, let f be weight-k invariant with respect to I" where I is one of
I'o(N), I (N), or I'(N). Then formula (1.13) turns around to define a func-
tion F' on enhanced elliptic curves of the special type (C/A;, (torsion data))
in terms of f (Exercise 1.5.7). If two such enhanced elliptic curves are equiv-
alent, e.g., (C/A,1/N+ A) = (C/mA,,m/N +mA;), then 7 = y(7') and
m = cr’ + d for some v = [‘; g] € I' as in the proof of Theorem 1.5.1. Thus
f(1) =m*f(7') and so F obeys formula (1.12) for those two points,

F(CJ/A, 1/N 4+ An) = f(7) =m™ f(1) = m FF(C/A,,1/N + A,).

Since every enhanced elliptic curve is equivalent to an enhanced elliptic curve
of the special type, formula (1.12) in its full generality extends F' to a degree-k
homogeneous function of enhanced elliptic curves for I'.

As an example of the correspondence, let N > 1 and let v = (c,,d,) € Z>
be a vector whose reduction ¥ modulo N is nonzero. Define a function of
enhanced elliptic curves

FJ(C/A,(PQ) = 513 9alcP + duQ).
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(The superscript v is just a label, not an exponent.) Then Fj is degree-2
homogeneous with respect to I'(N) (Exercise 1.5.8(a)). Chapter 4 will use the

corresponding function
- 1 CoT + dy
f(r) = Nz Pr (N)

to construct Eisenstein series of weight 2. Similarly, recall the lattice constants
g2(A) = 60G4(A) and g3(A) = 140G¢(A), the integer multiples of lattice
Eisenstein series from Section 1.4, and define functions of enhanced elliptic
curves for I'(N), I'1(N), and IH(N),

F3(C/A, (P,Q)) = palcP + duQ),

Fl(C/A,Q) =2

pA(dQ), deZ,d#0 (mod N)

= F(@(C/A, (P,Q)) for suitable P,

92(/1)
0(A) QGCZ_{O?(Q)

N—-1

= FOE(C /A,dQ) for any generator @ of C.
d=1

F()(C/Av C) =

Each of these functions is degree-0 homogeneous with respect to its group
(Exercise 1.5.8(b)). The corresponding weight-0 invariant functions are

g3(7) -
_ 92(7) bS i S (7
wir) =25 X0 (§7) = S A0

Chapter 7 will use these functions to show how polynomial equations describe
modular curves. We could have defined the functions with go(7)gs(7)/A(T)
where we have g2(7)/g3(7), to avoid poles in H, but the meromorphic functions
here are normalized more suitably for our later purposes.

Exercises

1.5.1. Prove the other two parts of Theorem 1.5.1. (A hint for this exercise
is at the end of the book.)
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1.5.2. The containments I'(N) C Iy (N) C I(N) give rise to surjections
Y(N) — Y1(N) and Yi(N) — Yo(V) given by I'(N)7 — I7(N)7 and
I (N)T — IH(N)7. Describe the corresponding maps between moduli spaces.
(A hint for this exercise is at the end of the book.)

1.5.3. Since the group containments mentioned in the previous exercises are
normal, it follows that the quotient Iy (N)/I'(N) & Z/NZ (cf. Section 1.2)
acts on the modular curve Y (V) by multiplication from the left, and similarly
for IH(N)/I'1(N) = (Z/NZ)* and Y1(N). Describe the corresponding action
of Z/NZ on the moduli space S(N), and similarly for (Z/NZ)* and S;(N).
(A hint for this exercise is at the end of the book.)

1.5.4. Let wy = []% “5] € GL3(Q). Show that wy normalizes the group
I'H(N) and so gives an automorphism Io(N)7 — Io(N)wy(7) of the mod-
ular curve Yp(N). Show that this automorphism is an involution (meaning
it has order 2) and describe the corresponding automorphism of the moduli
space So(IN). (A hint for this exercise is at the end of the book.)

1.5.5. Let NV be a positive integer and let p be prime. Define maps 71,75 :
Yo(Np) — Yo(N) to be m(Io(Np)T) = Io(N)T and ma(lo(Np)T) =
I'o(N)(pr). How do the corresponding maps 71,72 : So(Np) — So(IV) act
on equivalence classes [E, C]? Same question, but for I'1(Np) and I'1(N) and
S1(Np) and S;(N), and then again for I'(Np), etc.

1.5.6. Let N be a positive integer and let p be prime. Define congruence

subgroups of SLy(Z),
= {[1] s 1] =10 )

IY(N,p) = (N)NT°(p),

and

and define a corresponding modular curve,
YP(N,p) =Y (IT(N,p)).

An enhanced elliptic curve for I'Y(N,p) is an ordered triple (E, C, Q) where
FE is a complex elliptic curve, C' is a cyclic subgroup of E of order p, and @ is
a point of E of order N such that CN{Q) = {0g}. Two such triples (E,C, Q)
and (E’,C’, Q') are equivalent if some isomorphism E —— E’ takes C to C’
and @ to Q’. The moduli space for I'?(N, p) is the set of equivalence classes,

SY(N, p) = {enhanced elliptic curves for I')(N,p)}/ ~ .

An element of S{(IV, p) is denoted [E, C, Q).
(a) By the proof of Theorem 1.5.1(b), every element of S{(N,p) takes
the form [C/A,,C,1/N + A,/]. Show that C has a generator of the form
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(7" +34)/p+ A or 1/p+ A, this last possibility arising only if p + N. (This
idea will be elaborated in Section 5.2.) Show that therefore C' and @ can be
assumed to take the form

at’ +0b e’ +d ab
C—< » +AT/>7 Q_ N +A7"7 |:Cd:|€SL2(Z)

Let v = [24] and let 7 = (/). Show that [C/A.,C,1/N + A.] =
[C/A;, {T/p+ A;),1/N + A.]. (A hint for this exercise is at the end of the
book.)

(b) Part (a) shows that the moduli space for I'?(N, p) is

SY(N,p) = {[C/A;,(T/p+ A:),1/N + A;] : 7 € H}.

Show that two points of SY(IV,p) corresponding to 7,7’ € H are equal if and
only if I'?(N,p)T = I'?(N,p)7’, and thus there is a bijection

Y9 SYN,p) — Y(N, p), [C/A., (T/p+ A;),1/N + A,] = T'Y(N,p)T.

(c) Show that the maps I'?(N,p)7 + I'(N)1 and I'(N,p)T — I (N)7/p
from Y?(N,p) to Y1 (N) are well defined. Show that the corresponding maps
from SY(N,p) to S;(INV) are as described in (1.11).

1.5.7. Show that if two enhanced elliptic curves for I' of the special type
(C/A;, (torsion data)) are equal then 7" = ~(7) for some v = [} ¢] € I". Show
that consequently if f: H — C is weight-k invariant with respect to I" then
formula (1.13) gives a well defined function F' on enhanced elliptic curves of
the special type.

1.5.8. (a) Show that the function F3 from the section is degree-2 homogeneous
with respect to I'(N).

(b) Similarly, show that the functions FY, F, and Fy are degree-0 homo-
geneous with respect to I'(N), I't1(N), and I'H(N) respectively.
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Modular Curves as Riemann Surfaces

For any congruence subgroup I" of SLa(Z) the corresponding modular curve
has been defined as the quotient space I'\'H, the set of orbits

Y(I')={I'r:7e€H}.

This chapter shows that Y(I') can be made into a Riemann surface that can
be compactified. The resulting compact Riemann surface is denoted X (I").

Related reading: [FK80] is one of many good books about Riemann sur-
faces.

2.1 Topology

The upper half plane H inherits the Euclidean topology as a subspace of R2.
The natural surjection

m:H—Y(), w(r)=1IT

gives Y(I') the quotient topology, meaning a subset of Y (I') is open if its
inverse image under 7 in H is open. This makes 7 an open mapping (Exer-
cise 2.1.1). And the following equivalence holds (Exercise 2.1.2):

7T(U1)H7T(U2)=®in Y(F) <~ F(Ul)ﬁUQZ(Z)iH H. (2.1)

Since H is connected and 7 is continuous, the quotient Y (I") is also connected.

This section will show that Y (I') is Hausdorff, meaning distinct points
have disjoint neighborhoods. The key to this, and to putting coordinate charts
on Y (I') in the next section, is the idea that any two points in H have neigh-
borhoods small enough that every SLo(Z) transformation taking one point
away from the other also takes its neighborhood away from the other’s. In
the parlance of topology, the action of SLy(Z) on H is properly discontinuous.
The precise statement is
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Proposition 2.1.1. Let 71,75 € H be given. Then there exist neighborhoods
Uy of 1 and Us of 79 in H with the property

for all v € SLa(Z), if v(Ur) N Uz # O then v(11) = 7o.

Note that 71 and 75 in the proposition can be equal.

With the transformations SLo(Z) viewed as congruent motions, the upper
half plane A has a geometry concentrated down near the real axis, essentially
the same as how the hyperbolic geometry of the disk (perhaps familiar to the
reader from M. C. Escher’s artwork) is concentrated out near the rim. This
idea, which will become clearer in Section 2.3, motivates condition (2.2) in
the following proof.

Proof. Let Uj be any neighborhood of 7, with compact closure in H and
similarly for Uj. Consider the intersection v(U{) N U3 for v = [2 4] € SLy(Z).
For all but finitely many integer pairs (¢, d) with ged(e,d) = 1 the condition

sup{Im(v(7)) : v € SL2(Z) has bottom row (c,d), 7 € Uy}

2.2

< inf{Im(7) : 7 € U3} (2:2)
holds (Exercise 2.1.3(a)), making v(Uj) N Uj empty. Also, for every integer
pair (¢, d) with ged(e, d) = 1, the matrices v € SLa(Z) with bottom row (e, d)

torl[ea] +e2)

where (a,b) is any particular pair such that ad — bc = 1 (Exercise 2.1.3(b)).
Thus v(U) NUS = ([24] (U]) + k) N U4 is empty for all but finitely many ~
with bottom row (¢, d). Combining these two results shows that (Uj) inter-
sects UJ for only finitely many v € SLa(Z). (See Exercise 2.1.3(c) for a less
elementary way to prove this. The exercise establishes some facts that will
make Proposition 2.2.2, to follow, clearer as well.)

Let F' = {vy € SLo(Z) : v(U{) N Uy # 0, v(11) # 72}, a finite set. For each
v € F there exist disjoint neighborhoods U; - of v(71) and Us 4 of 75 in H.
Define

Uy =UiN m v Ulﬁ , a neighborhood of 71 in H,
yeEF

Uy, =UinN ﬂ Uz | s a neighborhood of 75 in H.
yeF

Take any v € SLa(Z) such that v(Uy) N Uz # 0. To show v(m1) = 7 it
suffices to show vy ¢ F. But if v € F, then v~ (U ) D Uy and Us, D Us, so
Uiy NUsy D y(Ur) NUs # 0, a contradiction since Uy , and Us  are disjoint.
This completes the proof. ]
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Corollary 2.1.2. For any congruence subgroup I of SLa(Z), the modular
curve Y (I') is Hausdorff.

Proof. Let w(71) and 7(72) be distinct points in Y'(I'). Take neighborhoods
U, of 71 and Us of 75 as in Proposition 2.1.1. Since vy(11) # 72 for all y € I,
the proposition says that I'(U;)NUsz = 0 in H, and so equivalence (2.1) shows
that 7(U1) and 7(Us) are disjoint supersets of 7(71) and 7(72) in Y(I"). They
are neighborhoods since 7 is an open mapping. O

It needs noting that Y'(I") is small enough to be a Riemann surface. A
Riemann surface is a 1-dimensional connected complex manifold, and by def-
inition the set underlying a manifold must have a second countable topology,
meaning the topology has a countable basis. This is certainly true for Eu-
clidean space and therefore for the quotient Y (I"). For more on this terminol-
ogy, see any point set topology text, e.g., [Mun00].

Exercises

2.1.1. Show that giving Y'(I") the quotient topology makes the natural sur-
jection 7 an open mapping.

2.1.2. Establish equivalence (2.1).

2.1.3. (a) Establish inequality (2.2). (A hint for this exercise is at the end of
the book.)
(b) Show that the set of matrices in SLy(Z) with bottom row (c,d) is
{[§%1[25] : k € Z} where (a,b) is any particular pair such that ad — bc = 1.
(c) The first part of the proof of Proposition 2.1.1 can also be argued by
studying the particular point 7. Show that in the group SLa(R), the subgroup
of elements fixing 7 is the special orthogonal group SO2(R). Note that the

group SLy(R) takes i to any point 7 = z + iy € H since the function s :

H — SLy(R) given by
_ 1 jye
= [0 1]

satisfies s(7)i = 7. (So now the upper half plane has a purely group the-
oretic description, H = SLy(R)/SO3(R).) Use these facts to show that
for any v € SLo(R) and ej,es € H, the conditions v(e;) = ez and
v € s(e3)SO2(R)s(e1) ! are equivalent. Let e; range over the compact closure
of the set U7 in the proof, and similarly for es, to show that v(U]) intersects
U, only for v in a certain compact group. Since v must also lie in the discrete
group SLy(Z), conclude that only finitely many such 7 exist.
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2.2 Charts

The next task is to put local coordinates on the modular curve Y (I"). This
means finding for each point 7(7) € Y (I') a neighborhood U (the symbol U
is reserved for neighborhoods in H) and a homeomorphism ¢ : U—VcC
C such that the transition maps between the local coordinate systems are
holomorphic.

At a point 7(7) where 7 € H is fixed only by the identity transformation
in I', i.e., only by the matrices I' N {%1}, this is easy: a small enough neigh-
borhood U of 7 in H is homeomorphic under 7 to its image 7(U) in Y (I'), as
Proposition 2.1.1 guarantees such a neighborhood with no I'-equivalent points
(Exercise 2.2.1). So a local inverse ¢ : m(U) — U could serve as the local
coordinate map.

But a point 7(7) where 7 has a nontrivial group of fixing transformations
in I' (its isotropy subgroup) poses more of a problem. For example, let I' =
SL»(Z) and let T = i, a fixed point under v = [{ 73 ]. In the small v acts as
180-degree rotation about i (Exercise 2.2.2), so any neighborhood U of i in H
contains pairs of y-equivalent points (see Figure 2.1) and thus can’t biject to a
neighborhood of 7(7) in SL2(Z)\H—projecting to the modular curve identifies
the two halves of the neighborhood. This illustrates that the points to worry
about satisfy

Definition 2.2.1. Let I' be a congruence subgroup of SLa(Z). For each point
T € H let I'. denote the isotropy subgroup of T, i.e., the T-fixing subgroup
of I,
I.={yerl:~(r)=r1}.

A point 7 € H is an elliptic point for I' (or of I') if I'; is nontrivial as
a group of transformations, that is, if the containment {1}, D {£I} of
matriz groups is proper. The corresponding point w(7) € Y (I") is also called
elliptic.

Figure 2.1. Pairwise equivalence about ¢
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Note that I'; also fixes the point 7 € —H since I' C SLa(R). (“Elliptic
point” is unrelated to “elliptic curve” from Chapter 1 other than each having
a distant connection to actual ellipses.)

The next result will be established in the following section.

Proposition 2.2.2. Let I' be a congruence subgroup of SLo(Z). For each el-
liptic point T of I' the isotropy subgroup - is finite cyclic.

Thus each point 7 € H has an associated positive integer,

|I;|/2 if —I € I,

e = (£ {1} = {| A,
This h, is called the period of 7, with h; > 1 only for the elliptic points. If
7 € H and v € SLy(Z) then the period of y(7) under vI'y~! is the same as the
period of 7 under I" (Exercise 2.2.3). In particular, h, depends only on I'T,
making the period well defined on Y (I"), and if I" is normal in SLy(Z) then
all points of Y'(I") over a point of Y(SL2(Z)) have the same period. The space
Y (I') depends on I" as a group of transformations acting on H, and —I acts
trivially, so defining the period as we did rather than simply taking h, = |I;|
is natural. The definition correctly counts the 7-fixing transformations.

To put coordinates on Y (I') about a point m(7), first use the map
6. = [1ZZ] € GL2(C) (the group of invertible 2-by-2 matrices with com-
plex entries) to take 7 to 0 and 7 to co. The isotropy subgroup of 0 in the
conjugated transformation group, (6, {£I}I'6-1)o/{%I}, is the conjugate of
the isotropy subgroup of 7, 6, ({*£I}I/{+I})d-!, and therefore is cyclic of
order h; as a group of transformations by Proposition 2.2.2. Since this group
of fractional linear transformations fixes 0 and oo, it consists of maps of the
form z — az, and since the group is finite cyclic these must be the rotations
through angular multiples of 27 /h, about the origin. Thus J, is “straighten-
ing” neighborhoods of 7 to neighborhoods of the origin in the sense that after
the map, equivalent points are spaced apart by fixed angles. This suggests
(as Figure 2.1 has illustrated with h, = 2) that a coordinate neighborhood
of w(7) in Y(I") should be, roughly, the 7-image of a circular sector through
angle 27 /h, about 7 in H, and that the identifying action of 7 is essentially
the wrapping action of the h,th power map, taking the sector to a disk.

To write this down precisely and check that it works, start with another
consequence of Proposition 2.1.1 (Exercise 2.2.4),

Corollary 2.2.3. Let I" be a congruence subgroup of SLa(Z). Each point T €
H has a neighborhood U in H such that

forally eI, if y(U)NU # 0 then v € I-.

Such a neighborhood has no elliptic points except possibly T.
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Figure 2.2. Local coordinates at an elliptic point

Now given any point 7(7) € Y(I'), take a neighborhood U as in the corol-
lary. Define ¢ : U — C to be ¢ = p o § where 6 = §, and p is the power
function p(z) = 2" with h = h, as above. Thus ¥(7') = (§(7"))" acts as the
straightening map 0 followed by the h-fold wrapping p. (See Figure 2.2.) Let
V =4 (U), an open subset of C by the Open Mapping Theorem from complex
analysis. Since the projection 7 and the wrapping v identify the same points
of U, there should exist an equivalence between the images of U under the
two mappings. To confirm this, consider the situation

U S aU)cY(), U%Lvcce
and note that for any points 7,7 € U,

m(n)=n(rn) < ne€l'n < 7 €I,75 by Corollary 2.2.3
= 0(r1) € (0767 1)(5(m2)) <= &(71) = pi(6(r2)) for some d,

where ju, = >/ since 61,61 is a cyclic transformation group of h rota-
tions. So

m(n) = () <= (6(n))" = (8(r))" <= ¥(n) = ¥(r2),

as desired. Thus there exists an injection ¢ : w(U) — V such that the

diagram
U
/ \\w‘
w(U) — v

commutes. Also, ¢ surjects because 1 surjects by definition of V. The map
¢ is the local coordinate. The coordinate neighborhood about 7 (7) in Y (I")
is m(U) and the map ¢ : 7(U) — V is a homeomorphism (Exercise 2.2.5).
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In sum, U is a neighborhood with no elliptic point except possibly 7;
1 : U —> V is the composition ¢ = p o § that matches the identifying action
of m by wrapping U onto itself as prescribed by the period of 7; and the local
coordinate ¢ : w(U) — V, defined by the condition ¢ o m = 1, transfers the
identified image of U in the modular curve back to the wrapped image of U
in the complex plane.

We need to check that the transition maps between coordinate charts are
holomorphic. That is, given overlapping 7w (U;) and 7(Us), we need to check
2,1, the restriction of ¢ o <pf1 to @1 (w(Uy) Nm(Us)). Let Vi o = p1(w(Ur) N
w(Uz)) and Va1 = wa(m(U1) N7w(Uz)) and write the commutative diagram

’/T(Ul) ﬂ’ﬂ'(UQ)

V’ K
»

2,1

Vi ’ Vai.

For each x € w(Uy) N w(Us) it suffices to check holomorphy in some neigh-
borhood of ¢1(x) in V1 2. Write © = 7(11) = n(72) with 7y € Uy, 72 € Uy,
and 1o = (1) for some v € I'. Let Uy 2 = Uy Ny~ (Us). Then the projec-
tion m(U7,2) is a neighborhood of z in w(U1) N7 (Us) and so ¢1(w(Us2)) is a
corresponding neighborhood of ¢;(z) in Vi 9.

Assume first that ¢1(z) = 0, i.e., the first straightening map is 01 = d,,.
Then an input point ¢ = ¢1(z’) to o ;1 in this neighborhood takes the form

q=p1(m(7)) = (7)) = (61("))"  for some 7’ € Uiz

where hy is the period of 7. Letting 7> € Us be the point such that ¢9(72) = 0
and letting ho be its period, the corresponding output is

p2(2') = pa(m(v(7"))) = Y2(y(7")) which is defined since v(7') € Us
= (S2(7(7))" = (62767 1) (61(7")))"2
= (82767 ") (g"/ ™))"=

This calculation shows that the only case where the transition map might
not be holomorphic is when h; > 1, meaning 7; is elliptic and hence so
is 7o = v(m1) with the same period. Recall that Us contains at most one
elliptic point by construction and then the local coordinate takes it to 0. So
when hy; > 1 the point 75 is the point 7o € Us mentioned above, the second
straightening map is é3 = d.,, and hy = h;. Thus

1 -1
0 ¥ d2 [N _ ol d2
Ot Tyt To | 0, 00 Tt To b 00,

showing that (527(5;1 = [‘6‘ g] for some nonzero «, € C. The formula for
(2,1 becomes
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o ([59@)" = /8

and the map is clearly holomorphic.

So far the argument assumes that ¢;(z) = 0. But it also covers the case
pa(x) = 0 since the inverse of a holomorphic bijection is again holomorphic.
And in general, 2 1 is a composite @3 303 1 where 3 : m(Us) — V3 takes x
to 0, so in fact the argument suffices for all cases.

Exercises

2.2.1. Let 7 € H be fixed only by the identity transformation in I'. Use
Proposition 2.1.1 to show that some neighborhood U of 7 is homeomorphic
to its image in Y(I).

2.2.2. Compute H —@] [(1) _(1)] H _z:] ' and explain how this shows that the

7 7
map y(7) = —1/7 acts in the small as 180-degree rotation about i.

2.2.3. Show that if 7 € H and v € SLo(Z) then the period of «(7) un-
der yI'y~! is the same as the period of 7 under I'.

2.2.4. Prove Corollary 2.2.3.

2.2.5. Explain why ¢ : m#(U) — V as defined in the section is a homeomor-
phism. (A hint for this exercise is at the end of the book.)

2.3 Elliptic points

It remains to prove Proposition 2.2.2, that for any congruence subgroup I’
of SLy(Z) each elliptic point 7 of I" has finite cyclic isotropy subgroup I.
The process of doing so will develop a much clearer picture of Y (I") and show
that it has only finitely many elliptic points.

The simplest case is Y (1) = SLa(Z)\H. The next two lemmas will show
that Y (1) can essentially be identified with the set (Figure 2.3)

D={reH:|Re(r) <1/2, |7| > 1}.

By Section 1.5, this set D also essentially represents the equivalence classes of
complex elliptic curves under isomorphism, the point 7 € D representing the
class of C/A, where A, =7Z @ Z.

Lemma 2.3.1. The map © : D — Y (1) surjects, where 7 is the natural
projection w(7) = SLo(Z)T.
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Figure 2.3. The fundamental domain for SLy(Z)

Proof. Given 7 € H it suffices to show that 7 is SLa(Z)-equivalent to some
point in D. Repeatedly apply one of [(1) iﬂ ;7 +— 7% 1 to translate 7 into the
vertical strip {|Re(7)| < 1/2}, and replace 7 by this transform. Now if 7 ¢ D
then |7| < 1 and so Im(—1/7) = Im(—7/|7|?) = Im(/|7|?) > Im(7); replace
T by [(1) _(1)] (1) = —1/7 and repeat the process. Since there are only finitely
many integer pairs (¢, d) such that |cr4d| < 1 (because there are only finitely
many lattice points inside a disk), the formula

_Im(7)
et +dJ?

for v = [Z Z] € SLy(Z)

Im(y7)
shows that only finitely many transforms of 7 have larger imaginary part.
Therefore the algorithm terminates with some 7 € D. ]

The surjection 7 : D — Y(1) isn’t injective. The translation [§1] :
7 +— 7 + 1 identifies the two boundary half-lines, and the inversion [(1) *(1)] :
7+ —1/7 identifies the two halves of the boundary arc. But these boundary
identifications are the only ones:

Lemma 2.3.2. Suppose 11 and T2 are distinct points in D and that 7o = y1y
for some v € SLa(Z). Then either

(1) Re(r) =x1/2 and 7o = 71 F 1, or
(2) || =1and 7o = —1/71.

Proof. (Sketch—Exercise 2.3.1 asks for details.) Assume Im(72) > Im(7y) by
symmetry. Let v = [25]. Then |ery + d|? < 1 since Im(72) > Im(ry
Im(7y) > +/3/2 since 7, € D. So

:—/
)
]
[oN

\c|\/§/2 < |ellm(7y) = [Im(ery +d)| < ey +d| < 1,

and since ¢ € Z this shows that |¢| € {0,1}.
If ¢ = 0 then v = £ [} %] and Re(r2) = Re(71) + b, forcing |b] = 1 and (1)
holds.
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If |c| = 1 then the condition |ery + d|?> < 1 becomes |r; +£d|*> < 1, or
(Re(ry) & d)® + (Im(r))? < 1, implying (Re(ry) = d)* < 1 — (Im(my))? <
1—-3/4=1/4, so |Re(m) £ d| <1/2, forcing |d| < 1.

If |c| = 1 and |d| = 1 then in the preceding calculation all inequalities
must be equalities. Tt follows that Im(m;) = v/3/2 and |Re(r1) + 1| = 1/2, so
Re(m1) = £1/2 and both (1) and (2) hold.

If |¢| = 1 and d = 0 then the condition |cm +d| < 1 becomes |r1| < 1, so in
fact |71| = 1 (since 7y € D) and Im(72) = Im(7y). So also |m2| = 1 by symmetry
since now 7 and 7 have the same conditions on their imaginary parts and on
the c-entries of the matrices transforming each to the other. Thus 7 and 7
have the same absolute value and the same imaginary part but are distinct,
forcing their real parts to be opposites and (2) holds. O

So with suitable boundary identification the set D is a model for Y(1) =
SLo(Z)\H, also called a fundamental domain for SLg(Z). Topologically, D
modulo the identification is a plane. Figure 2.4 shows some SLy(Z)-translates
of D. The whole configuration repeats horizontally with period 1 under iter-
ations of [ *1] : 7 = 7 £ 1. The figure shows how the SLy(Z)-translates of
a point 7 € H can cluster only down toward the real axis, perhaps giving a
more intuitive understanding of Proposition 2.1.1.

Figure 2.4. Some SL3(Z)-translates of D
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Returning to elliptic points, suppose 7 € H is fixed by a nontrivial trans-
formation [24] € SLy(Z). Then ar + b = c7? + dr; solving for 7 with the
quadratic equation (¢ = 0 is impossible since 7 ¢ Q) and remembering that
7 € H shows that |a+d| < 2 (Exercise 2.3.2). Thus the characteristic polyno-
mial of v is 241 or 2 =2 + 1. Since v satisfies its characteristic polynomial,
one of ¥4 = I, 42 = I, 4% = I holds, and v has order 1, 2, 3, 4, or 6 as a
matrix. Orders 1 and 2 give the identity transformation (Exercise 2.3.3). So
the following proposition describes all nontrivial fixing transformations.

Proposition 2.3.3. Let v € SLa(Z).
+1

(a) If v has order 3 then «y is conjugate to [_(1) _}] in SLQ( ).
(b) If v has order 4 then v is conjugate to [(1) *(l)]il in SLo(Z
(¢) If v has order 6 then ~y is conjugate to [(1) Hil in SLy(Z

Proof. (c) Since 4% = I the lattice L = Z? of integral column vectors is a
module over the ring Z[ug] where pg = €27/6, defining the scalar-by-vector
product (a + bug) - v for a,b € Z and v € L as the matrix-by-vector product
(al + by)v.

The ring Z[ug] is known to be a principal ideal domain and L is finitely
generated over it. The structure theorem for modules over a principal ideal
domain therefore says that L is Z[jug]|-isomorphic to a sum @, Z[ue]/ I, where
the I are ideals. As an Abelian group, L is free of rank 2. Every nonzero I,
of Z[ug] has rank 2 as an Abelian group, making the quotient Z[ug]/I a
torsion group, so no such terms appear in the sum. Only one free summand
appears, for otherwise the sum would be too big as an Abelian group. Thus
there is a Z[ug]-module isomorphism ¢, : Z[ug] — L.

Let u = ¢ (1) and v = ¢~ (16) and let [u v] denote the matrix with columns
uw and v. Then L = Zu + Zv so detu v] € {£1} (Exercise 2.3.4(a)). Compute
that yu = e - ¢ (1) = ¢, (ue) = v, and similarly yv = e - ¢ (16) = (bv(:ug) =
(=14 p) = —u+v. Thus

Yuvl = —utv]=[uv][71], soy=[uv] [{ 1] ue]™

and

Y[vul = [—u+vv] = vyl [7}(1)], so v = [v u] [?_%] [v u]_l.

One of [u v], [v u] is in SLy(Z), proving (1).
Parts (a) and (b) are Exercise 2.3.4(b). O

Now we can understand the elliptic points and their isotropy subgroups.

Corollary 2.3.4. The elliptic points for SLy(Z) are SLa(Z)i and SLa(Z)us
where pz = €>™/3. The modular curve Y (1) = SLy(Z)\H has two elliptic
points. The isotropy subgroups of i and usz are
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SLa(Z)i = ([1 7)) and SLa(Z)u, = ([T 71])-

For each elliptic point T of SLa(Z) the isotropy subgroup Sla(Z), is finite
cyclic.

Proof. The fixed points in H of the matrices in Proposition 2.3.3 are ¢ and us.
The first statement follows (Exercise 2.3.5(a)). The second statement follows
since ¢ and ps are not equivalent under SLg(Z). The third statement can
be verified directly (Exercise 2.3.5(a) again), and the fourth statement fol-
lows since all other isotropy subgroups of order greater than 2 are conjugates
of SLy(Z); and SLa(Z),,. See Exercise 2.3.5(b) for a more conceptual proof
of the fourth statement. O

Proposition 2.2.2 and a bit more now follow.

Corollary 2.3.5. Let I' be a congruence subgroup of SLa(Z). The modular
curve Y (I') has finitely many elliptic points. For each elliptic point T of I' the
isotropy subgroup . is finite cyclic.

Proof. 1f SLo(Z) = U?:l I'v; then the elliptic points of Y'(I") are a subset of
Epr ={I'y;(i),I'y;(ps) : 1 < j < d}. The second statement is clear since I’
is a subgroup of SLy(Z), for all 7 € H. O

For a congruence subgroup I', if SLo(Z) = (J;{==1}"y; then the set |J; ;D
surjects to Y(I') (Exercise 2.3.8), and with suitable boundary identification
this is a bijection as before. The set need not be a fundamental domain,
however, since a fundamental domain is also required to be connected.

Exercises

2.3.1. Fill in any details as necessary in the proof of Lemma 2.3.2.
2.3.2.If [2b] € SLy(Z) fixes 7 € H, show that |a + d| < 2.
2.3.3. Show that if v € SLy(Z) has order 2 then v = —1I.

2.3.4. (a) In the proof of Proposition 2.3.3, why does the condition L =
Zu + Zv imply detfu v] = £17

(b) Prove the other two parts of Proposition 2.3.3. (Hints for this exercise
are at the end of the book.)

2.3.5. (a) Complete the proof of Corollary 2.3.4. (A hint for this exercise is
at the end of the book.)

(b) Give a more conceptual proof of the third statement in Corollary 2.3.4
as follows: The results from Exercise 2.1.3(c), that the isotropy subgroup of
in SLy(R) is SO2(R) and that H = SLy(R)/SO2(R), show that an element
s(7) of SLa(R) moves 7 to i and the isotropy subgroup of 7 correspondingly
conjugates to a discrete subgroup of SO3(R). But since SO2(R) is the rota-
tions of the circle, any such subgroup is cyclic.
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2.3.6. In the proof of Corollary 2.3.5, need the 2d points in Y (I") listed in
the description of Er be distinct? Need the points of Fr all be elliptic points
of I'?

2.3.7. Prove that there are no elliptic points for the following groups: (a)
I'(N) for N > 1, (b) I (N) for N > 3 (also, find the elliptic points for I'(2)
and I7(3) given that each group has one), (c) I'h(N) for N divisible by any
prime p = —1 (mod 12). (A hint for this exercise is at the end of the book.)
In the next chapter we will extend the technique of proving Proposition 2.3.3
to count the elliptic points of IH(N) for all N.

Also, show that if the congruence subgroup I" does not contain the negative
identity matrix —I then I" has no elliptic points of period 2.

2.3.8. Suppose SLy(Z) = (J,{£I}["y; where I" is a congruence subgroup.
Show that (J; ;D surjects to Y'(I"). (A hint for this exercise is at the end of
the book.)

2.4 Cusps

Transferring the fundamental domain D (as pictured in Figure 2.3) to the
Riemann sphere via stereographic projection gives a triangle with one vertex
missing. (The reader should sketch this before continuing.) Clearly the triangle
should be compactified by adjoining the point at infinity, to be thought of as
infinitely far up the imaginary axis in the plane or as the north pole on the
sphere.

In general, let I" be a congruence subgroup of SLo(Z). Chapter 1 defined
the cusps of I' as the I'-equivalence classes of Q U {oo}. This section will
adjoin cusps with appropriate local coordinate charts to the modular curve
Y (I'), completing Y (I') to a compact Riemann surface denoted X (I"). The
coordinates to be used have already been built into the cusp condition in the
definition of modular forms. The compactified X (I") is also called a modular
curve.

The group GL;(Q) of 2-by-2 matrices with positive determinant and ra-
tional entries acts on the set Q U {oo} by the rule

abl| /my am-+bn

{c d} (n) em+dn
where this means to take co to a/c and —d/c to oo if ¢ # 0 and to take oo
to oo if ¢ = 0. As the matrices are nonsingular no 0/0 expressions will arise.
The subgroup SLo(Z) acts transitively since any rational number takes the
form s = a/c with a,c 6 Z and gcd(a, ¢) = 1, meaning that ad — bc = 1 for
some b,d € Z, and [ s. (Note how this geometrically motivates

part of Exercise 1.2. 11(b), that every v € GLJ (Q) factors as v = ay/, with
a € SLy(Z) and ' = [§ *]: if the matrix v € GL3 (Q) doesn’t already have
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lower left entry 0 then it takes oo to some rational number s. Left multiplying
by a suitable a~! € SLy(Z) takes s back to co, meaning the product 4/ = a =1~y
fixes 0o and therefore has lower left entry 0 as desired.) If a € SLy(Z) takes co
to a rational number s then a transforms the fundamental domain D to a
region that tapers to a cusp at s (cf. Figure 2.4), just as D itself tapers to a
cusp at oo on the Riemann sphere. The isotropy subgroup of oo in SLy(Z) is

the translations,
1m
st {2 [} 7] ez}

Let I' be a congruence subgroup of SLy(Z). To compactify the modular
curve Y(I') = I'\'H, define H* = HUQU{oo} and take the extended quotient

X(I') = I\H* = Y(I') UT\(QU {c0}).

The points I's in I'\(Q U {oo}) are also called the cusps of X(I'). For the
congruence subgroups Io(N), I'N(N), and I'(N) we write Xo(N), X1(N),
and X (N).

Lemma 2.4.1. The modular curve X (1) = SLa(Z)\H* has one cusp. For any
congruence subgroup I' of SLa(Z) the modular curve X (I') has finitely many
cusps.

Proof. Exercise 2.4.1. O

The topology on H* consisting of its intersections with open complex disks
(including disks {z : |z| > r} U {cc0}) contains too many points of QU {oo} in
each neighborhood to make the quotient X (I") Hausdorff. Instead, to put an
appropriate topology on X (I") start by defining for any M > 0 a neighborhood

Ny ={r e H :Im(r) > M}.

Adjoin to the usual open sets in H more sets in H* to serve as a base of
neighborhoods of the cusps, the sets

aNy U{x}) : M >0, a € SLy(Z),

and take the resulting topology on H*. Since fractional linear transformations
are conformal and take circles to circles, if a(co) € Q then a(Ny U {oo})
is a disk tangent to the real axis. (Figure 2.5 shows N] U {co} and some of
its SLg(Z)-translates; note how this quantifies the discussion leading up to
Definition 1.2.3.) Under this topology each v € SLy(Z) is a homeomorphism
of H*. Finally, give X (I") the quotient topology and extend natural projection
tom: H* — X(I).

Proposition 2.4.2. The modular curve X (I") is Hausdorff, connected, and
compact.
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Figure 2.5. Neighborhoods of co and of some rational points

Proof. The first statement requires distinct points x1,z2 € X(I") to have
disjoint neighborhoods. The case x1 = I'my, xo = 't with 7,79 € H is
already established as Corollary 2.1.2.

Suppose z1 = ['s1, o = 'y with 57 € Q U {co} and 75 € H. Then
s1 = afoo) for some a € SLa(Z). Let Uz be any neighborhood of 75 with
compact closure K. Then the formula

Im(y(7)) < max{Im(7),1/Im(r)} for 7 € H and y € SLy(Z)

(Exercise 2.4.2(a)) shows that for M large enough, SLo(Z)K NNy = 0. Let
Ur = a(Ny U {oc}). Then n(Uy) and 7(Us) are disjoint (Exercise 2.4.2(b)).

Suppose x1 = I'sy, xo = I'sy with s1,85 € QU {oo}. Then 51 = a;(o0)
and so = az(oo) for some ag,ay € SLa(Z). Let U = a3 (N2 U {o0}) and
Uy = as(N2 U {oo}). Then w(U;) and w(Us) are disjoint, for if yay () =
ag(7y) for some v € I' and 71,75 € N, then oz2_1*yoz1 takes 7 to T and
(since N5 is tessellated by the integer translates of D and contains no elliptic
points) therefore must be + [} 7] for some m € Z. Thus a; 'yay fixes oo
and consequently v(s1) = sq, contradicting that x1 and zo are distinct. This
completes the proof that X (I") is Hausdorff.

Suppose H* = O1 U Oy is a disjoint union of open subsets. Intersect with
the connected set H to conclude that O; D H and so Oy C QU {oo}. But
then Oy is not open after all unless it is empty. Thus H* is connected and
hence so is its continuous image X (I).

For compactness, first note that the set D* = DU{c0} is compact in the H*
topology (Exercise 2.4.3). Since H* = SLo(Z)D* = J; I'y;(D*) where the v;
are coset representatives, X (I") = [J; 7(7;(D")). Since each ; is continuous
and 7 is continuous and [SLg(Z) : I'] is finite, the result follows. O

Making X (I") a compact Riemann surface requires giving it charts. Retain
the coordinate patches m(U) and maps ¢ : 7(U) — V from Section 2.2 for
neighborhoods U C H. For each cusp s € QU {oo} some § = §; € SLa(Z)
takes s to co. Define the width of s to be

hs = her = |SLa(Z) oo/ (S{E£I}T6 1) o]
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Figure 2.6. Local coordinates at a cusp

(The I' subscript is suppressed when context makes the group clear.) This
notion is dual to the period of an elliptic point, being inversely proportional
to the size of an isotropy subgroup. Recall that the period of an elliptic point is
the number of sectors of the disk at the point that are identified under isotropy.
At a cusp, infinitely many sectors come together, sectors most easily seen after
translating to co as unit vertical strips, and the width of the cusp is the number
of such strips are that are distinct under isotropy (see Figure 2.6). The group
SLo(Z)oo = {£I}([§ 1]) is infinite cyclic as a group of transformations, and so
the width is characterized by the conditions {+I}(61'671)oe = {EI}{[{"]),
h > 0. The width is finite (Exercise 2.4.4(a)) and independent of § since in fact
hs = |SLa(Z)s/{£I}T| (Exercise 2.4.4(b)). If s € QU {oo} and v € SLa(Z)
then the width of v(s) under yI'y~! is the same as the width of s under I"
(Exercise 2.4.4(c)). In particular, hs depends only on I's, making the width
well defined on X (I"), and if I" is normal in SLy(Z) then all cusps of X (I)
have the same width. Now define U = Uy = §~1 (N3 U {oc0}) and as before
define 1 as a composite ¥ = pod where this time p is the h-periodic wrapping
map p(z) = e2>™*/"_ Note that v is exactly the change of variable embedded
in condition (3) of Definition 1.2.3. Also as before, let V' = im(z)), an open
subset of C, to get

bU—V, () =2

As with elliptic points, ¥ mimics the identifying action of w. This time the
fractional linear transformation ¢ straightens neighborhoods of s by making
identified points differ by a horizontal offset, and then the exponential map p
wraps the upper half plane into a cylinder which, held to one’s eye like a
telescope, becomes in perspective a disk with oo at its center. (Again see
Figure 2.6, noting how the shape of the shaded sector in U motivates the
term “cusp.”)

To confirm that v carries out the same identification as m about s, compute
that for 7,7 € U,
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m(m) =7w(r) <= 11 =7(r2) < d(n) = (676 ")(6(72))

for some v € I'. But this makes 676! a translation since §(;) and §(72) both
lie in N3 U {oo}. So 6767 € 01671 NSLa(Z) o = (6107 ) oo C £([§ #]) and

(1) =7(re) < 0(m1) = 0(r2) + mh for some m € Z

= P(n1) = P(m2).

As in Section 2.2 there exists a bijection ¢ : w(U) — V such that the diagram

U
7N
rU) —2— v

commutes. As before, the coordinate neighborhood about 7 (7) in Y/(I') is w(U)
and the coordinate map is ¢ : 7(U) — V, a homeomorphism (Exercise 2.4.5).
Again ¢ : U — V is the composition ¢ = p o 4, and the local coordinate
¢ :w(U) — V is defined by the condition ¢ o 7 = 1.

Checking that the transition maps are holomorphic is similar to the process
carried out for coordinate patches Uy, Us C H in Section 2.2, but now at least
one patch is a cusp neighborhood.

Suppose U; C H has corresponding 61 = 6,, € GLy(C) where 71 has width
hy, and suppose U = 85 ' (No U {oc}). As before, for each = € 7(Uy) N7 (Us)
write x = 7(71) = w(me) with 7, € Uy, 72 € Uy, and 75 = v(71) for some
v € I'. Let Uy 5 = Uy Ny~ (Us), a neighborhood of 71 in H. Then ¢ (7(Uy2))
is a neighborhood of ¢;(x) in Vi 3 = @1 (7(Ur) N w(Uz)). Note that if hy > 1
then 71 ¢ Uy 2, else the point d2(y(m1)) € N is an elliptic point for I", but
N, contains no elliptic points for SLy(Z) (Exercise 2.4.6). So if h; > 1 then
0 ¢ ¢1(m(Ur,2)). As before, an input point ¢q(z') to @21 in Vi o takes the
form ¢ = (d1(7"))" . This time the corresponding output is

p2(a) = pa(m((7))) = Y2((7")) = exp(2miday (') /h2)
= exp(2midaydy ' (g"/") /ha).

So the only case where the transition map might not be holomorphic is when
hi > 1and 0 € p1(m(U;2)), but we have seen that this cannot happen. The
discussion here also covers the case with the roles of U; and U, exchanged
since the inverse of a holomorphic bijection is again holomorphic.

Suppose U; = 51_1(J\/2 U {oc}) with &; : s; + oo and Uy = 52_1(J\/2 U
{o0}) with 8y : s+ co. If 7(Uy) N7w(Us) # B then 67 (Nz U {oo}) meets
55 H(NaU{o0}) for some v € T, i.e., d27d; * moves some point in NpU{oo} to
another and therefore must be a translation 4 [} 7]. So v(s1) = v6; ' (00) =
4651 [ ™] (00) = sy. It follows that hy = hy and the transition map takes an
input point in o1 (7(U12)),



62

2 Modular Curves as Riemann Surfaces

q = ¥1(7) = exp(2midy (1)/h),

to the output point

P2(7(7))

— eQTrim/hq.

This is clearly holomorphic.

exp(27ri52'y51_1(61 (1))/h) = exp(2mi(61(7) + m)/h)

For any congruence subgroup I" of SLy(Z) the extended quotient X (I) is
now a compact Riemann surface. Figure 2.7 summarizes the local coordinate

structure for future reference.

Topologically every compact Riemann surface is a g-holed torus for some
nonnegative integer g called its genus. In particular, complex elliptic curves
have genus 1. The next chapter will compute the genus of X (I") and study
the meromorphic functions and differentials on X (I"). This will give counting
results on modular forms as well as being interesting in its own right.

7 H* — X(I) is natural projection.
U C H* is a neighborhood containing at most one elliptic point or cusp.
The local coordinate ¢ : 7(U) — V satisfies p o7 = o)
where ¢ : U — V is a composition ) = p o J.

About s € QU {o0}:

About 75 € H:
The straightening map is z = 6(7)
o 1 —T70 o
where § = 17 | d(m0) = 0.

0(U) is a neighborhood of 0.

The straightening map is z = 6(7)
where § € SLa(Z), 6(s) = oo.
0(U) is a neighborhood of co.

The wrapping map is ¢ = p(z)
where p(z) = 2", p(0) =0
with period h = {1}, /{£I}].
V = p(6(U)) is a neighborhood of 0.

The wrapping map is ¢ = p(z)
where p(z) = e?™*/" p(00) =0
with width h = |SLo(Z)s/{E£I} .
V = p(6(U)) is a neighborhood of 0.

Figure 2.7. Local coordinates on X (I")

Exercises

2.4.1. Prove Lemma 2.4.1.

2.4.2. (a) Justify the formula Im(y(7)) < max{Im(7),1/Im(7)} for 7 € H
and v € SLy(Z) used in the proof of Proposition 2.4.2.
(b) In the same proof, verify that 7(U;) and 7(Us) are disjoint.
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2.4.3. Show that the set D* = D U {oo} is compact in the H* topology.

2.4.4. (a) Show that the width h; is finite. (Hints for this exercise are at the
end of the book.)

(b) Show that hs = [SL2(Z)/{£I}T|.

(c) Show that if s € QU {oo} and v € SLy(Z) then the width of ~(s)
under vy~ ! is the same as the width of s under I'.

2.4.5. Explain why ¢ : m(U) — V as defined in the section is a homeomor-
phism.

2.4.6. Show that N3 contains no elliptic points for SLo(Z). (A hint for this
exercise is at the end of the book.)

2.4.7. Suppose that Iy and I are congruence subgroups of SLo(Z) and that
7 is an element of GLJ (Q) (see Exercise 1.2.11) such that I3y~ C I, Show
that the formula It 7 — I»y(7) defines a holomorphic map X (I'7) — X (I3).

2.5 Modular curves and Modularity

Recall from Section 1.5 that every complex elliptic curve F has a well defined
modular invariant j(F). Recall the congruence subgroup [H(N) of SLy(Z)
from Section 1.2 and its associated modular curve Xo(N). Complex analyt-
ically the Modularity Theorem says that all elliptic curves with rational in-
variants come from such modular curves via holomorphic maps, viewing both
kinds of curve as compact Riemann surfaces,

Theorem 2.5.1 (Modularity Theorem, Version X¢). Let E be a com-
plex elliptic curve with j(E) € Q. Then for some positive integer N there
exists a surjective holomorphic function of compact Riemann surfaces from
the modular curve Xo(N) to the elliptic curve E,

Xo(N) — E.

The function in the theorem is called a modular parameterization of E. This
first incarnation of Modularity gives little indication of number theory. The
statement will be refined in later chapters, with other objects replacing the
modular curve Xo(N) and with the field Q of rational numbers replacing C,
as more ideas enter into the book.
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Dimension Formulas

For any congruence subgroup I' of SLa(Z), the compactified modular curve
X(I') is now a Riemann surface. The genus of X (I'), its number of elliptic
points, its number of its cusps, and the meromorphic functions and meromor-
phic differentials on X (I") are all used by Riemann surface theory to determine
dimension formulas for the vector spaces My (I") and Si(I").

Related reading: This chapter is based on Chapters 1 and 2 of [Shi73]. The
material is also in [Miy89] and (less completely) [Sch74].

3.1 The genus

Let I' be a congruence subgroup of SLy(Z). Topologically the compact Rie-
mann surface X (I") = I'\H* is a sphere with g handles for some g € N. This
g, the genus of X (I'), will figure in the pending dimension formulas for vector
spaces of modular forms.

Let f : X — Y be a nonconstant holomorphic map between compact
Riemann surfaces. As explained in Section 1.3, f surjects. For any y € Y the
inverse image f~1(y) is discrete in X since f is nonconstant and X is closed,
and therefore f~1(y) is finite since X is compact. In fact the map f has a well
defined degree d € Z* such that |f~1(y)| = d for all but finitely many y € Y.
More precisely, for each point € X let e, € ZT be the ramification degree
of f at x, meaning the multiplicity with which f takes 0 to 0 as a map in
local coordinates, making f an e,-to-1 map about x, cf. the Local Mapping
Theorem of complex analysis. Then there exists a positive integer d such that

Z e, =d forallyeV.
zef~(y)

To see this, let £ = {x € X : e, > 1} denote the exceptional points in X, the
finite set of points where f is ramified. Let X’ = X\& and Y’ = Y \h(E) be
the Riemann surfaces obtained by removing the exceptional points from X
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and their images from Y. So X’ is all but finitely many points of X, making
it connected, and similarly for Y’. Let y be a point of Y’. Each z € f~1(y)
has a neighborhood U, where f is locally bijective. Shrinking these neigh-
borhoods enough, they can be assumed disjoint and assumed to map to the
same neighborhood of y. Thus y has a neighborhood V in Y’ whose inverse
image is a finite disjoint union of neighborhoods U, in X’ with each restriction
fz : Uy — V invertible. This makes the integer-valued function y — |f~1(y)]
on Y’ continuous and therefore constant since Y’ is connected. Let d be its
value; so Zmef,l(y) e, = d for all y € Y'. The sum extends continuously to
all of Y by definition of ramification degree: if y = f(z) then every 3’ in some
neighborhood of y is the image of e, points z’ near z, each with e, = 1.
Thus 3, cro1(y) o = |f~1(y")| = d as claimed, provided that ¢’ is in a small
enough neighborhood of y to avoid ramification except possibly over y itself.

Again let f: X — Y be a nonconstant holomorphic map between com-
pact Riemann surfaces, of degree d. Let gx and gy be the genera of X and Y.
To compute the genus of the modular curve X (I") we will use the Riemann—
Hurwitz formula,

20x —2=d(29y —2)+ Y (s —1).
zeX

This shows, for instance, that there is no nonconstant map to a surface of
higher genus, that a nonconstant map between surfaces of equal genus is
unramified, and that there is no meromorphic function of degree d = 1 on
any compact Riemann surface of positive genus. We sketch a proof of the
Riemann—Hurwitz formula for the reader with some background in topology:
Triangulate Y using Vy vertices including all points of f(€), Ey edges, and
Fy faces. This lifts under f~! to a triangulation of X with Ex = dEy edges
and Fy = dFy faces but only Vx = dVy — > (e, — 1) vertices because
of ramification. The Riemann—Hurwitz formula follows because 2 — 2gx =
Fx — Ex + Vx and similarly for Y.

As a special case of all this, if I} and I are congruence subgroups
of SLy(Z) with Iy C I, then the natural projection of corresponding modular
curves,

fX(Fl)—>X(F2), FlT'—)FQT,

is a nonconstant holomorphic map between compact Riemann surfaces, cf. Ex-
ercise 2.4.7. Its degree is (Exercise 3.1.1)

[FQ:Fl]/Q if—IGI‘Qand—I¢F1,

deg(f) = {£I} : {£I} ] = {[[’2 . ) otherwise.

Recall from Figure 2.7 the local structure on the Riemann surfaces X (I7;) for
7 = 1,2. The commutative diagram
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N
T (U) SEAN o (U)

\J J/

flocal

-4

<7Qf

shows that figcal © 1 = 12, where ¢; is the composition p; 0o 6. If U is a
neighborhood of 7 € H then p;(z) = 2™ and pa(z) = 22 so the local map is
g — ¢"/M . Let I'; » denote the fixing subgroup of 7 in I for j = 1,2. Then
the periods h; = |{£I}[},|/2 lie in {1,2,3} and since their ratio hy/hq is
integral this implies h; = 1 or h; = ho. So the ramification degree is

ho if 7 is an elliptic point for I but not for I,

671'1(7') = h2/h’1 - {1

=[{xI}5, {1} 7).

otherwise

Since the periods h; are defined on the curves X, the ramification degree is
indeed defined on X;. If U is a neighborhood of s € Q U {oco} then p1(z) =
e?™z/h and po(2) = €2™#/"2 5o the local map is g — ¢"/"2. Here the widths
are h; = [SLa(Z)oo : {£I}[} 4] for j = 1,2 and the ramification degree is the
reciprocal of their ratio,

671'1(8) = hl/hg = [{i[}rg)s . {iI}FLS]

Again this is well defined on X;. If Iy is normal in I then all points of X (1)
lying over a given point of X (I») have the same ramification degree (Exer-
cise 3.1.2).

To compute the genus of X (I'), further specialize to It = I' and I =
SL3(Z). Let yo = SLa(Z)i, y3 = SLa(Z) s, and yoo = SLa(Z)oo be the elliptic
point of period 2, the elliptic point of period 3, and the cusp of X(1) =
SL2(Z)\H*. Let 3 and e3 be the number of elliptic points of I" in f~1(yz)
and f~1(y3), i.e., the number of elliptic points of period 2 and 3 in X (I"), and
let £ be the number of cusps of X (I'). Then recalling that d = deg(f) and
letting h = 2 or h = 3, the formula for d at the beginning of the section and
then the formula for e (;) at the nonelliptic points and the elliptic points
over SLy(Z)yp, show that (Exercise 3.1.3(a))

d= > ex=h-(f" ()l —en) +1-cn,
z€f~(yn)
and using these equalities twice gives

> (1) = (=105 )] — o) = " (d = ).

z€f 1 (yn)
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Also,

Yo (ea—1)=d—ew.

€ f " (yoo)

Since X (1) has genus 0, the Riemann-Hurwitz formula now shows

Theorem 3.1.1. Let I' be a congruence subgroup of SLa(Z). Let f : X(I') —
X (1) be natural projection, and let d denote its degree. Let €5 and e3 denote
the number of elliptic points of period 2 and 3 in X (I'), and e, the number
of cusps of X(I'). Then the genus of X(I') is

& € fw

R B
9= T "1 3 2

Proof. Exercise 3.1.3(b). O
The next result will be used in Sections 3.5 and 3.6.

Corollary 3.1.2. Let I', g, €2, €3, and e be as above. Then

2
2g—2+%+%+6w>0.

Proof. Exercise 3.1.3(c). O

Exercises 3.1.4, 3.1.5, and 3.1.6 compute the genus of X (I") for I = I'y(p),
I' = I'i(p), and I' = I'(p) where p is prime. The results for general N will
take considerably more work.

A fundamental domain for I'5(13) is shown in Figure 3.1, including repre-
sentatives of the two elliptic points of order 2 (the light dots) and the two of
order 3 (the dark ones—Exercise 3.1.4(f) explains how the figure was gener-
ated and justifies the description to follow in this paragraph and the next).
Each boundary arc with an order-2 elliptic point folds together at the elliptic
point, identifying its two halves with each other, and each pair of boundary
arcs joined at an order-3 elliptic point folds together at the elliptic point, iden-
tifying with each other. The remaining two curved boundary arcs in the left
half that don’t include the cusp 0 are identified with each other, and similarly
in the right half. The vertical boundary segments in the left half identify with
those in the right half, and so the remaining two arcs are identified with each
other as well. Gluing boundary arcs together under these identifications gives
a sphere per the formula in Exercise 3.1.4(e).

The 13 points of SLo(Z)(7) in the figure identify to eight points of X(13),
and the 14 points of SLy(Z)(u3) in the figure identify to six points of Xy (13).
The boundary arc for each order-2 elliptic point = folds together like the local
coordinate about ¢ in X (1) so that the ramification degree of the projection
f:Xo(13) — X (1) at these points is e, = 1, while e, = 2 at the other six
points z that project to SLy(Z)(7) and the ramification degrees sum to 14 =
[SL2(Z) : Ib(13)] as they should. Each pair of boundary arcs joined at an
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Figure 3.1. Fundamental domain for I'5(13)

order-3 elliptic point = folds together so that e, = 1, while e, = 3 at the
other four points x that project to SLa(Z)(u3) and again the sum is 14. The
ramification degrees at the cusps Iy(p)(oo) and I5(13)(0) are visibly 1 and 13.

To generate pictures of fundamental domains, see Helena Verrill’s web page
[Ver].

Exercises

3.1.1. Show that natural projection f : X(I't) — X(I%) has the degree
claimed in the text. (A hint for this exercise is at the end of the book.)

3.1.2. Show that if I is normal in Iy then all points of X (I1) lying over
a given point of X (I3) have the same ramification degree. (A hint for this
exercise is at the end of the book.)

3.1.3. (a) Fill in details as necessary in the computations preceding Theo-
rem 3.1.1.

(b) Prove Theorem 3.1.1.

(¢) Prove Corollary 3.1.2.
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3.1.4. Let p be prime, let Xo(p) = I'o(p)\H*, let a; = [} ﬂ forj=0,...,p—
1, and let oo = H _é].

(a) Show that SLa(Z) = |J; [o(p)ey, a disjoint union.

(b) Show that X((p) has exactly two cusps. (Hints for this exercise are at
the end of the book.)

(c) Show that va; (i) = a;(i) for some v € Iy(p) of order 4 if and only if
72+ 1 =0 (mod p). Thus the number of elliptic points of period 2 in Xy (p) is
the number of solutions of the congruence z2 + 1 = 0 (mod p). This number
is2if p=1 (mod 4), 0if p=3 (mod 4), and 1 if p = 2.

(d) Show that ya;(us) = a;(us) for some v € I'y(p) of order 6 if and only
if 2~ 441 =0 (mod p). Thus the number of elliptic points of period 3 in
Xo(p) is the number of solutions of 22 —x + 1 = 0 (mod p). This number is
2if p=1 (mod 3), 0 if p = 2 (mod 3), and 1 if p = 3. Along with part (c),
this shows that the number of elliptic points is determined by p (mod 12).
The example p = 13 in the text is the smallest where all four possible elliptic
points exist.

(e) Let g be the genus of Xo(p) and let k = p+ 1. Show that

J &) -1 if k=2 (mod 12),
9= L&) otherwise.

(The symbol k is introduced here because the same formula with k& as the
weight will recur later in the chapter.)
(f) Figure 3.1 was generated using the coset representatives

Bi=13197¢8], 4=-6,....6

and fBo = [ 1] @ [ 75 ]. Find each translate 3;(D) in the figure, where
D is the fundamental domain from Chapter 2. Show that the 13 points
of SL(Z)(i) in the figure are j3;(i) for j = —6,...,6. Since [{ 7] fixes 4,
the elliptic points of order 2 are 3;(i) when j? + 1 = 0 (mod 13). Show that
vB;(i) = P (i) for some v € Ip(13) of order 4 if and only if jj' +1 =
0 (mod 13). Use this to partition the 13 points of SL2(Z)(7) in the figure into
eight equivalence classes under IH(13), five with two points each where the an-
gle is 7, giving a total of 27r; one with one point where the angle is 27; and two
with one point where the angle is 7 as it is at ¢ in D, representing the unrami-
fied points. Identify the boundary arcs pairwise except for two arcs that fold in
on themselves. Note that SLa(Z)(u3) = SLa(Z)(ue)- Since [§ 74 ] takes pg to
s, the elliptic points of order 3 are 3;(p6) when j2—j+1 =0 (mod 13). Show
that the 14 points of SLo(Z)(p3) in the figure are 3;(ug) for j = —6,...,7.
Show that v03;(ue) = 55 (ue) for some v € I'h(13) of order 3 or 6 if and only
if j57—74+1=0 (mod 13) or j5' — 5+ 1 =0 (mod 13). Use this to partition
the 14 points of SL2(Z)(us3) in the figure into six equivalence classes under
I'H(13), one with the four points where two of the angles are 27 /3 and two of
the angles are 7/3, giving a total of 27; two with with three points where the
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angle is 27/3, again giving 27; one with the two points where the angle is ,
giving 27; and two classes with one point each where the angle is 27/3 as it is
at pug in D, representing the unramified points. Determine whether each pair
of boundary arcs is identified with orientation preserved or reversed. Show
that under identification the figure is topologically a sphere.

(g) Carry out the same process for Xo(11) and X((17), convincing yourself
that they are tori in accordance with part (e).

3.1.5. Let p be prime and let X;(p) = I'1(p)\H*.

(a) Show that if v € SLo(Z)s where s € QU {00} (and as in Chapter 2 the
group is its isotropy subgroup) then 7 has trace £2. Show that if p is a prime
then I'y(p)s = {£I}[1(p)s. Deduce that natural projection f : X;(p) —
Xo(p) is unramified at the cusps. Combine this with part (b) of the previous
problem to show that X;(p) has p — 1 cusps if p > 2 and 2 cusps if p = 2.

(b) Exercise 2.3.7 showed that X;(p) has no elliptic points if p > 3, that
X1(3) has no elliptic points of period 2 and one elliptic point of period 3, and
that X;(2) has one elliptic point of period 2 and no elliptic points of period 3.
Combine this information with part (a) to compute the genus of X;(p). (A
hint for this exercise is at the end of the book.)

3.1.6. Let p be prime and let X (p) = I'(p)\H*. Compute the genus of X (p).
(A hint for this exercise is at the end of the book.)

3.2 Automorphic forms

This section defines automorphic forms, functions on the upper half plane H
similar to modular forms but meromorphic rather than holomorphic. Auto-
morphic forms of positive even weight k£ with respect to a congruence sub-
group I" are closely related to meromorphic differentials of degree k/2 on the
quotient Riemann surface X (I"), to be described in the next section. Sec-
tions 3.5 and 3.6 will exploit the relation to compute dimension formulas for
spaces of modular forms.

Let C denote the Riemann sphere CU{co}. Recall that for an open subset
V C C, a function f : V — Cis meromorphic if it is the zero function or
it has a Laurent series expansion truncated from the left about each point
TeV,

f) = Z an(t —7)" for all ¢ in some disk about 7,
with coefficients a,, € C and a,, # 0. The starting index m is the order of f
at 7, short for “order of vanishing” and denoted v, (f); the zero function is
defined to have order v, (f) = oo. The function f is holomorphic at 7 when
v.(f) > 0, it vanishes at 7 when v,(f) > 0, and it has a pole at 7 when
v-(f) < 0. The set of meromorphic functions on V forms a field.
Let I" be a congruence subgroup of SLy(Z). Recall the weight-k operator,
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(M) () = () *f(v(r), G(y,m) = er +dfory=[2}].

As in Chapter 1, a meromorphic function f : H — C is called weakly modular
of weight k with respect to I' if f[y]x = f for all v € I'. To discuss meromorphy
of f at oo, let h be the smallest positive integer such that [} #] € I". Thus f
has period h. If also f has no poles in some region {7 € H : Im(7) > ¢} then
f has a Laurent series on the corresponding punctured disk about 0,

f(r) = Z anqy  if Im(7) > ¢, where ¢, = o2miT/h

n=-—oo

Then f is meromorphic at co if this series truncates from the left, starting at
some m € Z where a,, # 0, or if f =0. The order of [ at 0o, denoted v (f),
is again defined as the starting index m except when f = 0, in which case
Voo (f) = 0o. Now automorphic forms are defined the same way as modular
forms except with meromorphy in place of holomorphy.

Definition 3.2.1. Let I" be a congruence subgroup of SLa(Z) and let k be an
integer. A function f : H — C is an automorphic form of weight k
with respect to I' if

(1) f is meromorphic,
(2) f is weight-k invariant under I,
(3) flalk is meromorphic at 0o for all o € SLa(Z).

The set of automorphic forms of weight k with respect to I' is denoted Ay (I).

Condition (3) makes sense since f[a]i is meromorphic on H and weakly
modular with respect to a~'I'a, a congruence subgroup of SLy(Z). For any
cusp s € QU {oo}, the order of f at s is defined as

Vs(f) = voo(fla]k) where a(o0) = s, @ € SLo(Z).

This is independent of the choice of « and well defined on the quotient X (I")
(Exercise 3.2.1). Condition (3) implies beyond Condition (1) that the poles
of f in H cannot cluster at any s € QU {oo}.

Setting k£ = 0 in the definition shows that Ay (I") is the field of meromorphic
functions on X (I"), denoted C(X (I")). At elliptic points and cusps, where the
local coordinate is many-to-one, functions f € Ay(I") are correspondingly
periodic and thus meromorphic in the local variable of the Riemann surface
structure. This statement will be elaborated later in the section.

For example, recall the modular invariant, defined as

3 ~
j=1728% ;% —C
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where g, and A are the weight 4 Eisenstein series and the weight 12 cusp
form from Chapter 1. Since the numerator and denominator are both weight-
12 invariants under SLg(Z) and holomorphic at oo, the quotient is SLo(Z)-
invariant and meromorphic at co. Thus j is an automorphic form of weight 0
with respect to the full modular group SLs(Z) and is naturally viewed as
a meromorphic function on the quotient, j : X (1) — C. Since A is a cusp
form, j has a pole at co. By Corollary 1.4.2, stating that A is nonzero at every
point of H, this is its only pole. The leading 1728 normalizes its Laurent series
to (Exercise 3.2.2)

1 ,
HT) =2+ e’ an€Z, g = B.)

n=0

Since its one pole is simple, ;7 has degree 1 as a map j : X(1) — C of
compact Riemann surfaces, cf. the beginning of Section 3.1. It follows that j is
a homeomorphism and conformal since it is locally analytic with nonvanishing
derivative, and it takes Y'(1) to C and oo to co. In fact

Ao(SL2(Z)) = C(j),

that is, the field of meromorphic functions on X (1) is the set of rational
functions of j. The containment C(j) C Ag(SL2(Z)) is clear. For the other
containment, let f be meromorphic and nonconstant on X (1) with finite zeros
Z1, ..., zm and finite poles p1, ..., pn, listed with multiplicity. Consider a

function g € C(j),
g(r) = [T, (i) — (=) .
12 () =i ()

Then g has the same zeros and poles as f away from SLy(Z)oo, so g must
vanish to the same order as f at SLy(Z)oo as well since for both functions the
total number of zeros minus poles is 0. Thus f/g : X(1) — C has no zeros
or poles, making it constant and showing that f € C(j).

Similarly, Chapter 7 will show that

Ao(Io(N)) = C(j,jin), where jn(7) = j(NT).

Chapter 7 will also describe Ag(IH(N)), Ao(I'1(N)), and Ag(I'(N)) using the
functions fy, f¢, and fJ from the end of Section 1.5.

Returning to the general discussion, the sum A(I") = @kezAk(F) forms
a ring. The derivative j’ lies in Ay(I"), and it follows that Ag(I") contains
nonzero elements for all even positive integers k (Exercise 3.2.3). For any
k € Z, if f is a nonzero element of Ag(I') then Ai(I") = C(X(I)f =
{fof : fo € C(X(I")} (Exercise 3.2.4). These facts will be used to compute
dimension formulas later in the chapter.

The transformation law f(v(7)) = j (v, 7)¥ f(7) shows that an automorphic
form f with respect to a congruence subgroup I is generally not well defined
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on the quotient X (I'). (The exceptional cases are when kK = 0 or f = 0.)
However, the order of vanishing of any automorphic form f does turn out to
make sense on the quotient. Defining this notion appropriately requires taking
the Riemann surface structure of X (I") into account.

Let w(7) € X(I') be a noncusp. Since the factor of automorphy j(+, 7) has
no zeros or poles on H, the order of f is the same at all points of I'(7). The
local coordinate at 7(7) is essentially ¢ = (t — 7)" where 7 has period h as
an elliptic point of I'. Excluding the zero function, since f(t) = a,,(t — 7)™ +

= amq™" 4 -+ with a,, # 0 the natural definition of the order of f at
m(7) € X(I') in terms of the order m of f at 7 € H is m/h, that is

v-(f)
h

Ve (f) = where 7 has period h. (3.2)
Thus v+ (f) = v-(f) except at the elliptic points, where v (- (f) can be
half-integral or third-integral. As remarked earlier, if £ = 0 then h divides m
and vy (-)(f) is integral.

Defining the order of f at cusps m(s) € X(I') is trickier. First consider
the cusp m(c0). Its local coordinate is q;, = €2™*"/" where h is the width,
characterized by the conditions

{3 = {1} ([} 1]), heZt.
But since the negative identity matrix —I might not lie in I" this implies only
Foo ={=I}{[§}]) or Tw=([§1]) or I'w=(-[3%])-

Thus the width A here is not necessarily the same as the period h from the
beginning of the section. In all three cases the orbits I't and I'(r + h) for
7 € H are equal. In the first two cases, f has period h compatibly with this.
But in the third case, which can arise only when —I ¢ I' (see Exercise 3.2.5
for an example), the factor of automorphy j(— [} #],7) = —1 shows that if k
is even then again f has period h, while if k is odd then f(7 + h) = —f(7)
so that f has skew-period h but period 2h. In all cases set h/ = 2h, so h'
is twice the width and usually twice the period, and set g, = €2™/"". Then
f(r) = g(qw) for Im(r) > ¢ where gp = €2™7/7" and ¢ is large enough to
avoid the finite poles of f, and g has Laurent expansion

(e ]
glgw) =Y angs,  am #0.
n=m

Since qp = q,lb/ % is the square root of the local variable, the order of f at 7(00)
is naturally defined as m/2, half the lowest power of g/, except when f =0
in which case v, (s)(f) = oo. The relation f(7 + h) = g(—qu’) shows that
when f in fact has period h, the function g is even and v (o) (f) is the integer
Voo (f) from before. In the exceptional case where I'n, = (—[}%]) and k is
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odd, the skew periodicity f(7+h) = —f(7) shows that g is odd and v, ()(f)
i8S Voo (f)/2, possibly a half-integer.

For a general cusp m(s) € X(I') where s € QU {oo}, take any matrix
a € SLy(Z) such that a(oo) = s. Using « to conjugate the discussion above
from oo to s gives the order of f at w(s) € X(I') in terms of the order of f
at s € QU {00},
i) () = {I/S(f)/2 if (a‘l.Fa)oo (—[§%]) and & is odd, (3.3)

vs(f) otherwise.

This can be half-integral in the exceptional case, when m(s) or s itself is called
an rregular cusp of I'. For example, when k is odd 1/2 is an irregular cusp
of I'1(4) by Exercise 3.2.5. Section 3.8 will show that this is the only example
of an irregular cusp for the groups IH(N), I'1(N), and I'(N). Again if £ =0
then v, (4 (f) is integral.

The results so far in this chapter lead to more examples of modular forms.
Recall the Dedekind function 7(7) = go4 [[,—;(1 — ¢™) and the discriminant
function A(r) = (2m)2n(7)?* = (2m)*2¢[] (1 — ¢")** from Chapter 1,
where as always 7 € H and ¢ = €>™7, and qgq = €2™7/24,

Proposition 3.2.2. Let k and N be positive integers such that k(N +1) = 24.
Thus (k,N) is one of (1,23), (2,11), (3,7), (4,5), (6,3), (8,2), or (12,1).

Define a function
pr(T) = (1) n(NT)".

(a) If Sp(I'1(N)) is nonzero then Si(I'1(N)) = Cypy.
(b) If Sk (I'o(IN)) is nonzero then Sk(IH(N)) = Sp(I1(N)) = Cyy.

Proof. Consider the function g = <pkN+1, ie.,

g(T) = (271')724A(7')A NT N+1 H an)24'

Since A(7) € S§12(SLa(Z)) it follows that A(NT) € S12(Lp(N)) and so g €
S24(I0(N)) C Sas(I1(N)). Let S = [(1) _(1)] and gy = e2™7/N_and compute
(Exercise 3.2.6)

(9S]24)(r) = N~ 2g(r/N) = N~ gy H (1= ay™)*

Let mo : H* — Xo(N) and m : H* — X;(IV) be the natural projections,
e.g., mo(T) = I'o(N)() for 7 € H*. All cusps of IH(N) and I'1(N) are regular
since N # 4. If N = 1 then the only cusp of Xo(N) is mp(oc0), of width 1.
Otherwise N is prime and Exercise 3.1.4 shows that the cusps of Xy(N) are
mo(00), of width 1, and 7y(0), of width N. Exercise 3.1.5 shows that the
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natural projection 7 : X1(N) — X(N) is unramified at the cusps when N
is prime, and the same assertion holds trivially when N = 1. Thus if 71 (s) is a
cusp of X (V) over mp(00) then it has width 1, s = a(o0) for some o € IH(N),
and the identity g[a]o4 = g combines with the displayed product form of g to
show that v (5)(9) = N + 1 by (3.3) since the cusp is regular, i.e., g has a
zero of order N + 1 at my(s). Similarly, if m1(s) is a cusp over m(0) then it
has width N + 1, s = «(0) = aS(c0) for some a € I'H(N), and the identity
glaS])24 = g[S]24 combines with the displayed product form of g[S]24 to show
that also v, (5)(9) = N + 1 and again g has a zero of order N + 1 at 7y (s).
Suppose f € Sg(I'(N)). Then fN*1 € Soy(I1(N)). The quotient fN+1/g
lies in Ag(I(N)) = C(X1(N)), it is holomorphic on Y;(NN) because A is
nonzero on H, and it is holomorphic at the cusps of X;(N) since fN+! has
zeros of order at least N + 1 at the cusps. The only holomorphic functions
on the compact Riemann surface X;(N) are the constants, so f¥*! = cg for
some ¢ € C. Taking (N + 1)st roots gives f(7) = CM%T)QD]@(T) for each 7 € H
where puy = €2™/N and e(7) is a continuous integer-valued function of T,
making it constant, and ¢ denotes different constants in different places. That
is, f = cpy, proving part (a). Part (b) follows immediately since S, (IH(N)) C
Sk(I'1(N)). O

The proposition does not show that ¢y is a modular form at all until
we know by some other means that a nonzero modular form of the desired
type exists; the only possible f in the proof could be f = 0, in which case
the relation f = cpy does not imply ¢, = cf. When (k,N) = (12,1) the
proposition shows that S;2(SL2(Z)) = CA since A is a nonzero cusp form of
weight 12. The dimension-counting formulas to be obtained in this chapter
will show that S (IH(N)) is 1-dimensional when (k, N) is any of (2,11), (4,5),
(6,3), (8,2), so part (b) of the proposition applies in these cases. Although
Sk(I'o(N)) = {0} when k is odd since —I € IH(N), the dimension formulas will
also show that S5(I7(7)) is 1-dimensional, and part (a) applies. The formulas
will not help with the remaining case S1(I1(23)), but here one can still verify
directly that ¢; lies in the space (though we omit this) and so the proposition
says that it spans the space. Thus ¢y spans S;([1(V)) whenever k(N +1) =
24, and it also spans Si(IH(NN)) when k is even.

Exercises

3.2.1. Let f € Ai(I") be an automorphic form and let s € Q U {occ} be a
cusp. Show that the definition of v (f) given in the text is independent of the
choice of a and well defined on the quotient X (I").

3.2.2. Show that the modular invariant j has Laurent series (3.1). (A hint for
this exercise is at the end of the book.)

3.2.3. Let I" be a congruence subgroup of SLy(Z). Show that the derivative of
the modular invariant j lies in As(I"). Show that consequently A (I") contains
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nonzero elements for all even positive integers k. (A hint for this exercise is
at the end of the book.)

3.2.4. Show that for any k € Z, if f is a nonzero element of Ag(I") then
Ap(I') = C(X(I)) .

3.2.5. Let o =[5 71 ] and let I" = o~ ' (4)a. Show that I'c = (—[§1]). (A
hint for this exercise is at the end of the book.)

3.2.6. Verify the expression for g[S]24 in the proof of Proposition 3.2.2.

3.3 Meromorphic differentials

Let I' be a congruence subgroup of SLy(Z). The transformation rule for au-
tomorphic forms of weight k& with respect to I,

foy() = (v, ) f(r), ~vel

does not make such forms I'-invariant. On the other hand, Section 1.1 observed
that dvy(r) = j(v,7)"2dr for v € I so that at least formally the differential

F(r)(dr)*?

is truly I-invariant. This section makes sense of such differentials on the
Riemann surface X (I"). Doing so requires care at the elliptic points and the
cusps.

The first step is to define differentials locally. Let V' be any open subset
of C and let n € N be any natural number. The meromorphic differentials
on V of degree n are

2% (V) ={f(¢q)(dq)"™ : f is meromorphic on V'}

where ¢ is the variable on V. These form a vector space over C under the nat-
ural definitions of addition and scalar multiplication, f(q)(dq)™ + g(q)(dq)"™ =

(f +9)(a)(dg)"™ and c(f(q)(dq)") = (cf)(q)(dg)"™. The sum over all degrees,

Q2v) = P =),

neN

naturally forms a ring under the definition (dq)"(dq)™ = (dg)™™™.

Since a Riemann surface involves not only local patches but also transition
maps between them, we next need to study maps between local differentials.
Any holomorphic map ¢ : V; — V5 between open sets in C induces the
pullback map in the other direction between meromorphic differentials,

Q" Q2% (Vo) — Q%7 (W),
©* (flg2)(dg2)") = fle(q1)) (@ (@1))" (dq1)".
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In other words, taking the pullback means changing variables in the meromor-
phic differential, doing so compatibly with the change of variable formula for
integrals. The pullback is obviously linear. The pullback is also contravariant,
meaning that if p; = ¢ is as before and @9 : Vo — V3 is also holomorphic
then (p2 0 1)* = ¢} o 5 (Exercise 3.3.1(a)). If Vi C Vo and ¢ : V4 — V2 is
inclusion then its pullback is restriction, t*(w) = wly, for w € 297 (V3) (Ex-
ercise 3.3.1(b)). It follows that if ¢ is a bijection, making its inverse holomor-
phic as well by complex analysis, then (¢*)™! = (¢71)* (Exercise 3.3.1(c)).
If 7 : V; — V4 is a holomorphic surjection of open sets in C then 7* is an
injection (Exercise 3.3.1(d)).

Now we can piece together local differentials on a Riemann surface X. Let
X have coordinate charts ¢; : U; — Vj;, where j runs through some index
set J, each Uj is a neighborhood in X, and each Vj is an open set in C. A
meromorphic differential on X of degree n is a collection of local meromorphic
differentials of degree n,

(w)jes € [T 25" (V)),

jeJ

that is compatible. To define this, let V; = ¢,;(U; NUg) and Vi ; = ox(U; N
Uy) for j,k € J. Then the compatibility criterion is that pulling back any

transition map

Pk,j
Vi —=Vij

to get the corresponding map of local meromorphic differentials

OV 1) e 097V, ;)

gives

@Z,j (wk|vk,j) = wj|Vj,k'
The meromorphic differentials of degree n on X are denoted 2%"(X). Again
this set forms a complex vector space and the sum 2(X) = @neNQ@m (X)

forms a ring.

For example, when X is a complex elliptic curve C/A the coordinate maps
wj + Uj — V; are homeomorphic local inverses to natural projection 7 :
C — X. Let w = (dzj)jes. Then w satisfies the compatibility criterion since
the transition maps between coordinate patches take the form z — z + A for
A € A, and these pull dzj, back to dz;. Thus the differential dz makes sense
globally on a complex torus even though a holomorphic variable z does not.

Returning to the congruence subgroup I' of SLy(Z), we now map each
meromorphic differential w on X (I') to a meromorphic differential f(7)(dr)"
on H, the I'-invariant object on H mentioned at the beginning of the section.
The map is the pullback of the natural projection 7 : H — X (I'),
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T QOM(X(T)) — QF(H).

To define this, recall from Chapter 2 that a collection of coordinate neigh-
borhoods on X (I') is {n(U;) : j € J} where each U; C H* is a neighbor-
hood of a point 7, € H or of a cusp s; € Q U {oo}; the local coordinate
map ¢; : w(U;) — V; is characterized by the relation ¢; = ¢; o 7 where
v; + Uy — V; mimics the identifying action of 7 but maps into C. Now
let w = (wj)jes be a meromorphic differential on X (I"). For each j € J set
Uj =U; NH and V] = 4;(U]) and w; = w;|y;. Then the pullback 7*(w) is
defined locally on H as

T (W)|u; = (wj)  for all j. (3.4)
To see that (3.4) gives a well defined global meromorphic differential 7*(w) =
f(r)(dT)™ on H, consider the commutative diagram

Uj NU
% “i & (3.5)

‘/3'7]@- 471>7T(U] N Uk) T} thj.
#j

The transition map ¢y, ; = <Pk90;1|v_].,k satisfies ¢y, j 01; = 1 on U; NUy, and
pulling back gives ¢ = 7o ; on Vj ;. Therefore, letting V;, = ¢;(U;NU)
and Vj ; = ¥ (U; N Uy),

Ui(wrlvy ) = 05 (g s (wrlvy ) = ¥5(wilvy, ) by compatibility,

so the overlapping local pullbacks have a common value f (7')(alT)"|UJ<mJ;c and
the global pullback 7*(w) = f(7)(d7)™ is well defined.

Since the pullback comes from an object on the quotient X (I') it must be
I'-invariant. That is, for any v € I,

f@)dr)" =" (f()(dn)") = (F(y () (7)) (dr)"
= (0, 7)) (AT)" = (f[Y]2n) (7)(dr)"

Thus the meromorphic function f defining the pullback is weakly modular of
weight 2n. This is the motivation promised back in Chapter 1 for the definition
of weak modularity, at least for even weights.

The function f also satisfies condition (3) in Definition 3.2.1, that f[a]a,
is meromorphic at co for any a € SLs(Z). To see this, let s = a(oc). The
local map ¥ : U — V about s takes the form ¢ = pod : 7 — 2z — g with
§ = a~ ! and p(z) = e2™*/" where h is the width of s. Since w is meromorphic
at the cusps of X(I'), the local differential w|y takes the form g(q)(dq)"
where ¢ is meromorphic at 0. The function f on U — {s} comes from pulling
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back w|y_{oy under ¢ to f(7)(dr)". Computing this gives f = f16)2n where
(Exercise 3.3.2(a))

f(z) = @2mi/h)"q"g(q), q=e>™=/".

Thus (f[a]en)(2) = f(2) is meromorphic at oo as claimed. In sum, every
meromorphic differential w of degree n on X (I') pulls back to a meromor-
phic differential 7*(w) = f(7)(d7r)™ on H where f is an automorphic form of
weight 2n with respect to I.

The calculation that 7*(w) is well defined can be turned around (Exer-
cise 3.3.2(b))—given a collection (w;) € [[;c; 2%"(V;) of local meromorphic
differentials, exclude the cusps by setting U; = U; N'H and V] = 1;(U;) and
wj = wj\vjr for all j € J. If the ! pull back under ¢} to restrictions of some
meromorphic differential f(7)(d7)™ on H then the original local differentials
w; are compatible and so (w;) € 2%"(X(I")). Thus, a given collection (w;) of
local meromorphic differentials is compatible, giving a meromorphic differen-
tial on X (I"), if and only if its local elements pull back to restrictions of some

f(r)(dr)™ € Q¥ (H) with f € Ay, ().

Conversely, given an automorphic form f € As,(I") we will construct a
meromorphic differential w(f) € 2%*(X(I')) such that 7*(w) = f(7)(d7)™.
By the previous paragraph it suffices to construct local differentials that pull
back to restrictions of f(7)(dr)™. Thus the idea is to express f(7)(dr)™ in
local coordinates.

Each local map v, : U; — Vj is a composite ¢; = pj0d; : T = 2 = ¢
with §; € GLy(C). Since §; is invertible it is easy to transform f(7)(d7r)"
into z-coordinates locally. First extend the weight-k operator [y] to matrices
v € GL2(C) by defining j(v,7) = ¢ + d as before and

(fIIR)(7) = (det 1)*/2j(v,7) " f(3(7))

when this makes sense. The exponent k/2 of det~ is a normalization conve-
nient for the next calculation because of the formula +/(7) = det~y/j(vy, 7)?
(Exercise 3.3.3); in other contexts the factor (det~)*~! is more convenient.
Now let U; = U; N'H. Then f(T)(dT)n|UJ{ is a pullback 07 ();) where A; is the
differential obtained by pulling f(7)(d7)"| v; forward to z-space under (5;1.
Letting @ = 5;1,

A = " (f(1)(@n)"|or) = Fla(=)(d(a(2)))"
= (det@)"j(a, 2) " F(a(2))(d2)" = (flalan)(2)(d2)".

Thus A; is 5]-]“(5]71—invariant since f(7)(d7)"™ is I'-invariant. Further pushing
Aj forward from z-space to g-space isn’t quite as easy since p; is not invertible
in general, but it isn’t hard to find local forms w; that pull back under p;
to \; as desired.
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Specifically, if U; C H, i.e., if we are not working at a cusp, then ¢; takes
7; to 0 and the quotient {:t]}(éjféfl)o/{:tl} is cyclic of order h, gener-
ated by the rotation rj, : z — u,z where uj, = €27/". By (5jF(5j_1—invariance
the pullback 77 (X;) = (fla]en)(1nz)pf (dz)™ must equal Aj, or equivalently
W2 (fladon) (82) = (Flalan)(2), o ()" (Flalen)(un2) = 2" (flolan)(2). In
other words, the function 2" (f[a]2,)(2) takes the form g;(z") for some mero-
morphic function g;. Note for later reference in proving formula (3.8) that
hio(g;) = n + vy, (f) and thus vo(gj) = Va(r,)(f) +n/h. Define a local mero-
morphic differential in g-coordinates,

(ha)" (dg)" on Vj. (3.6)

wj:

Since p;(z) = 2", this w; pulls back under p; to \; (Exercise 3.3.4(a)), which
in turn pulls back under §; to the original f(7)(d7)"|v,. Thus, for each U; C H
the differential w; on V; pulls back under 1; to a suitable restriction of the
global differential f(7)(d7)™ on H.

On the other hand, if U; contains a cusp s; then J; takes s; to co and the
function (f[a]z,) () takes the form g;(e2™**/") where g; is meromorphic at 0
and h is the width of s. The relevant local differential is now

i ugé/q)w(dq)" on V. (3.7)

which is meromorphic at ¢ = 0. Since ¢ = p;(2z) = e2miz/h again w; pulls back
under p; to \; (Exercise 3.3.4(b)), and as before it follows that ¢} (w;) =

flr) (dT)”|UJ/. Putting all of this together gives

Theorem 3.3.1. Let k € N be even and let I' be a congruence subgroup
of SLa(Z). The map

w: Ap(I') — Q2%F2(X(I))
f e (wy)jes where (w;) pulls back to f(7)(dr)*? € Q%F/2(H)

s an isomorphism of complex vector spaces.

Proof. The map w is defined since we have just constructed w(f). Clearly w is
C-linear and injective. And w is surjective because every (w;) € 29%/2(X(I"))
pulls back to some f(7)(d7)*/? € Q*/2(H) with f € Ax(I'). O

Exercises 3.2.3 and 3.2.4 showed that for k positive and even, Ay (") takes
the form C(X(I"))f where C(X(I")) is the field of meromorphic functions
on X(I') and f is any nonzero element of Ay (I"). Thus, Theorem 3.3.1 shows
that 2®%/2(X(I')) = C(X (I"))w(f) for such k.

The aim of this chapter is to compute the dimensions of the subspaces
My, (I') and Sy, (I") of Ag(I'). Now that we know that Ay (I") and 2%%/2(X (I))
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are isomorphic, the final business of this section is to describe the images
Ww(My(I)) and w(Sk(I)) in NP*¥/2(X(I')). Some Riemann surface theory to
be presented in the next section will then find the desired dimensions by
computing the dimensions of these image subspaces instead in Sections 3.5
and 3.6.

So take any automorphic form f € Ag(I') and let w(f) = (wj)jes. For a
point 7; € H, the local differential (3.6) with n = k/2 vanishes at ¢ = 0 to
(integral) order (Exercise 3.3.5)

vo(w;) u <(Z;§‘32> = V(e () — g <1 - 2) . (3.8)

In particular, at a nonelliptic point, when A = 1, the order of vanishing is
v0(wj) = Vn(r;)(f), the order of the original function. For a cusp s; the local
differential (3.7) with n = k/2 vanishes at ¢ = 0 to order (Exercise 3.3.5
again)

I/o(u}j)défyo ((27mg;§qh))k/2> = I/ﬂ.(sj)(f) — g (39)

When k£ € N is even, formulas (3.8) and (3.9) translate the conditions
V() (f) 2 0 and vy, (f) > 0 characterizing My, (I") as a subspace of Ay (1)
into conditions characterizing w(My(I")) as a subspace of 2%%/2(X(I')), and
similarly for S, (I") and w(Sk(I")). In particular, the weight 2 cusp forms Sy (I)
are isomorphic as a complex vector space to the degree 1 holomorphic differ-
entials on X (I"), denoted (2} (X (I")) (Exercise 3.3.6). This special case will
figure prominently in the later chapters of the book.

Exercises

3.3.1. (a) Show that the pullback is contravariant.

(b) Show that if « : Vi, — V4 is inclusion then its pullback is the restriction
H(w) = wly, for w e N (Vs).

(c) Show that if ¢ is a holomorphic bijection of open sets in C then
(™) = (p") 7"

(d) Show that if 7 : V; — V4 is a holomorphic surjection of open sets
in C then 7* is an injection. If i : V; — V4 is an injection of open sets in C,
need i* be a surjection?

3.3.2.(a) Let ¥ = pod where § € SLy(Z) and p(z) = e2™/" Let
w = g(a)(dq)". Show that *(w) = F(7)(dr)" with f = [[3]z, and F(z) —
(2mi/h)"q"g(q) where q = e2™#/",

(b) Consider the situation 7 : H — X(I') as described in the small
in diagram (3.5). Show that if the local meromorphic differentials w; pull
back under ¥ to restrictions of some common global meromorphic differential

J
f(7)dr on H then they are compatible. Exercise 3.3.1(d) is relevant.



3.4 Divisors and the Riemann—Roch Theorem 83

3.3.3. For v € GLy(C), show that v/(7) = dety/j(v,7)% (This generalizes
Lemma 1.2.2(e).)

3.3.4. (a) For a neighborhood U; C H, show that the local differential w;
in (3.6) pulls back under p; to A;. How was w; found in the first place?
(b) Same question for w; in (3.7) when U, contains a cusp.

3.3.5. Prove formulas (3.8) and (3.9).

3.3.6. Prove that S»(I') and 2} ,(X(I")) are isomorphic as complex vector
spaces. Your proof will incidentally show that the elements of So(I") vanish
at the elliptic points of X (I'). Argue this directly as well by examining the
text leading up to (3.6).

3.4 Divisors and the Riemann—Roch Theorem

Let X be any compact Riemann surface, though for our purposes X is nearly
always X(I'). A divisor on X is a finite formal sum of integer multiples of
points of X,

D = Z ngx, ng € 7Z for all z, n, = 0 for almost all x.
zeX

The set Div(X) of divisors on X forms an Abelian group, the free Abelian
group on the points of X, under the natural definition of addition,

anx + Zn;x = Z(nm +nl)z.

(Since every divisor sums over all points & € X, there is no need to continue
notating the set of summation.) For divisors D = > n,x and D' = > n/x,
write D > D’ when n, > n/, for all z. The degree of a divisor is the integer

deg(D) = Z Ng.

The map deg : Div(X) — Z is a homomorphism of Abelian groups.
Every nonzero meromorphic function f : X — C has a divisor

div(f) =Y va(f)z.

Let C(X) denote the field of meromorphic functions on X and let C(X)* be
its multiplicative group of nonzero elements. Then the map

div : C(X)* — Div(X)

is a homomorphism, meaning div(fif2) = div(f1) + div(f2) for all fi, fo €
C(X)*. Every f € C(X)* has a divisor of degree 0, so the group Div*(X) of
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divisors of nonzero meromorphic functions is a subgroup of the group Div’(X)
of divisors of degree 0. Abel’s Theorem (see [FK80]) states to what extent the
converse fails: the quotient Div®(X)/Div*(X) is isomorphic to a complex torus
CY9/A, where g is the genus of X and A, is a lattice spanning C9. We will
discuss Abel’s Theorem further in Chapter 6.

For example, let A; denote the lattice iZ & Z in C as usual and let X be
the complex elliptic curve C/A;. Exercise 1.4.3 shows that (Exercise 3.4.1)

div(p;/ei) = —(0+ A;) + (1/2+ A) + (/2 + Ai) — (L +14)/2 + Ay),

and one similarly finds div(g/,, /9.,) on C/A,, (Exercise 3.4.1 again).
Define the linear space of any divisor D on X to be

LD)={feC(X): f=0ordiv(f)+ D > 0}.

The idea here is that when D = div(f) for some f € C(X)*, the linear
space L(D) is those functions f on X vanishing to high enough order to make
the product ff holomorphic. The formula

ve(f1 + f2) =2 min{v.(f1),v2(f2)},  f1, f2 € C(X)

(Exercise 3.4.2) shows that L(D) forms a vector space over C. This space
turns out to be finite-dimensional and its dimension is denoted ¢(D).

Let w € 2%"(X) (where n € N) be a nonzero meromorphic differential
on X. Then w has a local representation w, = f.(q)(dg)™ about each point
x € X, where ¢ is the local coordinate about . Define v, (w) = vo(f,) and

then define
div(w Z Ve (w

So div(wjws) = div(wy) 4 div(ws) for any nonzero w; € 2%"(X) and wy €
0N®M(X). A canonical divisor on X is a divisor of the form div()\) where X is
a nonzero element of 2%(X).

Theorem 3.4.1 (Riemann—Roch). Let X be a compact Riemann surface

of genus g. Let div(\) be a canonical divisor on X. Then for any divisor
D € Div?(X),

{(D) = deg(D) — g + 1 + £(div(\) — D).

The next result gives information about the canonical divisors and a sim-
pler version of the Riemann—Roch Theorem for divisors of large enough degree.

Corollary 3.4.2. Let X, g, div(A\), and D be as above. Then
(a) £(div(})) = g.
deg(div(\)) = 29 — 2.

(b)
(¢) If deg(D) < 0 then £(D) =
(d) If deg(D) > 2g — 2 then £(D) = deg(D) — g + 1.
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Proof. Note £(0) = 1 since div(f) > 0 only for the constant functions
in C(X)*, and so letting D = 0 in the Riemann-Roch Theorem gives
1 = —g + 1+ £(div(}\)), proving (a). Next set D = div(A), combine the
Riemann-Roch Theorem with (a) to get ¢ = deg(div(A)) —g+1+1, and (b)
follows. For (c), suppose ¢(D) > 0. Then some nonzero f € L(D) exists,
so div(f) > —D and taking degrees shows that deg(D) > 0, proving (c) by
contraposition. Finally, (b) and (c) imply (d) since if deg(D) > 2g — 2 then
deg(div(A) — D) < 0. O

We have seen in Section 3.2 that a nonzero element f € Ay(I") exists for
any congruence subgroup I' of SLy(Z). Let A\ = w(f) € 2Y(X(I')) be the
corresponding meromorphic differential, so that div(\) is canonical and its
degree is 2g — 2 by Corollary 3.4.2(b). For any positive even integer k, the
meromorphic differential A*/? belongs to 2%%/2(X(I')) and its divisor has
degree k(g — 1). Since 2®%/2(X(I')) = C(X(I"))N\*/? and deg(div(f)) = 0
for all nonzero f € C(X(I")), it follows that every nonzero differential w €
Q®F/2(X(I')) has a divisor of degree k(g — 1) as well.

Exercise 3.4.3 shows that if I" is a congruence subgroup of SLy(Z) and
g is the genus of X (I') then the vector space 2!,(X(I")) of holomorphic
differentials of degree 1 on X (I') is isomorphic to the linear space L(\) for
any canonical divisor ), a space of dimension g by Corollary 3.4.2(a). Thus
Exercise 3.3.6 shows that dim(S2(I")) = g. The next two sections will broaden
the ideas of this argument to obtain general dimension formulas for My(I)
and Si(I).

Exercises

3.4.1. Confirm the section’s formula for div(p}]/p;). What is div(g],, /9u;)?

3.4.2. Show that v, (f1 + f2) > min{v,(f1), v (f2)} for fi1, fo € C(X) where
x is any point of the compact Riemann surface X.

3.4.3. Recalling from the discussion immediately after Theorem 3.3.1 that
21 (X(I')) = C(X(I))A for any nonzero A € 21(X(I')), show that the map
2YX(I')) — C(X(I)) taking each fyA to fo is a vector space isomorphism
mapping the holomorphic subspace 2 (X (I")) to the linear space L(\).

3.5 Dimension formulas for even k

We can now express the results from Section 3.3 in the language of divisors.
Let k be any even integer. Then using formulas (3.2) and (3.3), every nonzero
automorphic form f € Ag(I") has a well defined divisor ) v, (f)x on X(I)
even though f itself is not well defined on X (I"). However, formula (3.2) shows
that the coefficients in this divisor need not be integers at the elliptic points.
To allow for divisors with rational coefficients, make the definition
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Divg(X(I)) = {Z n,x, mn, € Q for all z, n, =0 for almost all x} .

This is the free Q-module (or free vector space) on the set of points of X (I).
Thus div(f) € Divg(X(I")). The discussion of Div(X) as an Abelian group
with a relation “>” and a degree function extends to Divg(X), but the
Riemann-Roch Theorem requires integral divisors.

Now let the even integer k satisfy k > 2, and let f be any nonzero element
of Ap(I") (Exercise 3.2.3 showed that such f exists). Then (Exercise 3.5.1)

A(I) = C(X(D)) f = {fof : fo € C(X(I)}.

The holomorphic subspace M, (I") of modular forms can be described in terms
of divisors,

M (D) ={fof € Ap(I) : fof =0 or div(fof) > 0}
= {fo € C(X(I") : fo =0 or div(fo) + div(f) > 0},

where the isomorphism is a complex vector space isomorphism. If div(f) were
integral then we could now compute dim(My(I")) with the Riemann—Roch
Theorem, but it isn’t. To approximate div(f) by an integral divisor, define
the greatest integer function | | on rational divisors by applying it to the
coefficients,

{Z nme = ZanJx for anx € Divq(X(I)).

On the other hand, div(fp) is integral since fy is meromorphic on X (I"), giving
the equivalence

div(fo) +div(f) >0 < div(fo) + [div(f)] > 0.

This shows that My (I") = L(|div(f)]) and so dim(My (")) = £(|div(f)]).

To study the integral divisor |div(f)] let w € 2%*/2(X(I")) be the mero-
morphic differential w(f) from Theorem 3.3.1 that pulls back to f(7)(dr)*/?
on H. Let {x2;} be the period 2 elliptic points of X (I"), {x3,} the period 3
elliptic points, and {z;} the cusps. As in Section 3.1, let €3, €3, and £ be the
sizes of these sets. Make the formal definition

div(dr) = — Z %xu — Z ;JJ?H - Z Ti,

an element of Divg (X (I")) even though dr is not well defined on X (I"). Then
formulas (3.8) and (3.9), relating the vanishing orders of w and f, show that
compatibly with the identification of w and f(7)(d7)*/? and with the rule that
the divisor of a product is the sum of the divisors (Exercise 3.5.2(a)),

div(w) = div(f) + (k/2)div(d7). (3.10)
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Here the left side is integral, the right side a sum of rational expressions. It
follows that (Exercise 3.5.2(b))

|div(f)] = div(w E:{J@J+%:EJ%J+Z:ZW (3.11)

Therefore by the discussion immediately after Corollary 3.4.2 showing that
deg(div(w)) = k(g — 1),

deg(|div(f)]) =k(g—1) + VZJ €2 + V;J €3+ ggoo

k k—2 k—2 k
> —(2g—2)+ €9 + €3+ —€oo (Exercise 3.5.2(c))
2 4 3 2
k—2 2e3
=292+ —"(29-2+2+ 2 4o ) +en
g + 5 ( g + 9 2+ 3 2 te )+s
>29g—2+4¢eo by Corollary 3.1.2, since k > 2
> 29 — 2.

So |div(f)| has large enough degree for Corollary 3.4.2(d) to apply and the
simpler form of the Riemann—Roch Theorem says that for even k > 2,

k k k
dim(Me(1) = elaiv()]) = (b= Dlg =)+ | [+ |5 | o+ See
For the cusp forms Si(I'), a similar argument shows that Sp(I") =
L([div(f) — >, x;]) and that (Exercise 3.5.2(d))

dim(8 (")) = £(|div(f Zml = 0(|div(f)]) — €00 for k>4. (3.12)

For k = 2 the divisor |div(f)—)", z;] works out to a canonical divisor div(\),
cf. Exercise 3.4.2, and so its linear space has dimension g.

Finally we dispense with the cases where the weight & is nonpositive. A
modular form of weight 0 with respect to I" is a meromorphic function on X (I)
with no poles. Since any holomorphic map between compact Riemann surfaces
either surjects or maps to a single point (this was discussed in Section 1.3),
this shows that M(I') = C (the constant functions) and So(I") = {0}. It
follows that My (I") = {0} for k < 0, for if f € My(I") then f'2A~* (where
A is the weight 12 cusp form from Chapter 1) lies in So(I') = {0}. This
argument works whether k is even or odd.

Assembling the results of this section gives

Theorem 3.5.1. Let k be an even integer. Let I' be a congruence subgroup
of SLa(Z), g the genus of X (I'), eo the number of elliptic points with period 2,
€3 the number of elliptic points with period 3, and e~ the number of cusps.
Then
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k=Dg—1)+ 5] ea+|5]es+ 5eee ifk>2,
dim(My(I) =11 if k=0,
0 if k<0,
and
k=1(g—1D+ 4 e+ |E|es+ (5 —Dewe ifk >4,
dim(Sx(I) = { ¢ if k=2,
0 if k <0.
In concert with the results from Exercises 3.1.4 through 3.1.6 this gives

dimension formulas for I'y(p), I'1(p), and I'(p). When I" is the full modular
group SLy(Z), the theorem is

Theorem 3.5.2. The modular forms of weight 0 are My(SLy(Z)) = C. For
any nonzero even integer k < 4, My(SLa(Z)) = {0}. For any even integer
k < 4, Sk(SLa(Z)) = {0}. For any even integer k > 4,

My (SL2(Z)) = Sk(SL2(Z)) & CE},
where Ey is the normalized weight k Fisenstein series from Chapter 1, and

dim(8x(SL2(Z))) = {HCQJ —1 ifk=2 (mod 12),

L&) otherwise.
The ring of modular forms M(SLo(Z @ /\/l;C SLa(Z)) and the ideal
of cusp forms S(SLa(Z @k ZSk SL2 )) are a polynomial ring in two

variables and a pmnczpal ideal,
M(SLy(Z)) = ClEs, Bsl,  S(SLa(Z)) = A- M(SL2(2))
where A is the discriminant function from Chapter 1.
The proof is Exercise 3.5.3. Exercises 3.5.4 and 3.5.5 use the results of this

section to describe some spaces of modular forms explicitly.

Exercises

3.5.1. Show that Ay (I") = C(X(I"))f for any nonzero f € Ai(I).

3.5.2. (a) Prove formula (3.10).
(b) Prove formula (3.11).
(c) Prove that for k > 2 even, |k/4] > (k—2)/4 and |k/3] > (k —2)/3.
(d) Prove formula (3.12). Where does the condition & > 4 arise?
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3.5.3. Prove Theorem 3.5.2. Write bases of M (SLy(Z)) for all k¥ < 24, ex-
pressing the basis elements as polynomials in E,; and Eg. (A hint for this
exercise is at the end of the book.).

3.5.4. (a) Let p be prime. Exercise 3.1.4(b) showed that Xo(p) has exactly
two cusps. Use this to show that

Ma(Io(p)) = S2(Io(p)) ® CGa,y

where G2, was defined in Section 1.2.

(b) Let k and N be positive with k(N +1) = 24 and k even. Thus (k, N) is
one of (2,11), (4,5), (6, 3), (8,2), or (12,1). Show that dim(S,(Io(N))) = 1. It
follows from Proposition 3.2.2(b) that Si(Io(N)) = Sk(I1(N)) = Cyy where
or(r) = n(r) (N T,

(¢) What do (a) and (b) combine to say about Ma(I5(11))?

3.5.5. Combine Exercise 3.1.4 and Theorem 3.5.2 to show that letting k =
p+1 for p an odd prime, Si(SL2(Z)) and Sy(Io(p)) are isomorphic as complex
vector spaces. What is the isomorphism when p = 11?7 (A hint for this exercise
is at the end of the book.)

3.6 Dimension formulas for odd k

Throughout this section k& is an odd integer. Computing dimension formulas
for My (I") and Si(I") is essentially similar to the case where k is even, but it
is a bit more technical. The formula (f[—I]x)(7) = —f(7) shows that A,(I") =
{0} whenever —1 € I', so throughout this section —I ¢ I" as well. This implies
that I" has no elliptic points of period 2, as shown in Exercise 2.3.7.

Since My (I") = {0} for all negative k, assume that the odd integer k is pos-
itive. The argument in the preceding section that dim(My (")) = £(|div(f)])
for any nonzero f € Ai(I") didn’t depend on k being even and thus remains
valid here. On the other hand, the existence of such f has been established
only for k even. Assume for now that f exists for odd k as well; this will be
proved at the end of the section. Since k is odd and —I ¢ I, the modular
curve X (I") has two possible types of cusps as discussed in Section 3.2, the
regular cusps where v, (f) is integral and the irregular cusps where v(4)(f)
is half-integral. For example, Exercise 3.2.1 showed that 1/2 is an irregular
cusp of I'1(4).

This time let w € 2%%(X(I')) be the differential w(f2) from Theorem 3.3.1,
pulling back to f(7)2(dr)* on H. Retain the notations {z3,;} and e3 for the
period 3 elliptic points, and let {z;} and {z;} be the regular and irregular
cusps, with corresponding €78 and ¥, The formal definition

le(dT) = — Z %%372' — Zi)’]l — Z’I’;



90 3 Dimension Formulas

is consistent with the definition of div(dr) in Section 3.5 since there are no
period 2 elliptic points now. By formulas like (3.8) and (3.9) but with f2
and k replacing f and k/2 it gives the appropriate divisor identity div(w) =
2div(f) + kdiv(dr) (Exercise 3.6.1), implying

1 k k k
div(f) = 5div(w) + > 378+ > i+ >l (3.13)

To study |div(f)], consider equation (3.13). At any point z ¢ {z3,} U
{z;} U {z}} of X(I'), the order v,(f) is integral, and so Fv,(w) must be
integral as well. At a point x = 3, write v,(f) = m + j/3, with m and
j integers, cf. equation (3.2). Then 1v,(w) = m + (j — k)/3. Since vy (w) is
integral this shows that j = k (mod 3) and }v,(w) € Z. Thus the integral
part of v, (f) is $v4(w) + |k/3]. Similarly, at a point # = x;, the integral part
of v,(f) is 3vz(w) + £, a sum of half-integers (Exercise 3.6.2(a)), and at a
point x = =}, the integral part of v,(f) is %Vx(w) + %, a sum of integers
(Exercise 3.6.2(b)). Thus

[div(f)] = %div(w) + Z \‘];;J x34+ Z gxl + Z k ; 1332.

The degree satisfies (Exercise 3.6.3(a))

1 k k re k-1 irr
dog(LAv(N)) = Ko~ 1)+ | § | cas 4 eres 4 S Lt
€3 Exo
> (k—2) (g—1+§+7) 4292

>29—2 ifk>3.
So when k > 3, Corollary 3.4.2(d) of the Riemann—Roch Theorem applies,

giving

KLV = (k= g = 1)+ [ | ot petes St

To study cusp forms, recall the general element fof € Ag(I") and note
that at a regular cusp «,

va(fof) >0 <= ve(fof) 21 <= vo(f) +va(fo) =1 >0,
while at an irregular cusp z,
Vx/(fof) >0 <— Vx/(fof) > 1/2 <— VI/(f) + Vw/(fo) — 1/2 > 0.

Thus the relevant dimension is £(|div(f) — >  x; — > (1/2)}]). Similar to the
calculation above, this works out for k£ > 3 to (Exercise 3.6.3(b))
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-2 kE—1 .
et + 5 Eoa.

This proves

Theorem 3.6.1. Let k be an odd integer. Let I' be a congruence subgroup
of SLa(Z). If I' contains the negative identity matrix —I then My(I") =
Si(I') = {0}. If -1 ¢ T, let g the genus of X(I'), €3 the number of ellip-
tic points with period 3, e'%& the number of reqular cusps, and € the number
of irregular cusps. Then

(k—1)(g—1)+ |E|es + Letee + Ll jf | > 3,

dim(My(IN)) = {0 if k <0,

and

_ _ k k=2 _reg | k—1_irr >
dim(Sy(r)) = 4 F D@Dt [5]es+ 52 + fters ik >3,
0 if k <O0.
If etee > 2g — 2 then dim(M(I")) = €28/2 and dim(S1 (7)) = 0. If 8 <
2g — 2 then dim(Mq(I")) > €528/2 and dim(S1 (")) = dim(M(I")) — '8 /2.

The results for k = 1 are Exercise 3.6.4.

Regular and irregular cusps will be discussed further in Section 3.9. Here
it remains to prove that some nonzero f € Ay (I") exists when the positive
integer k is odd and —I ¢ I'. The argument cites some results from Riemann
surface theory that should be taken for granted if they are unfamiliar.

Let A be any nonzero element of 2'(X(I")), for example the divisor that
pulls back to j/(7)dr on H where j' is the derivative of the modular in-
variant j. Let zo be any point of X(I"). Then Corollary 3.4.2(b) of the
Riemann-Roch Theorem says that div(\) — 2(g — 1)zo € Div®, where as
before Div? = Div?(X(I')) denotes the divisors of degree 0. Recall also that
Div* denotes the divisors of nonzero meromorphic functions on X (I), a sub-
group of Div’. Under the map Div’/Div’ — C9/4, of Abel’s Theorem (de-
scribed in Section 3.4), let z + A, be the image of div(\) — 2(g — 1)z + Div’.
Any divisor D € Div® such that D + Div’ maps to z/2 + A, satisfies
2D = div(\) — 2(g — 1)zg + div(f) for some nonzero f € C(X(I')). So
div(fA) =2(D + (g — 1)x0).

Let f be the function such that the differential fA on X (I") pulls back to
f(r)d on H. Then

div(f) = div(f\) — div(dr)
=2(D+ (g —1)zo) + Z %1‘371' + Zl‘i + Zm;
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This shows that v,(f) is even for all 7 € H, since v (f) = 3V7T(T)(f) when
7(7) is an elliptic point x3;, and the cusps are not in H. So there exists a
function f; on H such that f? = f. Since f is weight-2 invariant under I', f;
transforms by the rule (f1[v]1) = x(v)f1 for all v € I", where x : I’ — {£1}
is a character. Let IV = {y € I : x(y) = 1}, a subgroup of index 1 or 2. If the
index is 1 then fl e A (F)

If the index is 2 then I' = I U I"« where f[a]; = —f1. The surjection of
Riemann surfaces 7w : X (I"") — X (I") pulls back to an inclusion of their fields
of meromorphic functions, 7* : C(X(I")) — C(X(I")), where the pullback
of a function f € C(X(I")) is the function 7*f = fonm € C(X(I")). After
identifying C(X (I")) with its image, the extension of function fields has the
same degree degree as the original surjection, namely 2, and the Galois group
I'/T" acts as {£1} on generators of the field extension. So there exists some
fo € C(X(I')) such that fo o = —f2 and thus (f1f2)[a]1 = fif2, showing
that fi1fs € Al(F).

Whichever of f; or fifs lies in Ay (), its kth power is a nonzero element
of Ax(I") as desired.

Exercises

3.6.1. Establish the formula div(f) = 2div(f) + kdiv(d7) in the context of
the section.

3.6.2. (a) Show that at a point « = z; the integral part of v,(f) is v, (w) +
k/2, a sum of half-integers.

(b) Show that at a point z = z the integral part of v, (f) is v, (w) + (k—
1)/2, a sum of integers.

3.6.3. (a) Justify the calculation that deg(|div(f)]) >2¢g —2if k> 3.
(b) Establish the formula for £(|div(f)—>", z;—)_,(1/2)z}]) when k > 3.

3.6.4. Prove the remaining statements in Theorem 3.6.1.

3.6.5. Show that dim(S3(I1(7)) = 1, so Proposition 3.2.2(a) shows that this
space is spanned by the function ¢3(7) = n(7)3n(77)3.

3.7 More on elliptic points

Exercise 2.3.7 found the elliptic points of the groups I'(N) and Iy (N), and it
obtained some information about the elliptic points of IH(N). Exercise 3.1.4
of this chapter found the elliptic points of I'y(p) when p is prime. This section
finds the elliptic points of I'H(N) for general N.

A point 7 € H is an elliptic point of I'1(NN) when its isotropy subgroup
takes the form I'p(N), = (v), the matrix v having order 4 or 6, twice the pe-
riod of 7. For any a € IH(N), the translated point a(7) has the corresponding
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conjugate isotropy subgroup I'y(N)a -y = a(y)a~!. An elliptic point IH(N)T
of the modular curve Xo(N) = X(Ip(N)) thus corresponds to a conjugacy
class of isotropy subgroups of IH(N),

To(N)T +— {a(y)a™ :a € TH(N)}  where Ih(N), = (7).

Conjugacy classes of elements are more convenient than conjugacy classes
of subgroups, so it is tempting to replace the subgroup (vy) by its generator
v in the correspondence. But this is ill defined since each nontrivial isotropy
subgroup (v) is also generated by v~ 1. Instead each elliptic point corresponds
to a pair of conjugacy classes,

Io(N)1 +— {{ayva ™ ra e In(N)} {ay ta™ ta € IH(N)}},

where again IH(N); = (y). The inverse pair of generators v and y~! are

not conjugate in IH(N) (Exercise 3.7.1(a)), so the two conjugacy classes are
distinct and in fact disjoint (Exercise 3.7.1(b)). Thus the number of period 2
elliptic points is half the number of conjugacy classes of order 4 elements, and
similarly for period 3 and order 6.

To correct the factor of a half, introduce the group

IE(N) :{[‘; Z] € GLy(Z) : [ig] = L’;ﬂ (mod N)}

(where GLg(Z) is the group of invertible 2-by-2 matrices with integer en-
tries), similar to IH(N) but its elements can have determinant +1. Since the
map det : I (N) — {#1} is a surjective homomorphism, IH(N) is normal
in IE(N) and [IEE(N) : To(N)] = 2. Thus for any v € Ih(N) the extended
conjugacy class

{aya™:a e TE(N)}

lies in I'o(NV). This is the union of two conjugacy classes under IH(N) (Exer-
cise 3.7.1(c)), so the number of period 2 (or period 3) elliptic points of IH(N)
is the number of extended conjugacy classes of order 4 (or order 6) elements
of I'y(N). The extended conjugacy class of v under I';F(N) is not in general
the union of the conjugacy classes of v and y~! under IH(N) (see Exer-
cise 3.7.1(d)).

Counting the elliptic points of I'H(N) by counting these conjugacy classes
is done in the same environment as the proof of Proposition 2.3.3. Consider
elliptic points 7 of period 3 with Iy(N), = (7), v% = I. Let ug = 2™/ be
the complex sixth root of unity and let A = Z[ug], a principal ideal domain.
Each extended conjugacy class will correspond to an ideal J of A such that
A/J 2 Z/NZ as an Abelian group,

{aya™tia e TE(N)} +— J,.

To construct the ideal J, from 7, note that the lattice L = Z? is an A-module
with the multiplication ®, : A x L — L given by
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(a4 bus) ©y 1= (al +by)l fora,beZ and! € L.

Define Lo(N) = {[y] € L : y = 0 (mod N)}, a subgroup of L such that
the quotient L/Lg(N) is isomorphic to Z/NZ. Then Lg(N) is also an A-
submodule of L since v € I(N) (Exercise 3.7.2), making L/Lo(N) an A-
module. Let J, be its annihilator,

Jo = Ann(L/Lo(N)) = {a + bug € A : (a+ byg) © L/Lo(N) = 0}.

Thus A/J, =2 A®y L/Lo(N)=L/Ly(N)=Z/NZ as desired.

To see that the ideal J, depends only on the extended conjugacy class
of v, let v/ = aya~! with a € I};'(N). Then 4/ is also an order-6 element of
I'h(N), and L is also an A-module associated to +' with multiplication

(a+ bug) O 1= (al +by)L.

Let L’ denote L as the A-module associated to 4/ in this fashion, and similarly
for Ly(N). For any a,b € Z and | € L compute that

a((a+bus) 4 1) = alal + by)l = (al +by')al since ay = 7'«
= (al + bug) © ad.

This shows that multiplication by « gives an A-module isomorphism L —— L/,
and since aLo(N) C Lj(N) because o € I (N) this induces an isomorphism
of quotients L/Lo(N) —» L'/L{(N). Compute that for any j = a + bug € A,

JE€Jy &= jOy L/Lo(N)=0r/L,N)

< a(j ©y L/Lo(N)) =0p /()

< j Oy a(L/Lo(N)) = 0r /s ()

= j Oy L'/Loy(N) = 0rrjry ()

= j € Jy,
showing that indeed .J, depends only on the extended conjugacy class.

Conversely to the map from conjugacy classes to ideals, start now from an

ideal J of A with A/J = Z/NZ. By the structure theorem for modules over a

principal ideal domain again, there exists a basis (u,v) of A over Z such that
(u, Nv) is a basis of J over Z. Since (u,v) is a basis of A over Z,

(peu, pev) = (ua + ve,ub 4+ vd)  for some integers a, b, ¢, d,

or
o(,0) = (u,0)yy, for some 7y = [2 4] € My(2).

So the matrix v has order 6 and has the same minimal polynomial X2 —X +1
as fg, showing that vy € SLa(Z) (Exercise 3.7.3(a)). And since v € J and J is
an A-submodule of A, the formula pgu = ua + ve shows that ¢ = 0 (mod N),
ie., 77 € I'h(N). Furthermore, for any a € I;F(N) consider the Z-basis of A
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(u',v") = (u,v)a.

A calculation (Exercise 3.7.3(b)) shows that (u', Nv’) is again a Z-basis of J.
So now

pe(u',0') = pe(u,v)a = (u,v)ya = (u',0")a" e,

and so the basis (u,v) of A and its Iy (N)-translates map back to a I3 (N)-
conjugacy class of an order-6 element ~v; in I'H(N). Finally, any two Z-bases
(u,v) and (u’,v") of A such that (u, Nv) and (u', Nv') are Z-bases of J satisfy
the relation (u/,v") = (u,v)a for some o € T (N) (Exercise 3.7.3(c)), so the
conjugacy class is the same for any such Z-basis of A.

Thus we have a map from extended conjugacy classes to ideals and a
map back from ideals to extended conjugacy classes. Suppose the class of
v € Ip(N) maps to the ideal J, of A. The proof of Proposition 2.3.3 shows
that v =m~! [ ~1] m for some m = [2 4] € GL(Z), and this computes out
to

* *

a’*+ac+c®ab+ad+cd|’ o’ +ac+c® =0 (mod N).

"y =
Let (u,v) = (1, ug)m, a Z-basis of A. A calculation using the displayed descrip-
tion of v shows that v annihilates L/ Lo(N) (Exercise 3.7.4), as Nv clearly does
as well. Thus (u, Nv) is a Z-basis of an A-submodule J of Ann(L/Ly(N)) = J,
with [A: J] = N = [A : J,], showing that J = J,. This ideal maps back to
the extended conjugacy class of the matrix 4" such that ug(u,v) = (u,v)y'.
Compute that

pe(u,v) = pe(1, pe)m = (pe, —1 + pe)m

= (L) [§ 1]m= (w,o)ym™" [{ 1] m = (u,v)y,

so J, maps back to the class of v as desired. On the other hand, suppose
the ideal J of A such that A/J = Z/NZ maps to the extended conjugacy
class of v € I'H(N). This means that ug(u,v) = (u,v)y for some Z-basis (u,v)
of A such that (u, Nv) is a Z-basis of J. Note that (u,v) = (1, ug)m for some
m = [21] € GLy(Z). As above, y5(u,v) = (u,v)m~" [{ 71] m, showing that
y=m"! [(1) _H m. Again the displayed description of such a v shows that u
annihilates L/Lo(N) and consequently J = J,. That is, the class of v maps
back to J.

A virtually identical discussion with A = Z[i] applies to period 2 elliptic
points (Exercise 3.7.5(a)), proving

Proposition 3.7.1. The period 2 elliptic points of I'o(N) are in bijective cor-
respondence with the ideals J of Z[i] such that Z[i]/J = Z/NZ. The period 3
elliptic points of IH(N) are in bijective correspondence with the ideals J of
Z[us) (where pg = €27/) such that Z[ug)/J = Z/NZ.

Counting the ideals gives
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Corollary 3.7.2. The number of elliptic points for I'h(N) is

M+ (5H) st
0 if 4| N,

where (—1/p) is £1 if p = £1 (mod 4) and is 0 if p = 2, and

e3(Io(N)) = lezv(1+(_73)) Z:f9TN,
0 if 9| N,

where (—3/p) is £1 if p = £1 (mod 3) and is 0 if p = 3.
These formulas extend Exercise 2.3.7(c) and Exercise 3.1.4(b,c).

Proof. This is an application of beginning algebraic number theory; see for
example Chapter 9 of [IR92] for the results to quote. For period 3, the ring
A = Z[ue] is a principal ideal domain and its maximal ideals are

e for each prime p = 1 (mod 3), two ideals J, = {(a + bug) and J, = (a +
biig) such that (p) = J,J, and the quotients A/J¢ and A/jze7 are group-
isomorphic to Z/p¢Z for all e € N,

o for each prime p = —1 (mod 3), the ideal J, = (p) such that the quotient
A/Jy is group-isomorphic to (Z/p°Z)? for all e € N,

e for p = 3, theideal J3 = (14 ug) such that (3) = J2 and the quotient A/J§
is group-isomorphic to (Z/3¢/2Z)? for even e € N and is group-isomorphic
to Z/3(¢tV/2Z @ Z/3(¢=V/2Z for odd e € N.

The formula for e3(I(N)) now follows from Proposition 3.7.1 and the Chi-
nese Remainder Theorem. Counting the period 2 elliptic points is left as Ex-
ercise 3.7.5(b), similarly citing the theory of the ring A = Z[d]. O

The elliptic points of IH(N) can be written down easily now that they are
counted. Consider the set of translates in H

{[iﬂ (ug):0§n<N}.

The corresponding isotropy subgroup generators [} 9] [§ 1] [_} ] are

n —1
(om0 osnend.

The number of these that are elements of IH(N) is the number of solutions
to the congruence 2> —x + 1 = 0 (mod N), and this number is given by
the formula for e3(I5(NN)) in Corollary 3.7.2 (Exercise 3.7.6(a)). The cosets
{IH(N)[L9]:0<n < N} are distinct in the quotient space IH(N)\SL2(Z),
though they do not constitute the entire quotient space, and the corresponding
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orbits I(N) [} 9] (u3) for such n such that n> —n +1 = 0 (mod N) are
distinct in Xo(N) (Exercise 3.7.6(b)). Thus we have found all the period 3
elliptic points of I'H(N) (Exercise 3.7.6(c)),

n+ g3

FO(N)n2—n+1’

n? —n+1=0 (mod N). (3.14)

Similarly, the period 2 elliptic points are (Exercise 3.7.6(d))

n+1

———, n?2+1=0 (mod N). 3.15
n?+1

I'H(N)

Exercises

3.7.1. (a) Show that if « generates a nontrivial isotropy subgroup in SLsy(Z)
then v and 7! are not conjugate in GL3 (Q). (Hints for this exercise are at
the end of the book.)

(b) Show that any two conjugacy classes in a group are either equal or
disjoint.

(c) Show that the I;f(N)-conjugacy class of v € I'y(N) is the union of the
I'y(N)-conjugacy classes of y and [§ _{]~[4 _7]. Show that if  has order 4
or 6 then this union is disjoint.

(d) Let v = [13][% 5] [} 17t = [222], an order-4 element of Ip(5).

Show that v is not conjugate to its inverse in I} (5).

3.7.2. In the context of mapping a matrix conjugacy class to an ideal, show
that Ly(N) is an A-submodule of L.

3.7.3. (a) In the context of mapping an ideal J of A such that A/J = Z/NZ
back to a matrix conjugacy class, retain the notation (u,v) for a Z-basis of A
such that (u, Nv) is a Z-basis of J. Show that the matrix v; € Ma(Z) such
that ug(u,v) = (u,v)ys lies in SLy(Z).

(b) For any a € T;f(N) consider the Z-basis (v/,v') = (u,v)a of A. Show
that (u/, Nv') is again a Z-basis of J.

(¢) Show that any two such Z-bases (u,v) and (u',v’) of A satisfy the
relation (u',v") = (u,v)a for some a € [E(N).

3.7.4. In the context of checking that the maps between conjugacy classes
and ideals invert each other, let v € IH(N) of order 6 be given and define
(u,v) = (1, ug)m as in the section. Show that u ©y L C Lo(N), so that u
annihilates L/Lo(N). (A hint for this exercise is at the end of the book.)

3.7.5. (a) Similarly to the methods of the section, check that the first half of
Proposition 3.7.1 holds.

(b) Prove the first half of Corollary 3.7.2. (A hint for this exercise is at the
end of the book.)
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3.7.6. (a) Show that the number of solutions to the congruence r? —x + 1 =
0 (mod N) is given by the formula for e3(IH(N)) in Corollary 3.7.2. (A hint
for this exercise is at the end of the book.)

(b) Show that the orbits Ih(N)[L 9] (us) for n =0,..., N — 1 such that
n? —n+1=0 (mod N) are distinct in Xo(N).

(¢) Confirm formula (3.14).

(d) Similarly show that the period 2 elliptic points of IH(N) are given by
formula (3.15).

3.7.7. Let p¢ and M be positive integers with p prime, e > 1, and pt M. Let
m = p~! (mod M), i.e., mp = 1 (mod M) and 0 < m < M. Consider the
matrices

10 . e
Oéj_|:Mj1:|’ O§]<p
and
5' — 1 (mjp_l)/M
J M m;p
Show that

}, m; =m+ jM, 0<j<pt.

T M) = (Lo da, | u (U T 05,

Iterating this construction gives a set of representatives for I'h(N)\SL2(Z)
where N =[] p®, including the representatives used at the end of the section
to find the elliptic points. For example, if representatives for Iy(p®q?)\Io(q”)
are {ag,...,0pe_1,00,...,Bpe-1_1} and representatives for To(g?)\SLa(Z)
are {ag, ..., a;f_l,ﬂ(’), .. ,ﬂ;f_l_l} then the p®(1+1/p)¢/ (1 +1/q) products
{aja;-,, ozjﬂ;/, ﬁja;-,, ﬁjﬁ;-,} are a set of representatives for I (p°q/)\SL2(Z).

3.8 More on cusps

This section describes the cusps of the congruence subgroups I'(N), I'1(N),
and IH(N). When N = 1, these groups are SLo(Z) and the only cusp is
SLo(Z)oo, so throughout the section let N > 1.

The first result states that the familiar action of SLa(Z)/{£I} on QU{oc}
comes from the action of SLy(Z) on Q2.

Lemma 3.8.1. Let s = a/c and s’ = d'/c be elements of Q U {oo}, with
ged(a, ) = ged(a’, ) = 1. Then for any v € SLo(Z),

o = (s) > [i/] :iy[ﬂ.
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Proof. Assume that ¢ # 0 and ¢ # 0. Then for v = [? 7] € SLy(Z),

/

, a pa + qc
5 7(s) / ra + tc

C

Both fractions on the right side are in lowest terms (Exercise 3.8.1(a)), and
so the result follows in this case. The cases when at least one of ¢, ¢’ is zero
are left as Exercise 3.8.1(b). O

The notation from the lemma will remain in effect throughout the section.
Thus s = a/c and s’ = d/c¢’ are elements of Q U {oo} expressed in lowest
terms, so that [¢] and [‘Z,/] are elements of Z2 with ged(a, ¢) = ged(a’, ') = 1.
The ged condition automatically excludes the zero vector. If [¢] = v [‘j:] for
some v € I'(N) then taking the relation modulo N gives the congruence
[¢] = [‘Z,/] (mod N). The next result, that the converse holds as well, is the
small technical point needed to describe the cusps.

Lemma 3.8.2. Let [¢] and [% ] be as above. Then

4] = [2] s oomereren > [7]

[ﬂ (mod N).

Proof. “ =" is immediate, as just noted. For “ <=7 first assume [%] = [}].
Then o’ =1 (mod N). Take integers 3 and ¢ such that «’'6 — '8 = (1—a')/N

and let v = [‘Z: AN } Then v € I'(N) and [‘Z,/] = [%] in this case.

1+8N
In the general case there exist integers b and d such that ad — bc = 1. Let
o= [2Y] € SLy(Z). Since a[§] =[], it follows that ! [‘c’,/] =a 1[4 =

[§] working modulo N. Thus ™! [‘Cl:] =~'a71[%] for some v/ € I'(N), as in
the preceding paragraph. Since I'(N) is normal in SLy(Z), setting v = ay’a™!
completes the proof. a

Proposition 3.8.3. Let s = a/c and s’ = a’/c’ be elements of Q U {oo} with
ged(a, ¢) = ged(a’, ') = 1. Then

/

I(N)s' = '(N)s < [Z‘,] zim (mod N),

and

I(N)s' =T (N)s < [Z:] + {a—l;jc} (mod N) for some j,

and

Io(N)s' = I5(N)s <~ [yCC,L } = {GZC]C] (mod N) for some j,y.

In the second and third equivalences j can be any integer, and in the third
equivalence y is any integer relatively prime to N.
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Proof. For the first equivalence,

I'(N)s' =T'(N)s < s =~(s) for some v € I'(N)
= [‘cﬂ = +7[%] for some v € I'(N), by Lemma 3.8.1
= [‘j:} =+4[%] (mod N), by Lemma 3.8.2.

The decomposition I'(N) = J; I'(N) [57] reduces the second equivalence
to the first, cited at the last step of the computation

Fl(N)Slipl(N)S <~ S/€F1(N)S
< s € I'(N)[}7] s for some j
<= I'(N)s' =I'(N)(s+ j) for some j

— [‘cﬂ = +[2tJ¢] (mod N) for some j.

Similarly, the decomposition I'y(N) = U, I (N) (& Z], taken over y relatively
prime to N and xy — kN = 1, reduces the third equivalence to the second,
cited at the third step of the computation

Io(N)s' = IH(N)s < s’ € I(N) [§ £] s for some y
za + ke
Na+yc
= [4] =+ [retketive] (mod N) for some j, y

c

< I(N)s' =TIy(N) for some y

= [yc‘f,] = [“}2¢] (mod N) for some j, y,
where the “+” has been absorbed into y and some constants into j at the last
step. O

Thus the cusps of I'(N) are I'(N)s, s = a/c, for all pairs £[%] (mod N)
where ged(a, ¢) = 1. Condition (3) of the next lemma provides a characteri-
zation purely modulo N for these representatives.

Lemma 3.8.4. Let the integers a,c have images a,¢ in Z/NZ. Then the fol-
lowing are equivalent:

(1) [2] has a lift [‘z:] € Z? with ged(a’, ) =1,
(3) [2] has order N in the additive group (Z/NZ)?.

Proof. If condition (1) holds then k(a+ sN)+1(c+tN) = 1 for some integers
k,l,s,t, and so ka + lc + (ks + lt)N = 1, giving condition (2).

If condition (2) holds then ad — be + kN =1 for some b, d, and k, and the
matrix v = [¢ 4] € My(Z) reduces modulo N into SLy(Z/NZ). Since SLy(Z)
surjects to SLo(Z/NZ), there is a lift [‘;: Zl,] € SLy(Z), giving condition (1).
(The reader may remember this argument from the proof of Theorem 1.5.1.)
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Condition (3) is the implication (k[2] = 0in (Z/NZ)> = N | k),
or equivalently (N | kaand N | ke = N | k), or equivalently (N |
kged(a,c) = N | k), or equivalently ged(ged(a,c), N) = 1, or equiva-
lently ged(a, ¢, N) = 1, i.e., condition (2). O

By the equivalence of conditions (1) and (3), the cusps of I'(N) are now
described by the pairs & [2] of order N in (Z/NZ)?. The bijection is

(2] I(N)(d'/c), where [ ] is a lift of [Z] with ged(a’,c/) = 1.

Using condition (2) of Lemma 3.8.4 we can count the cusps of I'(N). For
each ¢ € {0,1,...,N — 1} let d = gcd(c, N). Then the number of values
a € {0,1,...,N — 1} such that ged(a,c¢, N) = 1 is the number of values
such that ged(a,d) = 1, or (N/d)¢(d) (Exercise 3.8.2(a)). So the number of
elements of order N in (Z/NZ)? is (considering only positive divisors here
and elsewhere in this section)

> (N/d)g(d) - [{c: 0 < ¢ < N, ged(c, N) = d}|

dIN
= (N/d)¢(d)$(N/d)
d|N
= N? H —1/p?) (Exercise 3.8.2(b)).
pIN

For N > 2 each pair £[2] of order N elements in (Z/NZ)? has two distinct
members since an element equal to its negative has order 2. For N = 2 the
“+” has no effect. Thus the number of cusps of I'(N) is

gﬂnanngwﬂmﬂUﬁ)#N>z
3 if N =2.

Deriving this formula doesn’t really require first describing the cusps
of I'(N) explicitly. Since I'(N) is normal in SLy(Z), its cusps all have the
same ramification degree over SLy(Z)oo, most easily computed by applying
the formula from Section 3.1 at oo,

er(Nyoo = [SL2(Z)oe : {+IH(N)oo] = [£{[5 1]) : £{[G Y]] = V.

Since —I € SLy(Z) and —I € I'(N) only for N = 2 (recall that N > 1), and
since [SLo(Z) : I'(N)] = N3 [ ~n(1- 1/p?), the projection of modular curves
X(N) — X (1) has degree
1/2)N? —1/p?) if N > 2,
Ay = [SLa(2) : (LI} T(N)] = 5/)Hw( 7
6 if N =2,
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cf. Exercise 1.2.2(b). Now the formula e, (I'(N)) = dn/N reproduces the
result.

But since I'1(N) is not normal in SLa(Z), its cusps must be counted di-
rectly. The representatives are pairs +[%] of order N vectors modulo N, but
now by Proposition 3.8.3 a cusp determines the upper entry a modulo the
lower entry ¢, so in fact a is determined modulo ged(c, N). This time, for each
ce{0,1,...,N — 1}, letting d = ged(e, N), the number of values a (mod d)
such that ged(a, d) = 1 is just ¢(d). So the number of elements of in (Z/NZ)?
that pair to describe cusps of I (N) is 3y x ¢(d)o(N/d).

a=0 1 2 3 4 5 6 7 8 9 10 11
c=0/- ® . ® - ® : &
[ x [ X [x[x[x[x]x[x][x]x]x
21 ®| - x x| X X X
30 ® ®]- x X X x| X X
4l ® - ®| - x - X X X
Sl@ ] x [ x [x [ x[x[x][x]x[x][x]x
C:6' ® - . . X . X . ®
7®\><\><\>< x\x x\x x\x\x\x
8- x X X - X QR - ®
9[- x x]- x x X x[- ® ®
10} - x X X |- X X ®
1@ [ x [ x [x [ x[x [x[x[x[x[x]x

Figure 3.2. The cusps of I'(12) and of I(12)

The table in Figure 3.2 shows all of this for N = 12. The elements [¢] of
order 12, indicated by “x”, pair under negation modulo 12 to represent the
cusps of I'(12). In each row, one element is circled for each value of a modulo
ged(e, N), describing the cusps of I'1(12). The circled elements from the top
row, where ¢ = 0, pair in an obvious way, and similarly for the left column,
where a = 0. When ac # 0 the circled elements are taken from the left cell
of length ged(c, N) on row ¢ when ¢ < 6 and from the right cell when ¢ > 6,
and these visibly pair. On the middle row, where ¢ = 6 (and more generally
where ¢ = N/2 when N is even), the pairing of circled elements is a bit more
subtle: the left ¢(N/2)/2 elements in the left half of the row pair with the
right ¢(IN/2)/2 in the right half unless ¢(N/2) is odd. But ¢(N/2) is odd only
for N = 2, when the whole pairing process collapses anyway, and for N = 4,
when only four of the five “x”’s in the relevant table pair off, leaving three
representatives (Exercise 3.8.3). Thus the number of cusps of I'j(N) is

if N =2,

2
Eo(l1(N)) =13 if N =4,
L w O d)G(N/d) if N =3 or N > 4.
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The sum doesn’t have as tidy a product form as the corresponding sum
for I'(N) despite appearing simpler (this reflects that I'7(N) is not normal
in SLa(Z)), so we leave it as is.

To count the cusps of I'h(N) recall from Proposition 3.8.3 that for this

a

group, vectors [%] and [‘Cl,'] with ged(a,c) = ged(a’,¢’) = 1 represent the
same cusp when {yc‘f/} = [*}2°] (mod N) for some j and y with ged(y, N) =
1. The bottom condition, ¢ = ye¢ (mod N) for some such y, is equivalent
to ged(cd/, N) = ged(e, N), in which case letting d = ged(e, N) and letting
Yo € Z satisfy yg = /¢! (mod N) makes the condition equivalent to y =
Yo + iN/d (mod N) for some i (confirming the calculations in the paragraph
is Exercise 3.8.4). For any divisor d of N, pick one value ¢ modulo N such
that ged(c, N) = d. Then any cusp of I'h(N) represented by some vector [‘le }
with ged(¢/, N) = d is also represented by [%] whenever (yo + iN/d)a’ =
a + jc (mod N) for some i and j, or a = yoa’ (mod ged(e, N,a’N/d)), or
a = yoa' (mod ged(d, N/d)). Also, a is relatively prime to d since ged(a,d) |
ged(a, ) = 1, so a is relatively prime to ged(d, N/d). Thus for each divisor d
of N there are ¢(ged(d, N/d)) cusps, and the number of cusps of IH(N) is

exa(Tn(N)) = d(ged(d, N/d)).

d|N

The reader should use this discussion to find the cusps of I(12) with the help
of Figure 3.2 (Exercise 3.8.5).

Let N be any positive integer and let k& be odd. All cusps of I'h(N) are
regular since —I € IH(N). To study the cusps of I'1 (N), take any s € QU{oo}
and let v € I'1(N)s, so if a € SLa(Z) takes oo to s then a ™ lyva € (a7 .
If a~'ya takes the form — [} #] then v has trace —2. But also, trace(y) =
2 (mod N), so this can happen only if N | 4. Since —I € I'1(2), the only case
where an irregular cusp might occur is I7(4). This argument shows that all
cusps of I'(N), N # 4, are regular as well. In fact, the only irregular cusp in
this context turns out to be the example we have already seen, s = 1/2 for
It (4) (Exercise 3.8.7).

Finally, the cusps of any congruence subgroup of SLs(Z) have a purely
group-theoretic description. Let G be an arbitrary group and let H; and Ho
be subgroups. A double coset of G is a subset of G of the form HygHs. The
space of double cosets is denoted H;\G/Ha, that is,

Hl\G/HQ = {ngHg g E G}

As with one-sided cosets, any two double cosets are disjoint or equal, so there
is a disjoint set decomposition
G = U HygH> where R is a set of representatives.

geR

A specific case of all this describes the cusps of any congruence subgroup.
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Proposition 3.8.5. Let I' be a congruence subgroup of SLo(Z) and let P be
the parabolic subgroup of SLz(Z), P = {£ ;7] : j € Z} = SLa(Z)s, the
fixing subgroup of co. Then the map

I'\SLy(Z)/P — {cusps of I'}

given by
I'aP — I'a(oo)

is a bijection. Specifically, the map is I’ [‘g Z] P I'(a/c).

Proof. The map is well defined since if 'aP = I'a/ P then o/ = vyad for some
v €I and § € P, so that I'a/(00) = I'yad(oo) = I'a(oo), the last equality
because v € I" and 9 fixes oco.

The map is injective since the condition I'a/(c0) = I'a(o0) is equivalent
to o/(o0) = ya(oo) for some v € I', or a~ly7ta/ € P for some v € I, or
o' € I'aP, meaning I'a’P = 'aP.

The map is clearly surjective. O

Another proof, essentially identical, is to show first that SLo(Z)/P identi-
fies with QU {oo}, so that the double coset space I'\SLy(Z)/P identifies with
the cusps I'\(Q U {o0}).

In particular, the double coset space I'(N)\SL2(Z)/P is naturally viewed
as SLo(Z/NZ)/P where P denotes the projected image of P in SLy(Z/NZ),
that is, P = {£ [} 7] :j € Z/NZ}. Thus double cosets I'(N)aP with o €
SLs(Z) can be viewed as ordinary cosets aP with o € SLy(Z/NZ). Since P

acts from the right by
ab ab+ja
[cd] Hi[cd+jc}’

the cosets are represented by pairs & [ %] where the vector is the left column of
some o € SLo(Z/NZ) as before. Similarly, when I' = Il (N) = |, [57] I(N),
the double coset space is naturally viewed as P\SLo(Z/NZ)/P where
P ={[}7]:j € Z} is the “positive” half of P and again the overbar signifies
reduction modulo N. Since [§ 7] [% %] = [2%7¢ ] this recovers the description
of the cusps of I} (N). The double coset decomposition I'y(N)\SL2(Z)/P re-
covers the cusps of IH(N) in the same way. See Section 1.6 of [Shi73] for an

elegant enumeration of the cusps of IH(N) using double cosets.

In Chapter 5 of this book double cosets will define the Hecke operators
mentioned in the preface. For future reference in Chapter 5 we now state that
for any prime p,

10

I (N) {Op

} I(N) = {7 €My(Z):v= B;] (mod N), det~y p}.
(3.16)
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Supply details as necessary to the following argument (Exercise 3.8.8(a)).
One containment is clear. For the other containment, let L = Z? and let
Ly = Lo(N) = {[y] € L : y = 0 (mod N)}. Then My(Z) acts on L by
left multiplication. Take v € My(Z) such that v = [ 5] (mod N) and dety =
p. Because vy € Ma(Z) and v = [§ 5] (mod N),vLy C Lg. Because dety = p is
positive, [L : yLo] = [L : Lo|[Lo : vLo] = Np. By the theory of Abelian groups
there exists a basis {u,v} of L such that det[u v] =1 and vLo = muZ ® nvZ
where 0 < m | n and mn = Np. The first column of v is '] (mod N), but it
is also ye; (where ey is the first standard basis vector), an element of vLg and
therefore [J] (mod m). Because ged(ay, N) = 1, also ged(m, N) = 1. Because
p is prime it follows that m = 1 and n = Np,

~vLo = uZ & NpvZ.

The right side has unique supergroups of index p and N inside L = uZ @ vZ,
SO Now

Ly =uZ & NvZ, YL = uZ & pvZ, YLy = uZ & NpvZ.

Let v1 = [uv]. The condition u € Ly shows that 71 € IH(N). Let o =
(1 [6 g})_l 7, an element [2 Y] of GL3 (Q) with determinant 1 such that as
desired,

10
Y=m" |:0 p:| V2. (317)

The condition ve; € vLg is au + cpv € wZ & NpvZ, or a € Z and ¢ € NZ.
The condition yey € vL is ub+pvd € uZ & pvZ, or b,d € Z. Thus v € I[H(N)
as well. Because ay = 1 (mod N), ve; = e; (mod N) and thus (3.17) shows
that au; = 1 (mod N) using only that 1,72 € IH(IN) where 72 = [24]. So
if v satisfies (3.17) for 1,72 € IH(IV) such that either vy or 2 lies in I (N)
then both do. To complete the argument it suffices to show that

To(N) [(1)2} To(N) = I (N) B 2] To(V).

For the nontrivial containment, since Iy (N)\ I (V) is represented by matrices
of the form [ & %] € SLy(Z), it suffices to show that for each such matrix there
exists a matrix § € I (N) such that [ g k] [§ 9] IH(N) =6 [§ 9] [o(IN), or a
matrix §’ € I1(N) such that

—1
10 ,la k| |10
op] o lia][og] <raem
If p | N then & = [*N{!' '] works. If p { N then any & = [y 7]
where d = 1 (mod N) and d = —a (mod p) will do. This completes the

proof. Exercise 3.8.8(b) requests a similar description of the double coset

Io(N) [6p] To(N).
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Exercises

3.8.1. (a) In the proof of Lemma 3.8.1 show that the fraction (pa+qc)/(ra+tc)
is in lowest terms. (A hint for this exercise is at the end of the book.)
(b) Complete the proof of Lemma 3.8.1.

3.8.2. (a) Let d be a divisor of N. Show that the number of values a modulo N
such that ged(a,d) =1 is (N/d)o(d).

(b) Show that }, x(N/d)(d)p(N/d) = N? [~ - 1/p?). (A hint for
this exercise is at the end of the book.)

3.8.3. Make a table counting the cusps of I'(4), of I'1 (4), and of I'H(4).
3.8.4. Confirm the calculations that count the cusps of I'h(NV).

3.8.5. Find the cusps of Ij(12).

3.8.6. Find the cusps of I'(10), of I'1(10), and of I((10).

3.8.7. Show that then when k is odd, all cusps of I'(4) are regular and only
the cusp s = 1/2 is irregular for I (4). (A hint for this exercise is at the end
of the book.)

3.8.8. (a) Supply details as necessary to the proof of (3.16) in the section.
(b) Analogously to (3.16), describe the double coset Ih(N) [§ 5] To(N) as
a subset of Ma(Z).

3.9 More dimension formulas

This section computes dimension formulas for My (I") and Si(I") when I is
Io(N), It (N), or I'(N). Since we already have formulas for SLy(Z), let N > 1
throughout this section.

Recall that X(N) = X(I'(N)), X1(N) = X(I1(N)), and Xo(N) =
X(Io(N)). Projection X(N) — X;(N) has the degree computed in the
previous section,

(1/2)N? [T, n(1 = 1/p%) i N>2,

dI(N)) = dn = {6 i N = 2.

Since —I € I'1(N) if and only if —T € I'(N), and since the index [I[7(N) :
I'(N)] is N, projection X;(IN) — X (1) has degree

d(I(N)) =dy/N for N > 2.
In discussing I'o(N) we may take N > 2 since I(2) = I1(2). So —I ¢ IH(N)

while —I € SLy(Z). Along with the index [IH(N) : I'1(N)] = ¢(N) this shows
that projection Xo(IN) — X (1) has degree
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d(IH(N)) = 2dn /(N$(N)) for N > 2.

By Exercise 2.3.7(a), e2(I'(N)) = e3(I'(N)) = 0 for N > 1. By Exer-
cise 2.3.7(b),

1 if N=2
0 if N>2

1 if N =3,

I(N)) =
e2(I1(N)) { 0 if N=2or N> 3.

53(F1(N))—{

Finally, e5(L5(N)) and e3(IH(N)) were computed in Section 3.7. The data are
summarized in Figure 3.3.

r d E2 €3 €0
(V) || 2dy }l_][v(” (5)) }_][V(” (5)) e )
(N >2)|| No(N) if44 N if 94 N |4x e

0 if4|N| 0 if9|N
1)
ney| ! 0 2
I (3) 4 0 1 2
I'(4) 6 0 0 3
RN 0 0 |5 e@e)
d|N
r'(N) d
(N(> 1) dn 0 0 WN

Figure 3.3. Data for the dimension formulas

For I'h(N), the formula for the genus g from Theorem 3.1.1 and the
dimension formulas for My (I5(N)) and Sg(IH(N)) when k is even from
Theorem 3.5.1 don’t simplify and are best left in their given forms. (Since
—1I € I'4(N) the dimensions are 0 for k odd.) But for I7(N) and I'(N), see
Figure 3.4. In the table, each “£” refers to the dimensions for the modular
forms and the cusp forms respectively. The last column is split when the for-
mulas differ for k£ even and k odd. Since dim(Sz(I")) = g and dim(My (")) =1
and dim(So(I")) = 0 and dim(M(I")) = 0 when k < 0, the only case not re-
solved by the table is k = 1.
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dim(My(I")) for k > 2

Ia g and dim(S(I")) for k >3
(k even) | (k odd)
I(2) 0 MJ +1 0
I (3) 0 V;J +1
k—1+3 k—1+2
Ii(4) 0 : .
O 2 = 2 S oty [E S« 1 S s
d|N d|N
k—1+3
) 0 — 0
I(N) dn (N — 6) (k—1)dy  dy
(N > 2) L =N 2 TaN

Figure 3.4. Genera and dimensions for most values of k

Exercises

3.9.1. Verify all the entries in Figure 3.4. (A hint for this exercise is at the
end of the book.)

3.9.2. Theorem 3.6.1 provides the dimension formulas dim(M;(I")) = &8 /2
and dim(S1(I")) = 0 when €28 > 2g — 2. Show that this condition holds
for I'(N) if and only if N < 12.

3.9.3. Show that I'H(N) = {£I}[1(N) for N = 2,3,4. What does this show
about dim M (Io(N)) and dim S (IH(N)) for these values of N? As a special
case of this, note the formula dim(Maz(I5(4))) = 2 cited in the context of the
four squares problem in Section 1.2.

-1
3.9.4. Show that I'(2) = [_01 162} (£} (4) [_01 162]. What does this ex-

plain about Figure 3.47

3.9.5. For what values of N does the genus g(X(N)) equal 07 17
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Eisenstein Series

For any congruence subgroup I" of SLa(Z), the space My, (I") of modular forms
naturally decomposes into its subspace of cusp forms Si(I") and the cor-
responding quotient space My (I")/Sk(I"), the Eisenstein space E,(I"). This
chapter gives bases of & (I'(N)), (I (N)), and subspaces of E(I1(N))
called eigenspaces, including & (Io(N)). The basis elements are variants of
the Eisenstein series from Chapter 1. For k& > 3 they are straightforward to
write down, but for k = 2 and k = 1 the process is different.

Aside from demonstrating explicit examples of modular forms, computing
the Fourier expansions of these Eisenstein series leads naturally to related
subjects that are appealing in their own right: Dirichlet characters, zeta and
L-functions, their analytic continuations and functional equations, Bernoulli
numbers and Bernoulli polynomials, Fourier analysis, theta functions, and
Mellin transforms. These ideas are presented in context as the need arises.
They help to show that a more general kind of Eisenstein series, augmented
by a complex parameter, satisfies a functional equation as well. At the end
of the chapter they are used to construct a modular form that is related to
the equation 2> = d and to the Cubic Reciprocity Theorem as the motivating
example in the book’s preface is related to 2 = d and Quadratic Reciprocity.

Related reading: Various parts of this material are covered in the texts
[Gun62], [Hid93], [Kob93], [Miy89], [Lan76], [Sch74], and in sections of the
papers [Hec27] and [Hid86].

4.1 Eisenstein series for SLy(Z)

The Eisenstein series G (7) for even k > 4 were defined in Chapter 1, as were
the normalized Eisenstein series Ei(7) = G(7)/(2¢(k)) with rational Fourier
coefficients and leading coefficient 1. Recalling that a primed summation sign
means to sum over nonzero elements, compute that
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! 1 e 1
Gi(r) = Z m:; (Cz:d) (or+ dF

(c,d)eZ?
ged(e,d)=n
= 1 1 1
=D X =W Y
—n ! (cT 4+ d) 3 (e +d)
ged(e,d)=1 ged(e,d)=1

These calculations are valid since the series G (7) converges absolutely for all
integers k > 3, as shown in Exercise 1.1.4. It follows that

1
_ 1
Ey(1) =35 E 7(67_ O (4.1)
(c,d)eZ?

ged(e,d)=1

The series defining GG, and Ej, cancel to zero for odd k.

Define Py = {[{ 7] : n € Z}, the positive part of the parabolic subgroup
of SLy(Z). This allows an intrinsic description of the normalized Eisenstein
series (Exercise 4.1.1),

Em =3 Y o (4.2)

YEP\SL2(Z)

To show intrinsically that Ej is weakly modular of weight k, compute that
for any v € SLo(Z)

(Ex) () =3inn) ™ >0 6 ),

v’ €P4\SL2(Z)

so the relations j(v/, (7)) = j(v'5,7)/j (v, 7) and P\SLa(Z)y = Py \SLy(Z)
show that the right side is again Ej(7). This argument isn’t really different
from the nonintrinsic proof from Section 1.1 (and they both require the ab-
solute convergence shown there in Exercise 1.1.2 to rearrange the sum), but
the intrinsic method is being shown for elegance here and in the next section
and because it remains tractable in more general situations.

This chapter will construct Eisenstein series for congruence subgroups
of SLy(Z). For any congruence subgroup I' and any integer k, define the
weight k Eisenstein space of I' to be the quotient space of the modular forms
by the cusp forms,

E(IN) = My(I')/Si(I).

Recall from Chapter 3 that £,, denotes the number of cusps of the compact
modular curve X (I') and '8 denotes the number of regular cusps. By the
dimension formulas from Chapter 3 (Exercise 4.1.2),
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€00 if kK > 4 is even,
erce if k>3isodd and -1 ¢ I,
_ too—1 ifk=2,
dim (&, (1) = 4.3
M(EI) =\ g9 it k=1 and —T ¢ T, (4:3)
1 if k=0,
0 ifk<Oorifk>0isodd and —1 € I'.

At the end of the next chapter the Eisenstein space E(I") will be redefined
as a subspace of My(I") complementary to Si(I"), meaning the subspaces are
linearly disjoint and their sum is the full space. In the meantime it suffices to
think of & (I") as a quotient space.

Exercises

4.1.1. Show that the intrinsic sum for Ej, in (4.2) agrees with the sum in (4.1).

4.1.2. Confirm formula (4.3).

4.2 Eisenstein series for I'(IN) when k > 3

Let N be a positive integer and let ¥ € (Z/NZ)? be a row vector of order N.
(In this chapter an overline generally denotes reduction modulo N, so for
example v is any lift of ¥ to Z2. Occasionally the overline will denote complex
conjugation instead, but context will make the distinction clear.) Let § =
[ 2] € SLa(Z) with (cy,dy) a lift of ¥ to Z?, and let k > 3 be an integer.

Cy dy

Let ey be 1/2 if N € {1,2} and 1 if N > 2. Define (Exercise 4.2.1)

EJ (1) = en Z (er4+d)F =ey Z iy, m) 7R (4.4)
(exd)=0 (N) Ye(PyAL(N)\P(N)5
ged(e,d)=1

When N = 1 there is only one choice of v and E} is Ej, from before. Note
that E, * = (—1)"E}. This is a special case of

Proposition 4.2.1. For any v € SLy(Z),
(BXDIR)(r) = B (7).

Proof. Compute for any v € SLa(Z), using the fact that I'(IN) is normal
in SL(Z) at the second and fourth steps, that
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(EX[]k)(7)

enj(y,m) 7 > ity ()"
V€PN (N)\T(N)s

en > LT

Y e(P+NI(N)N\ST(N)

en > i0"

¥ €(P+AL(N)\6D(N)y

= ey > i0" )= B (7).
€PN\ (N)57

Corollary 4.2.2. E} € My(I'(N)).

Proof. As a subseries of the series Ej, analyzed in Exercise 1.1.4, EY is holo-
morphic on H, meeting condition (1) of Definition 1.2.3. Since every v € I'(N)
reduces to the identity matrix modulo N, Proposition 4.2.1 here shows that
7y = v and E} is weight-k invariant with respect to I'(N), i.e., it satisfies
condition (2) in the definition. Finally, the Fourier expansion calculation to
follow will produce coefficients meeting condition (3’) of Proposition 1.2.4,
showing that E} satisfies condition (3) in the definition as well. O

With the corollary established, one can symmetrize the Eisenstein series
E} to create modular forms for any congruence subgroup of level N (Exer-
cise 4.2.2).

It is straightforward (Exercise 4.2.3) to compute that

lim  Ep(r) =

Im(7)—00

{(ﬂ)k if 7= 4(0, 1), unless k is odd and N € {1, 2},

0 otherwise.

When k is odd and N € {1, 2}, the Eisenstein space E(I'(N)) has dimension 0
since —I € I'(N). Excluding these cases for the rest of this paragraph, E} is
nonvanishing at oo if ¥ = £(0, 1) and vanishes at co otherwise. Next take any
7= (c,d) € (Z/NZ)? of order N with corresponding § = [¢ 4] € SLy(Z), and
take any cusp s = a//¢’ € QU {o0}, so that a matrix a = [‘C‘f Zj] € SLy(Z)
takes oo to s. The behavior of E at s is described by the Fourier series of
E}[a]k. By Proposition (4.2.1)

Eflo] = B{™ = BV,

Thus E}[a] is nonvanishing at co only when (0,1)da = (0, 1), or (0,1)d =
+(0, a1t or [‘;;] =4 [_‘j] (mod N). By Proposition 3.8.3, this is equiva-

lent to I'(N)s = I'(N)(—d/c), showing that E} is nonvanishing at I'(N)(—d/c)
and vanishes at the other cusps of I'(N).
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If k is even or N > 2, pick a set of vectors {v} = {(c¢,d)} such that
the quotients —d/c represent the cusps of I'(INV), cf. Section 3.8. The preced-
ing paragraph shows that the corresponding set {E}} of Eisenstein series is
linearly independent. The set contains e.(I'(NN)) elements, so it represents
a basis of & (I'(N)) according to formula (4.3) since all cusps of I'(N) are
regular. Since & (I'(N)) = {0} when k is odd and N € {1,2}, we have a
basis of £;(I'(N)) in all cases when k > 3. The basis elements are cosets
E} + Sk(I'(N)) since E(I'(N)) is the quotient space My (I'(N))/Sk(I'(N)).
Once &, (I'(N)) is redefined as a subspace of My(I'(IV)) in the next chapter,
the basis elements will be the Eisenstein series themselves.

The series E} are normalized, but in Chapter 1 it was the nonnormalized
series G, whose Fourier series was readily calculable. Analogously, define for
any point v € (Z/NZ)? of order N

_ I 1
Gl = > ——
(¢,d)=v (N) (7 +d)
Any (c¢,d) in this sum satisfies ged(ged(e,d), N) = 1. Thus
Gi= Y Y
(cT + d)*

n=1 c,d)=v (N
ged(n,N)=1 (gcdzc,d)(:n)

S W, Ear (45)
gcd(rﬁ,zjxlr)zl (¢",d)=n""v (N)

ged(c',d)=1

-~ Y amm e

N nez/NZ)*

where the modified Riemann zeta function (essentially the Hurwitz zeta func-
tion to be defined in Section 4.7) is

k) = n e (Z/NZ)*.

(Note that (Z/1Z)* = {0} since 0 = 1 (mod 1), i.e., 0 is multiplicatively
invertible for once. This is consistent with the definition ¢(1) = 1 for the
Euler totient function. So (7 is the usual zeta function when N = 1.) Also,
letting 1 denote the Mobius function from elementary number theory, Mobius
inversion shows that (Exercise 4.2.4)

Elm=en Y. k)G (r) (4.6)

ne(Z/NZ)*
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where as before ey is 1/2 if N € {1,2} and 1 if N > 2, and where the
coefficient in the sum is another modified zeta function,

ke, ) = wm) e (z/Nz)

k )
m=1 m
m=n (N)

The set {G}} for the same vectors v as before also represents a basis of
Ex(L(N)). We will reformulate the modified zeta functions in Section 4.4.
To compute the Fourier expansion of Gz when N > 1, start from

ZZ CT+d +Nd Nk ZZ CT+d (47)

c=cy deZ c= cudez N +d)

where all congruence conditions in this calculation are modulo N and all sums
are taken over positive and negative and possibly zero values unless otherwise
specified. Examining the first sum in (4.7) shows that the constant term of
G} (1) is (Exercise 4.2.5(a))

1 ife,=0 r1 (4.8)
0 otherwise | & dk’ :

Next recall equation (1.2),

T4+ d)k

1 o0
ZizCkka_lqm for r€ H and k > 2,
deZ ( ) m=1

where Cj, = (—2mi)*/(k — 1)! (this symbol will be used repeatedly for the
rest of the chapter) and ¢ = e*™7. If ¢ > 0 in the second sum in (4.7)
then (¢t + d,)/N € H and so letting this be the 7 in (1.2), part of (4.7) is
(Exercise 4.2.5(b))

~k Z ka 1#31\[chm_ Z Z mk 1/1(11\[7”(]”7 (49)

c=cy m=1 m|n
c>0 n/m Co
m>0

where uy = e2™/N and gy = €?™7/N. Note that the inner sum is zero unless

n = ¢,. Similarly, if ¢ < 0 in (4.7) then —(c7 + d,)/N € H and so the rest
of (4.7) is (Exercise 4.2.5(¢c))

kckzzmkl—dmfcm: Z S bl

C=Cy m=1 m‘n
c<0 n/m Co
m<0

(4.10)
Assembling the results of this calculation gives
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Theorem 4.2.3. The Fourier expansion of GY(7) fork > 3 andv € (Z/NZ)?
a point of order N is

v = d C — v n TUT
GR(r) = 8(2,)¢™ (k) + J\TIZ > op )y, qy =N,
n=1

where
_ 1 ife, =0, i 11
) v) = 5 v(k) = TR
(@) {0 otherwise} ¢ (k) d_dz:(N) dk
and .
—2m = .- m
Cy = ((kl))!’ or_1(n) = Z sgn(m)m* 1/‘?\}) .
n/mz‘cz (N)

The sums for % and oy_, are taken over positive and negative values of d
and m.

Any set {G} (1)} with one v corresponding to each cusp of I'(N) represents
a basis of E(I'(N)).

When N = 1, the Fourier expansion agrees with G (7) from Chapter 1
for k even and it cancels to zero when k is odd (Exercise 4.2.6). Clearly the
nth Fourier coefficient is bounded by Cn”*, completing the proof that E}lis a
modular form.

Exercises

4.2.1. Show that the two sums in (4.4) agree.

4.2.2. Let N, v, and k be as in the section. Let I" be a congruence subgroup
of SLy(Z) of level N, so that I'(N) C I' C SLy(Z). Define

Eyr= Y.  Ellk,
Y ED(N\I

the sum taken over a set of coset representatives. Show that Ef  is well
defined and lies in My (I").

4.2.3. Establish the formula in the section for limyy, ;) E} (7).

4.2.4. (a) The Mobius function p: ZT — Z is defined by

(—=1)¢ ifn=p;---p, for distinct primes py, ..., pq,
p(n) = I .
0 if p* | n for some prime p.

This includes the case u(1) = 1. Show that for n € ZT,
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1 ifn=1

d) = ’

dzr;u() {0 ifn>1.
d>0

(b) Let © € (Z/NZ)? be a point of order N. It follows from part (a) that

Bi(7) = en Z Z T+d

(¢,d)=v (N) n|g,cd(c d)

Rearrange the sum to obtain formula (4.6). (A hint for this exercise is at the
end of the book.)

4.2.5. (a) Confirm that the constant term of (4.7) is given by (4.8).
(b) Show that the terms of (4.7) with ¢ > 0 sum to (4.9).
(c¢) Show that the terms of (4.7) with ¢ < 0 sum to (4.10).

4.2.6. Confirm that when N = 1 in Theorem 4.2.3, the series becomes the
Fourier expansion of G (7) from Chapter 1 when k is even and cancels to zero
when k is odd.

4.3 Dirichlet characters, Gauss sums, and eigenspaces

Computing the Eisenstein series for the groups It (V) and IH(N) requires
some machinery, to be given over the next two sections. For any positive
integer N, let G denote the multiplicative group (Z/NZ)*, of order ¢(N)
where ¢ is the Euler totient, when this doesn’t conflict with the notation
for Eisenstein series. A Dirichlet character modulo N is a homomorphism of
multiplicative groups,
x: Gy — C*.

For any two Dirichlet characters x and v modulo N, the product character
defined by the rule (xv¢)(n) = x(n)y(n) for n € Gy is again a Dirichlet char-
acter modulo N. In fact, the set of Dirichlet characters modulo N is again a
multiplicative group, called the dual group of Gy, denoted G, whose iden-
tity element is the trivial character modulo N mapping every element of G
to 1, denoted 1y or just 1 when N is clear. Since Gy is a finite group the
values taken by any Dirichlet character are complex roots of unity, and so
the inverse of a Dirichlet character is its complex conjugate, defined by the
rule x(n) = x(n) for all n € Gy. (So here the overline denotes complex
conjugation, not reduction modulo N.) As explained in the previous section,
G1 = {0}, and so the only Dirichlet character modulo 1 is the trivial charac-
ter 11.

For any prime p the group G, is cyclic of order p — 1. Let g be a generator
and let p1,_1 be a primitive (p — 1)st complex root of unity. Then the group
of Dirichlet characters modulo p is again cyclic of order p — 1, generated by
the character taking g to p,—1. In general (see, for example, [Ser73]),




4.3 Dirichlet characters, Gauss sums, and eigenspaces 117

Proposition 4.3.1. Let Gy be the dual group of Gn. Then Gy is isomorphic
to Gn. In particular, the number of Dirichlet characters modulo N is ¢(N).

The two groups are noncanonically isomorphic, meaning that construct-
ing an actual isomorphism from Gy to Gy involves arbitrary choices of which
elements map to which characters. The groups Gy and Gy satisfy the orthog-
onality relations (Exercise 4.3.1),

oS 5t e 8
neC if x #1, T if n# 1.

Let N be a positive integer and let d be a positive divisor of N. Every
Dirichlet character xy modulo d lifts to a Dirichlet character yy modulo N,
defined by the rule xn(n (mod N)) = x(n (mod d)) for all n € Z relatively
prime to N. That is, xxy = x o mn,q Where mn g4 : Gy — Gq is natural
projection. For example, the Dirichlet character modulo 4 taking 1 to 1 and
3 to —1 lifts to the Dirichlet character modulo 12 taking 1 and 5 to 1 and 7
and 11 to —1. Going in the other direction, from modulus N to modulus d,
isn’t always possible. Every Dirichlet character xy modulo N has a conductor,
the smallest positive divisor d of N such that x = x40mx,q for some character
x4 modulo d, or, equivalently, such that x is trivial on the normal subgroup

Kng=Xker(nyg) ={n€ Gy :n=1 (modd)}.

For example, the Dirichlet character modulo 12 taking 1 and 7 to 1 and 5
and 11 to —1 has conductor 3. A Dirichlet character modulo N is primitive
if its conductor is N. The only character modulo N with conductor 1 is the
trivial character 1y, and the trivial character 1 modulo N is primitive only
for N =1.

Every Dirichlet character x modulo N extends to a function x : Z/NZ —
C where x(n) = 0 for noninvertible elements n of the ring Z/NZ, and then
extends further to a function x : Z — C where (abusing notation) x(n) =
x(n (mod N)) for all n € Z. Thus x(n) = 0 for all n such that ged(n, N) > 1.
The extended function is no longer a homomorphism, but it still satisfies
x(nm) = x(n)x(m) for all n,m. In particular, the trivial character modulo N
extends to the function

1 (n) = 1 if ged(n,N) =1,
M0 if ged(n, N) > 1.

Thus the extended trivial character is no longer identically 1 unless N = 1.
The extension of any Dirichlet character x modulo N satisfies

o [Nt
X730 N> 1.
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Summing over n = 0 to N — 1 in the first orthogonality relation and taking
n € Z in the second gives modified versions,

N—-1 . .
_Jo(N) ifx=1, _Je(N) iftn=1(N),
;X(n)_ {o ify £ 1, 2 x(n) = {o itn £ 1 (N).

The Gauss sum of a Dirichlet character y modulo N is the complex number
N—1
900) = > x(muf, pn =N
If  is primitive modulo N then (Exercise 4.3.2) for any integer m,
N—-1
> x(mui™ = x(m)g(x). (4.11)
n=0

It follows that the Gauss sum of a primitive character is nonzero. Indeed, the
square of its absolute value is

N-1 N-1N-1
9()g(x) = ) x(m)g(x)uy™ = X(m)py" ™ by (4.11)  (4.12)
m=0 m=0 n=0
N—-1
-3 Sl 1)
the last equality holding because the inner sum is N when n = 1 and 0

otherwise. Formula (4.11) and the following lemma will be used in the next
section.

Lemma 4.3.2. Let N be a positive integer. If N = 1 or N = 2 then every
Dirichlet character x modulo N satisfies x(=1) = 1. If N > 2 then the number
of Dirichlet characters modulo N is even, half of them satisfying x(—1) =1
and the other half satisfying x(—1) = —1.

Proof. The result for N =1and N =2isclear. If N > 2 then4 | Norp| N
for some odd prime p. The nontrivial character modulo 4 takes —1 (mod 4)
to —1, and for every odd prime p the character modulo p taking a generator g
of G, to a primitive (p — 1)st complex root of unity takes —1 (mod p) to —1
since —1 = ¢g»=1/2 (mod p). In either case the character lifts to a character
modulo N taking —1 (mod N) to —1.

_ Let G ~ denote the group of Dirichlet characters modulo N. The map
GNn — {£1} taking each character x to x(—1) is a homomorphism. We have
just seen that the homomorphism surjects if N > 2, and so the result follows
from the First Isomorphism Theorem of group theory. O
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We are interested in Dirichlet characters because they decompose the vec-
tor space My, (I'1(N)) into a direct sum of subspaces that we can analyze in-
dependently. For each Dirichlet character y modulo N define the x-eigenspace
of My (I'n(N)),

Mi(N,x) = {f € Mi([1(N)) : f[lk = x(dy) f for all v € TH(N)}.

(Here d., denotes the lower right entry of .) In particular the eigenspace
Mi(N,1) is My (Io(N)) (Exercise 4.3.3(a)). Also note that My (N, x) is just
{0} unless x(—1) = (—1)* (Exercise 4.3.3(b)). The vector space My (I (N))
decomposes as the direct sum of the eigenspaces (Exercise 4.3.4(a)),

M(T(N)) = @ Mr(N, ),

and the same result holds for cusp forms (Exercise 4.3.4(b)), so it holds for
the quotients as well (Exercise 4.3.4(c)),

E(I1(N)) = D & (N, x).

Exercises

4.3.1. Prove the orthogonality relations. (A hint for this exercise is at the end
of the book.)

4.3.2. Let x be a primitive Dirichlet character modulo N and let m be an
integer. Prove formula (4.11) as follows.

(a) For m = 0, confirm the formula for y = 1; and for nontrivial x.

(b) Now assume m # 0. Let g = ged(m, N), N = N'g, and m = m/gh for
the minimal A such that ged(m’, N) = 1. Show that since x(m/)x(m’) =1,

N-1 N’'—1 N-1
Soxmpyt =xm) > | D x) | urt (4.14)
n=0 n’=0 n=0

n=n’ (N')

Let K = Kyn = {n € (Z/NZ)* : n = 1 (mod N’)}, the subgroup
of (Z/NZ)* introduced in the section. Use the fact that x is primitive to

show that
1 ifg=1,
Doxm =9
nekK g =>1

Since (Z/NZ)* = J,,, n' K where the coset representatives n’ taken modulo N’
run through (Z/N'Z)*, show that the inner sum in (4.14) is > .. x x(n),
and that this is x(n’) if g = 1 and 0 if g > 1. Show that formula (4.11) follows
in both cases.
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4.3.3. (a) Show that My (N,1) = My (IH(N)).
(b) Show that My (N, x) = {0} unless x(—1) = (—=1)¥.

4.3.4. (a) Show that My (I (N @ M (N (A hint for this exercise

is at the end of the book.)
(b) Show the same result for the cusp form spaces S, (N, x).
(c) Show the same result for the Eisenstein spaces Ex (N, x).

4.4 Gamma, zeta, and L-functions

This section gives a brief discussion of three functions from complex analysis.
Some results are stated without proof since the arguments are written in many
places, see for example [Kob93]. For any complex number s with positive real
part, the gamma function of s is defined as an integral,

o0 _tsdt
I'(s) = tt’ s€C, Re(s) >0
t=0

Since [t*] = tRe(s) for ¢t > 0, the condition on s ensures that the integral
converges at ¢ = 0, and since the integrand decays exponentially as ¢ — oo,
the integral converges at the other end as well. It is easy to show that I'(1) = 1,

that I'(1/2) = /m, and that I" satisfies the functional equation
I'(s+1)=sI(s)

(Exercise 4.4.1(a—c)). Consequently I'(n) = (n — 1)! for n € Z*. (This tidies
the notation for the ubiquitous constant Cj of this chapter, which is now
(—27i)k /I(k).) Rewriting the functional equation as I'(s) = I'(s+1)/s defines
the left side as a meromorphic function of s for s-values with Re(s) > —1 and
thus extends the domain of I' one unit leftward. Repeatedly applying the
functional equation this way extends the domain of I" to all of C, and now
the functional equation holds for all s. For any n € N, it gives

| o L(s+n+1) (="
Sg@n(s—i—n)F(S) = lm s(s+1)---(s+n—1)  n!

)

showing that the extended I' function has a simple pole at each nonposi-
tive integer with residue Ress=_,I'(s) = (—1)"/n!. We will need the formula

(Exercise 4.4.1(d))
I(s)F(1—s) = W”m) (4.15)

in Section 4.7. This shows that the extended Gamma function has no zeros,
making its reciprocal 1/I'(s) entire. We will need the formula (Exercise 4.4.2)

1—k
-2 I 1-k
7T71-’§F((k2)) = % for even integers k > 2 (4.16)
2



4.4 Gamma, zeta, and L-functions 121

in the next section.
The Riemann zeta function of the complex variable s is

¢(s) = Z %, Re(s) > 1

n=1

The sum converges absolutely. An elegant restatement due to Euler of the
Fundamental Theorem of Arithmetic (positive integers factor uniquely into
products of primes) is

()= J[A=p7")"", Re(s) > 1,

peEP

where P is the set of primes. Define

&(s) = WﬁS/ZF(s/Z)C(s), Re(s) > 1

Section 4.9 will prove that the function £ has a meromorphic continuation to
the entire s-plane satisfying the functional equation

£(s)=¢&(1—s) forallseC

and having simple poles at s = 0 and s = 1 with respective residues —1 and 1.
By the properties of the gamma function, this shows that the Riemann zeta
function has a meromorphic continuation to the entire s-plane, with one simple
pole at s = 1 having residue 1 and with simple zeros at s = —2, -4, —6, ...
It also shows that ¢(0) = —1/2 and gives the values of ((—1), ((—3), {(-5),
..in terms of {(2), ((4), ¢(6), ..., which were computed in Exercise 1.1.7(b).
See Exercise 4.4.3 for an appealing heuristic argument due to Euler in support
of these values ((1 — k) for even k > 2.
Every Dirichlet character xy modulo N has an associated Dirichlet L-
function similar to the Riemann zeta function,

N

Again this extends meromorphically to the s-plane and the extension is entire
unless x = 1y, in which case the L-function is essentially the Riemann zeta
function (Exercise 4.4.4) and again has a simple pole at s = 1. When x(—1) =
1, the functional equation satisfied by L(s, x) is

22)900L(L = 5,%), (4.18)

=[] -x@p )", Re(s) > 1. (4.17)

peEP

n T PL(S)NTL(s,x) = 7720

and when y(—1) = -1 it is

n RPN L(s, x) = —in 720 (33%)g()L(1 - 5,X).  (4.19)

We will not prove these, but see the comment at the end of Section 4.7.
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The modified zeta functions from Section 4.2,

TR = % ¢t (ky ) = “751”,3), n € (Z/NZ)*,

m=n (N) mgrj(N)

are expressible in terms of L-functions. For any n € (Z/NZ)* the second
orthogonality relation shows that summing over Dirichlet characters picks
out the desired terms of the full zeta function,

1 =1 1
—— > x0T HL(s,x) = Y o > x(mn7! (mod N))—
W) 2 2200 2

S ;L —(M(s), Re(s)>1
i (N

Since the sum of L-functions extends meromorphically to the full s-plane
with a simple pole at s = 1, so does (¥ (s). Substituting the sum for ¢} (s) in
relation (4.5) gives

Gi(7) :6N¢ ZX L(k, X)E{" (1), (4.20)

with the sum taken over x € (Zm)* and n € (Z/NZ)*. To invert this rela-
tion, take an arbitrary linear combination of series G ¥ over m € (Z/NZ)*

m~ 1T 1 nm 'y
zm:amGk = mmzy;namX(n)L(kaX)Ek

! ]
= D a0
m,Xx,n

1

= m Z amx(m)x(n)L(k, x) E}.".

m,x,n

The left side is the inner product (without complex conjugation) (a, G) where

a is the vector with entries a,, and G is the vector with entries ka_lﬁ. The
right side is the inner product 1/en(aABy, E) where A and B; (s € C) are
the matrices

_ [ x(m) _ [x(n)L(s,x)
A= [(¢(N))1/2](m,x)eGNxéN bs [ (¢(N))1/2 :|(X,n)€éN><GN

and E is the vector with entries EJ'". By the second orthogonality relation,
A*A = I where A* is the adjoint (transpose-conjugate), and so A is invertible.
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By the first orthogonality relation, B,B¥ (where the adjoint operator conju-
gates complex scalars but not the variable s) is the diagonal matrix with
diagonal entries L(s, x)L(s,X), and so B is invertible as a matrix of mero-
morphic functions on C. The product formula (4.17) shows that L(s, x) # 0
when Re(s) > 1, and so the meromorphic functions in the inverse matrix have
no poles when Re(s) > 1, in particular when s is an integer k > 3. Letting e;
denote the first standard basis vector and choosing a(k) = e1(ABy) ™! gives

Ef=en Y am(k)GP " (4.21)

Comparing this to (4.6) shows that (7 (k, p) = a,,-1(k) for integers k > 3, and
in fact the argument establishes the same relation replacing k by any complex
s with Re(s) > 2. Thus ¢} (s, i) is also a meromorphic function that continues
to the full s-plane.

The meromorphic continuation of ¢ (s) quickly gives an analytic continu-
ation of the function ¢"(s) = >, _ (v) 1/m® occurring in the constant term

of G}(7), cf. Theorem 4.2.3 (Exercise 4.4.5(c)). We will need the formula
(Exercise 4.4.5(d))

(1) = % + %cot (%), ged(n, N) = 1. (4.22)

in Section 4.8.

Exercises

4.4.1. (a) Show that I'(1) =

(b ) Show that I"(1/2) = /7. (Hints for this exercise are at the end of the
book.)
(c) Show that I'(s + 1) = sI'(s) when Re(s) > 1.
(d) For any positive integer n consider the integral

In(s):/ (1—) tsdt, s € C, Re(s) >0
t=0 n

Thus lim,, o I (s) = I'(s). Change variables to get

1
I,(s) = nS/ (1—t)"t5 at,
t=0

integrate by parts to show that I,,(s) = (1/s)(n/(n — 1))*TI,,_1(s + 1), and
evaluate I1(s +n — 1) to conclude that

nS

In(s) = ST, (L + s/m)’
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Therefore 1

=82 [[a (1 = 82/m?)°
Letting n — oo, use the formula sin(rs) = ws [[7_, (1 — s*/m?) and the iden-
tity —sI'(—s) = I'(1—s) to prove (4.15). If you have the relevant background,

make this heuristic argument rigorous by citing appropriate convergence the-
orems for integrals and infinite products.

I,(s)I,(—s) =

4.4.2. Prove formula (4.16). (A hint for this exercise is at the end of the book.)

4.4.3. This exercise presents an argument due to Euler for the functional
equation of {(s).
(a) Let t be a formal variable. Starting from the identity

t+P 3t =P+t ) 2Pt S B ),

show that applying the operator t% (i.e., differentiation and then multiplica-
tion by t) n times gives

17 + 22 + 3743 + 4™t +

d\" t
= (t— - L1249t 4 370 4478 4. ),
< dt) (1 + t) + ( + + + +)

Formally, when ¢ = 1 this is ((—n) = (t%)n (1%%) + 2"+ (—n), giving a
t=1

heuristic value for {(—n). Thus for example, according to Euler, 1 + 14 1+
14+ =—1/2and 1+ 243 +4+-- = —1/12.
(b) Let t = eX and note that t-4 = -4 . Now we have

N dn X
(1—2""H¢(=n) = [an <€Xe+1)]x_o for n € N,

giving the Taylor series

i 1f2n+1 )C(— n)Xn'

Thus the function of a complex variable

27rzz > 2n+1)<~(_n)(27m’)n
F = - = n
(Z) e2miz +1 ;
generates (in the sense of generating function, cf. Section 1.2) the values (—n)
for all natural numbers n.
Let G(z) = mcot wz. Recall from equations (1.1) that
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e2miz +1 1 >
=T =——2 2%k) 22k -1,
G(2) T 1= kz:;(( k)z

The rational forms of F' and G look similar, suggesting a relation between
¢(1—k) and ¢(k) for even k > 2. Use the rational forms of F and G to show
that in fact

L (G() - 26(22) = —F(2) + F(~2),

iy

and then equate coeflicients to obtain

_ 2I'(k)

C(1=F) (2mi)*

C(k) for even k > 2.
The value of ((k) computed in Exercise 1.1.7 shows that (1 — k) = —By/k
for even k > 2 where By, is the Bernoulli number.

(c) Use formula (4.16) to show that

w_k/zf(g)g(k) = W_(l_k)/zf(%)g(l — k) for even k > 2,

giving a partial version of the functional equation.
The ideas here can be turned into a rigorous proof of the meromorphic
continuation and the functional equation of ¢, cf. [Hid93].

4.4.4. Show that L(s,1x) = ¢(s) HP‘N(l —p o).

4.4.5. Take the nonpositive imaginary axis as a branch cut in the z-plane, so
that arg(z) € (—n/2,37/2) on the remaining set and the function log(z) =
In |z| 4+ iarg(z) is single-valued and analytic there. For any z off the branch
cut define

25 =e%l82)  geC.

(a) Show that (—r)® = (—1)%r® for any positive real number r and any
s € C, even though the rule (zw)® = z°w* does not hold in general.
(b) Show that for any n € Gy,

("(s) = Cs) + (=1)7°C"(s),  Re(s) > 1.
(c) It follows that

() = S 2 )+ D7) A, Res) > 1

) XGGN
This continues meromorphically to the full s-plane with the only possible pole
coming from the term where x = 1. Show that

lim —— (1 () + (1)L ((=n) ") L(s, 1x) =

T
=1 6(N) N
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Thus the continuation of (™(s) is entire. (Hints for this exercise are at the end
of the book.)

(d) For x # 1y, the analytic continuation of L(s,y) is bounded at s = 1.
Show that for N > 1,

=%+ 3 (™) = (= )ELY
=+ et ().

4.4.6. Substitute u? = t in the definition of I" to get
> —u? 2s du
I'(s)=2 e v ur*—, seC, Re(s)>0.
u=0 u
Show that therefore for a,b > 0,

1

I'(a)I(b) = I'(a +b) /:0 22711 - 2)" da.

This last integral is a Beta integral. Show also that for any positive integer m,
/ / Y1 —z)"2d
-z T.
\/1 —n om

Use these results to explain the last equalities in the formulas for w4 and w;
at the end of Section 1.1. (A hint for this exercise is at the end of the book.)

4.5 Eisenstein series for the eigenspaces when k > 3

The Eisenstein series G from Section 4.2 are linear combinations of the series
E}, so the transformatlon rule of Proposition 4.2.1 applies to them as well,
G7V]x = Gy for all v € SLy(Z). Note that vectors modulo N of the form
v = (0, d) satisfy

(0,d)y = (0,dd,) for all v € I'hy(N),

where d, is the lower right entry of . Thus, symmetrizing over d gives a sum
of Eisenstein series
k

de(Z/NZ)*

lying in My (I5(N)) (Exercise 4.5.1(a)). Similarly, if x is a Dirichlet character
modulo N then the sum
> e

de(Z/NZ)*
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(here x is the complex conjugate of x) lies in My (N, ) (Exercise 4.5.1(b)).
This section generalizes these ideas to construct bases of the spaces (N, x).

For any two Dirichlet characters ¢ modulo u and ¢ modulo v such that
uwv = N and (¢¥p)(—1) = (—1)* (here the characters are raised to level uv so

their product makes sense) and ¢ is primitive, consider a linear combination
of the Eisenstein series for I'(N),

u—lv—1lu—1

wa Zzzw @ C’Ud+6’u)( )

c¢=0 d=0e=0

Let v be an element of I'h(IV) and consider the transformed series G,‘f’“’[fy] ks

u—lv—1u—1

(Gw N7 Z Z Z 77[} G(cv d+ev)'y( )

c=0 d=0 e=0

a~ by

Writing v = {CW dw} € Iy(N), it is straightforward to compute (Exer-

cise 4.5.1(c)) that (cv,d + ev)y = (cv,d’' + e'v), where ¢,¢’ € {0,...,u — 1}
and d' € {0,...,v — 1} are defined by the conditions ¢ = ca, (mod u)
and d' = dd, (mod v) and ¢ = (e + 'by)d, (mod u). Also, ¥(c)p(d) =
(o) (dy)(c)p(d"). Tt follows that

(GYP ) (1) = (V) (d)) G ¥ (1),

and GL'¢ € My (N, vep).
Now we compute the Fourier expansion of G;f’w. Since the nonconstant
part of G}(7) rewrites as

C
oL seu(m)mt g,
mn>0

n=c, (N)

the nonconstant part of G%"’G(T) is (remembering that v denotes a vector in
the previous expression and denotes the conductor of ¢ in the next one)

u—lv—1u—1

Z SN wepd) Y sgnm)ymF Tl g

c=0 d=0 e=0 mn>0

n=cv (N)
C u—1lv—1 u—1
k D - m em
SO S o0 X st (L)
c¢=0 d=0 mn>(]0V) e=0
n=cv

The inner sum is 0 unless u | m, in which case it is w. The third sum is empty
unless v | n. So, replacing m by um and n by vn and letting p, = e2™/v  this
is
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u—1lv—1
ZZw A@(d) Y sgn(m)m* = ugmgmn
c=0 d=0 mn>0

n=c(u)

C u—1 v—1

k

G S w0 X st (St )
c=0 mn>0 d=0
n=c(u)

The inner sum is p(m)g(@) by formula (4.11). (This is where the calculation
requires ¢ to be primitive. Note also that since ¢ is primitive the Gauss sum
is nonzero.) So now the sum is

Cralé Zw S sgu(m)p(mym*lgm
=0

mn>0
n=c (u)

Ckg

Z b(n)sgn(m)p(m)m*=1q™".

mn>0

Using the fact that (1)¢)(—1) = (—1)* and absorbing one more constant shows
that the nonconstant part of G} #() is

QCkg Z 1/} k: 1qmn

m,n>0

Ckg Z Z Y(n/m)p q".

n=1 m|n
m>0

Meanwhile, the constant part of Gf"p(T) is

33 S R @IET ) = ¢(0) Y 3 B k)
=0 d=0e=0 d=0 e=0

Since ¥(0) is 0 unless u = 1, we may take u = 1 in continuing, and the
constant term is

SO e @R =S o) 3 =) 3 2

where for the last step, ¢(—1) = (—1)¥ when 1 is trivial and both sides
are 0 otherwise. When k is even, the functional equation (4.18) with v and
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@ in place of N and x and formula (4.16) show that the constant term is
(Exercise 4.5.2(a))
Cryg(p
Iy o)1~ k. 0).
When £ is odd, the functional equation (4.19) and formula (4.16) show the
same relation (Exercise 4.5.2(b)). So finally,

Theorem 4.5.1. The Fisenstein series G}f’“" takes the form

cpe(r) = D8 gre),

where E;f"P has Fourier expansion
EP¥(m) =6()L(1—k,0) +2> op¥(n)g", q=e>".

Here 6(v) is 1 if v = 11 and is 0 otherwise, and the generalized power sum
in the Fourier coefficient is

ak “( Z Y(n/m)p
i

For any positive integer N and any integer k > 3, let Ay ; be the set of
triples (¢, ¢, t) such that ¢ and ¢ are primitive Dirichlet characters modulo u
and v with (¥p)(—1) = (=1)*, and ¢ is a positive integer such that tuv | N.
Then (Exercise 4.5.3) |[An k| = dim(Ex(I1(N))). For any triple (¢, ¢,t) €
AN,k define

EP9N(T) = B (tr).

Now that N no longer necessarily equals uv, we need to recognize that our
calculations actually showed that E;f’“o € My (I'i(uwv)) and all the congru-
ences were taken modulo uv. By the observation at the end of Section 1.2,
it follows that E}g”%t € My (I (tuv)), and since tuv | N it follows that

E}9" € My(I(N)).
Theorem 4.5.2. Let N be a positive integer and let k > 3. The set
{Ef?": (0, 0,1) € AN}
represents a basis of Ex (I (N)). For any character x modulo N, the set
{EY?: (,0,1) € Ang, P = x}

represents a basis of Ex(N, x).
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As a special case, when xy = 1y we have a basis of £;(IH(N)). We skip
the details of proving this theorem and its pending analogs for £ = 2 and
k = 1. Again the actual basis elements are cosets for now, but once & (I'(N))
is redefined in the next chapter as a subspace of My (I'(N)) the Eisenstein
series themselves will make up the basis.

The Eisenstein series of Theorem 4.5.1 will be revisited at the end of the
book in a context encompassing the Modularity Theorem.

Exercises

4.5.1. (a) Check that 3_,c 7/ nz)- E,io’d) is an element of My (Io(N)).
(b) Check that 3¢ z/nz)- X(A)ELY € My(N, x).
(c) Verify the calculations showing that GY'¢ € My (N, ¥p).

4.5.2. (a) Show that when k is even, the constant term of GV'¥(r) is
(Crg(®)/v*)P(0)L(1 — k, ).

(b) Show that when k is odd, the constant term of G}"¥(7) is given by the
same formula.

4.5.3. Let Ay be the set of triples (¢, ¢,t) defined in the section and let
By i be the set of pairs (¢, ¢’) such that ¢’ and ¢’ are Dirichlet characters
modulo v/ and v’, not necessarily primitive, with (¢'¢’)(—1) = (=1)* and
u'v’ = N. For such a pair, let u be the conductor of 9/, let ¥ be the corre-
sponding primitive character modulo u, and similarly for v and ¢. Conversely,
for a primitive character ¢ modulo v and v’ a multiple of u, let ¢/, be the
corresponding character modulo v/, and similarly for ¢!,

(a) Show that the map from Ay, to By taking (1, ¢, t) to (1, @y (1))
and the map from By to Ay taking (¢, ¢’) to (¢, ¢,u’/u) invert each
other. Thus |An x| = | By k|-

(b) Show that the number of pairs (¢, ¢’) satisfying the membership con-
ditions for By, except the parity condition on ¢y is 3y ¢(d)d(N/d).

(c) Use Lemma 4.3.2 to show that |By x| = dim(EL(I1(N))). (A hint for
this exercise is at the end of the book.)

4.6 Eisenstein series of weight 2

This section describes E(I'(N)), E(I1(N)), and the eigenspaces E2(N, x),
including E2(I5(N)). Recall from Section 1.5 that for any v € (Z/NZ)? of
order IV the function

- 1 CoT + dy
f(r) = Nz BT (N)

_ 1 Z’ 1 1
~ (ewT+dy)? T N? (emtde o —g)® (7 +d)?

(c,d)eZ?
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is weakly modular of weight 2 with respect to I'(N). The methods of Sec-
tion 4.2 give the Fourier series, so briefly, letting 0 < ¢, < N for convenience,
the leading term and the terms for ¢ = 0 sum to

1
(ch—&—d N2Z ( curddy —d)2 _d2>

deZ
_ C 0
= 5(E)Ch (2) + (- 6(2) 12 D ™™ — 120(2),
m=1

and the terms with ¢ > 0 sum to

1
2 ZZ ( C1;T+d1) —CT—d)2 ; (CT+d)2>

>0 deZ
Cy

=52 (X selmmpy™ )k — <5 > o(m)a”,

and the terms with ¢ < 0 sum to

1
222( cv'r+d 70T*d)2 B (CT+d)2>

c<0deZ

N2 . ( Z sgn(m)mu?\; )N ]\TQZ

oo
_ ( § H’L (/1;77L

In these calculations, Cy = (=27i)?/I'(2) and o(n) = Zo<d\n d. In total,
f3(r) = G3(1) = Ga(7)/N? where

_ - Cr, & .
G3(r) = 6(@)C™ (D) + 175 D_oi(may, ay =™/, (4.23)
n=1

the terms having the same meaning as in Theorem 4.2.3, and G(7) is the
weight 2 Eisenstein series from Section 1.2,

o0

Ga(1) = 2C(2) + 2Cy Z U(n)q”’ qg= e2miT

n=1

Recall from Section 1.2 that the function Go(7)—7/Im(7) is weight-2 invariant
with respect to SLa(Z). So instead of f3, the function
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g5(m) = G5(1) —

™

= 2
NTm(r)’ € (Z/NZ)” of order N (4.24)

is weight-2 invariant with respect to I'(N). Thus g3 is the series of Theo-
rem 4.2.3 extended to k = 2 except that now it also includes a nonholomor-
phic correction term. The Fourier coefficients of g3(7) are bounded by Cn?
(Exercise 4.6.2).

The formula dim(&2(I")) = e — 1 in (4.3) at the beginning of this chapter
shows that as ¥ runs through a set of cusp representatives for I'(N), the set
{g5} has one too many elements to represent a basis. The set of differences
{g5" —g52,95% —g5%, ..., g5 " — go°}, where ¢ = £, and vy, ..., v. represent
the cusps of I'(IV), does represent a basis though we omit the proof. These
differences are modular forms since they are holomorphic and weakly modular
and their Fourier coefficients are small enough. Thus & (I'(N)) is the set of
linear combinations of g8 whose coefficients sum to 0, canceling the occur-
rences of the correction so that we can use the GY instead, subject to the
most symmetrical constraint,

Theorem 4.6.1.

= {ZQUGS:ZCLU—O},

where the sums are taken over vectors U of order N in (Z/NZ)?.

Moving on to &(I1(N)) and its eigenspaces, let ¢ and ¢ be Dirichlet
characters modulo u and v (so v is no longer a vector) with uv = N and
(¥p)(—1) = 1 and ¢ primitive, and consider the sums

u—lv—1u—1

GYP(r) =32 30 D w(0pdGy (),

c=0 d=0 e=0

EY9(r) = ) L(-1,9) + 23 o (n)g", q = e,

n=1

Here Gécu’dJre”)(T) is from (4.23), and 6(¢) and 0¥ (n) have the same mean-
ings as in Theorem 4.5.1. If either ¢ or ¢ is nontrivial then the coefficients
sum to 0 in G4*?(7), and as in Section 4.5

ng

GY7 e Ma(N ), G3o(r) = L e,

When ¢ and ¢ are both trivial no sum Gz 1,1, (7) is a modular form. But for
any positive integer t (Exercise 4.6.3),
Cs
N2
= mGQﬁt(T)

G2711’11(T) - tG2,11,11 (tT) = (E2 11,11( ) - tE2,11,11 (tT))

(4.25)
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where Gy, € My(Ip(t)) is the modular form from Section 1.2.

Let Ay, be the set of triples (¢, ¢,t) such that ¢ and ¢ are primitive
Dirichlet characters modulo w and v with (¢@)(—1) = 1, and ¢ is an integer
such that 1 < tuv | N. Note that the triple (11,1;,1) is excluded from Ay .
Checking formula (4.3) shows that this makes |An 2| = dim(E2(I1(N))). For
any triple (¢, p,t) € An,2 define

vyt E;”""(tT) unless ¥ = ¢ = 14,
E2 (T> = E11,11 1,1, . o
SUTH(T) —tEyV T (i) Y = =14.

Theorem 4.6.2. Let N be a positive integer. The set
{Eg“p’t : (w7<p7t) S AN,Z}
represents a basis of E2(I'(N)). For any character x modulo N, the set

{E;}#P’t : (¢7@,t) € AN,27 w@ = X}

represents a basis of Ea(N, x).

Exercises

4.6.1. Confirm the Fourier expansion of fJ.

4.6.2. Show that the nth Fourier coefficient of g§(7) is bounded by Cn? for
some constant C.

4.6.3. Prove equations (4.25).

4.7 Bernoulli numbers and the Hurwitz zeta function

Calculating the weight 1 Eisenstein series requires a generalization of the
Bernoulli numbers introduced in Exercise 1.1.7. The Bernoulli numbers arise
naturally in the context of computing the power sums

104204 ...+ n% =n,
1

204t = o(n? +n),
1
12+22+...+n2:6(2n3+3n2+n),

etc.

To study these, let n be a positive integer and let the kth power sum up to
n—1 be
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n—1
n) = Z m",
m=0
Thus Sp(n) = n while for & > 0 the term 0% is 0. (Having the sum start
at 0 and stop at n — 1 neatens the ensuing calculation.) The power series

having these sums as its coefficients is their generating function, an idea we
encountered back in Section 1.2,

S(n,t) = ZSk(n)E.
k=0 ’

Rearranging the double sum gives (Exercise 4.7.1(a))

ent—1 ¢t
t et—1"

S(n,t) = (4.26)

The second term is independent of n. Its coefficients are the Bernoulli numbers
by definition, constants that can be computed once and for all,

oo

t _Np tk
et—liZ MR
k=0

Now the generating function rearranges to (Exercise 4.7.1(b))

e
Z" JZO g0

(4.27)

k+1 wa1_q | tE
= BinF 1= —.
Z k+1z( j ) ir k!

Thus, defining the kth Bernoulli polynomial as

Br(X) = zk: (f) B; X%,

=0

which again can be computed once and for all, comparing the first and last
expressions for S(n,t) shows that the kth power sum is

1

o = 5T

(Br41(n) = Bry1).
As in Exercise 1.1.7, By = 1, By = —1/2, and By = 1/6, so the first few
Bernoulli polynomials are By(X) =1 and

1

Bi(X)=X - -

1 3 1
27 BQ(X):X2_X+67 B3(X):X3_§X2+§X
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For example, 12 +22 + ... +n? = Sy(n+ 1) = (Bz(n + 1) — Bs)/3 works out
to (2n® + 3n? + n)/6 as it should.

To define more general Bernoulli numbers, note that the Bernoulli poly-
nomials also have a generating function (Exercise 4.7.2(a)),

=> Bk(X)%k!. (4.28)

k=0

Let u be a positive integer and let ¢ : Z/uZ — C be any function, not
necessarily a Dirichlet character. The Bernoulli numbers of 1 are determined
by a generating function,

Z¢

In particular, By 1, = Bj. Substituting the generating function of the
Bernoulli polynomials in the left side of this relation shows that (Exer-
cise 4.7.2(b))

ct

=> B w o (4.29)
k=0

By =u"! i P(c)By(c/u). (4.30)

c=0

In the next section we need (4.30) specialized to k = 1,
Zw ( - ) = Biy. (4.31)

The Hurwitz zeta function is

o0

((371"):ZO(T_|_ITL)S7 0<r <1, Re(s) >1.

In particular, {(s,1) is the Riemann zeta function, and if r takes the form
r=d/N with 0 < d < N (both integers) then ((s,r) = N*({(s) where ({(s)
is the modified zeta functlon of Sections 4.2 and 4.4.

—rt

Let f.(t) = 16764 = Z e~ ("t for ¢ > 0 and consider the integral
n=0
e dt
gr(s) = fT(t)ts?.

t=0

Since f,.(t) grows like 1/t as ¢ — 01 the integral converges at its left end
when Re(s) > 1, and since f,.(t) decays exponentially as t — co the integral
converges at its right end for all values of s. The rapidly converging sum
passes through the integral (Exercise 4.7.3), and since dt/t and the limits of
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integration are invariant when ¢ is replaced by t/(r + n), the integral works
out to (Exercise 4.7.4)

gr(s) =T'(s)¢(s,7), Re(s)>1

This integral representation of a well understood factor times the zeta function
is a Mellin transform, an idea that will be developed further in Section 4.9.
To connect the Hurwitz zeta function with Bernoulli numbers, consider the
function
_ tert
i) = —tfr(~t) = —, t<0.
et —1
If ¢ is a Dirichlet character modulo  then f, /u(ut)/u is the summand in the
generating function (4.29) for { B,y }. Returning to a general value of r, since
dt/t is negated when ¢ is replaced by —t and since f,.(—t) = f,(t)/(—t) for
t > 0, the Mellin transform is also
O ~
gn(s) = / B Re(s) > 1. (4.32)
t=—0o0

Similarly to Exercise 4.4.5, take the nonpositive real axis as a branch cut in
the z-plane so that arg(z) € (—m,7) on the remaining set and the function
log(z) = In |z| + i arg(z) is single-valued and analytic there. For any z off the
branch cut and any s € C define z° = €*'°8(2) For any positive real number
g, let 7. be the complex contour traversing the “underside” of the branch cut
(where arg(z) = —m) from —oo to —¢, and then a counterclockwise circle of
radius € about the origin, and finally the “upperside” of the branch cut (where
arg(z) = 7) from —e to —oco. Consider the complex contour integral

[ CE

€

This integral converges, and the rapid decay of the integrand as z — —oo
shows that the integral defines an entire function of s. Comparing the 25!
in the integrand against the (—t)*~! in (4.32) as z traverses the negative
axis back and forth shows that the integral is —2isin(mws)I"(s)((s,r) when
Re(s) > 1 (Exercise 4.7. 5) Thus the function

/f,, SIdZ seC

is a meromorphic continuation of {(s, ) to the full s-plane. By formula (4.15)
the continuation is

 2isin(ws)(s) sin(7s)

Irl-s) - _,dz
5 = - - T 3 V] € C.
R T Ak .
This lets us evaluate L-functions at nonnegative integers. Let s = 1 —k for
a positive integer k and let ¥ # 1; be a Dirichlet character modulo u. Then
on the one hand,
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D (¢t —kocfu) = u'TFY ()G (1 — k) = uTFL(1 =k, ).
c=1

c=1

But on the other hand,

>l ko) =~ o0 5 [ fc/u<z>z"“%’z

= 27_” Zw fc/u k+1

’Ysc]

The integrals along the two straight segments cancel. Replace z by uz and
apply Cauchy’s integral formula to the remaining integral around the circle
to get

> (el - k.efu) = —t+ 2 /(Zw Jetelr )ji
c=1

(n)
(Zw f°/“ ) = ik Dt

z=0

Therefore L(1 — k, ) = —By, y/k for k > 1 just as we saw that ((1 — k) =
—By/k for k > 2 earlier. We need the result for £ =1 in the next section,

By =—L(0,%) ify# 1. (4.33)

For more on the topics of this section see [Lan76], Chapters 13 and 14. In
particular, the functional equations (4.18) and (4.19) for L-functions follow
quickly. These are also presented as a series of exercises in [Kob93].

Exercises

4.7.1. (a) Establish formula (4.26).
(b) Establish formula (4.27).

4.7.2. (a) Establish formula (4.28).
(b) Establish formula (4.30).

4.7.3. Let 0 < 7 < 1 and let Re(s) > 1. Show that the sum S 00 e~ (r+m)tgs—1
converges absolutely. Show that the sum ) ft 0€ ”‘")tts 1dt converges.

Show that the integral of the sum [, > e~ ("*™**~1d¢ is equal to the sum
of the integrals 3°, [, e~ "F™ts~1dt. (A hint for this exercise is at the end of
the book.)

4.7.4. Compute that g,.(s) = I'(s){(s,r) when Re(s) > 1.
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4.7.5. (a) Show that the contour integral in the section is independent of €
when 0 <e < 1.

(b) For Re(s) > 1, show that as e — 0" the sum of the two linear pieces
of the contour integral in the section converges to —2isin(mws)I'(s)((s,).

(c) For Re(s) > 1, show that as e — 07 the circular piece of the contour
integral converges to 0. (A hint for this exercise is at the end of the book.)

4.8 Eisenstein series of weight 1

Just as the Weierstrass p-function defines weight 2 Eisenstein series, another
function associated with a lattice A leads naturally to series of weight 1. The
natural starting point is the Weierstrass o-function

oa(z) = zH/ (1 - 5) e/ ts/0? L e .
weA

Since this function has simple zeros at the 2-dimensional lattice A C C just
as sin rz has simple zeros at the 1-dimensional lattice Z C R, it is named “o”
by analogy. The exponential factors are needed to make the infinite product
converge (Exercise 4.8.1(a)).

The logarithmic derivative o’ /o (Exercise 4.8.1(b)) is the Weierstrass zeta
function, denoted Z here to avoid confusion with the Riemann zeta,

1 / 1 1 z
ZA(z)=;+ ( + —+ ), z € C.

Z—w w w?

This function has simple poles with residue 1 at the lattice points, analogously
to the logarithmic derivative 7 cot wx of sin wx, but it isn’t quite periodic with
respect to A. Instead, since Z/y = —gp, is periodic, if A = w1Z @ woZ then the
quantities

m(A) =Za(z+w1) — Za(z) and ma(A) = Za(z +w2) — Za(2)
are lattice constants such that
Za(z + niwr + nows) = Za(2) +nini(A) +nana(A), ni,ng € Z.

Under the normalizing convention wi/ws € H the lattice constants satisfy
the Legendre relation na(A)wy — n1(A)we = 2mi (Exercise 4.8.2). The second
lattice constant appears in the g-product expansion of o specialized to A = A
(proved in [Lan73], Chapter 18),

1 1772(/17—)22 (eﬂ'iz _ e_ﬂ—iz) ﬁ (1 — eQWian)(l _ e—27rizqn)
27 11

TA, (Z) =-—e?2 (1 _ qn)2 ’

where as always, ¢ = €2™". The logarithmic derivative is therefore
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) 1+ 6271'12 eQ‘n’zzqn e—27rizqn
ZA-r (Z) = 772(/17')2 - 7”’1 e2miz — 2mi Z (1 _ eZ‘mzqn o 1— 6727rizqn :

n=1

[Lan73] also shows that n2(A;) = Ga(7) (see Exercise 4.8.3), and so the Leg-
endre relation shows that n;(A;) = 7Ga(T) — 2mi.

For any vector ¥ € (Z/NZ)? of order N, the function of modular points

FY(C/A, (w1 /N + A,ws /N + A))

Cow1 + dyws com (A) + dyna(A)
=24 N - N

is well defined (Exercise 4.8.4(a)) and degree-1 homogeneous with respect
to I'(N) (Exercise 4.8.4(b)). The corresponding function (divided by N for
convenience)

- 1 coT + d, com (A7) + dyna(A)
) = 2 (ST ) - S

is weakly modular of weight 1 with respect to I'(N). Letting z = (¢, 7+d,) /N
in the last expression for Z,_ and taking 0 < ¢, < N for convenience, a

calculation similar to the weight 2 case now shows that the terms of g7 (7) are
(Exercise 4.8.5)

772<AT>Z . Cvnl(/lr) +dv772(/17) _ 2mic,

N N2 N2
and
ﬂ 1 + 6271'22
N 1-— 627”Z
T mdy = mi | C1 N dym_co
é(cv)N cot ( ~ )+ (1—0(cy)) <_N WmZ:luN qn )
and
271 i eQTrizqn
N — 1 lerizqn
Cl - m = Cl - m _c,m
= 2 (D sen(muy ™)k — (1= () 55 D uy "y
n=1 m|n m=1
>0
and
271 6727rizqn Cl e . .
W 1— e—27rizqn = W Z( Z Sgn(m>:u’N n)qN
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Assembling the results gives

Fn=cim-S(2-7). osa<n  am

GT(r) = 0(@)C™ (1) + 7 D o5 (m)ak- (4.35)

Thus the series G is again analogous to G}, for k > 3. Since ¢ (7) is holomor-
phic and weakly modular with respect to I'(N) and its nth Fourier coefficient
grows as Cn, it is a weight 1 modular form with respect to I'(IV).

Note that Gg_c”’d”)(T) = —G(lc”’d”)(r) when ¢, # 0, and GEO"d“)(T) =

—Ggo’d”)(T) (Exercise 4.8.6), consistently with the dimension of &£ (I'(N))
being £4,/2 in formula (4.3) rather than ..

Let ¢ and ¢ be Dirichlet characters modulo v and v (again v is no longer a
vector) with uv = N and ¢ primitive and (¢p¢)(—1) = —1. As in Sections 4.5
and 4.6, consider the sums

u—lv—1u—1

Gw <p Z Z Z w (cv,d+ev) (7_)7

c=0 d=0 e=0

E?(7) = 8(¢)L(0,4) + 6() )+ 2201” #

Here §(¢) and o¢’%(n) have the same meanings as in Theorem 4.5.1. Part

of the constant term of GY*?(7) comes from summing the correction term
from (4.34),

u—1

EINCICED T o

e=0
This is 0 unless ¢ = 11, in which case v = N and ¢ is nontrivial and g(@)/v =
1, and so it works out to

-850 Y 00 (£ - 5) = “sm by @)

u 2 v
c=0

_ Cig(9)

o 0(@)L(0,9) by (4.33).

As in the calculation for Theorem 4.5.1, the rest of the constant term
of GY#(7) is

u—lv—1lu—1 v—1

SN w(@@(d)d(eo)c e (1) = p(0) > @(d)¢h (1)

c¢=0 d=0 e=0 d=0
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where in the second step we may assume ¢ = 1;. This makes ¢(—1) = —1
and the sum is the analytic continuation as s — 17 of

=3 3 e = (1 - (=1)7)L(s, 9).

0 d n=d(v)

1

<
I

1Y
I

So the rest of the constant term is 20(¢))L(1, ), and as in Section 4.5 this is
(C19(®)/v)d(¢)L(0, ¢). The constant term thus totals

C19(9)

v

(0(¢)L(0,%) + 6(4) L(0, ).
The rest of the calculations in Section 4.5 go as before, giving

P e MN ), GPo(r) = D0

El/) &0( ).

Let An 1 be the set of triples ({t, ¢}, t) such that ¢ and ¢, taken this time
as an unordered pair, are primitive Dirichlet characters modulo v and v satis-
fying the parity condition (¢»¢)(—1) = —1, and ¢ is a positive integer such that
tuv | N. The parity condition shows that Ay 1 contains no triples ({¢, 9}, 1)
with the same character twice, so taking the characters in unordered pairs
means that Ay ; contains half as many elements as it would otherwise, and
formula (4.3) shows that again |Ay 1| = dim(&1(I7(N))). Since the constant
term and the Fourier coefficients of Eip # are symmetric in ¢ and ¢, the series
depends on the two characters only as an unordered pair, and it makes sense
to define for each triple ({1, ¢},t) € An1

EP#H(r) = BY#(tr).
Theorem 4.8.1. Let N be a positive integer. The set

{BY#": ({9, 0},1) € Ana}

represents a basis of Ey(I1(N)). For any character x modulo N, the set

{EY9" ({4, 0}, t) € Ana, b = x}

represents a basis of E1(N, x).

This theorem combines with Theorem 4.5.2 to give a solution to the
s squares problem (cf. Section 1.2) for s = 2,6,8 along with the solu-
tion we already have for s = 4. For any even s > 10 the same methods
give an asymptotic estimate 7(n,s) of the solution r(n,s), meaning that
lim,, 00 7(1, 5)/7(n, s) = 1. See Exercise 4.8.7 for the details.

A weight 1 Eisenstein series Eip 1 figures in the proof of the Modularity
Theorem. This will be explained in Section 9.6.
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Exercises

4.8.1. This exercise touches briefly on properties of the infinite product o 4(2).
Since the general theory of infinite products is not assumed and will not be
explained here (see, for example, [JS87]), the results are necessarily informal.

(a) Using the principal branch of the complex logarithm, show that for
0 < |z] < min{|w| : w € A, w # 0}, the sum

S log (1 - 2fw)erler b
weA

converges absolutely. It follows that the infinite product o4(z) converges to a

holomorphic function.
(b) Show that if f = ny:l fn then f'/f = 25:1 fl/fn. The analogous
result for infinite products holds for the functions ¢ and Z.

4.8.2. Prove the Legendre relation 7z (A)w; — m1 (A)we = 2mi. (A hint for this
exercise is at the end of the book.)

4.8.3. The actual formula for n3(A;) in [Lan73] is

~ (2mi)? B = mg™
m(Ar) = =5 1+24m2=11_qm .

Prove that the right side is Ga(7).

4.8.4. (a) Verify that the function FY is is well defined.
(b) Verify that the function is degree-1 homogeneous with respect to I'(N).

4.8.5. Verify the calculations leading to formula (4.34).

4.8.6. Show that G\~ (r) = —G{**)(r) when &, # 0, and show that
7_d'u 7dv
G (r) = =6 (7).

4.8.7. (a) Recall the function (7, k) from Section 1.2. Similarly to that sec-
tion’s argument that 6(r,4) € My (Ip(4)), show that 8(7,2) € M;(I1(4)) and
consequently 0(7,s) € M,/5(I'1(4)) for all even s > 2.

(b) Use results from Chapter 3 to show that S;/5(I71(4)) = {0} for s =
2,6,8. It follows that 0(7,s) is a linear combination of Eisenstein series for
these values of s. Use results from Chapter 3 to compute dim(M,/5(I1(4)))
in each case. (Hints for this exercise are at the end of the book.)

(¢) Recall from Section 1.2 the notation r(n, k) for the number of ways of
representing the positive integer n as a sum of k squares. Use Theorem 4.8.1

to show that
r(n,2) =4 Z (—1)(m=1)/2,

o<m|n
m odd
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Similarly, use Theorem 4.5.2 to find formulas for r(n,6) and r(n,8).

(d) The proof of Proposition 5.9.1 to follow will establish that the Fourier
coefficients of any cusp form f € Sg(I) satisfy |a,(f)] < Cn*/? for some C.
Let s > 10 be even. Argue that the Fourier coefficients of the Eisenstein series
in M, /5(I'1(4)) dominate those of the cusp forms in S;/5(I1(4)) as n — oo,
and so the methods of this exercise give an asymptotic solution to the s squares
problem by ignoring the cusp forms.

4.9 The Fourier transform and the Mellin transform

The next section will explain an idea originally due to Hecke to get around
the conditional convergence of Go(7) and the divergence of the analogous
series G1(7) in a much farther-reaching way than the methods so far. This
will require a bit more analysis. As a warmup, the ideas are first used in this
section to prove the meromorphic continuation and functional equation of the
Riemann zeta function as discussed in Section 4.4.

For any positive integer [, the space of measurable and absolutely inte-
grable functions on R! is

LY(RY) = {measurable f : R' — C : o |f(z)|dz < oo}
re

Any f € LY(R') has a Fourier transform f:R! — C given by
for= [ fe oy,
yeR!

where ( , ) is the usual Euclidean inner product. Although the Fourier trans-

form is continuous (Exercise 4.9.1), it need not belong to £}(R'). But if also

Joere 1 (@)]?dz < oo then [ _p, |f(2)]2dz < o0, see for example [Rud74].
The [-dimensional theta function ¥( 1) : H — C is

Iy =Y e ren

nezt

where | | is the usual Euclidean absolute value. The sum converges very
rapidly away from the real axis, making absolute and uniform convergence on
compact subsets of H easy to show (Exercise 4.9.2) and thus defining a holo-
morphic function. Specializing to 7 = it with ¢ > 0 and letting f € L}(R')
be the Gaussian function f(z) = e~ "I*I° gives 0(it,1) = Snez f(ntt/?), a
sum of quickly decreasing functions whose graphs narrow as |n| grows. (See
Figure 4.1.)

We need the Fourier transform of the Gaussian f(z). First set [ = 1, call
the function ¢ in this case, and compute
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AN

0.2 0.4 0.6 0.8 1

Figure 4.1. The first few terms of 9¥(it, 1) and their sum

. o 2. 94 2 2 2 [ N2
(,O(Jf) :/ e*ﬂ(y +2iyz—x )efwac dy — T / e*ﬂ(yqtm:) dy
Yy

=—00 Y=—00

Complex contour integration shows that the integral is just the Gaussian
integral [ e~™ dy (Exercise 4.9.3(a)), and this is 1 (Exercise 4.9.3(b)).
Thus f = f when [ = 1. To prove the same result for [ > 1, note that f
takes the product form f(z) = ¢(x1) -+ ¢(a;) for any vector z = (1, ..., 1),
and consequently the Fourier transform is f(z) = ¢(x1) - ¢(a), ie. f f
as desired (Exercise 4.9.3(c)). Also, for any function h € L£!(R') and any
positive number 7, the Fourier transform of the function h(zr) is r—h(z/r)
(Exercise 4.9.3(d)), so in particular the Fourier transform of f(xt'/?) is
t_l/2f(xt_1/2).

For any function h € £*(R') such that the sum Y- ;.5 h(z + d) converges
absolutely and uniformly on compact sets and is infinitely differentiable as a
function of x, the Poisson summation formula is

D> h@+d) = h(m)emim)
dez! meZ!

For example, formula (1.2), which we have used to compute the Fourier
expansions of Eisenstein series, is a special case of one-dimensional Pois-
son summation known as the Lipschitz formula (Exercise 4.9.4). Letting
h(x) be the Gaussian f(xt'/?), Poisson summation with z = 0 shows that

S F(nt/2) = 712 Y f(nt12), e,
W(i/t, 1) = t/20(it, 1), t>0. (4.36)
By the Uniqueness Theorem from complex analysis this relation extends to
I(=1/7,1) = (—in)?9(r,1), 7€

Here —i7 lies in the right half plane, and the square root is defined for all
complex numbers except the negative reals, extending the real positive square
root function of positive real numbers. This transformation law should look
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familiar from Section 1.2 since the function that arose there from the four
squares problem is 0(7,1) = 9(27,1).

The properties of the Riemann zeta function are established by examining
the Mellin transform of (essentially) the theta function. In general, the Mellin
transform of a function f: RT — C is the integral

o) = [ sy

for s-values such that the integral converges absolutely. (See Exercise 4.9.5
for the inverse Mellin transform.) For example, the Mellin transform of e~
is I'(s). Setting | = 1 and writing ¥(7) rather than J(r,1) for the duration
of this section, consider the Mellin transform of the function Y 7, emmt =
1/2(9(it) — 1) for t > 0,

m@—lizpﬂﬁﬁf—;[ﬂmmnﬁf. (4.37)

=0

Since 9(it) converges to 1 as t — oo, the transformation law (4.36) shows that
as t — 0, ¥(it) grows at the same rate as t~1/2 and therefore the integral
g(s) converges at its left endpoint if Re(s) > 1/2. And since the convergence
of ¥(it) to 1 as t — oo is rapid, the integral converges at its right end for all
values of s. Rapid convergence lets the sum pass through the integral in (4.37)
to yield, after a change of variable,

g(s) = ;(7‘(7’?)75 /t: eftts% =n °I'(s)((2s), Re(s)>1/2.

Thus the integral g(s/2) is the function &(s) = 7=*/2I'(s/2)((s) from Sec-
tion 4.4 when Re(s) > 1. That is, the Mellin transform of the 1-dimensional
theta function is the Riemann zeta function multiplied by a well understood
factor. Thinking in these terms, the factor 7—%/2I'(s/2) is intrinsically asso-
ciated to ((s), making £(s) the natural function to consider.

The second integral in (4.37) provides the meromorphic continuation and
functional equation of . Computing part of g(s/2) by splitting off a term,
replacing t by 1/t, using the transformation law (4.36) for 9(it) with [ = 1,
and splitting off another term gives (Exercise 4.9.6)

1 1
1 dt 1
1/ wmquﬂf:f/“ﬁmwﬂfff
" t 2 t

2 Ji=o t=0 S
1 [ dt 1
== VG /2=~
2 t=1 (Z/ ) t S

1 [ dt 1
- 19(Z't)t(1—5)/2i _ =
t=1 t s

1 [ dt 1 1
_1 ) pyp-s2dt 1
2 /tzlw(’t) T
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And combining this with the remainder of the integral g(s/2),

£(s) = ;/:(19(%) _ e +t(1_3)/2)% _ é - L ~ Re(s) > 1. (439)

But the integral in (4.38) is entire in s, making the right side holomorphic
everywhere in the s-plane except for simple poles at s = 0 and s = 1. And
the right side is clearly invariant under s — 1 — s. Thus the function £(s) has
a meromorphic continuation to the full s-plane and satisfies the functional
equation £(1 — s) = &(s). The properties of the Riemann zeta function as
stated in Section 4.4 now follow.

Exercises

4.9.1. Show that the Fourier transform is continuous. (A hint for this exercise
is at the end of the book.)

4.9.2. This exercise shows that the series ¥(7,1) = . emiIn*T is holomor-
phic.
(a) Let S, = {n € Z' : max{|n4|,...,|n|} = m} for each natural num-
ber m. Note that |n|? > m? for all n € S,,. Show that |S,,| < 1(2m + 1)!~1.
(b) Let K C H be compact. Thus there exists some yo > 0 such that
Im(7) > yo for all 7 € K. Show that for any 7 € K and n € Sy,

|e7ri|n|27| < e*ﬂm2y0.

(c) There exists a natural number My such that if m > My then I(2m +
1)I=1 < e™ and mm?y > 2m. Show that for any 7 € K and any M > M,,
the corresponding tail of the series ¥(7,[) satisfies

o0
Z |€7ri\n|2‘r‘ < Z e~ ™M — efM(l o 671)71.
nez! m=M

In|®>M
This is less than arbitrary ¢ > 0 for large enough M independently of T,
showing that the series ¥(7,1) converges absolutely and uniformly on compact
subsets of H. Since each summand is holomorphic, so is the sum.

4.9.3. (a) Use complex contour integration to show that [~ _ e~ m(t+i2)* gt
equals [ e~ dt.

(b) Show that this Gaussian integral is 1. (A hint for this exercise is at the
end of the book.)

(c) Show that if f € LY(R') takes the form of a product f(z) =
fi(z1) -+ fiz;) then its Fourier transform is the corresponding product
f(@) = fa(aa) - filw).

(d) Show that for any function h € £1(R!) and any positive number r, the
Fourier transform of the function h(zr) is r~'h(x/r).
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4.9.4. Formula (1.2) is a special case of the Lipschitz formula for 7 € H and

2miT

qg=e )

1 - (—27Ti)s e ms—l . »
%;h+@s_ I(s) g; ¢™, Re(s) > 1.

Prove the Lipschitz formula by applying Poisson summation to the function
f € LY(R) given by

xs—1€27riz‘r if x> O7

f(m)_{o if 2 < 0.

(A hint for this exercise is at the end of the book.)

4.9.5. If g is a holomorphic function of the complex variable s in some right
half plane then its inverse Mellin transform is

o+i0o
f(t) L/ g(s)t™*ds

211 —0—ico

for positive t-values such that the integral converges absolutely. Complex con-
tour integration shows that this is independent of o.

(a) Let t = €*, s = 0 + 2miy, f(t) = e 7% f,(x), and ¢g(s) = ¢g,(y). Show
that

g(S) = f(t)ts% = ga(y) :/ fg(x)e%rimydm
t=0 o

271 S=0—3i00 =—00

1 o+i00 (e’ )
t)=— t~*d (1) = o (y)e 2TV dy.
£(t) / g(s)t~*ds = fo() / go(y)e 7 dy

The right side conditions are equivalent by Fourier inversion, and so the left
side conditions are equivalent as well. This is the Mellin inversion formula.

(b) Evaluate the integral f:;:ioo I'(s)z~%ds for any o > 0. (A hint for
this exercise is at the end of the book.)

4.9.6. Verify the calculations leading up to formula (4.38).

4.10 Nonholomorphic Eisenstein series

Hecke put the Eisenstein series of low weights 1 and 2 into a larger context
by augmenting Eisenstein series with a complex parameter s. We will study a
variant of Hecke’s original series. Let IV be a positive integer, let © be a vector
in (Z/NZ)? of order N, let k be any integer, and let ex be 1/2 if N € {1,2}
and 1 if N > 2. Define
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S

— / y .
Ep(r,s) =€en Z k 5o, T=z+iy €N,
e () (e + d)*|er + d]
ged(e,d)=1

This converges absolutely on the right half plane {s : Re(k 4+ 2s) > 2}.
The convergence is uniform on compact subsets, making E}(7,s) an ana-
lytic function of s on this half plane. To rewrite the series in intrinsic form,
let 6 = [ 2 2] € SLo(Z) with (cy,dy) alift of v to Z2, and recall the positive
part of the parabolic subgroup of SLy(Z), Py = {[} 7] : n € Z}. Extend the
weight-k operator to functions of 7 and s by the definition

(fDR)(7,8) = § (v, )7 F(4(7),5), 7 € SLa(Z).

Then

E}(1,5) = en Z TIm(7)°[7]-
ZE(PLNT(N)\T(N)

This formula makes it clear that (E}[y]x)(7,s) = Ey " (1, s) for all v € SLy(Z)
as in Proposition 4.2.1, so that in particular

E}yk = E} forally € I'(N).

As earlier, the corresponding nonnormalized series

— / y
Gi(7,5) = Z k 2
(i) (er 4+ d)F|er + d|?s

S

(4.39)

will be easier to analyze. Relations like (4.5) and (4.6) expressing each G} as
a linear combination of the E} and vice versa still hold (Exercise 4.10.1(a)),
so G} transforms under SLy(Z) in the same way as E} (Exercise 4.10.1(b)).
The discussion leading to relations (4.20) and (4.21) generalizes to show that
meromorphically continuing either sort of Eisenstein series meromorphically
continues the other (Exercise 4.10.1(c)). This section will show that G} as
a function of s has a meromorphic continuation to the entire s-plane. For
s-values to the left of the original half plane of convergence Re(k + 2s) > 2,
the continuation is no longer defined by the sum, but the transformation law
continues to hold by the Uniqueness Theorem from complex analysis. The
natural Eisenstein series to consider is

GZ(T, 0) = Gg(ﬂ S)|Si0'

For k£ > 3 the parameter s simply appears and disappears, but for k < 2 it
gives something new. Hecke’s method for weights 1 and 2, obtaining the func-
tions gy (7) and ¢3(7) from before, is presented in [Sch74], and a generalization
of Hecke’s method due to Shimura is presented in [Miy89] and [Hid93]. The
method here uses a Mellin transform and Poisson summation, extending the
ideas of the previous section. See for example Rankin [Ran39], Selberg [Sel40],
and Godement [God66].
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Working in dimension [ = 2, view elements of R? as row vectors and define
a modified theta function whose argument is now a matrix,

I() =Y eI 5 e GLy(R).

neZ?

Again the second variable from the general notation for ¢ is omitted since [
is fixed at 2. When v = It'/? where I is the identity matrix and ¢ > 0,
this is ¥(it) from the previous section. To see how a more general matrix
v affects the transformation law for ©J, compute that for any function f €
L'(R?), any matrix v € SLy(R), and any positive number r, the Fourier
transform of the function ¢(x) = f(ayr) is ¢(z) = r~2f(xy~T/r) where
7~T denotes the inverse-transpose of v (Exercise 4.10.2). In particular, again
letting f(z) = e~™2* be the Gaussian, Poisson summation shows that for
v €SLy(R), rY flnyr) =r= 1Y fny™T/r). Let S = [ 7§ ]. Then Sy~ 7T =
7S for all v € SLy(R) and |zS| = |z| for all x € R2, so f(nSy~T/r) =
f(nvy/r). As n varies through Z? so does n.S, and thus the Poisson summation

is 7> f(nyr) =r=13" f(ny/r). That is,
rd(yr) = (1/r)d(y/r), ~ € SLa(R), r>0. (4.40)

For any v € SLy(R), the Mellin transform of Z;ezg e~mm’t = I(yt'/?) —
1fort>0is

at _

(5,7) /°° E "ol Ptys
s,7v) = e t
gis, o p

/OC 1/2y s@

(%) — D)t* —. (4.41)
neZz? =0 t
Again 9(yt'/?) converges to 1 as t — 00, so the transformation law (4.40)
shows that as t — 0, 9(yt*/2) grows as 1/t, and therefore the integral converges
at its left endpoint if Re(s) > 1. Also as before, the integral converges at its
right end for all values of s, and rapid convergence of the sum lets it pass
through the integral to yield after a change of variable,

s = X @iy [ et =) 3

_ t
nez? t=0 neZz?

for Re(s) > 1. To connect this with Eisenstein series, for any point 7 = z+iy €
‘H let v, be the corresponding matrix

vy = \}g {g ﬂ € SLy(R).

(This matrix, which transforms i to 7, appeared in Chapter 2, in Exer-
cise 2.1.3(c) and again in the proof of Corollary 2.3.4.) For n = (c,d) € Z>
compute that [ny;|* = |(cy, cx + d)/\/y|*> = |eT + d|? /y. Therefore the Mellin
transform is essentially the Eisenstein series,
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S

o
9577 = 70 L6) Y e = 1T ()Go( ), Re(s) > 1,
(e,d)

where Go(T, s) is (4.39) with weight k£ = 0 and level N = 1. (In this case there
is only one v € (Z/NZ)?, so it is suppressed from the notation G§.)

The second integral in (4.41) provides the meromorphic continuation and
functional equation of Gy. As in the previous section, the transformation law
for ¥ shows that part of the integral is

1 dt ! dt 1
| weery-ned = [ opered -
=0 t = t

0 S

> dt 1
= | otV -

t=1 t s

o0 dt 1
— ﬁ<7t1/2)t1—37 =

=1 t S

dt 1 1
= I(yt/?) — )t = — = —
| e —neme - s

Combining this with the remainder of the integral gives

o dt 1 1
mwwz/ WtV e )T L L Reg) > 1.
=1 t s 1—s

This integral is entire in s, making the right side holomorphic everywhere in
the s-plane except for simple poles at s = 0 and s = 1. And the right side is
invariant under s — 1—s. Specializing to v = 7., the function 7=*I"(s)Go(T, )
for Re(s) > 1 has a meromorphic continuation to the full s-plane that is
invariant under s — 1 — s.

Suitably modified, this argument extends to higher weights and levels. Let
N > 1 and let G be the group (Z/NZ)?. Rather than taking one vector v € G,
consider any function
a:G— C.
Of course, the function a could simply pick off a vector, but thinking about the
entire group symmetrizes the result nicely. Let py = e2™/N, let S = [? *(1)],
and let (,) be the usual inner product on R%. The Fourier transform of a is

a function a : G — C,
a(m) = - S a@)uytY, ved.
N “4 N ’
weG
The resulting Fourier series reproduces the original function (Exercise 4.10.3)
1

a(@) = % S a@uy?, ued,
veG
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and a = a (Exercise 4.10.3 again).
Let k£ be a positive integer and let Ay be the harmonic polynomial

hi(c,d) = (=i)f(c+id)*, (c,d) € R2.
Associate a theta function to each vector v € (Z/NZ)?,

= hil((v/N +n)y)e ™Ay e GLy(R). (4.42)
neZz?

Again letting f(z) = e=™el* define the Schwartz function fe(z) to be a
modified Gaussian,
fi(@) = hi(2) f ().

Thus 93(v) = 3,ez2 fe((v/N +n)y). For v € SLy(R) and r > 0, compute
that 79} (yr) = Y. fu((v/N + n)yr) = r @r(v/N + n) where gi(z) =
fx(zyr). The Schwartz function has Fourier transform f = (—i)¥ ;. (Exer-
cise 4.10.4(a)), and so Pr(x) = (—i)*r~2fx(zy~Tr~!). Poisson summation
over n.S and the relations Sy~7 =4S and ST = —8 give

7"(92(’)/7“) k -1 Z fk nS’y TT )627rz(nSv/N>
nez?
— k -1 Z fk ’I’L’YS’/‘ ) 274 nfvS/N)
nez?

Letting 2(z) = ¢ +1id € C for any = = (c,d) € R? makes hy(z) =
(—i)*(z(2))* = (2(zS))* and thus hy(zS) = (—i)*hs,(z) (Exercise 4.10.4(b)).
Consequently fi,(z5) = (=) fi(z) as well, and now

rop(yr) = Y=t Z fu(nyr™h) N””S>
nez?
SRS S e
weG necz?
n=w (N)
_ k —1 Z Z fk U)/N-FTL)’YN’I’ ) —(w,vS)
weG neZ?
_ w — —(w,vS
= (DR ST TN
weG

Thinking here of ¥V as a function of ¥, the sum is N times this function’s
Fourier transform, giving r 93 (yr) = (— )kNr_lﬂ”(*er 1), Since r > 0 is
arbitrary, replace it by N/2r to get

rIY(YNY?r) = (=1)Fr 19 (yN/?r~1), 4 € SLy(R), 7 > 0. (4.43)

Thus (Exercise 4.10.5)
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Proposition 4.10.1. For any function a : G — C, the associated sum of
theta functions

Oi(7) = Y _(a(@) + (~1)"a(-)){(7N'/?), 7 € GLy(R)
veG

satisfies the transformation law
rOk(yr) =rtOL(yrt), v € SLy(R), 7> 0.

The functional equation for the associated sum of Eisenstein series fol-
lows as before. The constant terms of the series ¥ (v) are 0, so that Of(vyr)
converges to 0 rapidly as r — oo. Consider the Mellin transform

o0 dt
9i(s,7) = 92(%1/2)155? (4.44)

t=0

The transformation law shows that the integral converges at ¢ = 0 for all
values of s, and as before it converges at its right end for all s as well. Passing
the sums through the integral, noting that hy(zr) = hy(x)r* for » € R, and
changing variable gives

gi(s,y) =7 M2 D(k/2 + s)N*
-3 (a®) + (~1Fa(=m) S hp(ny) el E2

veG n=v (N)

Setting v = v, gives hg(ny) = (2(nyS))* = (cr +d)*/y*/? and gives
[ny|7F=25 = y*/2+5 Jler 4+ d|* 25 with product y°/((er + d)¥|cr + d|?(—F+/2)),
Thus for Re(s) > 1,

Gi(s,7r) =T *2750(k/2 + s)N*y*2 G (7, s — k/2) (4.45)
where G¢ is the associated sum of Eisenstein series (4.39),
Gi(r,5) =Y (a(®) + (~1)*a(-7))G}(7,5), Re(k/2+s)>1.  (4.46)
T
Proposition 4.10.1 shows that part of the integral (4.44) is

! dt

a 1/2 sdt > a —1/2\;—s * a 1/2 1—sdt
Ok (vt /%)t il Op(vt™ /)t 5= Op(vt/7)t 7
t=0 t=1 t=1

Combining this with the remainder of the integral gives

o o 1 2 3 1 o dt
(s = | ORI + ') —
t=1
The integral is entire in s and invariant under s — 1 — s. Similar arguments
for k =0 and k < 0 (Exercise 4.10.6) show that in all cases,
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Theorem 4.10.2. Let N be a positive integer and let G = (Z/NZ)?. For any
function a : G — C, let G{(r,s) be the associated sum (4.46) of Eisenstein
series. Then for any integer k and any point T = x + iy € H, the function

(m/N)Y°T'(|k|/2 + s)Gi(T,s — k/2), Re(s) >1

has a continuation to the full s-plane that is invariant under s — 1 — s. The
continuation is analytic for k # 0 and has simple poles at s = 0,1 for k = 0.

The function in the theorem comes from canceling the s-independent terms
in the Mellin transform (4.45). Exercise 4.10.8(b—c) shows that sums of only
two Eisenstein series satisfy functional equations for the larger group I'1(N).

The meromorphically continued Eisenstein series of this section have sev-
eral applications. As already mentioned, continuing the series for weights & = 1
and k = 2 to s = 0 recovers the Eisenstein series from earlier in the chapter.
Also, the Rankin—Selberg method integrates an Eisenstein series against the
square of the absolute value of a cusp form, obtaining an L-function satisfying
a functional equation. This idea was originally used to estimate the Fourier
coefficients of the cusp form, but L-functions of the sort obtained by this
method are now understood to be important in their own right. For more on
this topic, see [Bum97].

A more subtle use of the meromorphically continued Eisenstein series is
in the study of square-integrable functions called automorphic forms on the
quotient space SLy(Z)\SLy(R), the arithmetic quotient. The space of such
functions decomposes as a discrete part and a continuous part, the former
like Fourier series and the latter like Fourier transforms. The discrete part
contains cusp forms and a little more, the residual spectrum, so called because
it consists of residues of Eisenstein series in the half plane to the right of the
line of symmetry for the functional equation. The continuous part consists
of integrals of Eisenstein series on the critical line against square-integrable
functions on that line. Thus the explicit spectral decomposition cannot be
stated at all without knowing the meromorphic continuation of Eisenstein se-
ries. These ideas extend in interesting ways to matrix groups beyond SLs(R),
where their original proofs often proceeded by establishing the meromorphic
continuation en route.

Exercises

4.10.1. (a) Find relations like (4.5) and (4.6) expressing each G}, as a linear
combination of the E} and vice versa.

(b) Verify that G} transforms under SLy(Z) the same way as E}.

(c) Show that meromorphic continuation of either sort of Eisenstein series
gives meromorphic continuation of the other.

4.10.2. Let f(x) be a function in £}(R?). For any v € SLy(R), and r
0, show that the function ¢(x) = f(ayr) has Fourier transform @(z)

v



154 4 Eisenstein Series

r=2f(zy~T /r) where v~T denotes the inverse-transpose of . (A hint for this
exercise is at the end of the book.)

1 u,v — N
4.10.3. Show that a(u) = N Z d(@)uﬁv’ % for w € G and that 4@ = a. (A

veCG
hint for this exercise is at the end of the book.)

4.10.4. (a) Let f € LY(RY), let j € {1,...,1}, and define
g:R'—C, g(&)==,f()
where x; is the jth component of x. Suppose that g € L'(R!). Show that

1 0 ;

g(z) = — i T%f(x)

Applying this identity repeatedly shows that the Schwartz function fi(x,y) =
—i)k(z + iy)ke~"(@*+¥*) has Fourier transform
(=) y

N 1 k P 9 k .,
fr(a,y) = (i) (_ 2m> (63: -l-zay) e~ (@ +y7)

Switching to complex notation fi(z) = (—i)¥zFe="%7  this is

k k
¢ _(_Nk ([ _ i 2 —T2Z
R =it (- 1) (5) e
Compute that this relation is fi = (—i)¥ f as desired.
(b) Show that hy(z) = (2(zS))* and hy(zS) = (—i)*he(x).

4.10.5. (a) Show that for all v € GL2(R),

ST a@i(y) = D a(-0)di(y) and > a(-0)0R(7) = Y a@)Fy(y).

veG veG veG veG

(A hint for this exercise is at the end of the book.)
(b) Prove Proposition 4.10.1.

4.10.6. (a) Define ho(x) = 1 for all z € R?. For N > 1 and k = 0 define theta
series {9 : ¥ € G} by the formula in the section. Prove Theorem 4.10.2 when
k=0.

(b) When k < 0 define hy(z) = h_p(z) for x € R2?, where the overbar
denotes complex conjugation. Prove Theorem 4.10.2 when k£ < 0. (A hint for
this exercise is at the end of the book.)

4.10.7. What does Theorem 4.10.2 say when the function a picks off one
vector, i.e., a = ay where az(W) is 1 if W =7 and 0 otherwise?
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4.10.8. (a) Let ¢ and ¢ be primitive Dirichlet characters modulo v and v
with (y¢)(—=1) = (=1)* and wv = N. If a : (Z/NZ)? — C is the function

a(cv,d + ev) = ¥(c)p(d), a(Z,7) = 0 otherwise,

show that its Fourier transform is

a(—ect, —(d + eu)) = (9()/v)g(¥)p(c)ip(d), a(F,7) = 0 otherwise.

(Hints for this exercise are at the end of the book.)
(b) Define an Eisenstein series with parameter,

u—lv—1u—-1

GPP(r,s) =3 D3 w(Ap(d)G T (7, 5).

c=0 d=0 e=0

Show that the sum (4.46) of Eisenstein series for the function a in this problem
is
Gi(rs) = GL2(7,8) + (=1)"(9(2) /0)g () GE (7, 5).

Thus the functional equations for the eigenspaces (N, x) involve only two
series at a time.

(c) Define a function b : (Z/NZ)*> — C and a series E,’f’“"(f, s) by the
conditions - -

a = g(QD) b, GZ,L{J — g(g@) E]’Lf,(p.
v v

Show that the sum (4.46) of Eisenstein series for b is more nicely symmetrized
than the one for a,

Gh(rs) = B2 (r,8) + o(-1)Ef Y (1, 5).

4.11 Modular forms via theta functions

This chapter ends by using theta functions to construct a modular form that
both connects back to the preface and adumbrates the ideas at the end of the
book. The construction is one case of a general method due to Hecke [Hec26].

Recall that the preface used Quadratic Reciprocity to motivate the Mod-
ularity Theorem via a simple analog, counting the solutions modulo p to the
quadratic equation 22 = d. Now consider a cubic equation instead,

C:z2®=d, d € Z", d cubefree,
and for each prime p let
a,(C) = (the number of solutions modulo p of equation C') — 1.

Results from elementary number theory show that (Exercise 4.11.1)
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2 if p=1 (mod 3) and d is a nonzero cube modulo p,
ap(C)=4¢ -1 if p=1 (mod 3) and d is not a cube modulo p, (4.47)
0 if p=2 (mod 3) or p| 3d.

This section will use Poisson summation and the Cubic Reciprocity Theorem
from number theory to construct a modular form 6, with Fourier coefficients
ap(0y) = ap(C). Section 5.9 will show that these Fourier coefficients are eigen-
values. That is, the solution-counts of the cubic equation C are a system of
eigenvalues arising from a modular form. Chapter 9 will further place this
example in the context of Modularity.

Introduce the notation

e(z)=e*"* zcC.
Let A = Z[u3), let a = iv/3, and let B = L A. Thus A C B C $+A. Note that
|z|?> = 22 — x120 + 25 for any x = 1 + xou3 € Rlus].

We will frequently use the formula |z +y|? = |z|? +tr (zy* )—|— ly|? for z,y € C,
where y* is the complex conjugate of y and tr (z) = z + z*. For any positive
integer N and any u in the quotient group %A/NA define a theta function,

6% (r,N) = Z e (Nlu/N+nl’1), T€H. (4.48)
neA

An argument similar to Exercise 4.9.2 shows that 8% is holomorphic. The
following lemma establishes its basic transformation properties. From now
until near the end of the section the symbol d is unrelated to the d of the
cubic equation C.

Lemma 4.11.1. Let N be a positive integer. Then

07 (1 + 1, N)fe(lu‘ )9“(7 N), u e B/NA,
0°(r,N)= > 6°(dr,dN), we B/NA, de Z7,
wEB/dNA
v=u (NA)

0°(~1/7.N) = —~ > e(—%)eﬁ(mm, 7 € B/NA.

Proof. For the first statement compute that for « € B and n € A,
N’N—Fn‘ = lT (mod Z).

For the second statement note that 6%(7,N) =3 _, e (dN|“/ZY%|2dT>. Let

n = r + dm, making the fraction “F4" + m. Thus
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0 N) = Y e (dN wtNr m‘gdr) = 3 0N (dr,dN),
TEA/AA TEA/dA
meA
where the reduction u + N7 is taken modulo dN. This gives the result.
The third statement is shown by Poisson summation. Recall that the defin-

ing equation (4.42) from the previous section was extended to k = 0 in Exer-
cise 4.10.6(a),

Gy = Y eI 5 e (Z/NZ), v € GLy(R).
neZz?

To apply this let v € SLa(R) be the positive square root of % L% _é],

satisfying
|(.’E1,1’2)’Y|2 = %ktl + .’E2/143|2, T1, T2 € R.
Note that B/NA C $A/NA = A/3NA. Identify A with Z? so that if v € B

then its multiple 3v € oA C A can also be viewed as an element of Z2.
Compute with 3N in place of N and with v as above that for any ¢t € R,

_ 3v V2
T BN V) = 3 e NI )l
neZz?
_ Z o 27N+t _ 07 (it).

neA

This shows that the identity (4.43) with & = 0, with 3N in place of N, with
7 as above, and with r = (v/3¢)71/2 is (Exercise 4.11.2)

t

07 (—1/(it), N) = N3

3 e( M) 6% (3it, N), e B/NA,
€1 A/NA

where vu* = (vu*); + (vu*)aus. Generalize from ¢t € R to —ir for 7 € H by
the Uniqueness Theorem of complex analysis to get

—T - @
1TN _M 9“37-,N’ EGBNA
TN = 5 ;NA( § ) 07 (3. V) /

The sum on the right side is

> oe(-lyz) N 7GRN,

weB/NA ue L A/NA
au=w (NA)
To simplify the inner sum note that 6% (7, N) =3 _,e <N|W|237) for

any w € B/NA, and similarly to the proof of the second statement this works
out to
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__ 2
0(r,N)= > e (N‘W*%’“)/“ +m| 3T>

= > owrNnI/e@r N)
FEA/aA TeA/aA
meA
That is, the inner sum is
> 6"(37,N)=06"(r,N), we B/NA.
uet A/NA

au=w (NA)
The proof is completed by noting that (cvw*)y = tr (vw™).

O
The next result shows how the theta function transforms under the group

To(3N,N) = {[‘C‘ Z} €SLy(Z) : b=

0 (mod N), ¢=0 (mod 3N)} .
Proposition 4.11.2. Let N be a positive integer. Then
(0“7, N) = (§) 07" (7, N),

ue A/NA, v=[2b] € IL(3N,N).
Here (d/3) is the Legendre symbol.

Proof. Since 7% = §% we can assume d > 0 by replacing v with —v if
necessary. Write

ar+b 1 1 b

cr+d d\d/T+c '

Apply the second statement of the lemma and then the first statement to get
0%(y(7),N) = Z e(blvP)&?( 1

dN T Tdjr—c dN) :
wEB/dNA
v=u (NA)

The third statement and again the first now give

Z(d/T + C) blv|2—tr (vw™) W
0" (v(1), N) = ——— m 0% (—d/T — ¢, dN)
dNV3 v, wEB/dNA )
v=u (NA)
(et 4 d)

dN\/gT Z e (b\v|2—tr (5ﬁ*)—c|w|2) 9@(_d/7_7 dN)

Note that cw € NA for w € B since ¢ =0 (mod 3N). It follows that

blv|2 —tr (vw*)—clw|*\ _
E: € AN =

Z e <b|v—cw|2—tr((v—cw)w*)—c|w\2)
dN
TeB/dNA TeB/dNA
v=u (NA) v=u (NA)
—e (7tr (auw*)) Z e <b|v\2>
N dN )
wEB/dNA
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where the last equality uses the relation ad —bc = 1. Since b = 0 (mod N) the
summand e (b|v|?/(dN)) depends only on v (mod dA), and since (d, N) =1
and @ € A/NA the sum is Y5 4/q4 € (b[v[?/(dN)). This takes the value
(d/3)d (Exercise 4.11.3). Substitute this into the transformation formula and
apply the second and third statements of the lemma to continue,

) = STED () S o (-t g (a(-1/), )

NV37 \3 weB/dNA
i(C’T + d) <d> Z tr (auv™) \ po
_Nertd) (4 e (— @) gv(_1/r N)
NV37 \3 TEB/NA ( )
_ ct+d El Z e (_ tr (vw*+auy*)> GE(T N)
3N2 \3) __ N o
v,weB/NA

Exercise 4.11.3(b) shows that the inner sum is
Z ( tr (v(w* +au*))> {3]\72 if w = —au,
e —— fr— o L
vEB/NA N 0 if w # —au,
completing the proof since §~%% = §%, 0

To construct a modular form from the theta functions we need to conjugate
and then symmetrize. To conjugate, let § = [§ ] so that

6TH(3N?)6~! = I,(3N, N)

and the conjugation preserves matrix entries on the diagonal. Recall that the
weight-k operator was extended to GL3 (Q) in Exercise 1.2.11. Thus for any

7= [24] € IEN?),
(51 () = (O"17'8)(7) where 7 = 8y8™H € (BN, N) o)

0
(d/3)(0%"[6]1)(T) since d = d/.

The construction is completed by symmetrizing:

Theorem 4.11.3. Let N be a positive integer and let x : (A/NA)* — C* be
a character, extended multiplicatively to A. Define

Oy (1) = % Z x(w)0“(NT, N).
ueA/NA
Then
0[] = x()(d/3)0y, ~v=[2}] € [L(3N?).
Therefore
0 € MiBN?,9),  4(d) = x(d)(d/3).
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The desired transformation of 6, under I'y(3N?) follows from (4.49) since
0y = > = x(u)0"[6]; (Exercise 4.11.4). To finish proving the theorem note that

bu(r) =5 > x(ne(jnfr) = D am(8)e*™

neA m=0

where
am(0x) =5 D x(n). (4.50)
ncA
[n|*=m
This shows that a,(0) = O(n), i.e., the Fourier coefficients are small enough
to satisfy the condition in Proposition 1.2.4.
For example, when N = 1 the theta function

01(7) = % Z 62”“”'27, TeH

neA

is a constant multiple of E}p’l, the Eisenstein series mentioned at the end
of Section 4.8 (Exercise 4.11.5). This fact is equivalent to a representation
number formula like those in Exercise 4.8.7.

Along with Poisson summation, the other ingredient for constructing a
modular form to match the cubic equation C' from the beginning of the
section is the Cubic Reciprocity Theorem. The unit group of A is A* =
{=£1, £us, £u}. Note that formula (4.50) shows that 6, = 0 unless y is trivial
on A*. Let p be a rational prime, p = 1 (mod 3). Then there exists an element
T = a+ bug € A such that

{neA:|n|? =p}=A"1TU AT

The choice of 7 can be normalized, e.g., to ™ = a + bus where a = 2 (mod 3)
and b = 0 (mod 3). On the other hand a rational prime p = 2 (mod 3) does
not take the form p = |n|? for any n € A, as is seen by checking |n|> modulo 3.
(See 9.1-9.6 of [IR92] for more on the arithmetic of A.) A weak form of Cubic
Reciprocity is: Let d € Z%t be cubefree and let N = 3 Hp‘dp. Then there exists
a character

X (A/NA)* — {1, s, p3}

such that the multiplicative extension of x to all of A is trivial on A* and
on primes pt N, while on elements m of A such that 7T is a prime p{ N it
is trivial if and only if d is a cube modulo p. See Exercise 4.11.6 for simple
examples.

For this character, 6, (7, N) € M1(3N?,1) where 1 is the quadratic char-
acter with conductor 3. Formula (4.50) shows that the Fourier coefficients of
prime index are
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2 if p=1 (mod 3) and d is a nonzero cube modulo p,
ap(fy) =< —1 if p=1 (mod 3) and d is not a cube modulo p, (4.51)
0 if p=2 (mod 3) or p| 3d.

That is, the Fourier coefficients are the solution-counts (4.47) of equation C
as anticipated at the beginning of the section.

Exercises

4.11.1. Show that for any prime p the map x — x> is an endomorphism of the
multiplicative group (Z/pZ)*. Show that the map is 3-to-1 if p = 1 (mod 3)
and is 1-to-1 if p = 2 (mod 3). Use this to establish (4.47).

4.11.2. Confirm that under the identification (x1,x2) > 1 + xous, the
exponent —(u,vS) from Section 4.10 becomes —(vu*)s. Use this to verify
the application of Poisson summation with 3u, 3v, and 3N in the proof of
Lemma 4.11.1.

4.11.3. For b,d € Z with (3b,d) = 1let @ya = Ype /g4 © (b]v]?/d). This
exercise proves the formula ¢p ¢ = (d/3)d.

(a) Prove the formula when d = p where p # 3 is prime. For p = 2 compute
directly. For p > 3 use the isomorphism Z[v/—3]/pZ[v/—3] — A/pA to show

that
Po,d = Z e (b(Tf + 37"3)/1)) .
r1,72€Z/pZ

Show that if m is not divisible by p then

dooe(m?p)= > (1+ (m?) Je(s/p) = (%) 9(x)

reZ/pZ SEZ/pZ

where g(x) is the Gauss sum associated to the character x(s) = (s/p). Show
that g(x)? = x(=1)]g(x)|> = (=1/p)p similarly to (4.12). Use Quadratic
Reciprocity to complete the proof.

(b) Before continuing show that for any x € N~1B,

. N? ifze B,
Z e (tr (zw™)) = )
weA/NA 0 if ¢ B,

and

. 3N?2 ifx e A,
Z e (tr (va*)) = ) 4
vEB/NA 0 if z ¢ A.

(c) Prove the formula for d = p' inductively by showing that for ¢ > 2,
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Z Z e (bv +p' " w|?/p")
vEA/pt—1ATWEA/PpA

S e (Bol/pt) D eltr(bow*)/p) = ppp-2p”.

vEA/Ppt—1A weEA/pA

¥b,pt

(d) For arbitrary d > 0 suppose that d = dyds with (di,d2) = 1 and
dy,ds > 0. Use the bijection

A/dlA X A/d2A — A/dA, (’LL71, u72) — dgul + d1U2

to show that vp 4 = Vbds,d; Pbdy,do- Deduce that this holds for d < 0 as well.
Complete the proof of the formula.

4.11.4. Verify the transformation law in Theorem 4.11.3.

4.11.5. (a) Use results from Chapter 3 to show that dim(S;(I5(3)) = 0, so
that if ¢ is the quadratic character modulo 3 then M;(3,v¢) = CE}”’I.

(b) Let 01(7) denote the theta function in Theorem 4.11.3 specialized
to N = 1, making the character trivial. Thus 6, € M;(3,v) and so 01 is a
constant multiple of Ei/’ 1 What is the constant?

(¢) The Fourier coefficients a,,(61) are (up to a constant multiple) repre-
sentation numbers for the quadratic form n? — nyng 4+ n3. Thus the represen-
tation number is a constant multiple of the arithmetic function oy l(m) =
> ajn ¥(d) for m > 1. Check the relation between r(p) and crg”l(p) for prime p
by using the information about this ring given in the proof of Corollary 3.7.2.
Indeed, the reader with background in number theory can work this exer-
cise backwards by deriving the representation numbers and thus the identity
01 = CE?’1 arithmetically.

4.11.6. (a) Describe the character x provided by Cubic Reciprocity for d = 1.

(b) To describe x for d = 2, first determine the conditions modulo 2 on
a,b € Z that make a + buz € A invertible modulo 2A, and similarly for 3.
Use these to show that the multiplicative group G = (A4/6A)* has order 18.
Show that A* reduces to a cyclic subgroup H of order 6 in G and that the
quotient G/H is generated by g = 1+ 3us3. Explain why x is defined on the
quotient and why up to complex conjugation it is

X(H)=1,  x(gH)=¢,  x(¢*H)=¢G.

(Here the symbol (3 is being used to distinguish the cube root of unity in the
codomain C* of y from the cube root of unity in A.)
(c) Describe the character y provided by Cubic Reciprocity for d = 3.
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Hecke Operators

This chapter addresses the question of finding a canonical basis for the space
of cusp forms S (I1(IN)). Since cusp forms are not easy to write explicitly like
Eisenstein series, specifying a basis requires more sophisticated methods than
the direct calculations of the preceding chapter.

For any congruence subgroups Iy and Iy of SLo(Z), a family of double
coset operators takes My (1) to My(I%), taking cusp forms to cusp forms.
These operators are linear. Specializing to I'1 = I's = I'1(N), particular double
coset operators (n) and T, for all n € Z™ are the Hecke operators, commuting
endomorphisms of the vector space My, (I'1(NN)) and the subspace Sk (I (NV)).
The Petersson inner product makes Si(I'1(IN)) an inner product space, and
the Hecke operators (n) and T, for n relatively prime to the level N are normal
with respect to this inner product. Thus by linear algebra the space Si (I (V))
has an orthogonal basis whose elements are simultaneous eigenfunctions for
the Hecke operators away from N. Further decomposing Si(I1(N)) into old
and new subspaces partially eliminates the restriction: the new subspace has
an orthogonal basis of eigenfunctions for all the Hecke operators, and after
normalizing this basis is canonical. The old subspace is the image of new
subspaces of lower levels.

The canonical basis elements for the new space, and more generally all
normalized eigenfunctions for the Hecke operators, correspond naturally to
Dirichlet series having Fuler product expansions and satisfying functional
equations. These Dirichlet series, the L-functions of eigenfunctions, will later
express the connection between modular forms and elliptic curves.

Related reading: [Lan76], [Miy89], and Chapter 3 of [Shi73].

5.1 The double coset operator

Let I and Iy be congruence subgroups of SLy(Z). Then Iy and I are sub-
groups of GL3 (Q), the group of 2-by-2 matrices with rational entries and
positive determinant. For each o € GLJ (Q) the set
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Ials = {yiays :y1 € I'1,72 € In}

is a double cosetin GL (Q). Under a definition to be developed in this section,
such double cosets transform modular forms with respect to I into modular
forms with respect to I5.

The group I3 acts on the double coset I'tals by left multiplication, par-
titioning it into orbits. A typical orbit is I} 8 with representative 8 = v1arya,
and the orbit space I'1\I a1y is thus a disjoint union |J Iy B; for some choice
of representatives ;. The next two lemmas combine to show that this union
is finite.

Lemma 5.1.1. Let I' be a congruence subgroup of SLa(Z) and let o be an
element of GLI (Q). Then a~'I'a N SLy(Z) is again a congruence subgroup
of SLy(Z).

Proof. There exists N e Zt satisfying the conditions I'(N) ¢ I', Na €
Mz (Z), Na=t € My(Z). Set N = N3. The calculation

al'(N)a~! € a(I + N*My(Z))a™"
=T+ N-Na-My(Z) Na~! I+ NMy(Z)

and the observation that al'(N )of{consists of determinant-1 matrices com-
bine to show that al'(N)a~! c I'(N). Thus I'(N) C a 'I'(N)a C a™'la,
and intersecting with SLo(Z) completes the proof. a

Lemma 5.1.2. Let Iy and Iy be congruence subgroups of SLa(Z), and let a
be an element of GL3 (Q). Set I's = a™'Ia N Iy, a subgroup of I'y. Then
left multiplication by «,

I — Ials given by Yo — Yo,

induces a natural bijection from the coset space I3\ to the orbit space
I'N\Inaly. In concrete terms, {2 ;} is a set of coset representatives for I3\ I
if and only if {B;} = {ava,;} is a set of orbit representatives for I''\I'al%.

Proof. The map I's — I'1\I'1al% taking vo to It arys clearly surjects. It takes
elements s, 74 to the same orbit when Iays = [avh, ie., Yoy b € a™ Na,
and of course 75751 € I, as well. So the definition I3 = o~ 'Tha N I, gives
a bijection I'3\Is — IN\Italy from cosets I3y to orbits Iiavys. The last
statement of the lemma follows immediately. O

Any two congruence subgroups G and G of SLy(Z) are commensurable,
meaning that the indices [G; : G1 N Ga] and [Gs : G1 N Gs] are finite (Exer-
cise 5.1.2). In particular, since a~'I'a N SLy(Z) is a congruence subgroup
of SLo(Z) by Lemma 5.1.1, the coset space I3\I3 in Lemma 5.1.2 is finite
and hence so is the orbit space I't\I1als. With finiteness of the orbit space
established, the double coset 1l can act on modular forms. Recall that for
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B € GL3(Q) and k € Z, the weight-k (8 operator on functions f : H — C is
given by
(FIB1K)(7) = (det B)*~15(8,7) " F(B(7)), 7€M

Definition 5.1.3. For congruence subgroups It and Iy of SLa(Z) and o €
GLj (Q), the weight-k I''als operator takes functions f € My(I) to

flhalz], = Zf[ﬁj]k

where {B;} are orbit representatives, i.e., I'naly = Uj INg; is a disjoint
UNLON.

The double coset operator is well defined, i.e., it is independent of how
the [, are chosen (Exercise 5.1.3). Seeing that it takes modular forms with
respect to Iy to modular forms with respect to Iy,

[Flod_'g]k : Mk(Fl) — Mk(FQ),

means showing that for each f € My (I), the transformed f[Ialb]; is -
invariant and is holomorphic at the cusps. Seeing that the double coset oper-
ator takes cusp forms to cusp forms,

[Flal"g}k : Sk(Fl) — Sk(FQ),

means showing that for each f € S;(I1), the transformed f[I1alb], vanishes
at the cusps.

To show invariance, note that any . € I, permutes the orbit space
I\Ialy by right multiplication. That is, the map v2 : IN\Inaly —
I'\Inaly given by I3 +— I107v, is well defined and bijective. So if {5;}
is a set of orbit representatives for I1\Itals then {3;72} is a set of orbit
representatives as well. Thus

(f[Ialz]k) el = Zf[ﬁﬂz]k = flhalsg,

J

and f[INalb]y is weight-k invariant under I, as claimed.

To show holomorphy at the cusps, first note that for any f € My(I1)
and for any v € GLJ (Q), the function g = f[y]x is holomorphic at infinity,
meaning it has a Fourier expansion

g(T) — Z an(g>e2m‘n7/h

n>0

for some period h € Z* (this was Exercise 1.2.11(b)). Second, note that if
functions ¢y, ..., g4 : H — C are holomorphic at infinity, meaning that each
g; has a Fourier expansion
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gj(T) — z:an(gj)6271-1'117-/hj7

n>0

then so is their sum gy + -+ + g4 (Exercise 5.1.4). For any § € SLy(Z), the
function (f[[hals]k)[d]x is a sum of functions g; = f[y,]x with v; = 5,6 €
GL;r (Q), so it is holomorphic at infinity by the two facts just noted. Since &
is arbitrary this is the condition for holomorphy at the cusps.

For any f € Sg(I') and for any v € GL3 (Q), the function g = f[v]; van-
ishes at infinity (this was also Exercise 1.2.11(b)), and the previous paragraph
now shows that f[Ials]; € Sp(I2), i.e., the double coset operator takes cusp
forms to cusp forms as claimed.

Special cases of the double coset operator [I'1al%b], arise when

(1) I D I,. Taking a = I makes the double coset operator be f[Ihals], = f,
the natural inclusion of the subspace M (1) in My (I%), an injection.

(2) a~'INa = I. Here the double coset operator is f[I1als], = fla]k, the
natural translation from My (I'}) to My (I%), an isomorphism.

(3) It C I». Taking o = I and letting {72 ;} be a set of coset representatives
for I\ I'> makes the double coset operator be f[Ihalb]; = Zj 2,5k
the natural trace map that projects My (1) onto its subspace My (I%)
by symmetrizing over the quotient, a surjection.

In fact, any double coset operator is a composition of these. Given I, I%,
and a, set I's = o~ a N I, as usual and set ;= alya~t' =1 Nalya L
Then It D I} and a 'Ija = I3 and I3 C Iy, giving the three cases. The
corresponding composition of double coset operators is

fe £ flole =Y flava e
i

which by Lemma 5.1.2 is the general [T alb]k.

The process of transferring functions forward from My (1) to My(I%)
by the double coset operator also has a geometric interpretation in terms
of transferring points back between the corresponding modular curves. This
leads to an algebraic interpretation of the double coset as a homomorphism of
divisor groups. Recall that every congruence subgroup I" has a modular curve
X(I') = I'\'H* consisting of orbits I'7. The configuration of groups is

F3L>F3I)
Iy I

where the group isomorphism is v + aya~! and the vertical arrows are
inclusions. The corresponding configuration of modular curves is
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X3 L) Xé
MJ lm (5.1)
X, X,

where the modular curve isomorphism is I'37 +— Ija(7), denoted « (Exer-
cise 5.1.5). Again letting I3\I> = {J; I'372,; and B; = ays,; for each j so that
Ials = Uj I 3j, each point of X, is taken back by m oo 71'2_1 to a set of
points of X1,

{Iy2,5(1)} —— {1306;(1)}

Iy {I18;(7)}-

Here 7, ' takes each point z € X, to the multiset (meaning elements can
repeat) of overlying points y € X3 each with multiplicity according to its
ramification degree, w5 *(z) = {e, -y : y € X3, m(y) = x}. To place the
composition in the right environment for counting with multiplicity let Div(X)
denote the divisor group of any modular curve X, where as in Chapter 3 the
divisor group of a set is the free Abelian group on its points. In terms of
divisors the composition is

(Mol : X — Div(Xy),  r = Y NiB;(7),
J

and this has a unique Z-linear extension to a divisor group homomorphism,
[Fl(lpg}k : DIV(XQ) — DlV(Xl)

In this context the special cases I1 D I, o ' = Iy, and Iy C I from
before lead respectively to a surjection, an isomorphism, and an injection
(Exercise 5.1.6).

This chapter will focus on double coset operators acting on modular forms,
but the emphasis later in the book will move toward the divisor group inter-
pretation.

Exercises

5.1.1. In Lemma 5.1.1, need a~'I'a lie in SLy(Z)?

5.1.2. Show that for congruence subgroups G and Gs of SLa(Z), the indices
[G1 : G1NGs) and [Gy : G1 N Ga] are finite. (A hint for this exercise is at the
end of the book.)

5.1.3. Show that the weight-k double coset operator [I'yal%]y is independent
of how the orbit representatives 3; are chosen. (A hint for this exercise is at
the end of the book.)
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5.1.4. Show that if g1, ..., g4 : H — C are holomorphic at infinity, then so is
their sum g1 + -+ + g4. (A hint for this exercise is at the end of the book.)

5.1.5. Check that the map a : X3 — X4 given by I's7 — I[ja(r) is well
defined.

5.1.6. Show that in the special cases I'T D Ih, a "o = Iy, and Iy C I the
divisor group interpretation of [Ijalb], gives a surjection, an isomorphism,
and an injection.

5.2 The (d) and T, operators

Recall the congruence subgroups

TH(N) = { {‘é Z] € SLy(Z) - {‘c’ Z}

] )

and

I (N) :HZ Z] € SLy(Z) : {‘C‘Z} = [éi] (mod N)},

where as always N is a positive integer. The smaller group has more modular
forms, i.e., My (I'1(N)) D Mg(Io(N)). This section introduces two operators
on the larger vector space My (I'1(N)).

The map Iy(N) — (Z/NZ)* taking [¢4] to d (mod N) is a surjective
homomorphism with kernel It (V). This shows that I (IV) is normal in I'5(V)
and induces an isomorphism

ab

Lo(N)/T2(N) = (Z/NZ)"  where [ d

} — d (mod N).

To define the first type of Hecke operator, take any o € Ip(N), set I =
Iy = I (N), and consider the weight-k double coset operator [I' al3]k. Since
I''(N) < I'h(N) this operator is case (2) from the list in Section 1, translating
each function f € My (I1(NV)) to

fIN(N)aI'y(N)]x = flalk, o€ IH(N),

again in My (7 (N)). Thus the group IH(N) acts on My (I7(N)), and since its
subgroup I (N) acts trivially, this is really an action of the quotient (Z/NZ)*.
The action of o = [ %], determined by d (mod N) and denoted (d), is

(d) : My(I'(N)) — My (I1(N))

given by
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(d)f = fla] for any a = {i g’} € I'y(N) with 6 = d (mod N).

This is the first type of Hecke operator, also called a diamond operator. For
any character y : (Z/NZ)* — C, the space My(N,x) from Chapter 4 is
precisely the y-eigenspace of the diamond operators,

Mi(N,x) ={f € Mi(I1(N)) : (d)f = x(d)f for all d € (Z/NZ)"}.

That is, the diamond operator (d) respects the decomposition My (I (N)) =

@ M (N, x), operating on the eigenspace associated to each character x as
X

multiplication by x(d).

The second type of Hecke operator is also a weight-k double coset operator
[[Mals), where again It = I'» = I'1(N), but now

— |10 rim
“lop|’ p prine.
This operator is denoted T},. Thus
Ty : Mi(I'(N)) — My (I1(N)), p prime

is given by
T, = AL | 0| B

From (3.16), the double coset here is

1 %

10} L) = {VeMz(Z)W: [Op] (mod N), detv—p}7

I (N) {Op

so in fact [6 2] can be replaced by any matrix in this double coset in the
definition of T},.
The two kinds of Hecke operator commute. To see this, continue to let

o= [§9] and check that yay™' = [ 5] (mod N) for any v € IH(N). If

I (N)aly (N U (N
then the last sentence of the preceding paragraph and the fact that I'1(N) is

normal in IH(N) show that the double coset is also

I (N)al'y(N) = I (N)yay ' T (N) = v (N)al ' (N)y ™
= WUH )3y UH (N8B~

Comparing the two decompositions of the double coset gives | 1 (N)B; =
U; I (N)B;7, even though it need not be true that I1(N)y8; = I'(N)B;y
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for each j. Thus for any f € My(I1(N)) and any v € IH(N) with lower right
entry § = d (mod N),

(d)Tpf = Zf[ﬂﬂ]k = Zf[vﬂj]k =T(d)f,  feMip(In(N)).

To find an explicit representation of T}, recall that it is specified by orbit
representatives for I'1\I1als, and these are coset representatives for I's\I5
left multiplied by o, where I's = a~' I« N I. For the particular I, I, and
« in play here, recall from Exercise 1.5.6 the groups

o= {[2] s 1]« 1] )

I'Y(N,p) = T(N)NI(p).

Then I3 = I'Y(N,p) (Exercise 5.2.1). Since I3 is I subject to the additional
condition b = 0 (mod p), the obvious candidates for coset representatives are

and

1j .
V2.5 = {Oﬂ’ 0<j<p.

Given vy = [?g] € Iy, we have 7y € Iy ; if vg'yi; €Iz =IyynI%p).
Certainly v275. Jl € I for any j since 2 and 7y, ; are, but also we need the
upper right entry b — ja of 72753— = [‘Z Z] [(1) 7{] to be 0 (mod p).

If p  a then setting 5 = ba~! (mod p) does the job. But if p | a then
b — ja can’t be 0 (mod p) for any j, for then p | b and so p | ad — be = 1.
Instances of v5 € Iy with p | a occur if and only if p t N, and when this
happens vs2.,0,...,72,p—1 fail to represent I'3\I. To complete the set of coset
representatives in this case, set

V2,00 = |:m]\l; 111] where mp —nN = 1.
Now given o = [‘c‘ g] € Iy with p | a, it is easy to show that 72721; € Iy
as needed (Exercise 5.2.2). Thus v2,0,...,72,p—1 are a complete set of coset

representatives when p | N, but 72 o is required as well when p { N. In any
case, it is easy to show that the v, ; represent distinct cosets (Exercise 5.2.3).
The reader may recognize these matrices from Exercise 1.5.6(b).

The corresponding orbit representatives §; = arys ; for It \I' als, needed
to compute the double coset operator, work out to

ﬂj—[éﬁ for 0< j < p, ﬂoo—m;ﬁ] [gﬂ itpEN.  (5.2)

This proves
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Proposition 5.2.1. Let N € ZT, let It = I = I1(N), and let o = | 2}
where p is prime. The operator T, = [[Mals)x on My (I1(N)) is given by

p—1
NI ifpIN,
Tpf = Zi? ,
STALSII+ AR [Be ifpt N, where mp—nN =1,
=0

Letting I7 = Iy = IH(N) instead and keeping o = [ 9] gives the same
orbit representatives for I't\I'ials (Exercise 5.2.4), but in this case the last

representative can be replaced by o = [# ] since [N ;] € I1.

The next result describes the effect of T, on Fourier coefficients.

Proposition 5.2.2. Let f € My (I1(N)). Since [} 1] € I1(N), f has period 1
and hence has a Fourier expansion

F) =Y an(f)a", g = e,
n=0

Then:

(a) Let 1y : (Z/NZ)* — C* be the trivial character modulo N. Then T, f
has Fourier expansion

(T f)(71) =Y anp(£a" + In@P* D an((p)f)g™

=3 (anp(f) + 1n ()P ansn(0) 1)) "™
n=0

That is,

an(Tpf) = any(f) + In ()" ansy(0)f)  for f € Mi(I1(N)). (5.3)

(Here a,,, = 0 when n/p ¢ N. As in Chapter 4, 1n(p) = 1 when p{ N
and 1n(p) =0 whenp| N.)

(b) Let x : (Z/NZ)* — C* be a character. If f € Myg(N,x) then also
T,f € Mi(N,x), and now its Fourier expansion is

(T, )(7) =D anp(£)g" + xR an(f)g™
n=0 n=0

=3 (@) + X" ansp ()"
n=0

That s,
an(Tpf) = anp(f) + X()P"  anp(f)  for f € Mp(N,x). (5.4)
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Proof. For part (a), take 0 < j < p and compute

f[{éﬂ]k(ﬂ “or+p)” kg <T+j> lian(f)ezmn(rﬂ)/p

P et
1 o0

== an(Hapuy?
p n=0

where ¢, = e2™7/P and Wy = = ¢2™/?_ Since the geometric sum Zp o M
when p | N and 0 when p{ N, summing over j gives

pJ isp

S Al = 3w = anlfla
7=0 n=0 (p) n=0

This is (T, f)(7) when p | N. When p{ N, (T,,f)(7) also includes the term
FIR BTG T Ne(r) = (@D I ]h(r)
=p" 1 0or + 1)K ((p) f(pr) = p*~ 1Zan

In either case, the Fourier series of T}, f is as claimed.
The first statement of (b) follows from the relation (d)(T},f) = T,({(d)f).
Formula (5.4) is immediate from (5.3). O

Since double coset operators take cusp forms to cusp forms, the T}, op-
erator restricts to the subspace Sk (I'1(N)) of My (I'1(N)). In particular the
weight 12 cusp form A, the discriminant function from Chapter 1, is an eigen-
vector of the T, operators for SLy(Z) since Si2(SL2(Z)) is 1-dimensional,
and similarly for the generator of any other 1-dimensional space such as the
functions ¢ (1) = n(7)*n(N7)* from Proposition 3.2.2. Part (b) of the propo-
sition here shows that T}, further restricts to the subspace S,(N, x) for every
character x modulo N.

Eisenstein series are also eigenvectors of the Hecke operators. Recall the
series E}f’v from Chapter 4 for any pair 9, ¢ of Dirichlet characters modulo u
and v such that uv | N and (v¢)(—1) = (=1)¥,

EP(r) = 0)LA — ko) +2 3 ol % (n)g", g = ¥,

n=1

5() = {1 HO=1 e ) = 37 g(n/m)p(mymt=!

0 otherwise,
m|n

m>0

Recall also the series E}#'(1) = E;#(tT) where ¢ and ¢ are primitive and

t is a positive integer such that tuv | N. From Chapter 4, as (¢, ¢,t) runs
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through a set of such triples such that ¥¢ = x at level N these Eisenstein
series represent a basis of Ex(N,x). (At weight k¥ = 2 when ¢p = ¢ = 1
the definition is different, E3*"* (1) = Ey* ' (1) — tE; " (1), so the triple
(11,11,1) contributes nothmg and is excluded.) By definition of M (N, x) as
an eigenspace, (d)EL"#" = x(d)E}#" for all d relatively prime to N, but also

Proposition 5.2.3. Let x modulo N, ¢, v, andt be as above. Let p be prime.
Ezxcluding the case k =2, v = ¢ =14,

TpE;f’%t = (¥(p) + @(p)pk_l)E;f’w’t ifuv =N orifp{N.
Also,

if t is prime and N is a power of t
orifpt N.

This is a direct calculation (Exercise 5.2.5). When uv < N (excluding the
special case k = 2, ¥ = ¢ = 11) the series E;f’“a’t is “old” at level N in the
sense that it comes from a lower level, being the series E;f’“" at level uv raised
to level tuv by multiplying the variable by ¢ and then viewed at level N since
tuv | N. On the other hand, when wv = N (or in the special case if also ¢
is prime and N = t) the series is “new” at level N, not arising from a lower
level. The proposition shows that Eisenstein series at level N are eigenvectors
for the Hecke operators away from the level, and new Eisenstein series at
level N are eigenvectors for all the Hecke operators. We will see this same
phenomenon for cusp forms later in the chapter.

The Hecke operators commute.

Proposition 5.2.4. Let d and e be elements of (Z/NZ)*, and let p and q be
prime. Then

(a) ()T, = Tp(d),
(b) (d){e) = {e)(d) = (de),
(¢) T,T, = T,T,.

T,ER I = (14 Ly (pp) B

Proof. Part (a) has already been shown Since the (d) and T}, operators pre-
serve the decomposition My (I ( @Mk , it suffices to check (b)
and (c) on an arbitrary f € Mk( ) Now (b) is 1mmediate (Exercise 5.2.6).

As for (c), applying formula (5.4) twice gives
an(Tp(qu)) = anp(qu) + X(p)pkilan/p(qu)
= anpq(f) + x(0)q"  anpsq(f)
+ X(0)P ™ (ang/p(f) + x(@)6"  anspq(£))
= anpg(f) + X(0)0" /o () + X0)P* g (f)
+X(P0) ()"~ g (),

and this is symmetric in p and q. ad
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The modular curve interpretation of 7}, as at the end of Section 5.1 is

T, : Div(X,(N)) — Div(Xa(N)),  Lu(N)r = S Li(N)B(r). (5.5)

with the matrices §; from (5.2), excluding B when p | N. (Strictly speaking
the map on the left is the Z-linear extension of the description on the right,
whose domain is only X;(N), but we use this notation from now on without
comment.) There is a corresponding interpretation of T}, in terms of the mod-
uli space S1(N) from Section 4 of Chapter 1. Recall that S;(IV) consists of
equivalence classes of enhanced elliptic curves (F, Q) where E is a complex
elliptic curve and @ is a point of order N. Let Div(S;(NV)) denote its divisor
group. Then the moduli space interpretation is

T, : Div(S1(N)) — Div(S1(N)),  [E,Ql— Y [E/C,Q+C], (5.6)
C

where the sum is taken over all order p subgroups C' C F such that CN{(Q) =
{0g} and where the square brackets denote equivalence class. To see where
this comes from, recall from Chapter 1 the lattice A, = 7Z & Z and the
complex elliptic curve E; = C/A, for 7 € H. Associate to each §; (including
Poo when p { N) a subgroup C' = C; = cAg,(;) of E; where ¢ € C, working
out to C' = ((1+7)/p) + A, for 0 < j < p and to C = (1/p) + A, for j = 00
(Exercise 5.2.7(a)) and therefore satisfying the conditions

C=%7/pZin E,, CN({(1/N)+A,)={0}in E,. (5.7)

The groups Cy, ..., Cp_1, Cos are subgroups of E,[p] and pairwise disjoint
except for 0, making their union a subset of E.[p] totaling 1+ (p+1)(p—1) =
p? elements, i.e., their union is all of E,[p]. (See Figure 5.1 and Exer-
cise 5.2.7(b,c).) Any subgroup C of E, satisfying the first condition of (5.7)
must lie in E;[p], making it one of the C;. The group Cu fails the second
condition of (5.7) when p | N. Thus the matrices § appearing in T}, describe
the subgroups C' in the moduli space interpretation (5.6). This discussion
elaborates on Exercise 1.5.6(a).

The moduli space S1(N) is in bijective correspondence with the noncom-
pact modular curve Y;(N) = I'1(N)\H by Theorem 1.5.1. The relation be-
tween descriptions (5.5) and (5.6) of T}, is summarized in the following com-
mutative diagram (Exercise 5.2.7(d)):

wll lwl (5.8)

D(Y1(N)) —2 D(Y;(N)).

Here the vertical map 1 is the bijection from Theorem 1.5.1. Elementwise
the mappings are
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0 1

Figure 5.1. E.[5] as a union of six 5-cyclic subgroups

[Er, & + A ) —— Y [E,/C, % + C]

I I

Di(N)T 22 T1(N)5;(7).

When p { N the term [E;/Cu, & + Coo] works out to [E,,, £ + A,,] (Exer-
cise 5.2.7(e)).

Similarly and more easily for the diamond operator, there is a commutative
diagram

S1(N) —— S1(N)
l yl (5.9)
Yl( 4>Y1( )

where if o = [2 %] € IH(N) with § = d (mod N) then the mappings are given
by
Eroy + A — |

I

This was Exercise 1.5.3. Naturally, (d) extends Z-linearly to divisors.

{ 2\&

N)r— I(N

To summarize, we have four compatible notions of the Hecke operator 75,
starting from the double coset I't(N) [ § 9] I'1 (V). This works out to

{’YGM2(Z)¢WE [é;] (mod N), det’yzp},

similar to the definitions of congruence subgroups by conditions on integer
matrices. The double coset gives the second version of 7}, a linear operator



176 5 Hecke Operators

on the space of modular forms My (I'y (N)),

TP cfe Zf[ﬁj]kv
J

where I (N) [ 9] I (N) = U; I1(N)B;. Thus T, f(7) evaluates f at a set of
points associated to 7. In terms of points themselves, a third version of T}, is
the endomorphism of the divisor group of the modular curve X;(N) induced
by

T, L(N)T = 30 T (N)B;(0)

By the general configuration of the double coset operator from Section 5.1,
this lifts each point of X;(N) to its overlying points on the modular curve
X3 = X)(N,p) of the group I's = I'?(N,p) = I[1(N)NT(p), translates them
to another modular curve X} over X;1(N) by dividing them by p (since the
definition uses the matrix [(1) 2] ), and then projects them back down. That is,
T, factors as

Ty : IV(N)T = ZFs’YZj(T) > Zfl(N)w,j(T)/p,

where [(1)2] v2,; = [B; for each j (see Exercise 5.2.9). The net effect is to
take a point at level N to a formal sum of level N points associated to it
in a manner depending on p. Section 6.3 will revisit this description of 7,
and Exercise 7.9.3 will show that X3 is the modular curve X7 o(NN,p) of the
group I1,0(N,p) = IN(N) N I'y(Np). Fourth, T, is an endomorphism of the
divisor group of the moduli space S;(IV), induced by

T,:[E,Ql— Y [E/C,Q+C].
C

Similarly to the third version (recall (1.11) and see Exercise 5.2.9), this factors
as

T, [E.Ql = Y [B,C,Ql = Y [E/C,Q+C).
C C

Exercises

5.2.1. Show that when It = Iy = I'1(N) and a = [(1)2], the group I3 =
a~'Ia N Iy works out to I'Y(NV, p).

5.2.2. When v, = [‘Cl 2] with p | a, show that ’yg’yiic € I3 as needed.
5.2.3. Show that the 2 ; represent distinct cosets.

5.2.4. Show that letting Iy = Iy = I'5(IV) and keeping @ = [(1) 2] gives the
same orbit representatives {g;} for I't\Ital%.
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5.2.5. This exercise proves Proposition 5.2.3.

(a) Show that the generalized divisor sum ag’_ﬁ is multiplicative, i.e.,
o% (nm) = a}% (n)a} ¥, (m) when ged(n, m) = 1.

(b) Let p be prime and let n > 1. Write n = n/p® with p{ n’ and e > 0.
Use part (a) to show that

oL () = H(P)T (0) + () () o (),

Also use part (a) to show that when e > 1 and p{ N,

X(P)P ol (n/p) = e(p)p" Loy (n) — () (T E T o (n).
Use the two formulas to show that for all e > 0 and p{ N,

o4 (np) + x ()l (n/p) = () + e (p)p* oy ().
Show that this formula also holds for all e > 0 and p | uv.

(c¢) Excluding the case k = 2, 1) = ¢ = 11, use part (b) and formula (5.4)
to show that if uv = N or pt N then

an(T,EL 1) = () + ()" Van(EL#Y), n> 1.

Show the same result for n = 0. (Hints for this exercise are at the end of the
book.)

(d) Complete the proof by computing a, (E;***'") and a,, (T, Ey"*"") for
all n.

5.2.6. Verify part (b) of Proposition 5.2.4.

5.2.7. (a) Show that for each 7 € H and each matrix §; = {é;] where
0 < j < p, the group C' = Ag, (7 is ((7 + j)/p) + A-. Show that this group
satisfies conditions (5.7). If p ¥ N show that for each 7 € H and the matrix
Boo = [N p][2Y], the group C = Coo = (N7 + 1)Ag_(r) is (1/p) + A; and
this group satisfies conditions (5.7). (A hint for this exercise is at the end of
the book.)

(b) How do the subgroups of E;[5] in Figure 5.1 correspond to the matrices
Bo, - - -5 B5, Boc?

(c¢) As an alternative to the counting argument in the section, consider any
subgroup C' C E; satisfying (5.7). By the first condition [E.[p] : C] = p and
so a basis of C' is

slimi]. senmaz), deu(s) = p.

Two such matrices 3 and 3’ specify the same group exactly when 3’ = 8 for
some v € SLy(Z). If B = [2 Y] then gcd(a, ) is 1 or p. Show that repeated left
multiplication by elements of SLy(Z) to carry out the Euclidean algorithm on
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a and ¢ and then further left multiplication if necessary reduce § to exactly
one of By, ..., Bp—1, Boo-

(d) Show diagram (5.9) commutes by showing that ¢ ([E/C;,1/N+C;]) =
I''(N);(r) for all j, including j = oo when p { N.

(e) Show that [E;/Cu, % + Coo] = [Epr, & + Apr] when p{ N.

5.2.8. Evaluate T5(SL2(Z)i) € Div(SLo(Z)\H*), viewing T5 in the sense
of (5.5) and keeping an eye out for ramification. (A hint for this exercise
is at the end of the book.)

5.2.9. Specializing the general double coset operator to the data for T}, i.e.,
It =TIy = I(N) and o = [§ 9], so that I's = I'?(N,p), the corresponding
modular curve X3 is denoted X{(N,p). Show that in the configuration (5.1)

the maps 73 and 71 o a from X{ (N, p) to X1(N) are
m(I7(N,p)r) = [i(N)r,  (moa)(IY(N,p)r) = [1(N)7/p.

The moduli space versions of these maps were given in (1.11) and derived in
Exercise 1.5.6. Show that their descriptions and the commutative diagram

S1(N) ¢+——SY(N,p) — S1(N)

e

Ti0Q

X1 (N) +=— X9(N,p) == X1(N)

give another derivation of (5.6).

5.3 The (n) and T,, operators

So far the Hecke operators (d) and T}, are defined for d € (Z/NZ)* and p
prime. This section extends the definitions to (n) and T}, for all n € Z™*.

For n € Z* with (n, N) =1, (n) is determined by n (mod N). For n € Z*
with (n, N) > 1, define (n) = 0, the zero operator on My(I1(N)). The
mapping n — (n) is totally multiplicative, i.e., (nm) = (n){m) for all n,m €
VA

To define T),, set T4 = 1 (the identity operator); T}, is already defined for
primes p. For prime powers, define inductively

Tyr = TyTpr—1 — p" )Tz, for r >2, (5.10)

and note that inductively on r and s starting from Proposition 5.2.4(c),
TprTys = TysTyr for distinct primes p and ¢. Extend the definition multi-
plicatively to T,, for all n,

T, = HTP:Z- where n = pri, (5.11)
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so that the T, all commute by Proposition 5.2.4 and
Tom = TpTy  if (n,m) = 1.

Exercise 5.3.1 gives a more direct description of T,, on My (I5(N)). To moti-
vate the mysterious-looking prime power definition, let g(s) be a generating

function of the T;,,
= Z T.n°.

n=1

Then definitions (5.10) and (5.11), determining all the 7}, in terms of T},
and (p), are encapsulated as a product expression for g (Exercise 5.3.2),

g(s) =0 = Top™* + ()p*~72) 71, (5.12)

the product taken over all primes. This idea will be pursued further in Sec-
tion 5.9.
The Fourier coefficient formulas in Proposition 5.2.2 generalize to

Proposition 5.3.1. Let f € My, (I'1(N)) have Fourier expansion
oo
= Z am(f)g™  where ¢ = ™.

Then for allm € Z%, T,,f has Fourier expansion

= Z am(Tn f)q
m=0

where

mn

In particular, if f € Myp(N ,X) then

am(Tnf) = Z X(d)dk_lamn/d2 (f) (514)

d|(m,n)

Proof. As usual, we may take f € My (N, x) and thus formula (5.13) reduces

o (5.14). Formula (5.14) checks trivially when n = 1 and it reduces to (5.4)
when n = p is prime (Exercise 5.3.3). Let > 2 and assume (5.14) holds for
n=1,p,p% ...,p" 1. By definition of T}~ and formula (5.4),

am(T f) = an(T, ( r-1f)) — m(< >( T—Qf))
= Amyp( pr—lf)+x(p)p Y p(Tyr—1 )
— X()P*am (Tyr-2 f).
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By induction on r this is

am(Tp’“f) = Z X(d)dkilampr/d(" (f)

d|(mp,pm—1)
+ X(p)pk_l Z X(d)dk_lampT_2/d2 (f)

d|(m/p,pm=")

—xP Y XA a2 a2 ()
dl(mp=?)

The first term is
Wopr () Y X(D)d  anyr a2 (f),

d|(mp,p™"")
d>1

and the sum here cancels the third term. Thus
am (Tyr f) = ampr () + x> x(d)d* a2 a2 (F).
d|(m/p,pm~1)

A little inspection shows that this regroups to the desired formula (5.14) with
n = p" (Exercise 5.3.4).
Finally, take ny,ns € ZT with (ny,n2) = 1. Then

am(Tru (Tnzf)) = Z X(d)dk_lamnl/ﬁ (T’I’Lg f)

d|(m,n1)

= Z X(d)dk_l Z X(e)ek_lamnlng/dzez(f)v

d|(m,n1) el(mny/d?,n2)

and this regroups to formula (5.14) (Exercise 5.3.4 again). O

Exercises

5.3.1. Let f € My(Io(N)). For each n € Z* define

d—1
B . B B n/d j
Sy = {d€Z*: d|n,ged(n/d, N) = 1}, Mn—dg UO{ 0 d]
n J=

Show that 75, f = > ¢ f[v]k- (A hint for this exercise is at the end of the
book.)

5.3.2. Show that definitions (5.10) and (5.11) imply relation (5.12).

5.3.3. Check that Proposition 5.3.1 reduces to formula (5.4) when n = p is
prime.

5.3.4. Convince yourself that the two expressions computed in the proof of
Proposition 5.3.1 regroup to formula (5.14) as claimed.
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5.4 The Petersson inner product

To study the space of cusp forms Si,(I'1(N)) further, we make it into an inner
product space. The inner product will be defined as an integral. The first
few results will establish that the integral in question converges and is well
defined. Tt does not converge on the larger space My (I'1(N)), so the inner
product structure is restricted to the cusp forms.

Define the hyperbolic measure on the upper half plane,

dx dy
y?

du(t) = T=x+iy € H.

This is invariant under the automorphism group GL; (R) of H, meaning
dp(a(t)) = du(r) for all @ € GLF (R) and 7 € H (Exercise 5.4.1(a)), and
thus in particular dy is SLy(Z)-invariant. Since the set QU {oo} is countable
it has measure zero, and so du suffices for integrating over the extended upper
half plane H*. Recall from Chapter 2 that a fundamental domain of H* under
the action of SLy(Z) is

D* ={reH:Re(r) <1/2,|r| > 1} U{oo}.

That is, every point 7/ € H transforms under SLo(Z) into the connected
set D, and barring certain cases on the boundary of D the transformation is
unique; and every point s € QU {oco} transforms under SLy(Z) to co. For any
continuous bounded function ¢ : H — C and any « € SLy(Z), the integral
Jp- ©(a(r))du(r) converges (Exercise 5.4.1(b)).

Let F C SL3(Z) be a congruence subgroup and let {c;} C SLy(Z) repre-
sent the coset space {+]}I"\SL2(Z), meaning that the union

SLy(Z U{ﬂ}raj

is disjoint. If the function ¢ is I™-invariant then the sum Jp- ol (7))dp(T)
is independent of the choice of coset representatives «;. Since du is SLo(Z)-
invariant the sum is fUa (D) o(7)dp(7). And since |J a;(D*) represents the

modular curve X (I') up to some boundary identification (cf. the end of Sec-
tion 2.3), this quantity is naturally denoted fX(F). Thus we have made the
definition

Jopy e = [ i) = > | stasmnautr)

In particular, setting ¢ = 1, the volume of X (I) is

Vi = / d,LL(T).
X1
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The volume and index of a congruence subgroup are related by
Vp == [SLQ(Z) : {:EI}F] VSLQ(Z)' (515)

To construct the Petersson inner product, take any f,g € Sx(I") and let

o(1) = f(1)g(r)(Im(7))* for 7 € H.

This is clearly continuous. It is I'-invariant because for any v € I',

p(1(1)) = f(3(7))g((7)) (Am(5(7)))"*
= (f[1)(T)3 (v, )  (gllk) (1) 4 (v, 7) (Im ()5 (y, 7)] 2
= (f[1e) (1) (glrTe) (7) (Im(7))*

= (1) since f and g are weight-k invariant under I'.

With I'-invariance established, showing that ¢ is bounded on H reduces to
showing that ¢ is bounded on | «;(D), and since the union is finite it suffices
to show that for any o € SLy(Z), ¢ o « is bounded on D. Being continuous,
o« is certainly bounded on any compact subset of D. As for neighborhoods
{Im(7) > y} of ioco, first note the Fourier expansions

Z an Q;“ Z an Qha

where g = e2™7/" for some h € Z*t. Each of these is of the order ¢, (written
O(gp)) as Im(7) — co. Thus as above,

pla(r)) = (flalk)(T)(glode) (1) (Im(r))" = O(gn)* (Im(r))"

by the Fourier expansions. Since |gp| = e~ 2mIm(7)/h and exponential decay

dominates polynomial growth, ¢(a(r)) — 0 as Im(r) — oo and p o « is
bounded on D as desired. This shows that in the next definition the integral
is well defined and convergent.

Definition 5.4.1. Let I’ C SLo(Z) be a congruence subgroup. The Petersson
inner product,
() 2 Se(l) x Sp(I') — C,

is given by
1

- /X o, FOIE ) (o)

Clearly this product is linear in f, conjugate linear in g, Hermitian-
symmetric, and positive definite. The normalizing factor 1/Vr ensures that if
I'" C I' then (,)r» = (,)r on S(I") (Exercise 5.4.3). When the subgroup I’
is clear from context, the inner product is written (,) without the subscript.

<f7 g)F
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Inspecting the argument that the integral defining the Petersson inner
product converges shows that in fact this holds so long as the product fg
vanishes at each cusp. In particular it holds when only one of f and g is
a cusp form. Phrasing Definition 5.4.1 and the various results in the next
section to encompass this additional generality is a bit cumbersome, so we
don’t bother since our main objects of study via the Petersson inner product
are cusp forms. At the end of this chapter, however, we will revisit Eisenstein
series briefly, showing among other things that the Petersson inner product of
an Eisenstein series and a cusp form is always 0. That is, Eisenstein series and
cusp forms are in some sense orthogonal, but this statement is an abuse of
language since the Petersson inner product does not converge on all of M ('),
possibly diverging for two noncusp forms.

Exercises

5.4.1. (a) Show that the hyperbolic measure, du(r) = dz dy/y? for 7 = x +
iy € H, is GL] (R)-invariant. (A hint for this exercise is at the end of the
book.)

(b) Let ¢ : H — C be continuous and bounded, and let o € SLy(Z).
Show that the integral [, ¢(a(7))du(r) converges.

5.4.2. What is VSLQ(Z)?

5.4.3. Show that if I” C I' C SLy(Z) are congruence subgroups then (, ) =
(,yr on Si(I"). (A hint for this exercise is at the end of the book.)

5.4.4. Let I" C I' C SLy(Z) be congruence subgroups with —I € I'”. Suppose
that f € Si(I') C Si(I”) and that g € Si(I"). Letting I" = |J, I, recall
the trace of g from Section 5.1, trg = ). g[a;|x € Si.(I"). Show that

Vrlf,g)r = Vr(f,trg)r.

(A hint for this exercise is at the end of the book.)

5.5 Adjoints of the Hecke Operators

Recall that if V' is an inner product space and T is a linear operator on V,
then the adjoint T* is the linear operator on V defined by the condition

(Tw,w) = (v, T"w) for all v,w € V.

Recall also that the operator T is called normal when it commutes with its
adjoint.

Continuing to work in the space Si(I1(N)) endowed with the Petersson
inner product, the next task is to show that the Hecke operators (n) and
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T, for n relatively prime to N are normal. To do so, we need to compute
their adjoints. This first requires a few technical points. If I' C SLy(Z) is a
congruence subgroup and SLy(Z) = |J;,{£I}['a; and a € GL3 (Q) then the
map H — H given by 7 — a(7) induces a bijection a1 I'a\H* — X (I').
Thus the union (J; a~la;(D*) represents the quotient space o™ I'a\H* up to
some boundary identification. Analogously to the last section, for continuous,
bounded, o~ I'a-invariant functions ¢ : H — C define

/alm\w (r)dp(r) = Z / (o oy ()du(r).

Lemma 5.5.1. Let I' C SLo(Z) be a congruence subgroup, and let o €
GLI (Q).

(a) If ¢ : H — C is continuous, bounded, and I'-invariant, then

/ (o (r))dpu(r) = / o(7)dp(r).
a~ 1o\ H* X(IN)

(b) If a™ 'l € SLa(Z) then Vy-1pq = Vi and [SL2(Z) : a1 Ta] = [SLa(Z) :
.

(c) There exist B1,...,B, € GLI(Q), where n = [I" : a'TanT] = [T :
ala=t NI, such that

ror = Jrg; =Jsr.
with both unions disjoint.

Proof. Part (a) is immediate.
The first formula in (b) follows from (a) and the definition of volume. The
rest follows from formula (5.15) and the fact that —1 € a™'I'a <= —I € T.
For (c), apply (b) with al’"a=* N I" in place of I to get

[SLo(Z) : o *Tan ) = [SLy(Z) : ala™ ' N 17,

and the same formula holds with I' replacing SLy(Z). Thus there exist
YiyeoyYn and 41, ...,%, in I such that

I'=Jla 'ranT)y; = J(ala™ ' nT)5;"

both unions disjoint. Recall that Lemma 5.1.2 relates coset representatives in
the quotient space to orbit representatives in the double coset. Setting I'; and
I in the lemma to I" here, and setting « in the lemma first to o here and
then to ! here gives

Tal = Ufomj and Ia 'I'= LJFofh*l7
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both unions disjoint. The second formula is also I'al" = (J7;al". For each
J, the left and right cosets I'ay; and ¥;ad" have nonempty intersection, for
otherwise I'ary; C |, £ ¥;al', and multiplying from the right by I' gives
I'al' C Ui# vial’, a contradiction. So for each j, pick some 38; € I'ay; Ny ol
Then I'al’ = JI'B; = U ;I as desired. 0

With the technicalities established, the next proposition shows how to
compute adjoints.

Proposition 5.5.2. Let I' C SLa(Z) be a congruence subgroup, and let a €
GL3(Q). Set o/ = det(a)a™'. Then

(a) If a™ T € SLa(Z) then for all f € Si(I') and g € Sk(a '),

<f[a]kag>of11”a = <fag[a/]k>l“-
(b) For all f,g € Sp(I),

(fIlallk, g) = (f.g[['d/Tx).

*

In particular, if « 'T'a = I" then [a]f = [&']k, and in any case [[al]; =
[[a/ Ty

Proof. For part (a), expand the [a];, operator, note that o acts as a~! on H*,
and apply Lemma 5.5.1(a) to get

/ (f0i) (r)g () (Tmn(r))F da(r)
a~ o\ H*
- / (det a)* f(a(r))j(a, 7)*g(r) (Im(r)) du(r)
a~ 1o\ H*
- / (det @)k £(r)j(en o (7))~ g{a (7)) (Im(o (7)) dpu().
X(I)

The cocycle condition j(aa/,7) = j(a,a/(7))j(a’,7), the upper half plane
identity Im(a/(7)) = (det a’)Im(7)|j(c’,7)|72, and the observation deta’ =
det a reduce the integral to

/ £ Gl (@) (I (7)) dpa(r).
X(I)

Since also V,,-1r, = Vp by Lemma 5.5.1(b), the result follows.

For part (b), the relation I'al” = |J I'3; from Lemma 5.5.1(c) shows that
the {3} can serve in Definition 5.1.3 of the operator [I"al'|;. And the relation
Ial’ = JB;I" gives I'a’'I" = (JI'B; where 3} = det(3)3~!, showing that
the {3} can serve in the definition of [I'a’I']y. Now the result is immediate
from (a) with each I'N ﬂjfﬁj_l in place of I,
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(fllallk, g)r = Z<f[ﬂj]kvg>ﬁ;1f‘ﬂjﬁf

J

= Z<fa9[ﬁ§‘]k>rngj1“@;1 = (f,gll'a/I']i)r.

J

The adjoints of the Hecke operators follow from the proposition.

Theorem 5.5.3. In the inner product space Si(I'1(N)), the Hecke operators
(p) and T, for pt N have adjoints

(p)* = (p)~' and T, = <p>*1Tp.
Thus the Hecke operators (n) and T,, for n relatively prime to N are normal.

Proof. Take any f,g € Si(I'1(N)). Recall that I'1(N) is normal in IH(N), so
Proposition 5.5.2(a) gives

(p)* = [a]} for any a € Ih(N) such that a = [§,] (mod N)
=l k= ()"
For the second formula, Proposition 5.5.2(b) gives
Ty =0 [65] Bl = 1) [53] 1 (V)

To study this double coset, note that for m and n with mp — nN = 1, the

matrix in its middle satisfies [2 9] = [ A ,7,] ! [65][X ] The first matrix

of this triple product lies in I'; (N), the third in I'y(N). Thus, substituting the
triple product for [2 9] and recalling again that I'i(N) is normal in Ip(N)
shows that

Iy(N) [PY]U(N) = Ti(N) [6 ] TV(N) [J o]

Now if IN(N) [§ 5] I(N) = UI1(N)B; is the decomposition of the dou-
ble coset describing 7T}, then the display shows that I't(N) [5 9] I(N) =
UT(N)B; [ & ] is the decomposition for T7. Since m = p~' (mod N), the
result T = (p)~'T), follows. o

From the Spectral Theorem of linear algebra, given a commuting family of
normal operators on a finite-dimensional inner product space, the space has
an orthogonal basis of simultaneous eigenvectors for the operators. Since each
such vector is a modular form we say eigenform instead, and the result is

Theorem 5.5.4. The space Si.(I'1(N)) has an orthogonal basis of simultane-
ous eigenforms for the Hecke operators {(n), T, : (n,N) = 1}.

The next few sections will partly eliminate the restriction that (n, N) = 1.
Note that when (n,N) > 1, we have (n)* = 0* = 0 (the zero operator).
And Exercise 5.5.1 shows that for any Hecke operator T' = T,, or T' = (n),
whether n shares factors with N or not,

T = wyTwy' where wy is the operator [y ~¢]]k- (5.16)



5.6 Oldforms and Newforms 187
Exercise

5.5.1. (a) Let v = [1(\), 7(1)]. Establish the normalization formula
1| ab|_ d —c
" {ch} T= {—Nb a} ’

Use this to show that v~ 1Ty (N)y = I1(N), and so the operator wy = [y]x
is the double coset operator [I'1(N)vI1(N)|p on Si(I1(N)). Show that
wy (nywy' = (n)* for all n such that (n, N) = 1 and thus for all n.

(b) Let I''(N) [§ 9] I'(N) = UI'(N)B; be a distinct union, ie., T, =
S 1Bjlk. From part (a), yI1(N) = I1(N)y and similarly for v~!. Use
this and the formula [8 (ﬂ =7t [(1)2} ~ to find coset representatives for
Iy (N) [59] It (N). Use Proposition 5.5.2 and the coset representatives to
show that T; = wNprX,l7 and so T = wNanX,1 for all n.

(¢) Show that wi = (—1)*wy and that i*wyT;, is self-adjoint. (A hint for
this exercise is at the end of the book.)

5.6 Oldforms and Newforms

So far the theory has all taken place at one generic level V. This section begins
results that move between levels, taking forms from lower levels M | N up to
level N, mostly with M = Np~! where p is some prime factor of N.

The most trivial way to move between levels is to observe that if M | N
then Si(I'1(M)) C Sk(I'1(N)) (Exercise 5.6.1).

Another way to embed S (I'1(M)) into Si(I1(N)) is by composing with
the multiply-by-d map where d is any factor of N/M. For any such d, let

_1do
“= o1
so that (flaa)k)() = d*~1f(dr) for f : H — C. By Exercise 1.2.11, the
injective linear map [aglx takes Si(I1(M)) to Sp(I1(N)), lifting the level
from M to N.

Combining the observations so far, it is natural to distinguish the part of
Sk(I'1(N)) coming from lower levels.

Definition 5.6.1. For each divisor d of N, let iy be the map
ia: (Se(I(Nd™)))? — Sk(I(N))

given by
(f,9) = f+ gloa]
The subspace of oldforms at level N is
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SN =Y ip(Sk(L(Np~1))?)
p|N

and the subspace of newforms at level N is the orthogonal complement with
respect to the Petersson inner product,

S(TL(N)" = (Sk(I1(N))" )+

Exercise 5.6.2 shows that changing the definition of oldforms to sum over all
divisors of N, rather than just the prime divisors, makes no difference. For
newspace dimension formulas see [Mar]. The term “newform” will be given a
more specific meaning in Definition 5.8.1 to follow.

The Hecke operators respect the decomposition of S (171 (NN)) into old and
new.

Proposition 5.6.2. The subspaces S(I'1(N))°' and Si(I'1(N))**V are sta-
ble under the Hecke operators Ty, and (n) for allm € Z.

Proof. Let p | N. The argument breaks into cases. First, let T' = (d) with
(d,N)=1orlet T =T, for p’ a prime other than p. Then the diagram

T 0
Sk(I(Np™1))? % Se(I1(Np™))?

Sk(I1(N)) Sk(I'1(N))

commutes (Exercise 5.6.3(a)); note that the operator T' means one thing at
level Np~! in the top line of the diagram and something else at level N in
the bottom line.

Second, continuing to take p | N, the diagram

Tp pk—l
Sk(Iy (Np™))? M k(M (Np1))?

Se(IL(N)) Sk(I1(N))

commutes as well (Exercise 5.6.3(b)). The two diagrams combine to show that
Sk(I'1(N))° is stable under all T}, and (n) (Exercise 5.6.3(c)).

To establish the result for Si(I1(N))™"™ it is enough to show that
Sk(I'(N))°M is stable under the adjoints of T;, and (n) for all n (Exer-
cise 5.6.3(d)). Since T = (n)~'T, and (n)* = (n)~! when (n,N) = 1, and
since (n)* = 0 when (n, N) > 1, the result is clear in these cases. But dis-
cussing T when (n, N) > 1 requires Exercise 5.5.1: T¥ = wT,w~! where
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w = [[_% ¢]]k- Thus it suffices to show that the oldforms are preserved under
the injective linear map w. This follows from the commutative diagram

Se(I(Np~1))2 g Sk(I(Np~1))?

Sk(I't(N)) = Sk(I1(N))

(Exercise 5.6.3(e); note that like the Hecke operators, the w operator means
different things at different levels: in the top row of the diagram it is w =

WNp-1 = [[71\29—1 (ﬂ]k) O

Corollary 5.6.3. The spaces S,(I1(N))°' and Si(I'1(N))**™ have orthogo-
nal bases of eigenforms for the Hecke operators away from the level, {T,, (n) :
(n,N)=1}.

As we will see, the condition (n, N) = 1 can be removed for the newforms.

Exercises
5.6.1. Show that if M | N then Si(I1(M)) C Sk(I'1(N)).

5.6.2. If pd | N then what relation holds between i,q(S (It (Np~td=1))?) and
ip (Sk(Fl (Np™1)) x id(Sk(Fl(Np_ld_l))Q))? (Here ipq is from level Np~td~!
to level N, i, is from level Np~! to level N, and iq4 is from level Np~td~! to
level Np~1.) Show that changing the definition of Sy (I (IN))°' to sum over
all divisors of N doesn’t add anything to the space of oldforms.

5.6.3. (a) Show that the first diagram commutes. (Hints for this exercise are
at the end of the book.)

(b) Show that the second diagram commutes.

(c) Explain how the two diagrams show that Sy (I'1(N))°! is stable under
all T;, and (n).

(d) How does showing that S (I (N))°4 is also stable under the adjoints
of T,, and (n) for all n establish the rest of the proposition?

(e) Show that the third diagram commutes.

5.7 The Main Lemma

Let M | N and let d | (N/M), d > 1. Thus Iy (M) D I'1(N).

From the previous section, recall two maps from Sy, (11 (M)) to Si(I1(N)):
inclusion and the weight-k operator [aq],, where aig = [& 9] so that the opera-
tor is—up to a scalar multiple—composition with the multiply-by-d map. To
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normalize the scalar to 1, define a variant ¢4 of the map i4 from the previous
section,

ta = d' " Flaaly : S (M) — S(Iu(N)),  (waf)(r) = f(dr),

acting on Fourier expansions as
o0 o0
Lq E anq"™ g anq®™,  where g = ™7,
n=1 n=1

This shows that if f € Sp(I1(N)) takes the form f = ZpIN tpfp with each
fp € Sk(I1(N/p)), and if the Fourier expansion of f is f(7) = Y an(f)q",
then a,(f) = 0 for all n such that (n, N) = 1. The main lemma in the theory
of newforms is that the converse holds as well.

Theorem 5.7.1 (Main Lemma). If f € Si(I'1(N)) has Fourier expansion
f(1) =3 an(f)q™ with an(f) = 0 whenever (n, N) = 1, then f takes the form
=22~ twfp with each f, € Sp(I1(N/p)).

The Main Lemma is due to Atkin and Lehner [AL70]. The elegant proof
presented here is due to David Carlton [Car99, Car01], using some basic re-
sults about group representations and tensor products. Explaining these from
scratch would take the exposition too far afield, so the reader should consult
a text such as [FH91] (Chapters 1 and 2) as necessary. A simpler instance of
the tensor product will be presented in Chapter 6. An elementary proof of the
Main Lemma is in [Lan76], and see also [Miy89].

The first step is to change congruence subgroups, moving the congruence
conditions from the lower left matrix entry to the upper right one. This sim-
plifies the Main Lemma by converting the map ¢, to inclusion. Analogously
to I (N), define for any positive integer N

(M) :{[‘éfl] € SLy(2Z) : [ﬁ Z] = {iﬂ (mod N)}.

Lemma 5.7.2. ay Iy (M)ay) = T'Y(M), and the same formula holds with M
replaced by N.

The proof is Exercise 5.7.1.

Thus the two maps M* a} |y @ Se(I1(M)) — Sp(I''(M)) and
NFHay'k © Sk(I(N)) — Si(I''(N)) are isomorphisms. The first map
takes f(7) to f(7/M) and thus in terms of Fourier expansions it takes > a,q"
to Y anqly; where gy = e2mit/M — o1/M Gimilarly for the second map with
N replacing M.

Since I''(M) D I'(N), we have Si(I''(M)) C Sk(I''(N)), so inclusion
makes sense as the bottom row in the (not necessarily commutative) diagram
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Sk(I (M) s Sk(I'(N))
Sp(IN(M)) =25 S (I ().

In terms of Fourier expansions, the top row and the columns are

Y ang" —— > a,q®"

]

> an an > anqg\fn

and so the diagram commutes when N = dM. This condition holds when
d =p and M = N/p, reducing the Main Lemma to

Theorem 5.7.3 (Main Lemma, second version). If f € S;,(I'*(N)) has
Fourier expansion f(1) =Y an(f)ql with a,(f) = 0 whenever (n,N) =1,
then f =3, n fp with each f, € Sk(I''(N/p)).

The second step is to translate the Main Lemma’s hypothesis into linear
algebra. This is done by constructing a suitable projection operator. For any
positive integer m recall the group

o= {[1] s 1]« [11] )

For any d | N, let I'y = I't(N) N I'°(N/d), a congruence subgroup of level N.

Lemma 5.7.4. A set of representatives for the quotient space I'(N)\I'y is

(309 oo a).

Proof. Exercise 5.7.2. O

Averaging over the coset representatives gives the trace operator,

mat SuT(N)) — Se (PN, wall) = -3 ALl

a projection to Sg(Iy). (Recall that a projection is an idempotent linear map,
i.e., 72 = m4.) In terms of Fourier series, a geometric sum calculation (Exer-
cise 5.7.3) shows that 74 preserves the terms whose indices are multiples of d
and kills everything else; that is,

oo
Ta: Y anqi > and
n=1 n : dn
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It follows that mg,q, = T4, Td, = Ta,Tq, When dids | N.
Now define 7 : S;(I'(N)) — Si(I'(N)) to be

7T:1—Z7Tp+ Z 7Tplpz_"':1_[(1_7.[-17)7

p|N p1|N, p2|N p|N
p1<p2

where the product denotes composition. By nature of the 74 and the additive
expression for 7, the Inclusion-Exclusion Principle shows that 7 preserves the
part of f away from N and Kkills the rest,

oo
T g angn — g angp-
n=1

n: (n,N)=1

Thus the hypothesis of the Main Lemma is that f € Sp(I'*(IV)) N ker(r).
Since the m,’s are commuting projections, facts from linear algebra about
commuting projections (Exercise 5.7.4) show that

ker(m) = ker(H (1—mp)) Zker (1—mp) = Zim(wp).

p|N p|N p|N
And recall that 7, is a projection of Si(I'(N)) to Sk(I}p),
im(my) = S(I}) = Sk(I1(N) N T°(N/p)).

So ker(m) = 3°  y Sk(I(N)NI°(N/p)). Now it suffices to prove “C” (though
we’ll prove equality, no harder since the other inclusion is obvious) in

Theorem 5.7.5 (Main Lemma, third version).

)N Y SIUN)NTO(N/p)) =Y Si(I™(N/p)).

p|N p|N

This version of the Main Lemma reduces to group theory. The group G =
SLo(Z/NZ) acts on the complex vector space Si(I'(N)) from the right via
the weight-k operator. (The full modular group SLy(Z) acts and its normal
subgroup I'(N) acts trivially, so the quotient acts and the quotient is naturally
isomorphic to G.) If the prime factorization of N is N = Hl . p;" then G is
naturally identified with a direct product,

G=]]Gi, cach G; =SLy(Z/p{'Z).

i=1
For i =1,...,n define subgroups of G;,

Hy = I/ T,

K; = (N5 ) N 0 (p )/ T(05).
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Lemma 5.7.6. For p prime and e > 1,
(I ), D) N (=™ h) = I ().
Proof. To stay with the main argument, this will be done afterward. O

Let H = H?Zl H;. Using superscripts to denote subspaces fixed by sub-
groups of G, Lemma 5.7.6 shows that Theorem 5.7.5 rewrites as

SUIONY 0SSN = Y ST )R (57

(Exercise 5.7.5). We now quote a result from representation theory: the vector
space Si(I'(N)) is a direct sum of subspaces irreducible under the G-action.
So (Exercise 5.7.6) condition (5.17) follows from a purely group-theoretical
result,

Proposition 5.7.7. Let V be an irreducible representation of the group G =
[, Gi. Let H=T];_, H; and K = [, K; be subgroups. Then

vy VR =Yy, (5.18)
=1 i=1

Quoting another result from representation theory, under the action of G =
H?:l G; the irreducible vector space V' decomposes as a corresponding tensor
product V' = ®?=1Vi with each G; acting on V;. Establishing Proposition 5.7.7
is just a matter of decomposing each component V; according to the various
groups involved. Specifically (Exercise 5.7.7), each V; has pairwise linearly
disjoint subspaces V1, Vi2, V3 such that

VIR — vy, VI =V e Ve, VS =Vae V. (5.19)

Now proving the proposition reduces to inspecting the various terms in (5.18).
Conditions (5.19) show that

VH:(VuEBV12)®"'®(V;1@%2)@"'®(Vn1@vn2)7

VvE = VM - (VaidVis)R:---V,,
2= ( : (5.20)

Z V(H,Ki> _ Z(VH o) V12) R -V ® - ® (an D VnQ)-
=1

=1

The last result we need to quote is that tensor products and direct sums
of vector spaces satisfy the distributive law. Now (5.20) shows that the ten-
sor products belonging to VH and contributing to Y VEi are precisely the
products contributing to 3~ V(H Ki) That is, multiplying the three right sides



194 5 Hecke Operators

out and converting the second and third ones to direct sums by eliminating

redundant factors shows that the third is the intersection of the first two

(Exercise 5.7.8). The proposition follows and the Main Lemma is proved.
Finally, we need to go back and establish Lemma 5.7.6, that

('), )Ny =T (p° ).

The containment “C” is clear, so only “D” is needed. Let I" denote the group
on the left side. Let m = [24] € I''(p°~!). It suffices to show that some
element of I'mI” lies in I', so the proof will repeatedly replace m by ym~'
with v,7" € I.

First eliminate the cases p | @ and p | d, which can occur only if e = 1. If
plathen ptbandsom[} ] =[2F)"] satisfies pfa+b. Since [} 9] € I" we
may take p ta. The argument for p t d is similar.

Next reduce to the case b = 0 (mod p°) and ¢ = 0 (mod p°). Let

B = —bd~! (mod p¢) (which makes sense now that p { d), satisfying b +
df = 0 (mod p) and # = 0 (mod p*~!). Then [; 7] € I' and [[7]m =

[“Jrccﬁ b+dd5] , 80 we may take b = 0 (mod p°). The argument for ¢ = 0 (mod p°)
is similar and slightly easier, left multiplying m by suitable H (1)]
Sonow m = [¢}%] witha =d =1 (mod p°~1), b= c =0 (mod p°). Since

detm = 1, we have ad = 1 (mod p€). Consider the matrix

y= [él;a] [_}ﬂ {él;d] [iﬂ _ [a+;cgl_—1ad)1—dad |

Inspecting the multiplicands shows that v € I'. Inspecting the product shows

that v = m (mod p®), so my~* = [} 9] (mod p®) and my~! € I' as well.

Thus m € I' and the proof is complete.

Exercises

5.7.1. Prove Lemma 5.7.2.

5.7.2. Prove Lemma 5.7.4. (A hint for this exercise is at the end of the book.)

5.7.3. Show that ﬂ'd(Zanq%) = Z angp-
n=0

n:d|n

5.7.4. State and prove the facts about commuting projections needed in the
calculation ker(w) = >\ im(m,). (A hint for this exercise is at the end of

the book.)

pl
5.7.5. Use Lemma 5.7.6 to explain why Theorem 5.7.5 rephrases as condi-
tion (5.17). (A hint for this exercise is at the end of the book.)

5.7.6. Show that Proposition 5.7.7 implies condition (5.17). (A hint for this
exercise is at the end of the book.)
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5.7.7. In the proof of Proposition 5.7.7, explain why each V; has pairwise
linearly disjoint subspaces satisfying conditions (5.19).

5.7.8. Letting n = 2, multiply out the right sides of (5.20), express the results
as direct sums, and show that V# N Y VE: = Sy (H.EK),

5.8 Eigenforms

Recall from Corollary 5.6.3 that the spaces Si(I'1(N))°! and Sy (I (N))me™
have orthogonal bases of eigenforms for the Hecke operators {7, (n)
(n,N) = 1}. Let f be such an eigenform. Using the Main Lemma, this section
will show that if f € Sp(I1(IN))"™ then in fact f is an eigenform for all T,
and (n). If (n, N) > 1 then (n) = 0 (the zero operator) and so (n)f = 0 (the
zero function), meaning f is an eigenform for all (n), with eigenvalues d,, = 0
when (n, N) > 1. Thus the only operators in question are the T,,.
Proposition 5.2.3 showed a similar result for Eisenstein series. The series
E;f"p’t(T) where ¢ = x modulo N is an eigenform for the Hecke operators
(dy and T, where pt N, and when ¢ = 1 the series is an eigenform for all T,.
To allow the discussion here to cover Eisenstein series as well as cusp forms,
definitions and results are given for all modular forms when appropriate.

Definition 5.8.1. A nonzero modular form f € Myg(I(N)) that is an
eigenform for the Hecke operators T,, and (n) for all n € Z* is a Hecke
eigenform or simply an eigenform. The eigenform f(t) = > " an(f)q"
is normalized when a1(f) = 1. A newform is a normalized eigenform
in Sk([1(N))rev.

The definition precludes the zero form consistently with the general defi-
nition of eigenvector from linear algebra. In the parlance of this definition, we
are about to show that Si(I'1(N))**" has an orthogonal basis of newforms.

Let f € Sp(I1(N)) be an eigenform for the Hecke operators 7T, and (n)
with (n, N) = 1. Thus for all such n there exist eigenvalues ¢,,d, € C such
that T,,f = ¢, f and (n)f = d,,f. The map n — d,, defines a Dirichlet char-
acter x : (Z/NZ)* — C* (Exercise 5.8.1), and f € Sg(N, x). Consequently
formula (5.14) applies and says

a1 (T f) = an(f) forallneZ™ . (5.21)
Since f is an eigenform away from the level, also
al(Tnf) = Cnal(f) when (TL, N) = 17

0
an(f) = cpai(f) when (n,N) =1.

Thus if a;(f) = 0 then a,(f) = 0 when (n, N) = 1 and so f € Sy, (I} (N))°H
by the Main Lemma.
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Now assume that f € Sp(I71(N))*V, f # 0. Then f ¢ Sp(I1(N))°d
and the preceding paragraph shows that a;(f) # 0, so we may assume f is
normalized to a1(f) = 1. For any m € Z* let g, = T f —am/(f)f, an element
of Sp(I1(N))™*" and an eigenform for the Hecke operators T, and (n) for
(n,N) =1 (Exercise 5.8.2). Compute that its first coefficient is

a1(gm) = a1(Tin f) — ar(am(f)f)
= am(f) —am(f) by (5.21) and because a1 (f) =1
=0,

showing that g,, € Sg(I'1(N))°d by the argument of the preceding paragraph.
S0 gm € Sk(I(N))*V N Sk(I(N))* = {0}, i.e., Ty f = am(f)f. Since m is
arbitrary this discussion proves most of

Theorem 5.8.2. Let f € S, (It (N))"V be a nonzero eigenform for the Hecke
operators T, and (n) for all n with (n,N) = 1. Then

(a) f is a Hecke eigenform, i.e., an eigenform for Ty, and (n) for allm € Z™.
A suitable scalar multiple of f is a newform.

(b) If f satisfies the same conditions as f and has the same T, -eigenvalues,
then f = cf for some constant c.

The set of newforms in the space Si(I1(N))*V is an orthogonal basis of
the space. Each such newform lies in an eigenspace Si(N,x) and satisfies
Tof = an(f)f for all n € ZT. That is, its Fourier coefficients are its T, -
eigenvalues.

Proof. All that remains to prove is that the set of newforms in the space
Sk(I'1(N))»eV is linearly independent. To see this, suppose there is a nontrivial

linear relation
n

Z Cifi =0, c; € C

i=1
with all ¢; nonzero and with as few terms as possible, necessarily at least two.
For any prime p, applying T, — a,(f1) to the relation gives

> cilap(f1) = ap(fi) fi = 0.
=2

This relation must be trivial since it has fewer terms, so a,(f;) = a,(f1) for
all ¢. Since p is arbitrary this means that f; = f; for all 4, giving a contradiction
since the original relation has at least two terms. O

The newforms in each diamond operator eigenspace Sk (N, x)**V therefore
are an orthogonal basis of the eigenspace. Part (b) in the theorem is the Mul-
tiplicity One property of newforms, showing that the basis of S (I (NV))W
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contains one element per eigenvalue where “eigenvalue” means a set of T,,-
eigenvalues {c, : n € ZT}. That is, each eigenspace for the T}, operators
is 1-dimensional. Exercise 5.8.3 demonstrates a subspace of Si(I'1(N)) with-
out a basis of eigenforms. If f € Sp(I1(N)) is an eigenform then f is old
or new, never a hybrid f = g + h with g old and h new and both nonzero
(Exercise 5.8.4).

The functions ¢ (1) = n(7)¥n(N7)* from Proposition 3.2.2 are newforms,
each spanning Sy (11 (N))™*" and also spanning Sy (1H(N))™*" when k is even.
The reader is strongly urged to browse the online modular forms explorer at
William Stein’s web site [Ste] to see numerical examples of newforms. The ex-
plorer also displays examples of many other constructs associated to modular
forms, some of which will be explained in the following chapters here. Much
of the information in the online explorer comes from John Cremona’s tables
[Cre97], also recommended to the reader who is interested in computational
aspects of modular forms.

Theorem 5.8.3. The set
Bi(N) = {f(n7): f is a newform of level M and nM | N}
is a basis of Sp(I'(N)).

Proof. (Partial.) Consider the decomposition

Si(I1(N)) = Su(LL(N)™™ & Y ip((Sk(L1(N/p)))?)-

p|N

The first term on the right side is spanned by the elements of By (N) with
M = N and n = 1, and by induction on the level each summand in the
second term is spanned by f(7) and f(pr) for newforms f of level dividing
N/p. Thus By, (N) spans Si(I1(N)).
To show that By (N) is linearly independent, suppose there is a nontrivial

relation

Zci,jfi(m,ﬂ') =0, Cij € C. (522)

irj
Here each f; lies in a space Si(M;, x;) with M; | N and ; a Dirichlet charac-
ter modulo M;, and each n; ; divides N/M,;. Assume that each ¢; ; in (5.22)
is nonzero and that the relation has as few terms as possible. It must involve
more than one f; since for a given ¢ each jth function f;(n;;7) = ¢ 4 ---
starts at a different index. Each y; lifts to a Dirichlet character X; mod-
ulo N, and then f; € Sk(N,X;). In fact all y; must lift to the same char-
acter modulo N, for if (say) X1(d) # X2(d) for some d € (Z/NZ)* then
applying (d) — x1(d) to (5.22) yields a nontrivial relation with fewer terms
(Exercise 5.8.5(a)). Similarly all f; have the same Fourier coefficients away
from N, for if (say) a,(f1) # ap(f2) for some p{ N then applying T, — a,(f1)
to (5.22) also yields a nontrivial relation with fewer terms (Exercise 5.8.5(b)).
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Thus (5.22) involves distinct forms f; € Si(M;, x;) with all y; lifting to the
same character modulo N and all a,(f;) equal for p { N. By a result known
as Strong Multiplicity One, these conditions make all of the f; equal, contra-
dicting the possibility of linear dependence. O

Strong Multiplicity One also plays a role in the proof (Exercise 5.8.6) of

Proposition 5.8.4. Let g € Si(I[1(N)) be a normalized eigenform. Then
there is a newform f € Sp(I1(M))™V for some M | N such that ap(f) = ap(g)
forallpt N.

The level M of the newform f in the proposition is called the conductor
of f. The result is analogous to the fact that any Dirichlet character y mod-
ulo IV has a corresponding primitive character xprim modulo the conductor M
of x such that xprim(p) = x(p) for all p{ N.

We do not prove Strong Multiplicity One. See for example [Miy89], where
the argument cites a result beyond the scope of that book as well. The argu-
ment here that By (N) spans Si(I'1(N)) is complete, and this suffices for most
purposes.

The last result of this section holds for all modular forms.

Proposition 5.8.5. Let f € My(N,x). Then f is a normalized eigenform if
and only if its Fourier coefficients satisfy the conditions

(1) ar(f) =1,
(2) ayr () = ap()ayr— () — X(P)P ayr—s(f) for all p prime and r > 2,
(3) amn(f) = am(f)an(f) when (m,n) = 1.

The proposition does not say that any function f(7) = >, a,(f)¢" with
coefficients satisfying conditions (1), (2), and (3) is a normalized eigenform.
The function need not be a modular form at all.

Proof. The forward implication ( = ) follows from the definition of T, in
Section 3 (Exercise 5.8.7). For the reverse implication ( <= ), suppose f
satisfies the three conditions. Then f is normalized, and to be an eigenform
for all the Hecke operators it need only satisfy a,, (T, f) = ap(f)am(f) for all
p prime and m € Z*. If p { m then formula (5.14) gives an, (T, f) = apm(f)
and by the third condition this is a,(f)anm(f) as desired. On the other hand,
if p | m write m = p"m’ with r > 1 and p{m’. This time

am(Tp ) = i (F) + X ()P gty () by formula (5.14)
= (apr+1(f) + x(P)P* ayr-1(f))am (f) Dby the third condition
= ap(f)apr(f)an (f) by the second condition
= ap(f)am(f) by the third condition.
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In particular, Proposition 5.2.3 shows that this result applies to certain
Eisenstein series E’¥ /2. That is, the Fourier coefficients a,(f) = o} (n)
satisfy the three relations of Proposition 5.8.5. Indeed, the proof of Proposi-

tion 5.2.3 essentially was to verify this.

Exercises

5.8.1. Show that if f is an eigenform for the operators (n) with eigenvalues d,,,
then the map n — d,, defines a Dirichlet character x : (Z/NZ)* — C*.

5.8.2. Show that the function g,, in the section is an eigenfunction for the
Hecke operators T, and (n) when (n, N) = 1.

5.8.3. Let f € S3(1p(11)) be the unique normalized eigenform, cf. Exer-
cise 3.5.4.

(a) Compute that az(f) = —2.

(b) Define fi(7) = f(27), fo(7) = f(47), and f3(7) = f(87). Show that
the set 8 = {f, f1, f2, f3} is linearly independent in S3(1((88)). (A hint for
this exercise is at the end of the book.)

(¢) Let V = span(f). Show that V is stable under the Hecke operators,
computing the matrix [T},]3 describing the action of T}, on V with respect to 3
for each prime p.

(d) Show that there are exactly three normalized eigenforms in V. Thus
this problem exhibits a space without a basis of eigenforms.

5.8.4. Show that if f € Sp(I1(N)) is an eigenform then f is old or new. (A
hint for this exercise is at the end of the book.)

5.8.5. (a) Show that if Y1(d) # X2(d) for some d € (Z/NZ)* then applying
(d) — X1(d) to (5.22) yields a nontrivial relation with fewer terms.

(b) Show that if a,(f1) # ap(f2) for some p{ N then applying T}, — a,(f1)
to (5.22) yields a nontrivial relation with fewer terms. Why does this require
pIN?

5.8.6. Prove Proposition 5.8.4 as follows.

(a) Supply details to this argument: Suppose that for each newform f; of
level dividing N there exists a prime p; { N such that a,,(f;) # ap,(g). Write
g in terms of the spanning set provided by Theorem 5.8.3 and then apply the
operator [[,(T,, — ap,(fi)) to obtain a contradiction.

(b) According to Strong Multiplicity One, the newform f for which the
equality in the proposition holds is unique. Deduce that g is in the span of
{f(n7):nM | N} where M is the level of f.

5.8.7. Prove ( =) in Proposition 5.8.5.
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5.9 The connection with L-functions

Each modular form f € My (I'1(N)) has an associated Dirichlet series, its L-
function. Let f(1) = Y07 anq", let s € C be a complex variable, and write
formally

L(s, f) = i anpn”°.
n=1

Convergence of L(s, f) in a half plane of s-values follows from estimating the
Fourier coefficients of f.

Proposition 5.9.1. If f € My (I'1(N)) is a cusp form then L(s, f) converges
absolutely for all s with Re(s) > k/2+ 1. If f is not a cusp form then L(s, f)
converges absolutely for all s with Re(s) > k.

Proof. First assume f is a cusp form. Let g(q) = >~ ; anq™, a holomorphic
function on the unit disk {q : |¢| < 1}. Then by Cauchy’s formula,
1
e —nq f € (0,1
an = 5 |qlzrg(q)q a/q or any r € (0,1)
1

flx+iy)e @+ de for any y > 0, where ¢ = ™ +W)

x=0

1
e / flz+i/n)e ™" dg  letting y = 1/n.
=0

Since f is a cusp form, Im(7)*/2|f(7)| is bounded on the upper half plane H
(Exercise 5.9.1(a)), and so estimating this last integral shows that |a,| <
Cn¥/2. The result for a cusp form f now follows since |a,n | = O(nk/2-Re(s)),

If E is an Eisenstein series in My(I1(N)) then by direct inspection
its Fourier coefficients satisfy |a,| < Cn*~! (Exercise 5.9.1(b)) and now
lapn=*| = O(n*~1-Re(*)), Since any modular form is the sum of a cusp form
and an Eisenstein series the rest of the proposition follows. ]

The estimate |a,(f)] < Cn*/? for f € Sp(I1(N)) readily extends to
Sk(I'(N)) and therefore to S(I") for any congruence subgroup I" of SLy(Z).
Similarly for the estimate |a,(E)| < Cnk~! for Eisenstein series F €
My (I'(N)). The upshot is that every modular form with respect to a congru-
ence subgroup satisfies condition (3') in Proposition 1.2.4,

(3') In the Fourier expansion f(7) = > °  a,q¥, the coefficients satisfy the
condition

|an| < Cn"™ for some positive constants C' and 7.

So finally the converse to that proposition holds as well: if f is holomorphic
and weight-k invariant under I" then f is a modular form if and only if it
satisfies condition (3’).

The condition of f being a normalized eigenform is equivalent to its L-
function series having an Fuler product.
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Theorem 5.9.2. Let f € My(N,x), f(T) = >0 anq™. The following are
equivalent:

e f is a normalized eigenform.
e L(s, f) has an Euler product expansion

L(s, f) = [ [ = app™ + x(p)p" 7271,

where the product is taken over all primes.

Note that the Euler product here is the Hecke operator generating function
product (5.12).

Proof. By Proposition 5.8.5, the first item here is equivalent to three condi-
tions on the coefficients a,,, so it suffices to show that those conditions are
equivalent to the second item here.

Fix a prime p. Multiplying condition (2) in Proposition 5.8.5 by p~"* and
summing over r > 2 shows, after a little algebra, that it is equivalent to
Zap p (L= app ™ + X ) = e+ (I—a)p™. (5.23)
If also condition (1) in Proposition 5.8.5 holds then this becomes
Z aprp™™ - (L= app® + x(p)p* 1 7%) = 1. (5.24)

Conversely, suppose (5.24) holds. Letting s — 400 shows a; = 1 so condi-
tion (1) in Proposition 5.8.5 holds, and so does (5.23), implying condition (2)
in Proposition 5.8.5. So conditions (1) and (2) in Proposition 5.8.5 are equiv-
alent to

Zaprp ™S = (1 —app* + x(p)p" 17271 for p prime. (5.25)

Before continuing, note that the Fundamental Theorem of Arithmetic (pos-
itive integers factor uniquely into prime powers) implies that for a function g
of prime powers (Exercise 5.9.2),

1D 9w =" ] 9. (5.26)

P r=0 n=1 p"‘“n

The notation p”||n means that p” is the highest power of p that divides n, and
we are assuming that g is small enough to justify formal rearrangements.

Now, if (5.25) holds along with condition (3) of Proposition 5.8.5 then
compute
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o0

L(s, f) = Z apn” = Z H ap- | n7° by the third condition
n=1 n

=1 \p"|ln

=> [[awr™=]]D arp™ by (5.26)

n=1 pTHn P r=0
= [ = awp + x(p)p" *72)"" by (5.25),
r

giving the Euler product expansion.
Conversely, given the Euler product expansion, compute (using the geo-
metric series formula and (5.26))

L(s, f) = [J(1 = app™ + x(p)p' %) 7"

= H i bprp~"° for some {b,,}
P
Z H bprp " = Z H bpr | n7°.

n=1lpr|n n=1 \prln

So a,, = HpT'Hn bp,r, giving condition (3) of Proposition 5.8.5 and showing in
particular that by, , = ap-. This in turn implies (5.25), implying conditions (1)
and (2) of Proposition 5.8.5. O

As an example, the L-function of the Eisenstein series E}f’“" /2 works out
to (Exercise 5.9.3)

L(s,EY?/2) = L(s,¢)L(s — k + 1,¢) (5.27)

where the L-functions on the right side are as defined in Chapter 4. For another
example see Exercise 5.9.4.

Let N be a positive integer and let A be the ring Z[u3]. For any char-
acter x : (A/NA)* — C*, Section 4.11 constructed a modular form
0, € Mi(3N?¢) where ¥(d) = x(d)(d/3). Recall that x needs to be triv-
ial on A* for 0, to be nonzero, so assume this. The arithmetic of A and
Theorem 5.9.2 show that 6, is a normalized eigenform. The relevant facts
about A were invoked in the proof of Corollary 3.7.2 and in Section 4.11. To
reiterate, A is a principal ideal domain. For each prime p = 1 (mod 3) there
exists an element m, € A such that 7,7, = p, but there is no such element if
p =2 (mod 3). The maximal ideals of A are

o for each prime p =1 (mod 3), the two ideals (mp,) and (7,),
e for each prime p = 2 (mod 3), the ideal (p),
e for p =3, the ideal (v/—3).
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Let 7, = p for each prime p = 2 (mod 3), let 713 = v/—3, and take the set of
generators of the maximal ideals,

S={mp,Tp:p=1(mod 3)} U{m,:p=2 (mod 3)} U {ms}.
Then each nonzero n € A can be written uniquely as

n=u H w7 w € A" each a, € N, a, = 0 for all but finitely many 7.

Correspondingly x(n) = [],csx(m)*. The Fourier coefficients of 6, were
given in (4.50),

Compute that therefore

L(s,0,) = § > x(n)ln| 7> = [T (1 = x(m)x[>) " =[] Ln(s, 6,
Ziﬁ TES p

where (Exercise 5.9.5)

1= (x(mp) + x(7p))p~* + x(p)p~** i p=1 (mod 3),
Lyp(s,0) ' = 1= x(p)p~ 2 if p=2 (mod 3),
1—x(v/=3)37* if p=3.
(5.28)
Since Ly(s,0y) = (1 — ap(0y)p~* 4+ ¢(p)p~2*)~! in all cases, Theorem 5.9.2
shows that 0, is a normalized eigenform.

Exercises

5.9.1. (a) For any cusp form f € S(I1(N)) show that the function o(7) =
Im(7)*/2| f()] is bounded on the upper half plane #. (A hint for this exercise
is at the end of the book.)

(b) Establish the relation 1 < oy_1(n)/n*~! < ((k — 1) where ( is the
Riemann zeta function. Show that the Fourier coefficients a,, of any Eisenstein
series satisfy |a,| < CnF~1.

5.9.2. Prove formula (5.26). (A hint for this exercise is at the end of the book.)
5.9.3. Prove formula (5.27). What is a half plane of convergence?

5.9.4. Recall the functions f, f1, f2, and f3 from Exercise 5.8.3. The exercise
showed that the 4-dimensional space spanned by these functions contains only

three normalized eigenforms. How do the L-functions of the three eigenforms
relate to L(s, f)?

5.9.5. Establish formula (5.28).
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5.10 Functional equations

Let f(7) =>..°, ang"™ € Sp(I'1(N)) be a cusp form of weight k. Its associated
L-function is L(s, f) = Y..°, ayn®, convergent for Re(s) > k/2 4+ 1. As in
Chapter 4, the Mellin transform of f is

S
:/tzof(zt)t &

for values of s such that the integral converges absolutely.
Proposition 5.10.1. The Mellin transform of f is
g(s) = 2m)°I'(s)L(s, f), Re(s) >k/2+1.

This is shown exactly as in Chapter 4 (Exercise 5.10.1). This section shows
that the function
An(s) = N*%g(s)

satisfies a functional equation. Define an operator

N Se(T1(N) — Si(I1(N)),  f e "N 78 e

That is, (Wy f)(7) = i*N~#/27=k f(—1/(NT)). This is essentially the wy op-
erator from the end of Section 5.5. The operator Wy is idempotent, mean-
ing W% is the identity operator (Exercise 5.10.2), and similarly to Exer-
cise 5.5.1(c) Wy is self-adjoint,

(Wn f1, f2) = (f1, Wn f2),  f1, f2 € Se(T1(N)).
Letting S (I3 (N))* and S(I't (N))~ denote the eigenspaces
Sk(I(N))* ={f € Sp(I1(N)) : Wn f = £f}
gives an orthogonal decomposition of Sy (It (V) under the Hecke algebra,
Sk(T1(N)) = Se(I(N))* @ Se([1(N)) ™.

Theorem 5.10.2. Suppose f € Sp(I'(N))*. Then the Mellin transform
An(s) extends to an entire function satisfying the functional equation

AN(S) = :tAN(k — S).
Consequently, L(s, f) has an analytic continuation to the full s-plane.

Proof. Take f € Si(I'(N))* and compute

NS/Q/ fit)t? /ft/f)
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Since f(it/v/N) is of order e=27/VN as t — oo, the piece of this integral from
t =1 to oo converges to an entire function of s. For the other piece compute

that (Wx f)(i/(VNt)) =tk f(it/v/N), so that
| savmes = [ ovent//m e
t=0 t

=0

> . k—s dt
= [ Ve

t=1
Since Wy f = % f this also converges to an entire function of s. Thus Ay (s) has
an analytic continuation to the full s-plane. To obtain the functional equation
note that in total the integral is

° ) . ) o\ di
An(s) = / (Pt VR + (Wi )it/ VR )
t=1
Since Wi f = £f this is £Ax(k — s), completing the proof of the functional
equation. O

It is natural to wonder about a converse to Theorem 5.10.2, a result that
Dirichlet series with analytic continuations and functional equations come
from modular forms. Such a theorem exists due to Hecke and Weil, though it
is not quite as straightforward as one might guess. For a summary discussion
see [Kob93], and for the full story see [Ogg69], [Bum97], or [Miy89].

Exercises

5.10.1. Prove Proposition 5.10.1.

5.10.2. Show that Wy is idempotent.

5.11 Eisenstein series again

Recall from Section 4 that the integral defining the Petersson inner product
converges when at least one of f and g is a cusp form, not necessarily both.
In particular it is meaningful to take the inner product of an Eisenstein series
and a cusp form. This section will show that such an inner product always
vanishes, meaning that the Eisenstein series are orthogonal to the cusp forms.
(As mentioned before, this usage of “orthogonal” is a slight abuse of language.)
Thus the Eisenstein spaces can be redefined as complements rather than as
quotient spaces.

Specifically, recall the Eisenstein series with parameter associated to the
group I'(N) in Section 10 of Chapter 4,

E{(r,s) = en > Im(7)°[Ylk, Re(k + 2s) > 2.
YE(PLNI(N)\L(N)S
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Here ey is 1/2if N € {1,2} and 1if N > 2,7 = (c,, d,) is a vector in (Z/NZ)?,
6 = [‘1 dbv] is a matrix in SLy(Z) whose bottom row (c¢,,d,) is a lift of T
to Z%, and P, = {[} 1] : n € Z} is the positive part of the parabolic subgroup
of SLQ( ). The weight-k operator in this context is

(fk)(7s8) = 57, 7)*f(4(7),8)  for v € SLo(Z).

Analytically continuing E}(7, s) in the s-plane to s = 0 recovered the Eisen-
stein series E}(7) from earlier in Chapter 4. At weight k& = 2 the continued
series are nonholomorphic at s = 0 but linear combinations cancel away the
nonholomorphic terms. Bearing all of this in mind, redefine

E(I(N)) = the holomorphic functions in span({E}(7,0) : v € (Z/NZ)?}).

So now & (I'(N)) is a subspace of My(I'(N)) linearly disjoint from the
cusp forms Si(I'(N)), replacing its earlier definition as the quotient space

M (I(N))/Sk(I(N)). That is,
My(I(N)) = Sp(I'(N)) @ E(T(N)).

To show that this decomposition is orthogonal introduce the notation

P+(N)=P+0F(N):{[é”iv] :nEZ},
so a fundamental domain for the orbit space Py (N)\H* is the set
Dy={r€eH" NC:0<Re(1) < N}U{o0}.
Let
P (N\I(N) = JP{(N)a; and I'(N)\SLy(Z UF

so that

( \SL2 U P+ azﬁz and DN = Uazﬁz

i3/ 0,3

(For instance, the decomposition D} = J; a;(D*) is partially illustrated in
Figure 2.4.) For any cusp form f € Si(I'(INV)) the relation ao(f) =0 is

N
/ flx +iy)de =0 for any y > 0, (5.29)
=0

similar to Exercise 1.1.6 (Exercise 5.11.1(a)). Consequently for any s € C with
Re(k + 2s) > 0 we can evaluate the absolutely convergent double integral

[ee]
/ f(x +iy)y"*2dzdy = 0, (5.30)
=0
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or in terms of the complex variable 7, recalling the measure du(7) = dx dy/y?,
F(r)(Im(r))***du(r) = 0 (5.31)
Dy

(Exercise 5.11.1(b—c)). This relation rewrites as

0= [ Flasfie () m(asfi (1) du(r)

7,3/

Im i\ T kts
= Z f Bir (7)) (s, Bir (T))k |j§061‘,(/§i’ (<7_))))|)2(k+5) dpu(T).

i1/

If Re(k+2s) > 2 then the sum over i converges absolutely and passes through
the integral, giving

OfZ BB (B (7)) e - (B (7)) du(r).

This sum of translated integrals is by definition the integral over the modular
curve X (I'(N)), cf. Section 4, and in fact it is a constant multiple of the

Petersson inner product of the cusp form f(7) and E,io’l)(T,s). Thus, the
inner product is 0 for all s in a right half plane, and the relation analytically
continues to s = 0,

0,1
(f. By )>F(N) =0.
Consequently for any v € SLy(Z),

(f,E >F(N) (f, E}S)T)['Y]k>F(N) = <f['7_1]k7E](cOT)>F(N)

by Proposition 5.5.2(a) generalized to the Petersson inner product of a cusp
form and a general modular form. Since also f[y~ ]y € Sp(I'(N)) the product
is 0. Thus the cusp forms and the Eisenstein series are orthogonal at level N
as claimed.

For any congruence subgroup I" at level N redefine

Ex(I) = E(I'(N)) N My (1),

and this applies in particular when I' = Iy (V). Redefine for any Dirichlet
character xy modulo N

For any congruence subgroup I" the Eisenstein space is linearly disjoint from
the cusp forms and similarly for the eigenspaces,

Mk(F) = Sk(F) @gk(F) and Mk(N,X) = Sk(N, X) Eng(N,X),
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and the decompositions are orthogonal. The sets of Eisenstein series specified
in Chapter 4 as coset representatives for bases of the Eisenstein spaces as
quotients are now actual bases of the Eisenstein spaces as complements.

Using Proposition 5.8.5, it is easy (except when £k = 2 and x = 1) to
prove that Si(I1(N)) L Ek(N, x) with Hecke theory rather than the previous
integral calculation for the larger space My (I'(N)). Exercise 5.11.2 gives the
argument.

Exercises

5.11.1. (a) Let the modular form f € My (I'(N)) have Fourier expansion
(1) =307 g angly where gy = e2™7/N Show that for all n > 0,

1N i (-tis
ay = —/ f(z +iy)e 2 mE+W/N gy for any y > 0,
N J.—o

so in particular (5.29) holds.
(b) Assuming absolute convergence, show that the integral in (5.30) is 0.
(c) For any cusp s = a(oo) with a € SLy(Z) show by changing variable
that the integral in (5.31) over a neighborhood of s takes the form

[ Hatsta ) )26 ),
Im(7")>yo

Explain why this integrand decays exponentially as Im(7') — oo if Re(k +
2s) > 0.

5.11.2. (a) Let f € Si(I'1(N)) be a normalized eigenform with eigenvalue a,,
under the Hecke operator T, for each prime p. Show that f has eigenvalue a,
under the adjoint 7};. (Hints for this exercise are at the end of the book.)

(b) Let x be a Dirichlet character modulo N. Let ¢ and ¢ be primitive
Dirichlet characters modulo u and v such that uv | N and (¢p)(—1) = (—1)¥
and Y = x at level N, excluding the case k = 2, ¥ = ¢ = 1;. Recall that
EZ”‘P /2 is a normalized eigenform. Let its T)-eigenvalues be denoted b,. Show
that b, # a, for some prime p.

(c) Show that E;f’“" 1 f.

(d) Let t be a positive integer such that tuv | N. Let o = {671 ?] so that
o = (1/t)[¢9] in Proposition 5.5.2. We know that o~ I (N)a = I'1(N/t) N

I°(t). Note that E}#" is a nonzero constant multiple of E}*¥[a/];, since the
exceptional case is excluded. For any f € S, (I1(NV)) show that

(BP0 k) r vy = (Flodks PO ry vye-

Explain why this is 0 and why consequently all of (N, x) is orthogonal to
Sk(I1(N)).
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5.11.3. Let A be the ring Z[u3]. Recall the statement of Cubic Reciprocity in
Section 4.11: Let d € Z* be cubefree and let N = 3 ledp. Then there exists
a character

Xt (A/NA)* — {1, p, i3}

such that the multiplicative extension of x to all of A is trivial on A* and on
primes p 1 N, while on elements 7 of A such that 77 is a prime p f N it is
trivial if and only if d is a cube modulo p. The character x is nontrivial if d > 1.
Define ¢(n) = x(n)(n/3) (Legendre symbol) for m € (Z/3N?Z)* and let 0, €
M;(3N?,9) be the corresponding modular form constructed in Section 4.11,
shown to be a normalized eigenform at the end of Section 5.9. This exercise
shows that 6, is a cusp form if d > 1. The proof is by contradiction. Thus
take d > 1 and suppose that 0, is not a cusp form.

(a) For any positive integers ¢, u, v such that tuv | 3N? and any Dirichlet
characters ¢ and ¢ modulo u and v with ¢p = 1 at level 3N? recall the
Eisenstein series Ef’“"’t € £1(3N?,4)). According to Theorem 4.8.1 the set of
such Eisenstein series is a basis. Use the idea of Exercise 5.8.6(a) to show that
there exist such u, v, ¢, and ¢ such that

ap(ES9)2) = ap(fy) for all pt3NZ.

(b) Show that ¢(n) = —p(n) for all = € (Z/3N2Z)* such that n =
2 (mod 3). Deduce that
o(n) = p(n) (5), 7€ (Z/3N°2)"

(c) Show that ¢? is trivial and so a,(6,) € {£2} for all p = 1 (mod 3)
such that p{ N. Deduce that x(7) € {£1} for all primes 7 of A not dividing
N (cf. Section 5.9), so x is trivial or quadratic. This contradiction shows that
0, is a cusp form.
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Jacobians and Abelian Varieties

Let X be a compact Riemann surface of genus ¢ > 1 and fix a point zy in X.
Letting x vary over points of X and viewing path integration as a function of
holomorphic differentials w on X, the map

x

o [

xo
is an injection

{ linear functions of holomorphic differentials on X }
X — .

modulo integration over loops in X

When g = 1 this is an isomorphism of Abelian groups. When g > 1 the
domain X is no longer a group, but the codomain still is. The codomain is the
Jacobian of X, complex analytically a g-dimensional torus C9/A, where A, =
Z29. This chapter presents the Jacobian and states a version of the Modularity
Theorem mapping the Jacobian of a modular curve holomorphically to a given
elliptic curve. The map is also a homomorphism, incorporating group structure
into the Modularity Theorem whereas the first version, back in Chapter 2, was
solely complex analytic. This chapter then uses the Jacobian to prove number-
theoretic results about weight 2 eigenforms of the Hecke operators. It ends
with another version of Modularity replacing the Jacobian with an Abelian
variety, a quotient of the Jacobian. The Abelian variety comes from a weight 2
eigenform, so this version of the Modularity Theorem associates an eigenform
to an elliptic curve.

Related reading: The main results of this chapter are from Chapters 3, 7,
and 8 of [Shi73]. For the basics on Jacobians of Riemann surfaces, see [FK80].
For material on complex tori and complex Abelian varieties, see [Swi74]. There
are many introductory texts to algebraic number theory, such as [Mar89]
and [Sam72].
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6.1 Integration, homology, the Jacobian, and Modularity

We begin by describing the situation sketched in the chapter introduction
when g = 1. Let X be a complex elliptic curve C/A. For any point z € C

consider the family of integrals in the complex plane { foz+)\ d¢ : A e A} =
z + A. Each such integral can be viewed as the integral over any path from 0
to z + A, and two such integrals differ by the integral over any path between
lattice points A; and A in C. Since d( is translation-invariant it makes sense
as a holomorphic differential on X and so path integrals in C project to path
integrals in X. Two projected path integrals in X from 0 + A to the same
endpoint z + A can take different values, coming from plane integrals whose
difference projects to an integral fa d(¢ where « is a loop in X. Thus, viewing
the cosets z + A in two ways gives a bijection from the elliptic curve to a
quotient of its path integrals,

z+A
X = {path integrals / dC}/{integrals / d( over loops a}.
0+A

[e4

The bijection is a group isomorphism since computing modulo integrals over
loops and using the translation-invariance of d(,

z1+A zo+A z1+A z1+z2+A z1+z2+A
/ d¢ —|—/ d¢ = d¢ +/ d¢ = / dC.
0+A 0+A 0+A z1+A 0+A

To generalize these ideas to higher genus g > 1, let X now be any compact
Riemann surface. The first thing to show is that path integrals on X, similar
to the path integrals ubiquitous in complex analysis, are well defined. That is,
if v:[0,1] — X is a continuous function and w is a holomorphic differential
on X then there is a meaningful notion of the integral fw w.

To see this, begin by supposing that the image of «y lies in one neighbor-
hood U with local coordinate ¢ : U — V C C and with w|y = f(¢)dg. In
this case the integral is evaluated in local coordinates,

Lw=Lva=Lmﬂ®m

(See Exercise 6.1.1 for the definition of the last integral here.) This definition
seems ambiguous if the image of + lies in the intersection U; N Us of two
coordinate neighborhoods, but both coordinates give the integral the same
value. Indeed, let ‘/172 = (pl(Ul n Ug), let VY271 = (pQ(Ul n UQ), and let Y21 -
Vi,2 — Va1 be the transition function between the two coordinate systems.
By definition of the transition function, by the change of variable formula,
and by the compatibility condition ¢35 ; (w|v,) = w|v;,

/ wm=/ MwZ/ @AW&=/ wlvs.
P20y $2,100107Y p1ovy p1ovy
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So the local integral is the same on overlapping coordinate systems.

In general, the domain [0,1] of v partitions into finitely many intervals
each having image in one coordinate neighborhood of X (Exercise 6.1.2(a)).
The integral over -y is defined as the corresponding sum of local integrals, and
it is easy to check that the result is well defined (Exercise 6.1.2(b)).

With path integration understood we now want to define as path-indepen-
dent an integral as possible. For arbitrary points z,z’ € X, the notion of
integrating holomorphic differentials from z to z’,

’

/ W, w e “Qlllol(X)a

is not well defined since different paths from z to =’ might give different values
for the integral. But if v and 4 are paths from x to 2’ then letting « be the loop
obtained by traversing forward along v and then back along 7, the integrals
along the two paths differ by the integral around the loop,

/w:/w—i-/w, w € o (X).
y b o

That is, for path-independent integration of holomorphic differentials from x
to &’ we need to quotient away integration over loops.

Viewing X as a sphere with g handles where g is the genus of X, let
Ay, ..., Ay be longitudinal loops around each handle like arm-bands, and let
By, ..., By be latitudinal loops around each handle like equators. We state
without proof that for any nonnegative integer N, any integers [, ..., Iy, and
any loops ai,...,an there are unique integers my,...,mg, n1,...,ng such

that
N g g
St w=dm [ wadm [ v weal,on.
i=1 Yo i=1 Ai i=1 Bi

(See a Riemann surface theory book such as [FK80] for the unproved assertions
in this section.) Thus the group of integer sums of integrations over loops is
the free Abelian group generated by integration over the A; and the B;, called
the (first) homology group of X,

Hl(X,Z):Z/ @m@z/ @Z/ @m@z/ =~ 729,
A1 Ag Bl B

g

(Since we deal only with this homology group we won’t bother saying “first”
any more.) Elements of Hy (X, Z) are maps taking the holomorphic differen-
tials on X to complex numbers, and in fact the homology group is a subgroup
of the dual space £2} ;(X)" = Homg(£2,(X), C), the vector space of C-linear
maps from 2} ,(X) to C. We also state without proof that

R @~~@R/ &R @m@R/ = 0L (X"
A1 Ag Bl Bg
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Recall from Section 3.4 that dimc(£2},(X)) = ¢g. Thus Hy (X, Z) is a lattice in
the dual space. The quotient, complex analytically a g-dimensional complex
torus C9/A,, is the Jacobian.

Definition 6.1.1. The Jacobian of X is the quotient group
Jac(X) = 24 (X)"/H1 (X, Z).

Abel’s Theorem relates the Jacobian of X to the divisors on X, as dis-
cussed in Chapter 3. Let C(X) be the function field of the compact Riemann
surface X. The degree-0 divisor group of X is

DivO(X) = {Z NgT : ng € 4, ny = 0 for almost all x, an = O} ,
zeX T

and the subgroup of principal divisors is all the divisors linearly equivalent
to 0,

Div*(X) = {6 € Div®(X) : 6 = div(f) for some f € C(X)}.

The quotient group of degree-0 divisors modulo principal divisors on X is the
(degree-0) divisor class group of X or the (degree-0) Picard group of X,

Pic’(X) = Div’(X)/Div’(X).

The full Picard group is divisors of all degrees modulo principal divisors, but
we use only Pic’(X) and so we simply call it the Picard group from now on.
The Picard group measures the extent to which degree-0 divisors fail to be
the divisors of meromorphic functions on X. If X has genus g > 0 and =z is
a base point in X then X embeds in its Picard group under the map

X — Pic’(X), x =[x — zg),

where [z — x] denotes the equivalence class 2 — 29 4+ Div*(X), the subtrac-
tion occurring in Div’(X). (In general there is no subtraction on X.) The
map is an embedding because there are no functions f € C(X) of degree 1
(Exercise 6.1.3). The map from degree-0 divisors to the Jacobian

Div'(X) — Jac(X), anx — an /T (6.1)

is well defined.

Theorem 6.1.2 (Abel’s Theorem). The map (6.1) descends to divisor
classes, inducing an isomorphism

Pic’(X) = Jac(X), [anjx} — an /:
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Thus the degree-0 divisors describing meromorphic functions on X are
those that map to trivial integration on 2! ;(X) modulo integration over
loops. If X has genus g > 0 then its embedding into its Picard group followed
by the isomorphism of Abel’s Theorem shows that the map

X — Jac(X), :cl—>/
zo

embeds the Riemann surface in its Jacobian. When X is an elliptic curve this
map is the isomorphism from the beginning of the chapter. Abel’s Theorem
also shows that the finite integer sums of path integrals in X—in fact even just
the sums whose coefficients sum to 0 (add a suitable multiple of f;oo )—make

up the entire dual space of 2} (X),

QLN = {va/ Y ny = o}. (6.2)

We will use this freely from now on.

For example, when X = C the Jacobian is trivial because g = 0, and Abel’s
Theorem states that every degree-0 divisor on the Riemann sphere is principal.
This is familiar from complex analysis: if the divisor is 6 = Y z;— > p; + 10000
where the sums are over the desired zeros and poles in C, allowing repetition,
then the suitable rational function [[(z — z;)/ [[(z — p:) has this divisor since
its order at oo is minus the sum of its orders in C.

For another example, when X = C/A the Jacobian Jac(X) identifies
with X as explained at the beginning of the section, and the Abel map takes
divisors Y ngz to the corresponding sums in X. Abel’s Theorem states in
this case that degree-0 divisors on X such that Y n,x € A are the divisors
of elliptic functions with respect to A. This is the constraint obtained in Ex-
ercise 1.4.1(c) and used in Section 1.4 to describe the group law on elliptic
curves in C2.

The Modularity Theorem can be stated using the Jacobian. Recall that
Xo(N) is the compact modular curve associated to the congruence sub-
group IH(N). Let Jo(N) denote its Jacobian,

Jo(N) = Jac(Xo(N)).

Theorem 6.1.3 (Modularity Theorem, Version J¢). Let E be a complex
elliptic curve with j(E) € Q. Then for some positive integer N there exists a
surjective holomorphic homomorphism of complex tori

JO(N) — F.

The word “homomorphic” here introduces algebraic structure into the
Modularity Theorem but it comes essentially for free. View Jo(IV) as a com-
plex torus CY9/A,. Proposition 1.3.2 extends to higher dimension:
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Proposition 6.1.4. Let ¢ : C9/A, — C"/A, be a holomorphic map of
complex tori. Then

plz+Ag) =Mz+b+ A4

where M € My, 4(C) is an h-by-g matriz with complex entries such that
MA, C Ap, and b € C".

This is proved the same way as in Chapter 1. By topology the map ¢ lifts
to a map ¢ : C9 — C" of universal covers, and it follows that ¢’ is bounded.
Applying Liouville’s Theorem in each direction makes ¢’ constant, and now
everything proceeds as before. In particular, if the Modularity Theorem only
supplied a holomorphic map then this would take the form z+A4, — m-z+b+4
where now m € CY is a vector such that m - A, C A. Translating by —b gives
a homomorphism as claimed.

Version Je of the Modularity Theorem implies Version X¢ (from Sec-
tion 2.5), that every complex elliptic curve E with j(F) € Q is the holomor-
phic image of a modular curve Xo(N). Indeed, if E is the image of Jo(INV)
then Jo(IV) is nontrivial, so Xo(V) itself has genus g > 0 and embeds in its
Jacobian as discussed. The embedding Xo(N) — Jo(N) composes with the
map Jo(N) — E of Version Jg to show Version X¢ (Exercise 6.1.4 is to
show that the composition surjects). The converse, that Version X¢ of the
Modularity Theorem implies Version J¢, will be shown at the end of the next
section.

Exercises

6.1.1. This exercise defines the integral of a holomorphic differential over
a continuous path in C, using integration over polygonal paths (which is
easy) and Cauchy’s Theorem for such integration. Let V' be an open subset
of C, let v : [0,1] — V be a continuous function, and let w = f(q)dq be a
holomorphic differential on V. For each ¢ € [0, 1], the image point y(t) lies
in some disk D; C V. Show that {y~}(D;) : t € [0,1]} is a collection of
open subsets of [0,1] such that [0,1] = U, 7~ (Dy). (Intervals [0,b), (a,1],
and [0, 1] are open as subsets of [0, 1].) Every open subset of [0, 1] is a union of
open intervals by definition. Show that since [0, 1] is compact, it is covered by
finitely many open intervals each taken by 7 into a disk D of V', and therefore
it partitions into finitely many closed intervals with the same property. Define
|, w to be the integral of w along the polygonal path connecting the images
of the partition points. Show that this is well defined by using a common
refinement and Cauchy’s Theorem.

6.1.2. Let X be a compact Riemann surface and let v : [0,1] — X be
continuous.

(a) If {U; : j € J} is a collection of coordinate neighborhoods in X such
that X = |J; U;, show that {y~1(U;) : j € J} is a collection of open subsets
of [0,1] such that [0,1] = [, v~1(U;). Show that [0,1] is covered by finitely
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many open intervals each taken by ~ into one coordinate neighborhood U
of X, and therefore it partitions into finitely many closed intervals with the
same property. Thus, integrating along the path + can be defined as a finite
sum of local integrals.

(b) Consider two partitions of the domain [0, 1] as in part (a). Show that
the two corresponding sums of local integrals are equal.

6.1.3. Use the Riemann-Hurwitz formula from Section 3.1 to show that if X
has genus g > 0 then there are no functions f € C(X) of degree 1. (A hint
for this exercise is at the end of the book.)

6.1.4. In general, if a map ¢ is surjective this need not imply that a compo-
sition @ o f is surjective as well. Yet the argument at the end of the section
asserts that if a holomorphic homomorphism ¢ : Jo(N) — E surjects then
so does @ o f where f: Xo(N) — Jo(N) is an embedding = — ffo Explain.
(A hint for this exercise is at the end of the book.)

6.2 Maps between Jacobians

Let h : X — Y be a nonconstant holomorphic map of compact Riemann
surfaces. This section defines corresponding forward and reverse holomorphic
homomorphisms of Jacobians, hy : Jac(X) — Jac(Y) and h” : Jac(Y) —
Jac(X). Since the Jacobian and the Picard group are isomorphic under Abel’s
Theorem, there also are homomorphisms hp and h* of Picard groups. The
Jacobian maps hy and h”’ are defined in terms of transferring holomorphic
differentials between X and Y and have interpretations in terms of transfer-
ring integration between X and Y. The Picard group maps hp and h” come
from transferring meromorphic functions between X and Y, independently of
Abel’s Theorem. In this chapter, where our methods are still complex analytic
in keeping with the book so far, the Picard group and its maps don’t play a
large role, but from the next chapter onwards, when we move from complex
analysis to algebraic geometry and begin working over fields other than C,
the Picard group formulation is the one that will continue to make sense.

To define the forward map of Jacobians in terms of differentials, begin
with the pullback map induced by h, embedding the function field of Y in the
function field of X,

h: C(Y) — C(X), h*g=goh.

Recall from Section 3.1 that each point x € X has a ramification degree
ez € ZT such that h is locally e,-to-1 at z. The orders of vanishing of a
nonzero function and its pullback are related by

va(h'g) = exvn()(9), g€ CY)"
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(Exercise 6.2.1(a)). Since ramification degree is the same thing as order in
local coordinates, this says that the order of the composition is the product of
the orders. In particular, h*g is holomorphic at x if g is holomorphic at h(x).
The pullback extends to a linear map of holomorphic differentials,

h*: Q}llol(Y) — 0}1101<X)'

To define this, let ¢; : U; — V; and ¢; : U'j — XN/j be local coordinates
on X and Y, where h(U;) = U; so that @hgoj_l =h;:V; — I~fj, and let
A be a holomorphic differential on Y. Then the pullback is defined locally in
terms of the local pullback as

(R*N); = h3(A;) € 2 (Vy),  Aj € 20y (V).

The required compatibility condition ¢y ;((F*Nklv, ;) = (h*A);lv;, from
Section 3.3 follows from the known compatibility condition &Z,j(A”Vk )=
Aj \V (Exercise 6.2.1(b)). In coordinates, if A\; = g¢(§)d§ then (h*)\)J =
(hig )( )1;(q)dq. The pullback on differentials dualizes to a linear map of dual
spaces, denoted h, rather than (h*)",

he s Qo (X) — 20 (V)" hap=poh”.

The forward change of variable formula says that for any path v in X,
/ h*\ = / A Ae k(). (6.3)
v hoy

Showing this reduces to finitely many applications of the usual change of
variable formula on coordinate patches. Especially if « is a loop in X and
p € L (X)Nis [ then hop € 2 ,(Y)" is [ h* fh(a). Since h(a) is
a loop in Y this shows that h, takes homology to homology and therefore
descends to a map of Jacobians, a holomorphic homomorphism because it
is induced by a linear map of the ambient complex spaces. This defines the
forward map of Jacobians in terms of differentials. For any ¢ € £} (X)" let
[¢] = ¢+H;1(X,Z) denote its equivalence class in Jac(X), and similarly for Y.

Definition 6.2.1. The forward map of Jacobians is the holomorphic homo-
morphism induced by composition with the pullback,

hy: Jac(X) — Jac(Y), hyle] = [he] = [ o b

Letting 2o be a base point in X as before and writing elements of Jac(X) as
sums of integrations as in Abel’s Theorem, forward change of variable shows
that the forward map of Jacobians transfers integration modulo homology
from X to Y by pushing forward the limits of integration,

h(x)

ha(3n / - / (6.4)

h(zo)
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For example, let X = C/A and Y = C/A’ be complex elliptic curves, so

. . . . . z+A 24+’
that their embeddings in their Jacobians, z + A — f0+A and z+ A" — ObA

are isomorphisms. By Proposition 1.3.2 or its generalization Proposition 6.1.4
any nonconstant holomorphic map between them takes the form

h: X —Y, hz+A)=mz+b+ A,
where m,b € C, m # 0, and mA C A’. Thus by (6.4),

z+A mz+b+ A’ mz+A’
0+A b+’ 0+A/

This shows that under the isomorphisms between the complex elliptic curves
and their Jacobians the map retains its linear part but drops its translation,

hy: X —Y, hy(z+ A) =mz+ A'.

In particular, if h is an isogeny then h; = h. Let h:X — Y be another
isogeny. Then h+h : X — Y is an isogeny as well so long as h # —h, and so

(h4+h)y=h+h=hy+hy; if h+h#0. (6.5)
That is, taking forward maps of isogenies of complex elliptic curves is additive.

Returning to the general situation A : X — Y, there is also a natural
forward map of Picard groups. The norm map transfers functions forward
from C(X) to C(Y) (Exercise 6.2.2(a)),

normy, : C(X) — C(Y), (normy, f)(y) = H fz).
zeh~1(y)
The orders of vanishing of a nonzero function and its norm are related by
vy(normy, f) = Z vo(f), feCX)
x€h~1(y)

(Exercise 6.2.2(b)). Consequently

div(normy, f) = Z Z ve(f) |y = Z ve(f)h(x).

Y z€h—1(y)
That is, the norm takes ) v, (f)x to Y vz(f)h(x) at the level of principal
divisors. The map on general divisors that extends this,

hp : Div(X) —s Div(Y), hD<anx) =3 neh(a),

is a homomorphism taking degree-0 divisors to degree-0 divisors (Exer-
cise 6.2.3), taking principal divisors to principal divisors since by its definition
hp(div(f)) = div(normy, f), and therefore descending to divisor classes.
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Definition 6.2.2. The forward map of Picard groups is the homomorphism

hp:Pic/(X) — Pic’(Y),  hp[Y nez] = [>_ ngh(z)].

This map of Picard groups corresponds to the map (6.4) of Jacobians
under the isomorphism of Abel’s Theorem,

PICO(X) — JaC(X)7 [anx} — Zna: /x>

and similarly for Y using the base point yo = h(z). That is, the following
diagram commutes:

Pic®(X) —£ Pic®(Y)

Lo,

Jac(X) b Jac(Y).

We could have defined hp from hj; via this diagram but then it would be
dependent on complex analysis. Assuming the norm will continue to make
sense in other contexts, we could have defined h; from hp via this diagram
but doing so would lose the information that h; is holomorphic.

Defining the reverse map h” in terms of differentials is more delicate than
doing so for the forward map. Recall from Section 3.1 that A is a surjection of
finite degree d, that h is locally e,-to-1 at each x € X as already mentioned
here, and that the set of exceptional points in X is defined as € = {x € X :
e, > 1}, the finite set of points where h is ramified. Let Y/ =Y — h(€) and
X’ = h~1(Y’) be the Riemann surfaces obtained by removing the images of
the exceptional points from Y and their preimages from X. The restriction
of h away from ramification and its image,

h: X' — Y’

is a d-fold covering map where d = deg(h). This means that every point y € Y’
has a neighborhood U whose inverse image is a disjoint union of neighborhoods
Ui,...,Uq in X’ such that each restriction h; : U; — U of h is invertible.

A theorem from topology says that given a path § in Y’ and a point
x € h~1(5(0)) in X', there exists a unique lift v of § to X’ starting at x, i.e.,
a unique path v in X’ such that v(0) = x and hoy = 4. If § is a path in YV’
and only its endpoints might lie in ~A(€) then the Local Mapping Theorem of
complex analysis shows that for each z € h=1(5(0)) there exist e, lifts of v
starting at z, for a total of d lifts v in X. If 8 is a loop in Y’ then the map
taking the initial point of each of its lifts to the terminal point is a permutation
of the d-element set h=1(3(0)), and so the lifts concatenate to loops a in X’
corresponding to the permutation’s cycles. Any path in X can be perturbed
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locally to avoid h(&) away from its endpoints, and by Cauchy’s Theorem this
doesn’t affect integration of holomorphic differentials. Thus any path integral
of holomorphic differentials on Y can be taken over a path ¢ such that only
its endpoints might lie in A(E). In particular, loop integrals in ¥ can always
be taken in Y.

The trace map induced by h is a linear map transferring differentials
from X to Y,

try “Q}llol(X) — ‘Q}llol(Y)'

If § is a path in Y’ lifting to a path in X’ and h;l is a local inverse of h
about §(0) taking §(0) to the initial point of the lift then h; ' has an analytic
continuation along §, the chaining together of overlapping local inverses cul-
minating in the local inverse about §(1) taking §(1) to the terminal point of
the lift. To define the trace, let w € Qﬁol(X). Suppose y is a point in Y, so
that h has local inverses h;l U — U;, i =1,...,d. The trace is defined
on U as the sum of local pullbacks,

d

(trnw)|g = > () (wlv)-

i=1

This local definition pieces together to a well defined global trace on Y’ be-
cause analytically continuing the local inverses h; ! along any loop in Y’ back
to y permutes them, leaving the trace unaltered. The trace extends holomor-
phically from Y’ to all of Y (Exercise 6.2.4). The trace dualizes to a linear
map of dual spaces,

tI’Q : ‘Qlllol(y)/\ — “Q}llol(X)Aa trﬁlﬁ = ¢ o trp.

The reverse change of variable formula for any path ¢ in Y,

/6(h_1)*w = /hil 5w, w€E Qﬁol(X),

is meaningful so long as h~! is understood to be some local inverse of h
at §(0) analytically continued along §, making h~! o § the lift of § starting
at h=1(8(0)). This reduces to a finite sum of the same result on coordinate
patches, where it is just forward change of variable (6.3) with h~! in place
of h. Summing the reverse change of variable formula over local inverses gives
for paths ¢ in Y’

ez

lifts ~

/w7 we N (X). (6.6)

This formula extends continuously to paths § in Y such that only their end-
points might lie in h(€). Especially if 8 is a loop in Y’ and ¢ € 2} ,(Y)" is fﬁ
then trjy) € 2, (X)" is [y trn = 3y - [ 7- Since B lifts to a concatenation
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of loops in X this shows that trj takes homology to homology and therefore
descends to a map of Jacobians, again a holomorphic homomorphism because
it is induced by a linear map of the ambient complex spaces. This defines the
reverse map of Jacobians in terms of differentials.

Definition 6.2.3. The reverse map of Jacobians is the holomorphic homo-
morphism induced by composition with the trace,

h’ : Jac(Y) — Jac(X), R[] = [ o try].

Writing elements of Jac(Y') as sums of integrations per Abel’s Theorem,
the summed reverse change of variable formula (6.6) shows that the reverse
maps of Jacobians transfers integration modulo homology from Y to X by
pulling back the limits of integration with suitable multiplicity,

h"(Zny/:FZnyx hZ()e/ (6.7)

We return to the example where X = C/A and Y = C/A’ are complex
elliptic curves and h is a nonconstant holomorphic map, h(z+A4) = mz+b+ A’
with m # 0 and mA C A’. The map is unramified and has degree deg(h) =
[m=1A": A]. For any w € C the point w + A’ € Y has inverse image

Rt w+A)y={mY(w—b)+t+A:tcm A /A}.
By (6.7),
hJ(/erA’ ) Z/m_l(wb)+t+/l Z/m—1w+t+/1 /Ztm_1w+t+A
044’ T J-m~lb+A 7 Jo+A 0+A

and again under the isomorphisms X — Jac(X) and Y — Jac(Y") this is

R (w+ A =Zm71w—|—t—|—/1.
t

Following this by the forward map hj(z + A) = mz + A’ from before shows
that (hyo h')(w + A') = [m™1A" : A](w + A’). That is, the composition is
multiplication by the degree of h on Y,

hyoh’ = [deg(h)].

Thus hy is the dual isogeny of A/, making h” the dual isogeny of h; in turn
as shown in Section 1.3. Consequently if h is an isogeny and h:X —Yis
an isogeny as well, then using a result from earlier in the section and a result
from Section 1.3 that taking duals of isogenies is additive,
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(h+l~l)J:(h+iL)J:hJ+BJ by (6.5)
—hy+hy by (L7) it h+h 0,
=h'+hn’

This shows that taking reverse maps of isogenies of complex elliptic curves is
additive as well.

The result hy o h’ = [deg(h)] is general: for any nonconstant holomorphic
map h : X — Y of compact Riemann surfaces, pullback followed by trace
multiplies differentials by the degree of the map (Exercise 6.2.5),

(trp o h*)(A) = deg(h)h, A€ QL,(Y). (6.8)

It follows that h; o h” is multiplication by deg(h) in Jac(Y). We will need
another consequence in Section 6.6:

Proposition 6.2.4. Let h : X — Y be a nonconstant holomorphic map of
compact Riemann surfaces. Let h. = (h*)"|u,(x,z) be the induced forward
homomorphism of homology groups,

he : Hy(X,Z) — Hy (Y, Z), h*(za:na/a) :Za:na/

Then h.(H1(X,Z)) is a subgroup of finite index in Hy(Y,Z). If V is a subspace
of 2L ,(Y) then the restriction h.(H1(X,Z))|v is a subgroup of finite index
in Hy(Y,Z)|v

Proof. Using (6.8) at the last step, compute that

he(Hi(X, Z)) 5 ((R7)" o tr) (H (Y, Z))
= (trp 0 )" (H1(Y, Z)) = deg(h)H1(Y, Z).

Therefore Hy(Y,Z)/h.(H1(X,Z)) is a quotient of (Z/deg(h)Z)?9. If V is
a subspace of 2} (V) then the restriction Hy(Y,Z) — Hi(Y,Z)|y is a
surjection, and (Exercise 6.2.6) [H1(Y,Z)|y : h.(H1(X,Z))|v] is at most
[H1(Y,Z) : h.(H1(X,Z)))]. 0

To complete the program of this section we need to describe the reverse
map of Picard groups. This is easy. The pullback h* : C(Y) — C(X)
transfers functions backwards. The earlier formula v, (h*g) = e,Vp(z)(g) for
g € C(Y) gives

div(h*g) Z exVi(z)(9)T = Z vy(9) Z €yT.
Y z€h—1(y)

That is, the pullback takes }-, vy (9)y to 3°, vy(9) Xopepn-1(y) €2 at the level
of principal divisors. The map on general divisors that extends this,
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R : Div(Y) — Div(X), hD(Znyy) = Zny Z €xT,

zeh=1(y)

is again a homomorphism taking degree-0 divisors to degree-0 divisors (Exer-
cise 6.2.7(a)), taking principal divisors to principal divisors since by its defi-
nition AP (div(g)) = div(h*g), and therefore descending to divisor classes.

Definition 6.2.5. The reverse map of Picard groups is the homomorphism

R : Pic®(Y) — Pic?(X), hP[Znyy] = [Zny Z ex].

zeh~1(y)

As with forward maps this correlates via Abel’s Theorem to the descrip-
tion (6.7) of A/ so that a diagram commutes:

.
Pic? (V) —— Pic®(X)

L

Jac(Y) SEN Jac(X).

Again this means that we could have defined either of k7 and h¥ in terms of
the other, but doing so would either leave h” dependent on complex analysis
or lose the information that h” is holomorphic. It is easy to show that the
composite hp o h? multiplies by deg(h) in Div(Y") (Exercise 6.2.7(b)), and so
the result that hpoh? multiplies by deg(h) in Pic’ (V") holds without reference
to Jacobians.

The compact Riemann surfaces in this book other than complex elliptic
curves are the modular curves. The next section will discuss maps between
their Jacobians as well.

Returning to Versions X¢ and J¢ of the Modularity Theorem, we already
know that Version Jc implies Version X¢. Conversely, let E be a complex
elliptic curve with j(E) € Q and let h : Xo(IN) — E be the map guaran-
teed by Version X¢. Then hy : Jo(IN) — Jac(F) is the necessary map for
Version Jg, remembering that E is naturally isomorphic to its Jacobian. The
map surjects since hy o h” is multiplication by deg(h), a surjection.

The myriad functorial adornings of the letter h in this section (see Exer-
cise 6.2.8) only serve as irritants once the ideas are clear. When we move from
complex analysis to algebraic geometry in later chapters, forward and reverse
maps will just be denoted h, and h*.

Exercises

6.2.1. (a) Show that if h : X — Y is a nonconstant holomorphic map of
compact Riemann surfaces and g € C(Y') then v, (h*g) = exVp(y)(g) at any
point z € X.
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(b) Show that the pullback h*X of a holomorphic differential A on Y sat-
isfies the compatibility condition on X.

6.2.2. (a) Show that the norm function defined in the section is meromorphic.
(A hint for this exercise is at the end of the book.)

(b) Show that if f € C(X) then vy(normpf) = > cp-1(,) va(f) at any
point y € Y.

6.2.3. Show that the map hp is a homomorphism and takes degree-0 divisors
to degree-0 divisors.

6.2.4. This exercise extends the trace holomorphically from Y” to all of Y.
Part (a) gives an intrinsic argument and part (b) gives a lower-powered argu-
ment using local coordinates. Fill in details.

(a) Every path § in Y’ has d lifts v in X’. By definition of the trace,
Jstrnw =30 [Lwforw € 2L (X). Let U C Y be homeomorphic to a disk

and contain only one point y € h(£), and let U =0U0- {y} C Y'. Any loop
£ in U’ lifts to fewer than d loops « in h™ (U) Each connected component
of h=!(U) is homeomorphic to a disk and so [;tryw = 3, [, w = 0. This

shows that integrating trjw is path-independent in U'. Let w(y) = fgy trp, (w)

where g is any point in U’. Then w is holomorphic on U "and dw = trpw. The
expression w(y) = _, fv w shows that w is bounded on U’ and hence extends

holomorphically to U. Therefore so does try,.

(b) Let y € h(&) be the image of an exceptional point. Suppose first that
the ramification of h over y is total, i.e., h™1(y) is a single point = with
e, = deg(h). In suitable local coordinates the map about z is r = h(q) = ¢°
(where e = e,) on some disk V about ¢ = 0. For any nonzero ro € h(V) let

( )1/ez{r:\r—r0|<|r0|}—>V

denote a holomorphic branch of the eth root function so that the local inverses
of h about 7 are all of the branches, h; ' = pi( )/¢ for i =0,...,e — 1. Let
w = f(q)dq on V. Then the trace on h(V)\{0} is

1
trw = Zf i 1/6 z 1/6 _ - Zf i 1/6 rl/efldr.

If f has power series expansion f(gq) =Y .-, a,g" then rearranging a double
sum shows that locally

o0

trpw = Z A(mt1)e—17"" dr,

m=0

and this is holomorphic at 7 = 0. In the general case where h~!(y) contains
more than one point x, each with its ramification degree e,, carrying out this
process at each x and summing the results shows that trpw extends holomor-
phically to y.
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6.2.5. Prove formula (6.8).

6.2.6. Let 7 : G — m(G) be a group homomorphism and let H be a subgroup
of G. Show that [7(G) : n(H)] < [G : H].

6.2.7. (a) Show that the map h” is a homomorphism and takes degree-0
divisors to degree-0 divisors.
(b) Show that the composition hp o h? multiplies by deg(h) in Div(Y).

6.2.8. Briefly summarize the relations among h, h,, h*, normy, try, hy, h’,
hD, hD, hp, and hP.

6.3 Modular Jacobians and Hecke operators

The double coset operators from the beginning of Chapter 5 lead naturally
to maps between Jacobians of modular curves. In particular, letting J; (V)
denote the Jacobian associated to the group I't (N),

J1(N) = Jac(X1(N)),

the Hecke operators act naturally on J; (V). This section explains these ideas.

Recall the double coset operator from Section 5.1: Let I and I be con-
gruence subgroups of SLy(Z) and let o € GL3 (Q). Set I3 = a~'Ian Iy,
and take representatives {72 ;} such that I3\I> = |J; I’372,;. Then {8;} =
{ay2,;} are in turn representatives such that Inals = J I4 B;. Also letting
Iy = alza™! = I Nalsa™! gives the configuration

~

I I I} I

where the group isomorphism is v — aya~' and the other arrows are in-

clusions. The groups have modular curves X;, Xo, X3, and X}, and their
corresponding configuration is

T2 ~

T

Xo

X3 X5 X1
where the modular curve isomorphism is I3 — [ja(7), denoted a. Each

point of X5 is taken back by 7 oo 7r51 to a multiset of points of X7,

Lor 72 { Ty (7))~ {13 (r)} —s {1055 (r),

where 75 ! takes a point to its overlying points, each with multiplicity accord-
ing to its ramification degree, 7, '(z) = {e, -y : y € X3, m2(y) = x}. This
leads to an interpretation of the double coset operator as a reverse map of
divisor groups,
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[Fl()(FQ]Q : DlV(Xg) — DiV(X1)7

the Z-linear extension of the map Ib7 — > . IG;(7) from Xo to Div(Xy).
Using the language of the previous section, we now recognize all of this as
saying that the double coset operator on divisor groups is a composition of
forward and reversed induced maps, [Iials]s = (m1)poapo 772D. It therefore
descends to the corresponding map of Picard groups, denoted by the same
symbol,

[Maly)s = (m1)p oapond : Pic’(Xy) — Pic’(X1),

given by

[FlaFQ]QI:ZnTFQT} = [ZnTZFlﬁJ(T)]

To rephrase this in terms of Jacobians and modular forms, let I" be a
congruence subgroup of SLs(Z). By Section 3.3 the holomorphic differentials
2L (X (I')) and the weight 2 cusp forms Sy(I") are naturally identified—every
cusp form f describes a holomorphic differential w(f) (essentially f(7)dr but
suitably defined on X (I")) and every holomorphic differential takes the form
w(f) for some cusp form f. That is, w : So(I') — 2} ,(X(I")) is a linear
isomorphism. The dual spaces are consequently identified as well under w”,

S(0)" = w" (ot (X(1)").

In the modular context, let Hy (X (I"),Z) denote the corresponding subgroup
of So(I')", what would be denoted w”(Hy(X(I'),Z)) in the language of dif-
ferentials. It is natural to redefine the Jacobian of X (I") as a quotient of the
dual space of weight 2 cusp forms,

Definition 6.3.1. Let I be a congruence subgroup of SLy(Z). The Jacobian
of the corresponding modular curve X (I) is

Jac(X () = S3(I)" /Hi(X(I'), Z).

Under this change of terminology the induced maps of the previous section
need to be rephrased in terms of functions rather than differentials. Let X
and Y be the modular curves associated to congruence subgroups 'y and I'y
of SLy(Z). Let o € GL (Q) be such that al'ya™' C Iy, and consider the
corresponding holomorphic map,

h: X —Y, hIx7) = I'ya(r). (6.9)

The weight-2 operator on functions is compatible with the pullback on differ-
entials in the sense that the following diagram commutes (Exercise 6.3.1(a)):
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[o]2
SQ(FY) —_— S2(FX)

WJ JWX (6.10)

Qlllol(y) ‘Q}llol (X) .
The induced forward map on dual spaces correspondingly becomes
hi : So(Ix)" — So(Iy)", hep = @ o[als.

Similarly, if al'ya™"\I'y = J; al'xa™yy,; then the following diagram com-
mutes (Exercise 6.3.1(b)):

Zj['YY,j]Q
So(I'x) —— S2(Iy)

W"J lw (6.11)

tr
Qlllol (X) - lelol(X)'

Letting try, also denote the top map, the induced reverse map on dual spaces
is thus

try : Sa(Iy) — SaIx)",  trp =10 [yl

J

By the compatibilities shown here, h, and trj descend to maps of Jacobians,
denoted h; and h’ as before.

Recall from Section 5.1 that the double coset operator on divisor groups
corresponds to the double coset operator on modular forms, in our case of
weight 2 cusps forms

[Maly)y : Sa(Ih) — Sa(ln),  flhale =Y f[B)la-
J

Its pullback is denoted by the same symbol,
[Flafg]g . SQ(FQ)/\ — SQ(Fl)/\, [Floé.rg]gf = f[FlaFQ}Q.

As with the divisor map, we now recognize this as a composition of induced
maps, [[1al ]y = (m1). o otry , and this operator correspondingly descends
to a composition of maps of Jacobians. That is, the double coset operator on
Jacobians is

[FlOéFQ]Q = (’/Tl)J oo 71'5] : Jac(Xg) — Jac(Xl),
where again letting brackets denote equivalence classes modulo homology,

[Maly)s] = [y o [[alb]s] for ¢ € Sa(I)".
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To summarize, the double coset operator acts on Jacobians as composition
with its action on modular forms in the other direction.

The Hecke operators are special cases of the double coset operator.
For p prime the Hecke operator T, on Sy(I1(N)) is [I1(N) [§ 5] I1(N)]2,
and similarly for I'H(N). For d relatively prime to N the Hecke operator
(d) on Sy(I'(N)) is [I1(N)al1(N)] for any o = [28] € IH(N) with
d = d (mod N). This proves

Proposition 6.3.2. The Hecke operators T = T,, and T = (d) act by compo-
sition on the Jacobian associated to I't(N),

T:J1(N) — Ji(N), [¢] = [poT] for ¢ € So(I1(N))",
and similarly for T,, on Jo(N).

Recall from Section 1.5 and Section 5.2 that when the double coset oper-
ator is specialized to T}, the group Iy becomes I')(N,p) = I''(N) N I'°(p),
its modular curve X3 is denoted XV(N,p), and the maps 7 and 7 o «
from X{(N,p) to X1(N) are

m(IY(N,p)7) = I1(N)7,  (m0a)(IT(N,p)7) = I1(N)(7/p).

The discussion here thus describes T, explicitly as a pullback followed by a
pushforward,
T,=(moa)jomy : J;(N) — J;(N).

Similarly for the diamond operator, letting any a € I'h(N) also denote the
self-map I't (N)7 — I (N)a(r) of X1(N),

(d) =ay:J1(N) — J1(N), a=[2%] € IH(N), §=d (mod N).

Again as in Section 5.1, when Iy D I3 and « = I, the maps of curves in
the double coset operator configuration collapse to

m:Xo — X1
The discussion earlier shows that the forward map on dual spaces is restriction,
7o 2 So(I2)" — So(11)7, Tetp = Qls, (1)
This descends to Jacobians,
g Jac(Xp) — Jac(Xy), mrle] = [ols, ()l

Especially when It = I(N) and Iy = I'71(N) this shows that restriction
induces a natural surjection from J;(N) to Jo(IN). We will cite this fact at
the end of Section 6.6.
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Exercise

6.3.1. (a) Show that diagram (6.10) commutes. (A hint for this exercise is at
the end of the book.)
(b) Show that diagram (6.11) commutes.

6.4 Algebraic numbers and algebraic integers

To prepare for applying the results of the previous section, this section sketches
the requisite basics of algebraic number theory for the reader who is not
familiar with them.

A complex number « is an algebraic number if o satisfies some monic
polynomial with rational coefficients,

p(a) =0, px)=z"+cz" '+ Fcn c1,...,c0€Q.

Every rational number r is algebraic since it satisfies the polynomial = — r,
but not every algebraic number is rational, for example either complex square
root of a rational number r satisfies the polynomial 22 — r. Complex numbers
expressible over Q in radicals are algebraic, for example y,, = e2™/", but the
converse is not true.

The algebraic numbers form a field, denoted Q. This is shown as follows.

Theorem 6.4.1. Let o be a complex number. The following conditions on «
are equivalent:

(1) a is an algebraic number, i.e., a € Q,
(2) The ring Qla] is a finite-dimensional vector space over Q,
(3) « belongs to a ring R in C that is a finite-dimensional vector space over Q.

Proof. (1) = (2): Let « satisfy the polynomial 2™ + " b+,

with ¢1,...,¢, € Q. Then o™ = ZZ 0 Cn—iQ", so the complex vector space
generated by the powers {1,q,...,a" 1} also contains a”. Similarly a"*! =
- ZZ o Cn—ia' L, 1 showing that a™*! is in the space, and so on by induction

for all higher powers of a.

(2) = (3) is immediate.

(3) = (1): Let the ring R have basis ¢1,...,9, as a vector space
over Q. Then multiplying each g; by « gives a rational linear combination
of the generators, ag; = Z?:l cijg;- Letting g denote the column vector
with entries g;, this means that ag = Mg where M is the n-by-n rational
matrix with entries ¢;;. Thus o is an eigenvalue of M, meaning it satisfies the
characteristic polynomial of M, a monic polynomial with rational coefficients.

O

Condition (3) in the theorem easily proves
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Corollary 6.4.2. The algebraic numbers Q form a field.

Proof. Let o and 8 be algebraic numbers. Then the rings Q[a] and QJS]
have respective bases {a’ : 0 < i < m} and {7 : 0 < j < n} as vector
spaces over Q. Let R = Q[a, §], spanned as a vector space over Q by the
set {a'37 : 0 < i< m,0<j < m}. Then a + 3 and af belong to R,
making them algebraic numbers by condition (3) of the theorem. If o # 0
then its polynomial p(z) can be taken to have a nonzero constant term ¢,
after dividing through by its lowest power of z. The relation p(a) = 0 is
a t = (p(a) — cn)/(—cna) € Qla], making a~! an algebraic number by
condition (3) as well. 0

If o and (8 are algebraic numbers satisfying the monic rational polynomials
p(z) and ¢(z) then the proofs of Corollary 6.4.2 and of (3) == (1) in
Theorem 6.4.1 combine to produce the polynomials satisfied by o+ 3 and af
and 1/« if a # 0. The theory of resultants provides an efficient algorithm to
find these polynomials (see Exercise 6.4.1).

One can now consider complex numbers « satisfying monic polynomials
with coefficients in Q. But in fact Q is algebraically closed, meaning any such «
is already in Q. The proof again uses condition (3) in the theorem.

Corollary 6.4.3. The field Q of algebraic numbers is algebraically closed.

Proof. (Sketch.) Consider a monic polynomial 2" + ¢;z"~! + --- + ¢, with
coefficients ¢; € Q and let a be one of its roots. Since each ring Qlc;] is a
finite-dimensional vector space over Q, so is the ring R = Qlcy,...,c,]. Let
R’ = Rla]. If {v; : 1 <i < m} is a basis for R over Q then

{viad :1<i<m,0<j<n}

is a spanning set for R’ as a vector space over Q. (This set is not necessarily
a basis since o might satisfy a polynomial of lower degree.) Now condition (3)
of the theorem shows that a € Q. a

Definition 6.4.4. A number field is a field K C Q such that the degree
K : Q] = dimq(K) is finite.

The ring of integers Z in the rational number field Q has a natural analog
in the field of algebraic numbers Q. A complex number « is an algebraic integer
if « satisfies some monic polynomial with integer coefficients. The algebraic
integers are denoted Z. The algebraic integers in the rational number field Q
are the usual integers Z (Exercise 6.4.3), now called the rational integers.
Every algebraic number takes the form of an algebraic integer divided by a
rational integer (Exercise 6.4.4). Similarly to Theorem 6.4.1 and its corollaries
(Exercise 6.4.5),

Theorem 6.4.5. Let a be a complex number. The following conditions on «
are equivalent:
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(1) a is an algebraic integer, i.c., a € Z,
(2) The ring Z[«] is finitely generated as an Abelian group,
(3) « belongs to a ring R in C that is finitely generated as an Abelian group.

Corollary 6.4.6. The algebraic integers Z form a ring.

Corollary 6.4.7. The algebraic integers form an integrally closed ring,
meaning that every monic polynomial with coefficients in Z factors down to
linear terms over 4, i.e., its roots lie in Z.

Definition 6.4.8. Let K be a number field. The number ring of K is the
ring of algebraic integers in K,

OKZZQK.

We need a few more results from algebraic number theory, stated here
without proof. Every number ring Ok is a free Abelian group of rank [K : Q].
That is, letting d = [K : Q], there is a basis {a1,...,aq4} C Ok such that Ok
is the free Abelian group

Ok =Zo1 D --- P Zay.

There exist d nonzero field homomorphisms from K to C. These have triv-
ial kernel, making them embeddings o1,...,04 : K < C, and they fix the
rational field Q elementwise. The d-by-d matrix

o1 T4
al ... al

has nonzero determinant.

Every embedding o : K < C extends (in many ways) to an automorphism
o : C — C. Conversely every such automorphism restricts to an automor-
phism o : Q — Q of the algebraic numbers that takes the algebraic integers
Z to Z, and this automorphism further restricts to an embedding of K in Q
that injects Ok into Z. The only algebraic numbers that are fixed under all
automorphisms of C are the rational numbers Q. After this we will be casual
about distinguishing between maps o as embeddings of K, as automorphisms
of C, or as automorphisms of Q.

Exercises

6.4.1. Recall from algebra that if f(x) = ap2™ + a12" ' + -+ + a,, and
g(z) = boz™ + bzt + -+ + b, then their resultant R(f(x),g(z), ) is the
determinant of their Sylvester matriz
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ao al ...... am T
apg ay ... ... (079
M= by by -+ by
bo b1 b
I bo by ... by |

(n staggered rows of a;’s, m staggered rows of b;’s, all other entries 0). The
resultant eliminates x, leaving a polynomial in the coefficients that vanishes
if and only if f and g share a root. Let p(z) and ¢(x) be monic polynomials
in Q[xz]. Consider the resultants

(j(t>u) = R(p(s),u —s5—1 5)7 T(u) = R(d(t’u)a Q(t)§t)'

Show that if @ and (§ satisfy the polynomials p and g then « + 0 satisfies the
polynomial r. Similarly, find polynomials satisfied by o8 and 1/« if « # 0.
(A hint for this exercise is at the end of the book.)

6.4.2. Use the methods of the section or of Exercise 6.4.1 to find a monic
integer polynomial satisfied by v/2 + ps.

6.4.3. Show that Z N Q = Z. (A hint for this exercise is at the end of the
book.)

6.4.4. Show that every algebraic number takes the form of an algebraic integer
divided by a rational integer. (A hint for this exercise is at the end of the book.)

6.4.5. Prove Theorem 6.4.5 and its corollaries.

6.5 Algebraic eigenvalues

Returning to the material of Section 6.3, recall the action of the weight-2
Hecke operators T' = T, and T = (d) on the dual space as composition from
the right,

T:S(I(N)" — S(I1(N)",  p=rgol,

and recall that the action descends to the quotient J;(NN). Thus the oper-
ators act as endomorphisms on the kernel Hy(X;(N),Z), a finitely gener-
ated Abelian group. In particular the characteristic polynomial f(z) of T},
acting on Hi(X;(N),Z) has integer coefficients, and being a characteristic
polynomial it is monic. Since an operator satisfies its characteristic poly-
nomial, f(T,) = 0 on Hy(X1(N),Z). Since T, is C-linear, also f(T,) = 0
on S(I(N))" and so f(T,) = 0 on Sy(I1(N)). Therefore the characteris-
tic polynomial of T, on Sa(I1(N)) divides f(x) and the eigenvalues of T,
satisfy f(x), making them algebraic integers. Since p is arbitrary this proves
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Theorem 6.5.1. Let f € So(I'1(N)) be a normalized eigenform for the Hecke
operators T,,. Then the eigenvalues a,(f) are algebraic integers.

To refine this result we need to view the Hecke operators as lying within
an algebraic structure, not merely as a set.

Definition 6.5.2. The Hecke algebra over Z is the algebra of endomor-
phisms of So(I'1(N)) generated over Z by the Hecke operators,

Tz = Z[{T},, (n) : n € ZT}].
The Hecke algebra Tc over C is defined similarly.

Each level has its own Hecke algebra, but N is omitted from the notation
since it is usually written somewhere nearby. Clearly any f € Sa(I1(N)) is an
eigenform for all of T¢ if and only if f is an eigenform for all Hecke operators
T, and (d).

For the remainder of this chapter the methods will shift to working with
algebraic structure rather than thinking about objects such as Hecke oper-
ators one at a time. In particular modules will figure prominently, and so
in this context Abelian groups will often be called Z-modules. For example,
viewing the Z-module Tz as a ring of endomorphisms of the finitely generated
free Z-module H;(X;(N),Z) shows that it is finitely generated as well (Ex-
ercise 6.5.1). Again letting f(7) = >_7~, an(f)g" be a normalized eigenform,
the homomorphism

)\f:']I'z—>C, TfZ)\f(T)f

therefore has as its image a finitely generated Z-module. Since the image
is Z[{a,(f) : n € Z"}] this shows that even though there are infinitely many
eigenvalues a, (f), the ring they generate has finite rank as a Z-module. More
specifically, letting

If = ker()\f) = {T €Ty : Tf = O}
gives a ring and Z-module isomorphism (Exercise 6.5.2)
Tz/I; — Z[{an(f)}]- (6.12)

The image ring sits inside some finite-degree extension field of Q, i.e., a number
field. The rank of Tz/I; is the degree of this number field as an extension

of Q.

Definition 6.5.3. Let f € Sa(I1(N)) be a normalized eigenform, f(r) =
>0 L ang™. The field Ky = Q({an}) generated by the Fourier coefficients
of f is called the number field of f.
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The reader is referred to William Stein’s web site [Ste] and John Cremona’s
tables [Cre97] for examples.

Any embedding ¢ : Ky < C conjugates f by acting on its coeflicients.
That is, if f(7) =Y., ang™ then notating the action with a superscript,

for)=> a5
n=1

In fact this action produces another eigenform.

Theorem 6.5.4. Let f be a weight 2 normalized eigenform of the Hecke oper-
ators, so that f € So(N, x) for some N and x. Let Ky be its number field. For
any embedding o : Ky < C the conjugated f is also a normalized eigenform
in So(N, x7) where x°(n) = x(n)?. If f is a newform then so is f°.

The proof will require two beginning results from commutative algebra, so
these are stated first.

Proposition 6.5.5 (Nakayama’s Lemma). Suppose that A is a commu-
tative ring with unit and J C A is an ideal contained in every mazximal ideal
of A, and suppose that M is a finitely generated A-module such that JM = M.
Then M = {0}.

Proof. Suppose that M # {0} and let my, ..., m, be a minimal set of gen-
erators for M over A. Since JM = M, in particular m,, € JM, giving it the
form m, = aimi + --- + a,m, with all a; € J. Thus

(I—an)m, =a1mi+ -+ Gn_1Mp_1.

But 1 — a,, is invertible in A, else it sits in a maximal ideal, which necessarily
contains a,, as well and therefore is all of A, impossible. Thus mq, ..., my_1
is a smaller generating set, and this contradiction proves the lemma. (]

Again suppose that A is a commutative ring with unit and J C A is an
ideal, and suppose that M is an A-module and a finite-dimensional vector
space over some field k. The dual space M" = Homy (M, k) is an A-module
in the natural way, ap = g oa for a € A and ¢ € M" (ie., (ap)(m) =
w(am) for m € M), and similarly for (M/JM)". Let M[J] be the elements
of M annihilated by J, and similarly for M”[J]. Then there exist natural
isomorphisms of A-modules (Exercise 6.5.3)

(M/JM) = M"J], M")JM" = M[J)". (6.13)
Now we can prove Theorem 6.5.4.

Proof. The Fourier coeflicients {a, } are a system of eigenvalues for the opera-
tors T,, acting on So(I'1(N)). We need to show that the conjugated coefficients
{a%} are again a system of eigenvalues.
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As explained at the beginning of the section, the action of Tz on Sy (11 (N))
transfers to the dual space S2(I'1(IN))" as composition on the right and
then descends to the Jacobian J;(IV), inducing an action on the homol-
ogy group Hi(X;:(N),Z). This Z-module is free of rank 2g where g is the
genus of X;(N) and the dimension of Sy(I7(N)). Take a homology basis
{p1,..,p2g} T So(I1(N))", so that

Hi(X1(N),Z) =Zp1 @ - @ Zpay.

With respect to this basis, each group element Zji 1 Njp; is represented as
an integral row vector ¥ = [n,]| € Z29 and each T € Tgz is represented by an
integral 2¢-by-2¢ matrix [T'] € My, (Z), so that the action of T' as composition
from the right is multiplication by [T,

il (6.14)

This action of Tz extends linearly to the free C-module generated by the set
{¢1,..., P24}, the 2g-dimensional complex vector space

V:Cgol@@CgoQg

Each element (2191, ..., 22424) is represented by a complex row vector ¥ =
[z;] € C?9, and the action of each T is still described by (6.14). Suppose
{MT) : T € Tz} is a system of eigenvalues of Tz on V, i.e., some nonzero
7 € C?9 satisfies

O[T = NT)v, T € Tg.

Let ¢ : C — C be any automorphism extending the given embedding
o : Ky < C. Then o acts on ¥ elementwise and fixes the elements of each
matrix [T] since it fixes Q. Thus

v7[T] = (@[T])7 = (MT)0)” = MT)707, T € Tg,

showing that if {\(T") : T € Tz} is a system of eigenvalues on V then so is
{MT)? : T € Tz}. To prove the theorem, this result needs to be transferred
from V to SQ(Fl(N))

For convenience, abbreviate Sz (I (V) to Sa for the duration of this proof.
The space Sz is isomorphic as a complex vector space to its dual space

S = Gy +-+ Cgy,

The dual space is not V but a g-dimensional quotient of V' under the map
(2101, - - -, 22g4p29) + > 2jj. The map has a g-dimensional kernel because
the {¢;} are linearly independent over R but dependent over C. The proof
will construct a complementary space @ isomorphic to Ss such that V is
isomorphic to the direct sum S5 ©S5 as a Tz-module and therefore the desired
result transfers to the sum, and then the proof will show that the systems of
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eigenvalues on the sum are the systems of eigenvalues on Ss, transferring the
result to S as necessary.

To construct the complementary space, recall the operator wy = [[ _ J(\), (1)N2
from Section 5.5, satisfying the relation wyT = T*wy for all T € Tz where as
usual T is the adjoint of T'. For any cusp form g € S, consider an associated
map v, from cusp forms to scalars,

Yg:S2 — C, hg(h) = (wng, h).

Then ,(h 4+ h) = t,(h) + 1hy(h) but since the Petersson inner product is
conjugate-linear in its second factor,

Yg(zh) = z4(h), ze€ C.

Thus 14 belongs to the set @ of conjugate-linear functions on Sy, the complex
conjugates of the dual space 8§ (Exercise 6.5.4). This set forms a complex
vector space with the obvious operations. It is immediate that ¥y, 5 = 14+ 15
and 1,4 = 21, for g,g € Sz and z € C, and therefore the map

VS, — Sp, g by,

is C-linear. It has trivial kernel, making it an isomorphism. The vector space
S5 is a Tz-module with the Hecke operators acting from the right as compo-
sition, and the linear isomorphism ¥ is also Tz-linear since

Yrg(h) = (wnTg,h) = (T"wng, h) = (wng,Th) = (g o T)(h).

That is, Sp and 872/\ are isomorphic as complex vector spaces and as Tz-
modules. In particular, every system of eigenvalues {\(T') : T € Tz} on Ss is
a system of eigenvalues on Sié\ and conversely.

Also, every system of eigenvalues on Sy is a system of eigenvalues on
the dual space S5 and conversely. To see this, let f € S be a normalized
eigenform. Similarly to before there is a map

)\f:Tc—>C, TfZ)\f(T).

(We need the complex Hecke algebra T¢ in this paragraph.) Let J; =
ker(A\f) = {T' € T¢ : Tf = 0}, a prime ideal of Tc. An application of
Nakayama’s Lemma shows that J;Ss # Sy (Exercise 6.5.5), making the quo-
tient Sy/J ¢S nontrivial. It follows that the subspace of the dual space anni-
hilated by Jy,

S3Jfl={p eS8 :poT =0forall T € Js},
is nonzero since it is isomorphic to (S2/J;S2)" by the first isomorphism

in (6.13). Since T is the identity operator, T'— A¢(T)Ty € Jy for any T € T,
and so any nonzero ¢ € S3'[Jy] satisfies
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poT =po(T=A(T)T1) + Ap(T)p = Ap(T)p, T € Tc.

Restricting our attention to Tz again, this shows that {A¢(T) : T € Tz} is a
system of eigenvalues on S2' as claimed. The converse follows by replacing Sa
and 8% with their duals, since the finite-dimensional vector space Sy is natu-
rally isomorphic to its double dual as a Tz-module. Thus the cusp forms S
and the sum 85 @ @ have the same systems of eigenvalues.

Consider the C-linear map

V— 85 @g, (21015 - - -5 22g4P2g) — (sz<ﬁjazzj@j)~

This is also a Tz-module map since ¢; 0T = @; o T. The map has trivial
kernel since if 3~ zjp; = 0in S5 and 3 z;¢; = 0 in S5 then both 3~ z;p; = 0
and > zZ;p; = 0in 82, ie., Y Re(z;)p; =0 and > Im(z;)¢; = 0 in 85'; but
the {¢;} are linearly independent over R, so this implies z; = 0 for all j.
Since the domain and codomain have the same dimension the map is a linear
isomorphism of Tz-modules. The result that if {\(T) : T € Tz} is a system
of eigenvalues then so is {\(T)? : T € Tz} now transfers from V to S§ @& S}
and then to Sy. Thus if f(7) = > a,¢™ is a normalized eigenform in Sy(N, x)
then its conjugate f7(7) = > a%¢™ is a normalized eigenform in Sy(N, x7) as
desired.

It remains to prove the last statement of the theorem, that if f is a newform
then so is f?. By Theorem 5.8.3, f7 takes the form f7(7) = >, a;fi(n7)
where each f; is a newform at level M; with n;M; | N. (Note that this uses
only the part of that theorem that we have proved, that the set of such f;
spans Sa(I1(N)).) Let 7 = 0= : C — C, an extension of another embedding
7 : Ky = C. Then f = (f7)" = >, a] f7(ny7). If f7 is not new then by
Exercise 5.8.4 it is old and all M; are strictly less than N. Since each f] is
also a modular form at level M; this shows that f is old as well. The result
follows by contraposition. ]

Linearly combining the normalized eigenforms gives modular forms with
coefficients in Z.

Corollary 6.5.6. The space Sa(I't(N)) has a basis of forms with rational
integer coefficients.

Proof. Let f be any newform at level M where M | N. Let K = K be the
number field of f. Let {aq,...,aq} be a basis of Ok as a Z-module and let
{01,...,04} be the embeddings of K into C. Consider the matrix from the
end of the previous section and the vector

. a(17d fal
A= : 5 f: : 5

. agd fﬂd
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and let §= Af, ie.,
d
9i ZZafjf"-f, i=1,...,d.
j=1

Then span({g1,...,g4}) = span({f°',..., f°?}) since A is invertible. Each g;
takes the form g;(7) = Y, an(gi)¢" with all a,(g;) € Z. For any automor-
phism ¢ : C — C, as o0; runs through the embeddings of K into C so
does ojo (composing left to right), and so

d

g7 = a7 f7 =g.

j=1

That is, each an(g;) is fixed by all automorphisms of C, showing that
each a,(g;) lies in Z N Q = Z. Repeating this argument for each newform f
whose level divides IV gives the result. O

Exercises

6.5.1. Let M be a free Z-module of rank r. Show that the ring of endomor-
phisms of M is a free Z-module of rank 72, and so any subring is a free
Z-module of finite rank.

6.5.2. Let f € S2(I1(N)) be a normalized eigenform. Thus f € Sa(N,x)
for some Dirichlet character x : (Z/NZ)* — C* and A\f((d)) = x(d) for all
d € (Z/NZ)*. Show that there is a ring and Z-module isomorphism Tz /I; —
Z[{an(f),x(d)}]. Show that adjoining the x(d) values is redundant, making
(6.12) in the text correct. (A hint for this exercise is at the end of the book.)

6.5.3. Prove the isomorphisms (6.13). (A hint for this exercise is at the end
of the book.)

6.5.4. Let V' be any complex vector space with dual space V. Show that
the set VA = {p : ¢ € V"} is the set of functions ¢ : V' — C such that
P +v") =) + ) and Y(zv) = Z(v) for all v,0" € V and z € C.

6.5.5. Let J¢, Tc, and Sy be as in the proof of Theorem 6.5.4. Show that
Jy is a prime ideal. Define the local ring of Tc at Jy as a set of equivalence
classes of formal elements

A:{T/UITGTC,UETC*J}«}/N
where the equivalence relation is

T/U~T'/U" it V(UT-UT")=0 for some nonzero V € T¢ — J;.
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Show that “~” is indeed an equivalence relation and that consequently the
local ring is a ring under the usual rules for manipulating fractions,

T/U+T U = U'T+UT)/UU), (T/U)-(T'JU) = (TT")/(UU"),

taken at the level of equivalence classes. Show that the ideal J = J¢A is the
unique maximal ideal in the localization. Similarly define the local module
of Sz at Jy as a set of equivalence classes for formal elements

M={g/U:9g€ 8, UecTc—Js}/~
where the equivalence relation is
g/U~g' /U if V(Ug—Ug)=0 for some nonzero V € Tc — J;.

Show that this is an equivalence relation and that consequently the local
module is an A-module under the rules

g/U+¢' /U =U'g+Ug)/(UU'), (T/U)-(9/U") = (Tg)/(UU'),

again at the level of equivalence classes. Show that M # {0}, so by Nakayama’s
Lemma JM # M. Show that therefore J;Sy # So.

6.6 Eigenforms, Abelian varieties, and Modularity

This section decomposes the Jacobian J; (N) into a direct sum of complex tori
associated to newforms, and similarly for Jo(N). The resulting restatement of
the Modularity Theorem associates a newform to an elliptic curve.

Studying complex tori requires some preliminary results on tensor products
of Abelian groups and fields. For the reader not familiar with this material,
the following ad hoc definition of tensor product in this special case is all we
need.

Definition 6.6.1. Given a finitely generated Abelian group G and a field k,
the tensor product G ® k is the vector space over k consisting of k-linear
sums of elements g @ k where g € G and k € k, subject to the relations

gRk+gd k= (9+9)®k,
(gok)+(gok) =g (k+F),
k(g k) =g (k).

The fields of interest in this section are C and R. For these fields, and
for any field of characteristic 0, if g is a group element of finite order n then
g®k = (ng)® (k/n) = 0® (k/n) = 0 for any k € k, and so Zg @ k = 0.
If g has infinite order then Zg ® k is the 1-dimensional vector space spanned
by g ® 1 with the usual field operations carried out in the second component.
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For a direct sum of cyclic groups the tensor product is the corresponding
direct sum of vector spaces,

(i) ek =EPG: @k).

If G is a subgroup of some vector space over k then tensoring it with k is
different from taking the k-linear combinations of its elements. The tensor
product G ® k, where linear independence over Z is preserved over k, surjects
to the vector space k - G, where linearly independent sets over Z can be
dependent over k, the surjection taking elements Y g¢; ® k; to Y k;g;. For
example, in the proof of Theorem 6.5.4 the vector space V was Hy (X1(N), Z)®
C and the proof made use of the surjection from V to S(I1(N))N = C -
H;(X1(N),Z). Similarly, Tz ® C surjects to Tc.

Lemma 6.6.2. Let G be a finitely generated Abelian group and let k be a field
of characteristic 0. Then

(a) Gk krank(G)

(b) (G/K)®@k = (Gok)/(K ®k) for any subgroup K C G.

(c) If A is a commutative ring with unit and G is an A-module then G @ k is
an A-module under the rule a(d_, ¢, ® ki) = Y, (ag;) @ k;. If J is an ideal
of A then (JG) @ k = J(G ® k).

Proof. Exercise 6.6.1. O

Now we can proceed with the material. Let f € So(I'1(My)) be a newform
at some level My and therefore an eigenform of the Hecke algebra Tz. Recall
the eigenvalue map

)\f:Tz—>C, TfZ)\f(T)f

and its kernel
If = ker()\f) = {T €Tz :Tf= 0}

As explained in the previous section, the map T — A¢(T) induces a Z-
module isomorphism from the quotient Tz /I to Z[{a,(f)}] and the latter has
rank [Ky : Q. Since Tz acts on the Jacobian J; (M), the subgroup I;J; (M)
of J1 (M) makes sense.

Definition 6.6.3. The Abelian variety associated to f is defined as the
quotient
Ay = J1(My)/TpJy (My).

By this definition Tz/I; acts on Ay and hence so does its isomorphic
image Z[{a, }]. Since A\;(T}) = a,(f) the following diagram commutes:
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J1(My) —2 3y (Mj)

J J (6.15)
an(f)

Af 4)Af.

The bottom row here is not in general multiplication by a,(f) but rather a,(f)
acting as T}, at the level of Ay, so for example if ¢ € Ay and 0 : Ky — C
is an embedding then (a,(f)¢)(f7) = ap(f)7¢(f7) by Theorem 6.5.4. The
submodule Z of Z[{a,,}], being the isomorphic image of the submodule Z + 1
of Tz/I;, does act as multiplication, so in particular if a,(f) lies in Z then
indeed it acts as multiplication by itself.

To describe how the Jacobian decomposes into Abelian varieties Ay put
an equivalence relation on newforms,

f~f < f=f° for some automorphism ¢ : C — C.
Let [f] denote the equivalence class of f,
[f] = {f° : o is an automorphism of C}.

Its cardinality is the number of embeddings o : Ky < C, and each f7 € [f]
is a newform at level My by Theorem 6.5.4. The subspace of Sa(I%(Mjy))
corresponding to f and its equivalence class is

Vi = span([f]) C Sa2(I1(My)),

a subspace of dimension [K : Q], the number of embeddings. Restricting the
subgroup Hy (X7 (My), Z) of So(I'1(My))" to functions on V gives a subgroup
of the dual space V",

Ay = Hy (X1 (My), Z) v,

Restricting to V¢ gives a well-defined homomorphism
JW(My) — Vi Ap, o] = plv, + Ap for ¢ € So(I (M)

Proposition 6.6.4. Let f € So(I'1(My)) be a newform with number field K.
Then restricting to Vy induces an isomorphism

Ap = VN Ap, @] + Ipdi(My) = @lv, + Ay for ¢ € Sa(I(Mjy))",
and the right side is a complex torus of dimension [Ky : QJ.

Proof. Let So = So(I'1(My)) and let Hy = Hy(X1(My),Z) C S§5. The Abelian
variety is
Ay = Ju(My) /11 (M) = (S5 /H1)/1(S5 /Hy)
= S /5S) + Hy) = (S5 /1;87) /(image of Hy in }/I;S5).
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But 83'/1;8 = S5[I¢]" by the second isomorphism in (6.13), and in fact the
isomorphism is the restriction map ¢ + 1385 — ¢|s, (1,) for p € S5, so now

Ay = Sl Hilsyin,), Lol + 131 (My) = @ls,yir,) + Hilsypr,-

We need to show that Sy[I¢] = Vy, and that Ay = Hy|y, is a lattice.
Clearly Vy C S3[Iy]. To show equality, consider the pairing

TC X 82 — Ca (Ta g) = al(Tg)'

This pairing is linear and nondegenerate in each component, a so-called per-
fect pairing. Linearity in each component is clear. To show nondegeneracy in
the first component, suppose T' € T and a1 (T'g) = 0 for all g € So. Then also
0=a1(TThg) = a1(T,Tg) = a,(Tg) for allm € ZT and g € S, 50 Tg =0
for all g, and T" = 0. Nondegeneracy in the second component is similar
(Exercise 6.6.2(a)). Thus the map g — (T + a1(Tg)) is a vector space iso-
morphism Sy 2 T@. The map is also a Tz-module isomorphism since (7'T, g)
and (T,T"g) both pair to a1(T"Tg) = a1(T(T"g)). Now (Exercise 6.6.2(b))

dim(Sa[I¢]) = dim(Sa[I7]") = dim(84 /1;S)) = dim(Tc/I;Tc).  (6.16)

The surjection from Tz ® C to T¢ takes elements Y. U; ® z; to Y, zU;. If
each U; € Iy then since z; = zT1 € T¢ the image lies in IyTc. Thus the
surjection descends to a surjection from (Tz @ C)/(I; ® C) to Tc¢/I;Tc, and
o (Exercise 6.6.2(b) again)

dim(S:[17)) < dim((T5 & C)/(I; £ O)) = dim((Ta/1) € C)

=rank(Tz/I) = [K; : Q) = dim(Vy).
The containment V; C Sz[I¢] and the relation dim(S[I¢]) < dim(Vy) combine
to show that Sy[If] = V} as desired.

To show that Ay is a lattice in VfA we need to establish that the R-span
of Ay is V{ and that rank(4;) < dimg(V}"). The containment S; > Vy of
vector spaces over R makes the restriction map of dual spaces 7 : S5 — Vf/\
a surjection. Since the R-span of H; is §3', the R-span of Ay = n(H;) is V}
7(84) as desired. Furthermore, taking dimensions over R (Exercise 6.6.2(b)
again),

dim(V{) = dim(Sy[I]") = dim(85 /1;S3')
= dmi(, 0 R/ 1 11 OT)
= dlm((Hl/Ile) ® R) = rank(H, /I Hy).

On the other hand, Ay = n(Hy) = Hq/(H:i Nker(w)), and Iy acts on H,
taking it into ker(7) since Vy = Sa[I¢], so [y Hy C HiNker(w). This shows that
there is a surjection Hy /Iy H, — Ay, making rank(Ay) < rank(H,/I;H;) =
dimR(Vf/\)7 and the proof is complete. O

(6.18)
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The useful equivalence relation between tori in our context is isogeny, as
in Section 1.3. Extending the definition to more than one dimension,

Definition 6.6.5. An isogeny is a holomorphic homomorphism between com-
plex tori that surjects and has finite kernel.

By Proposition 6.1.4, a holomorphic homomorphism between complex tori
C9/A, and C"/ Ay, takes the form

(p(Z+Ag):MZ+Ah, MEMh’g(C), MAgCAh.

This is an isogeny when h = g and M is invertible (Exercise 6.6.3(a)), and
now the one-dimensional argument in Chapter 1 that isogeny is an equivalence
relation extends easily to dimension g (Exercise 6.6.3(b)).

Theorem 6.6.6. The Jacobian associated to I'1(N) is isogenous to a direct
sum of Abelian varieties associated to equivalence classes of newforms,

J1(N) — @A}”f.
f

Here the sum is taken over a set of representatives f € So(I1(My)) at levels
My dividing N, and each my is the number of divisors of N/Mjy.

Proof. By Theorem 5.8.3 and Theorem 6.5.4, So(I'1(NN)) has basis

Bo(N) = JUUY 7 (n7)

f n o

where the first union is taken over equivalence class representatives, the second
over divisors of N/My, and the third over embeddings of K in C. (This relies
on the full strength of Theorem 5.8.3. The part of that theorem that we have
proved—that By (V) spans—shows that a subset of B2(N) is a basis, and this
is enough for the proof here except that the end of Theorem 6.6.6 is weakened
to “each my is at most the number of divisors of N/Mj.”) For each pair (f,n)
let d = Ky : Q] let o1, ..., 04 be the embeddings of K in C, and consider
the map
Lpfm : SQ(Fl(N))/\ — Vf/\

taking each ¢ € So(I'(NV))" to ¢ € V* where

d d
(D27 (7)) = D zmep(f7 (nr)).
j=1

Jj=1

The map takes Hy(X1(N),Z) into Ay = Hy(X1(My),Z)|v,. To see this, let
¢ = [, for some loop a in X;(N). Then correspondingly

(f(r)) = n/ fo(nT)dr = [ fo(r)dr where a(t) = na(t).
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Here the holomorphic differential w(f?(n7)) on X1 (N) is identified with its
pullback to H as in Chapter 3 and « is identified with some lift in H. Con-
sequently & is the lift of a loop in X (My) (Exercise 6.6.4), and ¥y, takes
Hi(X1(N),Z) to Ay as claimed.

Taking the product map over all pairs (f,n) gives

V=[] SN — P VE = Pi)™.
fin fin f

This surjects since if ¢ € Sa(I1(N))” picks off a basis element f7(n7), i.e.,
o(f7(n7)) = 1 and ¢ = 0 on the rest of the basis, then its image ¢ picks
off the basis element f7(7) in the copy of Vf/\ corresponding to n. Counting
dimensions shows that ¥ is a vector space isomorphism. It descends to an
isomorphism of quotients
U (N) = V)™ /@ (H(X1(N), Z)).
f
Since ¥ (H;(X1(N),Z)) C @f/l?f is a containment of Abelian groups of the

same rank, the natural surjection
m: @A™ P (H(X(N), Z) — VS /A5)™
f f
has finite kernel. By Proposition 6.6.4 there is an isomorphism

i @i/ = P AT,
!

f
and soiomoW¥: J (N) — A7 is the desired isogeny. O
m 1(N) @f f geny

For future reference in Chapter 8 we make some observations in connection
with Theorem 6.6.6 and its proof. The following diagram commutes, where p
is a prime not dividing N, the vertical arrows are the isogeny of the theorem,
and the sum on the bottom row is the sum in the theorem notated slightly
differently (Exercise 6.6.5(a)):

J(N) —2 S 3y (N)

| | 010

@Af Hf,nap(f) @Af
fin fin

Since isogeny is an equivalence relation there exists an isogeny from @f Ay
\n

back to J;(N). The following diagram commutes as well, where the vertical
arrows denote this isogeny (Exercise 6.6.5(b)):
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@4, Mo P a
fin fin

J l (6.20)

We end this chapter with a version of the Modularity Theorem involving
Abelian varieties. Since the group I'h(IV) contains I'1(N), its associated ob-
jects So(IH(N)), Xo(N), and Jo(N) are respectively a subspace, an image,
and a quotient of their counterparts for I'1(N), smaller objects in all cases.
Our practice is to develop results in the larger context of Iy (V) for general-
ity but to state versions of the Modularity Theorem in the restricted context
of I'h(NV), making them slightly sharper.

In particular, for each newform f € Sy(IH(My)) let

Al = Jo(My)/TpJo(My).

This is another Abelian variety associated to f. The proofs of Proposition 6.6.4
and Theorem 6.6.6 transfer to IH(N), showing that there is an isomorphism

AL S5 VRN where A = Hy(Xo(My), Z)|y,

and an isogeny
Jo(N) — EPap)™
f

where now the sum is taken over the equivalence classes of newforms f €
S2(Ty(M)).

In fact Ay and A’f are isogenous. By Proposition 6.2.4, Ay is a finite-index
subgroup of A’;, and thus there is a surjection from Ay to A},

whose kernel /1’f /Ay is finite, showing that there is an isogeny A; — A’f. The
purpose of introducing A} is to phrase the following version of the Modularity
Theorem entirely in terms of I'H(N). By incorporating Abelian varieties this
version associates a modular form, in fact a newform, to an elliptic curve.
The distinction between using A’ or Ay in the theorem for a newform f is
only cosmetic; what matters is that f itself lies in the smaller space associated
to I'H(NN) rather than the larger one associated to I7(N), making the theorem
more specific.

Theorem 6.6.7 (Modularity Theorem, Version Ac). Let E be a complex
elliptic curve with j(E) € Q. Then for some positive integer N and some
newform f € So(IH(N)) there exists a surjective holomorphic homomorphism
of complex tori

Y — E.
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Versions Jc and Ag are equivalent by the isogeny Jo(N) — @ A’ ™y

since each restriction A} — E of a map @f(A})mf — E is trivial or

surjects. Note that the integers N appearing in Versions Jc and Ac are not
necessarily the same: if Version Jc holds for N then Version Ac holds for
some N’ | N, while if Version Ac holds for N then so does Version Jc. Later
versions of the Modularity Theorem will specify N precisely.

The versions of the Modularity Theorem so far are designated as vari-
ants of Type C because they all involve holomorphic maps of compact Rie-
mann surfaces and complex tori. The versions in the next chapter will move
from complex analysis to algebraic geometry and change the field of definition
from C to Q.

Exercises
6.6.1. Prove Lemma 6.6.2.

6.6.2. (a) In the proof of Proposition 6.6.4, prove that the pairing Te X So —
C is nondegenerate in the second component.
(b) Justify the equalities in (6.16), (6.17), and (6.18).

6.6.3. (a) Show that a map ¢(z + A,) = Mz + A, where M € My, ,(C) and
MAy C Ay, is an isogeny when h = g and M is invertible.
(b) Show that isogeny is an equivalence relation.

6.6.4. (a) For any v € I'1(N) and any positive integer n | N/Mj, show that
—1
[R]7[63] € (M)
(b) Suppose that the path « : [0,1] — H is the lift of a loop in X7 (V).
Show that the path &(t) = na(t) is the lift of a loop in X (My).

6.6.5. (a) Show that diagram (6.19) commutes. (Hints for this exercise are at
the end of the book.)
(b) Show that diagram (6.20) commutes.
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Modular Curves as Algebraic Curves

Recall that every complex elliptic curve is described as an algebraic curve,
the solution set of a polynomial equation in two variables, via the Weierstrass
p-function,

(p,9') : C/A — {(2,y) : y* = 42® — ga(A)x — g3(A)} U {00}
Let N be a positive integer. The modular curves
Xo(N) = (N\H',  Xi(N) = L(N\H', X(N) = D(N)\H®

can also be described as algebraic curves, solution sets of systems of polyno-
mial equations in many variables. Since modular curves are compact Riemann
surfaces, such polynomials with complex coefficients exist by a general theo-
rem of Riemann surface theory, but Xo(N) and X;(N) are in fact curves over
the rational numbers, meaning the polynomials can be taken to have rational
coefficients. The Modularity Theorem in its various guises rephrases with the
relevant complex analytic objects replaced by their algebraic counterparts and
with the relevant complex analytic mappings replaced by rational maps, i.e.,
maps defined by polynomials with rational coefficients. The methods of this
chapter also show that X (V) is defined by polynomials with coefficients in
the field Q(p ) obtained by adjoining the complex Nth roots of unity to the
rational numbers.

The process of defining modular curves algebraically is less direct than
writing a polynomial explicitly via the Weierstrass p-function as we can do
for elliptic curves; it works with fields of functions on the curves rather than
with the curves themselves. According to the moduli space point of view from
Section 1.5, a modular curve is a set of equivalence classes of elliptic curves
and associated torsion data, and that description will emerge again naturally
during this chapter. Thus the moduli space description of modular curves
carries over to the algebraic context. The descriptions of the Hecke operators
in terms of modular curves and moduli spaces rephrase algebraically as well.
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Related reading: The main topics of this chapter are in Chapters 4 and 6
of [Shi73]. Chapter 6 of [Lan73] also overlaps with this chapter’s material on
modular function fields. The presentation here is drawn from David Rohrlich’s
article in the proceedings volume from the 1995 Boston University conference
on modular forms and Fermat’s Last Theorem [CSS97] and from early parts
of Joseph Silverman’s book on elliptic curves [Sil86]. Other books on elliptic
curves are [ST92], [Was03], [Kob93|, [Kna93], [Hus04], and [Sil94], the first
two especially inviting for beginners, the third emphasizing the connections
between elliptic curves and modular forms, and the fourth discussing much of
the material here. The notes at the end of [Kna93] give an overview of sources
up through 1992 for much of the material in Chapters 7 through 9 of this
book. For algebraic curves in general, [Ful69] is an excellent introduction.

7.1 Elliptic curves as algebraic curves

Seeing how the description of a modular curve as an algebraic curve reflects
its description as a moduli space—essentially a family of elliptic curves and
torsion data—first requires understanding elliptic curves as algebraic curves.
Up to now we have worked mostly over the field C, but this chapter will use
function fields both over C and over Q to discuss algebraic curves, so let k
denote any field of characteristic 0. Fields of arbitrary characteristic will be
considered in the next chapter.

Definition 7.1.1. An element « of an extension field K of k is algebraic
over k if it satisfies some monic polynomial with coefficients in k. Otherwise
a is transcendental over k. A field extension K/k is algebraic if every
a € K is algebraic over k. A field k is algebraically closed if there is no
proper algebraic extension K/k; that is, in any extension field K of k, any
element « that is algebraic over k in fact lies in k. An algebraic closure k
of k is a minimal algebraically closed extension field of k.

Every field has an algebraic closure. Any two algebraic closures k and K
of k are k-isomorphic, meaning there exists an isomorphism k — K fixing
k pointwise, so we often refer imprecisely to “the” algebraic closure of k. In
Chapter 6 the algebraic closure Q was unique because it was set inside the
fixed ambient field C.

A Weierstrass equation over k is any cubic equation of the form

E:y* =42 — gox — g3, ¢2,93 € k. (7.1)
As in Section 1.1, define the discriminant of the equation to be
A=g5—27g5 €k,
and if A # 0 define the invariant of the equation to be
j =1728¢g3 /A € k.
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Definition 7.1.2. Let k be an algebraic closure of the field k. When a Weier-
strass equation E has nonzero discriminant A it is called nonsingular and
the set )

E = {(x,y) € k™ satisfying E(x,y)} U {oc}

is called an elliptic curve over k.

Thus an elliptic curve always contains the point co. As the solution set of
a polynomial equation in two variables, an elliptic curve as defined here is a
special case of a plane algebraic curve. The term “algebraic curve” is being
used casually so far, but it will be defined in the next section after some of
the ideas are first demonstrated here in the specific context of elliptic curves.

Strictly speaking we are interested in equivalence classes of elliptic curves
under admissible changes of variable,

r=u’r, y=udy, u € k*.

These transform Weierstrass equations to Weierstrass equations, taking g
to g2 /ut, g3 to g3/ub, the discriminant A to A/u'? (again nonzero) and pre-
serving the invariant j (Exercise 7.1.1). Admissible changes of variable are
special cases of isomorphisms between algebraic curves, a topic to be dis-
cussed more generally in the next section.

For example, consider an elliptic curve £ over C whose invariant is rational.
Supposing gs and g3 are nonzero, the condition j € Q is g5 = rg3 for some
nonzero r € Q (Exercise 7.1.2(a)). Let u € C satisfy go/u* = r; then also
r3ul? = g3 = rg3 and thus g3/u® = +r, and we may take g3/u® = r after
replacing u by iu if necessary. Since the admissible change of variable 2 = u?2’,
y = u3y’ produces new Weierstrass coefficients gh = go/u* and g5 = g3/uS,
this shows that up to isomorphism & is defined over Q by a Weierstrass
equation

vi=4a —gr—g, gcQ.
A separate argument when one of go, g3 is zero (Exercise 7.1.2(b)) shows that
in all cases an elliptic curve over C has rational invariant j € Q if and only if
it is isomorphic over C to an elliptic curve over Q. This argument works with
C replaced by any algebraically closed field k of characteristic 0 and with Q
replaced by any subfield f of k. It shows that any two elliptic curves over k
with the same invariant j are isomorphic when k is algebraically closed.

Associated to each Weierstrass equation and also denoted E is a corre-
sponding Weierstrass polynomial,

E(x,y) = y? —4x® + gox + g3 € k[z,y].

The Weierstrass equation (7.1) is nonsingular, meaning as in Definition 7.1.2
that its discriminant A is nonzero, if and only if the corresponding curve £ is
geometrically nonsingular, meaning that at each point (z,y) € £ at least one
of the partial derivatives Dy E(x,y), D2 E(z,y) of the Weierstrass polynomial
is nonzero. To see this, note that the Weierstrass polynomial takes the form
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E(z,y) =y* —4(x — z1)(x — x2)(x — x3), x1,72,23 EK.
The third condition of
E(xz,y) =0, D1E(x,y) =0, DyE(x,y) =0

is y = 0 since char(k) = 0. Now the first condition is x € {x1, z2, 23}, making
the second condition impossible exactly when x1, xo, x3 are distinct, i.e., when
A # 0. One can think of geometric nonsingularity as meaning that £ has a
tangent line at each point.

Many good texts on elliptic curves exist, cf. the references at the begin-
ning of the chapter, so we state without proof the facts that we need. Most
importantly,

every elliptic curve forms an Abelian group with the point oo as its
additive identity.

The point oo is therefore denoted Og from now on. One can think of addition
on &£ geometrically, algebraically, and analytically.

Geometrically the elliptic curve really sits in the projective plane over k,
denoted P?(k), the usual plane K (called the affine plane) along with some
additional points conceptually out at infinity added to complete it. (The reader
who is unfamiliar with this construction should work Exercise 7.1.3 for details
of the following assertions.) The projective plane is the union of three overlap-
ping affine planes and the elliptic curve is correspondingly the union of three
affine pieces. The projective point co of £ is infinitely far in the y-direction,
i.e., 0¢ = [0,1,0] in projective notation. The curve can be studied about O¢ by
working in a different affine piece of P2(k), and it is geometrically nonsingular
at Og as it is at its finite points. Projective space is a natural construct, e.g.,
the Riemann sphere CU{oo} is P1(C), and similarly the set {0,...,p—1,00}
that often serves as an index set in the context of the Hecke operator T}, can
be viewed as PY(Z/pZ).

Bézout’s Theorem says that if C7 and C5 are plane curves over k whose
defining polynomials have degrees d; and dy and are relatively prime in k[z, y]
(a unique factorization domain) then their intersection in P?(k) consists of
dids points, suitably counting multiplicity. Thus cubic curves, and only cubic
curves, naturally produce triples P, @), R of collinear points, meaning projec-
tive points satisfying an equation az + by + cz = 0 where a, b, ¢ € k are not all
zero. If the line is tangent to the curve then two or three of P, @, and R will
coincide. The addition law on elliptic curves & is that collinear triples sum to
Og. That is,

P+Q+ R=0s < P, Q, R are collinear.

We saw this idea back in Section 1.4. In particular, since P — P + 0g = O¢ it
follows that P, —P, and Og are collinear. So far this only requires Og to be any
point of £, but the condition 0g = [0, 1,0] gives the addition law a pleasing
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geometry. Since O¢ is infinitely far in the vertical direction, P and —P have
the same z-coordinate. At most two points with the same z-coordinate satisfy
the Weierstrass equation (7.1), so any two points with the same z-coordinate
are equal or opposite, possibly both. Since the y-values satisfying (7.1) for a
given  sum to 0 the additive inverse of P = (zp, yp) is the natural companion
point
—P= (l'p, —yp).

As remarked, this could well be P again. More generally, given points P and @
of £, let R be their third collinear point. The addition law P + Q = —R says
that the sum is the companion point of R, its reflection through the z-axis,

if P, Q, R are collinear then P+ Q = (zg, —yr). (7.2)

Figure 7.1 illustrates this for the elliptic curve y? = 423 — 4x.

-
Q
~
P
P+Q=—-R

Figure 7.1. The addition law

Moving from geometry to algebra, the group law is defined by rational
functions over the field k. Let P = (zp,yp) and Q = (zg,yg) be nonzero
points of the curve, and suppose their sum P+ Q = (zp+@, yp+q) is nonzero
as well. Then

TP+ = T(I'vapavayQ) and YyprP+Q = 8($P»yP7$Q»yQ)

where 7 and s are rational functions with coefficients in k. Even more specifi-
cally since char(k) = 0, r and s are rational functions over the field Q(ga, g3).
Ifzg = 2zp and yg = —yp then Q = —P and so P+ () = Og. Otherwise P+Q
lies in the affine part of £. Let

TQYrP — TPYQ

LgQ — ZP Tp # 1Q, pry— Tp #1Q,
—xp _ —xp
A= 1223 — g = —da% — gowp — 293
=P 7 rp=uzx0, Tp = 20.
2yp @ 2yp @
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The line y = Az 4 p passes through P and @ when P # @ and is the tangent
line to £ at P when P = @ (Exercise 7.1.4(a)). The casewise nature of A
and g will be discussed further in the next section. In either case, the rational
functions giving xp¢g and ypiq are

T(zPayP7anyQ) = /\2/4 —Tp —IXQ,

(7.3)
3($PayP733QayQ) = _/\T(JUPJJPJ?nyQ) - M

This algebraic definition of addition corresponds to the geometric descrip-
tion (7.2) (Exercise 7.1.4(b)). For example, on the curve y?> = 42 — 4z of
Figure 7.1, (0,0) + (2,2v6) = (—1/2,16/2).

Because the coordinates of 0g = [0,1,0] lie in k and because the group
law is rational over k, for any algebraic extension K/k (i.e., k C K C k) the
set of K-points of £ is a subgroup of &,

EK)={Pec&—{0¢}: (xp,yp) € K2} U {0g}.

In particular if £ is an elliptic curve over Q then its affine rational points and
O¢ form a group under the addition law. A special case of the Mordell-Weil
Theorem states that this group is finitely generated. [ST92] is an appealing
text on this subject.

As explained earlier, to understand modular curves we also want to study
the torsion structure of £ algebraically. For any positive integer N let

N]: & — &

denote N-fold addition, e.g., [2]P = P + P. This takes the form of a rational
function,

_( on(zy) wn(T,y)
V() = (wm:c,w’ ww,y)B) '

Here the Nth division polynomials ¢ n, wn, ¥ lie in Z[gs, g3, x, y], and (oo, 00)
is understood to mean Og. Thus the condition [N](z,y) = O¢ is ¢¥n(z,y) = 0.
This works out to a polynomial condition on x alone,

[Nl(z,y) = 0g <= ¥n(x) =0, ¥ € Zlga, g3, 7]

For instance, the condition [2]P = 0 for a nonzero point P is yp = 0, or
423, — gowp — g3 = 0. Similarly, the condition that [3]P = 0 for nonzero P is
[2]P = —P, or x([2]P) = zp, or r(xp,yp,zp,yp) = xp, and this works out
to 48z% — 24g27% — 48g3xp — g3 = 0 (Exercise 7.1.5(a)). The polynomial N
will be used in Section 7.5.

Let £[N] denote the group of N-torsion points of £, the kernel of [N],

EIN]={P € &[NP =0g}.

We quote the structure theorem for E[N].
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Theorem 7.1.3. Let £ be an elliptic curve over a field k of characteristic 0
and let N be a positive integer. Then E[N| = (Z/NZ)?.

Let K be a Galois extension field of k containing the z- and y-coordinates
of E[N] — {0g}. The relations E(z7,y°) = E(z,y)” and ¢y (z°) = ¢y (z)”
for any z,y € K and any automorphism o € Gal(K/k) show that the Galois
group acts on E[N]. The action is an automorphism since the coefficients
of the rational functions r and s lie in Q(g2,¢3) and hence in k. That is,
(x5, Y%, 7, y0) = (TP, yr, 2Q,yq)? for all P, @ € £[N], and similarly for s,
making P7 + Q% = (P + Q)°. Since £[N]| = (Z/NZ)?, once an ordered basis
(P, Q) of E[N] over Z/NZ is chosen this gives a representation

o
i G/ — CLa@/Na), | o] =0 6]
where as always GLy(Z/NZ) is the group of invertible 2-by-2 matrices with
entries in Z/NZ. We will return to this idea later in the chapter and again
more extensively in Chapter 9.

Analytically, when k C C we may view the coefficients of the Weierstrass
equation as complex numbers. As shown in Proposition 1.4.3, there exists
a lattice A C C such that the Weierstrass equation (7.1) takes the form
y? = 42% — go(A)z — g3(A), and addition on the corresponding curve & is
compatible with the natural addition on C/A via the Weierstrass function p.
In particular, Theorem 7.1.3 here is clear and familiar when k = C. Also as
shown in Section 1.4, holomorphic isomorphisms of complex tori correspond
to admissible changes of variable in complex Weierstrass equations.

Exercises

7.1.1. Show that every admissible change of variable x = w2z, y = u3y/
where u € k* transforms a Weierstrass equation F into another Weierstrass
equation E’ with
U4gé = g2, uﬁg{/’) = g3, Ule/ = Aa jl = .7

7.1.2. (a) Confirm that for a Weierstrass equation (7.1) with g and g3 nonzero
the condition j € Q is equivalent to the condition g3 = rg? for some nonzero
r e Q.

(b) Show that an elliptic curve over C with either of go, g3 zero is isomor-
phic to an elliptic curve over Q.

7.1.3. For any positive integer n and any field K, n-dimensional projective
space over K is the set of equivalence classes of nonzero (n+ 1)-tuples modulo
scalar multiplication,

P"(K) = (K™™' —{0})/ ~



256 7 Modular Curves as Algebraic Curves

where v ~ v" if v/ = cv for some nonzero ¢ € K. Let [v] € P"(K) denote the
equivalence class of the vector v.
(a) When n = 1 this construction gives the projective line. Show that

PUK) = {[z,1] : 2 e K} U{[1,] : y € K},

so the projective line is an overlapping union of two affine lines. Show also
that
PY(K) = {[z,1] : 2 € K} U{[1,0]},

so the projective line is a disjoint union of the line and a point at infinity. In
particular, P!(C) is the Riemann sphere C.

(b) When n = 2 the construction gives the projective plane mentioned in
the section. Show that

P (K) = {[z,y,1] s 2,y e K} U {[z,1,2] s 2,2 € K} U{[1,9, 2] : y,2 € K},
so the projective plane is a union of three affine planes. Show also that

P*(K) = {[z,y,1] : 7,y € K} U {[z,1,0] : « € K} U {[1,0,0]}
= {[z,y.1] : 2,y € K} U (PY(K) x {0}),

so the projective plane is a disjoint union of the plane and a projective line
at infinity.

(¢c) Homogenize the Weierstrass polynomial by adding in powers of z to
make each term cubic,

Ehom(2,y,2) = y*z — 42° + gouz® + g32°.

Show that either all points or no points in each equivalence class [z,y, z] €
P2(k) satisfy Epom. Show that [0,1,0] satisfies Eyom and no other [z,y, 0]
does.
(d) Dehomogenize Eyom by setting y = 1 to obtain a second affine version
of E,
E'(x,2) = 2z — 42 + gox2® + g32°.

In the (z, z) coordinate system, the infinite point Og is (0,0). Working in this
affine coordinate system, show that £ is geometrically nonsingular at Og. Is
the set of points (z,2) € k- satisfying E(z, ) all of £?

(e) Let P = (zp,yp) be any (x,y)-point of £, and homogenize it to P =
[p,yp,1]. Show that the homogeneous equation  —zpz = 0 is satisfied by P
and by Og¢, thus defining the projective line containing them. Dehomogenize
back to an (z, y)-equation to obtain a vertical line. Thus O¢ is infinitely far in
the vertical direction.

7.1.4. (a) Show that the casewise definitions of A and p make the line y =
Az + p the secant line through P and @Q when P # @ and the tangent line
to £ through P when P = Q.
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(b) Show that the algebraic definition (7.3) of elliptic curve addition cor-
responds to the geometric description (7.2). (A hint for this exercise is at the
end of the book.)

(c) The points (2,45) satisfy the equation y*> = 423 — 7. Find another
point (x,y) € Q? that does so as well.

7.1.5. (a) Confirm that the condition z([2]P) = xp works out to the polyno-
mial condition given in the section.

(b) Compute £[2] and £[3] for the elliptic curve with Weierstrass equation
y? = 4a3 — 4a.

7.2 Algebraic curves and their function fields

Describing modular curves as algebraic curves without writing specific poly-
nomial equations requires some general theory. The idea is that curves are
characterized by fields, and so to construct curves it suffices to construct ap-
propriate fields instead. Similarly, mappings between curves are characterized
by field extensions, and so to construct mappings it suffices to construct ap-
propriate extensions. This section sketches some background and then states
the theorems.

Let k be any field of characteristic 0. Let m, n be positive integers. Consider
a set of m polynomials over k in n variables, ¢1,...,om € K[z1,...,2,]. Let T
be the ideal generated by the ¢; in the ring of polynomials over the algebraic
closure of k,

I= <§01,~~'750m> - k[‘rla"'axn]a

and let C be the set of simultaneous solutions of the polynomials, or equiva-
lently the simultaneous solutions of all polynomials in the ideal,

C={Pek":p(P)=0forall pecl}

Suppose that I is a prime ideal of k[z1,...,2,]. The coordinate ring of C
over k is the integral domain

k[C] = K[z, ...,7,]/1.

An element of the coordinate ring is called a polynomial function on C. The
function field of C' over k is the quotient field of the coordinate ring,

k(C)={F =f/g: f,g €Kk[C], g #0}.

The function field really consists of equivalence classes F' of ordered pairs
(f,9) € k[C]? where the equivalence is determined by the usual rule for frac-
tions, (f,9) ~ (f',¢') if f¢' = f'g (primes do not denote differentiation here
or elsewhere in the chapter), but the notation F = f/g is less cumbersome.
An element of the function field is called a rational function on C.
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Definition 7.2.1. If k(C) is a finite extension of a field k(t) where t is tran-
scendental over k then C is an affine algebraic curve over k. If also for
each point P € C the m-by-n derivative matriz [Djp;(P)] has rank n—1 then
the curve C' is nonsingular.

The definition shows that if C' is an affine algebraic curve over k then
m > n — 1, i.e., the number of constraints on the variables is at least the
geometrically obvious minimal number for a curve. After we introduce more
ideas it will be an exercise to show that the nonsingularity condition is a
maximality condition on the rank of the derivative matrix, i.e., the rank cannot
be n.

Homogenize the polynomials ¢; with another variable xg, consider the
ideal

Thom = <80i,h0m> C k[l’o, cee zn}

generated by the homogeneous polynomials but also containing inhomoge-
neous ones (unless Iyom = {0}), and consider the set

Chom = {P € P"(k) : p(P) = 0 for all homogeneous ¢ € Inom} -

This is the projective version of the curve, a superset of C, the union of
the affine curves obtained by dehomogenizing the ¢; hom at each coordinate,
cf. Exercise 7.1.3(d). The definition of nonsingularity extends to Chom by
dehomogenizing to appropriate coordinate systems at the points outside of k"
In this chapter we are interested in nonsingular projective algebraic curves, but
for convenience we usually work in the (z1,...,z,) affine coordinate system,
illustrating some projective ideas in examples and exercises.

Setting m = 0 and n = 1 shows that the projective line P!(k) is a nonsin-
gular algebraic curve over k with function field k(z). When m = 1 and n = 2
and the single polynomial defining C' is a Weierstrass polynomial F(xz,y) then
C is an elliptic curve € as in Section 7.1. The function field is k(z,y) where
x and y are related by a Weierstrass equation, or k(z)[y]/(E(z,y)), showing
that it is quadratic over k(). Thus elliptic curves over k are indeed nonsingu-
lar projective algebraic curves over k as in Definition 7.2.1 and the preceding
paragraph. The projective line can also be placed in the m = 1, n = 2 context
by taking ¢(z,y) = y. At the end of the section we will see why the definition
of algebraic curve has not been limited to m = 1 and n = 2, i.e., to plane
curves.

Let C be a nonsingular algebraic curve over k. Since C' is defined by the
condition ¢(P) = 0 for all ¢ € I, an element f+ I of the coordinate ring takes
a well defined value in k at each point P € C even though its representative f
is not unique. That is, a polynomial function on C, a formal algebraic object,
also defines a mapping from the set C' to k. A priori it is not clear that an
element F' = f/g of the function field takes a well defined value in k U {oo}
at each P € C since f(P)/g(P) might evaluate to 0/0, but we will see that
it does and therefore a rational function F € k(C) defines a mapping from C
to P!(k). In fact it defines a mapping on all of Chep.
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Let P = (p1,...,pn) be a point of C. To study rational functions on C
at P start with the elements of the coordinate ring that vanish at P,

mp ={f €k[C]: f(P) =0} = ({z; —pi + 1 : 1 < i <n}).
This is a maximal ideal of k[C] (Exercise 7.2.2), and its second power is
mp = ({(x; —pi)(xj —pj) +1: 1< 4,5 <n}).

Lemma 7.2.2. Let C be a nonsingular algebraic curve. For any point P € C,
the quotient mp/m3% is a 1-dimensional vector space over k.

Proof. The tangent line to C at P is
Tp(C)={ve k" [D;pi(P)]v =0},

a 1-dimensional vector space over k by the Rank-Nullity Theorem of linear
algebra since C' is nonsingular.

Although a function f + I € k[C] has a well defined value at P, its form
as a coset makes its gradient (vector of partial derivatives) at P ill defined.
But changing coset representatives changes the gradient to

V(f+¢)(P)=Vf(P)+Ve(P), ¢el,

and since V(P) is in the row space of [D;g;(P)] (Exercise 7.2.3(a)) the
definition of the tangent line shows that the inner product of the gradient
Vf(P) with any v € Tp(C) is well defined. Translating f by a constant has
no effect on the inner product, and any function f € m% satisfies V f(P)-v = 0.
Thus there is a well defined pairing

mp/m% x Tp(C) — Kk, (f,v) = Vf(P)-v.

This pairing is perfect, meaning that it is linear and nondegenerate in each
component, cf. the proof of Proposition 6.6.4 (Exercise 7.2.3(b)). It follows
that mp/m% and T,(C) have the same dimension as vector spaces over k
since each can be viewed as the dual space of the other. Since the tangent line
T,(C) has dimension 1, so does mp/m%. O

For example, let £ be an elliptic curve defined by a Weierstrass polyno-
mial E. The proof of Lemma 7.2.2 shows that © — zp +m% spans mp/m3 if
DyE(P) # 0, meaning the tangent line at P is not vertical, and y — yp +m3%
spans mp/m3% if DiE(P) # 0, meaning the tangent line is not horizontal
(Exercise 7.2.3(c)).

The local ring of C over k at P is

k[C]p = {f/g € K(C) : g(P) # 0},

a subring of the function field. The local mazximal ideal at P is the ideal of
functions that vanish at the point,
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Mp =mpk[C]p = {f/g € k[C]p : f(P)=0}.

This is a maximal ideal of k[C]p, and since it consists of all the noninvertible
elements it is the unigue maximal ideal (this is not true for mp and k[C]).
Consider the natural map from the maximal ideal to the quotient of its local-
ization,

i:mp—>Mp/M‘%, f'—>f+M1%

The kernel is mp N M% = m% (Exercise 7.2.3(d)). The map surjects since for

any f/g € Mp the subtraction f/g(P) — f/g = f(g — g(P))/(9(P)g) € M}
shows that i(f/g(P)) = f/g + M. Thus i induces an isomorphism

i: mp/m?:) ; MP/MI%

Proposition 7.2.3. For any nonsingular point P € C the ideal Mp is prin-
cipal.

Proof. By the lemma and the isomorphism 7, some function ¢ € k[C] generates
Mp/M32 as a vector space over k. This function will also generate Mp as
an ideal of k[C]p. Letting N = tk[C]p, an ideal of Mp, it suffices to show
that the quotient Mp/N is trivial. Since Mp is a k[C]p-module, so is the
quotient. Noting that Mp - (Mp/N) = (N + M%)/N and that N + M3 =
(kt + M2)k[C]p = Mp shows that Mp - (Mp/N) = Mp/N. By Nakayama’s
Lemma (Proposition 6.5.5), Mp/N = 0 as desired. O

The proposition requires the local ring to apply Nakayama’s Lemma. The
results so far in this section allow an argument (Exercise 7.2.4) that the con-
dition for a curve to be nonsingular is a maximality condition on the rank of
the derivative matrix, as stated after Definition 7.2.1.

A generator t of Mp is called a uniformizer at P. Any t € mp —m% is
a uniformizer but ¢ need not generate mp. For example, let £ be the elliptic
curve over Q with Weierstrass equation E : y? = 423 — 4x. The remark after
the proof of Lemma 7.2.2 shows that y is a uniformizer at the point P = (0, 0).
Indeed the Weierstrass relation z = y2 /(422 —4) shows that x is redundant as
a generator of Mp in k[€]p. On the other hand, z is needed along with y to
generate mp in k[€]. To see this, note that Q[€]/(y) = Q[z]/(x® — x) and this
is not a field, showing that (y) is not maximal in Q[€] and thus is not mp.

Let F be any nonzero element of k[C]p and let ¢ be a uniformizer at P.
Either F'is a unit or it takes the form F' = tF; where F} is a nonzero element
of k[C]p. Either Fy is a unit or it takes the form F} = tF,, and so on. If
this process doesn’t terminate then it leads to an ascending chain of ideals
in E[C}p,

(F) c(F) C(Fy) C--,
where each containment is proper. But k[C]p is Noetherian (see Exer-
cise 7.2.5), so this cannot happen. Therefore F' takes the form F' = tu where
e € N and u € k[C]%. This representation of F is unique, for if F' = t¢u = ¢’/
with e > ¢’ then t~¢u = o, showing that e = ¢/ and u = u’.
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The valuation at P on the coordinate ring is the function

_ if f=0
vp 1 k[C] — N U {400}, vp(f) = {:OO if;téu.

This extends to the function field,

vp :k(C) — ZU{+oc},  vp(F)=vp(f) —vr(g), F=f/g,
where it is well defined and it satisfies (Exercise 7.2.6)

Proposition 7.2.4. Let C' be a nonsingular algebraic curve. For any point
P € C the valuation vp : k(C') — Z U {+oc} surjects, and for all nonzero
F,G € k(C) it satisfies the conditions

(1) vp(FG) =vp(F) +vp(G),
(2) vp(F + G) > min{vp(F),vp(G)} with equality if vp(F) # vp(G).

Now we can describe the mapping from C' to P!(k) defined by a rational
function F' € k(C). The zero function defines the zero mapping. Any nonzero
function takes the form

F= t”P(F)i7 vp(F) € Z, f,g €k[C], f(P) and g(P) nonzero
g

at each point P € C. The mapping it defines is

0 if vp(F) > 0,
F(P)={ o if vp(F) <0,
F(P)/g(P) if vp(F) =0.

The valuation is the algebraic analog of the order of vanishing for meromorphic
functions at a point P of a Riemann surface, and so one speaks of the zeros
and poles of a rational function in the usual way.

Since these methods are local they work on all of Cln, using an appro-
priate coordinate system at each point. It turns out that dehomogenizing the
polynomials defining a nonsingular projective curve Chop to define one of its
affine pieces leads to the same function field up to isomorphism whenever
the affine piece is nonempty, regardless of which variable is set to 1, and the
isomorphism between two affine function fields associated to Chen, preserves
valuations on the overlap of the two corresponding affine pieces of the curve.
We will touch on this point, but not prove it completely, in Section 8.5. Also,
the valuations on k(C), meaning the surjections v : k(C) — Z U {+oo}
satisfying the conditions of Proposition 7.2.4, are precisely the valuations vp
arising from the points of the projective curve Cpom (for the proof see Propo-
sition 11.43 of [Kna93]). For these two reasons it is natural to conceive of
the function field as being associated with the projective curve rather than
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with an affine piece. That is, even when C' is projective we can write k(C),
interpreting it as the function field of an affine piece of C. The notation Cpop,
to distinguish a projective curve will no longer be used.

For example, let £ be an elliptic curve over k and consider the rational
functions = and y, elements of k(£). These make sense as mappings on the
affine part of £. To study them at the infinite point O¢ = [0, 1, 0], homogenize
them to x/z and y/z and then dehomogenize to Z/Z and 1/Z, introducing the
tildes to emphasize the different coordinate system. In these coordinates the
Weierstrass polynomial is E’(Z, ) = Z — 43 + g2222 + g32%. This has nonzero
second partial derivative at (0,0), showing that Z is a uniformizer at Og, i.e.,
v, (Z) = 1. The Weierstrass relation becomes

(14 go@% + g32%) = 433,

and so Proposition 7.2.4 shows that vp,(2) = 3. Thus the rational functions
x and y have valuations vy, (x) = v, (Z/2) = 1 —3 = —2 and v, (y) =
vo.(1/2) = —3, making x/y a uniformizer at 0g. Working over the complex
numbers and thinking of x and y as p and ’, this analysis reflects their double
and triple poles at the origin.

To summarize the flow of ideas so far: Lemma 7.2.2 translates the geo-
metric data that a nonsingular algebraic curve has a one-dimensional tangent
line at each point into algebraic information that a vector space associated to
each point is one-dimensional. Proposition 7.2.3 says that after localizing, this
makes a maximal ideal at each point principal. The Noetherian property of
the local ring then leads to a valuation at each point. The uniformizer and the
valuation show that the curve’s rational functions give well defined mappings
on the entire curve.

Different representations of a rational function F' may be required to eval-
uate it at different points. The idea is that an expression giving 0/0 at a point
yields the correct value after its numerator and denominator are divided by
their common power of a uniformizer. For example, consider the function z/y
on the elliptic curve over Q with Weierstrass equation F : y? = 423 — 4z. To
determine its behavior at the point P = (0, 0), recall the discussion earlier that
y is a uniformizer at P. This shows that = y? /(422 — 4) has order 2, giving
a simple zero of x/y at P. Equivalently, x/y rewrites as y/(4z? — 4) (here is
where the numerator and denominator get divided by the uniformizer), again
giving a simple zero at P. On the other hand, the value of the new expres-
sion y/(42% — 4) for x/y is now longer immediately clear at the points (£1,0)
of the curve.

For a more elaborate example, let £ be any elliptic curve over any field k as
in Section 7.1, and let P be any nonzero point of £. The translation function

p: € —E, (X)=X+P

has as its components the rational functions F(z,y) = r(zp,yp,x,y) and
G(z,y) = s(xp,yp,x,y) from Section 7.1, using the general case expressions
for the slope and intercept A and p,
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Aiy*yp _rYyp —xTPY
= k=
r—Tp r—Tp

These expressions for A and p are not well defined when = = xp, but multiply-
ing the numerators and denominators by y+yp and then using the Weierstrass
equation (7.1) to substitute for y* and y% and then canceling z — zp shows
that the general expressions for A and p are also (Exercise 7.2.7)

A(ap + zpr + %) — g —4(apr + xpa®) —gs +yry

A= , =
yp +y yr +y

These are defined when & = zp provided y # —yp, when if also y = yp
then they are the special case expressions for A and g from Section 7.1. The
new expressions are no panacea, however, since they are not well defined
when y = —yp even when = # xp. Nonetheless, the point is that despite
their casewise expressions, the components F' and G of 7p are single rational
functions on &.

As explained at the beginning of this section, we need a general result from
algebraic geometry that curves are determined by their function fields. The
precise statement requires appropriate equivalence relations both on curves
and on fields.

To define the equivalence relation on curves, let C' be a nonsingular projec-
tive algebraic curve over k. Let r be a positive integer. Consider any element

of P"(k(C)), - P
= L0y, L]

For each point P € C let tp be a uniformizer at P and let vp(h) =

min{vp(Fy),...,vp(F;)}. Then h defines a map from C to P"(k),

h(P) = [t M Fo)(P),.... (1" W E)(P), PecC.

Let C' C P"(k) be another nonsingular algebraic curve over k. Then h is a
morphism from C to C' if h(P) € C' for all P € C. The affine notation is
h=(F/F,...,F./F) € k(C)" when F, # 0, but this needn’t map points P
of the affine piece of C' back to affine space when Fy(P) = 0. For instance,
every element of k(C) defines a morphism from C' to P!(k), and the example
7p from a moment ago is a morphism from £ to €. A morphism h from C
to C’ is an isomorphism if there exists a morphism A’ from C’ to C such that
the composites b’/ o h and hoh' are the respective identity maps on C' and C”,
in which case C and C’ are isomorphic.

Isomorphism is an equivalence relation but it is not fine enough for our
purposes. Again letting C' be a nonsingular projective algebraic curve over k,
an element F of k(C) is defined over k if it has a representation F' = f/g with
f and g from k[C] = K[z1,...,2,]/Ix (where Iy = I Nk[x1,...,z,]) rather
than k[C]. Such functions form a subfield of k(C),

k(C) = {F € k(CO) : F is defined over k}.
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A morphism h = (Fy,..., F,) of curves over k is defined over k if each F;
is. For instance, every element of k(C) defines a morphism over k from C
to P1(k), and 7p is a morphism over k. The equivalence relation we need is
that two nonsingular projective curves C' and C’ over k are isomorphic over k
if they are isomorphic via morphisms h and h’ over k. See Exercise 7.2.8 for
an example. In the case of two elliptic curves the only possible isomorphisms
over k taking Og¢ to Og/ turn out to be the admissible changes of variable
from Section 7.1. As affine maps these take lines to lines, making them group
isomorphisms as well. Two curves defined over a field k can be isomorphic
over k without being isomorphic over k itself. Exercise 7.2.9 gives an example.

To define the needed equivalence relation on function fields, call a field K
a function field over k if

(1) Knk =k,
(2) K is a finite extension of a field k(¢) where ¢t is transcendental over k.

Two function fields K and K’ over k are conjugate over k if there exists a
k-isomorphism K — K’, meaning an isomorphism that fixes k pointwise.
The relation between curves and their function fields is

Theorem 7.2.5 (Curves—Fields Correspondence, Part 1). The map
C—k(C)

induces a bijection from the set of isomorphism classes over k of nonsingular
projective algebraic curves over k to the set of conjugacy classes over k of
function fields over k.

The importance of Theorem 7.2.5 is that rather than constructing algebraic
curves directly it now suffices to construct suitable fields instead.

The theorem gives the map from curve-classes to field-classes explicitly. To
describe the map from field-classes to curve-classes, let K be a function field
over k. Since the extension K/k(t) is finite and we are in characteristic 0 the
Primitive Element Theorem of field theory says that K = k(¢, ) for some u.
The generator u satisfies an irreducible polynomial over k(t), and clearing
denominators gives a polynomial relation between ¢t and u over k,

o(t,u) =0, ¢ € K[z, y].

Because K Nk = k, the polynomial ¢ is irreducible over k (Exercise 7.2.10).

The set of points (x,y) € Kk such that o(z,y) = 0 gives a plane curve C’,
but this curve can have finitely many singular points, and at these points
rational functions need not define mappings. A process called desingulariz-
ing (see Chapter 7 of [Ful69]) produces a nonsingular curve C' with function
field K. The map (¢,u) takes C' to the plane curve C’, but this map is only
guaranteed to be a birational equivalence, not necessarily an isomorphism. In
general given two curves C' and C’, possibly containing singular points, a ra-

tional map from C to C’ is an element h of P"(k(C)) like a morphism but
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only required to define an actual map from all but finitely many points of C'
to C’. The rational map is a birational equivalence if there exists a rational
map A’ from C’ to C such that the two composites are the identity maps on C
and on C’ wherever they are defined. See Exercise 7.2.11 for an example of
birational equivalence between a singular curve and a nonsingular curve. A
nonsingular curve corresponding to the field K need not lie in the plane, and
this is why Definition 7.2.1 is not restricted to plane curves. In any case, with
Theorem 7.2.5 in hand we can think of curves in terms of their function fields.
Theorem 7.2.5 extends from curves and fields to maps between curves and
maps between fields. If h : C — (" is a nonconstant morphism over k of
nonsingular projective curves over k then as in the compact Riemann surface
environment, h is surjective. Its pullback is a map of function fields,

b k(C') — k(C), h'G=Goh.

This isn’t quite as simple as it looks, the fact that h* is well defined relying on
a result about polynomial ideals and their solution sets (Exercise 7.2.12(a)).
Another such result shows that if A is only assumed to be a nonconstant
rational map then its pullback still makes sense (Exercise 7.2.12(b)).

Theorem 7.2.6 (Curves—Fields Correspondence, Part 2). Let C and C’
be nonsingular projective algebraic curves over k. Then the map

hw— h*

is a bijection from the set of nonconstant morphisms over k from C to C' to
the set of k-injections of k(C") in k(C).

Theorem 7.2.6 says that rather than constructing morphisms between
curves it now suffices to construct suitable field injections instead. For ex-
ample, since any nonconstant rational map h between nonsingular projective
curves C' and C’ defines a corresponding k-injection h* of k(C”) in k(C), the
theorem shows that in fact h is a morphism. In particular a birational equiv-
alence between nonsingular projective curves is an isomorphism. For another
example, consider the injection i : k(x) — k(x,y) where z and y satisfy a
Weierstrass equation. Letting £ denote the relevant elliptic curve, the mor-
phism corresponding to i is h : £ — P1(k) where h(x,y) = .

The theorem gives the map from morphisms to field injections explicitly.
To describe the map from field injections to morphisms, let ¢ : K’ — K be a
k-injection of function fields. By Theorem 7.2.5 there exist nonsingular projec-
tive curves ¢’ and C such that k(C") 2 K’ and k(C) = K (k-isomorphisms),
and i can be viewed instead as a k-injection

i:k(C") — k(CO).

Define two points P and @ of C to be k(C’)-equivalent if the embedded
image of k(C’) in k(C) doesn’t separate them, i.e., (iG)(P) = (iG)(Q)
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for all G € k(C"). Then the quotient set of k(C’)-equivalence classes in C
bijects to the curve C’, the equivalence class of P € C mapping to the
unique point P’ € C' such that G(P') = (iG)(P) for all G. The morphism
h: C — C’ corresponding to i is the quotient map followed by the bijection.
For instance, in the example ending the previous paragraph, pairs (x,+y)
in & are k(z)-equivalent and the morphism h(z,y) = z identifies them in
mapping € to P!(k). We will use Theorem 7.2.6 and the quotient morphism
in Section 7.8 to revisit isogenies of elliptic curves in algebraic terms.

Exercises

7.2.1. The polynomial ¢(z,y) = 2% —2y? is irreducible over Q. Does it define
an algebraic curve over Q? Describe its solution set in P?(Q).

7.2.2. Show that mp is a maximal ideal of k[C].

7.2.3. (a) In the proof of Lemma 7.2.2, show that Vi (P) is in the row space
of [D;p;(P)]. (Hints for this exercise are at the end of the book.)

(b) In the proof of Lemma 7.2.2, show that the pairing is perfect.

(c) Let € be an elliptic curve defined by a Weierstrass polynomial E, and
let P = (z,y) be a point of £. Explain how the proof of Lemma 7.2.2 shows
that © — zp + m% spans mp/m% if DoFE(P) # 0 and y — yp + m?% spans
mp/m3 if D1E(P) # 0.

(d) In the discussion before Proposition 7.2.3, show that mp N M3 = m%.

7.2.4. Let C be an affine algebraic curve as in Definition 7.2.1. Supply details
as necessary in the following argument that the condition rank([D;¢;(P)]) = n
for some P € C' is impossible: If the rank is n then the method of proving
Lemma 7.2.2 shows that mp = m?% and so Mp = M3. By Nakayama’s Lemma
Mp = 0 and so mp = 0. This forces k[C] = k and then k(C) = k, contradic-
tion.

7.2.5. A special case of the Hilbert Basis Theorem (see, for example, [Ful69])
says that the ring k[zi,...,z,] is Noetherian, meaning that all ideals are
finitely generated, or equivalently that there is no infinite chain of proper
increasing ideal containments I; C Iy C I3 C --- in k[z1,...,2,].

(a) Show that the two conditions are equivalent.

(b) Let I be an ideal of k[z1, ..., x,]. Show that the ideals of the quotient
k[z1,...,2,]/I are in bijective correspondence with the ideals of k[z1, ..., z,]
that contain I. Conclude that k[z, . .., x,]/I is Noetherian. In particular k[C)]
is Noetherian for an algebraic curve C.

() For any ideal J of k[C]p the ideal J Nk[C] of k[C] is finitely generated
by part (a). Show that its generators also generate J and therefore the local
ring k[C]p is Noetherian.

7.2.6. Show that the valuation at P on k(C) is well defined and prove Propo-
sition 7.2.4.
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7.2.7. Derive the new expressions for A\ and p in the section.

7.2.8. Working over Q, let p(x,y) = 2y — 1 and ¢'(z,w) = 22 + w? — 1, and
let C and C’ be the corresponding curves. Let

20 22 -1
24122 +1

z 1—w)

(F,G)(z,y) = ( ) (F',G")(z,w) = (

1—w’ =z

The polynomials homogenize to ¢(z,y,s) = zy — s> and to ¢'(z,w,t) =
2% 4+ w? — t2. Explain why the maps homogenize to (F,G)[z,y, s] = [2xs, 2% —
s2, 22 + 5% and (F',G')[z,w,t] = [22, (t —w)?, 2(t — w)], and why these maps

are
(F,Q)[z,y,8] = 28,2 —y,z+y], (F,G)[zwt]=][t+wt—w,z]

Show that (F,G) takes C' to C’ and that (F’,G’) takes C’ to C, including
infinite points. Show that the maps invert each other. Thus the curves are
isomorphic over Q. In particular, the sets of rational points on the hyperbola
and the circle are isomorphic as algebraic curves.

7.2.9. Consider the curves £ and &£’ defined by the Weierstrass relations y? =
413 — 4x and y? = 423 + 4. Show that £ and £’ are isomorphic as curves
over Q by finding an admissible change of variable over Q between them.
Show that £ and £’ are not isomorphic as curves over Q either by showing
that no appropriate admissible change of variable exists or by comparing their
subgroups of 2-torsion points with rational coordinates, £[2](Q) and £'[2](Q).

7.2.10. Working inside a fixed algebraic closure of k(t), let K = k(¢,u) be
a field as in Theorem 7.2.5 and let f € k(t)[y] be the minimal polynomial
of u over k(t). After clearing denominators the relation f(u) = 0 rewrites as
a polynomial relation between ¢ and u over k, ¢(t,u) = 0 where ¢ € k[z,y].
The text asserts that ¢ is irreducible over k because KNk = k. Supply details
as necessary for the following argument that this is so: If ¢ = @19 over k
then this factorization occurs over a finite extension field of k, necessarily of
the form k(v) where g(v) = 0, g € k[z] is irreducible. Also g is irreducible
in k(t)[2] since its roots lie in k, so that the coefficients of any factorization
would lie in k(t) Nk = k. Let 1 = k(¢,v). Thus [K : k(t)] = deg(f) and [I :
k(t)] = deg(g). Consider the composite field K1 = k(¢, u, v). The factorization
of ¢ over k(v) gives a factorization of f over 1, and this makes the extension
degree [K1 : 1] less than deg(f). Thus [K1 : k(t)] < deg(f)deg(g) and [KI :
K] < deg(g), and consequently g = g1g2 in K|[z]. Since the roots of g lie in k,
the factorization of g occurs in (K Nk)[z] = k[z], giving a contradiction.

7.2.11. Let ¢(z,y) = y* — 23 — 22, and let C be the corresponding curve.
Show that C' is an algebraic curve in the sense of Definition 7.2.1 but that it
has a singular point at (0,0). Let

F(z,y) =y/z, (G, H)(t) = (t* — 1,3 —1).
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Show that F and (G, H) are birational equivalences between C' and k but not
isomorphisms.

7.2.12. (a) Let I € k[xy,...,2,] and I’ € k[yy, ..., y,] be prime ideals defin-
ing nonsingular projective algebraic curves C' and C’. Using projective nota-
tion, let

h=1lho+1,...,h.+1], eachh;+ I €k[C]

be a nonconstant (and hence surjective) morphism from C' to C’, and let
G=lgo+I',g1+1, eachgi+I'€k[C], go+I'#TI

be an element of the function field k(C’). The pullback h*G' = G o h € k(O)
is
hG = [goo(hOa"'ahT‘)+Iagl © (h()v"'ahT’) +I]

But to make sense this must be independent of how the various coset represen-
tatives are chosen. Show that replacing any h; by h; + ¢ where ¢ € I doesn’t
change the definition of h*G. Show that replacing either g; by g; + v’ where
" € I' doesn’t change the definition of A*G provided that for any polynomial
v €klzy,...,zy),

p(P)=0forall Pe C = ¢pel.

The definition of C' as the solution set of I immediately gives the opposite
implication, but this also follows using the fact that I is prime. For the details
see the first few pages of an algebraic geometry text.

(b) Now make the weaker assumption that h is a nonconstant rational
map from C to C’. Show that verifying that h*G is well defined now requires
the additional implication

»(P) = 0 for all but finitely many P € C = ¢(P) =0 for all P € C.

Again, see an algebraic geometry text.

7.3 Divisors on curves

This section begins by citing some results from Riemann surface theory in
the new context of algebraic curves. Every compact Riemann surface has a
description as a nonsingular projective algebraic curve over C. The meromor-
phic functions on a compact Riemann surface are the rational functions on the
surface viewed as a curve, and the holomorphic functions between compact
Riemann surfaces are the morphisms between the surfaces viewed as curves.
Many results about Riemann surfaces rephrase algebraically and then apply
to algebraic curves over an arbitrary field k, although sometimes the charac-
teristic of k needs to be taken into account when it is not 0 as we assume it
is here.
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For instance, as mentioned in the previous section, a morphism of nonsin-
gular projective algebraic curves is either constant or surjective. If h : C —
(' is a nonconstant morphism then its pullback is a k-injection of function

fields, h* : k(C") — k(C), and the degree of h is defined as the field extension
degree

deg(h) = [k(C) : h* (k(C"))].
Thus a morphism is an isomorphism if and only if its degree is 1 (Exer-
cise 7.3.1(a)). The formula shows that the degree of a composition of non-
constant morphisms is the product of the degrees, and this extends to all
morphisms if constant morphisms are given degree 0.
The degree of h is the number of inverse images under h of each point
of C’ suitably counting an algebraically defined ramification. Specifically the
ramification degree of h at a point P € C' is the positive integer

ep(h) =vp(t'oh)  where t' is a uniformizer at h(P).

Thus ¢’ o h = t** ™ F where t is a uniformizer at P and F € k(C) with
vp(F) = 0. The resulting degree formula is analogous to the result in Riemann
surface theory,

Z ep(h) = deg(h) for any Q € C’. (7.4)
Peh—1(Q)

(As a special case, a rational function has only finitely many zeros and poles.)
For morphisms h : C — C’ over k of curves over k, the methods of Exer-
cise 7.2.10 show that (Exercise 7.3.1(b))

[k(C) : 1" (k(C))] = [k(C) : h* (k(C"))],

so that deg(h) is defined by either of these.

In particular, let £ be an elliptic curve over k and let N be a positive
integer. We assert without proof that since k has characteristic 0 the map
[N] : &€ — & is unramified and has degree N2,

k(€) : [N]"(k(£))] = N2 (7.5)

The terminology of divisors carries over from Riemann surfaces to curves.
Let C be a nonsingular algebraic curve over k. The divisor group of C' is the
free Abelian group on its points,

Div(C) = {Z np(P) :np € Z, np =0 for almost all P} .
PeC

Since both an elliptic curve and its divisor group have group laws, we have
adopted the notational convention of parenthesizing points in divisors, thus
the divisor (P) versus the point P and more generally in the case of an elliptic
curve
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ZnP(P) € Div(€) versus Z[np]P el

Coeflicients np in the divisor on the left can be negative, so the addition in £
on the right is using the definition [np|P = —[—np]P when np < 0. Returning
to a general curve, the subgroup of degree-0 divisors is

Div’(C) = {an(P) €Div(C): Y np = o} .
The divisor of a nonzero element of the function field of C is
div(F) =Y vp(F)(P), Fek(C)".

Divisors of the form div(F') are called principal and the set of principal divisors
is denoted Divz(C ). Principal divisors have degree 0. This follows from another
formula analogous to Riemann surface theory,

div(F)= Y ep(P)P) - Y en(F)(P).

PeF—1(0) PeF~1(c0)

and from (7.4), combining to show deg(divF) = deg(F)—deg(F) = 0. Part (1)
of Proposition 7.2.4 shows that the map

div : k(C)* — Div?(C)

is a homomorphism. Thus Div*(C') = div(k(C)*) is a subgroup of Div®(C). As
in Chapter 6 the (degree zero) Picard group of C is the (degree zero) divisor
class group, the quotient

Pic’(C) = Div’(C)/Div¥(C).
We will need the following result in Chapter 8.

Proposition 7.3.1. Let C' be a nonsingular projective algebraic curve over a
field k. Let S C C be a finite subset. Then every divisor class in Pic’(C) has
a representative Y np(P) such that np =0 for all P € S.

Proof. We may assume that all of S lies in affine space k. To see this, note

that any matrix A € GL,4+1(k) defines an automorphism of P"(k) just as
2-by-2 matrices act on the Riemann sphere C= P!(C). Each such automor-
phism restricts to an isomorphism from C' to another curve C’ taking S to
a set S’. Choose vectors vp € K" that represent the points P € P"(k)
of S. There is a vector a,4+1 € En—H that is not orthogonal to any vp (Exer-
cise 7.3.2(a)). Extending to a basis {a1,...,a,41} of K" and then making
these the rows of A gives an isomorphism of C taking S into k" as desired.
With this done, all points of S fall under the purview of an affine description
of the function field k(C) even though C is projective.
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Recall from Section 7.2 the coordinate ring of C' and its localization at P,
k[C] C k[C]p, and recall their maximal ideals of functions that vanish at P,
mp C Mp. For each point P of S define an intermediate ring and maximal
ideal to avoid poles in S,

k[C]s = {f/g € k(C) : g(Q) # 0 for all Q € S},
Ms.p ={f/g €k[C]s: f(P)=0}.

Thus mp C Mg p C Mp, and so there is a natural map
mp/m% — MS,P/Mg‘,P — MP/MI%

Section 7.2 showed that the composite is an isomorphism of nontrivial vector
spaces, so the middle quotient is nonzero. Choose any Gp € Mgp — M, g p
Then Gp € Mp. The argument given in the hint to Exercise 7.2.3(d) modifies
easily to show that Mg p N M3 = M§7P (Exercise 7.3.2(b)), so Gp & M3.
This shows that vp(Gp) = 1. By the Chinese Remainder Theorem there is a
surjective map

K[C]s — k[C]s/M p x ] kCls/Ms,q.

QEeS
Q#P

In particular, some Fp € k[C]s maps to (Gp,1,...,1). This function Fp
therefore has valuations

vp(Fp) =1, vo(Fp) =0 forall Qe S—{P}.

Now the result is clear. Take any divisor in Div®(C). Adding the divisor of a
suitable product []p.q F5” gives an equivalent divisor at the level of Pic’(C)
but with np =0 for all P € S. O

If h : C — C’ is a nonconstant morphism then it induces forward and
reverse maps of Picard groups,

h. : Pic’(C) — Pic?(C’) and h*: Pic’(C") — Pic’(0),

given by

he([Y_np(P)]) = [ > ne(h(P))]

and

(D@ =D Y. erm)(P).
Q Q

Peh—1(Q)

Here the square brackets denote equivalence class modulo Div¢(C) or Div¥(C")
as appropriate. These maps were denoted hp and h” in Section 6.2. They con-
tinue to make sense in the algebraic geometry environment because at the level
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of divisors they take degree-0 divisors to degree-0 divisors and they satisfy
h«(divf) = div(normy, f) where norm is defined as in Section 6.2 (cf. Exer-
cise 6.2.4) and h*(divg) = div(h*g) where this last h* is the pullback. Also
as in Section 6.2, mapping backwards and then forwards multiplies by the
degree,

hy o h* = deg(h) on Pic’(C").

For example, let £ be an elliptic curve over k and consider a first degree
function in k(&),

F(z,y)=ax+by+ec, a,b,c€Xk, aorbnonzero.

This function has zeros at the affine points where the line with equation
F(z,y) = 0 meets &, and it has a pole at Og of the right order for its divisor
to have degree 0. Letting P, @, R denote the points where the line meets &,
allowing repeats and allowing Og, in all cases

div(F) = (P) + (Q) + (R) — 3(0¢).

Specializing to F(x,y) = z, the vertical line meets the affine part of £ twice,
showing again that vp.(x) = —2 as in the previous section; specializing to
F(z,y) =y, the horizontal line meets the affine part of £ three times, showing
again that v, (y) = —3. Thus a uniformizer at Og is z/y as before.

In particular, let £ be the elliptic curve over Q with Weierstrass equation
E : y? = 423 — 4z. Consider the rational function

F,y) =2 € Q(é).

The numerator y of F' vanishes at the points (1, 0) of £, where the denomi-
nator z is nonzero and so F' has zeros. To compute their orders, note that y
is a uniformizer at these points since D E(+1,0) # 0, making v(4+1,0)(F) = 1.
The numerator y is also a uniformizer at the point (0,0) of & where the de-
nominator x vanishes, but as in the previous section F(z,y) = (422 — 4)/y as
well and F' has a pole at (0,0) with v(g,g)(F) = —1. There are no other zeros
or poles at affine points of £. At the infinite point Og the previous paragraph
shows that F has a pole and vy, (F) = —1. Thus

div(F) = —(0,0) + (1,0) + (=1,0) — (0g).

Section 1.4, especially Exercise 1.4.3, shows that this is essentially the same as
the divisor of the meromorphic function F(z) = p(z)/pi(z) on the complex
elliptic curve C/A; as shown in Section 3.4. See Exercise 7.3.3 for a similar
example.

The next section will redefine the Weil pairing for an elliptic curve £ over
a field k. Doing so requires a characterization of principal divisors on the
curve, to be derived from a small calculation. Consider two distinct points P
and @ of £. The claim is that there is no rational function F € k(&) with
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divisor (P) — (Q). This can be shown using general machinery since such a
map would have to be an isomorphism from the genus 1 curve £ to the genus 0
curve P!(k) and genus is an algebraic invariant (or cf. Exercise 6.1.3), but we
give an elementary proof here. Given such a function F', considering F o 7¢
(where again 79(X) = X + @) shows that we may assume @ = Og, i.e.,
div(F) = (P) — (0g). The function F takes the form (Exercise 7.3.4(a))

F(z,y) = Fi(2)y + Fa(x), Fy,F> € k[x]. (7.6)

At an affine point R of £ whose y-coordinate is nonzero, (7.6) gives the second
equality in the calculation

vr(F1(z)) = vr(Fi(2)y) = vr((F(z,y) — F(z,—y))/2)
> min{VR(F(xﬂy))7l/R(F(x7_y))} 2 0.

At an affine point R whose y-coordinate is 0, vg(y) = 1 and vg(x) is 0 or 2,
making vr(F;(x)) even for i = 1,2 (Exercise 7.3.4(b)) and so vr(Fi(x)y) and
vr(Fa(z)) are distinct. This gives

0 < va(F) = minfvr(Fi(2)) + 1, vr(Fa(@))} < va(Fi(@)) + 1,

and again vgr(Fi(xz)) > 0 since it is even. At the projective point Og,
voe () = —2 and vy, (y) = —3 as shown above, so vy, (F;(x)) is even for
i =1,2 (Exercise 7.3.4(b) again) and the relation vy, (F) = —1 is

min{vo, (F1(z)) — 3, vo, (F2(z))} = -1,

forcing vy, (Fi(x)) = 2. Thus ) p.e vp(Fi(x)) > 0, contradicting the fact
that principal divisors have degree 0. It follows that no F' exists as stipulated.
These examples set up

Lemma 7.3.2. Let £ be an elliptic curve over k.
(a) For any points P,Q € &,
the divisor (P) — (Q) is principal <= P = Q.
(b) For any points P,Q € & there is a congruence of divisors
(P) = (0g) + (Q) = (0g) = (P + Q) — (0¢) (mod Div*(&)).

Proof. (a) The implication ( = ) was shown in the calculation above. The
other implication is immediate.

(b) Let the line through P and @ have equation ax + by + ¢ = 0 and
let R = —P — @ be the third collinear point of £. The formula div(F) =
(P)+(Q) + (R) — 3(0¢) for F(z,y) = ax + by + ¢ shows that

(P) — (02) + (Q) — (0) + (R) — (0¢) € Div*(€).
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If R = Og this gives the result. Otherwise let the vertical line through R
and —R have equation x + ¢ = 0. Changing the example to F(z,y) = + ¢
shows that

(R) — (0g) + (—R) — (0¢) € Div' (),
and since —R = P + @ the result follows from subtracting the two displayed
relations. O

Recall that in the complex analytic environment of Chapter 6 the map of
Abel’s Theorem followed by the natural identification of the Jacobian of an
elliptic curve with the curve itself gave a composite isomorphism from Pic’(€)
to £. We can now prove an algebraic version of this, no longer requiring k = C.

Theorem 7.3.3. Let £ be an elliptic curve. Then the map

Div(€) — €, an(P)HZ[np]P
induces an isomorphism
Pic’ (&) = €.

Therefore the principal divisors on € are characterized by the condition

ZnP(P) € Divi(&) — an =0 and Z[np]P =

Proof. The map Div(€) — £ of the theorem is clearly a homomorphism. Its
restriction to Div"(&) is surjective since (P) — (0g) — P for any P € £. The
restriction has kernel Div¢(&) because for a degree-0 divisor 3 np(P),

Z[np]ong = (Z[ p|P ) ( )EDlV( ) by Lemma 7.3.2(a)
= an 0s)) € Div( by Lemma 7.3.2(b)

= an € Div'(&) since an =0.
O

Ifh: & — &’ is a morphism of elliptic curves over k such that h(0g) = Og/
then the isomorphisms Pic’(€) — &£ and Pic’(£') = &’ of Theorem 7.3.3
and the fact that h, : Pic’(£) — Pic’(£’) is a homomorphism combine to
show that h is a homomorphism as well (Exercise 7.3.5). The characterization
of principal divisors on elliptic curves in the theorem generalizes the complex
analytic criterion from Exercise 1.4.1(c).

Exercises

7.3.1. (a) Show that the degree of a composition of morphisms over k is the
product of the degrees, and so such a morphism is an isomorphism if and only
if its degree is 1.

(b) Let h : C — C’ be a nonconstant morphism defined over k. Show
that [k(C) : h*(k(C"))] = [k(C) : h*(k(C"))].
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7.3.2. (a) Let {vp : P € S} be a finite set of nonzero vectors in kK" Show
that there exists some vector a € K" that is not orthogonal to any vp. (A
hint for this exercise is at the end of the book.)

(b) Show that Mg pN MI% = Mg‘,P'

7.3.3. Compute the divisor of the rational function F(x,y) = y/x on the
elliptic curve y? = 423 — 4. Use the results of Exercise 1.4.3 to verify that it
corresponds to the divisor of the meromorphic function F'(2) = @/, (2)/0u;(2)
on the complex elliptic curve C/A,,,.

7.3.4. (a) Letting & be defined by a Weierstrass equation (7.1), show that any
rational function F' € k(&) takes the form (7.6). (A hint for this exercise is at
the end of the book.)

(b) Show that if vp(z) is even then so is vp(F(z)) for any rational func-
tion F'.

7.3.5. Let h : £ — £’ be a morphism of elliptic curves over k such that
h(0g) = 0gs. Consider the diagram

Pic’(§) —— &
J
Pic’ (&) —— &,

where the top row is [(P) — (0g)] — P and similarly for the bottom row. Show
that the diagram commutes and therefore h is a homomorphism.

7.4 The Weil pairing algebraically

To define an algebraic version of the Weil pairing using Theorem 7.3.3 let pp
denote the group of Nth roots of unity in k,

py ={rck: VN =1}.

Since char(k) = 0 this can be viewed as the usual cyclic group of order N
in Q. Recall that £[N] = (Z/NZ)?. Construct the Weil pairing,

en : E[N] X E[N] — pp,s

as follows. Let two N-torsion points P, Q € E[N] be given, possibly P = Q.
By the characterization of principal divisors in Theorem 7.3.3 there exists a
function f = fg € k(€) such that

div(f) = N(Q) — N(0¢).
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(The notation F' = f/g is no longer needed, so rational functions are denoted
by lower case letters from now on.) Since [N] : £ — & is unramified, the map
f o [N] has divisor

div(fo[N))= Y  NM@®R- > N(9).
R:[N]R=Q 5:[N]S=0¢
If Q' € E[N?] is any point such that [N]Q’ = @ then the divisor is
div(fo[N]) =N > (@ +5)—(9).
SEE[N]

Again by Theorem 7.3.3, this time applied to the sum on the right, the equality
takes the form div(fo[N]) = Ndiv(g) for some g = gg € k(£). Thus fo[N] =
g after multiplying g by a nonzero constant if necessary. For any point X € &,

9(X + P)¥ = f(IN]X + [N]P) = f([N]X) = g(X)".

Consider the rational function g(X + P)/g(X) € k(). Since its Nth power
is 1 its image is a subset of p,, making the map constant since it doesn’t
surject from £ to P!(k). The image point is the Weil pairing of P and @,

en(P.Q) = w € .

Proposition 7.4.1 (Properties of the Weil pairing).
(a) The Weil pairing is bilinear,
en(aP+bP',cQ+dQ") = en(P,Q)*en (P, Q") en (P, Q)" en (P, Q).
(b) The Weil pairing is alternating and therefore skew symmetric,
en(Q,Q) =1, en(Q,P) = en(P,Q)~".
(¢) The Weil pairing is nondegenerate,
if en(P,Q) =1 for all P € E[N] then Q = 0¢.

Consequently the Weil pairing surjects to py .
(d) The Weil pairing is Galois invariant,

en(P,Q)° =en(P?,Q°) for all o € Gal(k/k).

(e) The Weil pairing is invariant under isomorphism, i.e., if i : € — &' is
an isomorphism and ey is the Weil pairing on £ then

en(i(P),i(Q)) = en(P,Q) for all P,Q € E[N].
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Proof. (a) For linearity in the first argument let g = gg and compute
gJX+P+P) gX+P+P)gX+P)
en(P1+ P2, Q) = =
( ) 9(X) 9(X + Py) 9(X)
= €N(P1, Q)eN(P27 Q)7
using X + P, for X to evaluate ey (Py, Q). For linearity in the second argument,

let f1, f2, f3, and g1, g2, g3 be the functions associated to Q1, Q2, and Q1+ Q2.
Choose h € k(&) with divisor

div(h) = (Q1 + Q2) — (Q1) — (Q2) + (0g).

Then div(fs/(fif2)) = Ndiv(h), so f3 = cfy fohN for some ¢ € k . Thus
fs o [N] = e(fi o [N)(f2 0 [N](h o [N)¥, or g& = c(giga(h o [N]))Y, or
g3 = c'g1g2(h o [N]). Using this, compute

_ g3(X+P)  gi(X + P)ga(X + P)h(IN]X + [N]P)
en(P,@Q1+Q2) = aX) 91(X)g2(X)h([N]X)
=en(P,Q1)en(P,Q2).

(b) To show en(Q,Q) =1 for all @ € E[N], let f = fo and g = gg and
compute

aiv( T F(X + @) = 3 N1 - n]Q) — N([-n]Q) = 0.

Hence HT[::OI f(X + [n]Q) is constant, and so if @ = [N]Q’ then also
Hg;ol g(X + [n]Q’) is constant because its Nth power is the previous prod-
uct at [N]X. Equating the second product at X and X + Q' gives g(X) =
9(X + [NQ) = g(X + Q). and ex(Q. Q) = g(X +Q)/a(X) = 1 as dosired.
Every alternating bilinear form is skew symmetric (Exercise 7.4.1(a)), giving
the rest of (b).

(c) For nondegeneracy, if ex(P,Q) = 1 for all P € £[N] and g = gg
then g(X + P) = g(X) for all P € £[N]. This periodicity implies that g =
ho[N] for some function h, but we don’t yet know that h is rational. Let 7* :
E[N] — Aut(k(£)) map each N-torsion point P to its associated translation
automorphism 7} taking f(X) to f(X + P) for all f € k(£). Then 7* is
a homomorphism. If P € ker(7*) then in particular 7p acts trivially on the
function fp with divisor N(P)—N(0¢) as in the definition of the Weil pairing,
so fp(0g) = 75 fp(0g) = fp(P) and this forces P = 0g. Thus 7* injects, k(€)
is a Galois extension of its subfield fixed by 7*(£[N]), and the Galois group
is isomorphic to £[N]. But the fixed field contains the subfield [N]*(k(€)) =

{ho[N]: h € k(€)}, while formula (7.5) is [k(€) : [N]*(k(£))] = N2. Since
N2 = |E[N]| this makes the fixed field [N]*(k(€)). The condition g(X + P) =
g(X) for all P € E[N] means that g is in the fixed field, i.e., g = h o [N] for

some h € k(&). From this and from the setup of the Weil pairing,
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div(ho [N]) =div(g) = > (@ +S5)—(S)  where [N]Q' = Q.
SeE[N]

It follows that div(h) = (Q) — (0g), and so Q = 0Og by Lemma 7.3.2(a),
making the Weil pairing nondegenerate. To see that it surjects, note that
the image en(E[N],E[N]) is a subgroup p,; of py for some M | N. Thus
en([M]P,Q) = ex(P,Q)M =1 for all points P,Q € E[N], forcing [M]P = 0¢
for all P, hence M = N.

(d) For Galois invariance, let o € Gal(k/k). Then fgo = f& and gg- = g3
(Exercise 7.4.1(b)), and so

9 (X7 +P7) (g(X +P)
9°(X°) 9(X)

(e) If i : £ — &’ is an isomorphism then running through the definition
shows that the function ¢’ for e}y is g = g;-1(g) 0@~ ' Thus

en(P7,Q%) =

)U =en(P,Q)7.

GiyX' +i(P))  go(X +P)

en(i(P),i(Q)) = G~ saX) =en(P,Q).

O
We will use the following result (Exercise 7.4.2) in the next section. As
ever, char(k) = 0.

Corollary 7.4.2. Suppose P, Q, P, and Q' are points of E[N], and P’, Q'
are linear combinations of P, Q,

[g;] =7 [g] for some v € Ma(Z/NZ).

Then

BN(P/7 Q/) _ eN(P, Q)det'y.
In particular, if (P,Q) is an ordered basis of E[N] over Z/NZ then enx(P,Q)
s a primitive Nth root of unity.

If €y : E[N] x E[N] — pp is any function satisfying properties (a), (b),
and (c) of the Weil pairing then ey, = e} for some n € (Z/NZ)* (Exer-
cise 7.4.3). This shows that the Weil pairing as defined on a complex torus
C/A in Section 1.3 is a power of the algebraic Weil pairing on the elliptic
curve y? = 4z3 — go(A)x — g3(A). In fact they are equal, though we omit the
exercise in complex function theory that shows this.

Exercises

7.4.1. (a) Show that an alternating bilinear form is skew symmetric.
(b) Let o € Gal(k/k). Explain why fo- = f§ and go- = g3).

7.4.2. Prove Corollary 7.4.2.

7.4.3. Show that any function satisfying properties (a), (b), and (c) of the
Weil pairing takes the form el for some n € (Z/NZ)*.



7.5 Function fields over C 279
7.5 Function fields over C

From Section 3.2, the function field of the level 1 modular curve X (1) =
SLo(Z)\H* over C is generated by the modular invariant,

C(X(1)) = Ao(SL2(Z)) = C(j).

This section describes the function fields for the curves X (N), X;(N), and
Xo(N), where N > 1. The extension C(X(N))/C(X(1)) turns out to be
Galois with group SLo(Z/NZ)/{£I}, and it reproduces the moduli space de-
scription of modular curves from Chapter 1. The end of the section constructs
a related function field extension with Galois group SLy(Z/NZ).

For each vector v € Z? such that T # 0, where as before ¥ is the reduction
of v modulo N, recall from Section 1.5 that the function

f(r) = ig; pT<ch; dv>7 v = (Co, dy) (7.7)

is weight-0 invariant under I'(N). In fact f§ € C(X(N)). To see this we
must show that f§ is meromorphic on # and at the cusps. Meromorphy
on H is straightforward (Exercise 7.5.1(a)). For the cusps, first verify that
(Exercise 7.5.1(b))

fo(yr) = (1), ~€SLy(Z), 7€ H.

Then checking that all f are meromorphic at oo (Exercise 7.5.1(c)) also
checks that they are all meromorphic at the other cusps as well (Exer-
cise 7.5.1(d)). Since the other functions from Section 1.5,

N-1

f§() = f¢""(r), dZ 0 (mod N)  and fi(7)
d=1

are sums of special cases of fJ and invariant under I'j(N) and IH(N) re-
spectively, it follows that f§ € C(X(N)) and fy € C(Xo(N)). For another
example, let jy(7) = j(N7). Then jy € C(Xo(N)) by the methods of Exer-
cise 1.2.11 (Exercise 7.5.2). These are all the examples we need. Introduce a
little more notation for convenience,

f170=f3:(1’0), for=fi= i(m)

Proposition 7.5.1. The fields of meromorphic functions on X(N), X1(N),
and Xo(N) are

C(X(N)) = C(j, {fg" : v € ((Z/NZ)* - (0,0))/+})
= C(j, f1,077f0,1)’

C(Xi(N)) = C(j, {fy*: +d € (Z/NZ - 0)/%})
= C(j, f1),

C(Xo(N)) = C(j, fo) = C(4,jn)-
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Proof. Since p.(z) = p,(2') if and only if 2 = +2’ (mod A), each pair of
functions f0 and fo U are equal but otherwise the f§ are all distinct. Taking
the set {f5" : +v € ((Z/NZ)? — (0,0))/+} gives the field containments

C(X(1)) = C(j) € C(j. {fz™}) € C(X(N)).
Consider the map
0 : SLo(Z) — Aut(C(X(N))),
[P = foy for fe C(X(N)), v € SLy(Z).

This map is a homomorphism (Exercise 7.5.3(a)) and its kernel clearly con-
tains {1 }I"(N). Since any element of the kernel fixes the subfield C(j, {f ”}),
the earlier calculation f¥oy = fO"Y for v € SLy(Z) and the fact that the f are
distinct show that the kernel is also a subgroup of {£I}I'(N), making them
equal. Thus §(SLy(Z)) = SLy(Z)/{xI}I'(N). Since 6(SLa(Z)) is a group of
automorphisms of C(X (N)) and the subfield it fixes is C(X (1)) by definition,
the extension C(X(N))/C(X (1)) is Galois with Galois group 0(SL2(Z)). The
formula f§ oy = fJ7 shows that the intermediate field C(j, {f"}) and its
subfield C(j, f1,0, fo,1) both have trivial fixing subgroup and thus both are all
of C(X(N)), proving the first part of the proposition. The other two parts
are shown by similar arguments (Exercise 7.5.3(b,c)). 0

The function fields in the proposition satisfy the description given before
Theorem 7.2.5 of function fields of algebraic curves over C. Thus X;(N) is
birationally equivalent to the plane curve defined by the complex polynomial
©1 € Clz,y] such that ¢1(j, f1) = 0, and Xo(N) is birationally equivalent
to the plane curve defined by the complex polynomial ¢y € Cl[z,y] such
that po(j, fo) = 0. Section 7.7 will show that in fact the polynomials have
rational coefficients. In connection with Xy (V) the proposition also leads to
the modular equation, the relation between j and jy, which will also turn out
to be defined over Q,

This classical topic is discussed in [Cox97], in [Kna93], and briefly in Milne’s
online notes [Mil], and we will not pursue it except as it bears on the material
here.

The proof of Proposition 7.5.1 has shown more than the proposition
asserts. Since the field extension C(X(N))/C(X(1)) is Galois and since
SLy(Z)/I'(N) = SLy(Z/NZ), the map 6 in the proof induces an isomorphism

6~ : Gal(C(X(N))/C(X(1))) == SLa(Z/NZ)/{£I},
7= Fo07(0) for f € C(X(N)), o € Gal(C(X (N))/C(X(1)),
where §~1(c) acts on H as any of its lifts to SLy(Z). In particular, ()"

o0 (o) = five @) o that 91 defines an action of the group
Gal(C(X(N))/C(X(1))) on the set ((Z/NZ)* - (0,0))/=,
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+7 — 450~ (0). (7.8)

Exercise 7.5.3(b,c) shows that the subgroups of SLy(Z/NZ)/{£I} correspond-
ing to It (N)) and I'h(N) are

071 (Gal(C(X (N))/C(X1(N))) = {£ [} }] € SL2(Z/NZ)/{£1}}  (7.9)
and

6~ (Gal(C(X(N))/C(Xo(N)) = {# [§}] € SLa(Z/NZ)/{£1}} . (7.10)

To understand the results of Proposition 7.5.1 algebraically, recall yet again
that the map (pr, @) takes the complex elliptic curve C/ A, to the algebraic
curve E, : y? = 42% — go(7)x — g3(7). (From now on the symbol E inter-
changeably denotes an elliptic curve, its equation, or its polynomial, and the
symbol € will no longer be used.) Equation 7.7, defining the functions f3(7) in
terms of o, ((¢,7+d,)/N), thus combines with Proposition 7.5.1 to show that
the meromorphic functions on X (V) are generated by the modular invariant j
and by functions of 7 closely related to the x-coordinates of the nonzero N-
torsion points on the curve E.. We now scale the curve E. to a new curve so
that indeed C(X(N)) is generated by j and the N-torsion z-coordinates.

Fix any 7 € H such that j(7) ¢ {0, 1728}. This means that g»(7) and g3(7)
are nonzero since j = 1728¢3 /(g3 — 27¢3). Choose either complex square root
(92(7)/g3(7))*/? and consider the map

(5677 () o) e — vt

This differs from (p,, @) ) by the admissible change of variable (x,y) =
(uw*a’,uPy’) where u = (g3(7)/g2(7))"/. Thus u™* = (g2(7)/g3(7))* and
u=% = (g2(7)/93(7))3, and nonzero points z + A, map to points (x,y) sat-
isfying the suitable modification of the cubic equation of F, according to
Exercise 7.1.1,

3 3
Ejiy: y? = da® — gZ(T)Qm - 92(7—)2.
93(7) 93(7)
Since g3 = (g5 — A)/27, so that g3/93 = 2793 /(g5 — A) = 27j/(j — 1728), the
equation is defined in terms of j(7), justifying the name of the curve,

Ejry 1 y° = 4a° - (](72)73—(7—1)728> o (J(T2)7]—(71)728> '

(Cf. the method in Section 7.1 reducing the general y? = 423 — gox — g3 to the
form y? = 42° — gx — g.) The equation is independent of which square root
(92(7)/g3(7))*/? was chosen. The map C/A, — Ej(,) restricts to an isomor-
phism of N-torsion subgroups. In particular it takes the canonical generators
T/N + A; and 1/N + A, of (C/A;)[N] to the points
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P (20 ooy, (20) Porom) .
) onam).

Negating the square root (g2(7)/g3(7))'/? negates these points, but modulo
this (Pr, Q) is a canonical ordered basis of E;(,)[N] over Z/NZ. The z-
coordinates of +P; and Q) are f1,0(7) and fo1(7) = f1(7) respectively, and
more generally the nonzero points of Ej;[N] have z-coordinates { fE (1)}
as desired. The information j(7), f10(7), fo,1(7) thus describes an enhanced
elliptic curve for I'(N) modulo negation,

(Ej(r)a :l:(PT7 QT))

This is the sort of element that represents a point [C/A;, (T/N+A,,1/N+A;)]
of the moduli space S(N), excluding the finitely many such points with
J(7) € {0,1728}. Similarly, the information j(7), fi(7) describes (E(;), £Q-),
representing a point of S1(N), and j(7), fo(7) describes (Ej(;, (@-)), repre-
senting a point of So(V). The moduli space description of modular curves is
emerging from the function field description in Proposition 7.5.1.

Change 7 to a variable so that j = j(7) varies as well. This gathers the
family of elliptic curves Ej(;) into a single universal elliptic curve,

2775 273
oyt =da? - —L— |\ 755 1
Ej:y o (] - 1728) v (] — 1728) ’ (7.12)

whose j-invariant is indeed the variable j (Exercise 7.5.4). The universal el-
liptic curve specializes to a complex elliptic curve for every complex j except
0 and 1728. To make this idea algebraic view j as a transcendental element
over C and view Ej; as an elliptic curve over the field C(j). The affine points

(7.11)

of E; are ordered pairs from the algebraic closure, elements of Wz. The
finite N-torsion z-coordinates of E; are {fi"}, functions on X (N) rather
than X (1), algebraically elements of C(j) rather than of C(j). The universal
enhanced elliptic curves (Ej, (f1.0, fo,1)), (Ej, f1), and (E;, fo), each viewed
as a family of enhanced elliptic curves, are essentially the same thing as the
moduli spaces S(IV), S1(NV), and So(IV), and therefore as the modular curves
X(N), X1(N), and Xo(N).

An argument is required to show that {fi "} are the universal N-torsion
x-coordinates. Specialize the discussion of division polynomials in Section 7.1
to the curve E; to show that its N-torsion x-coordinates are characterized by
a polynomial condition,

Un(g,9,2) =0, Uy € Zga,g3,2], g =27j/(j — 1728).

Let ¥ be a nonzero element of (Z/NZ)?. Consider the function field element

Un(9,9.f5") € CLX(I)).
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For any 7 € H such that j(7) ¢ {0, 1728}, ;) specializes to an elliptic curve
over C, and g(7) and fi"(7) specialize to complex numbers. Since fi(7) is
an N-torsion x-coordinate of Fj(,),

@N(Q(T)ag(T% SEE(T)) =0.

Thus ¥y (9,9, foii) is a meromorphic function on the compact Riemann sur-
face X (N) with infinitely many zeros I'(N)7, forcing it to be the zero func-
tion. This makes foii the z-coordinate of a point R of the universal curve
Ej; such that [N]R = Og;. A complementary argument using division equa-
tions 1ZM where M | N shows that the order of R is exactly N as claimed
(Exercise 7.5.5).

Let z(E;[N]) denote the set of z-coordinates of nonzero points of E;[N]
as an alternative notation to { f”}. Thus z(E;[N]) € C(j). Proposition 7.5.1
says that adjoining f1, and fo1 to C(j) adjoins all of (E;[N]). That is, the
generators 7/N + A; and 1/N + A, of (C/A;)[N], where the group law is
addition modulo A,, map to generators of x(E;[N]), where the group law is
defined by rational functions. (Making this statement precise requires another
specialization argument as in the previous paragraph.) More generally, the
first part of Proposition 7.5.1 and of the discussion after its proof rephrase as

Proposition 7.5.2. Let E; be the universal elliptic curve (7.12). The field of
meromorphic functions on X(N) is the field generated by the x-coordinates of
nonzero N-torsion points on Ej,

C(X(N)) = C(j, z(E;[N])).
Thus the field extension C(j, z(E;[N]))/C(j) is Galois and its group is
Gal(C(j, #(E;[N1))/C(j)) = SL2(Z/NZ) /{+1}.

We now adjoin the y-coordinates of E;[N] to C(j) as well, thus eliminating
the quotient by {£I} from the Galois group. That is, let y(E;[N]) denote the
set of y-coordinates of nonzero N-torsion points of E;. Analytically these are
the functions

gg(T) = (52213)3/2@; <CUTAJ;dU) , U= (Cvadv)~

Since they are not defined on X (V) because of the square root, but rather on
a two-sheeted surface lying over X (N), it is easiest just to think of them as
elements of C(j). We will not use the notation g§(7) any further, but special
cases of it are implicit in the canonical (up to negation) basis (Pr, Q) of the
universal N-torsion group E;[N], defined by (7.11) but now viewing 7 as a
variable. Let C(j, E;[N]) denote the field generated over C(j) by z(E;[N])U
y(E;[N]). Consider the field containments

C(j) € C(j, =(E;[N])) € C(j, E;[N]) € C(j)
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Corollary 7.5.3. The field extension C(j,E;[N])/C(j) is Galois and its
group s

Gal(C(j, E;[N])/C(5)) = SL2(Z/NZ).
C(j)

Proof. Let o : C(j, E;[N]) — C(j) be an embedding that fixes C(j) point-
wise. Since the extension C(j,z(E;[N]))/C(j) is Galois, o restricts to an
element of Gal(C(j,z(E;[N]))/C(j)). The set y(E;[N]) consists of pairs of
square roots of elements of C(j,z(E;[N])) permuted by o, so ¢ permutes
y(E;[N]) as well, making it an automorphism of C(j, E;[N]). Thus the exten-
sion C(j, E;[N ])/C( j) is Galois.

Let H be its Galois group. The ordered basis (Pr, Q,) of E;[N] over Z/NZ
specifies an injective representation (Exercise 7.5.6)

p: H —s GLy(Z/NZ), {gﬂ — p(0) [g:] .

We need to prove that p(H) = SLy(Z/NZ).

For any ¢ € H the relation {QU} = p(o )[ :} combines with Galois
invariance of the Weil pairing and Corollary 7.4.2 to show that

€N(P7., QT)U = 6’]\/(Pf_77 Q:) = eN(PT7 QT)det p(g).

But en(Pr,Q;) is an Nth root of unity, lying in C and therefore fixed
by o, so the displayed relation is in fact ey (Pr,Q;) = en (P, Q,)3tP(),
Since ey (Pr,Q,) is a primitive Nth root by Corollary 7.4.2, det p(o) = 1
in (Z/NZ)*. This shows that p(H) C SLa(Z/NZ).

Let K = Gal(C(j, E;[N])/C(j,2(E;[N]))) be the subgroup of H whose
action on Ej[N] preserves z-coordinates. Since points with the same z-
coordinate are equal or opposite, if o € K then P? = £P; and Q7 = £, and
p(o) € SLa(Z/NZ), so p(c) € {£I}. Conversely, if 0 € H and p(o) € {£I}
then P° = +P for all P € FE;[N], so 0 € K. That is, K = p *({£I}),
showing that |K| < 2. By Proposition 7.5.2 Gal(C(j,z(E;[N]))/C(j)) =
SLo(Z/NZ)/{£I}, and consequently |H| = |SLo(Z/NZ)/{xI}||K|. Thus
[SLo(Z/NZ) : p(H)] < 2.

The case [SLa(Z/NZ) : p(H)] = 2 can arise only if |K| = 1, ie.,
—I ¢ p(H). In this case {+I}p(H) = SL2(Z/NZ) and so one of £ [ 7§]
is in p(H). But this gives —1 = (£ [{ 73])? € p(H), contradiction, and so
p(H) = SLy(Z/NZ) as desired. O

The proof has shown that adjoining y-coordinates enlarges the Galois
group by adjoining an element that maps under p to —I, i.e., the element
negates points by negating y-coordinates, so it can be denoted —1. Modulo
this, the representation p is the map #~! from before (Exercise 7.5.7).

Figure 7.2 summarizes some of the results of this section. The displayed
groups are the images under p of the actual Galois groups, obtained by lift-
ing (7.9) and (7.10) to SLa(Z/NZ) since p and 6~! are compatible. To re-
iterate, one can think of the transcendental j as parameterizing a family of
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elliptic curves, of the functions fi ¢ and fo1 = fi as N-torsion xz-coordinates
of the points P, and @, on the curves, and of the function fy as the sum of
z-coordinates of the nonzero points of the N-cyclic subgroup (Q.). Thus the
algebraic extensions of C(j) in the figure carry torsion data about the curves
to describe moduli spaces, i.e., modular curves. At the top, y-coordinates are
adjoined as well to eliminate a quotient by {£+I} from the Galois groups. As
the diagram shows, one can think of X;(NN) as being defined by the relation
between j and f; over C, and of Xo(IV) as being defined by the relation be-
tween j and fy. To study the modular curves as algebraic curves over the
rational numbers the underlying field needs to be changed from C to Q. This
will be done in the next section.

C(]a E][ND
C(X(N)) = C(J, f1,05 fo,1) {51}

C(X1(N)) =C(j, f) SLy(Z/NZ)

C(Xo(N)) = C(j, fo) = C(4,jn)

Figure 7.2. Fields and groups over C

Exercises

7.5.1. (a) Show that fJ is meromorphic on H.

(b) Show that f§ oy = f;7 for all v € SLy(Z).

(c) Show that f¥ is meromorphic at co. More specifically, show that for
v = (¢y,d,) as in the section,

Im(7)—00

lm o, (e =~ 2() if ¢, # 0 (mod N),
N —20(2)+ N? Yy & i e, =0 (mod N).

(A hint for this exercise is at the end of the book.)
(d) Explain why showing that each f§ is meromorphic at oo checks the
other cusps as well.

7.5.2. What modifications to Exercise 1.2.11 show that jy € C(Xo(N))?

7.5.3. (a) Show that the map ¢ is a homomorphism.
(b) Consider the set {f¢ :d € (Z/NZ —0)/+} and the field containments
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C(X(1)) € CL{fi}) C C(X1(N))) C C(X(N)).

Show that since f(ji oy = féo’dh for v € SLa(Z), the fixing subgroup in
SLo(Z)/{£I}I'(N) of the field C(j, {fOE}) is {1} (N)/{£I}I(N), and thus
C(X1(N)) = C(j,{f&}) and (7.9) holds.

(c) Similarly, show that

N-1
fooy= Z fg(c’d) for v = [2 0] € SLy(2Z),
5=1

i.e., foporyis the sum of the x-coordinates of the nonzero points of the N-cyclic

subgroup of Ej(;) generated by either point with z-coordinate féc’d) (1). We
already know that fo € C(Xo(N)). Use the result of Exercise 7.5.1(c) to
show that if v ¢ I'o(N) then fy and fy o v take different values at the cusp
I'(N)oo of X(N). Thus C(Xo(N)) = C(4, fo) and (7.10) holds. Also, for any
v € SLa(Z) show that jny(v(7)) = j(v(N7)) where

, _[NO0] [1/NoO
Tolo]7 o 1)
and show that consequently C(Xo(N)) = C(4,jn) as well. (A hint for this
exercise is at the end of the book.)

7.5.4. Show that the j-invariant of the universal elliptic curve E; is the vari-
able j. (A hint for this exercise is at the end of the book.)

7.5.5. Complete the specialization argument in the section by showing that
if R is a point of the universal curve E; with z-coordinate fg“’ then the order
of R is exactly N.

7.5.6. Show that the map p is an injective representation.

7.5.7. Supply details as necessary to the following proof that the representa-
tion p is the map #~! from earlier in the section modulo signs. For any nonzero
row vector U € (Z/NZ)? and any o € Gal(C(j, F;[N])/C(j)) = SL2(Z/NZ)
the definition of p gives

@ lo ]y =] o]

and ignoring negation give the relation on z-coordinates,

_| P (o) _ |: P, :|
(v =zx( tvp(Lo .
(£7] 5 )07 =tz w7 ])
Specifically,
17 — +0p(L0).

Since a pair o in the Galois group corresponds to a single element in the quo-
tient group Gal(C(X(N))/C(X(1))) = SLo(Z/NZ)/{£I}, this is the same as
the earlier action of the quotient group via 6~ as shown in (7.8).



7.6 Function fields over Q 287

7.6 Function fields over Q

Working over the complex numbers C we have considered the universal
curve F; and the field containments

C(j) € C(, Ej[N]) € C())-

Corollary 7.5.3 established that the extension C(j, E;[N])/C(j) is Galois with
group SLy(Z/NZ). This section studies the situation when the underlying field
is changed to the rational numbers Q. The result will be that the Galois group
enlarges to GLo(Z/NZ). Large enough subgroups correspond to intermediate
fields that are the function fields of algebraic curves over the rational numbers.
The next section will show that the intermediate fields Q(j, fo) and Q(j, f1)
define X (V) and X7 (V) over Q. The field Q(4, f1,0, fo,1) defines X (N) over
the field Q(p ) where py is the group of complex Nth roots of unity.

Since Q is the prime subfield of C, much of the algebraic structure from
the previous section carries over. The equation defining F; has its coeffi-
cients in Q(j). Viewing the curve as defined over this field means considering

2
points (z,y) € Q(j) satisfying the equation. This includes the nonzero points
of E;[N] over C(j) from before, and in the field containments

Q@) € QU E;[N]) € Q)

the extension Q(j, E;[N])/Q(j) is again Galois. The only difference between
the field theory over Q and over C will involve .
Consider the Galois group

Hq = Gal(Q(uy j, E5[N])/Q(5))
and the representation
p:Hq — GL2(Z/N7Z)

describing how Hq permutes E;[N]. This is defined as before in terms of the
ordered basis (P-, Q) of E;[N] over Z/NZ from (7.11), so that

3]-s[5] v

Lemma 7.6.1. The function det p describes how Hq permutes iy,

po = ptPo) e py, o€ Hq.

(Here pu® is pi acted on by o while pdtP(?) is y raised to the power det p().)

This is shown with the Weil pairing as in the proof of Corollary 7.5.3
(Exercise 7.6.1). To use the lemma, suppose o € Hq fixes E;[N]. This means
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Q4. E4[N])
[ Hagy) )
Q(un, J) Hq - GLy(Z/NZ)
(Z/NZ)*
Q)

Figure 7.3. Fields and groups over Q

that o € ker(p), so o € ker(det p) and the lemma says that o fixes p,. Thus
py C Q(4, Ej[N]) by Galois theory, showing that Hq is in fact the Galois
group of Q(j, E;[N]) over Q(j), the analog over Q of the group H in the
proof of Corollary 7.5.3. Consider the configuration of fields and groups in
Figure 7.3. Since the field extension is generated by E;[N], now p clearly is
injective, and by the lemma it restricts to

p: HQ(I"‘N) — SLQ(Z/NZ)

To analyze the images of Hq and Hq(,,) under p, recall a result from Galois
theory.

Lemma 7.6.2 (Restriction Lemma). Let k and F be extension fields of £
inside K with F/f Galois. Suppose K = kF. Then K/k is Galois, there is a
natural injection

Gal(K/k) — Gal(F/f),

and the image is Gal(F/(kNF)).

K_kFI F
k kNnF
f

Figure 7.4. Setup for the Restriction Lemma

Proof. The situation is shown in Figure 7.4. Any map ¢ : K — K fixing k
restricts to a map F — F fixing k N F. Since the extension F/(k N F) is
Galois, the restriction is an automorphism of F and therefore o is an auto-
morphism of K = kF. This shows that K/k is Galois and that restriction
gives a homomorphism

Gal(K/k) — Gal(F/(kNF)) C Gal(F/f).
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If the restriction of some o fixes F along with k then it fixes K and is trivial,
so the restriction map injects. Since the fixed field of K under Gal(K/k) is k,
the fixed field of F under the restriction is k N F and so restriction maps to
all of Gal(F/kNF). O

One application of the lemma is implicit in Figure 7.3, where (Z/NZ)* is
displayed as Gal(Q(py,7)/Q(5)) (Exercise 7.6.2). For another, consider the
situation shown in Figure 7.5.

s IND) I QU B5[N))

C(j) C(j) N Q(j, E;[N])
Q(uy,J)

C(,
SLo(Z/NZ) {

HQuy)

Figure 7.5. Applying the Restriction Lemma

The Restriction Lemma shows that SLa(Z/NZ) injects into Hqg, ). But
also p injects in the other direction, making the two groups isomorphic since

they are finite,
p: HQ(IJ‘N) — SLQ(Z/NZ)

Now the lemma also shows that C(j) N Q(j, E;[N]) = Q(py,J), and inter-
secting with Q gives
Q(j, E;[N)) N Q = Q(uy)-
Also, Figure 7.3 now shows that
|Hq| = [Hq(uy) | (Z/NZ)"| = [SL2(Z/NZ)| [(Z/NZ)"|.

But |SL2(Z/NZ)||(Z/NZ)*| = |GL2(Z/NZ)|, so the representation p sur-
jects,
p: Hq — GL2(Z/NZ).

This lets us specify which intermediate fields of Q(j, E;[N])/Q(j) corre-
spond to algebraic curves over Q. Let K be an intermediate field and let the
corresponding subgroup of Hq be K = Gal(Q(j, E;[N])/K), as in Figure 7.6.

Recall that det p describes how Hqg permutes p,;. This gives the equiva-
lences

KNQ=Q < KnNQ(uy)=Q
< detp: K — (Z/NZ)* surjects.

Summing up the results of this section,
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QU E5[N])

K
QW)

P
Hq —5 GLo(Z/NZ)

Figure 7.6. Subgroup and fixed field

Theorem 7.6.3. Let Hq denote the Galois group of the field extension
Q(j, E;[N])/Q(j). There is an isomorphism

p: Hq = GLy(Z/NZ).

Let K be an intermediate field and let K be the corresponding subgroup of Hq.
Then o
KNQ=Q < detp: K — (Z/NZ)* surjects.

Thus K is the function field of an algebraic curve over Q if and only if det p
surjects.

The last statement in the theorem follows from Theorem 7.2.5.

Exercises
7.6.1. Prove Lemma 7.6.1.

7.6.2. Justify the relation Gal(Q(py,7)/Q(j)) = (Z/NZ)* shown in Fig-
ure 7.3.

7.7 Modular curves as algebraic curves and Modularity

This section defines the modular curves Xo(N) and X;(NN) as algebraic curves
over Q and then restates the Modularity Theorem algebraically.
Consider three intermediate fields of the extension Q(j, E;[N])/Q(j),

KOZQ(jafO)v K/OZQ(]vjN)v Kle(j7f1)7

analogous to the function fields C(j, fo) = C(j,jn) and C(j, f1) of the modu-
lar curves Xo(N) and X (N) as complex algebraic curves. The subgroups K,
K{, and K; of Hq corresponding to Ko, Kj, and K; satisfy (Exercise 7.7.1)

s oty = {[on] b om0 ={= 53]}

running through all such matrices in GLy(Z/NZ), so in fact Ko = K{. Thus
detp : K; — (Z/NZ)* surjects for j = 0,1, and so by Theorem 7.6.3 the
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fields Ky and K; are the function fields of nonsingular projective algebraic
curves over Q. Denote these curves Xo(IV)aig and Xi (N )aig.

To relate the algebraic curve X1 (INV)ayg defined over Q to the complex mod-
ular curve X;(N) viewed as an algebraic curve over C, we need the following
theorem from algebraic geometry.

Theorem 7.7.1. Let k be a field, let C' be a nonsingular projective algebraic

curve over k defined by polynomials ¢1,...,om € K[x1,...,2,], and let the
function field of C be k(C) = k(t)[u]/(p(w)). Let K be a field containing k.
Then the polynomials @1, . .., pm, viewed as elements of K[x1, ..., x,], define

a nonsingular algebraic curve C' over K, and its function field is K(C') =

K(®)[ul/{p(u)).

For example, any nonsingular Weierstrass equation over Q defines an ellip-
tic curve over C, as we earlier observed directly. In the theorem z1, ..., z, are
understood to be indeterminants over K as well as over k. The theorem says
that after enlarging the field of definition from k to K, the ideal generated by
the ¢; remains prime and the nonsingularity condition continues to hold at
each point of the curve over the larger field. The form of K(C’) shows that
the minimal polynomial p of u over k(¢) is irreducible over K(t), making it
the minimal polynomial of u over K(t) as well.

To apply the theorem to modular curves, let k = Q and C' = X1(N)alg,
and let p; € Q(j)[z] be the minimal polynomial of f; over Q(j), so that

Q(C) = Q. f1) = Q(U)[=]/(p1)-

Let K = C. Since this field is algebraically closed, the theorem says that the
C-points (points with coordinates in C) that satisfy the polynomials defining
X1(N)alg over Q form a curve €’ = X1 (V)alg,c over C with function field

C(X1(N)aig.c) = C()lz]/{p1),

and p; is also the minimal polynomial of f; over C(j) (see Exercise 7.7.2 for
an elementary proof of this last fact). Since the minimal polynomials are the
same, the function field C(j, f1) of the Riemann surface X;(NN)—or of the
corresponding nonsingular algebraic curve over C, also denoted X; (INV)—is

C(X1(N)) = C(j, f1) = C()lxl/(p1),

and since the two function fields agree Theorem 7.2.5 says that X;(N) =
X1(N)alg,c up to isomorphism over C as desired. The argument for X (V)
is virtually identical, using either fy or jn in place of f;. For the algebraic
model of X(N) see Exercise 7.7.3.

The planar model of X (N)aig is defined by the polynomial p;. Clear its
denominator to get a polynomial ¢; € Q[j, z]. Then the points of the planar
model are

Xi(N)P = {(j,2) € Q" : pa(j,a) = 0.
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As discussed after Theorem 7.2.5 there is a birational equivalence over Q
between the planar model X (N )gllgnar and the actual nonsingular projective
curve X1 (N)ag itself. As a set map this takes all but finitely many points
of the planar model to all but finitely many points of the curve. Since the
description of X7 (N )alg is abstract, we will sometimes use its planar model in
its stead for computations.

The values j(usz) = 0 and j(i) = 1728 show that the elliptic points of
the Riemann surface X;(N) correspond to points (j, f1) with rational first
coordinate and thus algebraic coordinates in the planar model of X1 (N )ag,c-
That is, no elliptic points are lost in the transition from X (N) to X1 (N )aig-
The same is true for cusps, viewing j(oo) = oo = [1,0] as a rational point
of the projective plane. This argument holds for a general modular curve,
regardless of whether it is defined over Q or some larger number field K C Q.

Version X¢ of the Modularity Theorem, from the end of Chapter 2, has a
variant in the language of algebraic geometry.

Theorem 7.7.2 (Modularity Theorem, Version Xq). Let E be an ellip-
tic curve over Q. Then for some positive integer N there exists a surjective
morphism over Q of curves over Q from the modular curve Xo(N)ag to the

elliptic curve F,
XO(N)alg — F.

By contrast, Version X¢ assumes a complex elliptic curve E with rational
j-invariant and guarantees a holomorphic map Xo(N) — FE of Riemann
surfaces.

Version Xq easily implies Version X¢c. Any complex elliptic curve E
with rational j-invariant, viewed as an algebraic curve over C, is isomor-
phic over C to the C-points E’'(C) of an elliptic curve E’ over Q. Ver-
sion Xq gives a map Xo(N)ag — E’ over Q and this extends to C-points,
Xo(N)ag(C) — E'(C). A map Xo(N) — E follows immediately and can
be viewed as a holomorphic map of Riemann surfaces as desired. On the other
hand, showing that Version X¢ implies Version Xq, i.e., transferring the the-
orem from complex analysis to algebraic geometry and refining the field of
definition from C to Q, is beyond the scope of this text. The argument is
given in the appendix to [Maz91], and it involves replacing the N in Ver-
sion X¢ by a possibly different NV in the resulting Version Xq. In any case,
the approach to proving Modularity developed by Wiles ultimately gives the
a priori stronger Version Xq.

Definition 7.7.3. Let E be an elliptic curve over Q. The smallest N that
can occur in Version Xq of the Modularity Theorem is called the analytic
conductor of E.

Thus the analytic conductor is well defined on isomorphism classes over Q
of elliptic curves over Q. The next section will show that isogeny over Q
of elliptic curves over Q is an equivalence relation, so in fact the analytic



7.7 Modular curves as algebraic curves and Modularity 293

conductor is well defined on isogeny classes of elliptic curves over Q. We will
say more about the analytic conductor in Chapter 8.

Similar algebraic refinements of Versions Jo and Ac of the Modularity
Theorem from Chapter 6 require the notion of a variety, the higher-dimen-
sional analog of an algebraic curve. As in Section 7.2, let m and n be positive
integers, consider a set of m polynomials over Q in n variables, and suppose
that the ideal they generate in the ring of polynomials over Q,

I= <¢17"'a§0m> Cé[l‘l)---axn],
is prime. Then the set V' of simultaneous solutions of the ideal,
V={PeQ":p(P)=0forall pecl}

is a variety over Q. The coordinate ring of V over Q is the integral domain

QV]=Qla1, ..., z]/1,

and the function field of V over Q is the quotient field of the coordinate ring,

QV)={F=f/g: f.g€Q[V], g#0}.

The dimension of V is the transcendence degree of Q(V) over Q, i.e., the
number of algebraically independent transcendentals in Q(V'), the fewest tran-
scendentals one can adjoin to Q so that the remaining extension up to Q(V)
is algebraic. In particular a curve is a 1-dimensional variety. If V' is a variety
over Q and for each point P € V the m-by-n derivative matrix [D;y;(P)]
has rank n — dim(V) then V is nonsingular. As with curves, homogenizing
the defining polynomials leads to a homogeneous version Vjon of the vari-
ety, and the definition of nonsingularity extends to Vjom,. Morphisms between
nonsingular projective varieties are defined as between curves.

The Jacobians from Chapter 6 have algebraic descriptions as nonsingular
projective varieties, defined over Q since modular curves are defined over Q,
and having the same dimensions algebraically as they do as complex tori.
We will see in Section 7.9 that the Hecke operators are defined over Q as
well. Consequently the construction of Abelian varieties in Definition 6.6.3 as
quotients of Jacobians, defined by the Hecke operators, also gives varieties
defined over Q, and again the two notions of dimension agree. Versions Jc
and Ac of the Modularity Theorem modify accordingly.

Theorem 7.7.4 (Modularity Theorem, Version Jq). Let E be an ellip-
tic curve over Q. Then for some positive integer N there exists a surjective
morphism over Q of varieties over Q

JO(N)alg — F.
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Theorem 7.7.5 (Modularity Theorem, Version Aq). Let E be an elliptic
curve over Q. Then for some positive integer N and some newform f €
So(I'o(N)) there exists a surjective morphism over Q of varieties over Q

!/
falg — B

Our policy will be to give statements of Modularity involving varieties but,
since we have not studied varieties, to argue using only curves. In particular,
we never use the variety structure of the Abelian variety of a modular form. We
mention in passing that rational maps between nonsingular projective varieties
are defined as for curves, but a rational map between nonsingular projective
varieties need not be a morphism; this is particular to curves. The Varieties—
Fields Correspondence involves rational maps rather than morphisms, and the
rational maps are dominant rather than surjective, where dominant means
mapping to all of the codomain except possibly a proper subvariety.

Applications of Modularity to number theory typically rely on the alge-
braic versions of the Modularity Theorem given in this section. A striking ex-
ample is the construction of rational points on elliptic curves, meaning points
whose coordinates are rational. The key idea is that a natural construction of
Heegner points on modular curves, points with algebraic coordinates, follows
from the moduli space point of view. Taking the images of these points on
elliptic curves under the map of Version Xq and then symmetrizing under
conjugation gives points with rational coordinates. As mentioned early in this
chapter, the Mordell-Weil Theorem states that the group of rational points
of an elliptic curve over Q takes the form 7' ® Z" where T is the torsion sub-
group, the group of points of finite order, and r» > 0 is the rank. The Birch and
Swinnerton-Dyer Conjecture, to be discussed at the end of Chapter 8, pro-
vides a formula for r. Gross and Zagier showed that when the conjectured r
is 1, the Heegner point construction in fact yields points of infinite order. See
Henri Darmon’s article in [CSS97] for more on this subject.

Exercises

7.7.1. Show that the images of Ky, K{, and K; under p are given by (7.13).
(A hint for this exercise is at the end of the book.)

7.7.2. Let p1,c € C(j)[z] be the minimal polynomial of f; over C(j) and let
p1,Q € Q(j)[x] be the minimal polynomial of f; over Q(j), a multiple of p; ¢
in C(j)[x]. Let eny be 2 if N € {1,2} and 1 if N > 2. Show that by Galois
theory and Figure 7.2,

deg(p1,c) = en|SL2(Z/NZ)|/(2N),

and show similarly that this is also deg(p1,q). Thus the polynomials are equal
since both are monic.
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7.7.3. The relevant field for the algebraic model of X (V) is

K = Q(J, f1,0, fo,1),

analogous to the function field C(j, f1,0, fo,1) of X(IN) as a complex algebraic
curve. Show that the corresponding subgroup K of Hgq satisfies p(K) = {£I},
so KN Q = Q(uy). The algebraic model of the modular curve for I'(N) is
the curve X (NV)ag over Q(py) with function field Q(py)(X(N)ag) = K.
Connect this to the complex modular curve X (N).

7.8 Isogenies algebraically

Let N be a positive integer. Recall the moduli space S1(N) from Section 1.5,
S1(N) = {equivalence classes [E, Q)] of enhanced elliptic curves for It (N)},

and recall the moduli space interpretation of the Hecke operator 7, on the
divisor group of S;(N) from Section 5.2,

TP[E’Q] = Z[E/C,Q—FC],

c

where the sum is taken over all order p subgroups C of E with CN{Q) = {0}.
So far we understand the quotient E/C only when E is a complex torus. This
section uses both parts of the Curves—Fields Correspondence to construct the
quotient when F is an algebraic elliptic curve instead. Thus T, can be viewed
in algebraic terms. The algebraic formulation of T, will be elaborated in the
next section and used in Chapter 8.

Section 1.3 defined an isogeny of complex tori as a nonzero holomorphic
homomorphism, which thus surjects and has finite kernel. Any such isogeny
is the quotient map by a finite subgroup followed by an isomorphism. Every
isogeny ¢ of complex tori has a dual isogeny v in the other direction such
that ¢ o ¢ = [N] where [N] = deg(¢) = | ker()|. Similarly, define an isogeny
between algebraic elliptic curves to be a nonzero holomorphic morphism.

For an algebraic construction of the quotient isogeny, let k be a field of
characteristic 0 and let £ be an elliptic curve over k. Let C be any finite
subgroup of E, so that C C E[N] for some N, and let 1 = k(E[N]) be
the field generated over k by the coordinates of the nonzero points of E[N].
According to Theorem 7.7.1 we may regard E as an elliptic curve over 1. When
k is algebraically closed, e.g., k = C or k = Q, then 1 = k and there is no
need to introduce 1 at all, but we cannot always assume this.

For each point P € C there is a corresponding automorphism 75 of the
function field 1(E),

7pf = forp forall f €1(E).
Since 7pypr = Tp o Tp,, the group C naturally identifies with a subgroup
of Aut(l(E)),
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C={rp:PeC}

Let 1(E)¢ denote the corresponding fixed subfield of 1(E). This is a function
field over 1, so by Theorem 7.2.5 there exists a curve E’ over 1 and an l-iso-
morphism i : 1(E') — 1(E)“. View this as an l-injection,

i:1(E) — 1(E).
By Theorem 7.2.6 there is a corresponding surjective morphism over 1,
p: B — E, p* = 1.

This will turn out to be the desired quotient isogeny.

For any point X € Elet Y = p(X) € E’ and consider the set p~1(Y) C E.
For any P € C and any f € 1(E)¢ we have f(X + P) = (75)(X) = f(X),
so that the construction of the quotient map given at the end of Section 7.2
shows that (X + P) = ¢(X) =Y. That is, X + C C ¢~ 1(Y). But also,

o V)] < X xreprryexi (#) = deg() by (7.4)
=[UE):i(1(E"))] since 1 = ¢*
=[[(E): l(E)C} =|C|] by Galois theory,

so that in fact ¢=1(Y) = X + C. In the process this has shown that ¢ is
unramified and deg(p) = |C|.

The image curve E' = p(F) is again an elliptic curve with 0 = ¢(0g).
Indeed, algebraic versions of the genus and the Riemann—Hurwitz formula
from Chapter 3 exist, along with a more general notion of an elliptic curve as
an algebraic curve of genus 1 with a distinguished point designated as its 0.
An argument using the algebraic Riemann—-Roch Theorem shows that any
such curve is isomorphic to a curve in Weierstrass form. (See Exercise 7.8.1
for an example and then a sketch of the proof. Explaining all of this would
lead us too far afield, but the interested reader should see [Sil86].) Since ¢
is unramified, it follows that (E’, ¢(0g)) is an elliptic curve as claimed. This
makes ¢ a homomorphism as observed after Theorem 7.3.3, and its kernel is

ker(p) = ¢ 1(0%) =0 +C =C.

Thus we can view E’ and ¢ as E/C and the quotient isogeny, transferred from
the complex analytic setting of Chapter 1 to morphisms of algebraic elliptic
curves over 1,

E -2 E/C, Q—Q+C.

Exercise 7.8.2 shows that in fact the constructions of E/C and ¢ are de-
fined over a field that is generally smaller than 1. In the next section Exer-
cise 7.9.2 will construct a rational function ry over Q of two variables such
that j(E/C) = ry(j(E),z(C)) where E is an elliptic curve over Q, C is a
cyclic subgroup of order N, and z(C) is the sum of the z-coordinates of the
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nonzero points of C. This exercise works with a field of definition that is not
algebraically closed.
As for the dual isogeny,

Theorem 7.8.1. Let k be a field. Isogeny over k between elliptic curves over k
is an equivalence relation. That is, if ¢ : E — E’ is an isogeny over k of
elliptic curves over k then there exists a dual isogeny ) : E' — E, also
defined over k.

Proof. Given ¢ : E — E', let C = ker(p), let N = |C|, and consider
also [N] : E — E, again an isogeny over k. Similarly to before, identify
each point P € E[N] with the automorphism 7} of the function field k(E),
and thus identify E[N] with a subgroup of Aut(k(E)). Since ker(¢) = C,
the embedded image ¢*(k(E’)) in k(E) is the subfield of functions that don’t
separate points of C, i.e., it is k(E)®. Similarly, [N]*(k(E)) = k(E)"V]. Thus
in the following configuration the horizontal arrows are k-isomorphisms:

By Theorem 7.2.6 the k-injection

k(E) M k(E")

takes the form ¢* where ¢ : E/ — E is a morphism over k. And ¢* o ¢* =
[N]* : k(F) — k(E), so ¢ o o = [N]. That is, 9 is the desired dual isogeny.
0

Exercise 7.8.3 gives an example of an isogeny and its dual. Exercise 7.8.4
is to show that also ¢ o ¢ = [deg(y)]. Exercise 7.8.5 is to show that ¢, = ¢*
as maps from Pic’(E’) to Pic’(E).

The more general notion of elliptic curve that this section has mentioned
gives rise to our first examples of the Modularity Theorem. Since the modular
curves Xo(N )alg are defined over Q, those that have genus 1 are modular
elliptic curves if they contain a point with rational coordinates. We show
inductively that this is the case for all N. Recall that X((V)alg is a subset
of Xo(IN)aig,c, which is identified with the Riemann surface Xo(N). Similarly
to the argument in Section 7.7, Xo(N)ag retains the cusps of the Riemann
surface. Specifically we show that the point of Xo(V)aig corresponding to the
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cusp Ip(N)(0) is rational. Since the map j : Xo(1) — Xo(1)ag,c = P*(C)
takes SL2(Z)(0) to the rational point co = [1,0], this holds for N = 1. Now
suppose it holds for some N and let p be prime. Let P € Xo(Np)a, be the
point corresponding to IH(Np)(0). The projection map m : Xo(Np)ag —
X0o(N)alg is a morphism over Q of curves over Q. Its degree is p or p + 1
according to whether p | N. The point @@ = m(P) € X¢(IN)alg corresponds
to Io(N)(0), and working complex analytically shows that the ramification
degree ep(m) is p, cf. Section 3.1. Consider the divisor D = (Q) on Xo(N)alg-
By induction @) has rational coordinates, and D is therefore invariant under
the automorphisms of Q. Its pullback 7* D is of the form p(P) or p(P) + (P’)
for some P’ # P according to whether p | N. For any automorphism ¢ of Q,

(" D)7 = x*(D?) = =*(D),

showing that P has rational coordinates as well. This completes the induction.
Thus if Xo(V)aig has genus 1 and f is the unique newform of Sy(IH(N))
then there are isomorphisms of elliptic curves over Q,

XO(N)alg — JO(N)alg — A/f,alg'

An algorithm in [Cre97] gives an equation for A} and therefore for X¢(V)alg-
In particular, Exercise 3.1.4(e) shows that Xo(p)alg is @ modular elliptic curve
for p = 11,17,19. The Weierstrass equations produced by the algorithm are
in a generalized form to be mentioned in Exercise 7.8.1 and explained at the
beginning of the next chapter,

Xo(11)ag 1 y* +y = 2° — 2% — 102 — 20,
Xo(17)alg : vV raoy+y=a3—a?—x—14,
Xo(19)alg : ¥* +y = 2° + 2% — 92 — 15.

More generally, for any weight 2 newform f € Sa(Ip(NV)) with rational coef-
ficients the associated Abelian variety A"f,alg is a modular elliptic curve and
the algorithm in [Cre97] gives an equation for it.

Exercises

7.8.1. (a) Consider the curve C : 23 + 3® = 1 and its point P = (0,1).
Homogenize to C' : 2® + y® = 23 and P = [0,1,1]. Show that replacing z by
y+2z/3 and then dehomogenizing back to z = 1 puts the curve into Weierstrass
form F and takes P to Og.

(b) Let E' be a nonsingular algebraic curve over k of genus 1 with a
distinguished point P. Let t be a uniformizer at P. Use Corollary 3.4.2(d)
of the Riemann—Roch Theorem, now interpreted as a theorem about alge-
braic curves, to show that ¢([d]P) = d for all d € Z*. Use this to show that
L(P) = k; that L([2]P) has basis {1, X}, where X has a double pole at P;
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that L([3]P) has basis {1, X, Y}, where Y has a triple pole at P; that L([4]P)
has basis {1, X,Y, X?}; that L([5]P) has basis {1, X,Y, X? XY}; and that
L([6]P) contains {1, X,Y, X% XY, X3 Y?}. Since this last set has seven el-
ements it is linearly dependent. Explain why any linear relation on this set
necessarily involves both X3 and Y2, so that after rescaling over k it takes
the form
Y2+ a1 XY 4+ a3y = X3+ as X% + au X + ag.

We will see in the next chapter that easy changes of variable reduce this

relation to (Y')? = 4(X’)? — g2 X’ — g3. Thus (E’, P) has a planar model in
Weierstrass form. (A hint for this exercise is at the end of the book.)

7.8.2. Let E be an elliptic curve over k and let C' be a finite subgroup of E,
so C C E[N] for some N. Let 1 = k(E[N]) and let G = Gal(l/k). Let H be
the subgroup of G that fixes C' as a set,

H={oceG:0(C)="C},

and let k' be the corresponding fixed subfield of 1. (See Figure 7.7.) The
quotient curve E/C and the quotient isogeny ¢ have been constructed over 1.
This exercise shows that in fact they can be defined over k.

I(E) }c
| — K(EIN]) (E') = (E/C) HwxC
o H{ y K = K(E
k

Figure 7.7. Fields and groups for the quotient curve

(a) Regarding E as an elliptic curve over 1, consider the corresponding
function field 1(E). The group G acts on 1(E) from the left via its action
on 1. Notate the action of o € G as f — 7. The group E[N] acts on 1(E)
via translation, the action of each point P being f — 75 f. The semidirect
product group H x C' makes sense since H acts on C. Check that this group
acts on 1(E) as

(o, P): f=>1p°.

(Hints for this exercise are at the end of the book.)
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(b) Let K be the subfield of 1(E) fixed by H x C. Show that KN1=k/,
and explain how this shows that K is the function field of a curve E’ defined
over k’. We don’t yet know that E’ is an elliptic curve.

(c) Use Theorem 7.7.1 to show that 1(E£’) is the subfield of 1(E) generated
by 1 and K. Show that the field so generated is also the subfield of 1(E) fixed
by C, making it the function field 1(E/C) by the construction of quotient
isogeny in the section. Therefore E’ is isomorphic over 1 to E/C as desired.

(d) Show that the l-injection 4 : 1(E’) — 1(E) from the section restricts
to a k’-injection

i:k'(FE') — K(F),
giving a morphism ¢ : F — E’ defined over k’. In particular ¢(0g) € E'(k’),
and along with (c) this shows that E’ is an elliptic curve over k'.

(e) Over what subfield of Q(j, E;[N]) does this exercise show that the
quotient isogeny E; — E;/(Q.) is defined, where Q. is the N-torsion point
as in Section 7.57

7.8.3. Consider the elliptic curves
E:y?=42® —da, B :§? =43 +7.

oo = (1o ) L),

1622’  8a2

Show that ¢ takes E to E’ and ¢(0g) = 0g/. Compute ker(p). Let

- g? g4a* —1
v = (10 ).

Confirm that ) takes E’ to E and that 1) o ¢ = [deg(p)] on E.

Let

7.8.4.Let ¢ : E — E’ be an isogeny and let 1) be its dual isogeny. Show
that also p o1 = [deg(¢)]. (A hint for this exercise is at the end of the book.)

7.8.5. Let ¢ : E — E’ be an isogeny and let 1) be its dual isogeny. Show
that 1, = ¢* as maps from Pic’(E’) to Pic’(E). (A hint for this exercise is
at the end of the book.)

7.9 Hecke operators algebraically

The modular curve for I'1(N) is now algebraic over Q. This section shows
that the Hecke operators (d) and T, are defined over Q as well, obtaining an
algebraic version over Q of a commutative diagram involving complex analytic
objects,
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Div(S1(N)) —2—s Div(S1(N))

1”{ lwl (7.14)

Div(X1 (V) —2—s Div(X,(N)).

This is diagram (5.8) slightly modified by changing Y;(N) to X;(N) in the
bottom row. The diagram shows that 7T}, is defined compatibly on the complex
analytic moduli space and modular curve for I'; (N). The moduli space Sy (N)
is defined in Section 1.5. The map 1, down the sides comes from the bijection
1 @ S1(N) — Y1(N) of Theorem 1.5.1, but it no longer surjects because
X1(N) also includes the cusps. The divisor group interpretations of T}, are
given in Section 5.2. This section also gives the similar algebraic diagram
over Q with (d) in place of T),.

To make the top row of diagram (7.14) algebraic, first continue to work
over C. An enhanced complex algebraic elliptic curve for I''(N) is an ordered
pair (F, Q) where E is an algebraic elliptic curve over C and @) € E is a point
of order N, and two such pairs (F,Q) and (F’,Q’) are equivalent if some
isomorphism F —+ E’ defined over C takes @ to Q'. The complex algebraic
moduli space for I't(N) is the set of equivalence classes

S1(N)alg,c = {enhanced complex algebraic elliptic curves for I'1(N)}/ ~,

and its points are denoted [F, Q]. The complex analytic moduli space Sq(N)
in (7.14) and the complex algebraic moduli space S;(NN)aig,c are in bijective
correspondence. Specifically, let E. be the curve y? = 4a3 — go(7)z — g3(7)
for 7 € H, as in Section 7.5. Then the bijection from Sq (V) to S1(IN)aig,c is

(C/Ar, 1N + Ar] 5 [Er, (9: (1/N), 9, (1/N))]. (7.15)

Since the moduli spaces biject, the formula defining T}, on the top row of (7.14)
transfers to Div(S1(IV)aig,c),

T,[E,Q] =) [E/C,Q+C]. (7.16)

C

This makes sense in the algebraic environment because the quotient isogeny
construction of the previous section applies to curves over C. As always, the
sum is taken over all order p subgroups C C E such that C'N{(Q) = {0}, hence
over all order p subgroups when p{ N.

Now work over Q rather than C. An enhanced algebraic elliptic curve
for I'(N) is an ordered pair (E, Q) where E is an algebraic elliptic curve
over Q and Q € FE is a point of order N, and two such pairs (F,Q) and
(E’, Q') are equivalent if some isomorphism E — E’ defined over Q takes Q
to Q'. The algebraic moduli space for I't(N) is the set of equivalence classes

S1(V)alg = {enhanced algebraic elliptic curves for I'7(N)}/ ~,
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and its points are denoted [E, Q]. The intersection of an equivalence class in
S1(V)alg,c with S1(N)aig is an equivalence class in S1(N)a, (Exercise 7.9.1).
Thus S1(N)az can be viewed as a subset of Si(IN)ae c. By Theorem 7.1.3
torsion is retained from C to Q, so if E is defined over Q then its order p
subgroups C' C E such that C'N(Q) = {0} are the same as such subgroups of
the corresponding complex curve E¢. Also, the quotient isogeny construction
restricts to curves over Q. Thus formula (7.16) restricts to Div(S1(V)aig), and
this restriction is the desired algebraic version over Q of the top row of (7.14).

To make the bottom row of diagram (7.14) algebraic, identify the Riemann
surface X1(N) with Xl(N)alg’c, the complex points of the algebraic model
over Q. The bottom row becomes

Ty : Div(X 1 (N)aig,c) — Div(X1(V)alg,c)-
We will see that this map is defined over Q, and so it restricts to Q-points,
T, : Div(X7(N)alg) — Div(X1(N)alg)-

This restriction is the desired algebraic version over Q of the bottom row
of (7.14).

The fact that T, on Div(X7(N)ag,c) is defined over Q is shown using the
Curves—Fields Correspondence and Galois theory. For simplicity first consider
the other Hecke operator (d). The corresponding field map is its pullback (d)*,
so to show that (d) is defined over Q it suffices to show that (d)* takes gen-
erators of Q(Xl(N)alg) back to Q(Xl (N)alg)- Since Q(XI(N)alg) = Q(]7 f1),
the definition (d)(I(N)7) = IN(N)vy(r) where v = [2%] € I(N) with
d = d (mod N) shows that this means checking j(y(7)) and fi(v(7)) for
such «. Because j(y(7)) = j(7), only fi(7(7)) is in question. But as in Sec-
tion 7.5,

A = FEOD (v (7)) = O () = 2O (),

Thus f1(y(7)) is the 2-coordinate of +[d]Q, € Ej(,), making it an element
of Q(j(7), Ej(r)[N]). By definition Q(X1(N)ay) is the fixed field of the Ga-
lois subgroup K; such that p(K;) = {£[&%]} € GL2(Z/NZ). This group
preserves +[d]@Q, and therefore fixes fi(v(7)) as desired, and thus (d) is de-
fined over Q.

Recall the planar model X;(N )gignm from Section 7.7, the ordered pairs

(J, x) satisfying the polynomial relation between j(7) and fi(7). In terms of
this model, the Hecke operator is

(d) (G, x) = (G, rald; 7))

where r4 is the rational function over Q of two variables such that z([d]Q,) =
ra(j(7),2(Q)). To provide the reader another opportunity to use the ideas
of these last two paragraphs in an easy setting, Exercise 7.9.2 shows that
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the operator wy on the modular curve Xo(N) (cf. Exercise 1.5.4) is defined
over Q. Then the more elaborate Exercise 7.9.3 shows that T}, is also defined
over Q as claimed.

The sides of diagram (7.14) extend the map of Theorem 1.5.1,

d)lISl(N)*)Xl(N), [C/AT,I/N+AT]I—>F1(N)’T,
to divisor groups. To make 1, algebraic, consider the commutative diagram

S1(N) ——S1(1)

o]

given by
[C/A:,1/N 4+ A ——— [C/A;]

I |

I (N)T | — SLQ(Z)T

Recall that the complex analytic moduli space S; (V) identifies with the com-
plex algebraic moduli space S1(V)alg,c, and the Riemann surface X (N) iden-
tifies with the complex points X (N )alg,C of the algebraic modular curve.
When N = 1, the complex algebraic moduli space is the equivalence classes
of complex algebraic elliptic curves, and the complex points of the algebraic
modular curve are the complex projective line P*(C). The diagram becomes

I(N)alg,c — Sl(l)alg,C
1,

| | (7.17)

S
P1a
X1(Nalg,c —— X1(1)aig,c
given by

[E, Q) —— [E]

| ]

P——j(E).

Since our description of X;(V)as is abstract, we cannot write the maps
down the left side and across the bottom row explicitly. Nonetheless, since
an element [E, Q] of S;(INV)aig,c describes an element of the algebraic moduli
space S1(N)ayg if and only if j(E) € Q, as discussed earlier in the section, map-
ping down and then across in diagram (7.17) takes S1(IN)ayg to the algebraic
modular curve X (1), = P1(Q). It follows that the point P in the diagram
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lies in the algebraic modular curve X (V). (Exercise 7.9.4(a)). That is, the
left side of diagram (7.17) restricts to the desired algebraic map

wl,alg : Sl(N)alg — Xl(N)alg~

We now have the algebraic counterpart over Q to diagram (7.14),

Div(S1 (N )atg) — 2 Div(St (N )atg)

wl,algl lwl,alg

Div (X1 (V) atg) —— Div(X1 (N )ag)-

The vertical maps restrict to degree-zero divisors and then the bottom row
passes to Picard groups, giving a diagram we will need in Chapter 8,

Div (St (N )atg) —— Div®(S1(N)aig)
1v 1 alg v 1 alg

wl,ang/ J’Pl,alg (718)

T,
PiCO(Xl (N)alg) PICO (Xl (N)alg)~
Similarly, starting from diagram (5.9),

81(V) —2 8, (W)

wll Jl/h
(d)

Yl(N) e Yl(N),
gives another algebraic diagram we will need in Chapter 8,

o @
Div®(S1(N)atg) —— Div?(S1(N)aig)

1111,:1ng( lwl,alg (719)

. (dy. .
Pic (X1 (N)alg) — Pic?(X1(N)ag)-

The map v a1 can be described more explicitly at the cost of losing some
points along the way. Note that j(7) ¢ {0,1728} for all but finitely many
points [C/A,,1/N + A,] of the complex analytic moduli space S;(IN), so that
as in Section 7.5 an admissible change of variable takes E, to

Bjr) 19" =42’ — (M) o (](3)73(;)728)

and takes (p-(1/N), ¢! (1/N)) to Q.. That is, the bijection (7.15) from S;(N)
t0 S1(IV)alg,c restricts to
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[C/AT? l/N + A‘r] = [Ej(‘r)a QT]7 J(T) ¢ {0’ 1728}

Consider the diagram

S1(N) —— S1(N)g0

|

Yi(N) — X, (N)Q{gjlgr

where the primes mean to remove finitely many points, the map across the
top was just given, and the map across the bottom comes from the definition
of the planar model,

[C/A.,-, l/N + AT] b [Ej(7)7 QT]

I

N(N)T ——(4(7), f(7))-

The complex algebraic map from the moduli space to the planar model of the
modular curve comes from completing the diagram,

[Ej(r), Qr) =+ (§(7), fu(7))- (7.20)

Obtaining 1 a1z from this uses one last commutative diagram,

Vi(N) —— X (V)R

J

Xl(N) Em— Xl(N)alg,C~

Here the map across the top row is from the previous diagram, the map
down the left side is inclusion, the map down the right side is the birational
equivalence from the planar model of the modular curve to the actual modular
curve as discussed after Theorem 7.2.5, and the map across the bottom is the
identification of the Riemann surface with the complex points of the algebraic
modular curve. Since the birational map is undefined at finitely many points
of the planar model, the primes in the top row now mean to remove finitely
more points as necessary for all the maps to make sense. Thus t); a1 on all
but finitely many points of S1(N)aig,c is described more explicitly than before
as (7.20) followed by the birational map. Finally, the map from S;(N)j, to
the planar model can be described without reference to the larger complex
analytic environment. It is

S1(N)ug — X)), [B,Q] = ((B),z(Q)), (7.21)

!
alg alg

where z(Q) is the z-coordinate of ) and again the prime means to preclude
j = 0,1728. This follows from (7.20) since fi(7) = z(Q,). We will use this
description in Chapter 8.
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Exercises

7.9.1. Show that the intersection of an equivalence class in S1(N)ag,c with
S1(N)alg is an equivalence class in S;(IV)aig.

7.9.2. From Exercise 1.5.4 the matrix [y ~§] normalizes IH(N) and so it
gives an involution

wn : Xo(IN) — Xo(N), Io(N)T = IH(N)(—=1/(NT)).

(a) Let 7/ = —1/(N7). Explain why showing that wy is defined over Q
reduces to showing that j(7") and jn (7’) lie in Q(Xo(N)aig). Show this. (Hints
for this exercise are at the end of the book.)

(b) Now we know that the algebraic version of wy on the planar model
of Xo(N) defined by the minimal polynomial pg of fy over Q(j) is

wy XO(N)planar N AX-O(‘]\/v)planaur7 (]’ ZL’) — (j/7 $/)7

alg alg

a map whose first component is a rational function ry over Q in two variables.
Describe a map

So(N)ayg — Xo(N)B2"

analogous to (7.21). Explain why j(E/C) = ry(j(E),x(C)) where E is an
elliptic curve over Q, C' is an N-cyclic subgroup of E, and x(C) is the sum of
the x-coordinates of its nonzero points.

(c¢) Describe wy on the planar model of Xy(N) defined by the modular
equation @(j,jn) = 0, cf. Section 7.5. What does this show about the poly-

nomial ¢(z,y)?

’
alg

7.9.3. This exercise shows that the Hecke operator T, is defined over Q.

(a) The double coset configuration specialized to T}, (cf. Section 5.2) in-
volves the matrix a = [§ 5], the group I'; = I'?(N,p) = I (N) N I'°(p), and
the modular curve X?(N,p) = X (I'?(N,p)). Similarly define

I o(N,p) = In(N) N I (Np), X1,0(N,p) = X(I1,0(N,p)).

Show that I o(N,p) = al?(N,p)a~l, ie., I} = I'o(N,p) and X} =
X1,0(N,p) in the double coset configuration. Show that the paragraph after
Theorem 6.3.2 rephrases to say that T, is the pullback of the map

X1,0(N,p) — X1(N), I o(N,p)T = I (N)pr (7.22)
followed by the pushforward of the map
X170(N,p) —)Xl(N), Fl,o(N,p)TO—)Fl(N)T. (723)

The goal is to show that each of these maps is defined over Q.

(b) Show that I'1(Np) C Il o(N,p) C Io(Np). Zoom in on Figure 7.2 and
cite (7.13), both with Np in place of N, to obtain Figure 7.8 here, in which
the intermediate field K on the right corresponds to C(X1,0(NV, p)) on the left.
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C(X1(Np))
Q(X1(Np)aig)
(Z/NpZ)*/{£1} { C(X1,0(N,p))
K (Z2/NpZ)* /{£1}
C(Xo(Np))
Q(Xo(Np)aig)

Figure 7.8. Function fields for Tj,

Explain why K is the function field of a curve over Q. Denote this
curve X1 o(N,p)alg, so that Q(X10(N,p)ag) = K. Since X1(Np)aig,c is
isomorphic over C to X;(Np), and similarly for Xy, Theorem 7.7.1 also
gives a diagram as in Figure 7.9. Apply the Restriction Lemma twice to
this figure to show that C(X1 (N, p)ag,c) = C(X1,0(V,p)) and therefore
X1,0(N,p)aig,c = X1,0(N,p) up to isomorphism over C. Thus X; o(NV,p) is
defined over Q.

C(X1(Np))
Q(X1(Np)aig)
C(Xl,O (N, p)alg,C)
Q(X1,0(N,p)ag)
C(Xo(Np))
Q(Xo(Np)ag)

Figure 7.9. Comparing C(X1,0(N,p)ale,c) and C(X1,0(N,p))

Obtain the tower of fields and p-images of subgroups of the Galois
group Gal(Q(j, E;[Np])/Q(j)) shown in Figure 7.10. (Hints for this exercise
are at the end of the book.)

Q(X1(Np)ag) ¢ {£[§ ¢] € GL2(Z/NpZ)}
Q(X1,0(N,paig) $ {£[8Y] € GL2(Z/NpZ) : d =1 (mod N)}
Q(Xo(Np)aig) ¢ {[§ ] € GL2(Z/NpZ)}

Figure 7.10. Galois groups

(¢) The two function field injections corresponding to the maps (7.22)
and (7.23) are
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C(X1(N)) — C(X10(N,p)),  f(r) = f(p7)

and
C(Xi(N)) — C(Xi10(N,p),  f(1) = f(7).

Since C(X1(N)) = C(y, f1) the nontrivial map has image C(j(p7), f1(p7)).
To show that the injections restrict to the function fields over Q it thus suffices
to show

J(p7) € Q(X1,0(N,p)aig)s f1(p7) € Q(X1,0(NV, p)aig)-

Use the group containment I o(N, p) C Ip(p) to show the first of these.

(d) Let 7" = pr and let j° = j(7’), both in Q(X; o(N,p)ag) and thus
in Q(j, E;[Np]). Show that there is a morphism ¢ : E; — Ej with kernel
(Qr.n), taking Q; np to Qr n, and defined over some Galois extension L
of Q(j, E;[Np]). Here the second subscript of each @ denotes its order.

(e) Let K = Gal(Q(j, E;[Np])/Q(X1,0(N,p)ag)). Any o € K extends
to Gal(L/Q(X1,0(N,p)alg)). Show that then ¢ = ¢ and ¢(Q, np) = Q' N-
Deduce that fi(p7) € Q(X1,0(V, p)alg) as desired.

7.9.4. (a) Let h : X — Y be a surjective morphism over Q of algebraic curves
over Q. Thus h extends to a surjective morphism h : X¢ — Yo where X¢
and Y¢ are the complex points of X and Y. Show that if y € Y C Y¢ then
all of its inverse image points x € X¢ lie in X, as follows. Compute that for
every automorphism o of C that fixes Q, also x7 lies in the inverse image of 3.
Therefore  has only finitely many conjugates over Q, meaning its coordinates
are algebraic over Q and thus elements of Q. How does this show that the
point P from the section lies in X1 (N )aig?

(b) Let E be an algebraic curve over Q. Apply part (a) to show that
E[N] = (Z/NZ)?* without quoting the structure result in Theorem 7.1.3. (A
hint for this exercise is at the end of the book.)
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The Eichler—Shimura Relation and L-functions

This chapter arrives at the first version of the Modularity Theorem stated
in the preface to the book: For any elliptic curve E over Q there exists a
newform f such that the Fourier coefficients a,(f) are equal to the solution-
counts a,(E) of a Weierstrass equation for £ modulo p. Gathering the a,(f)
and a,(FE) into L-functions, this rephrases as

L(s, f) = L(s, E).

The techniques that relate this to other versions of Modularity involve working
modulo p and expressing both a,(F) and a,(f) in terms of the Frobenius map,

. P
op x> b,

The key is the Eichler-Shimura relation, expressing the Hecke operator T}, in
characteristic p in terms of o,,. Since reducing algebraic curves and maps from
characteristic 0 to characteristic p is technical, the chapter necessarily quotes
many results in quickly sketching the relevant background. The focus here is
on the Eichler-Shimura relation itself in Section 8.7 and on its connection to
Modularity in Section 8.8.

Chapter 7 transferred the Modularity Theorem from analysis to algebraic
geometry and changed its underlying field of definition from C to Q. Now
that the objects are algebraic we drop “alg” from the notation, so

e X, (V) denotes the modular curve as a nonsingular algebraic curve over Q,
with function field Q(X1(N)) = Q(j, f1)-

e S;(N) denotes the moduli space consisting of equivalence classes [F, Q]
where E is an algebraic elliptic curve over Q, @ € E is a point of order N,
and the equivalence relation is isomorphism over Q.

Also, the Jacobian of a compact Riemann surface X is identified with the
Picard group of X, both denoted Pic’(X). The notation Jac(X) will no longer
be used.

Related reading: Chapter 7 of [Shi73], Rohrlich’s article in [CSS97], [Sil86],
[Kna93|.
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8.1 Elliptic curves in arbitrary characteristic

Much of the material from Section 7.1 on elliptic curves in characteristic 0
is also valid in characteristic p. Let k be an arbitrary field. A Weierstrass
equation over K is any cubic equation of the form

E:y? +a1xy + asy = 23 + aox® + agx + ag, ai,...,a6 € k. (8.1)
To study this, define
by = a% + 4as, by = aiaz+ 2a4, bg = a% + 4ag,
bg = a?ag — ajasay + agag + dasag — ai,

and define the discriminant of the equation to be

A = —b3bg — 8b3 — 27b2 + babybs.
Further define

cy = b2 —24by, g = —b3 + 36byby — 216bg,
and if A # 0 define the invariant of the equation to be
j=c/A.

Then all b; € k, A € k, all ¢; € k, and j € k when it is defined. Also, 4bg =
babg — b3 and 1728 A = ¢ — c2. (Confirming the calculations in this paragraph
is Exercise 8.1.1(a).) If k does not have characteristic 2 then replacing y
by y — (@12 4+ a3)/2 in (8.1) eliminates the xy and y terms from the left side,
reducing the Weierstrass equation to

E: y2 =23+ (b2I2 + 2bs7 + b6)/4, ba, by, bg € k, char(k) % 2. (82)

If k does not have characteristic 2 or 3 then replacing x by (z —3b2)/36 and y
by /216 in (8.2) eliminates the x? term from the right side, further reducing
the Weierstrass equation to the form

E:y?*=a% —2Tcyx — Bdcs, ca,co €k, char(k) ¢ {2,3}. (8.3)

Since (8.2) and (8.3) are special cases of (8.1), the coefficients of a Weierstrass

equation will be referred to as the a; in all cases.
As before,

Definition 8.1.1. Let k be an algebraic closure of the field k. When a Weier-
strass equation E has nonzero discriminant A it is called nonsingular and
the set

E={(z,y) € K satisfying E(z,y)} U {oo}

is called an elliptic curve over k.
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Note that an elliptic curve over k has infinitely many points even when k
is a finite field.
The general admissible change of variable is

r=u?x' +r, y=uy +su’r +1, u,r,s,t €k, u#0.

These form a group, and they transform Weierstrass equations to Weierstrass
equations, taking the discriminant A to A/u'? and preserving the invari-
ant j (Exercise 8.1.1(b)). In particular the changes of variable between Weier-
strass equations (8.1), (8.2), and (8.3) are admissible, and thus we may work
with (8.3) if char(k) ¢ {2,3} and with (8.2) if char(k) # 2, needing the gen-
eral (8.1) only when char(k) = 2 or when there is no assumption about the
characteristic—for example, Section 8.3 will discuss reducing a Weierstrass
equation (8.1) over Q modulo an arbitrary prime p. Since the changes of vari-
able from (8.1) to (8.2) to (8.3) have v = 1 and u = 1/6 respectively, the
discriminant of (8.3) is 6'2 times the discriminant of (8.1) and (8.2), i.e.,
A(g_g) = 2639(03)1 — 02).

Somewhat awkwardly, the cubic equation 3% = 423 — gox — g3 from Chap-
ter 7 is no longer a Weierstrass equation by our new definition since the
coefficients of 2 and 2% are unequal, and replacing y by 2y to put it in the
form (8.3) is an inadmissible change of variable. Both sorts of cubic equation
can be encompassed in more general definitions of Weierstrass equation and
admissible change of variable, but since normalizing the coefficients of y? and
2% to 1 simplifies the formulas of this chapter we accept the small inconsistency
in terminology instead. Modulo the inadmissible substitution, the earlier defi-
nitions of the discriminant and the invariant for equations y? = 42> — gaz — g3
are the same as their definitions for (8.3) (Exercise 8.1.1(d)).

In particular, replacing y by 2y in the universal elliptic curve (7.12) leads
to the Weierstrass equation

1/ 27§ 1/ 27§
2 3
= -_— - '4
vo=7 4(j—1728)x 4(j—1728)’ (8.4)

with discriminant 2631252 /(j — 1728)3 and invariant j. An admissible change
of variable then gives a more general universal curve (Exercise 8.1.1(e))

36 1
2 N R N
yrw=z (j—1728)x (j—1728>’ (8:5)

with discriminant 52 /(5 —1728)3 and invariant j. The curve (8.5) is well suited
for fields of arbitrary characteristic since its discriminant is nonzero even in
characteristic 2 or 3. Section 8.6 will use it to define modular curves in prime
characteristic as Chapter 7 used the universal elliptic curve to define modular
curves over Q.

Most of the results from Section 7.1 hold in arbitrary characteristic. The
Weierstrass polynomial associated to (8.1) is
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E(z,y) = v* + a1y + azy — 2° — apx? — ayr — ag € K[z, y), (8.6)

and similarly for (8.2) and (8.3). In all cases the Weierstrass equation is non-
singular if and only if the corresponding curve FE is geometrically nonsingular,
i.e., the gradient of the Weierstrass polynomial never vanishes. Verifying this
in characteristic 2 requires a different argument from the one given before
(Exercise 8.1.2). Again an elliptic curve E lies in P?(k), it forms an Abelian
group with the infinite point [0,1,0] (see Exercise 8.1.3(a)) as its additive
identity Og, and the addition law is that collinear triples sum to 0. Opposite
pairs of points P and —P have the same x-coordinate, at most two points
with the same z-coordinate satisfy (8.1), and so any two points with the same
z-coordinate are equal or opposite, possibly both. Since the y-values satisfy-
ing (8.1) for a given = sum to —ajx — as the additive inverse of P = (zp,yp)
is the natural companion point

—P = (xzp,—yp —a1xp — az).

Given points P and @ of F, let R be their third collinear point. The addition
law P + Q = —R says that the sum is the companion point of R,

if P, Q, R are collinear then P+ Q = (xr, —Yyr — a1ZR — a3). (8.7)

Let kprime denote the prime subfield of k, meaning the smallest subfield in-
side k, either the rational numbers Q if char(k) = 0 or the finite field F, of
order p if char(k) = p. Then the group law is defined by rational functions r
and s over the field kprime({a;}) where the a; are the Weierstrass coefficients.
If vg = xp and yo = —yp —a1xp — a3 then Q@ = —P and so P + Q = Og.
Otherwise P + @ lies in the affine part of E. Let

YyQ —Ypr
e zp # 20,
P rQ —Tp
3:5%, + 2a0xp + a4 — a1yp
:L‘p:mQ,
ayrp + az + 2yp
and
PTQ — xrp
yrrQ — yorr ——
o rQ —ITp
w= —z% + aszp + 2a6 — azyp
rp =2Q-

airxp + a3 + 2yp

The line y = Az + p passes through P and Q when P # () and is the tangent
line to E at P when P = @Q (Exercise 8.1.4(a)). The rational functions giving
rp+g and ypig are

T(CUP,JUQ,ZJP,ZUQ) = )‘2 + al)‘ —az —Tp —IQ,

(8.8)
S(zPanyyPayQ) = —(>\+a1)7’(13P,$Q,yP,yQ) — K —as.



8.1 Elliptic curves in arbitrary characteristic 313

This algebraic definition of addition corresponds to the geometric descrip-
tion (8.7) (Exercise 8.1.4(b)). As before, the casewise expressions for A and
arise from a single rational function (Exercise 8.1.4(c)). For any algebraic
extension K/k the set of K-points of E is a subgroup of F,

E(K)={PcFE—{0g}: (zp,yp) e K*} U{0g}.

Let N be a positive integer. The structure theorem for the N-torsion
subgroup E[N] = ker([N]) of an elliptic curve is

Theorem 8.1.2. Let E be an elliptic curve over k and let N be a positive
integer. Then

E[N] = HE[peP] where N = Hpep.
Also,
Ep] = (Z/p°Z)* if p # char(k).
Thus E[N]| = (Z/NZ)? if char(k) f N. On the other hand,

E[p°| 2 Z/p°Z for alle > 1
or if p = char(k).
E[p®] = {0} for alle>1

In particular, if char(k) = p then either E[p] & Z/pZ, in which case FE is
called ordinary, or E[p] = {0} and E is supersingular.

In this chapter we will also need to know a bit about singular Weierstrass
equations. As already mentioned, the condition A = 0 is equivalent to the con-
dition that for some point P satisfying the Weierstrass polynomial (8.6), both
partial derivatives vanish at P. The projective point [0, 1,0] is always nonsin-
gular (this was Exercise 8.1.3(b)), so any such P is affine. The coordinates
of P lie in k (Exercise 8.1.5(a)), so an admissible change of variable over k
takes P to (0,0). Then the conditions E(0,0) = D1E(0,0) = D2E(0,0) =0
force the Weierstrass polynomial to be

E(z,y) = y* + a1zy — 2 — aga®. (8.9)

If char(k) # 2 then letting § = y + a12/2 in (8.9) simplifies this to
E(z,y) = §* — 2 — aya®. (8.10)
The point P = (0,0) is the only singular point satisfying E. If char(k) = 2
then this is easy to verify from (8.9), while if char(k) # 2 then it follows

from (8.10) (Exercise 8.1.5(b)).
Rewrite (8.9) as

E(z,y) = (y — mix)(y — maz) — 3. (8.11)
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The singular point P is called a node if m; # mo, meaning that two distinct
tangent lines pass through the curve at P, and it is called a cusp if m; = mao,
when there is only one tangent line. (See Figure 8.1.) Working from (8.9)
and (8.11), it is easy to compute that cs = (m1 — ma)* (Exercise 8.1.5(c)),
so that the curve has a node if ¢4 # 0 and a cusp if ¢4 = 0. These conditions
apply to the Weierstrass equation in its original form since the admissible
change of variable translating the singular point P to (0,0) multiplies ¢4 by
a nonzero scalar, cf. Exercise 8.1.1(c). In sum,

Proposition 8.1.3. Let E be a Weterstrass equation over k. Then

e F describes an elliptic curve < A #0,
e [ describes a curve with a node <= A =0 and c4 # 0,
e FE describes a curve with a cusp <= A =0 and ¢4 = 0.

In the case of a node the set of projective solutions of E other than the singular
point forms a multiplicative group isomorphic to E*, and in the case of a cusp
the set forms an additive group isomorphic to k. (See [Sil86] for the proof
of this, and also see Exercise 9.4.2.) The notions of ordinary, supersingular,
multiplicative, and additive Weierstrass equations in characteristic p will all
figure in this chapter.

Figure 8.1. Node and cusp

Exercises

8.1.1. (Suggestion: Don’t do this problem by hand.)
(a) Confirm that 4bg = babg — b7 and that 1728 A = ¢} —cZ. Confirm that if
char(k) # 2 then replacing y by y — (a12 +a3)/2 in (8.1) gives (8.2). Confirm
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that if char(k) ¢ {2,3} then replacing (x,y) by ((x — 3b2)/36,y/216) in (8.2)
gives (8.3).

(b) Show that the admissible changes of variable 2 = w2z’ + r, y =
udy’ + suz’ + t where u,7,s,t € k and v # 0 form a group. Show that
every admissible change of variable transforms a Weierstrass equation E of
the form (8.1) into another such equation E’ with

u
ulal = ag +raqg — tag + r2a2 —rta; + rd - t2,
and
u?bly = by + 12r,
utbly = by + rby + 612,
ubbly = bg + 2rby + r2by + 413,
uBbly = bg + 3rbg + 3r2by + r3by + 31,
and
uld) = ey, ubcly = cg,
and
u12A/ — A, j/ _ ]

(Hints for this exercise are at the end of the book.)

(c) Suppose the seemingly more general change of variable = va’ 4+ r,
y = wy'+vsz’+t, where v, w, r, s,t € k and v, w are nonzero, takes Weierstrass
equations to Weierstrass equations. Show that v = «? and w = > for some
u € k.

(d) Replace y by y/2 in the third Weierstrass equation (8.3) to get

y? =42% — goxv — g3, g2 = 108cy, g3 = 216¢6.

Show that the previously defined discriminant Aojq = g5 — 27g3 of this equa-
tion is equal to the discriminant Ag 3y = 2639(c3 — c2) of (8.3) in this section.
Show that the previously defined invariant j = 1728¢3 /A4 is equal to the
invariant j = ¢} /A in this section.

(e) Find an admissible change of variable taking the modified universal
elliptic curve (8.4) to the more general universal elliptic curve (8.5). Confirm
that the discriminants and invariants of the two universal curves are as stated.

8.1.2. Show that algebraic and geometric nonsingularity are equivalent in
characteristic 2.
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8.1.3. (a) Homogenize the general Weierstrass polynomial by adding in pow-
ers of z to make each term cubic,

Fhom (T, y,2) = y*2 + arzyz + azyz® — 2° — apr?z — agx2® — a2’

Show that [0, 1,0] satisfies Eyom and no other [x,y, 0] does.
(b) Dehomogenize Enom by setting y = 1 to obtain

E(x,z) =z+a1xz+a z2—x3—a2x22—a4x22—a 23,
) 3 6

In the (z, z) coordinate system, the infinite point O is (0,0). Working in this
affine coordinate system, show that E is geometrically nonsingular at Og.

8.1.4. (a) Show that the casewise definitions of A and g make the line y =
Az + p the secant line through P and @ when P # @ and the tangent line
to E through P when P = Q.

(b) Show that the geometric and algebraic descriptions (8.7) and (8.8) of
the group law agree.

(¢) Multiply the numerator and the denominator of the secant case A by
yo +yp + a1xp + ag and use the Welerstrass equation (8.1) to obtain a new
expression for A when yg + yp + a1xp + a3 # 0. Show that this also agrees
with the old A when zp = zg, suitably giving co when P = —(). Similarly
derive a new expression for u.

8.1.5. (a) Let P be a singular point of a Weierstrass equation E over k. Show
that the coordinates of P lie in k. (A hint for this exercise is at the end of the
book.)

(b) Show that if char(k) = 2 then (0, 0) is the only singular point satisfying
the Weierstrass polynomial (8.9), and if char(k) # 2 then (0,0) is the only
singular point satisfying the Weierstrass polynomial (8.10).

(c) Show that ¢4 = (mq —ma2)?* in the context of equations (8.9) and (8.11).

8.1.6. (a) For what values a,b € Q do the Weierstrass equations
y? = 2% + az® + bz, y? =23 — 2a2” + (a® — 4b)x

both define elliptic curves E and E’ over Q?
(b) For such values a and b show that the map

(z,y) = (y° /2%, y(b — 2?) /?)

defines a map ¢ : E — E’ taking Og to Op.

(c) Compute ker(y) and compute ¢~1(0,0).

(d) Find the dual isogeny v : E' — F, verifying the compositions ¢op =
[2]E and (pO’(b = [2]E’
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8.2 Algebraic curves in arbitrary characteristic

This section discusses algebraic curves over an arbitrary field k. The definition
is as in Section 7.2. Given polynomials p1,..., ¢, € k[x1,...,x,] such that
the ideal

I= <901a"'790m> CE[$1,...7‘T”]
is prime, let

C={Peck":pP)=0forall eI}

The function field k(C) of C over k is the quotient field of the coordinate
ring k[C] = k[z1,...,2,]/I. If k(C) is a finite extension of a field k(t) where
t is transcendental over k then C is an affine algebraic curve over k. If for
each point P € C the derivative matrix [D;y;(P)] has rank n — 1 then C is
nonsingular. Especially if C is defined by one equation in two variables then
it is nonsingular if the gradient never vanishes. The projective version Chom
of the curve is defined as before. A nonempty algebraic curve over k contains
infinitely many points even when k is finite.
The Curves—Fields Correspondence is also unchanged. The map

C—k(C)

induces a bijection from the set of isomorphism classes over k of nonsingular
projective algebraic curves over k to the set of conjugacy classes over k of
function fields over k. And for any two nonsingular projective algebraic curves
C and C’ over k, the map

(h:C —C")— (b : k(C') — k(O))

is a bijection from the set of surjective morphisms over k from C to C’ to
the set of k-injections of k(C’) in k(C). Again nonconstant morphisms are
surjective.

Let p be prime. Along with the parallels to Section 7.2 just described,
algebraic curves and their function fields exhibit new phenomena in charac-
teristic p. Let F, denote the field of p elements and let F, denote its algebraic
closure. For any positive integer power g = p® of p there is a unique field F,
of order ¢ in F,, the splitting field of the polynomial 2 — z over F, (Exer-
cise 8.2.1). The algebraic closure is the union of all such F,. This is because
every element of F), lies in a finite extension field K of F,, a finite-dimensional
vector space over F, that therefore has order ¢ = p°® for some e, and thus
K = F, by uniqueness.

The Frobenius map on Fp is

T il P
op: F, — F,, z > aP.

Because (z + )P = 2P 4+ 7P in characteristic p, the Frobenius map is a field
automorphism. Its inverse is thus again an automorphism of F,, but is not a
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polynomial function. Its fixed points are F,, the roots in Fp of the polynomial
xP = x, and more generally the fixed points of o}, (e-fold composition where
e > 1) are F, where ¢ = p°. For each such g the field extension F, /F, is Galois
and its Galois group is cyclic of order e, generated by o,, but the group of
automorphisms of F,, is not cyclic.

The Frobenius map on F: is

UP:F:HF:, (X1, @) — (2, ... 2b).

This is a bijection. Its fixed points are F}'. It induces a well defined bijection
at the level of projective classes,

o, : P*(F,) — P"(F,), [zo, 21, ..., xp] — [2h, 28, ... 2P],

with fixed points P"(F,).

Let o(z) = >, acx® € Fylzg,21,...,7,] be a homogeneous polynomial
(where z¢ is shorthand for 25 - - - &), and let ¢ be the polynomial obtained
by applying the Frobenius map to its coefficients, @7 () = >°_ac”z®. Then
(Exercise 8.2.2)

o (2%7) = p(x)7". (8.12)

This shows that if C' is a projective curve defined over F, by polynomials ¢;
and if C%» is the corresponding curve defined by the polynomials ;" then o,
restricts to a morphism from C to C». That is, if P € P*(F,) and ¢;(P) =0
for all i then ¢;”(P?7) = 0 for all i as well. Especially, if C is defined over F,

1
then C?» = C and o), defines a morphism from C' to itself. Summarizing,

Definition 8.2.1. Let C be a projective curve over Fp. The Frobenius map
on C is

op: C — C%, [0, 1, ..., xn] > [xh, 2l ... 2l

For example, the Frobenius map on P!(F,) is 0,(t) = t? on the affine part,
and so the induced map o} gives the extension of function fields K/k where

K =F, (1), k =F,(s), s=1tP.

Thus K = k(t). The minimal polynomial of ¢ over k is 2P — s, so the function
field extension degree is p even though the Frobenius map bijects and we
therefore might expect its degree to be 1. Since P — s = (z — t)P over K, the
extension is generated by a pth root that repeats p times as the root of its
minimal polynomial.

Similarly the Frobenius map on an elliptic curve over F, is o,(u,v) =
(uP,vP) on the affine part, so that o, gives the extension of function fields
K /k where

K = F,()0)/(E(u,0)),  k=Fs)[/(Bs,t)), s=u’, t =1
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Thus K = k(u,v). The minimal polynomial of w in k[z] is 2P — s, and this
factors as (z — u)? over k(u). The minimal polynomial of v in k(u)[y] divides
E(u,y), a quadratic polynomial in y. So

k(u) :k]=p and [k(u,v):k(u)] €{1,2}.
A similar argument shows that
k(v) : k] =p and [k(u,v):k(v)] €{1,3}.

Therefore K = k(u) = k(v) and [K : k] = p. Again the function field exten-
sion degree is p even though the Frobenius map is a bijection, and again the
extension is generated by a pth root that repeats p times as the root of its
minimal polynomial.

Definition 8.2.2. An algebraic extension of fields K/k is separable if for
every element u of K the minimal polynomial of u in k[x] has distinct roots
in k. Otherwise the extension is inseparable. A field extension obtained by
adjoining a succession of pth roots that repeat p times as the root of their
minimal polynomials is called purely inseparable.

Since a polynomial has a multiple root if and only if it shares a root with its
derivative, every algebraic extension of fields of characteristic 0 is separable.
Every algebraic extension K/k where k is a finite field is separable as well.
The examples given before Definition 8.2.2 are purely inseparable.

Let h : C — C’ be a surjective morphism over F, of nonsingular pro-
jective curves over F,. Let k = F,(C’) and K = F,(C), so that the induced
F,-injection of function fields is h* : k — K. The field extension K/h*(k)
takes the form

h*(k) Ckeep CK

where kgep/h*(k) is the maximal separable subextension of K/h*(k) (this
exists since the composite of separable extensions is again separable) and
thus K/keep, is purely inseparable. Factoring h* : k — K as

*
sep

hi .
k —keep —K
gives a corresponding factorization of h : C' — C’,

Rins
——Csep

hdep

C —C

where the first map is hins = o, with p©® = [K : keep]. That is,
h = hsep 0 0.

The morphism h is called separable, inseparable, or purely inseparable accord-
ing to whether the field extension K/h*(k) is separable (i.e., e = 0), insepa-
rable (e > 0), or purely inseparable (hgep = 1). As in Chapter 7, the degree
of his
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deg(h) = [K : h*(k)].

The separable and inseparable degrees of h are

degsep(h) = deg(hsep) = [ksep h” (k)}v
degins(h‘) = deg(hins) = [K : ksep]y

so that
dEg(h) = degsep (h) degins(h)'

In characteristic p the degree formula from Chapter 7 remains

Z ep(h) = deg(h) for any Q € C".
Peh=1(Q)

In particular,

Z 6P(hscp) = degsep(h) fOf any Q € Clv
Pehyep(Q)

and the ramification index ep(hsep) € Z1 is 1 at all but finitely many points.
Since hins bijects it follows that degg.,(h) = |heh(Q)] = [R~(Q)| for all but
finitely many @ € C’. This description applies even when h is not surjective
(so that A maps to a single point and has degree 0), and this description
shows that separable degree is multiplicative, i.e., if A’ : C/ — C" is another
morphism then deg, (h'oh) = deg,,(h’) deg,., (h). Consequently inseparable
degree is multiplicative as well since total degree clearly is.

We have seen that the Frobenius map o, is purely inseparable of degree p
on P1(F,) and on elliptic curves E over F,, and in fact this holds on all curves.
On elliptic curves, where there is a group law, the map o, — 1 makes sense,
and it is separable: for otherwise 0, — 1 = f oo, where f : E — E is a
morphism, so 1 = g o 0, where g = 1 — f, giving a contradiction because o,
is not an isomorphism.

The map [p] is an isogeny of degree p® on elliptic curves over F,. (This
statement will be justified later by Theorem 8.5.10.) As a special case of the
degree formula, if ¢ : E — FE’ is any isogeny of elliptic curves then

deggep () = | ker()]. (8.13)

By this formula and by the structure of ker([p]) = E[p] as {0g} or Z/pZ,
degge,([p]) is 1 or p. Thus [p] is not separable, and so it takes the form [p] =
[ ooy for some rational f. This shows that although the inverse o, L of the
Frobenius map is not rational, the dual isogeny 6, = f is. If E[p] = {0g}
then [p] is purely inseparable of degree p*> and so 0p = i 0 0p Where 7 is
an automorphism of FE, while if E[p] & Z/pZ then [p] has separable and
inseparable degrees p and so &, is separable of degree p.
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This section ends by deriving commutativity properties of the induced
forward and reverse maps of the Frobenius map. Let C be a projective curve
over F,. The forward induced map of o, on C acts on divisors in the usual
way as

Opx i (P) = (0,(P)). (8.14)

Since o0, is bijective and is ramified everywhere with ramification degree p,
the reverse induced map acts on divisors as

o, (P) p(U;l(P)). (8.15)

Let h : C — C’ be a map over F, of projective curves over F,. Then the
Frobenius map commutes with k. That is, if 0, ¢ denotes the Frobenius map
on C and similarly for C’ then (8.12) shows that

hoopc=opcroh. (8.16)

It follows that the forward induced map of the Frobenius map commutes with
the forward induced map of h,

hs o (op,c)s = (0p,cr)x © I (8.17)

Since the Frobenius map commutes with & as in (8.16) so does its inverse, for

-1 _ -1 -1
ho 0,0 =0,¢ ©0pcr© ho o,C

(8.18)

:0;10, Ohoap’coagé :0;10, o h.
Now compute for any P € C,
(heo0oy o)(P)=p(hoo, {)(P) by (8.14) and (8.15)
=plo, & oh)(P) by (8.18)
= (0, 0 hi)(P) by (8.14) and (8.15) again.

Thus the reverse induced map of the Frobenius map also commutes with the
forward induced map of h,

hiooy o =0, cr 0 hs. (8.19)

We will use formulas (8.17) and (8.19) in Section 8.7 and in Section 8.8.

The only place in Section 7.2 that uses characteristic 0 is the argument that
a curve has a planar model. This also holds in characteristic p when the under-
lying field k is perfect, meaning every element has a pth root in the field. For
example, finite fields and their algebraic extensions are perfect. Exercise 8.2.3
sketches the argument for readers equipped with the armamentarium of field
theory in characteristic p.
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Exercises

8.2.1. Let ¢ = p°. Show that the solutions of #7 — x in F,, form a subfield,
and that this is the unique subfield of ¢ elements. (A hint for this exercise is
at the end of the book.)

8.2.2. Verify (8.12).

8.2.3. Let L/k(¢) be a finite extension where ¢ is a variable and k is perfect.
This exercise sketches the argument that the extension is primitive. Supply
details as necessary. The Steinitz Criterion states that an extension is primitive
if and only if there are only finitely many intermediate fields. Thus to prove
that L/k(t) is primitive we may replace L by its normal closure over k(). So
assume that the finite extension L/k(t) is also normal.

The extension decomposes as k() C Ky C L, where K1 = k(¢)sep so that
the first extension is the maximal separable subextension of L/k(¢) while the
second is purely inseparable. But also, let K5 be the subfield of L fixed by the
automorphism group Aut(L/k(t)). Then k() C Ky C L, and because L/k(t)
is normal the first extension is the maximal purely inseparable subextension
of L/k(t) while the second is separable. These two decompositions of the
extension L/k(t) show that L = K;Ko.

Since the extension K;/k(t) is separable, it has a primitive element, i.e.,
K; = k(t)(a). Since k is perfect, Ko takes the form k(t)(b) where b? = ¢,
q = p° for some e. Thus L = k(t)(a,b), where a is separable over k(t). Since
a + b has the same number of conjugates under Aut(L/k(t)) as a does, and
this is the separable degree of k(t)(a + b)/k(¢), it follows that k(t)(a + b)
contains k(t)(a). Consequently k(t)(a + b) = k(¢)(a,b) = L. That is, the
extension L/k(t) is primitive.

8.3 Elliptic curves over Q and their reductions

This section discusses reducing elliptic curves defined over Q modulo a
prime p. Consider a general Weierstrass equation E defined over Q,

E:y’ 4+ aizy+ asy = 2 + apx® + agx + ag, a1,...,a6 € Q,

and consider admissible changes of variable over Q. In particular the change of
variable (z,y) = (u?z’,uy’) gives a Weierstrass equation E’ with coefficients
a, = a;/u’. A suitable choice of u makes this an integral equation, so we
now assume that the original coefficients a; are integral. View two integral
Weierstrass equations as equivalent if they are related by an admissible change
of variable over Q.

For any prime p and any nonzero rational number r let v,(r) denote the
power of p appearing in r, i.e., v,(p®-m/n) = e € Z where p f mn. Also define
vp(0) = 400. This is the p-adic valuation, analogous to the valuations from

Section 7.2 in that for all r,7’ € Q,
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vp(rr') = vp(r) + vp(r'),
vp(r +7") > min{v,(r), v,(r')} with equality if v,(r) # v, (1),

but occurring now in the context of number fields rather than function fields.
For each prime p let v, (E) denote the smallest power of p appearing in the dis-
criminant of any integral Weierstrass equation equivalent to E, the minimum
of a set of nonnegative integers,

vp(E) = min{v,(A(E")) : E integral, equivalent to E}.

According to Exercise 8.1.1(b), admissible changes of variable lead to ¢ =
cafut, ¢ = cg/ub, and A" = A/u'?. Thus if v,(cs) < 4 or vp(cg) < 6 or
vp(A) < 12 then v,(E) = v,(A). The converse holds as well for p > 3 (Exer-
cise 8.3.1). Define the global minimal discriminant of E to be

Apin(E) = Hpvp(E)_
P

This is a finite product since v,(E) = 0 for all p t A(E). A little work (Ex-
ercise 8.3.2) shows that the p-adic valuation of the discriminant can be mini-
mized to v,(E) simultaneously for all p under admissible change of variable.
That is, F is isomorphic over Q to an integral model E’ with discriminant
A(E') = Apin(E). This is the global minimal Weierstrass equation E’, the
model of F to reduce modulo primes. From now on we freely assume when
convenient that elliptic curves over Q are given in this form.

The field F, of p elements can be viewed as Z/pZ. That is, F,, is the image
of a surjective homomorphism from the ring of rational integers Z, reduction
modulo pZ, B

:Z —F,, n=n+ pZ. (8.20)

This map reduces a global minimal Weierstrass equation F to a Weierstrass
equation E over F,, and this defines an elliptic curve over F, if and only if
Pt Amin(E). The reduction of E modulo p (also called the reduction of E
at p) is

1. good [nonsingular, stable] if Eis again an elliptic curve,
a) ordinary if E[p] ~ Z/pZ,
b) supersingular if E[p] = {0},
2. bad [singular] if E is not an elliptic curve, in which case it has only one
singular point, _
a) multiplicative [semistable] if E has a node,
b) additive [unstable] if E has a cusp.

These reduction types are all independent of how E is put into global mini-
mal form. This is because if E has two global minimal Weierstrass equations
then the admissible change of variable that takes one to the other has co-
efficients r,s,t,u € Z with u = +£1 (Exercise 8.3.3), preserving A and ¢4.
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Good reduction at p means v,(Amin(E)) = 0, and when this holds the two
reduced Weierstrass equations differ by the reduced admissible change of vari-
able, making them isomorphic elliptic curves with the same p-torsion and thus
preserving ordinary or supersingular reduction as well. Bad reduction occurs
when v, (Apin(E)) > 0, and either v,(cs) = 0 for multiplicative reduction or
vp(eq) > 0 for additive reduction, cf. Proposition 8.1.3. The reason for the
terms “multiplicative” and “additive” was also explained at the end of Sec-
tion 8.1: in these cases the nonsingular points of F form a multiplicative group
isomorphic to F; or an additive group isomorphic to Fp. “Semistable” is also
used to mean good or multiplicative but not additive, i.e., not unstable. This
will be explained in the next section.

Recall from Section 7.7 that the analytic conductor of an elliptic curve E
over Q is the smallest integer N such that X, (V) maps to E per the Modular-
ity Theorem, i.e., the map is a surjective morphism over Q of curves over Q.
Putting F into global minimal form provides an almost complete description
of a related integer Ny called the algebraic conductor of E. The global minimal
discriminant and the algebraic conductor are divisible by the same primes,

p | Amin(E) <~ D | NE7

so that E has good reduction at all primes p not dividing Ng. More specifically,
the algebraic conductor takes the form Ng = Hp pfr where

0 if F has good reduction at p,
= 1 if £ has multiplicative reduction at p,
P )2 if E has additive reduction at p and p ¢ {2, 3},

2+ 6, if E has additive reduction at p and p € {2, 3}.

Here d2 < 6 and 03 < 3. An algorithm for the algebraic conductor due to Tate
and a formula for the algebraic conductor due to Ogg and Saito are presented
in [Sil94]. The algebraic conductor, like the analytic conductor, is well defined
on isogeny classes of elliptic curves over Q. B

Although we have reduced a Weierstrass equation E over Q to £ over F,,
we have not yet discussed reducing the points of the curve E to points of the
curve F. This will be done in the next section, after we extend the reduction
map Z — F, suitably.

The preface to this book described the Modularity Theorem in terms of
values a,(FE), defined as p minus the solution-count of a Weierstrass equation
modulo p. Equivalently,

Definition 8.3.1. Let E be an elliptic curve over Q. Assume E is in reduced
form. Let p be a prime and let E be the reduction of E modulo p. Then

a,(E) = p+ 1 |E(F,)|.
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This definition is the same as before because the reduced curve contains the
infinite point 0. That is, subtracting the number of F,,-points on E from p+1
is the same as subtracting the solution-count working in Z/pZ from p. The
reason to carry out either subtraction is that as x varies through F, we expect
the Weierstrass equation modulo p to have two solutions (x, y) for roughly half
of the values of z modulo p and no solutions for the other z-values, giving
a total of p points. Thus the estimated value of |E(F,)| is p + 1, and a,(F)
measures how the actual value differs from its estimate. The next proposition
expresses ap(F) in terms of the Frobenius map, cf. the introductory remarks
to this chapter.

Proposition 8.3.2. Let E be an elliptic curve over Q and let p be a prime
such that E has good reduction modulo p. Let 0}, and o, be the forward and

reverse maps of Pic° (E) induced by o,. Then
ap(E) =0y« + 0, as endomorphisms of Pic’(E).
(Here the left side means multiplication by a,(E).)

Proof. An element x € F, satisfies 27 = z if and only if z € F,. Thus
E(F,) ={P e E: P’ = P} = ker(o, — 1),
and so since o, — 1 is separable,
|E(F,)| = |ker(o, — 1)] = deg(a, — 1).

The general formula h, o h* = deg(h) was given for characteristic 0 in Sec-
tion 7.3, and we assert without proof that it holds in characteristic p as well.
It is clear that the induced forward map of a sum of isogenies is the sum of the
induced forward maps. The same fact for reverse maps is not obvious, but it
was shown near the end of Section 6.2 in the complex analytic setting and we
now assert without proof that it holds in characteristic p as well. Therefore,
computing with endomorphisms of Pic’(E),

|E(Fp)| = deg(op — 1) = (0p — 1) 0 (0 — 1)"
=(opx—L)o(o, —1")=p+1—0p.—0,.

The proposition follows by definition of a,(E). a

If F is an elliptic curve over Q and p is prime then Definition 8.3.1 extends
to
ape(E) =p°+1—|E(Fye)|, e>1,

and Proposition 8.3.2 extends to

apﬁ(E):o-pE7*+o-;;g’ 621
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Further defining a;(E) = 1, these solution-counts of an elliptic curve sat-
isfy the same recurrence as the coefficients ape(f) of a normalized eigenform
in S2(IH(N)) as in Proposition 5.8.5,

ape (B) = ap(E)ape—1(E) — 1g(p)paye—2(£) for all e > 2. (8.21)

Here 15 is the trivial character modulo the algebraic conductor Ng of E, so
1g(p) is 1 for primes of good reduction and 0 for primes of bad reduction.
The recurrence further indicates the close relation between elliptic curves and
eigenforms. We will prove it in Exercise 9.4.2. The consequence that we want
here is (Exercise 8.3.5)

Proposition 8.3.3. Let E be an elliptic curve over Q, and let p be a prime
such that E has good reduction at p. Then the reduction is

ordinary if ap(E) # 0 (mod p),
supersingular if ap,(E) =0 (mod p).

Exercise 8.3.6 provides some examples of the ideas in this section.

Exercises

8.3.1. Let p > 3 be prime. Let E be a Weierstrass equation over Q with
integral coefficients, and suppose that v,(A) > 12 and v,(cs) > 4. Show
that vp(cg) > 6 as well. The admissible changes of variable from Section 8.1
put E into the form (8.3) and multiply its discriminant by 6!2, so that
vp(As.s)) = Vp(A). Show that from here the admissible change of vari-
able (z,y) = (p?z’,p%y) gives an equation E’ in integral form such that
vp(A") = v,(A) — 12. Thus E is not in global minimal form. (A hint for this
exercise is at the end of the book.)

8.3.2. Let E be a Weierstrass equation (8.1) with a; € Z and let A be its
discriminant. For primes p 1 A the discriminant is already minimal at p. For
each prime p | A an admissible change of variable

(2,y) = (U?ax, + Tp,uiy’ + spuf,zzz’ Ftp)s UpyTpy Sprtp € Q

transforms ' to a new Weierstrass equation Ej, with coefficients a; , € Z and
discriminant A}, = A/ u}f minimal at p.

(a) Explain why v, (u,) > 0 and similarly for r,, s,, and ¢,. (Hints for this
exercise are at the end of the book.)

(b) Let u =1T[, p¥r(ur) Show that any admissible change of variable

(z,y) = (u?2’ +r,udy + suz’ +1)

gives a Weierstrass equation E’ with discriminant A" = +A ;.
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(c) Show that r, s, and t can be chosen to make a € Z as follows. The
results from Exercise 8.1.1(b) give

’u’all = upa/1p+2( _S;D)7
u?al = u? sah, +3(r—1p) — (a1 + 54 5,)(5 — ),
Salf = ud +2(t — tp),

u’ay = unay , + ay(r —1p
4a +2as(r —rp) —ai(rs —rpsp +t —tp)

utal = ugal , — as(s — sp

+3(r? frg)—Q

~ O~ ~—

st — sptp),
uSaf = ugagm +ag(r —mp) —az(t —t,) + az(r* — 7”12)) —a1(rt —rptp)

+ (r® — T‘S) —(t* - t;).

~—

From the first formula,

Vp(aa) +vp(u) > min{up(a/Lp) +vp(up), vp(2) + vp(s — sp)},

and since vp(u) = vp(up) and vy(ay ) > 0 this shows that v,(ay) > 0 if
Up(s—sp) > vp(u). Working similarly with the other equations, show that the
condition

min{v, (r —rp), vp(s — sp), vp(t — tp)} = 6vp(u)
makes the coefficients a; integral. Apply the Chinese Remainder Theorem to
show that there are integers r, s, and ¢ satisfying the condition for all primes p.

8.3.3. Let F and E’ be two global minimal Weierstrass equations, and suppose
an admissible change of variable x = u22’ +r, y = w3y’ + su’z’ + t takes F
to F'.

(a) Explain why v = +1.

(b) Use the formulas from Exercise 8.1.1(b) relating the coefficients b}
and b; to show that r € Z. (Hints for this exercise are at the end of the book.)

(c) Use the formulas from Exercise 8.1.1(b) relating the coefficients a
and a; to show that s € Z and that t € Z. Thus the change of variable
reduces modulo p for all primes p.

8.3.4. Consider an affine algebraic curve over Q,
Q:z?—dy* =1, deZ, d#0.
For any prime p not dividing 2d define
ap(Q) = p— |Q(F,)|.
Show that the maps

(1+dt2 2t

—_— —1
1—dt2’1—dt2>’ o0+ (=1,0)
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and
Yy

x+1’
define a bijection between P(F,) — {t : dt*> = 1} and Q(F,). Use this to show
that a,(Q) is the Legendre symbol (d/p). As explained in the preface, the
values a,((Q)) therefore arise as a system of eigenvalues.

(z,y) — (=1,0) — o0

8.3.5. Use the recurrence (8.21) to prove Proposition 8.3.3. (A hint for this
exercise is at the end of the book.)

8.3.6. (a) Consider the elliptic curve E : y?> = 23 — 1 over Q. Show that E
is in global minimal form and has good reduction at all p > 3. What is the
reduction type of E at p = 27 p = 3? (Hints for this exercise are at the end
of the book.)

(b) Let p be prime, p = 2 (mod 3). Show that the map = + z3 is an
automorphism of F;, and therefore the map x — x3 —1 bijects F,, to itself. Use

this to count that \E(Fp)| =p+1,1ie., ap(E) =0. Thus E has supersingular
reduction at p by Proposition 8.3.3.

(c) More generally, let p be an odd prime and let E : y?> = f(z) be
an elliptic curve over F,. Recall from elementary number theory that the
multiplicative group F; is cyclic. For each point z € F,, show that the number
of points (z,y) € E(F,) is 1 + f(x)»~1/2 interpreting f(z)?~1/2 € F, as
one of —1,0,1 € Z. Show that therefore

BE) =1+p+ Y f@@ V2 =1+ 3" f(2)® V"2 (mod p).

z€F, z€F,

Show that for any nonnegative integer ¢,

in:{ 0 ifi=0oriz0 (modp—1),
ach, —1 ifi>0andi=0 (modp—1).
Therefore the sum needs to be taken only over the terms of f(z)®~1/2 whose
power of x is a positive multiple of p — 1. Show that the only such is the 2P~!
term.

(d) Returning to the curve E: %> = 2% — 1, let p > 3, p=1 (mod 3). Use
part (c) to show that

- (P— 1)/2>

B =1 (000 (7% 21 (mod ),

and consequently a,(E) # 0 (mod p). Thus E has ordinary reduction at p by
Proposition 8.3.3.

(e) Similarly, show that the curve E : y?> = 2° — x is in global minimal
form with bad reduction only at p = 2, and determine whether this reduction
is multiplicative or additive. Use part (c¢) to describe the good reduction type
of E at each prime p > 2 in terms of p (mod 4).

3
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8.3.7. Show that the Weierstrass equation E : y? + zy = x> + 22 + 44z + 55
is in global minimal form. What are the primes of good, multiplicative, and
additive reduction?

8.4 Elliptic curves over Q and their reductions

This section discusses reducing an elliptic curve over Q modulo a maximal
ideal p of Z, where Q is the field of algebraic numbers and Z is the ring of
algebraic integers.

We begin with a brief discussion of the maximal ideal p itself. Given such
an ideal, the intersection p NZ is a maximal ideal of Z, so it takes the form pZ
for some rational prime p and we say that p lies over p. Conversely, given
a rational prime p, the set pZ is an ideal of Z, and so by Zorn’s Lemma
from set theory there exists a maximal ideal p containing it. More specifically
to this situation, algebraic number theory says that for each number field
K C Q with its ring Ok of algebraic integers, the ideal pOk of Ok factors
into a nonempty finite product of positive powers of the maximal ideals of Ok
containing it,

9K
pOx = [ P (8.22)
i=1

(A simple example of this was given in Section 3.7, the factorization of primes p
in the number ring Z[¢].) Since Q = [JK and Z = (Ji Ok, a maximal ideal p
of Z containing pZ is a corresponding union of maximal ideals over all number
fields,

p=Jrx. (8.23)

Conversely, such a union is a maximal ideal of Z if and only if the number
field ideals are chosen compatibly, meaning that if K C K’ then px C pk-.
In sum, every maximal ideal p of Z lies over a unique rational prime p, and
given a rational prime p, every compatible union p of the form (8.23) is a
maximal ideal of Z lying over p. From now on, if the symbol p is in use then
p is understood to denote its underlying rational prime.

The localization of Z at p is

Z(p) ={z/y:z,y€Z, y¢p}

a subring of Q since maximal ideals are prime. The ideal pz(p) of Z(p) is
its unique maximal ideal since its complement is the set ZZFP) of units, mak-

ing the quotient Z(p) /pz(p) a field. There is a natural isomorphism of fields
(Exercise 8.4.1(a))

2/pl>2(p)/p2(p), a+pl—>a+p2(p).
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Also, Z/p is an algebraic closure of Z/pZ (Exercise 8.4.1(b)). So we view
Zy) /L) as Fy, giving the natural surjection with kernel pZ

Zyy — F,,  a=a+pZy). (8.24)

Since pZ,) N Z = pZ (Exercise 8.4.1(c)), the reduction map (8.24) extends
the earlier reduction map Z — F, of (8.20).

Lemma 8.4.1. Let p be a mazimal ideal of Z;Let a be a nonzero element
of Q. Then at least one of o or 1/ belongs to Z).

Proof. Consider the number field K = Q(«). Let Ok be its ring of algebraic
integers and let px = p N Ok. The localization of Ok at pk is

Ok,p) ={z/y: 7,y € Ok, y ¢ vk},

a subring of K containing Ok and with unique maximal ideal px Ok (). There
is a valuation
Vo : K — Z U {400},

a surjection taking each nonzero x € Ok () to the largest d € N such that
T € p‘Ii{OK7(p). Constructing this number field valuation uses the facts that the
ideal px Ok (p) is principal and that the ring Ok () is Noetherian, analogously
to how we constructed the function field valuation at a nonsingular point of
an algebraic curve in Section 7.2. Then vy, = ev, on Q, where e € Z% is
the power of px occurring in the factorization (8.22), and v, is the p-adic
valuation from the previous section. The valuation v = v, has the standard
properties,

v(rr') = v(r) +v(r'),
v(r+7') > min{v(r),v(r")} with equality if v(r) # v(r').

With the valuation in place the lemma is clear: if v(a) > 0 then a € Ok () C
Zy), and if v(a) < 0 then v(1/a) > 0. O

The proof of Lemma 8.4.1 used valuation theory in a number field K
because there is no corresponding valuation v = v, on Q. But the lemma is
set in Q, and it enables us to work systematically over Q from now on.

To reduce an elliptic curve over Q modulo p, consider any Weierstrass
equation E over Q. By Exercise 6.4.4 every algebraic number takes the form
of an algebraic integer divided by a rational integer. It follows that an ad-
missible change of variable (z,y) = (u?2’,u3y’) with 1/u € Z* transforms £
to a Weierstrass equation whose coefficients a} = a;/u’ lie in Z and therefore
in Z(p). Thus we may assume that the Weierstrass equation F is p-integral to

begin with, meaning the coefficients are in Z(p),

E:y2—|—a1xy+a3y=x3+a2x2+a4x+a6, al,...,aﬁez(p).
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Any p-integral Weierstrass equation reduces via (8.24) to a Weierstrass equa-

tion over F,,
E’:y2+&1Q:y+d3y:z3+&2x2+&4x+&6, al,...,a6 GFP.

Proposition 8.1.3 and other results from Section 8.1 combine to show that

e E defines an elliptic curve over Fp if and only if A # 0, in which case
the curve either is ordinary with E[p] >~ Z/pZ, or supersingular with
Efp) = {0}, B )

e [ defines a singular curve over F, with a node if and only if A = 0
and ¢4 # 0, in*which case the rest of E forms a multiplicative group
isomorphic to F,,

e E defines a singular curve over F, with a cusp if and only if A=0

and ¢4 = 0, in which case the rest of E forms an additive group isomorphic
to F,.

Thus we can speak of the ordinary, supersingular, multiplicative, or additive
reduction type of any p-integral Weierstrass equation.

We want the reduction type to make sense for Q-isomorphism classes of
elliptic curves over Q, that is, for Q-isomorphism classes of nonsingular Weier-
strass equations over Q. An admissible change of variable over Q puts any
such equation into p-integral Legendre form (Exercise 8.4.2(a,b)),

E:y?=x(x—1)(z—\), A ¢ {0,1}, A€ Zy).
Formulas from Section 8.1 specialize for Legendre form to (Exercise 8.4.2(c))
A =16)1%(1 — \)?, ey = 16(1 — \(1 = N)).

Assume now that p does not lie over the rational prime 2. Then the formulas
for A and ¢4 give the implications (using that maximal ideals are prime for
the first one)

AepZy) = M1—X) €pZy) = ca ¢ L.

That is, the conditions for additive reduction, A=¢ = Ofp, are incompatible

with p-integral Legendre form. Therefore every elliptic curve over Q has a
p-integral Weierstrass equation with good or multiplicative reduction when p
does not lie over 2. This result holds as well when p does lie over 2, by an
argument using the Deuring form of a Weierstrass equation—see Appendix A
of [Sil86].

A p-integral Weierstrass equation with good or multiplicative reduction is
called p-minimal. Additive reduction being the worst type, we avoid it, as we
now know we can. Consider only p-minimal Weierstrass equations, and define
two such equations to be equivalent when they differ by an admissible change
of variable over Q.
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Proposition 8.4.2. Ordinary reduction, supersingular reduction, and multi-
plicative reduction are well defined on equivalence classes of p-minimal Weier-
strass equations. If E and E' are equivalent p-minimal Weierstrass equations
with good reduction at p then their reductions define isomorphic elliptic curves
over Fp,.

Proof. If E and E’ are equivalent then by Exercise 8.1.1(b)
ul?A = A, u'cy = ¢y,

where u comes from the admissible change of variable taking F to E’. Recall
the disjoint union mentioned early in this section,

Zy) =Zy) UpZp).

Assume A’ € 72})- If also A € pz(p) then u'? € pz(p) and thus u? € pz(p) SO
that ¢y € pZ(,). This means that £ has additive reduction, impossible since
E is p-minimal. Thus there is no equivalence between equations of good and
multiplicative reduction.

Given a change of variable between two equations of good reduction, we
may further assume by Lemma 8.4.1 that u € Z(p), and so the relation u'2A’ =
A shows that u € Zzp). Therefore @ # 0 in F,. Also the other coefficients r, s, ¢
from the admissible change of variable taking F to E’ lie in Z(p), similarly to
Exercise 8.3.3(b,c) (Exercise 8.4.3), so they reduce to F, under (8.24). The
two reduced Weierstrass equations differ by the reduced change of variable,
giving the last statement of the proposition. Since isomorphic elliptic curves
have the same p-torsion structure, this shows that ordinary and supersingular
reduction are preserved under equivalence. ]

The proposition shows that if E is an elliptic curve over Q then its reduc-
tion type at p is well defined as the ordinary, supersingular, or multiplicative
reduction type of any p-minimal Weierstrass equation for . Furthermore, the
proposition shows that if the reduction is good then it gives a well defined
elliptic curve E over F, up to isomorphism over F,.

The results of this section explain some earlier terminology. Any elliptic
curve E over Q can be viewed instead as a curve FEq over Q. Let p € Z be

prime and let p C Z be a maximal ideal lying over p. We have shown that
ordinary, supersingular, and multiplicative reduction of F at p do not change
upon reducing EG at p instead, but additive reduction of E at p improves
to good or multiplicative reduction of E6 at p. This motivates the words
“semistable” for good or multiplicative reduction and “unstable” for additive
reduction, as given in the previous section working over Q. Exercise 8.4.4 gives
an example of an elliptic curve over Q whose additive reduction at a rational
prime p improves in Q.

Good reduction is characterized by the j-invariant of an elliptic curve,
something we can check without needing to put the Weierstrass equation into
p-minimal form or even into p-integral form.
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Proposition 8.4.3. Let E be an elliptic curve over Q and let p be a mazimal
ideal of Z. Then E has good reduction at p if and only if j(E) € Z,).

Proof. Suppose E has good reduction at b We may assume the Weierstrass
equation for E is p-minimal. Thus A € Z(p) and ¢4 € Z,), so that j(E) =

i/ A € Zy) as desired.

For the other direction, assume the Weierstrass equation of E is in p-
integral Legendre form, and again assume that p does not lie over 2. Since
A =16)*(1—\)?, showing that E has good reduction at p reduces to showing
that A(1—\) ¢ pZ ). But since also ¢4 = 16(1—A(1—X)), the relation j = ¢} /A
is

(1= N2 =16%(1 — A1 — \))>.
The assumptions are that j € Z(p) and p does not lie over 2. Thus if A(1—X) lies
in pz(p) then so does the left side, while the right side does not, contradiction.

For the Deuring form proof when p does lie over 2, again see Appendix A
of [Sil86]. O

So far we have reduced a Weierstrass equation, but not the points them-
selves of the elliptic curve. To reduce the points, we first show more generally
that for any positive integer n the maximal ideal p determines a reduction
map

P"(Q) — P"(F,). (8.25)
To see this, take any point

P[0 ] € PI(@).

and consider the values m € N such that P has a representative with all of
20, ..., T, in Z and at least one of them equal to 1. Such values of m exist,
e.g., the smallest m such that x,, # 0. And given such an m that is less
than n, if z,,11 € Z(p) then m + 1 also works, but otherwise 1/x,,+1 € Z(p)
by Lemma 8.4.1 and so multiplying P through by 1/z,,+; shows that again
m—+ 1 works. Thus P has a representation such that all coordinates lie in Z(p)
and some z; is 1. This representation reduces to

P = (&0, ..., in] € P"(F,).

The scalar quotient of two such representations of P must belong to Z’(p) and
thus reduce to F; , so the two representations reduce to the same element
of P"(F,) and the reduction map is well defined. The description of the map
shows that an affine point P = (21,...,2,) = [1, 21, ..., Z,] of P*(Q) reduces
to an affine point of P"(F,) if and only if all of its coordmates lie in Z(p)

In particular, if F is an elliptic curve E over Q or over Q and E is its
reduction at p or at p then the points of E, a subset of P?(Q), reduce to
points of E since
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E(2,7) = E(z,y) = 0g = 0 .

Since the only nonaffine point of any elliptic curve is its zero, the end of the
previous paragraph shows that reduction from E to E has for its kernel the
affine points whose coordinates are not both p-integral,

~ 2

Let E be an elliptic curve over Q and let N be a positive integer. To
study the reduction of N-torsion at a maximal ideal p, recall the Nth division
polynomial ¢ from Section 7.1, satisfying

[N}(P) = OE — ¢N(P) = 07 wN S Z[927g3a‘r7y]‘

An elementary argument (see [Sil86]) shows that for Weierstrass equations
y? = 2% — gox — g3, i.e., for Weierstrass equations in the form (8.3), ¥y lies
in Z[g2, g3, 7, y?%] if N is odd and lies in yZ[g2, g3, 7, %% if N is even. In either
case 93, can be viewed as an element of Z[gs, g3, 7] after using the Weierstrass

relation to eliminate y, and then it takes the form
/(/)12\/'(‘%) = N2xN2_l +---€ Z[92a933 ‘T]
Define the localization of Z at p,

Ziyy={z/y:z,y€Z, y¢pl}={recQ:uy(r) >0}

For p 1 N, dividing ¥ 5 (2)? through by N? gives a monic polynomial that is
still p-integral,

2_
w]QV(x)/]VQ:xN 1+“'€Z(p)[927g37x]'

Suppose the Weierstrass equation of F is in p-minimal form, and suppose
that p does not lie over 2 or 3. The admissible changes of variable at the
beginning of Section 8.1 to reduce the general Weierstrass equation (8.1) to
the form (8.3) leave F in p-integral form. Further suppose that p { N. Then
the monic p-integral polynomial condition on the z-coordinates of E[N] shows
that they are p-integral (Exercise 8.4.5(a)). Consequently the y-coordinates
of E[N] are p-integral as well (Exercise 8.4.5(b)). Thus (8.26) shows that the
reduction E[N] —s E[N] is injective, and it is therefore surjective since E[N]
and E[N] are isomorphic finite groups.

Proposition 8.4.4. Let E be an elliptic curve over Q with good reduction
at p. Then:

(a) The reduction map on N-torsion,

E[N] — E[N],

is surjective for all N.
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(b) Any isogenous image E/C where C is a cyclic subgroup of order p also has
good reduction at p. Furthermore, if E has ordinary reduction at p then so
does E/C, and if E has supersingular reduction at p then so does E/C.

We have shown part (a) when p { 6N, but a complete proof is beyond
the scope of this book. The substance of part (b) is that good reduction
remains good under the isogeny, also not proved here. Granting this, it follows
that ordinary reduction remains ordinary and supersingular reduction remains
supersingular. Let ¢ : E — E’ be the isogeny from F to E' = E/C and let ¢ :
E’ — FE be its dual, so also ¢ is the dual of ¥. The pending Theorem 8.5.10
says that there exist reduced maps

@:E—)Ev’, @EV’HE
such that ¢ o ¢ = [N]z and ¢ o Y= [N]g. Thus the map ¢ o ¥ o ¢ has two
descriptions, _ _

pl& o@:@o[p]g:E—)El.

The descriptions combine to show that deg,,,([p]) is the same on E and on E'.

That is, |E[p]| = |ﬁ[p]| since deg,,, = | ker | for isogenies, cf. (8.13).

Exercises

8.4.1. (a) Show that there is a natural isomorphism Z/p —= Z,)/pZp).

(b) Show that Z/p is an algebraic closure of Z/pZ as follows. First show
that any 3 € Z/p is algebraic over Z/pZ. Second use the fact that any monic
polynomial g € (Z/pZ)[x] takes the form g = f where f € Z[x], to complete
the argument. (A hint for this exercise is at the end of the book.)

(c) Show that pZ,) N Z = pZ.

8.4.2. (a) Show that the general Weierstrass equation over Q is taken by an
admissible change of variable over Q to Legendre form y? = 2(z — 1)(z — \)
where A € Q — {0,1}.

(b) Change this to y*> = x(x — 1)(z — 1/A) by another admissible change
of variable over Q. Why may we thus assume that \ € Z(p)?

(c) Confirm the formulas for A and ¢4 arising from Legendre form.

8.4.3. Show that any admissible change of variable over Q between two p-
integral Weierstrass equations of good reduction entails 7,5, € Z,). (A hint
for this exercise is at the end of the book.)

8.4.4. (a) Consider the Weierstrass equation F : y> = 2% — 9z. Show that it
is in reduced form over Q and that it defines an elliptic curve over Q with
additive reduction at p = 3.

(b) Consider the number field K = Q(ug) where ug = €>™/6, satisfying
the polynomial 22 — z + 1. Its ring of integers is
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OK = Z[:U’ﬁ] = {a+b:u6 : a7b € Z}7

denoted A in Section 3.7. From that section, the factorization of 3 in Oxk is
30k = p% where px = (1 + pug). Let m = 14 p5. Show that 3 = pgr? in Ok.
(¢) Now view E as an elliptic curve over K. Apply the admissible change

of variable over K
2 2.4 3.3

(z,y) = (pem™a’, ugm°y’)-
What is the reduction type of E at px? What is the reduction type of £ as
an elliptic curve over Q at any maximal ideal p lying over 3?7 (A hint for this
exercise is at the end of the book.)

8.4.5. (a) Let E be a p-minimal Weierstrass equation over Q in the form (8.3).
Let p lie over p where p # 2,3. Let N be a positive integer such that p{ N.
Show that the z-coordinates of E[N] are p-integral.

(b) Show that the y-coordinates of E[N] are p-integral as well.

8.5 Reduction of algebraic curves and maps

Reducing Weierstrass equations and the points of elliptic curves from charac-
teristic 0 to characteristic p in the previous two sections was fairly straight-
forward. But already the results of Proposition 8.4.4, that good reduction
surjects as a map of N-torsion and is preserved under isogeny, are beyond
the scope of this book. Even granting that good reduction is preserved, the
argument that consequently so are its ordinary and supersingular subtypes
still needed to quote facts about reducing isogenies to characteristic p. The
subject of the next section, reducing modular curves from characteristic 0 to
characteristic p, is much more substantial than any of this. The present section
states the results to be quoted from algebraic geometry, incidentally justify-
ing a few unsupported assertions from earlier. The statements are given in
elementary terms, making them cumbersome in places but perhaps accessible
to more readers than the scheme-theoretic language of modern algebraic ge-
ometry. The results Theorem 8.5.7 and Theorem 8.5.9 not proven here follow
from Theorem 9.5.1 of [BLR90].

Recall the localization of Z at p,
Zy=A{z/y:xz,ycZ, y¢pl},

a subring of Q containing Z and having unique maximal ideal pZ,). This
construction eliminates all primes but p from the ideal structure of Z,. There
is a natural isomorphism

Z/pZ ; Z(p)/pZ(p), a -l-pZ = a +pZ(p),

so that the reduction map



8.5 Reduction of algebraic curves and maps 337

: Z(p) — Fp, a=a«o —l—pZ(p)

is a well defined surjection with kernel pZ,). The definition of reducing an
algebraic curve over Q to an algebraic curve over F,, uses the localization Z ).

Definition 8.5.1. Let C' be a nonsingular affine algebraic curve over Q, de-
fined by polynomials @1, ..., om € Lp)lz1,...,2,]. Then C has good reduc-
tion modulo p (or at p) if

(1) The ideal I = (p1,...,9m) of L)lz1,. .., 2n] is prime.
(2) The reduced polynomials ¢1,. .., ¢m € Fplz1, ..., z,] define a nonsingular
affine algebraic curve C over F,.

In this case C is the reduction of C at p.

Without condition (1) the curve and its reduction need have nothing to
do with each other. For instance, consider the nonprime ideal

I'={plpy — 1), (y —2*)(py — 1)) C Zp)[x, y].

The ideal Iq C Q[z,y] with the same generators as I is (py — 1), defining the
curve y = 1/p in Q?, a translate of the z-axis; but the reduction I C F,[z,y]

is (y — x?), defining a parabola in F;. See Exercise 8.5.1 for a generalization
of this example.

An observation is required before extending Definition 8.5.1 from affine
curves to projective curves. Let k be any field. Introduce the notations z =
(xo,...,2n) and z) = (zo,...,2i—1,1,2i41,...,2,) for i = 0,...,n, and
@) = (@) for ¢ € k[z]. For any homogeneous ideal

I'=({¢}) C K[z],

its ith dehomogenization for ¢ = 0,...,n is

Iiy = {em}) C klz@)]

and its ith rehomogenization is

I(3) hom = {{®(i) hom }) C K[2],

where ¢(;) hom means to multiply each term of ¢ ;) by the smallest power of z;
needed to make all the terms have the same total degree. Thus ¢ = x{¥(;) hom
for some e > 0.

Consider the ideal I = (wox1 + xox2). Its Oth dehomogenization is I(g) =
(x1+m2), a prime ideal that defines an algebraic curve, but I(g) hom = Io # 1.
On the other hand, I(1y = (zo(1 + x2)) is not a prime ideal, but I(1) hom = I.
This example shows that whether a dehomogenization defines a curve and
whether it rehomogenizes back to the original ideal are not equivalent. How-
ever,
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Lemma 8.5.2. Let k be a field. Let I C k[z] be the homogenization of a prime
ideal 1oy C k[w(0)] that defines an affine algebraic curve. Then I is prime. For
i =0,...,n, if I;y # K[z then I;y is prime, 1) wom = I, and I(;) defines
an affine algebraic curve.

Proof. If o € I, where ¢, v € k[x], then )10 = (¥¥)(0) € I(0) and so (up
to symmetry) @y € Iy, giving ©(0),nom € I. Since Y(g)hom | ¢, also ¢ € I.
This shows that I is prime.

If o € I(;), where ¢,9 € k[z(;)], then Ypom¥hom = (¥¥)hom € I. Thus
(up to symmetry) @nom € I since I is prime, and consequently ¢ € I(;) since
© = QPhom,(;). This shows that I(;) is prime unless it is all of k[z(;)], not
considered a prime ideal since the corresponding trivial quotient is not an
integral domain.

As already mentioned, each ¢ € I takes the form ¢ = {¢(;) hom for some
nonnegative integer e. On the one hand this gives the inclusion I C I(;) hom-
On the other hand, if I;y # kl[z(;] then x; ¢ I, S0 ¢(;) hom € [ since I is
prime. Thus if I(;) # k[z(;] then I(;) hom C I, and this combines with the first
inclusion to show that I;) hom = I

If Iy # k[z(;] then the field of quotients of k[ (;]/I(;) can be identified
with a subfield of the field of quotients of k[z]/I that has transcendence de-
gree 1 (Exercise 8.5.2). This shows that ;) defines a curve. O

The lemma supports the assertion in Section 7.2 that the function field of
any nonempty affine piece of a projective curve is the function field of the entire
curve, regardless of which piece is chosen. Examples such as (zox1 + xo22)
above, with extra powers of a variable, don’t arise from homogenizing a prime
affine ideal.

Definition 8.5.3. Let Cyom be a nonsingular projective curve over Q defined
by the homogenization I C Zy[x] of a prime ideal 1oy C Zy[z(0)] as in
Definition 8.5.1. Then Cyhom has good reduction at p if fori = 1,...,n,
either the affine curve C; defined by 1;y has good reduction at p or I(;) reduces
to all of Fp[x(i)] so that C; has empty reduction at p. The curve éhom defined

by the homogenization (I))nom C Fyz] is the reduction of C at p.

The reduced curve éhom is defined by any nonempty reduction 51 of an
affine piece of Clom, but this is not immediately obvious. Since dehomogeniz-
ing and reducing commute,

(I(i))hom = ]A:(i),homa 1=0,...,n.

Let J = :f(o),hony Then I C J and therefore :f(l—) C Jyy) for each i, with J() =

I(py in particular. Since the reduced curve is defined by the homogenization
of J(g), Lemma 8.5.2 says that it is defined by any J(;) that is not all of Fy [z ;)].

But each such Ji;) is in fact Ei) since J(;)/ IN(i) is a prime ideal of the coordinate
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ring F,[C;] = F, [x(i)]/f(i). As such it is the zero ideal or the maximal ideal mp
of functions vanishing at some point P € C; (see Exercise 8.5.3). But in the
latter case the quotient field of the integral domain F,[z(;]/J(;) does not
have transcendence degree 1, and this is a contradiction since J(;) defines a
curve. Therefore J(l-)/:f(i) = {0}, ie., Ju) = f(i) when Ji;) # Fplr(]. After
the pending Theorem 8.5.4 we will be able to show that if on the other hand
Jiiy = Fplz(y] then also I;) = Fy[z(;], completing the argument that Chom
is defined by any nonempty C;. As in Section 7.2 we now drop the notation
Chom to distinguish a projective curve from its affine pieces.

Good reduction at p on one affine piece of a projective curve does not
guarantee good reduction of the curve (Exercise 8.5.4). Also, just as a Weier-
strass equation over Q needs to be put into p-minimal form by an isomorphism
over Q in order to optimize its reduction type at p, the same can apply to a
nonelliptic curve over Q. For example, the circle 22 + y? = 22 has bad reduc-
tion at p = 2 since every point is singular, but it is isomorphic over Q to the
line defined by no equations in one variable (Exercise 8.5.5), and this clearly
has good reduction at all p.

Curves as defined by equations are now reduced to characteristic p. To
reduce the points of a curve, recall the reduction map (8.25) of projective
space, B

: P"(Q) — P"(F,).

If C' is a nonsingular projective algebraic curve with good reduction at p then
this takes C' to C.

Theorem 8.5.4. Let C' be a nonsingular projective algebraic curve over Q
with good reduction at p. Then the reduction map C' — C' is surjective.

The idea of the proof is to argue ring theoretically, proceeding from a
point in characteristic p to a point in characteristic 0 via ideals. The points
of an algebraic curve C over any field k map to the maximal ideals of its
coordinate ring k[C], each point () mapping to the maximal ideal mqg of
functions that vanish at ). The map surjects by Hilbert’s Nullstellensatz,
mentioned in Exercise 8.5.3. It injects if k is algebraically closed, and more
generally m¢g = mg if and only if some automorphism of k over k takes Q
to Q" by acting componentwise. Since C' is defined by equations over k it is
closed under this action.

Proof. Let @' be a point of C. Then @' lies in some affine piece C; of C.
Since i is fixed we will simply call the affine piece C' throughout the proof.
Thus the affine coordinate ring is F,[C] = F,[x(;]/I(;). Consider the ring

Z,)[C] = Zyylzw)]/Im). The map Z,y[C] — F,[C] is a surjection with

kernel (p) = pZ,)[C], so that Z,)[C]/(p) is naturally identified with F,[C].

Let m C Z(;,)[C] be the inverse image of the ideal mg of F,[C] corresponding
to Q'. Then m is a maximal ideal of Z,[C], and p € m. So far we have
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Z(p) [C} — FP[O], m — mq .

Let f € m be a lift to Z,)[C] of a nonzero function in mg . Because

f + (p) is nonzero and hence not a zero-divisor in the integral domain F,[C],
it follows that p 4 (f) is not a zero-divisor in Z,)[C]/(f). Indeed, if p + (f)
is a zero-divisor then fg = ph for some g, h € Z,)[C] with h ¢ (f), and thus
g ¢ (p) since Z,[C] is an integral domain, making f + (p) a zero-divisor
as well, contradiction. Let P C Z,[C] be the lift of a minimal prime ideal
of Z,)[C]/(f) (see Exercise 8.5.6(a)) contained in m/(f). Thus P is nonzero
since f € P. A fact from commutative algebra, that any minimal prime ideal
of a ring is a subset of the ring’s zero-divisors (Exercise 8.5.6(b—c)), shows
that p+ (f) ¢ P/(f). Now we have

PCmCZ(p)[C], p%P.

Consider the coordinate ring Q[C] = Q[z(;)]/I(;),@ Where I(;) q is the ideal
of Q[z(;)] with the same generators as the ideal I(;) of Z(,)[z(;]. Then PQIC]
is a nonzero prime ideal of Q[C] (it is proper because p ¢ P), and so by
Exercise 8.5.3,

PQ[C] =mg for some Q € C.

The quotient Q[C]/m is a field naturally identified with the values taken by
polynomial functions on C' at @, a subfield of the Galois extension K of Q
generated by the coordinates of Q. Also P = mg N Z,)[C] (the containment
“C” is clear; for the other, if h € mg then pNh € P for some N, and if
h € Z,)[C] as well then h € P since p ¢ P), and so the quotient Z,[C]/P
maps to K. Thus we have the map given by evaluating at @,

GQ:Z(p)[C]/P—>K, g+ P g(Q).

Let Ok be the ring of integers of K. Lemma 8.5.5 to follow will show that
there is a maximal ideal qx of Ok lying over p such that eq(Z,)[C]/P) is
contained in the local ring Ok (q,) and eg(m/P) is contained in its maximal
ideal qx Ok (qi)- This gives a map

€@ : Zp)[Cl/m — Ok (4i) /& Ok (a): 9+ ™M 9(Q) + 4k Ok (axo)-

The reduction map C — C depends on an initial choice of a maximal
ideal p of Z lying over p. Let px = pNK. A result from algebraic number the-
ory, to be discussed in Section 9.1, is that some element o € Gal(K/Q) takes
gk to pk. The quotient Ok (p.)/PKOK, (px) s a finite extension field of F,
isomorphic to Ok /pk. (This generalizes the isomorphism between Z,)/pZ )
and Z/pZ at the beginning of the section.) Another result from algebraic num-
ber theory to be discussed in Section 9.1 is that every automorphism of this
field is the reduction to characteristic p of an automorphism 7 € Gal(K/Q)
such that pi; = pk. Replacing o by o7 for any such 7 gives a new o that still
takes gk to px. Composing the map eg with o gives
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€q  Zp[Cl/m — Ok () /PKOK (p)s 9+ m = 9(Q)7 + PKOK (pio)-

Note that ¢g(Q)° = ¢(Q7), so this last map can also be denoted €g-. In
particular, specializing g to the coordinate functions x; shows that Q7 has
p-integral coordinates.

We now have a commutative diagram

Z,)[C] — Ok (pk)

L]

Fp [5] Fpa

where the top row is g — ¢g(Q7), the vertical arrows are reduction to char-
acteristic p, and the bottom row is § — g(@?) for g € F, [5] The kernel of
the bottom row is thus m =, but since the diagram commutes the kernel of
the bottom row is also the reduction of m, i.e., mq . As explained before the
proof this means that Q' = (@V" )™ for some automorphism 7 of F,,. But this 7
restricts to an automorphism of Ok (p,)/PKOK,(pk), and so as explained in
the previous paragraph we may assume that it is the reduction of an auto-
morphism 7 € Gal(K/Q) that fixes px. That is, we may assume that 7 has
already been incorporated into o, giving the desired result Q' = @5 . ]

The following lemma was used in the proof of Theorem 8.5.4.

Lemma 8.5.5. Let p be prime. Suppose S is a Zy)-subalgebra of a number
field K and M is a mazimal ideal of S containing p. Then there is a maximal
ideal q of Ok lying over p such that S C Ok (q) and M C qOk (q)-

Specifically, the lemma was applied with S = Z,)[C]/P and M = m/P.
The more experienced reader should supply details for the following proof,
while the reader with less background can skim it.

Proof. (Sketch.) Let S be the localization of S at M. Then S C S’ and S’
is local with maximal ideal M’ containing M. Let S = S’Ok. Then S” is
finitely generated as an S’-module, so S”/M’S” is nonzero by Nakayama’s
Lemma and thus M’ is contained in some maximal ideal M" of S”. It suffices
to prove the lemma with S and M" in place of S and M. Now, S” contains
the set

Ok, (p) = {5 € K : v4(s) > 0 for all q over p}.

This is the localization of Ok at the multiplicative set Z — (p). It is a principal
ideal domain with only finitely many primes, these being qOxk () for q over p.
Showing this relies on the fact that for each q there exists a uniformizer that
is a unit at the finitely many other g’ over p. (We proved a similar result for
function fields in Chapter 7.) Using these uniformizers we can also show that
there is a subset Q of the set of q over p such that
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S"={seK:yy(s) >0 for all q € Q}. (8.27)

Indeed, for any q such that there exists an s € S” with v4(s) < 0 we can
multiply through by suitable powers of uniformizers to get an s’ € S” with
vg(s') = —1 and vy (s") > 0 for other ¢, and then add the product of the
uniformizers at q’ such that v/ (s’) > 0 to get an s” € S” such that vy (s”) =0
for q' # q. Doing this for each such q we get that S” takes the form (8.27).
Since S” has a nonzero maximal ideal and since the maximal ideals of S” are
My = {s € 8" 1 y4(s) > 0} for each q € Q, the set Q is nonempty. Thus S”
and M" satisfy the desired conclusions of the lemma. O

We can now complete the argument that the reduced curve éhom is defined
by any nonempty reduction C; of an affine piece of Cpop,-. Let p be a maximal
ideal of Q lying over p, and let C;,1 denote the points of C' whose ith coordinate
can be normalized to 1 with the others p-integral. The proof of Theorem 8.5.4
shows that the map C; ; — C; is surjective. The case remaining to be proved
is when J(;) is all of F,[z(;]. But then 2} € J for some m, and so zj" €
f(o) = Joy, i.e., x; € 17(0) since _7(0) is prime. Writing x; = f + pg for some
[ € I(g) shows that for any Q = (a1,...,a,) = [1,a1,...,a,] in Cy we have
a; € pZy), so Q ¢ C; 1. Therefore C; 1 is contained in C' — Cy, which is finite
(Exercise 8.5.7(a)), therefore C; is finite and thus empty (Exercise 8.5.7(b)),
i.e., I(z) = Fp[x(z)] = Jz

With curves and their points reduced, the next object is to reduce mor-
phisms. Doing so requires the following result.

Lemma 8.5.6 (Krull Intersection Theorem, special case). Let R be a
Noetherian domain and let o € R be a nonunit. Then (oo, aR = {0}.

Proof. Let J = ﬂzio a®R, let mq, ..., my be a set of generators for J, and let
m be the column vector that they form. Since aJ = J (Exercise 8.5.8), also
am is a column vector of generators, and so there exists a k-by-k matrix A
with entries in R such that

m = aAm.

That is, (1—aA)m = 0 where 1 is the k-by-k identity matrix. But det(1—aA)
is 1 modulo aR and hence nonzero, making 1 —aA invertible over the quotient
field of the integral domain R. This shows that m = 0, giving J = 0 as desired.

O

Let
h:C—C'

be a morphism over Q of nonsingular projective algebraic curves over Q with
good reduction at p. To reduce h to a morphism A of the reduced curves,
take a representation h = [ho, ..., h,]. Let 1oy C Z,)[z(0)] be the ideal whose
homogenization defines C. We may assume that each h; lies in the subring
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R = Z)[r0)]/10) of the coordinate ring Q[Co] = Q[z(0)]/Iq,0)- Let the
p-adic valuation of each h; be

vp(h;) = max{e: h; € p°R} € N U {+o0},
and note that at least one v,(h;) is finite by the lemma. Then the p-adic
valuation of h is

vp(h) = min{v,(h;) :i=0,...,r},

and h rewrites as
h = [hy, ..., k], hézp‘”"('”“))hiforz‘zo,...,r

Each entry h. still lies in R but now some entry lies in R — pR, giving it
nonzero reduction in F,[Co] = R/pR. The reduction h = [h, ..., h;] is a

» i r

rational map from Cj to C'. To see this, note that each point of Co takes the
form P where P € Cop, and h( ) = 0 for all but finitely many such points. If,

say, h!(P) # 0 then we want to show that i(P) lies in C” But any element
of the defining ideal IEZ) takes the form § where g € I{i). Thus for ﬁ7 1,
and § as in this discussion, §(h(P)) is the reduction of g(h(P)), and this is 0
because h(P) lies in C/. The argument has shown that h(P) = i;(\PT) for all
P € C that reduce to the complement of a finite subset of C. This statement
is independent of which affine piece of C' and which representatives h; were
used to define h, although the finite set can change if these do. In sum, h is

well defined as a rational map from C to C". Finally, by the general theory of
algebraic curves the rational map extends to the desired reduced morphism,

h:C—C'.

The genus of an algebraic curve was mentioned in Section 7.8. An algebraic
curve C' over Q has genus 0 if and only if it is isomorphic over Q to the
projective line, or equivalently if and only if its function field Q(C) is Q-
isomorphic to a field Q(¢). Genus 0 curves are exceptional, but as long as the
target curve C’ has positive genus, the morphism A and its reduction h act
compatibly on points and have the same degree.

Theorem 8.5.7. Let C and C' be monsingular projective algebraic curves
over Q with good reduction at p, and let C' have positive genus. For any
morphism h : C — C' the following diagram commutes:

Also, deg(h) = deg(h).
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Since C —» C surjects, h is the unique morphism from C to C’ that
makes the diagram commute. Such a diagram can fail to commute when C’
has genus 0, for example the map h : P! — P! where hlz,y] = [pz,]
surjects over Q but it reduces at p to the zero map. Theorem 8.5.7 has the
following consequences (Exercise 8.5.9):

Corollary 8.5.8. Let C' have positive genus. Then

(a) If h : C —> C' surjects then so does h: C —» C.
(b) If also k : C" — C" and C" has positive genus then

koh=koh.
(¢) If h is an isomorphism then so is h.

Part (c) of the corollary shows that if C' has positive genus then the iso-
morphism class of C over F, depends only on the isomorphism class of C'
over Q.

With curves and maps reduced compatibly, we also need the following
functorial result.

Theorem 8.5.9. Let C' be a nonsingular projective algebraic curve over Q
with good reduction at p. The map on degree-0 divisors induced by reduction,

Div’(C) — Dv'(C), > np(P)— Y np(P).

sends principal divisors to principal divisors and therefore further induces a
surjection of Picard groups,

Pic’(C) — Pic®(C), D _np(P)] = [>_np(P)].

Let C" also be a nonsingular projective algebraic curve over Q with good re-
duction at p, and let C' have positive genus. Let h : C — C" be a morphism

over Q, and let h, : Pic’(C) — PicO(C’) and h, : Pic®(C) — Pic®(C") be
the induced forward maps of h and h. Then the following diagram commutes:

Pic®(C) —= Pic®(C")

| ]

Pic’(0) — Pic(C7).

The first statement of Theorem 8.5.9 is not obvious because the induced

map on divisors does not send the principal divisor div(f) to div(f). The
diagram follows from the first statement.

These results on reducing curves over Q at a prime p don’t yet support
the assertions in the previous section about elliptic curves over Q and their
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reductions at a maximal ideal p. However, the ideas here extend to reducing
curves over any number field K at a maximal ideal pk, using the local ring
Ok, (p) and the valuation vy, as in the proof of Lemma 8.4.1. The ideas thus

extend to reducing curves over Q at a maximal ideal p.

Theorem 8.5.10. Let
po: B — F

be an isogeny over Q of elliptic curves over Q. Then there is a reduction

with the properties

(a) @ is an isogeny.

(b) If ¢ : E' — E" is also an isogeny then o ¢ = 1) o .
(¢) The following diagram commutes:

E—— g

|, ]

E——F.
(d) deg() = deg(e).

Part (a) of Theorem 8.5.10 follows from the general results of this section
and from the fact that ¢ is a nonconstant map taking 0 to 0. The statement
in Section 8.2 that the map [p] is an isogeny of degree p? on elliptic curves
over F, follows from Theorem 8.5.10 since any such elliptic curve is the reduc-
tion E of an elliptic curve E over Q, and [p] is the reduction of [p]g. The

facts quoted after Proposition 8.4.4 about reducing isogenies also follow from
Theorem 8.5.10.

Exercises

8.5.1. Given polynomials @1, ..., 0m, ¢, ¢1,..., ¢ in Zy,)[r1,. .., z,], find an
ideal I C Zp[x1,...,2,] such that I = (p1,...,0m,pp — 1) as an ideal
of Qz1, ..., 2], but I = (4y,... 1) in F,[z1,...,2,]. (A hint for this exer-
cise is at the end of the book.)

8.5.2. (a) In the context of Lemma 8.5.2, show that the elements (f+1)/(g+1)
of the field of fractions of k[z]/I where f and g are homogeneous of the same
degree form a subfield K.

(b) Assume that I(;) is a proper ideal of k[xz(;)], so that z; ¢ I. Define a
map klz;]/I;) — K by f = (fuom + I)/(z¢ + I) where d = deg f. Show
that this map is well defined and injective, and show that it extends to an
isomorphism from the field of quotients of k[xz(;)]/I(;) to K.

(c) Show that K has transcendence degree 1 and therefore so does the field
of quotients of k[z(;y]/I;. (A hint for this exercise is at the end of the book.)
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8.5.3. Let C be an algebraic curve over a field k and let k[C] be its coordinate
ring. Let P be a point of C, let m = mp be the maximal ideal of k[C]
associated to P, and let M = Mp be the corresponding maximal ideal of the
local ring k[C] p, cf. Section 7.2. Show that there is a bijection from the prime
ideals of m and the prime ideals of M, given by I +— IM and having inverse
J = JNm. Since the local ring is a discrete valuation ring, its only primes are
{0} and M. Consequently, every nonzero prime ideal of k[C] is maximal since
it lies in some maximal ideal and by a result called Hilbert’s Nullstellensatz
any such ideal takes the form mp.

8.5.4. Find an ideal I(g) of Z(y)[z1, x2] defining a nonsingular curve with good
reduction at p, but such that the homogenized ideal I of Z,[xo, 1, 22] also
dehomogenizes to an ideal I(5) defining a nonsingular curve with bad reduction
at p. (A hint for this exercise is at the end of the book.)

8.5.5. Let k be any field with char(k) # 2. Show that the map [t,u] —
[t? —u?, 2tu, t? +u?] is an isomorphism from P!(k) to the curve x? + y? = 22
in P2(k) with inverse [z, v, 2] = [z + 2, %] by showing that both compositions
give the identity. Why does this fail if char(k) = 27

8.5.6. Let R be a commutative ring with 1. This exercise shows that R has
minimal prime ideals and that any such ideal is a subset of the zero-divisors
of R.

(a) Let Iy D I1 D --- be a descending chain of prime ideals of R. (The
subscripts do not denote dehomogenizations.) Show that (-, I,, is again a
prime ideal. Thus R has minimal prime ideals.

(b) Let P be a minimal prime ideal of R. The localization of R at P is the
ring Rp = R(R — P)~! whose definition should be clear from Exercise 6.5.5
and the various examples of localizing that we have seen since then. This ring
is Noetherian and PRp is its only prime ideal. Part (¢) will show that PRp
contains only zero-divisors of Rp. Show that consequently P contains only
zero-divisors of R.

(¢) To complete the argument, let S be a Noetherian ring with only one
prime ideal I. To show that I contains only zero-divisors of S, consider ideals
of the form

Anmng(z)={se€ S:sx =0}, ze€S x#0.

Note that any such ideal contains only zero-divisors of S. Since S is Noether-
ian any ascending chain of such ideals eventually stabilizes, and so the set of
such ideals contains maximal elements. Let J = Anng(x) be such a maximal
element. Show that J is prime, so that J = I and the result follows. (A hint
for this exercise is at the end of the book.)

8.5.7. (a) Show that any nonempty affine piece of a nonsingular projective
algebraic curve is all but finitely many points of the curve. (Hints for this
exercise are at the end of the book.)

(b) Show that any nonempty affine piece of a nonsingular projective alge-
braic curve is infinite.
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8.5.8. In the proof of Lemma 8.5.6, show that aJ = J.
8.5.9. Prove Corollary 8.5.8.

8.6 Modular curves in characteristic p: Igusa’s Theorem

Let N be a positive integer and let p be a prime, p 4 N. The modular curves
X1(N) and Xo(N) have good reduction at p. This section describes the re-
ductions.

First we reduce the moduli space at p. Let p be a maximal ideal of Q
lying over p. Recall from Proposition 8.4.3 that an elliptic curve /L\?/ over Q
with good reduction at p has j(E) € Z,), so this reduces at p to j(E) in F,.
We want to avoid j = 0,1728 in the image. Denote this with a prime in the
notation, i.e., the suitable restriction of the moduli space S1(V) over Q is

e

S1(N)ga = {[E,Q] € S1(N) : E has good reduction at p, j(E) ¢ {0,1728}}.

In characteristic p, let §1(N ) denote the moduli space over F,, i.e., it consists
of equivalence classes [F, )] where E is an elliptic curve over E, and Q € E is
a point of order N and the equivalence relation is isomorphism over Fp. Again
avoid j = 0,1728 by defining

SI(N) = {[E,Q] € S1(N) : j(E) ¢ {0,1728}}.
The resulting reduction map is
S1(N)ga — S1(N), [E;,Q1 = [E;, Q).

This surjects. Indeed, any Weierstrass equation over F, lifts to Z, and the
discriminant of a lift is a lift of the discriminant, so nonzero discriminants lift
to nonzero discriminants, i.e., elliptic curves lift to elliptic curves. Proposi-
tion 8.4.4(a) shows that each N-torsion point has a lift as well. Thus reduc-
tion surjects from S;(IN)gq to S1(N), and since S1(NV)gq is the inverse image
of §1 (N)" the displayed reduction map surjects as well. Priming the moduli
space in characteristic p removes only finitely many points. Even though prim-
ing in characteristic 0 removes infinitely many points, all that matters for our
purposes is that the reduction surjects.

To define the reduction X (N) of X1 (N) at p, consider the universal elliptic
curve E; defined over F,(j),

- 36 1
E»: 2 = 3— —_— —_ —_— .
pry Ty = (j—1728>x (j—1728)

This is the curve of (8.5), with discriminant j2/(j—1728)3 and invariant j. The
points (z,y) of E; are a subset of P?(F,(j)). Let Q be any point of E; with
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order N, i.e., [N]Q = 0z but [n]Q # 0z for 0 <n < N. Let ¢y n € F,(j)[7]
be the minimal polynomial of its z-coordinate z(Q). Define a field

Ki(N) =F,(j)[z]/{p1,n5(2)).

We assert without proof that K;(N) NF, = F,, so K;(N) is a function field
over F,. The polynomial o1 y defines a planar curve Xj (V)P possibly

singular, whose points are ordered pairs (j,x) € Fﬁ . There is a birational
equivalence over F, from the planar curve to any nonsingular projective al-
gebraic curve whose function field is isomorphic to K;(NV), as discussed after
Theorem 7.2.5.

Theorem 8.6.1 (Igusa). Let N be a positive integer and let p be a prime
with pt N. The modular curve X1(N) has good reduction at p. There is an
isomorphism of function fields

F,(X1(N)) 5 K (N).

Moreover, reducing the modular curve is compatible with reducing the moduli
space in that the following diagram commutes:

S1N)Ly —21 Xy (N)

L.

S1(N) —— X1 (N).

Here the top row is the map [E;, Q] — (j,2(Q)) to the planar model followed
by the birational equivalence to X1(N), and similarly for the bottom row but
in characteristic p.

The primes in the diagram thus now mean to remove finitely many addi-
tional points as necessary for all the maps to make sense. A similar commuta-
tive diagram but with the planar models is easy to establish (Exercise 8.6.1),
but this is not enough to show that the diagram in the theorem commutes
as well. The diagram extends to divisor groups, restricts to degree 0 divisors,
and takes principal divisors to principal divisors, giving a modified diagram
that we will use in the next section,

Div?(S1(N)Lq) — Pic’ (X, (N))

R

Div?(S1(N)") — Pic® (X1 (N)).

In this diagram the maps down the left side and across the bottom surject.
The map across the bottom surjects by Proposition 7.3.1 since %1(S1(N)’)
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is all but finitely many points of X;(N). Although Chapter 7 was set in
characteristic 0, the proof of the proposition holds in any characteristic.

Starting instead from a point @) as above and from the minimal polyno-
mial gy of Zﬁf;ﬁ z([d]Q), a similar discussion applies to reducing Xo(N).
As usual, we will discuss X7(NN) but then use X((N) in connection with
the Modularity Theorem. For more on Igusa’s Theorem see [Igu59], [DR73],
[KMS5].

Exercise

8.6.1. Show that a diagram as in Igusa’s Theorem but with the planar models
of X1(N) and X;(N) commutes. (A hint for this exercise is at the end of the
book.)

8.7 The Eichler—Shimura Relation

Let N be a positive integer and let p ¥ N be prime. This section gives a
description of the Hecke operator T}, at the level of Picard groups of reduced
modular curves, _ _ _

T, : Pic’(X;(N)) — Pic’ (X1 (N)).

By Theorem 8.5.9 the Hecke operator (d) on X;(N) reduces modulo p and
passes to Picard groups to give a commutative diagram

Pic®(X1 (V) — 2% Picd (X, (V)

J . l (8.29)

Pic’(X1(N)) —— Pic’ (X1 (N)).
We want a similar diagram for the Hecke operator T}, on Pic’(X;(N)),

Pic® (X, (N)) —2 Pic® (X; (V)

J ~ l (8.30)

Pic’ (X, (N)) —— Pic®(X;(N)).

However, since the top row here is not the pushforward of a morphism from
X1(N) to X1(N), Theorem 8.5.9 doesn’t give this diagram as it gives (8.29).
Recall from Section 6.3 and from Exercise 7.9.3 that in fact the top row
is a pullback followed by a pushforward via an intermediate curve, either
X?(N,p) or X1,0(N,p). These curves do not have good reduction at p, but
each is defined by equations over Z whose reduction at p is isomorphic to
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two copies of X (N) crossing at the values of j where Ej; is supersingular.
This structure makes it possible to show that 7}, reduces and even to compute
its reduction. Alternatively, results on Abelian varieties (e.g., Theorem 9.5.1
of [BLR90]) also show that T}, reduces. Both of these approaches are beyond
the scope of this book, so instead we assert without proof that T}, reduces,
i.e., that a commutative diagram (8.30) exists, and then granting that there is
a reduction of T}, we will compute it. The resulting description of fp is called
the Eichler-Shimura Relation.

The way to compute the reduction fp on Pic’(X1(N)) is to compute it first
in the moduli space environment. We will establish a moduli space diagram
analogous to (8.30) and then use Igusa’s Theorem to translate it to modular
curves. Recall the moduli space interpretation of the Hecke operator 7, on
the divisor group of Sy (IV),

T,[E,Ql =) [E/C,Q+C). (8.31)
c
The sum is taken over all order p subgroups C' C E such that C'N{Q) = {0},
in this case all order p subgroups since p{ N. Let p C Z be a maximal ideal
lying over p. By Proposition 8.4.4(b), if the curve E on the left side of (8.31)
has ordinary reduction at p then so do all the curves E/C on the right side.
Restricting to such curves, this section begins by describing the right side
of (8.31) over F, rather than over Q, the description being in terms of the
Frobenius map. The same description will hold for curves with supersingular
reduction at p.
Let E be an elliptic curve over Q with ordinary reduction at p and let
Q € E be a point of order N. Let Cy be the kernel of the reduction map
E[p] — EIp], an order p subgroup of E since the map surjects and the
reduction is ordinary.

Lemma 8.7.1. For any order p subgroup C' of E,
—_—— EUP,~UP C:C,
Bc,gro) = Emerl - re=0

[E%, [p]Q7» | if C # Co.

Proof. First suppose C' = Cy. Let B/ = E/C and let Q' = Q + C = ¢(Q)

where ¢ : E — E’ is the quotient isogeny. Let ¢ : B/ — E be the dual

isogeny of ¢ and consider the commutative diagram

E'lp] —— Elp]

T ¥

N/J b~
E'[p] — Elp].
Since E has ordinary reduction at p so does its isogenous image E’, and
thus |E'[p]| = p. The subgroup (E’[p]) of E[p] has order p since | ker(y))| =
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deg(t)) = p, it is a subgroup of C' = ker(p) since o(¢(E'[p])) = [p](E’[p]) =
{0}, and so it is all of C since both have order p. Thus ¢(E'[p]) = C = Cj is the
kernel of the right vertical arrow, and since the left vertical arrow surjects, the

diagram shows that the bottom arrow is the zero map, i.e., E’[p] C ker(¢). On

the other hand, the relation Got) = [p|5: shows that ker(¢)) C ker([p]) = E'[p)].
In sum, ker(d)) is ﬁ[p], a group of order p.

By Theorem 8.5.10(d), reduction at p preserves the degrees of the three
maps in the relation [p] = v o ¢,

deg(lplz) =p°,  deg(¢)=p,  deg(y)) =p.

Since ker([p]z) = E'[p] = ker(¢) has order p, since dege, = | ker| for isoge-
nies as discussed in Section 8.2, and since the total degree is the product of
the separable and inseparable degrees, this implies

degsep([p]ﬁ) =D degins([p]ﬁ) =D

and

degsep(’(/;) =D degins(w) =1L

Also, o) = [pl5: by Theorem 8.5.10(b), and so since separable and insepa-
rable degrees are multiplicative,

degsep(gb) = 17 degins(@) =D

The general factorization ¢ = @gep 0 0f, where deg(@sep) = deg.,(?) and
p¢ = deg; (@) specializes in this case to

=100

where i : E% — E' is an isomorphism taking @"P to @V’ The isomorphism
gives an equivalence of enhanced elliptic curves so that

B, Q= [E7,Q7),
proving the first case of the lemma.
Now suppose C # Cp. Again let B/ = E/C, let Q' = Q+ C = ¢(Q) where

@ is the quotient isogeny, and let ¥ be the dual isogeny of . Analogously
to C' = ker(y) and Cy, let C" = ker(¢)) and let C{) be the kernel of the reduction

map E'[p] — E’[p], an order p subgroup of E’[p]. This time consider the
commutative diagram

Elp] —— E'[p]
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and consider the subgroup ¢(Cy) of E’[p]. This is an order p subgroup since
Co # C =ker(ip). It is a subgroup of C’ = ker(¢) since ¥ (p(Co)) = [p](Co) =
{0}, making ¢(Cjp) all of C” since both have order p. Also ¢(Cj) is a subgroup
of C} since the diagram commutes and Cj is the kernel of the left arrow,
making ¢(Cy) all of C. Thus ¢’ = Cj. Now the argument for the first case
applies to E' and Q" and ¢ (which takes Q’ to [p]@) in place of E and @
and ¢, shovvlng that ¢ = 4 0 0, where ¢ B 5 Fis an isomorphism
taklng Q’ to [p ]Q Applying 0_1 to the coefﬁaents of i gives an isomorphism

i% B — E% taking Q’ to [p]Q" . That is, it gives an equivalence of
enhanced elliptic curves so that

~— ~ -1 ~ 1
[E/le] = [EUP ) [p]QU” }7
proving the second case of the lemma. ]

There are p 4+ 1 order p subgroups C' of E, one of which is Cy. Define the
moduli space diamond operator in characteristic p to be

(d):S1(N) — Sy (N),  [E,Q]~ [E,[dQ], (d,N)=1

Then summing the formula of Lemma 8.7.1 over all order p subgroups C' C E
gives for a curve F with ordinary reduction at p,

N [E/C,Q +C) = (0, + p(p)o, ), Q. (8.32)

C

Lemma 8.7.1 extends to supersingular curves. If E is an elliptic curve
over Q with supersingular reduction at p and @ € F is a point of order NV,
then for any order p subgroup C of E (Exercise 8.7.1),

[E/C,Q +C) = [E, Q7] = [E* ", [p]Q"].

Summmg this over t] the p + 1 such subgroups C of F, using the first expres-
sion for [E/C’ Q+ C] once and the second expression p times, shows that
formula (8.32) applies to curves with supersingular reduction at p as well.
Therefore it applies to all curves with good reduction at p.

If an elliptic curve E over F, has invariant j ¢ {0,1728} then the same
holds for E7» and E% . Formulas (8.31) and (8.32) combine with this obser-
vation to give a commutative diagram, where as before the primes mean to
avoid some points, only finitely many in characteristic p,

SL(N)gq ———— Div(S1(N)})

-~ J Up+p@0-;1 ~
S1(N) ————— Div(S,(N))).
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That is, T), on S;(N)g, reduces at p to oy, + p(p)o, . This extends to divisor
groups and then restricts to degree-0 divisors,

Div?(81(N)),q) —— 2 Div’(S1(N).)

l o J (8.33)

= op+p(p)o, n
Div) (3, (N)) — " Div® (G, (V).

We also have a commutative diagram (Exercise 8.7.2)

~ opt+ <~)0; ~
DivO(§, (N)) ———"— Div® (81 (V)

| e e

~ Tp,«+(p) * ‘7; ~
Pic’(X;(N)) ——— Pic’(X1(N)).

1

A cube-shaped diagram now exists as follows, where all squares except
possibly the back one commute.

Ty

Pic’(X1(N)) Pic’(X1(N))
Div’(S1(N)jq) i l Div’(S1(N)gq)
~ Op,x +<~p) «Op =
/PiCO(Xl v /Pico e

op+p(p)o,’

Div®(S1(N))

Div’(S; (N))
To establish this, note that

e The top square, a diagram in characteristic 0 relating 7}, on the mod-
uli space and on the modular curve, is a restriction of commutative dia-
gram (7.18).

e The side squares, relating reduction at p to the map from the moduli
space to the modular curve, are commutative diagram (8.28) from Igusa’s
Theorem.

e The front square, relating 7}, on the moduli space to reduction at p, is
commutative diagram (8.33) resulting from Lemma 8.7.1.

e The bottom square, relating maps in characteristic p on the moduli space
and on the modular curve, is commutative diagram (8.34).
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Let o temporarily denote oy, , + <p7/>*o';§ on Pic’(X1(N)). Consider the map
from the top front left corner of the cube down, then into the page, and then
across,

Div(S1(N).y) ——Div®(S1(N)') ——Pic? (X1 (N)) ——Pic’ (X1 (N)).
(8.35)
The composite of the first two stages surjects as explained after diagram (8.28).
Since the left square of the cube commutes, (8.35) is

Div’(S1(N),,) ——Pic®(X1(N)) —Pic® (X1 (N)) ——Pic’ (X1 (N)),
(8.36)
where again the composite of the first two stages surjects. But since the bot-
tom, front, right, and top squares of the cube commute, (8.35) also becomes

Div?(81(N)),4) ——Pic? (X1 (V) —Pic’ (X, (N)) ——Pic® (X, (V).

Diagram (8.30) shows that a map fp : Pic®(X1(N)) — Pic®(X;(N)) makes
the back square of the cube commute. This changes the previous composite
to

~ T, ~
Div?(S1(N)4,) ——Pic® (X, (N)) —Pic® (X (N)) ——Pic’ (X, (N)).
(8.37)
Since (8.36) and (8.37) are equal, and their shared composite of the first two

stages surjects, their respective maps o = op . + (p>*o; and Tp at the last

stage are equal. That is, 0}, « + (p),0,, is the map that makes the back square
of the cube commute. This gives

Theorem 8.7.2 (Eichler—Shimura Relation). Let pt N. The following
diagram commutes:

. 0 Ty . 0
Pic® (X (N)) —— 5 Pic® (X, (V)

| |

Pic’ (X1 (N)) Pic’(X;(N)).

Tp, T+ (p) 05

In particular since (p) acts trivially on )?O(N), the following diagram com-
mutes as well:

Pic® (Xo(N)) ———2—— Pic® (Xo(N))
J l (8.38)
op *+0';

Pic’(Xo(N)) ——— Pic®(Xo(N)).
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The Hecke operator fp in characteristic p is now described in terms of the
Frobenius map o, as desired.

Exercises

8.7.1. Let E be an elliptic curve over Q with supersingular reduction at p
and let @ € E be a point of order N. Extend Lemma 8.7.1 to show that for
any order p subgroup C of F,

[B]C.Q+C)=E".Q] =B [Q7]
(A hint for this exercise is at the end of the book.)

8.7.2. This exercise shows that diagram (8.34), the bottom square of the cube
in the section, commutes.

(a) Show that the following diagrams commute, where the map down the
sides is described in Theorem 8.6.1:

Div® (S, (N)') — = Div®(S;(N)')

| J

DiVO ()?1 (N)planar) ikl 3 DiVO(jZl (]\7)planar)7

-1
po,

Div’ (S, (N)') ———— Div’(S;(N)")

o

DiVO (Xl (N)Planar) s DiVO()?l (N)Planar).

(Hints for this exercise are at the end of the book.)

(b) Use Theorem 8.6.1 to show that the diagrams as in part (a) but with
Pic’(X1(N)) in place of Div?(X; (N)P*mar) on the bottom row commute.

(c) Recall as a special case of Exercise 1.5.3 and Section 5.2 that the moduli
space interpretation of the diamond operator (d) is

(d):S1(N) — Si(N),  [E,Q = [E, [d]Q)].

The section defined the moduli space diamond operator in characteristic p by
the same formula,

(d):Si(N) — Si(N),  [E,Q]~ [E,[dQ].

This immediately gives a commutative diagram relating (d) on the moduli
space to reduction, and the diagram extends to degree 0 divisors,
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N)Ly) D oS,

( (N)ga)
- 0 l / (@ - 0 Nl ’
Div®(S; (N)') — = Div(S(N)').

DiVO (Sl

(
Show that the diamond operator in characteristic p on the moduli space and
on the modular curve (cf. diagram (8.29)) are compatible in that the following
diagram commutes:

Div’(S; (N)) D iy (Si(

l . l (8.39)

Pic’ (X1 (N)) —— Pic%(

(d) Use part (b) and diagram (8.39) to complete the proof that dia-
gram (8.34) commutes.

8.8 Fourier coefficients, L-functions, and Modularity

Recall that if FE is an elliptic curve over Q then its analytic conductor was
defined in Section 7.7 as the smallest N such that Xo(NV) surjects to E, and
its algebraic conductor Ng was described in Section 8.3. Both conductors
depend only on the isogeny class over Q of E. In this section we simply call
the algebraic conductor the conductor en route to explaining why the two
conductors are in fact equal and no longer need to be distinguished.

Theorem 8.8.1 (Modularity Theorem, Version a,). Let E be an elliptic
curve over Q with conductor Ng. Then for some newform f € Sa(I'h(Ng)),

ap(f) = ap(E) for all primes p.

This version of Modularity is most obviously related to Version Aq, the
version that provides a map A}» — FE, since each version involves a new-
form f, and unsurprisingly the two f’s are the same. But since A’f is a variety
rather than a curve, and our policy is to argue using only curves, we give
instead a partial proof that Version Xq, providing a map Xo(N) — E, im-
plies this version. The argument necessarily requires a little effort to extract f
from Xo(N) in consequence of avoiding varieties. Specifically, we prove

Theorem 8.8.2. Let E be an elliptic curve over Q with conductor Ng, let N
be a positive integer, and let

a:Xo(N)— E
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be a nonzero morphism over Q of curves over Q. Then for some newform
fe Sz(FO(Mf)) where My | N,

ap(f) = ap(E) for all primes pt NgN.

After proving this we will touch on the rest of the argument that Ver-
sion Xq of Modularity implies Version a,, and on the more natural-seeming
argument starting from Version Aq.

Proof. The route from a,(f) for some f to a,(E) is that

e ay(f) on A% is T), for each f, by a variant of diagram (6.15), and a sum

of factors A’ over all f is isogenous to Pic’(Xo(N)), by a variant of The-
orem 6.6.6, _

e T, on Pic’(X(N)) reduces to oy, + 0 on Pic’(Xo(N)), by the Eichler—
Shimura Relation (X(N) has good reduction at p because p 1 N),

e 0p.toyon Pic®(Xo(N)) commutes with @, to become op«+o, on Pic’(E),
by formulas (8.17) and (8.19) (E has good reduction at p because p t Ng),

e and finally 0, . + 0} on Pic’(E) is a,(E), by Proposition 8.3.2.

Recall some ideas from Section 6.6, given there for the group I'1(N) and
now modified for I'h(N). The complex vector space So(Ih(N)) has basis

BN = JUU 7 ()

f n o

where the first union is taken over equivalence class representatives of new-
forms f € Sy(I'o(My)) with My dividing N, the second over divisors n
of N/My, and the third over embeddings o : K; < C. Work over C now,
identifying complex algebraic curves and Riemann surfaces, and identifying
Picard groups and Jacobians. Then the Picard group associated to IH(N) is
isogenous to a direct sum of Abelian varieties, both sides being viewed as
complex tori,

Pic’(Xo(N)c) — @D A% o
fn
and there exists a dual isogeny

P A} — Pic’(Xo(N)c).
fin
The given map a : Xo(N) — E extends to

ac : Xo(N)c — Ec,

viewed as a morphism of complex algebraic curves or as a holomorphic map
of compact Riemann surfaces, a surjection in either case.
For any p{ NgN the diagram
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D Ao MonlorD-a®) (N 1
fn fin

J | o

Tp—ay(E agc,«
Picd (Xo(M)e) —— ) picd (Xo(N) o) < Pic®(E)

has the following properties, to be proved in a moment:

(a) If ay(f) # ap(E) then the top row surjects from P, A ¢ to @, 4% ¢
(b) The square commutes.
(¢) The composite map on the bottom row is zero.

If a,(f) # ap(E) for some f and some p f NgN then in the diagram for
that p, mapping @, A},c across the top row takes it to all of €, A},C
by property (a), and then mapping this down gives its isogenous image
in Pic’(X,(N)c). By property (b) the isogenous image also comes from map-
ping ,, AIf,C down the left side of the diagram and then halfway across the
bottom row. Property (c) now shows that the isogenous image of P, A% ¢
lies in ker(ac ). Therefore, if for each f there exists a p { NgN such that
ap(f) # a,(E) then all of Pic’(X,(N)c) lies in ker(ac ). But ac . surjects,
so this is impossible. That is, there is a newform f such that a,(f) = a,(E)
for all pt NgN, as we needed to prove.

Returning to diagram (8.40), to prove its property (a) let a,(f) # a,(E).
Recall that a,(f) is an algebraic integer, and a,(E) is a rational integer. Thus
their difference § satisfies a minimal monic polynomial with rational integer
coefficients,

4 a0+ +ae_164+a.=0, ai,...,a.€Z, a.#0.

The resulting relation 6(6¢~! + @102 + - + ac_1) = —a. shows that J is
surjective on A,f,C as desired, since —a, is.

Property (b) follows quickly from diagram (6.20) suitably modified from
Fl(N) to FQ(N)

To prove property (c¢) switch back to working over Q and consider the
following diagram:

) Tp—ap(E) . 0 Qy . 0
Pic”(Xo(N)) Pic”(Xo(N)) ————— Pic"(E)

\L Up-,*+‘7;*ap(E) J/ l

Pic?(Xo(N)) 5 Pic) (X (N)) ———— Pi(F) (841
0 l Qs ~ UP«*""U;_GP(E) J ~
Pic’(Xo(N)) ————— Pic’(E) Pic’(E).

The top row here is a restriction of the bottom row of diagram (8.40), and it
suffices to prove that this restriction doesn’t surject (Exercise 8.8.1). The top
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left square commutes since it is essentially (8.38) from the Eichler—Shimura
Relation, and the top right square commutes by Corollary 8.5.9. The bottom
rectangle commutes because formulas (8.17) and (8.19) from earlier in the
chapter show that o, . and o, commute with &., and multiplication by a,(E)
certainly commutes with the linear map &, as well. The second map on the
bottom row is zero by Proposition 8.3.2, making the bottom row zero and thus
making the middle row zero. So the top row followed by the right vertical arrow
to the second row is zero. But the vertical arrow surjects by Theorem 8.5.9.
This shows that the top row can’t surject, as desired. With properties (a), (b),
and (c) of diagram (8.40) established, the proof of Theorem 8.8.2 is complete.

O

For Version Xq of Modularity to imply Version a,, the newform f of
Theorem 8.8.2 needs to have level M; = Ng and to have Fourier coefficients
ap(f) = ap(E) for all p.

Strong Multiplicity One shows that all the Fourier coefficients of f are
rational integers. To see this, recall that if ¢ is any automorphism of Q then
the conjugate of f under o is defined as

Fr) =" an(f)7q"

According to Theorem 6.5.4 all conjugates of f are again newforms. In this
case they are all equal to f itself because for all p{ N and all o,

ap(f) = ap(E) = a,(f) €Z = a,(f)7 = ap(f),

so that f? = f by Strong Multiplicity One. This means that the Fourier
coefficients of f are algebraic integers invariant under Aut(Q), i.e., the Fourier
coefficients are rational integers as claimed. Thus f has number field K; = Q.

Obtaining Version a, of Modularity from here requires results beyond the
scope of this book, but we sketch the ideas. As quoted in Section 7.7, the
Abelian variety A’f, viewed as a variety over Q, has dimension [K;: Q] =1,
ie., A’f is an elliptic curve over Q. The map Xo(N) — PicO(XO(N)) — A}
is defined over Q, so we can run the proof of Theorem 8.8.2 again to show
that there exists a newform g such that a,(g) = a,(A}) for all but finitely
many p. The proof in this case shows that g = f, so

ap(f) = ap(A})  for all but finitely many p. (8.42)

Carayol [Car86], building on the work of Eichler—Shimura, Langlands, and
Deligne, showed that in fact a,(f) = a,(A%) for all p, and the level of f is the
conductor of A}, notated My = Ny, and this is also the analytic conductor
of Ay. But also, the work so far gives an isogeny over Q from A'f to E, so that
ap(A%}) = ap(E) for all p and the conductor of A’ is the conductor of E, that
is, Ny = Ng. This gives a,(f) = a,(E) for all p and My = Ng, i.e., Version a,,
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of Modularity. It also shows that the analytic and algebraic conductors of E
are the same. That is, the newform f associated to E has the same level as
the smallest modular curve Xo(N) that maps to E.

Starting instead from Version Aq of Modularity, that is, starting from a
map « : A} — E, a more natural-looking proof that a,(f) = a,(E) for
all p { NgMy (where Ng is the conductor of E and My is the level of f)
would set up a diagram analogous to (8.41),

ap(f)—ap(E) [eY
Ay Ay

J |

— Upy,‘—i-cr;—ap(E) — ~

Ay Ay E

& Up,*""U;_ap(E) ~

A, : E E.

If ap(f) # ap(E) then the top row is surjective, as is £ — E, but the bottom
row is zero and hence the middle row is zero, giving a contradiction because all
the rectangles commute. However, this argument makes use of the structure
of A’f as a variety over Q, reduces the variety modulo p, and then makes
further use of the structure of the reduction as a variety over F,, invoking
algebraic geometry well beyond the scope of this book. By contrast our proof
of Theorem 8.8.2 makes no reference to the variety structure of Pic®(Xo(NV)),
and it uses Pic’(Xo(N)), the Picard group of the reduced curve, rather than
reducing an Abelian variety.

Section 1.3 mentioned that some complex tori have complex multiplication,
endomorphisms other than {{N] : N € Z}. This notion extends to algebraic el-
liptic curves, providing more examples of Modularity. For example the elliptic
curve

E:y’=2>—d, deZ,d+#0

has the order 3 automorphism (x,y) — (usx,y) over Q(ps), and its ring of
endomorphisms is isomorphic to A = Z[us]. As in Exercise 8.3.6(b), a,(E) =0
for all p = 2 (mod 3) for which the displayed Weierstrass equation is minimal.
The theory of complex multiplication in fact describes a,(E) for all p: there
exist an integer N [ 12]],;p and a character x : (4/NA)* — C* of order 6
such that x(u) = u=! for u € A*, x(a) = (a/3) (Legendre symbol) for a €
(Z/NZ)*, and
ap(E) = § Z x(n)n.

ncA

[n|*=p
(See Chapter 2 of [Sil94] for proofs of these results, and see Exercise 11.5.7
of [Kob93] for the case d = —16, giving N = 3.) The solution-counts of E are
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the Fourier coefficients of the function

b2 (1) = % Z X(n)neQ’Til"‘zT, T EH.
neA

This function is a modular form of level 3N? by the weight 2 version of Hecke’s
construction in Section 4.11. It is a normalized eigenform by an argument sim-
ilar to the one in Section 5.9 for the weight 1 theta function. For the minimal
choice of N, it is in fact a newform of level 3N? = N, thus illustrating Ver-
sion a, of Modularity for these elliptic curves . The elliptic curves F over Q
with complex multiplication form a small class of examples—for example they
have only a finite set of j-invariants—but they are important in number the-
ory, and Shimura’s proof of Version Xq of Modularity for such curves [Shi71]
provided evidence for the algebraic formulations of Modularity in general.

Version a, of the Modularity Theorem rephrases in terms of L-functions.
Recall from Chapter 5 that if f € S3(Ip(N)) is a newform then its L-function
is

L(s, f) =Y an(fn ™ = [0 = ap(H)p~ + In(@p' )", (843)

with convergence in a right half plane. For any elliptic curve E over Q let 15
be the trivial character modulo the conductor NV of E as in Section 8.3. The
Hasse-Weil L-function of E, encoding all the solution-counts a,(E), is

L(s,B) = [[(1 = ap(E)p~* + 1p(p)p' ).
P

From Section 8.3 we have the definitions

ap(B) =1,  ap(B)=p°+1—|EE,)], e>1
and the recurrence

ape (E) = ap(E)ape-1(E) — 1g(p)paye—2(E), e>2.
One more definition,

amn(E) = am(E)an(E), (m,n) =1,

completes the analogy between the values a,(E) and the Fourier coefficients
an(f) of a newform. As in Chapter 5, the L-function of an elliptic curve is
now

L(s,E) = Z an(E)n=° = H(l —a,(E)p~* + 1g(p)p* ). (8.44)
n=1 p

Half plane convergence of L(s,E) can be established as well by estimat-

ing a,(E). But this is unnecessary since comparing the products in (8.43)

and (8.44) shows that Version a, of Modularity is equivalent to
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Theorem 8.8.3 (Modularity Theorem, Version L). Let E be an elliptic
curve over Q with conductor Ng. Then for some newform f € Sy(I'n(Ng)),

L(s, f) = L(s, E).

Faltings’s Isogeny Theorem (Corollary 5.2 in Chapter 2 of [CS86]), a deep
result, now shows that this Version L of Modularity implies

Theorem 8.8.4 (Modularity Theorem, strong Version Aq). Let E be
an elliptic curve over Q with conductor Ng. Then for some newform f €
S2(I0(NEg)) the Abelian variety A’y is also an elliptic curve over Q and there
exists an isogeny over Q

Ay — E.

To see this, suppose that by Version L we have L(s, f) = L(s, E). Then f
has rational coefficients, making A} an elliptic curve. Equation (8.42) shows
that L(s, A}) and L(s, f) have the same Euler product factors for all but
finitely many primes p. So the same is true of L(s, A}) and L(s, E), and now
Faltings’s Theorem gives an isogeny A} — E.

Version L of the Modularity Theorem shows that the half plane conver-
gence, analytic continuation, and functional equation of L(s, f) from Theo-
rem 5.10.2 now apply to L(s, E). This is important because the continued
L(s, E) is conjectured to contain sophisticated information about the group
structure of E. Specifically, since E(Q) is a finitely generated Abelian group
it takes the form

EQ =Tz,

where T is the torsion subgroup and r is the rank. The rank is much harder
to compute than the torsion. However,

Conjecture 8.8.5 (Weak Birch and Swinnerton-Dyer Conjecture).
Let E be an elliptic curve defined over Q. Then the order of vanishing of
L(s,E) at s =1 is the rank of E(Q). That is, if E(Q) has rank r then

L(s,E) = (s —1)"g(s), g(1) #0,00.

The original half plane of convergence of L(s, E) is {Re(s) > 2}, and the
functional equation then determines L(s, E') for Re(s) < 0, but the behavior
of L(s,F) at the center of the remaining strip {0 < Re(s) < 2} is what
conjecturally determines the rank of E(Q). The Birch and Swinnerton-Dyer
Conjecture would give an algorithm for finding all rational points on elliptic
curves, and it would give an effective method for finding imaginary quadratic
fields with a given class number. For more on the Birch and Swinnerton-Dyer
Conjecture see [Tat02], Appendix C.16 of [Sil86], or Chapter 17 of [Hus04].
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Exercise
8.8.1. Let ¢ denote the map of the bottom row of diagram (8.40),

a.o(Tp—ap(E))

Be : Pic’(Xo(N)e) Pic’(Eg).

Augment (¢ to get a map of complex algebraic curves,

YC - Xo(N) HPiCO(X(](N)C) LPICO(EC) Egc.

Here the first stage is P — [(P)—(Pp)] where Py € Xo(NN)c is a base point, and
the third stage is > (Q:)] — > Q;. Since ¢ is a composite of holomorphic
maps, it is holomorphic as a map of Riemann surfaces and therefore it is a
morphism as a map of complex algebraic curves.

(a) Show that if ¢ is zero then fS¢ is zero. (A hint for this exercise is at
the end of the book.)

(b) Assume that the base point Py in part (a) has algebraic coordinates.
Show that y¢ is defined over Q as follows. It suffices to show that v& = ~c
for all o € Aut(C/Q). Compute that for any P € Xo(N)c and any o,

1c(P?) =c(P)” =1&(P7).

Since P? can be any point of Xo(N)c, this gives the result.
(c) Let 8 denote the map of the top row of diagram (8.41),

axo(Tp—ap(E))

B : Pic’(Xo(N)) Pic’(E).

This is the restriction of Sc to Q—pointj. Consider the corresponding restric-
tion of ¢, viewed as a morphism over Q of algebraic curves over Q according
to part (b),

7 Xo(N) ——Pic?(Xo(N)) ——Pic’(E) ——E.

Use the maps of curves v and ¢ to show that if § does not surject then S
is zero. This was used in proving property (c) of diagram (8.40). The result is
immediate from quoting that as morphisms from varieties to curves, 8 and G¢
are both constant or surjective, but the argument in this exercise uses only
the algebraic geometry of curves.
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Galois Representations

This book has explained the idea that all elliptic curves over Q arise from mod-
ular forms. Chapters 1 and 2 introduced elliptic curves and modular curves as
Riemann surfaces, and Chapter 1 described elliptic curves as algebraic curves
over C. As a general principle, information about mathematical objects can
be obtained from related algebraic structures. Elliptic curves already form
Abelian groups. Modular curves do not, but Chapter 3 showed that the com-
plex vector space of weight 2 cusp forms associated to a modular curve has
dimension equal to the genus of the curve, Chapter 5 defined the Hecke op-
erators, linear operators that act on the vector space, and Chapter 6 showed
that integral homology is a lattice in the dual space and is stable under the
Hecke action.

As number theorists we are interested in equations over number fields,
in particular elliptic curves over Q. Chapter 7 showed that modular curves
are defined over Q as well. As another general principle, information about
equations can be obtained by reducing them modulo primes p. Chapter 8
reduced the equations of elliptic curves and modular curves to obtain similar
relations for the two kinds of curve: for an elliptic curve F over Q,

ap(E) = op s + 0, as an endomorphism of Pic’(E),
while for the modular curve Xo(N) the Eichler—Shimura Relation is

T, =0ps+o0, as an endomorphism of Pic(Xy(N)).

These relations hold for all but finitely many p, and each involves different
geometric objects as p varies.

Using more algebraic structure, this last chapter lifts the two relations
from characteristic p to characteristic 0. For any prime ¢ the ¢-power torsion
groups of an elliptic curve give rise to a vector space Vy(F) over the £-adic
number field Q. Similarly, the ¢-power torsion groups of the Picard group of
a modular curve give an f-adic vector space V;(X). The vector spaces V;(E)
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and Vz(X) are acted on by the absolute Galois group of Q, the group Gq of
automorphisms of the algebraic closure Q. This group subsumes the Galois
groups of all number fields, and it contains absolute Frobenius elements Froby
for maximal ideals p of Z lying over rational primes p. The vector spaces V(X))
are also acted on by the Hecke algebra. The two relations in the previous
paragraph lead to the relations

Flrob?J —ap(E)Frob, +p=0 as an endomorphism of Vy(E)
and

Frobg — T, Frob, +p =10 as an endomorphism of V;(Xo(V)).

These hold for a dense set of elements Frob, in Gq, but now each involves a
single vector space as Frob, varies. The second relation connects the Hecke
action and the Galois action on the vector spaces associated to modular curves.

The vector spaces V; are Galois representations of the group Gq. The
Galois representation associated to a modular curve decomposes into pieces
associated to modular forms. The Modularity Theorem in this context is that
the Galois representation associated to any elliptic curve over Q arises from
such a piece. This fits into a larger problem, to show that Galois representa-
tions from algebraic geometry arise from modular forms.

This chapter provides less background than the rest of the book. It quotes
results from algebraic number theory and it uses techniques from algebra, es-
pecially tensors, without comment. Related reading: Chapter 15 of [Hus04],
Chapter II1.7 of [Sil86], Section 7.4 of [Shi73]. The volumes [Mur95] and
[CSS97] contain lectures on the proof of Fermat’s Last Theorem, and [DDT94]
is a survey article. Henri Darmon’s article in [Mur95] discusses the conjecture
of Serre mentioned at the end of the chapter.

9.1 Galois number fields

Recall from Section 6.4 that a number field is a field F C Q such that the
degree [F : Q] is finite, and each number field has its ring of algebraic inte-
gers Op. This chapter will work with number fields F such that the extension
F/Q is Galois. These fields are notated F rather than K to emphasize that
they play a different role from other number fields earlier in the book, but the
reader is cautioned that F, continues to denote a finite field. The purpose of
this section is to illustrate some results from algebraic number theory in the
Galois case by giving specific examples, without proof, to convey a concrete
sense of the ideas before we start using them. The reader without background
in algebraic number theory is strongly encouraged to refer to a text on the
subject.
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Let F be a Galois number field and let p € Z be prime. There are positive
integers e, f, and g that describe the ideal pOp as a product of maximal ideals

of OF,

pOF:(pl"'pg)ea OF/ng pf fOI"I;Zl,...,g7 efg:[FQ]

The first formula is (8.22) specialized to the Galois case. The ramification
degree e says how many times each maximal ideal p of O that lies over p
repeats as a factor of pOp. There are only finitely many p such that e > 1,
the primes that ramify in F. The residue degree f is the dimension of the
residue field f, = Or/p (a finite field) as a vector space over F, = Z/pZ for
any p over p. The decomposition index g is the number of distinct p over p.
The condition efg = [F : Q] says that the net measure of ramification degree,
residue degree, and decomposition index associated to each rational prime p
is the field extension degree. Equivalently, efg = |Gal(F/Q)]|.
The simplest Galois number fields are the quadratic fields. Let

F = Q(Vd), d e Z squarefree.

Then [F : Q] = 2 and the extension F/Q is Galois with its group generated
by the automorphism taking v/d to —v/d. The discriminant of the field is

N — 4d if d £ 1 (mod 4),
"7 d ifd=1 (mod 4),

and the ring of algebraic integers in this field is

7AF+ AF}:{a—&—bAF_'— AF'abEZ}
5 :a, )

or - [22

This says that Op = Z[Vd] if d # 1 (mod 4) while O = Z[H—Q‘/E] if d =
1 (mod 4), but phrasing results in terms of Ag and thus making no more direct
reference to cases is tidier. The Legendre symbol from elementary number
theory, (a/p) where a € Z and p is an odd prime, extends to incorporate the
Kronecker symbol, defined only for a = 0,1 (mod 4),

1 ifa=1 (mod 8),

a
(,) =< -1 ifa=5 (mOd 8)7
0 if a=0 (mod 4).

This makes the behavior of a rational prime p in O easy to notate,

pg if (Ar/p) = 1,
pOr = qp if (Ar/p) = -1,
p? if (Ar/p) = O.
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The content of this formula is that the odd primes p such that d is a quadratic
residue modulo p decompose in O, the odd primes such that d is a nonresidue
remain inert, and the odd primes dividing d ramify, while 2 decomposes if
=1 (mod 8), remains inert if d =5 (mod 8), and ramifies if d #Z 1 (mod 4).
Another family of simple Galois number fields is the cyclotomic fields. Let

N be a positive integer and let

F=Quy), py = e/,
Then [F : Q] = ¢(N) (Euler totient) and the extension F/Q is Galois with
group isomorphic to (Z/NZ)*,
Gal(F/Q) — (Z/NZ)*, (un — pgy) — a (mod N). (9.1)
The cyclotomic integers are

N—-1

Or =Zlun] ={ao +ar1pun +---+an—1py ~ :ao,...,an—1 € Z}.

Each rational prime not dividing N is unramified in F,

pOF:pl"'pg7 pTN7

and its residue degree f is the order of p (mod N) in (Z/NZ)*. The primes
dividing N ramify in Q(uy). We do not need a precise description of their
behavior since we will focus on the unramified primes.

For the simplest non-Abelian Galois group, let d > 1 be a cubefree integer,
let d'/3 denote the real cube root of d, and let

F =Q(d"? u3).

In this case [F : Q] = 6 and Gal(F/Q) is isomorphic to Ss, the symmetric
group on three letters. The Galois group is generated by

<d1/3 — M3d1/3> (dl/B — dl/B)
o ) T s s
3 = 13 3 > 13
and the isomorphism (noncanonical) is

Gal(F/Q) — S, o~ (123), 7— (23).

The rational primes not dividing 3d are unramified in F', and their behavior
is (Exercise 9.1.1)

p1---pe if p=1 (mod 3) and d is a cube modulo p,
pOF = { p1p2 if p=1 (mod 3) and d is not a cube modulo p, (9.2)
pipeps  if p=2 (mod 3).

Returning to the general situation, again let F be a Galois number field
and let p be a rational prime. For each maximal ideal p of Op lying over p
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the decomposition group of p is the subgroup of the Galois group that fixes p
as a set,

D, = {o € Gal(F/Q) : p” = p}.

The decomposition group has order ef, so its index in Gal(F/Q) is indeed the
decomposition index g. By its definition it acts on the residue field f, = Og /p,

(x+p)°=2"+p, z€Op,0€D,.
The inertia group of p is the kernel of the action,
I, ={oc €D, :2° =z (mod p) for all z € Op}.

The inertia group has order e, so it is trivial for all p lying over any unram-
ified p. Recall the Frobenius automorphism o, :  +— 2P in characteristic p
from Chapter 8. If we view F, = Z/pZ as a subfield of f, = Op/p = F,; then
there is an injection

Dy /1y — Gal(f,/F,) = (o).

Since both groups have order f, the injection is an isomorphism and the
quotient D, /I, has a generator that maps to o,. Any representative of this
generator in D, is called a Frobenius element of Gal(F/Q) and denoted Frob,,.
That is, Froby, is any element of a particular coset ol, in the subgroup D,
of Gal(F/Q). Its action on F, restricted to Op, descends to the residue
field f, = Og/p, where it is the action of o,. When p is unramified, mak-
ing the inertia group I, trivial, Frob, is unique. To summarize,

Definition 9.1.1. Let F/Q be a Galois extension. Let p be a rational prime
and let p be a maximal ideal of O lying over p. A Frobenius element
of Gal(F/Q) is any element Frob,, satisfying the condition

2P = 2P (mod p) for all z € Ok.
Thus Froby acts on the residue field f, as the Frobenius automorphism o,.

When F/Q is Galois the Galois group acts transitively on the maximal
ideals lying over p, i.e., given any two such ideals p and p’ there is an auto-
morphism ¢ € Gal(F/Q) such that

p7=p.

(We made reference to this fact, and to the earlier-mentioned fact that D,
surjects to Gal(f, /F,), in the proof of Theorem 8.5.4.) The associated decom-
position and inertia groups satisfy

_ -1 _ -1
Dypo = 07" Dyo, Ipe =0 " 1yo,

and the relation between corresponding Frobenius elements is
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Frobps = ailFrobp o.

If p is ramified then this means that the conjugate of a Frobenius is a Frobenius
of the conjugate. The relation shows that if the Galois group is Abelian then
Frob,, for any p lying over p can be denoted Frob,,.

To compute the Frobenius element in the quadratic field case, again let
F = Q(V/d) where d € Z is squarefree. The Galois group Gal(F/Q) consists
of the identity and the map taking v/Ar to —/Ap. Let p be a maximal ideal
of O lying over an odd prime p. Each a + b(Ap + /Ar)/2 € Op reduces to
the residue field f,, with a, b, and A reducing to its subfield F, and with 2
reducing to F,. Using the same symbols for the reductions, compute in the
residue field that

Ap +VAr ) Ap + APV/2 AL
(a+bF+2F) — a2 = Ly

This shows that the Frobenius element is the Legendre symbol in that Frob,
multiplies v/Ax by Ag_l)ﬂ = (Ag/p) for odd primes p. There are infinitely
many such p such that (Ag/p) = 1, and similarly for (Ag/p) = —1. Therefore
every element of the Galois group of F takes the form Frob, for infinitely
many p, and there is an isomorphism

Gal(F/Q) = {£1}, Frob, — (Ag/p) for odd pt Ap.

The Frobenius automorphism has a natural description in the cyclotomic
case F = Q(un) as well. For any prime p 1 N let p lie over p and note that
in the residue field f, = F,[un], again using the same symbols to denote

reductions,
P
(Sent) = Tt
m m

This shows that Frob,, is the element of Gal(Q(un)/Q) that takes pn to pk,
and thus the isomorphism (9.1) takes Frob, to p (mod N). By Dirichlet’s
Theorem on Arithmetic Progressions, for each a € (Z/NZ)* there are in-
finitely many p such that p = a (mod N). Therefore every element of the
Galois group of F again takes the form Frob, for infinitely many p, and the
isomorphism (9.1) is

Gal(F/Q) — (Z/NZ)*, Frob, — p (mod N) for pt N. (9.3)

In the non-Abelian example F = Q(d'/3, ju3) since the conjugacy classes in
any symmetric group S,, are specified by the cycle structure of their elements,
in this case of S5 they are

{1}, {(12),(23),31)}, {(123),(132)}.

So the conjugacy class of an element of S5 is determined by the element’s order,
and therefore this holds in Gal(F/Q) as well. To determine the conjugacy class
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of Frob, it thus suffices to determine its order, the residue degree f of the
prime p lying under p. Formula (9.2) and the formula efg = 6 combine to
show that for any unramified rational prime p, i.e., p 1 3d, the associated
conjugacy class
{Frob,, : p lies over p} (9.4)

is

1 ifp=1 (mod 3) and d is a cube modulo p,
the elements of order ¢ 3 if p =1 (mod 3) and d is not a cube modulo p,

2 if p=2 (mod 3).
Each conjugacy class takes the form (9.4) for infinitely many p, as with the

previous two fields. This fact, as well as Dirichlet’s Theorem, is a special case
of

Theorem 9.1.2 (Tchebotarov Density Theorem, weak version). Let
F be a Galois number field. Then every element of Gal(F/Q) takes the form
Frob, for infinitely many mazimal ideals p of Op.

We end this section with a motivating example. There is an embedding
of S5 in GLy(Z) (Exercise 9.1.2) such that

(123) = {_? _ﬂ (23) = [(1’(1)] (9.5)

Again letting F = Q(d'/3, u3) this gives a representation
p: Gal(F/Q) — GLy(Z).

The trace of p is a well defined function on conjugacy classes (9.4) and there-
fore depends only on the underlying unramified rational primes p,

2 if p=1 (mod 3) and d is a cube modulo p,
tr p(Froby,) = ¢ —1 if p=1 (mod 3) and d is not a cube modulo p, (9.6)
0 if p=2 (mod 3).

Recall from Section 4.11 the theta function 6, (1) € M;(3N?,v) where N =
3]1,jap and % is the quadratic character with conductor 3. Formula (9.6)
for tr p(Frob,) matches formula (4.51) for the Fourier coefficient a,(f,) when
p 1 3d. Similarly the determinant of p is defined on conjugacy classes over
unramified primes,

1 ifp=1 (mod 3),

det p(Froby) = {—1 if p=2 (mod 3)

This is ¥(p). So the Galois group representation p, as described by its trace
and determinant on Frobenius elements, arises from the modular form 6, . This
modular form is a normalized eigenform by Section 5.9 and a cusp form by
Exercise 5.11.3. The idea of this chapter is that 2-dimensional representations
of Galois groups arise from such modular forms in great generality.
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Exercises

9.1.1. Let F = Q(d"/?, u3) be the non-Abelian number field from the section.
Granting that the factorization of p { 3d in Q(d/?) comes from reducing z* —d
modulo p, obtain the factorization of p in F. (A hint for this exercise is at the
end of the book.)

9.1.2. Show that (9.5) defines an embedding of S5 in GLy(Z).

9.2 The f-adic integers and the f-adic numbers

For the remainder of this chapter let ¢ denote a prime number.
Consider an affine algebraic curve over Q,

C:axy=1.

The points of C are identified with the Abelian group Q* via (z,y) — x, so C
has an Abelian group structure as well. For each n € Z% the points of order "
form a subgroup C[¢"]. Since this is identified with the cyclic group of ¢"th
roots of unity there is an isomorphism

Cl"] — Z/t"Z, Hin > @. (9.7)
Consequently there is also an isomorphism
At(CLE)) —> (B/OD), (e — 1) > m.
This extends to the isomorphism (9.1) with N = £",
Gal(QUue)/Q) —> (Z/CZ), (e > i) > me (98)

Amalgamate the number fields Q(un) for all n by defining

Q(p) = () Qlpen)-

(@

n=1

This is again a field, a subfield of Q but not a number field since it has infinite
degree over Q, placing it outside classical Galois theory. Still, since Q(ftses)
is a union of Galois number fields whose Galois groups act on finite groups,
its automorphism group should be a limit of Galois groups and act on a limit
of finite groups. To make this idea precise, let

G = Aut(Q(pp=))-

Every 0 € Gq restricts to o, € Gal(Q(uem)/Q) for each n € Z*. The
restrictions form a compatible sequence,
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(0'1, 02, 03, ), 0.7L+1‘Q(/J'l") = 0p for all n.

Conversely, every such compatible sequence of automorphisms determines an
automorphism o € Gq . Thus Gq ¢ can be viewed as a group of compatible
sequences, where the group operation is componentwise composition. Each
sequence acts componentwise on the group of compatible sequences of ¢-power
roots of unity, the £-adic Tate module of C,

Tag(C) = {(uf", Wi s, ...) ™ = iz for all n},

where the group operation is componentwise multiplication. Under the iso-
morphisms (9.7) and (9.8) at each component, Ta,(C) is isomorphic to the
Abelian group of sequences

{(a1, ag, a3, ...) 1 an € Z/"Z and a,y1 = a, (mod ") for all n},

where the group operation is componentwise addition, and Gq  is isomorphic
to the Abelian group of sequences

{(m1, ma, msz, ...) :my, € (Z/{"Z)* and my, 11 = m,, (mod ¢") for all n},

where the group operation is componentwise multiplication. The action of Gq ¢
on Tay(C) transfers to an action of this group on the previous one by compo-
nentwise multiplication as well. These constructions motivate

Definition 9.2.1. Let £ be prime. An £-adic integer is a sequence
a = (a1, az, as, ...)

with a, € Z/"Z and apy1 = an (mod £"Z) for each n € ZT. The ring of
£-adic integers, where the operations are componentwise addition and multi-
plication, is denoted Zy.

Thus each entry a, in an f-adic integer determines the preceding en-
tries a,_; down to aj, while the entry a,y; to its right is one of its £ lifts
from Z/("Z to Z/¢"1Z. This makes the f-adic integers a special case of an
algebraic construct called the inverse limit, in this case the inverse limit of
the rings Z/¢{"Z for n € ZT,

Z; = 1im{Z/("Z}.

n

The ring Z; is an integral domain. The natural map
7 — Zy, a— (a+0Z,a+ 0?2, a+ 037, ...)

is a ring injection, so we view Z as a subring of Z,. The map induces a natural
isomorphism
Z/KZ;)Zg/KZg, a+ 2 — a+ 02y,
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so we identify Z/¢Z and Z,/¢Z,. As the inverse limit of a system of finite
rings, Zy is profinite.
The multiplicative group of units in Z; is

Z; = {(a1, az, a3, ...) € Zy : a, € (Z/L"Z)" for all n},

for given such a compatible sequence, the sequence of inverses modulo ¢™ is
again compatible. Every f-adic integer o with a; # 0 in Z/¢Z is invertible.
The ideal ¢Z, is the unique maximal ideal of Z;, and Z; = Z, —{Z,. The ideal
structure of Zy is Zy D 4Zy D PZy D - --.

To put a topology on Z, let

Usn)=x+"Zy, x€Zy, ncZr.
If x € Z then also U,(n) = (1 + ("Zj), or
Us(n) =z -ker (Z; — (Z/0"Z)"), z€Z;, neZ".

Then a basis of the topology of Zy is {U,(n) : x € Zy, n € Z*}, meaning that
the topology is the smallest topology containing all U, (n). The neighborhoods
Uy (n) will figure frequently in the discussion, so they are abbreviated to U(n).
The ring operations of Z, are continuous (Exercise 9.2.1(a)). As the inverse
limit of finite rings, the topological ring Z, is compact (Exercise 9.2.1(b)).
For any positive integer d the Zy,-module Z;l has the product topology, a basis
being {U,(n) : v € Z¢, n € Z*} where now U,(n) = v + ("ZI. We remark
that the topology of Z, arises from extending the /-adic valuation of Chapter 8
from Z to Z, and then defining a corresponding metric, but in this chapter
only the topology matters.

The field Qg of £-adic numbers is the field of quotients of Zy. A basis of the
topology of Qq is {U.(n) : € Qu, n € Z*} where as before U, (n) = z+£"Z,.
The field operations of Qg are continuous (Exercise 9.2.1(c)). For any positive
integer d the Qg-vector space Qj,l has the product topology, a basis being
{Uy(n) : v € Qf,n € Z*}. The matrix group GL4(Qy) acquires a topology as
a subset of Q¥ . If m € GLg4(Zy) then U, (n) = m(I + ("My(Zy)), or

Um(n) =m - ker (GLd(Zg) — GLd(Z/EnZ)), m € GLd(Zg),

and as before, U(n) means Ur(n). Since matrix multiplication and matrix
inversion are defined by rational functions of the matrix entries, they are
continuous under this topology. Vector-by-matrix multiplication,

QY x GLq(Qr) — QF,

is continuous as well. Here we view vectors as rows so that matrices multi-
ply from the right; this is not the usual convention but in this chapter such
multiplication will represent the action of Galois groups, and these have been
acting from the right since their appearance in Chapter 7.
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Let V be a finite-dimensional vector space over Q. Any basis B =
(B1,-..,084) of V determines a topology 7 on V to make the coordinate
map cp : V. — Q¢ given by > a;B; — [a1,...,aq] a homeomorphism. If
B’ is another basis determining another topology 7 then the identity map
(V,T) — (V,T") is cgl omocp where m : Qf — Q¢ is multiplication by
a transition matrix between the bases. This is a homeomorphism, so 7/ = T.
That is, V' acquires a topology as a finite-dimensional vector space over Qg
independently of coordinates.

Let K be any number field, not necessarily Galois over Q, and let Ok
be its ring of integers. The factorization (8.22) of Ok into maximal ideals is
written

0k =[] 1,
A
where the notation A | £ means that A lies over the rational prime ¢. Similarly
to Zy and Qy, for each \ the ring of A-adic integers is the inverse limit
Ox » = Im{Ok /A" }
and then the field of A-adic numbers is the field of quotients K, of Ok x.
We may view Z; as a subring of Ok » and Qg as a subfield of K, (Exer-
cise 9.2.3(a)). Define the residue degree fy to be [k : Fy] where ky = Ok /.
Then the containments Z, C Ok ) and Qg C K are equalities when ey f\ =1
(Exercise 9.2.3(b)), and in fact [K : Q] = exfx. There is a ring isomorphism

K ©q Q= [[Ka. (9.9)
A¢
We provide the proof to illustrate properties of tensors and inverse limits for

the less experienced reader. Compute that

Ok 72, = @{OK ® Z/fnZ} o~ @{OK/KTLOK}
But OK/[ﬂOK = OK/H)\ ATrex HA OK/)\ne*. Thus
Ok ® Zg = lim{] [ Ox /A" } = [ [ lim{Ok /A" } = [ [ O,

n A A A

and this gives

KoqQ=20k@Q =0k ®Z 2z, Q= H(OK,,\ ®z, Q) = HK,\-
A A

Each K, acquires a topology as a finite-dimensional vector space over Q.
Let V be a finite-dimensional vector space over some K. Then V is also
a finite-dimensional vector space over Q. Thus V acquires two topologies,
from K, and from Q, but since K, acquires its topology in turn from Q
the two topologies are the same. Any finitely generated Zg-submodule of V' is
compact since Zy is compact. The results in these last two paragraphs will be
used in Sections 9.3 and 9.5.
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Exercises

9.2.1. (a) Show that the ring operations of Z, are continuous under the ¢-adic
topology.

(b) Show that the f-adic topology makes Z; a topological subgroup of
the product P = [[>°, Z/¢"Z. The product is compact by the Tychonov
Theorem (see for example [Mun00]). For each n consider the finite product
P, =11 _,Z/¢™Z and the projection 7, : P — P,. The product topology
makes the projections continuous. Show that each P, contains a closed sub-
group C), of compatible elements such that Z, = (2, 7~ *(C,,). This shows
that Z is a closed subgroup of P, making it compact. (A hint for this exercise
is at the end of the book.)

(¢) Show that the field operations of Q, are continuous under the ¢-adic
topology.

9.2.2. Since U(n) is a subgroup of Z; for all n € Z™T, every neighborhood U
of 1 in Qj contains a nontrivial subgroup of Qj. Show that the analogous
result fails with C in place of Qg, and similarly for GL4(Qy) versus GL4(C).
(A hint for this exercise is at the end of the book.)

9.2.3. (a) Show that \"** NZ = ("Z for all n € Z", and that therefore we
may view Z; as a subring of Ok » and Qg as a subfield of K. (Hints for this
exercise are at the end of the book.)

(b) Show that the containments are equalities when ey f) = 1.

(c) What does (9.9) say for the three Galois number fields of Section 9.17

9.3 Galois representations

As always, let Q denote the algebraic closure of Q. The automorphisms of Q
form the absolute Galois group of Q,

Ga = Aut(Q).

Recall that ¢ is prime. This section defines f-adic Galois representations as
homomorphisms from Gq into f-adic matrix groups, or alternatively as f-adic
vector spaces that are Gg-modules.

The algebraic closure Q is the union of all Galois number fields. Any au-
tomorphism o € Gq fixes Q pointwise and restricts to an automorphism
olrp € Gal(F/Q) for every Galois number field F. Restriction from Gq
to Gal(F/Q) surjects. The restrictions are compatible in that

O'FZO'FI|F if FCF.

Conversely, every compatible system of automorphisms {oF} over all Galois
number fields F defines an automorphism of Q, i.e., an element of Gq. As in
the previous section this describes Gq as an inverse limit,
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G = lim{Gal(F/Q)).

Since the Galois groups are finite, Gq is a profinite group. A good theory arises
from giving it a suitable topology, the Krull topology, and then considering
only its continuous actions. For each automorphism o € Gq and each Galois
number field F there is an associated coset of a normal subgroup that gives
rise to a finite quotient, U, (F) = {o7 : 7|p = 1}, or

U, (F) =0 - ker (Gq — Gal(F/Q)).

Again U(F) denotes Ui (F) where now 1 = 1g. A basis of the Krull topology
on Gq is
{Us(F) : 0 € Gq, F is a Galois number field}.

Thus every U(F) is an open normal subgroup of Gq, and conversely every
open normal subgroup of Gq takes the form U(F) for a Galois number field F
(Exercise 9.3.1). As the inverse limit of finite groups, the topological group Gq
is compact.

One element of Gq is complex conjugation. For a family of elements, let
p € Z be any prime and let p C Z be any maximal ideal over p. Use p as the
kernel in defining the reduction map Z — F,. The decomposition group of p
is

D, ={0c€Gq:p° =p}.
Thus each o € D, acts on Z/p as (z +p)° = 27 + p, and this can be viewed
as an action on F,. Let G, denote the absolute Galois group Aut(F,) of F,.
The reduction map
Dp — GFp

is surjective. An absolute Frobenius element over p is any preimage Frob, € D,
of the Frobenius automorphism o, € GF,. Thus Frob, is defined only up to
the kernel of the reduction map, the inertia group of p,

I, = {0 € D, : 2° =z (mod p) for all x € Z}.

For each Galois number field F the restriction map Gq — Gal(F/Q) takes
an absolute Frobenius element to a corresponding Frobenius element for F,

Frob,|p = Froby,, where pr =pNF. (9.10)

All maximal ideals of Z over p are conjugate to p, and the definition of Frob,,
shows that analogously to before,

Frobys = 0 'Frob, o, o € Gq.

Again this means that the conjugate of a Frobenius is a Frobenius of the
conjugate. Theorem 9.1.2 and the definition of the Krull topology combine to
show that we now have many examples (Exercise 9.3.2):
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Theorem 9.3.1. For each mazimal ideal p of Z lying over any but a finite
set of rational primes p, choose an absolute Frobenius element Frob,. The set
of such elements forms a dense subset of Gq.

Let x : (Z/NZ)* — C* be a primitive Dirichlet character. Consider the
following diagram, in which 7 is restriction to Gal(Q(un)/Q), the horizontal
arrow is the isomorphism (9.1), and p, n is defined to make the triangle

commute.
Gaq

g

Gal(Q(pun)/Q) —————  (Z/NZ)* (9.11)

\/

The diagram shows that x determines a homomorphism
py =pyNomn :Gg — C*.

In particular, since complex conjugation in Gq restricts to pn — u&l in the
finite Galois group it follows that p, (conj) = x(—1). Similarly, since (9.10) and
then (9.3) show that an absolute Frobenius element Frob, in Gq lying over a
prime p{ N maps to p (mod N) in (Z/NZ)* it follows that p, (Frob,) = x(p)
for such p. To show that the homomorphism p, is continuous it suffices to
check that p'(1) is open (see Exercise 9.3.3), and this holds because the
inverse image is U(F') for some Galois number field F C Q(un).

Conversely, any continuous homomorphism p : Gq — C* has fi-
nite image (Exercise 9.3.4) and thus factors through some Abelian Galois
group Gal(F/Q). The Kronecker—Weber Theorem states that we may take
F = Q(un) for some N, and now diagram (9.11) shows that p = p, for some
Dirichlet character x,. Taking N as small as possible (see Exercise 9.3.5)
makes x, primitive. That is, Dirichlet characters lead to homomorphisms of a
certain type, and all such homomorphisms arise from Dirichlet characters. Sec-
tion 9.6 will discuss a conjectured 2-dimensional analog of this 1-dimensional
correspondence, encompassing the Modularity Theorem.

Exercise 9.3.4 shows more generally that any continuous homomorphism
p : Gq — GLg(C) has finite image and therefore captures only a finite
amount of the structure of Gq. However, the image of a Dirichlet character x
lies in a number field K and therefore in a field Ky where X lies over any given
rational prime ¢. So C* can be replaced by K} in diagram (9.11), and the
argument that the associated representation p, : Gq — Kj is continuous
still applies. This suggests the following definition.

Definition 9.3.2. Let d be a positive integer. A d-dimensional (-adic Ga-
lois representation is a continuous homomorphism
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p: Gq — GLg(L)

where L is a finite extension field of Qq. If p : Gq — GL4(L) is another such
representation and there is a matriz m € GLg(L) such that p/'(c) = m~p(a)m
for all o € Gq then p and p' are equivalent. Equivalence is notated p ~ p'.

We state without proof that every finite extension field L of Q takes the
form K, for some number field K and maximal ideal A | £ of Ok, and that
for such L the ring Op, = Ok ) is well defined independently of K and A.
The ring Oy, is a lattice in L, i.e., there is Zy-basis of O, that is also a
Q¢-basis of L. The ¢-adic Galois representations in this chapter will often use
L = Q, but for example Section 9.5 will construct representations using fields
L = K¢ ) where f is a modular form and K¢ is the number field generated by
its Fourier coefficients. Complex Galois representations are defined similarly
to Definition 9.3.2, but because their images are finite they will not play a
role here until the end of the chapter. Galois representations are assumed from
now on to be f-adic rather than complex unless otherwise specified.

For an example involving infinite structure, first note that the field con-
tainment Q(py=) C Q gives the group surjection Gq — Gq. restricting
each automorphism of Q to Q(g,~ ). Follow this by the group isomorphism
Gq,e — Z} described before Definition 9.2.1 to get the ¢-adic cyclotomic
character of Gq,

xe: Gq — Qp, o+ (m1, ma, ma, ...) where pg, = py," for all n.
To show that the cyclotomic character is continuous it suffices to check that

x; '(U(n)) is open for any n (again see Exercise 9.3.3), and this holds because
the inverse image is U(Q(pen)). Thus x, is a 1-dimensional Galois represen-

tation. Similarly to the Dirichlet character example, x¢(conj) = —1, and we
will frequently use the formula (Exercise 9.3.6)
Xxe(Froby) =p for p # L. (9.12)

This is independent of how p and Frob, are chosen. The formula shows that
despite being 1-dimensional x, has infinite image, already indicating that ¢-
adic Galois representations have a richer theory than complex ones. Profinite
groups GLg4(L) provide better views of the profinite group Gq.

Given a Galois representation p we naturally want to know values p(o)
for 0 € Gq. In particular we want to evaluate p at absolute Frobenius ele-
ments. But each Frob, is defined only up to the absolute inertia group Iy,
so the notion of p(Froby) is well defined if and only if I, C ker p. Further-
more, if p and p’ lie over the same rational prime p then the inertia groups I,
and I, are conjugate in Gq, so the condition I, C ker p depends only on the
underlying prime p since ker p is normal in Gq. The condition makes sense
at the level of the similarity class of p, again since ker p is normal in Gq.
Although p(Frob,) does depend on the choice of p over p when it is defined,
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its characteristic polynomial depends only on the conjugacy class of p(Frob,)
and therefore only on p.

Definition 9.3.3. Let p be a Galois representation and let p be prime. Then
p is unramified at p if I, C ker p for any mazimal ideal p C Z lying over p.

For example, let x : (Z/NZ)* — C* be a primitive Dirichlet character,
let p be any prime not dividing N, and let p lie over p. Then in diagram (9.11)
the map my takes I, into I, where py = pNQ(un). But I, = {1} since p is
unramified in Q(un), and so I, C ker p,, i.e., py is unramified at p. Similarly
for the cyclotomic character x¢, let p # ¢ and let p lie over p. Any o € I,
acts trivially on F,, = Q(uen) for all positive n since p is unramified in F,,.
This shows that I, C ker xy, i.e., x¢ is unramified at p. In general, the Galois
representations that we will consider are unramified at all but finitely many
primes p. For such a representation the values p(Frob,) for p over unramified p
determine p everywhere by continuity.

To think about x, in another way, recall that it arises from the Gq-module
structure of the Tate module of C. Let V;(C) = Ta,(C) ® Q, a 1-dimensional
vector space over Q. Then the following diagram commutes, where the map
from V;(C) to Qg is the Qg-linear extension of the isomorphism Tay(C) — Zy
described before Definition 9.2.1, and the map from Gq to Qj is x¢.

Vi(C) x G —— Vi(C)

L

QxQ —— Q

Once V;(C) is topologized compatibly with Q, the action of Gq on V;(C)
is continuous by the continuity of all the other maps in the diagram. This
example motivates a second definition of an f-adic Galois representation as a
vector space over Q, with Gg-module structure.

Definition 9.3.4. Let d be a positive integer. A d-dimensional (-adic Ga-
lois representation is a d-dimensional topological vector space V' over L,
where L is a finite extension field of Qg, that is also a Ggq-module such that
the action

VxGq —V, (v,0) — V7

is continuous. If V' is another such representation and there is a continuous
Gq-module isomorphism of L-vector spaces V. — V' then V and V' are
equivalent.

The two definitions of an ¢-adic Galois representation are compatible (Ex-
ercise 9.3.7). Similarly to how the 1-dimensional representation V(C) arises
from the Gg-module structure of Ta,(C'), the next two sections will consider
higher-dimensional Galois representations arising from the Tate modules of
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elliptic curves, Jacobians, and Abelian varieties associated to modular forms.
Any 1-dimensional Galois representation has an Abelian image but the higher-
dimensional representations capture non-Abelian structure of Gq as well.

The values taken by a Galois representation p, : Gq — K arising from a
Dirichlet character are roots of unity and therefore they lie in the subring Ok x
of K. The values taken by the cyclotomic character x, lie in the subring Z,
of Q. The second definition of Galois representation helps to show that this
is a general phenomenon.

Proposition 9.3.5. Let p : Gq — GL4(L) be a Galois representation. Then
p is similar to a Galois representation p' : Gq — GL4(OL).

Proof. Let V =L and let A = Of. Then A is a lattice of V, hence a finitely
generated Z,-module, hence compact as noted at the end of Section 9.2. Since
Gq is compact as well, so is the image A’ of A x Gq under the map V x
Gq — V. Thus the image lies in A\™"A for some r € ZT. The image is
finitely generated, it contains A so its rank is at least d, it is free since Oy, is a
principal ideal domain, and so its rank is exactly d. It is taken to itself by Gq.
All of this combines to show that any Op-basis of A’ gives the desired p/. O

This result will be used in Section 9.6.

Exercises

9.3.1. Show that every open normal subgroup of Gq takes the form U(F) for
a Galois number field F. (A hint for this exercise is at the end of the book.)

9.3.2. Show that Theorem 9.3.1 follows from Theorem 9.1.2. (A hint for this
exercise is at the end of the book.)

9.3.3. Let p : G — H be a homomorphism of topological groups. Show
that p is continuous if and only if p~1(V) is open for each V in a basis of
neighborhoods of the identity 1p.

9.3.4. Show that any continuous homomorphism p : Gq — GL4(C) factors
through Gal(F/Q) — GL4(C) for some Galois number field F. Hence its
image is finite. (A hint for this exercise is at the end of the book.)

9.3.5. Suppose that p : Gq — C* factors through Gal(Q(u~)/Q) and also
factors through Gal(Q(un+)/Q). Show that p factors through Gal(Q(u»)/Q)
where n = ged(N, N’). (A hint for this exercise is at the end of the book.)

9.3.6. Establish formula (9.12).

9.3.7. (a) Let p : Gq — GL4(L) be a Galois representation as in Defi-
nition 9.3.2. Show that this makes L? a Galois representation as in Defini-
tion 9.3.4. On the other hand, let V' be a d-dimensional ¢-adic Galois repre-
sentation as in Definition 9.3.4. Show that any choice of ordered basis of V'
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gives a representation p : Gq — GLg4(L) as in Definition 9.3.2. Thus the
two definitions of Galois representation are compatible. Remember to check
continuity. (Hints for this exercise are at the end of the book.)

(b) Show that the notions of equivalence in the two definitions are also
compatible.

9.4 Galois representations and elliptic curves
This section associates 2-dimensional Galois representations to elliptic curves.

Let E be an elliptic curve over Q and let £ be prime. Multiplication by £
on {-power torsion of E gives maps

E[(] E[¢?] E[e]
The ¢-adic Tate module of E is the resulting inverse limit,

Tay(E) = lim{ E["]}.

n

Choose a basis (P, Q) of E[("] for each n € ZT with the choices compatible
in that each basis is a lift of its predecessor,

[(|Ppi1 =P, and [|Qni1=Qn, necZ.
Each basis determines an isomorphism E[("] — (Z/¢"Z)?, and so
Tay(E) = Z2.

For each n the field Q(E[¢"]) is a Galois number field, giving a restriction
map
Gq — Gal(Q(E[("])/Q), o olqe(en);

and there is also an injection
Gal(Q(E[("])/Q) — Aut(E[("]).

These maps are compatible in that for each n the following diagram commutes.
Gq

N

Aut(E[("]) ¢+ Aut(E["1])

That is, the Tate module is indeed a Gq-module. Each basis (P,,Q,) de-
termines an isomorphism Aut(E[("]) — GL2(Z/"Z), and these combine to
give Aut(Tay(E)) — GLa(Z¢). Since Gq acts on Ta,(E) the net result is a
homomorphism
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pee: Gq — GL2(Z) C GL2(Qp).

The homomorphism is continuous by an argument similar to the one for x,
in the previous section (Exercise 9.4.1). Thus pg ¢ is a Galois representation,
the 2-dimensional Galois representation associated to E.

Theorem 9.4.1. Let ¢ be prime and let E be an elliptic curve over Q with
conductor N. The Galois representation pg ¢ is unramified at every prime
p t {N. For any such p let p C Z be any mazimal ideal over p. Then the
characteristic equation of pg ¢(Froby) is

2? —a,(E)z +p=0.
The Galois representation pg e is irreducible.

Alternatively, the vector space Vy(F) = Tay(F) ® Q is the 2-dimensional
Galois representation as in Definition 9.3.4 associated to F, and a diagram as
follows commutes.

Vi(E) x Gq —— Vi(E)

| |

Q7 x GL2(Qy) —— Q7

The theorem can be rephrased appropriately, e.g., its displayed equation is
the characteristic equation of Frob, itself as an automorphism of V;(E).

Proof. Let pj ZN and let p lie over p. Recall the absolute Galois group of F,,
GF, = Aut(F,). There is a commutative diagram

Dy —— Aut(E[¢")

|

G, —— Aut(E[("])

where the top map restricts the action of Gq on F to D, and the bottom
map is given by the action of Gg, on E. The inertia group I, is contained
in the kernel of the map down the left side and then across the bottom.
The map down the right side is an isomorphism since the condition p { ¢N
means that F has good reduction at p and the reduction preserves ¢™-torsion
structure, cf. Section 8.3, Theorem 8.1.2, and Theorem 8.4.4. Consequently,
I, is contained in the kernel of the map across the top. Since n is arbitrary
this means that I, C ker pg ¢ as desired.

To establish the characteristic polynomial of Frob, for p { /N we need
to compute det pg ¢(Frob,) and tr pg ¢(Froby,). For the determinant, let p,, :
Gq — GL2(Z/¢"Z) be the nth entry of pp ¢ for n € Z*. As in Lemma 7.6.1,
the Weil pairing shows that the action of o € Gq on the root of unity pen is
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given by the determinant, but by definition the action is also to raise g to
the nth entry of the cyclotomic character (o),

det pp tn
(G = et (o) _ e (@)

That is, det pn(0) = xen(o) in (Z/€"Z)* for all n, so det pg (o) = xe(0)
in Zj. In particular (9.12) gives

det pg ¢(Froby,) = p.

For the trace, let A = pg ¢(Frob,) and recall that a square matrix satisfies its
characteristic polynomial. Since det A = p the characteristic equation is A% —
(tr A)A+p = 0, and this rewrites as tr A = A + pA~!. Proposition 8.3.2 says

that o), .« + 0, = a,(E), this being an equality of endomorphisms of Pic? (E)

Recall from equations (8.14) and (8.15) that o, . acts as o, and o, acts as

po, . The diagram in this proof shows that ¢, acts on E["] as Frob,,  acts
on E[("]. That is, A+ pA~! = a,(E) (mod ¢") for all n. Since this holds for
all n, it follows that tr A = a,(E), or

tr pg e(Froby) = ap(E).

Proving the last statement of the theorem is beyond the scope of this
book. O

Exercises
9.4.1. Show that pg ¢ is continuous.
9.4.2. Recall from Section 8.3 that we have defined
ape(B) =p° +1—|E(Fy)|, e>1, a(E)=1,

shown that
ape (E) = 0pe w +0pe, €21,

and stated that there is a recurrence
ape(E) = ap(E)aye-1(E) — 1g(p)paye—2(E£) for all e > 2,

where 1 is the trivial character modulo the conductor N of E. This exercise
proves the recurrence except when p =2 and 2 | N.
(a) Show that the end of the proof of Theorem 9.4.1 extends to show that

tr (A°) = ape(E), e>1.
(b) Let A; and A2 be the eigenvalues of A. Show that

tr(A°) = A+ 25 = (A + 2) AT A5 = M (A2 40572,
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Use this and the identities det A = p, tr A = a,(E) to prove the recurrence
for p{ N, so that letting ¢ vary proves the recurrence for p{ N.

(¢) For p | N, assume p is odd. By (8.10) we may take E : y2 = 23 + ax?
with a € F,.

The reduction E is multiplicative if ¢ # 0. Show that in this case if a
is a square in F; (where ¢ = p°) then the formula t — (t* — a,t(t* — a))
describes a map from P(F,) to E(Fq) that surjects and that injects except
for hitting (0,0) twice; but if @ is a nonsquare in F, then the map injects but
misses (0,0). Use this to compute a,-(E) for all e, depending on whether a is
a square or not in ¥, and to prove the recurrence in each case.

The reduction is additive if a = 0. Show that in this case the formula
t — (t2,t3) describes a bijection from P!(F,) to E(F,). Use this to compute
ape (E) for all e and to prove the recurrence.

9.4.3. Let F and E’ be isogenous elliptic curves over Q. Show that their Galois
representations Vy(F) and V;(E’) are equivalent. Faltings’s Isogeny Theorem,

mentioned in Section 8.8, states the converse. (A hint for this exercise is at
the end of the book.)

9.4.4. This exercise gives an example of a mod ¢ representation. Such repre-
sentations will play a role in Section 9.6.

(a) Let E be an elliptic curve over Q with conductor N and let £ be prime.
Thus E[¢] 2 F7. The mod ¢ representation of E is

Prye Gq — Gal(Q(E[])/Q) — GLa(Fy).

Explain why for any maximal ideal p € Z over any p { N, the characteristic
equation of pg ,(Froby) is 2* — ap(E)x + p = 0. (Here the coefficients are
in Fg.)

(b) Consider the elliptic curve E : y?> = 23 — d where d € Z is cubefree,
and let ¢ = 2. Show that Q(E[2]) is the non-Abelian Galois number field
F = Q(d'/?, u3) from Section 9.1. Therefore the embedding (9.5) followed by
reduction modulo 2 gives an isomorphism Gal(Q(E[2])/Q) — GL2(Fz). Use
this to describe a,(E) (mod 2).

(c) Let E be any elliptic curve over Q with conductor N. Suppose that
E[0)(Q) # {0}, i.e., E has an ¢-torsion point with rational coordinates. Show
that for any maximal ideal p € Z over any p{ £N the characteristic equation
of pg ¢(Froby) is (z — 1)(z — p) = 0. Explain how this shows that E[/](Q)
cannot be all of E[f] for £ > 2, cf. the function field result from Section 7.6
that Q(j, E;[IN]) contains ptp. (A hint for this exercise is at the end of the
book.)
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9.5 Galois representations and modular forms

This section associates Galois representations to modular curves and then
decomposes them into 2-dimensional representations associated to modular
forms.

Let N be a positive integer and let ¢ be prime. The modular curve X;(N)
is a projective nonsingular algebraic curve over Q. Let g denote its genus. The
curve X1 (N)c over C defined by the same equations can also be viewed as a
compact Riemann surface. As in Chapter 6 the Jacobian of the modular curve
is a g-dimensional complex torus obtained from integration modulo homology,

J1(N) = Jac(X1(N)c) = S2(I1(N))/H1(X1(N)c,Z) = CI/A,.

The Picard group of the modular curve is the Abelian group of divisor classes
on the points of X;(N),

Pic’(X1(N)) = Div? (X1 (N))/Divi (X, (N)).

By the methods of Section 7.9, Pic’(X;(N)) can be identified with a subgroup
of Pic’(X1(N)¢), and the complex Picard group is naturally isomorphic to
the Jacobian by Abel’s Theorem as in Section 6.1. Thus there is an inclusion
of ¢"-torsion,

in 2 Pic? (X1 (N))[€"] — Pic®(X1(N)c)[("] = (Z/¢"Z)%.

Recall that Igusa’s Theorem (Theorem 8.6.1) states that X;(N) has good
reduction at primes p{ N, so also there is a natural surjective reduction map
Pic’(X;(N)) — Pic’(X;(N)) restricting to

T ¢ Pic? (X1 (N))[€7] — Pic® (X1 (N))["].

We state without proof two generalizations of facts we have used about elliptic
curves:

e The inclusion i, is in fact an isomorphism.
e So is the surjection 7, for pt¢N.

These follow from results of algebraic geometry. Specifically, if a curve X
over a field k has genus g and M is coprime to char(k) then Pic®(X)[M] =
(Z/MZ)?9, and if a curve X over Q has good reduction at a prime p { M then
the reduction map is injective on Pic®(X)[M].

The ¢-adic Tate module of X1(N) is

Tag(Pic”(X1(N))) = lim{Pic’ (X1 (N))[¢"]}.

n

Similarly to the previous section, choosing bases of Pic’(X1(N))[¢"] compat-
ibly for all n shows that
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Ta,(Pic’ (X1 (N))) = Z7.

Any automorphism ¢ € Gq defines an automorphism of Div’(X;(N)),

(> np(P)>U =3 np(P).

Since dlv(f)" = div(f9) for any f € Q(X1(N)), the automorphism descends
to Pic’(X1(N)),

Pic’(X1(N)) x Gq — Pic’(X;(N)). (9.13)
(

The field extension Q(Pic’(X1(N))[¢*])/Q is Galois for each n € Z*, so the
action restricts to Pic’ (X1 (N))[£"]. For each n there is a commutative diagram

/\

Aut(Pic®(X ) ¢ Aut(Pic® (X1 (V) [ ).

Again as in the previous section this leads to a continuous homomorphism
PX,(N),e " GQ — Gng(ZZ) C Gng(Qg).

This is the 2g-dimensional Galois representation associated to X;(N).
Recall from Chapter 6 that the Hecke algebra over Z is the algebra of
endomorphisms of Sz(I'1(N)) generated over Z by the Hecke operators,

Ty, = Z[{T,, (n) : n € ZT}].

The Hecke algebra acts on Pic’(X;(N)), cf. the bottom rows of diagrams
(7.18) and (7.19),

Tz x Pic’(X;(N)) — Pic’(X1(N)). (9.14)

Since the action is linear it restricts to f-power torsion, and so it extends
to Tay(Pic’(X1(N))). From Section 7.9 the Hecke action is defined over Q. So
the Galois action (9.13) and the Hecke action (9.14) on Pic®(X(N)) commute,
and therefore so do the two actions on Ta,(Pic’(X;(N))).

Theorem 9.5.1. Let £ be prime and let N be a positive integer. The Galois
representation px, (N, s unramified at every prime p { £N. For any such p
let p C Z be any mazimal ideal over p. Then px,(n),e(Froby) satisfies the
polynomial equation

2* — T,z + (p)p = 0.
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Similarly to how we have abbreviated T}, . to T}, on Pic’(X;(N)) all along,
the last formula in the theorem omits the asterisk from the subscript of both
Hecke operators on Tay(Pic’(X1(N))). As in the previous section, the vector
space V(X1 (N)) = Tay(Pic®(X1(N))) ® Q can be taken as the Galois repre-
sentation rather than px, () ¢, there is a corresponding commutative diagram,
and the theorem can be rephrased appropriately.

Proof. Let p{ N and let p lie over p. As in the proof of Theorem 9.4.1 there
is a commutative diagram

Dy —— Aut(Pic® (X, (N))[¢"))

| |

G, —— Aut(PiCO(fﬁ (N))[e"]).-

The map down the right side is an isomorphism as explained at the beginning
of the section. Similarly to before, I, C ker px, (n),¢-

For the second part, the Eichler—Shimura Relation (Theorem 8.7.2) re-
stricts to £-torsion,

Pic® (X, (V) [£"] ———2—— Pic® (X1 (N))[¢"]

|

Pic® (X1 (N))[¢"]

Up,*""(p)*U;

Pic® (X1 (N))[¢").

The same diagram but with Frob, + (p)pFrob, ! across the top row instead
also commutes, cf. (8.15). Since the vertical arrows are isomorphisms, T, =
Frob, + (p)pFlrobp_1 on Pic’(X1(IN))[¢"]. This holds for all n, so the equality

extends to Tay(Pic®(X1(NV))). The result follows. O

To proceed from Picard groups to modular forms, consider a normalized
eigenform
f € 82 (N7 X)

Recall from Chapter 6 that the Hecke algebra contains an ideal associated
to f, the kernel of the eigenvalue map,

Iy ={T €Tz :Tf=0}
and the Abelian variety of f is defined as
A =J1(N)/I;J1(N).

This is a complex analytic object. We do not define an algebraic version of
it because its role here is auxiliary. By (6.12) and Exercise 6.5.2 there is an
isomorphism
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Tz/I; — O where O; = Z[{a,(f):n € Z}].

Under this isomorphism each Fourier coefficient a,(f) acts on Ay as T}, + I5.
Also, O contains the values x(n) for n € Z* and x(p) acts on Ay as (p) + I+.
The ring Of generates the number field of f, denoted K. The extension
degree d = [Ky : Q] is also the dimension of Ay as a complex torus. As with
elliptic curves and modular curves, the Abelian variety has an f-adic Tate
module,

Tag(Af) = Lim{As[¢"]} = Z3".

The action of O on Ay is defined on /-power torsion and thus extends to an
action on Tas(Ayf). The following lemma shows that Gq acts on Ta,(Ay) as
well.

Lemma 9.5.2. The map Pic’ (X, (N))[¢"] — Af[¢"] is a surjection. Its ker-
nel is stable under Gq.

Proof. Multiplication by ¢™ is surjective on the complex torus J;(N). This
makes it surjective on I;J;(N) as well. Indeed, any y € I;J;(IN) takes the
form y = >, Tyy; with T; € Iy and y; € J1(N) = €"J(N) for each i, so
y=>,Ti(l"x;) =LY, Tyx; € £"I;J1(N) as desired.

To show the first statement of the lemma, take any y € A¢[¢"]. Then y =
x + I;J1(N) for some z € J1(N) such that "z € IyJ;(N). Thus "z = ("2’
for some 2’ € IyJ1(N) by the previous paragraph. The difference  — 2’ lies
in Jy(N)[¢"] = Pic’(X1(N))[¢"] and maps to y as desired.

The kernel is Pic®(X1(N))["] N I;J1(N) = (I;J1(N))[¢"]. We claim that
the inclusion (I;Pic’(X1(N)))[¢"] € (I;J1(N))[¢"] is in fact an equality. To
see this, let Sy = So(I1(N)) and Hy = Hy(X1(N)c,Z) € 8. Thus J1(N) =
S8 /H; and

Ile(N)Z(IfSé\—l—Hl)/HlngSé\/(Hl ﬂ]fSé\). (915)

Proposition 6.2.4 shows that I;H; is a subgroup of Hy N I;S5 with some
finite index M. This shows that M(H; N I;S5) C I;H;. Now suppose
that y € (IpJ1(INV))[¢"]. Then (9.15) shows that y = x + Hy N IS5 with
x € I;85, and since ("y = 0 this implies "z € Hy N I;S5. Therefore
My € M(Hy NI;SY) C IfHy, and so @ € I;(M~1¢~"H;). It follows that
y € I;(J1(N)[Me"]) C I;Pic’(X1(N)), and since £y = 0 the equality is
proved. Thus the kernel is (I;(Pic’(X;(N)))[¢"]. This is stable under Gq as
desired since the Galois and Hecke actions on Pic’(X;(N)) commute. O

So Gq acts on A¢[¢"] and therefore on Tay(Af). The action commutes
with the action of O since the Gg-action and the Tz-action commute
on Tay(Pic’(X;(N))). Choosing coordinates appropriately gives a Galois rep-
resentation

pAf’g : GQ — GLQd(Qg).
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This is continuous because px, (n),¢ is continuous and (Exercise 9.5.1)
Pxv).t(U(n:9)) € pyp o (U(n, d)), 9.16)

where U(n, g) = ker (GLag(Z¢) — GLag(Z/¢"Z)) and similarly for U(n, d).
The representation is unramified at all primes p 1 ¢N since its kernel con-
tains ker px, (n),¢- For any such p let p C Z be any maximal ideal over p.
At the level of Abelian varieties, since T}, acts as a,(f) and (p) acts as x(p),
pa;e(Froby,) satisfies the polynomial equation

2? — ap(f)x + x(p)p = 0.

The Tate module Tay(A ) has rank 2d over Z,. Since it is an O -module the
tensor product Vp(As) = Ta,(A;)®Q is a module over O;0Q, = Ky ®q Qe.

Lemma 9.5.3. Vi(Ay) is a free module of rank 2 over Ky ®q Qo.

Proof. Again let Sy = Sp(I1(N)) and Hy = Hy (X (N)¢,Z) C S5 Consider
the quotients S = S84/1;S85 and Hy = (Hy + 1;85)/1;S4. Then Ay =
SO /(Hy + 1;S5) = S /H,. Thus H, is an Op-module whose Z-rank is 2d.
Since Ky is a field, H; ® Q is a free Ky-module of rank 2, and therefore
Hi®Q=H; ®Q®q Qy is free of rank 2 over the ring Ky ®q Q.

The Oy-linear isomorphisms ¢~"H1/H; — H1/¢{"H; induced by multi-
plication by £ on £~ H; assemble to give an isomorphism of O ;®Z-modules,

Tag (A7) = lm{As["]} = lim{¢~"H, /Hy} = lim{H, /0O H,} = T, © Z,

where the transition maps in the last inverse limit are the natural projection
maps. And now Vy(Ay) = Tay(A;) @ Q=2 H1 ®Z, ®Q = H1 ® Qg is an
isomorphism of modules over Oy ® Z; ® Q = Ky ® Qg, showing that Vy(Ay)
is free. O

The absolute Galois group Gq acts (Ky ®q Qg)-linearly on Vp(Ay), and
Vi(Af) =2 (K5 ®q Qr)? by the lemma. Choose a basis B of Vy(Ay) to get
a homomorphism Gq — GL2(K; ®q Q). Also, (9.9) specializes to give
K;®q Q¢ = HAM Ky », so for each A we can compose the homomorphism
with a projection to get

P GQ — GLQ(Kf7/\).

This is continuous (Exercise 9.5.2(b)), making it a Galois representation. And
ker(pa,,¢) C ker(ps ) (Exercise 9.5.2(c)). We have proved

Theorem 9.5.4. Let f € Sa(N,x) be a normalized eigenform with number
field Ky. Let £ be prime. For each maximal ideal A of Ok, lying over £ there
is a 2-dimensional Galois representation



9.6 Galois representations and Modularity 391

P - GQ — GLQ(Kf7/\).

This representation is unramified at every prime p t {N. For any such p
let p C Z be any mazimal ideal lying over p. Then ps x(Froby,) satisfies the
polynomial equation

® — ay(f)x + x(p)p = 0.
In particular, if f € So(Io(N)) then the relation is x> — ap(f)x +p = 0.

Exercises

9.5.1. Establish (9.16). (A hint for this exercise is at the end of the book.)

9.5.2. (a) Let i : Ky ®q Q¢ — [, Ky be the isomorphism of (9.9).
For each A, let ey be the element of Ky ®q Q¢ that is taken by i to
0,...,0,1k,,,0,...,0) and let Vy\ = ex(Vi(Ay)). Show that each V y is
a 2-dimensional vector space over Ky y and that

Vi(Ap) = P Vi

Ae

Show that each Vy , is invariant under the Gg-action on V;(Ay). Show that
if each Vy , is given the basis ey B over Ky » where B is the basis of Vy(Ay)
over Ky ®q Qg in the section then each py y is defined by the action of Gq
on Vy . (Hints for this exercise are at the end of the book.)

(b) To show that py, is continuous it suffices to show that the action

Vf7,\ X GQ — Vf7,\

is continuous. Explain why this statement is independent of whether Vy ) is
viewed as a vector space over Ky or over Q. Explain why the action is
continuous in the latter case.

(c) Use the decomposition from (a) to show that ker(pa, ¢) C ker(py ) for
each .

9.6 Galois representations and Modularity

This last section states the Modularity Theorem in terms of Galois represen-
tations, connects it to the arithmetic versions in Chapter 8, and describes how
the modularity of elliptic curves is part of a broader conjecture. Finally we
discuss how the modularity of Galois representations and of mod ¢ represen-
tations are related.

Definition 9.6.1. An irreducible Galois representation
p: GQ — G‘LZ(Q[)

such that det p = x¢ is modular if there exists a newform f € Sa(Lo(My))
such that Ky x = Qg for some mazimal ideal A of Ok, lying over £ and such

that pg x ~ p.
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In particular, if E is an elliptic curve over Q and /¢ is prime then the Galois
representation pg ¢ is a candidate to be modular since it is irreducible and its
determinant is x, by the proof of Theorem 9.4.1.

Theorem 9.6.2 (Modularity Theorem, Version R). Let E be an elliptic
curve over Q. Then pg ¢ is modular for some £.

This is the version that was proved, for semistable curves in [Wil95] and
[TW95] and then for all curves in [BCDTO01]. We will explain how Version R
of Modularity leads to Version a, from Chapter 8, which in turn implies a
stronger Version R,

Theorem 9.6.3 (Modularity Theorem, strong Version R). Let FE be
an elliptic curve over Q with conductor N. Then for some newform f €
So(IH(N)) with number field Ky = Q,

pre~ pEe foralll.

Given Version R of Modularity, let E be an elliptic curve over Q with con-
ductor N. Then there exists a newform f € Sy(IH(My)) as in Definition 9.6.1,
so py.a ~ pE,¢ for some suitable maximal ideal X of its number field K. Thus
pE,o(Froby,) satisfies the polynomial 2 — a,(f)x + p for any absolute Frobe-
nius element Frob, where p lies over any prime p { My, since py » does. But
the characteristic polynomial of pg ¢(Frob,) for any Frob, where p { {N is
z? — ay(E)x + p. Therefore a,(f) = ap(E) for all but finitely many p. The
work of Carayol mentioned at the end of Chapter 8 shows equality for all p
and shows that My = N. This is Version a,.

On the other hand, given Version a, of Modularity, again let £ be an el-
liptic curve over Q with conductor N. There exists a newform f € Sy(I(V))
such that a,(f) = a,(E) for all p. Since a,(f) € Z for all p, the number
field of f is Q and the Abelian variety Ay is an elliptic curve. Consider
the representations pre, = pa £l and pg for any £. The respective charac-
teristic polynomials of pf¢(Frob,) and pp ¢(Froby) are 2* — a,(f)z + p and
z? — a,(E)X + p for all but finitely many p. Thus the characteristic polyno-
mials are equal on a dense subset of Gq, and since trace and determinant are
continuous this makes the characteristic polynomials equal. Consequently the
representations are equivalent (Exercise 9.6.1). Since ¢ is arbitrary, this is the
strong Version R.

The reasoning from Version R of Modularity to Version a, and then back
to the strong Version R (or see Exercise 9.6.2) proves

Proposition 9.6.4. Let E be an elliptic curve over Q. Then

if pe,e is modular for some £ then pg ¢ is modular for all £.

Theorem 9.5.4 generalizes to a result that Galois representations are asso-
ciated to modular forms of weights other than 2.
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Theorem 9.6.5. Let f € Sk(N,x) be a normalized eigenform with number
field Ky. Let £ be prime. For each maximal ideal A of Ok, lying over £ there
is an irreducible 2-dimensional Galois representation

P GQ — GLQ(Kf7/\).

This representation is unramified at all primes p 1 {N. For any p C Z lying
over such p, the characteristic equation of py x(Froby) is

2 — ap(fz + x(p)p* ' =0.

The characteristic equation shows that

det ppy = xx§

where the Dirichlet character y is being identified with the Galois representa-
tion p, from Section 9.3 (Exercise 9.6.3). It follows that the representation py x
satisfies

det pya(conj) = —1

where as before, conj denotes complex conjugation. Indeed, x(conj) = x(—1)
as noted in Section 9.3, and necessarily x(—1) = (—1)* for Si(N,x) to be
nontrivial. Since x¢(conj) = —1 from Section 9.3 as well, the result follows. In
general, a Galois representation p such that det p(conj) = —1 is called odd.

Section 9.5 constructed py x when k£ = 2 but didn’t prove that py » is irre-
ducible or that the equation is the characteristic equation. The construction
for k > 2, due to Deligne [Del71], is similar but uses more sophisticated ma-
chinery. The dual of Sk(I1(NV)) contains a lattice L that is stable under the
action of Tz and such that L ®q Q¢ admits a compatible action of Gq. To
define the Galois action and generalize the Eichler—Shimura Relation, Deligne
used étale cohomology. The construction for £ = 1, due to Deligne and Serre
[DS74], is different. It uses congruences between f and modular forms of higher
weight, and it produces a single representation with finite image,

pr: Gq — GLa(Ky),

that gives rise to all the py . By embedding Ky in C we can view py as a
complex representation Gq — GL2(C), a phenomenon unique to k = 1. For
example the representation p from the end of Section 9.1 is py, .

Theorem 9.5.4 also generalizes to Eisenstein series and reducible represen-
tations. Recall the Eisenstein series E;f’“o € &(N, x) from Chapter 4, where
1 and ¢ are primitive Dirichlet characters modulo u and v where uv | N and
e = x at level N. The Fourier coefficients given in Theorem 4.5.1 for n > 1
are

an(E;f’“") = 202”_@1 (n), where a;f’_ﬁ(n) = Z P(n/m)p(m)mF1,

m|n
m>0
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Recall also the Eisenstein series

EVY#l(r) = E;f’w(tT) unless k =2, v =p =1,
k EYY(r) —tEM(tr) ifk=2¢y=p=1.

Here t is a positive integer and tuv | N. These form a basis of (N, x) as
the triples (1, ¢, t) run through the elements of a set Ay j such that e = ¥,
cf. Theorem 4.5.2, Theorem 4.6.2, and Theorem 4.8.1. By Proposition 5.2.3,
E;f"p’t for such a triple is an eigenform if uv = N orif k=2and p = p =1
and t is prime and N is a power of t.

Theorem 9.6.6. Let f = %E}f’w’t € &k(N, x) where E;f”o’t is an eigenform as
Just described. Let £ be prime. For each mazimal ideal X of Ok, lying over (,
the reducible 2-dimensional Galois representation

= [0 o]
PIA= 10 oyt

is unramified at all primes p ¥ {N. For any p C Z lying over such p, the
characteristic equation of ps x(Froby) is

2 — ap(fz +x(p)p* ' =0.

To prove this, again recall from Section 9.3 that any primitive Dirich-
let character ¢ modulo N acts as a Galois representation unramified at the
primes p not dividing its conductor, and it takes Frob, to ¢(p) for such p.
Thus if also p { £ then det ps 5 (Froby) = ¥(p)e(p)p*~! = x(p)p*~! as desired.
Also tr p a(Froby) = 1(p) + @(p)p*~1 = a}f’fl(p). If ¢t = 1 then this is a,(f).
In the exceptional case when k = 2 and ¢y = ¢ = 1 and t > 1 it is o1(p),
which is o1(p) — to1(p/t) since p{ N = t°. Again this is a,(f).

All reducible representations that plausibly arise from Theorem 9.6.6 in-
deed do so.

Theorem 9.6.7. Let the Galois representation p : Gq — GLa(L) be odd,
reducible, and semisimple, i.e. p ~ {qg g} If ¥ has finite image and det p =

xxlgfl where x has finite image then for some eigenform f = %E;f”o’t with
P = x as described before Theorem 9.6.6,

Prx~ P

Here we are using the result from Section 9.3 that 1-dimensional Galois
representations with finite image can be viewed as Dirichlet characters.

A modularity result is conjectured for irreducible representations as well.
This requires slightly broadening the definition of a modular representation.
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Definition 9.6.8. Consider a Galois representation

p: GQ — GLQ(L)

Suppose that p is irreducible and odd and that detp = Xxlg_l where x has

finite image. Then p is modular if there exists a newform f € Si(My,x)
such that for some mazimal ideal A of Ok, lying over £, Ky \ embeds in L
and pg oy ~ p.

The Fontaine-Mazur-Langlands Conjecture [FM93] is

Conjecture 9.6.9. Let p : Gq — GLa(L) be irreducible, odd, and geomet-
ric. Then xjp is modular for some integer r.

The exact definition of a geometric Galois representation is beyond our
scope. Modular representations are geometric, and Conjecture 9.6.9 states
a converse. Besides representations pg, and the representations in Theo-
rem 9.6.7, the geometric representations also include the representations of Gq
with finite image. The statement that any irreducible, odd, 2-dimensional Ga-
lois representation with finite image is modular is a version of Artin’s Con-
jecture. In this case Kk = 1 and L can be replaced by a number field in Def-
inition 9.6.8. The result was proved for solvable finite image by Langlands
[Lan80] and Tunnell [Tun81]. In the case of projectively dihedral represen-
tations the relevant weight 1 eigenform giving rise to p is a theta function
already considered by Hecke [Hec26], generalizing the theta function 6, from
Section 4.11 that gives rise to the representation with image D3 at the end of
Section 9.1. The only possible nonsolvable finite image is projectively the alter-
nating group As. Modularity in this case was proved by Buzzard, Dickinson,
Shepherd-Barron, and Taylor [BDSBTO01] [Tay03] under technical hypotheses,
building on ideas in Wiles’s proof. But in general Conjecture 9.6.9 is still quite
open.

Mod ¢ representations as in Exercise 9.4.4 play a prominent role in the
proofs of Fermat’s Last Theorem and Modularity. Let f € So(I1(My)) be a
newform and let A € Ok, lie over £. By Proposition 9.3.5 we may assume up
to similarity that the representation py x maps to GL2(Ok, ). So it has a
mod ¢ reduction

Pix:Gq — GL2(Ok, 2 /AOK, 2).

More generally we consider mod ¢ representations p : Gq —» GL2(F) where
F, has the discrete topology and p is continuous. Since Gq is compact this
means that the image is finite and therefore lies in GL2(Fy-) for some 7. The
notion of modularity applies to mod ¢ representations as well.

Definition 9.6.10. An irreducible representation p : Gq — GL2(F,) is
modular of level M if there exists a newform f € So(I'1(M)) and a mazimal
ideal A C Ok, lying over £ such that p; \ ~ p.
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A modularity conjecture for mod ¢ representations is due to Serre [Ser87].
Its formulation uses a recipe giving a minimal level M (p) in terms of the
ramification of p.

Conjecture 9.6.11. Let p: Gq — GL2(Fy) be irreducible and odd. Then p
is modular of level M (p).

Excepting some cases with £ = 2 it is known, building on work of Ribet
[Rib90], that

if p is modular then p is modular of level M (p).

The relation of this to Fermat’s Last Theorem is that a nontrivial solution to
the Fermat equation
a"+vt+ct=0

would give rise to the corresponding Frey curve
Er :y? = z(z — o) (z + b°).

The Fermat equation reduces to the case ged(a,b,¢) = 1,a = —1 (mod 4), and
b even. The Frey curve is then semistable. Also, the number field Q(Er[/]) is
then unramified outside 2 and ¢, and even the ramification there is unusually
small, making M (pg, ,) = 2. But S2([0(2)) = {0} since the corresponding
modular curve has genus 0, cf. Figure 3.4. Thus pg,_ , is not modular and so
PEr.¢ is not modular.

On the other hand, [Wil95] begins with any elliptic curve E over Q and
considers the mod 3 representation

ﬁE,S : GQ — GLQ(Fg).

There is an embedding i : GLy(F;) — GL2(Ok) where K is a num-
ber field (Exercise 9.6.4(a)), and GLg(F3) is solvable. So if pp 3 is irre-
ducible then the Langlands—Tunnell result shows that the 3-adic represen-
tation ¢ o pp 5 arises from a weight 1 newform. One can show that therefore
Pr 3 arises from a weight 2 newform, making it modular in the sense of Def-
inition 9.6.10 (Exercise 9.6.4(b-h)). After this the core of the argument in
[Wil95] and [TW95] shows that under technical hypotheses on a representa-
tion p : Gq — GL2(Z,) with mod ¢ reduction p,

if p is modular then p is modular. (9.17)

The technical hypotheses apply when E is semistable and p = pg 3. This all
assumes that pp 5 is irreducible, but if it isn’t then the proof argues that pp 5
can be used as a starting point instead. Thus Wiles and Taylor-Wiles show
that for any semistable E one of pg 3 or pg 5 is modular. Since the Frey curve
is semistable this combines with Ribet’s result to contradict Proposition 9.6.4,
and thus the Fermat equation has no nontrivial solution. The contribution of
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[BCDTO1] to Modularity is to relax the technical hypotheses so that pyp 3
or pg 5 meets them even when E is not semistable.

The argument using the Langlands-Tunnell result to show that pg 5 is
modular applies to any p taking values in GLo(Fy) or GLo(Fs). Conjec-
ture 9.6.11 is also known under technical hypotheses for representations
in GLo(Fyr) for £7 = 4,5,7,9, but in general it is still quite open. Rama-
krishna [Ram02] has shown that mod ¢ representations lift to geometric ¢-adic
representations. With techniques now available to prove implications of the
form (9.17), this means that the Fontaine-Mazur-Langlands Conjecture and
Serre’s Conjecture are closely related.

Exercises

9.6.1. Consider two representations p, p’ : Gq — GL2(Q/) with p irreducible
and det p(conj) = —1. Assume that p and p’ have the same characteristic
polynomial. Prove that p and p’ are equivalent as follows.

(a) Show that p(conj) has distinct eigenvalues in Q. After conjugating if
necessary we may assume that p(conj) = p/(conj) = [(1, 7?]. (Hints for this
exercise are at the end of the book.)

(b) Show that there is some o € Gq such that p(c) = [24] with b
and ¢ nonzero. Write p/(0) = [‘C‘,/ Zl,] Use the relations trp(c) = trp/(o),
trp(conjo) = trp’(conjo), and det p(0) = det p’(0) to show that a = d,
d=d', and bc = b/'¢’ # 0. Show that after a further conjugation if necessary,
plo) = #(0).

(c) For arbitrary 7 € Gq show that p(7) = p/(7) by applying the equality
trp =trp’ to 7, conj, o7, and conjoT.

9.6.2. The proof of Proposition 9.6.4 does not require proceeding via Ver-
sion a, of Modularity and Carayol’s work. If pg , is modular for some ¢ then
there exists a newform f € Sy(Ip(My)) such that Ky = Qg for some A
over ¢ and such that psx ~ pg¢. Explain why therefore a,(f) = a,(E) for
almost all p. As explained in Section 8.8, Strong Multiplicity One now shows
that Ky = Q, so the Galois representations associated to f take the form
pre: Gq — GL2(Qy) for every £. Use Exercise 9.6.1 to show that therefore
Pfe~ PE,, i.e., pg¢ is modular for all /.

9.6.3. (a) Let ps x be the representation in Theorem 9.6.5. Use the charac-
teristic equation of ps (Frob,) for p{ £N to show that det psy = xx5 .

(b) Conversely, suppose that the theorem stated instead that detps =
Xxlg_l and that py »(Frob,) satisfies the displayed equation for all primes
p 1 ¢{N. Show that the equation is the characteristic equation of ps \(Frob,)
for such p.

9.6.4. This last exercise carries out the first part of the argument in [Wil95].
(a) It is known that the projective group PGLy(F3) is isomorphic to the
symmetric group Sy. Show that the map
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[10}H[10}’ [1 1}H[—¢?2 ~ 142

defines an embedding i : GLa(F3) — GL2(Z[v/—2]). Note that Z[v/—2] is the
number ring Ok where K = Q(y/—2). Show that the ideal A = (1++/-2) is a
maximal ideal of Ok lying over 3 such that the residue field k), is isomorphic
to Fs. Show that following ¢ by reduction modulo A gives the identity. (Hints
for this exercise are at the end of the book.)

(b) Let E be an elliptic curve over Q and let f € S1(My, ) be the new-
form provided by the Langlands—Tunnell result such that py x ~iopg 3. By
Proposition 9.3.5 we may assume that py y maps Gq to GL2(Ok). Show that
the reduction p; \ of py x modulo A is pg; 5. Show that a,(f) = a,(E) (mod \)
for all but finitely many p. Show that v is the quadratic character with con-
ductor 3, so that it makes sense to write ¢ (p) = p (mod ) for all p.

(¢) Recall from Section 4.8 the weight 1 Eisenstein series EV"' € M (3,).
Show that

o)
3BV =1+ Zanq"

n=1

where a,, € 3Z for all n > 1. Let g = 3E"" . Show that g lies in Sy (I (3M}))
and that f = ¢ (mod \), meaning a,(f) = a,(g) (mod A) for all n.

(d) Although f and 3E1/’71 are eigenforms their product g need not be.
Nonetheless, show that T),g = a,(E)g (mod A) for all but finitely many p and
Tg=a1(Tg)g (mod A) for all T € Tz. Deduce that the map

¢: Tz — Fs, T — a1(Tg) (mod A)

is a homomorphism taking T}, to a,(E) (mod 3) and (p) to 1 for all but finitely
many primes p.

(e) We want to obtain an eigenform ¢’ € Sy(I(3My)) that gives rise
to pg 3. This requires using ideas from Chapter 6 and commutative algebra
from Chapter 8. Let m = ker¢ and let P be a minimal prime ideal of Tz
contained in m, cf. Exercise 8.5.6. Since Ty is a finitely generated Z-module,
Tz/P is an integral domain that is finitely generated as a Z-module. And
since Ty is free over Z (cf. Exercise 6.5.1) no rational prime p is a zero-divisor
in Tz, so no rational prime is contained in P. Therefore Tz /P contains Z,
i.e., it is of characteristic 0. Its field of quotients is thus a number field K’
and Tz /P is contained in its ring of integers Ok-. This argument shows that
there is a homomorphism

(]5/ Ty — OK/.

A maximal ideal A’ of Ok’ containing ¢'(m) exists by Lemma 8.5.5 applied to
the localization of Tz /P at m/P or by the lying-over theorem in commutative
algebra. Show that ¢'(T},) = ap(E) (mod N') and ¢'({p)) =1 (mod X’) for all
but finitely many p.

(f) Before continuing we need to show that the natural surjection
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m: Tz ® C— Tg, Zﬂ@zzHZz,Tz

is an isomorphism. Reread the proof of Theorem 6.5.4. Note that the vec-
tor space V in the proof is Hy(X;(N),Z) ® C. Since the action of Tgz
on Hy(X(N),Z) is faithful, the action of Tz ® C on V is faithful as well.
Explain how this shows that (using the notation in the proof) Tz ® C acts
faithfully on Sy & 82,

(ZTz@)Zl)(fﬁp) = (ZziTif,cpoZZiTi>,

Use this to show that 7 is injective.

(g) Using the identification Tz ® C = T¢ and the containment Ok we
may extend ¢’ to a homomorphism ¢’ : Tc — C given by ¢' (3., T ® z;) =
> 2i¢'(T;). Convince yourself that the pairing in the proof of Proposi-
tion 6.6.4 gives rise to a corresponding eigenform ¢’ € So(I1(3My)) with
coefficients in Ok such that

¢ (T)=a1(Tg"), T € Tg.

Show that a,(¢") = a,(E) (mod ) and x4 (p) =1 (mod X') (where x4 is the
character of ¢’, cf. Exercise 5.8.1) for all but finitely many primes p. Parts (e)
and (g) of this exercise are the Deligne—Serre Lifting Lemma.

(h) Let ¢g” be the newform associated to g’ by Proposition 5.8.4. Show
that K,» C K, and that ap(g”) = ap(EF) (mod A”) for all but finitely many
primes p, where \” = K, N\ Use the argument in Exercise 9.6.1 to conclude
that p,» v ~ P 3. Hence pg 5 is modular in the sense of Definition 9.6.10.



Hints and Answers to the Exercises

Chapter 1

1.1.4. (b) For |0] < 1, |7+ 46| > B = B -sup{l,|d|} for all 7 € 2. For
1 < |0] < 34 and Im(7) > A, |7+ 0] > A > [6|/3 = sup{1,]6|}/3. For
1 <] < 34 and B < Im(7) < A, the quantity |7 + d|/|6| takes a nonzero
minimum m, so |7 4+ 6| > m|é| = m - sup{l,|d|}. For |§| > 3A, |7 + 4] >
|0] — A > 2[6|/3 = 2sup{1,|d|}/3. So any positive C' less than inf{B,1/3,m}
works. For (c), break the sum into 2¢(k) + >_ o 4lcT + d|=*. For ¢ # 0,
|er +d| = |¢||T + 6] where 6 = d/c. Apply (b) and then (a). Since any compact
subset of H sits inside a suitable {2, holomorphy follows from a theorem of
complex analysis.

1.1.5. For the first formula, take the logarithmic derivative of the product
expansion sinwr = 77 [[; (1 — 72 /n?). The second formula follows from the
definitions of sin and cos in terms of the complex exponential.

1.1.6. (d) To show h(0) = 0, simply antidifferentiate. To show h(m) = 0 for
m < 0 replace 7 by —7 and reason as in part (c) except now the rectangle no
longer goes around the singularity at the origin.

1.2.2. (a) Let g = ged(e, d) and note that g is relatively prime to N. If ¢ # 0,
set s = 0, and use the Chinese Remainder Theorem to find ¢ congruent to 1
modulo primes p | g and congruent to 0 modulo primes p{ g, p | c. If ¢ =0
then d # 0 (unless N = 1, in which case the whole problem is trivial) and a
similar argument works.

1.2.3. (a) One way is by induction on e. For e = 1, |GL2(Z/pZ)| is the
number of bases of (Z/pZ)?, and SLy(Z/pZ) is the kernel of the surjective
determinant map to (Z/pZ)*. For the induction, count ker(SLy(Z/p**t1Z) —
SLy(Z/p°Z)). The map surjects since SLa(Z) — SLo(Z/p°Z) does. For (b),
SLy(Z/NZ) = 11, SL2(Z/p;*Z) where N = [[, pi*, by the Chinese Remainder
Theorem.
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1.2.6. (b) Since (f[a]x)(7+N) = fla]k(7) we may estimate | f[a]k| as gy — 0
letting y — oo and assuming 0 < z < N where 7 = x + iy. So |cT + d| grows
as y and |(f[a]x)(7)] = |f(a(7))||er +d|7* is bounded by (Co+C/Im(a(T))")-
let 4+ d| 7%, or (Co + Cler +d|?" /y")|er + d|~%. We may take r > 1 and thus
absorb the first term into the second. The result follows.

1.2.8. (b) For the inverse, note FEy(7) = Ea(y(y~1(7))). For (e), note that
for v € I'h(N), Ny(r) = v/(N7) for a certain v € SLo(Z). Use the Fourier
series and Proposition 1.2.4 to check the holomorphy condition.

1.2.9. See Exercise 1.1.7(b) for the relevant (-values.

1.2.10. (a) The sum is — Y 07, >, ¢"™/m. The sum of absolute values
is Yo > g™ /m o= 3" |g/™/(m(1 — |g|™)), and this converges since its
terms are bounded by e?"™™(7) a5 m — co. The convergence is uniform
on compact sets because any compact subset of H has a point with minimal
imaginary part.

1.2.11. (b) If ¢ # 0 then write a/c = d'/¢ with o/, ¢ € Z, ged(a', ') = 1.
Now left multiplying by an SLs(Z) matrix with top row (¢, —a’) clears out
the lower left entry. For the second part, if f[a]; has period h then f[y] has

period dh.
1.3.2. Show (1) = (3) = (2) = (1).

1.3.3. (c) The entire exercise is set in one F, so multiplying by d takes points
P+ AtodP + A, not to dP + dA.

1.4.1. (c) The integrals along opposing pairs of boundary edges cancel down
to 1/(2mi) (w2 [ f(2)dz/ f(2) —wi [ f/(2)dz/ f(2)). Each of these integrals
is [dlog f(z) along a path with equal f-values at the endpoints, so log f
changes by an integer multiple of 27i along each path. For the second part, if
f(z) = (z = 2)"*Pg(2) where g(z) # 0 then 2f'(2)/f(2) = va(f)z/(2 — x) +
zg'(z)/g(z) has residue v, (f)z at x, so the Residue Theorem gives the result.

1.4.3. For A, show that p(u3z) = puzp(z) and p(z) = p(2). If p(2) = 0
then also p(uszz) =0, so u3z = +2z (mod A) since p is even and has only two
zeros. The minus sign can not arise because it would imply z = —z (mod A)
but g is nonzero at the order 2 points. The zeros are z = (1 + 2u3)/3 and
z= (24 us)/3.

1.5.1. For I'(N), take any point [E, (P, Q)] of S(N). After applying an iso-
morphism (which preserves the Weil pairing by Exercise 1.3.3(d)) we may
assume £ = C/A;, P = (a7’ + b)/N + Ay, Q = (¢’ + d)/N + A with
a,b,c,d € Z/NZ and 7" € H. Since P and @ generate F[N] and have Weil
pairing ey (P, Q) = e2™/N, [ b] € SLy(Z/NZ). Lift this matrix back to some
v € SLa(Z), let 7 = v(7') and m = ¢’ + d, so that m7 = a7’ 4+ b, and show
that [E,(P,Q)] = [C/A;, (T/N + A;,1/N + A;)].



9.6 Galois representations and Modularity 403

1.5.2. The map S(N) — S1(N) takes ¢~ (I'(N)7) to 1y * (I (N)7). Com-
pute this first for points in the form [C/A,, (/N + A;,1/N + A;)], and then
show that in general the map works out to [E, (P, Q)] — [E, Q).

1.5.3. Each b (mod N) € Z/NZ acts on the modular curve Y (N) as
b (mod N) : I'(N)7 — I'(N)v(r) where v = [} %] € I(N). The correspond-
ing action on the moduli space S(IV) under ¢! is therefore

b (mod N): [E;, (7/N + A;,1/N + A;)]
= [Ey(r)s (V)N + Ay ), N + Ay )]

By the methods of the section, letting m = j(v,7) shows that the image
is (B, (my(7)/N + A-,m/N + A;)]. Since v = [} %], m = 1 and this is
[E-,((T+b)/N + A, 1/N + A;)], showing that the map is

b (mod N): [E,(P,Q)] = [E, (P +bQ,Q)].

Argue similarly for d mod N € (Z/NZ)* acting on S;(NN), this time letting
v = []‘f, ’;] € IH(N) for suitable a, k, N.

1.5.4. Note that multiplying A_;n,) by 7 gives the lattice 7Z @ (1/N)Z.
The map is [E,C] — [E/C, E[N]/C].

1.5.6. (a) Recall the condition C N(Q) = {0g}. If p t+ N then the bottom
row of the matrix is not always (0,1).

Chapter 2

2.1.3. (a) Let y; = inf{Im(7) : 7 € Ui}, Y1 = sup{Im(r) : 7 € Ui},
y2 = inf{Im(7) : 7 € U3}, all positive. Then for v = [24] € SLy(Z) and
7 € Uj, the formula Im(y(7)) = Im(7)/|er + d|? shows that Im(y(7)) <
min{1/(c?y1),Y1/(cRe(r) + d)?}. The first of these is less than yo for all but
finitely many values of c¢; for each exceptional ¢, the second is less than ys
uniformly in 7 for all but finitely many values of d.

2.2.5. Both 7w and v are open and continuous.

2.3.4. (b) For part (b), Z[7] is ring isomorphic to Z[é]. For part (a), if v has
order 3 then —v has order 6.

2.3.5. (a) The matrices fixing pz are [ _§ 1], (2a — b)? + 30 = 4.

2.3.7. (c) It suffices to show the result for Iy(p), p = —1 (mod 12). If [2 4]
fixes a point then a +d € {0,+1} and ad = 1 (mod p). If a + d = 0 then this
means a? = —1 (mod p), impossible by the nature of p (mod 4). The other
two cases are similar with p (mod 3).
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2.3.8. Show that also SL»(Z) = U, fyj_l{:I:I}F. Given 7 € H, some vy
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some ’yj_l{j:I}F transforms 7 into D.

2.4.4. (a) I'(N) C 6I'67! for some N € ZT. (b) Note that SLy(Z)

SSLo(Z)5 1.

2.4.6. See Corollary 2.3.4, recall that Im(y(7)) = Im(7)/|er + d|? for v

in

[ab] € SLy(Z), and note that if 7 € {i, u3} then |er +d| > 1 for all nonzero
integer pairs (¢, d).

Chapter 3

3.1.1. Let {£1}I5 = |J;{£I}I"y;. Then f7Y(Ie7) = {I'v;7} and these are
distinct when 7 is not an elliptic point for I5.

3.1.2. Show that for v € Iy, the indices [{£I}15 () : {£I}]} 4(r)] and
{£I}s,,: {1} ;] are equal.

3.1.4. (b) The cusps are 0 and oo, cf. Figure 3.1. For (c), yo; (i) = «;(4) if and
only if aj_lfyaj (i) = 4, and by Corollary 2.3.4 the nontrivial transformations
in SLy(Z); are + [{ 7§ ]. Similarly for (d). The data to compute g in this and
the next two problems are tabulated in Figure H.1.

r [ dJ] e | e [éo]
lifp=2 | lifp=3
To(p) p+12ifp=1@[2ifp=1(3) 2
0ifp=3(4)|0if p=2 (3)
N2 =102) 3 1 0 2
I,(3) 4 0 1 2
Li(p), p>3] Bt 0 0 p—1
I'(2) 6 0 0 3
I(p), p>2 |20 0 0 pol

Figure H.1. Data to compute the genus

3.1.5. (b) For p > 3 the answeris g =1+ (p — 1)(p — 11)/24.

3.1.6. The cusp oo has ramification degree p under 7 : X (p) — SLo(Z)\H*,
and since I'(p) is normal in SLy(Z) so do all the other cusps, cf. Exer-

cise 2.4.4(c).

The number of cusps follows from the degree of the map

and the number of cusps of SLo(Z)\H*. For p > 2 the answer is g =
1+ (p* = 1)(p - 6)/24.
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3.2.2. Let A =240 77 03(n)¢" and B = =504 77 | o5(n)¢". Cite Ex-
ercise 1.1.5 to show that (60E4(7))® = (647'2/27)(1 + A)® and A(r) =
(647'2/27)((1 + A)® — (1 + B)?). Consequently j(7) = 1728(1 + A)3/(34 +
3A%+ A% —2B— B?). The numerator lies in 1728(1+¢Z[[q]]), where the double
brackets denote power series. In the denominator 342 and A% and B? lie in
1728¢2Z[[q]], and since d® = d° (mod 12) for all integers d, also 34 — 2B lies
in 1728¢(1 + ¢Z[[g]]).

3.2.3. We may assume I' = SLy(Z). For weight-2 SLo(Z)-invariance use
the chain rule relation (j o) (7) = 7/ (v(7))y (7). Also remember to check
meromorphy at co. Show that (j')*/2 € Ax(SLy(Z)) for positive even k.

3.2.5. The group is the matrices [} #] such that £a [} #]a™t € I (4).

3.5.3. For the last part show that for all £ € Z, multiplying by the cusp
form A defines an isomorphism My (SLa(Z)) — Si4+12(SLa(Z)).

3.5.5. Recall Exercise 3.5.4(b) with N = 11.

3.7.1. (a) Suppose v € SL2(Z) has order 4 or 6 and fixes the point 7 € H,
and suppose 7! = aya~! with a € GL3 (Q). Then y~! fixes a(7), so a fixes
T since a takes H to H and the other fixed point of y~! is 7. Thus o € (v)
and y~! = 4, contradiction. For (c), recall Proposition 2.3.3.

3.7.4. The bottom entry of u ®, l = (al + ¢v) [y ] works out to ccyx + (a +
cdy)y. Use information about ¢, and d, to show that this is 0 (mod N).

3.7.5. (b) For period 2, the ring A = Z[i] is a principal ideal domain and its
maximal ideals are

e for each prime p = 1 (mod 4), two ideals J, = (a + bi) and J, = (a — bi)
such that (p) = J,J, and the quotients A/.J¢ and A /j; are isomorphic to
Z/p°Z for all e € N,

o for each prime p = —1 (mod 4), the ideal J, = (p) such that the quotient
A/J¢ is isomorphic to (Z/p°Z)? for all e € N,

o for p = 2, the ideal J, = (1 + i) such that (2) = JJ and the quotient
A/ J§ is isomorphic to (Z/2¢/2Z)? for even e € N and is isomorphic to
Z/2(et0/27, @ 7,/2(¢=D/2Z for odd e € N.

3.7.6. (a) This is another elementary number theory problem. Use the Chi-
nese Remainder Theorem to reduce to prime power N, and then see what
happens when you try to lift solutions modulo primes p to solutions modulo
powers p°.

3.8.1. (a) The numerator and denominator linearly combine back to a and

c under vy~ 1.

3.8.2. (b) Since the summand (N/d)¢(d)p(N/d) is multiplicative in d, the
sum is multiplicative in N, so it suffices to take N = p°.
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3.8.7. Since I'(4) is normal in SLy(Z), and since the cusp oo is regular, all
cusps are regular. See Exercise 5 of Section 3.2 for the argument that s = 1/2
is an irregular cusp of I'1(4). Checking the cusp s = 0 is similar.

3.9.1. Since the calculations involve only one value of N such that —I belongs
to the groups, only one irregular cusp, and only one nonzero value of €5, the
formulas for even k£ and odd k usually agree.

Chapter 4

4.2.4. (b) Since T is a point of order N, ged(ged(ey,d,), N) = 1.

4.3.1. If x is nontrivial then replace n by ngn in the sum for some value ng
such that x(ng) # 0. The second relation is proved similarly since if n # 1 in
(Z/NZ)* then the proof of duality shows that x(n) # 1 for some character x.

4.3.4. (a) This is a standard result from representation theory. To do it
without citing anything, for each character x : (Z/NZ)* — C*, define the

operator
1

™= 5N > x(d) )
de(Z/NZ)*
on My(I(N)). Show that 73 = 7, so m is a projection; show that

Ty (Mp(I1(N))) € Mi(N,x) and that m, = 1 on M(N,x), so the pro-
jection is on My (N, x). Show that >° m, =1 and that m o7y = 0 when
X # X, so the subspaces My (N, x) span and are linearly disjoint.

4.4.1. For (b), change variables to get a Gaussian integral. For (c), integrate
by parts.

4.4.2. Compute that
(—2mi)* 25k (—1)k/2

2(k) — (1-3-- ( 1))(1 2 (5 - 1))
1ok _
r(3) _ TIN5
- _x
(=3)(=3)--Bhaer(3) R (3)
4.4.5. For (c), Exercise 4.4.4 and fact that ((s) has a simple pole at s =
1 with residue 1 show that L(1y,s) ~ ¢(N)/(N(s — 1)) as s — 1. And

(14 (=1)7*)/(s = 1) = (e7™* — e~ ™) /(s — 1) is a difference quotient for the
derivative of e~ at s = 1. For (d), compute that

N-1 0o
_ _ 1
D XETHLLX) = >0 X7 X0 xm) Y
X#1IN XF1Nn (mmi)l_l d=0

EES s )

X#1N



9.6 Galois representations and Modularity 407

The inner sum is ¢(N) — 1 if m = n (mod N) and —1 otherwise. The middle
sum is taken over ¢(IN) values of m, so now

. 1 o) N-1 1 1
D XL = 5D — (n/N+d_m/N+d>’

1 d=0 m
X#1n (m.N)=1

where in this calculation the equivalence class n (mod N) and its representa-
tive in {1,..., N —1} are identified. Replacing n by —n and its representative
by N —n gives

B 1 oS N-1 1 1
- > x((-n) 1)L(17X):ﬁz > <n/N_d—1+m/N+d>'

X#1n d=0 m=1

1 _ _ iy s
Thus the sum ) X;N(X(n B = x((=n) ™M) L(1, x) in ¢™(1) is

1 & 1 1
N;}(n/N—l-d_'—n/N—d—l)'

This is

1§°: 1 N 1 N 1 1
N~ n/N+d+1 n/N-d-1 n/N+d n/N+d+1

1 | 1 1 1 1 ™m
=N [Z (n/N+d+1+n/N—d—1>+n/N] =y eot(y)

d=0

4.4.6. Use the expression for I" in the exercise and switch to polar coordinates
to get
/2

2 . —
e p2atb=1) rdr/ cos?* 19 sin?*~1 9 d6.
6=0

Let © = cos? 6.

4.5.3. (c¢) For each character ¢» modulo d where d | N, Lemma 4.3.2 shows
that half of the characters ¢ modulo N/d combine with 1 to meet the parity
condition unless N/d = 1 or N/d = 2. For the exceptional values d = N and
d = N/2 (if N is even), for each character ¢ modulo N/d, Lemma 4.3.2 shows
that half of the characters vy modulo d combine with ¢ to meet the parity
condition unless d = 1 or d = 2. Thus |By k| = (1/2) > ¢(d)p(N/d) for N 14,
as required by formula (4.3). For the exceptional cases, count that | By x| for
even k is 1 when N =1, 2 when N = 2, and 3 when N = 4, and that |By |
for odd k£ is 0 when N =1 or N = 2, and 2 when N = 4. Again these match
formula (4.3).
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4.7.3. Cite the Monotone Convergence Theorem from real analysis, the fact
that absolute integrability implies integrability, and the Dominated Conver-
gence Theorem from real analysis.

4.7.5. (c) Let z = ee'® and bound the absolute value of the integral by a
quantity of the order |e571|.

4.8.2. This is very similar to Exercise 1.4.1, but integrate Z4 over t + P
instead.

4.8.7. For (b) See Figure 3.4 and Theorem 3.6.1. For (c), My(I1(4)) =
C EXY! where  is the nontrivial character of (Z/4Z)*. A basis of M3(I';(4))
is {EXTY E3'Y . A basis of My(Ih(4)) is {E; ", EpY? E}Y ). Here all
three basis elements contribute to (7, 8).

49.1.f (2) is uniformly approximated within € by an integral over a compact

subset K of R!. In the integral f(x + dz) — f(x), note that e~ 2mi{v.z+0z) _
e 2milyw) — =2mily,m) (e=2miy.0%) _ 1) and if dz is small enough then the
quantity in parentheses is uniformly small as y runs through K.

4.9.3. (b) The square of the integral is ff ~m(@*+¥*) 4z dy. Change to
polar coordinates.

4.9.4. The Fourier transform is f(x) = fy"io y*1e2™w(T—2) dy Replace y
by z/(—2mi(T — x)), going from 0 to oo along a ray in the right half plane.

The resulting integral equals a gamma function integral by complex contour
integration.

4.9.5. (b) I'(s) is the Mellin transform of e~*. Use part (a).
4.10.2. Compute that

/ f(yvr)e’%““)dy:/ Fly)e 2y /ma) qyn =1 fry
yeR? yeR?
:r—2/ f(y)e—2m<y,m”/r>dy.
c€R?2

4.10.3. For nonzero T € G, note that ,u<x €8 7£ 1lfor j =1o0rj =
2 Where the e; are the standard basis vectors, and that >, szS) =

ze] Z ,uxvs so the sum is 0.

4.10.5. (a) For the first part, show that 3, a(u)b(u) = 3, a(—v)b(v) in
general. For the second part, replace b by b.

4.10.6. (b) For k < 0, since fi(z) = f_,(x) and in general $(z) = @(—x)
(show this), it follows from f_j, = (—i)*f_j that fr = (—i)¥f as before.
Similarly since f_x(2S) = (—i) % f_x (), also fx(xS) = (—i)* fx(x) as before.
Note that hy(xt'/?) = hy,(2)tF1/2, that |ny| k=25 = y=k/2%s /|cr 4 d|~F+2s8)
and that hy(ny) = h_p(ny) = y*/?/(cT + d)*.
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4.10.8. For (a), recall formula (4.11). For (c), show that g(1)g(v)) = Du
1) =

(=
similarly to the calculation after (4.11) and recall that (p)(— (—1)*.

Chapter 5

5.1.2. Take integers Nj, Ny such that I'(N;) C G; for i = 1,2, and let
N3 =lem(Ny, No); use the fact that each [G; : I'(N3)] is finite.

5.1.3. Suppose that § and ' represent the same orbit in I't\Ials, ie.,
INg =Ip. Letting 8 = y1ay2 and ' = vjav) translates this condition into
aye € I'tav). Since f is weight-k invariant under I7, it quickly follows that
f18k = f18 k-

5.1.4. Set h =lem({h;}) where each g, has period h;.

5.2.5. (¢) If uv = N then t = 1 and part (b) holds for all p. Suppose p 1 N; if
t | n then use part (b),if tfnbut ¢ | np then p | t | N, contradiction and hence
this case can’t arise, and if ¢ { np then there is nothing to check. For n = 0
there is nothing to check unless ¢y = 1;. For (d), a,(E) = o1(n) —to1(n/t) and
an(TpE) = 01(np) = 1n(p)poi(n/p) — t(o1(np/t) — 1n(p)po1(n/(ip))) when
n > 1. If pt N then use parts (b) and (c). If p | N then the assumption is
t = p, N = p/. Verify the result for p { n and for p | n. Also verify the result
for n = 0.

5.2.7. (a) In the desired equality ((t+7)/pP)ZSZ = ((t+j)/p)Z+TZSZ
one containment is obvious, and for the other note that 7 = p(7+j5)/p—j. The
groups (Npt +p)A[7IG ™ (pr) and A,, are equal by an argument in Section 1.5,

P

and multiplying through by 1/p gives the second desired equality of groups.
5.2.8. Recall the proof of Lemma 2.3.1 and Lemma 2.3.2.

5.3.1. Checking n = p is straightforward. For e > 1 show that Mp.- M, =
Mpe if p | N and Mye-1 M, = Mye U [82] Mye—2 if p + N, and the result
follows for n = p°. When ged(m,n) = 1, My, isn’t quite M,,M,, but since

[31] € I'h(NN) the difference doesn’t affect the weight-k operator.

5.4.1. (a) Start by writing © = (7 +7)/2, y = (t — T) /21, and recall that in
the algebra of differential forms, drdr = d7d7 = 0 and d7 dT = —d7 dT.

5.4.3. If the unions SLy(Z) = J({*I} ey, {£I} T = J{EI})B; are
disjoint then so is SLo(Z) = Y{E£I}H) 6.

5.4.4. Let SLo(Z) = U, I'B; so that also SLo(Z) = U, ; I35

5.5.1. (c) Use Proposition 5.5.2(a) for the first part.



410 9 Galois Representations

5.6.3. (a) Add a parenthesized subscript to the Hecke operators to denote
level. Checking the diagram reduces to showing that for f,g € Sp(I'1(Np~1)),
(1) Tovpiyf = Ty f and (2) (Tovpny9) gl = Towy (glaple)-

For T' = (d), show that if v € I'1(N) has bottom right entry d then (1)
since also v € IH(Np~1) it follows that (d)np-1) is (d) () restricted to level
Np~'; and (2) since apyay, ! € Io(Np~') has bottom right entry d as well, it
follows that (d)(np,-1) is [ap] ~(d) () - [a, ]k (composing left to right).

For T' = T, show that (1) T, (np-1) is Ty () restricted to level Np~1;
and (2) if g € S(Np~1,x) for some character y : (Z/Np~1Z)* — C*, then
glaplk € Sk(N, x) where x is now lifted to (Z/NZ)*. Use Proposition 5.2.2(b)
to show (Tp/y(prl)g)[ap]k = Tp’,(N)(g[ ]k)

(b) Going down and across takes (f, g) to >, f[{ hk—I—Z gl[p 9] { p}]k

(this relies on p | N); at level Np~! the first sum is T, f — ((p) f) [ regardless
of whether p | Np~; the second sum is Y g[[§ p] (57 1]k which is pF~1g.
Going across and then down gives the same expression.
(e) Show that w(n) f = (wnp-1)f)[aplk and win) (gleglk) = P* 2w (np-1)9,
and now checking the diagram is straightforward.
5.7.2. If 75 = [3?} € I; then detyo, = 1 and v, = [(1)[13] (mod N) and
B =kN/d for some k € Z. Write k = gd + b, 0 < b < d, and compute

1-bN/d| |apf—abN/d]|can
o 1 | T |y d6—bN/a| "

Then dety; = 1, and 3 — abN/d = (1 — «)bN/d (mod N) = 0 (mod N),
and § — vbN/d = 1 (mod N), so 3 = I (mod N). Thus v, € I'(N) and
Y2 € I(N) [ PN/4]. For uniqueness, the coset I'(N) [} */?] has its upper
right entry (mod N) determined by b (mod d).

5.7.4. If w is a projection then so is 1 — 7. If m; and w9 are commuting
projections then ker(mimy) = ker(m;) + ker(ms) (one containment is clear;
for the other, write x = y + z where y = ma(z) and z = x — y and show
y € ker(m), z € ker(my)). If w is a projection then = € im(7) if and only if
n(z) = x (if 2 = 7(y) then 7(x) = 72(y) = 7(y) = z), and it follows that
ker(1 — 7) = im(n).

5.7.5. For example, the right side summand in Theorem 5.7.5 is

Sk(I''(N/p)) = SK(I(N))T N/»)/T ()
Sk(F(N)) g T/ T ) DM (01 /T (0
= Sp(L(N))His 1XHAED by Lemma 5.7.6
= SN

5.7.6. Setting V = S (I'(NV)) isn’t enough since the proposition requires V
to be irreducible.
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5.8.3. (b) Proposition 5.8.5 describes the Fourier coefficients of f, with x
the trivial character modulo 11. Formula (5.4) describes the Tp-action on
S2(I0(88)) but here x is the trivial character modulo 88.

5.8.4. By the methods early in the section, if a;(f) = 0 then f = 0 and if
a1(f) # 0 then normalizing to ai(f) = 1 gives Tp,f = a,(f)f for all n € Z™.
Let f = g+ h with g old and h new. Applying T), gives a,(f)f = Tng + Tnh,
and since T;, preserves the decomposition of S;(I'1(N)) as a direct sum of old
and new subspaces necessarily T,g = a,(f)g and T,,h = a,(f)h. Similarly ¢
and h are (n)-eigenforms for all n € Z*. Thus g and h are eigenforms with
T,.-eigenvalues a,(f). If h = 0 then f = g is old. If h # 0 then again by the
methods early in the section a;(h) # 0 and T,,h = (an(h)/a1(h))h, showing
that a,(f) = an(h)/a1(h) and thus f = h/a;(h) is new.

5.9.1. (a) See the more general argument in Section 5.4.

5.9.2. First consider the product over a finite set of primes and the sum over
n divisible only by these primes.

5.11.2. For (a), let T, f = a, f and compute that
ap(f, [) = (T, [, 1) = ([, T f) = ap(f, ).

For (b), if b, = a, for all p then Proposition 5.8.5 shows that EZ”"Q/Q —fis
constant, making it the zero function, but this violates the linear disjointness
of Sk (I'1(N)) and & (I1(N)). For (c¢), compute similarly to (a) that

ap(EY?, f) = (BP9 Tr f) = (T,E %, f) = by(EL 7, f).

For (d), use Proposition 5.5.2(a) and then Exercise 5.4.3.

Chapter 6

6.1.3. If deg(f) = 1 then there is no ramification.

6.1.4. By Proposition 6.1.4 p(z+4,) = mz+ A for some row vector m € CY
such that mA, C A, and m # 0 since ¢ surjects. Thus ker(p) takes the
form V + A, where V. C C9 is a vector subspace of dimension g — 1. On
the other hand im(f) contains ffo for all x € Xo(N). This includes Oy, (ny so
Op € im(p o f), and span(im(f)) = Jo(IN) by Abel’s Theorem so im(f) can’t
be a subset of ker(yp). This makes ¢ o f a nonconstant holomorphic map of
compact Riemann surfaces, therefore a surjection.

6.2.2. (a) The result is clear on the subset Y’ of Y defined later in the section.
Since normy, f extends continuously to Y as a function to C it is meromorphic.
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6.3.1. (a) Regardless of whether the weight-k operator in general is defined
by (fla]x)(r) = (deta)®j(a, 7) "% f(a(r)) with e = k — 1 or with e = k/2,
the exponent is e = 1 for k = 2. The diagram says that g(a(7))d(a(7)) =
(g9le2)(7)dr for g € So(I'y), and this is easy to check for any g : H — C.

6.4.1. By definition of r as a resultant, r(u) = 0 if and only if there exists
some ¢ such that ¢(t,u) = 0 and ¢(¢t) = 0, and by definition of ¢ as a resultant,
there exists some ¢ such that ¢(¢,u) = 0 if and only if there exists some s such
that p(s) = 0 and u = s + t. Thus r(u) = 0 if and only if there exist s and ¢
such that p(s) =0, ¢(t) = 0, and w = s + ¢t. In particular, r(a + 8) = 0.

6.4.3. If a« € ZN Q then a = s/t with ged(s, ) = 1 and t"p(a)) = 0 for some
monic polynomial p with integer coefficients. This last relation implies ¢ | s,
so t = 1. The other containment is clear.

6.4.4. Each algebraic number « satisfies a polynomial ™ + (¢ /d)x™ ! +
o4 (en/d) with ¢1, ..., ¢, d € Z. Consider d"a.

6.5.2. For each d € (Z/NZ)* take two primes p and p’ both congruent to d
modulo N. Use formula (5.10) with r = 2 to express x(d) in terms of a,(f),

apz(f)v ap’(f)’ and ap’z(f)'

6.5.3. For the first isomorphism, if ¢ € (M/JM)" then the map ¢ :
m — p(m + JM) is an element of M"[J], and if ¢»p € M"[J] then the
map ¥ : m~+ JM — Y(m) is a well defined element of (M/JM)". Show
that ¢ — @ and @ — 1 invert each other and that either of them is a T¢-
module homomorphism. The second isomorphism follows from the first since
a finite-dimensional vector space is naturally isomorphic to its double dual.
In particular, if ¢ + JM”" € M”/JM”" then the restriction ¢ = |y is the
corresponding element of M[J]".

6.6.5. (a) Taking ¢ € J;(N) and omitting cosets from the notation, ((¥y,, o
Tp)e)(f7) = ne((Tpf?) o n) while ((ap(f) © Wyn)@)(f7) = np(T,(f7 0 n)).
These are the same by Section 5.6 since p{ N.

(b) Stack (6.19) on (6.20), show that the outer rectangle commutes, com-
bine this with the top square commuting and isogenies surjecting to show that
the bottom square commutes.

Chapter 7

7.1.4. (b) Substitute the relation y = Ax+p into (7.1) to get a cubic equation
42% — \22% + ... = 0. Show that the roots are xp, z¢g, and r as in (7.3). Also
letting s be as in (7.3), the sum P + Q = (r, s) agrees with (7.2).
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7.2.3. (a) Since ¢ is a combination ), fip; where the f; are polynomials, use
the product rule and then the fact that ¢;(P) = 0 for all 5. (¢) If Do E(P) # 0
then (0,1) ¢ T,(£), so T,(€) is spanned by some (a,b) with a # 0. Thus
r—xp+m? can serve as the dual basis under the pairing. (d) One containment
is clear. For the other, suppose s € mp N Mz%- Then s = r/t where r € mfp
and t € k[C] — mp. Since mp is maximal, 1 — tv € mp for some v € k[C].
But s = s(1 — tv) + rv, showing that s € m%.

7.3.2. Renotate {vp} as {v1,...,un} and use induction on N. The case
N = 1is clear since v1- is a subspace of codimension 1. For the induction step
suppose some ay_1 satisfiesay_1-v; Z0fori=1,... N—1.Ifany_1-o5 #0
then there is nothing to show. Otherwise take some u such that - vy # 0
and consider vectors ay = u — kan_1.

7.3.4. (a) Let Fi(z,y) = (F(z,y)—F(x,—y))/(2y) and F3(z,y) = (F(z,y)+
F(z,—y))/2. These are both invariant under y — —y, making them functions
of z.

7.5.1. (c) First evaluate the limit termwise and then convince yourself that
doing so is justified.

7.5.3. (c) For the first part, fo(I'(N)oo) = w while (fg o) (I'(N)oo)
is strictly smaller if v ¢ IH(NN). Geometrically, as Im(7) — +oo so that
j — oo, the universal elliptic curve is degenerating to the singular curve
y? = 423 — 272 — 27, whose singular point (—3/2,0) is an isolated point of the
curve’s real points. All N-torsion points coming from complex torus points
(e + d)/N with ¢ # 0 (mod N) go to the isolated point as Im(7) — +oo,
but the N-torsion points coming from complex torus points d/N stay on the
other real piece. Section 8.1 will discuss singular curves such as this one. For
the second part, the formula before the display shows that jy is «-invariant if
and only if j is 7/-invariant. Clearly 4’ has rational entries and determinant 1.
If v € SLy(Z) then j is v/-invariant. If o' ¢ SLo(Z) then it identifies points
that are incongruent under SLo(Z), because any 7 € H such that /(1) = §(7)
for some § € SLy(Z) satisfies a quadratic equation over Q. But j takes a
different value at each point of SLy(Z)\H, so it is not 4/-invariant. Thus jy is
~-invariant if and only if 4" € SLy(Z), and it follows quickly from the display
that this condition is v € I'H(N).

7.5.4. First compute j for the curve y? = 423 — g5 (7)x — g3(7) obtained from
the map (g, p’). Since the curve E; differs from this curve by an admissible
change of variable it has the same invariant.

7.7.1. Since jy = j(E;/(Q-)) and since fy = z((Q-)) is the sum of the finite
z-coordinates of (Q.), it follows that j§ = j(E;/(QZ)) and f§ = x({(QZ)) for
o € Hqg. In both cases the results obtained over C show that the fixing
subgroup is the subgroup that preserves (Q.), i.e., Q2 = dQ, for some d.
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7.8.1. (b) Since £(P) = 1 and L(P) contains k, L(P) is no more than k. Thus
there is no function with a simple pole at P. Any set of elements with distinct
valuations at P is linearly independent, by properties of the valuation. Thus
the linear relation at the end must involve at least one of X2 and Y? since
the other five elements are linearly independent. Take the coefficient of X3 to
be 1 and the coefficient of Y2 to be a. Substitute aX and aY for X and YV
and then divide by a3.

7.8.2. (a) The group law is (o, P)(¢’, P') = (00’,0'(P) + P’). Check that
(0. P)(o', P')f) = (0 P)(o", P') .

(b) The semidirect product acts on constant functions in K as H since
translating the variable has no effect. Showing that K N1 = k’ in fact shows
K Nk’ = k’ by the nature of the rest of the configuration.

(d) Write the restriction of i as 1(E)7*¢ — 1(E).

7.8.4. pohoyp = po[deg(p)] = [deg(p)] o ¢ since ¢ is a homomorphism.
Since ¢ surjects it cancels on the right, giving the result.

7.8.5. Take a point Q € E’ and any point P € F such that ¢(P) = Q. Then
at the level of divisors, ¥.((Q) — (0g)) = ([deg(v)]P) — (0g) while since ¢ is
unramified,

e (Q - 0p)= Y (P+R - Y (R).

Reker(p) Reker(p)

These are not equal, but their difference satisfies the characterization of prin-
cipal divisors in Theorem 7.3.3 since deg(¢) = | ker(y)], so their classes are
equal in Pic’(E).

7.9.2. (a) wy : Xo(N) — Xo(N) given by I'o(N)1 — Io(N)7' is a holo-
morphic map of compact Riemann surfaces. By Section 7.3 it can be viewed
instead as a morphism over C of algebraic curves over C. Its pullback is
wy + C(Xo(N)) — C(Xo(N)), a C-injection of function fields over C. By
Section 7.5 this is wy : C(j(7),jn(7)) — C(j(7),jn (7)), taking j(7) to
j(r') and jn(7) to jn (7). If j(7') and jy(7') are in Q(j(7),jn (7)) then it
restricts to wy : Q(J(7),in (7)) — Q((7), i~ (7)), a Q-injection of function
fields over Q. This is w} : Q(Xo(N)alg) — Q(Xo(IN)aig) by Section 7.7, and
now Theorem 7.2.6 gives wn : Xo(IN)alg — Xo(IN)alg, @ morphism over Q
of algebraic curves over Q. For the last part, compute that j(7') = jx(7) and
in(7') = j(7).

(b) A point of XO(N)ZII';“"“ is (j,x) € 62 such that po(j,z) = 0. The map
is [E,C] = (§(E),z(C)) where z(C) is the sum of the z-coordinates of the
nonzero points of C. For the second part, recall Exercise 1.5.4.

7.9.3. (b) The full extensions have the same Abelian Galois group. The
upper and lower Galois extensions on the left inject into the ones on the right,
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so the extension degrees must match. Now use the fact that the Galois group
is cyclic.
(e) Compute

fi(p7)7 = 2(Qr N)7 = 2(QF §) = 2(0(Qrnp)7) = 2(¢7(QF np))
= 2(£p(Qr,np)) = f1(pT),

the second-to-last step using parts (b) and (d) to show that p(Q7 y,) =
o(Qr,Np)-

7.9.4. Consider the map [N] : E — E and recall that the structure
of Ec[N] was established in Chapter 1.

Chapter 8

8.1.1. (b) Consider the matrices

w2 0 r
suZudt
0 01

For (c), the condition implies v = w?. Take u = w/v. For (e), take r = —3/2,
5 =13v/2/2,t =0, and u = i3+/2.

8.1.5. (a) If char(k) # 2 then we may take a3 = a3 = 0 and so P = (z,0)
where z is a repeated root of a cubic polynomial over k. If char(k) = 2 and
a1 # 0 then z = a7 'az and y = a; * (22 + a4). If char(k) = 2 and a; = 0 then
use the fact that every element of k is a square.

8.2.1. For uniqueness, the ¢ — 1 nonzero elements of such a subfield satisfy
x4t =1.

8.3.1. Recall that 1728A = ¢} — c2.

8.3.2. (a) Since A7, = A/u)? and v, (A}) < v,(A) it follows that v, (u,) > 0.
If v, (up) = 0 then we may take u, =1 and r, = s, = t, = 0, so now assume
vp(up) > 0. Since vp(a;) > 0 and vp(aj ) > 0 the formula @ , = (a1 +2sp)/up
shows that v, (s,) > 0. (Note that for p = 2 this requires v (uz) > 0.) Similarly
the formula ah, = (a2 — spa1 + 3r, — s2)/u2 shows that v,(r,) > 0, and
a,, = (a3 + rpar + 2t,)/ud shows that vy (t,) > 0.

(c) For each p | A let r, = p*»my/n,. Then vy(r — ry) = vp(nyr — pemy,)
for » € Z. The congruence n,r = p®m, (mod p®»®)) has a solution
7 (mod p%»(), and thus v,(r — r,) > 6v,(u). The Chinese Remainder The-
orem gives an integer r simultaneously satisfying the condition for all primes

p| A.

P
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8.3.3. (b) If the a; and the a} are integral then so are the b; and the b;. The
relation by — by = 12r shows that v,(r) > 0 for all primes p except possibly
2 and 3. If v3(r) < O then the relation v3(bg — bg) > 0 is impossible, and
similarly for 2 and b} — bs.

(c) The relation +a} — a1 = 2s shows that v,(s) > 0 for all primes p
except possibly 2, and the relations v(s) < 0 and a) — ay = —sa; + 3r — 82
are incompatible. Similarly for ¢, using the relations between +aj and ag, and
ag and ag.

8.3.5. Show that a,(E) = 0 (mod p) if and only if |E(F,e)| # 0 (mod p) for
all e > 1. By Theorem 8.1.2 this holds if and only if E(F,-) N E[p| = {0g} for
all e > 1, and this in turn holds if and only if E[p] = {0}.

8.3.6. (a) The discriminant is —2433 and ¢, = 0. Recall Proposition 8.1.3.

(b) If 23 = 1 and x # 1 then 2? + x + 1 = 0, impossible in F, when
p = 2 (mod 3) by Quadratic Reciprocity. So as = runs through F, so does
x3 — 1, giving one point (z,y) on the curve for each y € F,. Remember 0g as
well.

(¢) For the first displayed equality, remember Og. For the last part, re-
member that f is cubic.

(e) The reduction is ordinary for p = 1 (mod 4), supersingular for p =
3 (mod 4).

8.4.1. (b) For the first part, 3 = & for some a € Z, this a satisfies some
monic polynomial f € Z[z], and so (3 satisfies the monic polynomial g = f €
(Z/pZ)[zx] obtained by reducing the coeflicients of f modulo p,

9(B) = f(a) = f(a) =0z =0z,
For the second part, since f(x) = [[(x — ;) in Z[x] it follows that g(z) =
[1(z — &) in (Z/p)[z].

8.4.3. Since we don’t have a valuation on Q, one method is to work in the
number field K generated by the Weierstrass coefficients and the change of
variable parameters, arguing as in the proof of Lemma 8.4.1 that this field has
a valuation and then continuing as in Exercise 8.3.3(b,c). Another method is
to use the lemma itself as follows. The conditions u € ZZP) and u?by, —by = 12r
show that r € Z, unless p lies over 2 or 3. If » ¢ Z(,) then 1/r € pZ,) by
the lemma and the union Z(P) = pr) Upz(p). If p lies over 3 then the relation

uSbl — bg = (2b4 /1% + by /1 + 4)r®

gives a contradiction since the left side lies in Z(p) and the first factor on the
right side lies in Zzp), but 73 ¢ Z(p). If p lies over 2 then use the relation

uBby — bs = (3bg /1> + 3ba/r? + ba /7 + 3)rt.

Sore Z(p). Argue similarly for s and ¢.
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8.4.4. (c) Recall Exercise 8.3.6(e).

8.5.1. I = ({pei}, p(p¢ — 1), {(p¢ — )¢5 })-
8.5.2. (c) Part (b) applies with ¢ = 0.
8.5.4. I (g = (x1 + px3) works.

8.5.6. (¢) If yz € J and y ¢ J then z € Anng(zy), so (J,z) C Anng(zy),
contradicting maximality unless z € J.

8.5.7. (a) Let C be the curve and C; the nonempty affine piece. Then P €
C — C; if and only if (z;/x;)(P) = 0 for some j # i, but each x;/x; (where
x; is not identically 0 on C) has a finite set of zeros.

(b) This is immediate from (a) since the projective curve is infinite.

8.6.1. Taking [E;, Q] across and then down gives (7, z(Q)) and then (j, x ))

Taking it down and then across gives [Ej7 Q] and then (j(E i), 2(Q 0)). These
are the same.

8.7.1. Let ' = E/C and Q' = Q + C. Let ¢ : E — E’ be the quotient
isogeny, so that Q" = ¢(Q). Properties of degree and the calculation ker(@) C
ker([p]z) = E[p] = {0} combine to show that ¢ =i o op where ¢ : Eo» — B
is an isomorphism taking Q"P to Q’ The first equality follows. The second
is shown similarly using the dual isogeny %, citing Proposition 8.4.4(b), and
applying o, 1 to the coefficients of the resulting isomorphism % in this case.

8.7.2. (a) For the first diagram, going across and then down takes [Ej, Q)
to [E;-TP,Q"P] and then to (j(E;P),ac(Q"P)), while going down and then
across takes it to (7,2(Q)) and then to (j°7,z(Q)°?). For the second dia-
gram, going across and then down takes [Ej, Q] to p[E;” ,Q”;l] and then to

U _
p(I(E;" ), z(Q% 1))7 while going down and then across takes it to (j,2(Q))

and then to p(j"v_1 , x(Q)(’P_l ), cf. (8.15). In both cases the results are the same.
(b) There is a birational equivalence h from X;(N)Pnar to X (N) as
described in Theorem 8.6.1. Consider the diagram

Div® ()?1 (N)planar) Tpox s Div® ()?1 (N)planar)

h{ lh*

Div? (X, (V) —— Div® (X, (V)

and recall formula (8.17). The map across the bottom row descends to Picard
groups. The other diagram is similar by formula (8.19).
(c) Set up a cube diagram as in the section, but with (d) and (d). across

the top rows and with the reductions (d) and (d), across the bottom rows.
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Thus the bottom square is diagram (8.39). Explain why all the other squares
of the cube commute and why the map from the top front left to the bottom
front left surjects. Complete the argument.
(d) Combine the second diagram from part (b) with diagram (8.39) to get
a commutative diagram
' (d)

.0/ PO, .0 (d 0,3
Div”(S1(N)) —— Div"(S1(N)") —— Div (S1(N)")

N

Pic’(X1(N)) —— Pic’ (X1 (N)) —— Pic®(X1(N)).
Along with the first diagram from part (b) this gives (8.34).

8.8.1. (a) Pic’(Xo(N)c) is generated by the image of Xo(N)¢, and the third
stage of B¢ is an isomorphism.

Chapter 9

9.1.1. The extension Q(d'/3)/Q is not Galois but the extensions F/Q(d/?),
F/Q(us), and Q(us)/Q are. Recall from Exercise 8.3.6(b) that if p =
2 (mod 3) then every a is a cube modulo p.

9.2.1. (b) A basis of the product topology is the subsets S =[], S, where
Sp = Z/"Z for all but finitely many n. Each C,, is the subgroup of compatible
elements, naturally isomorphic to Z/¢("Z.

9.2.2. Any nonidentity m € GL4(C) that is close enough to I takes the form
m = exp(a) where a € My(C) is nonzero, and m™ = exp(na) for all n € Z.

9.2.3. (a) Since A lies over £ it follows that A" NZ = ("' Z for some n’. The
condition £™ € A" is [T, A™* C A"*, and the unique factorization of ideals
in Ok shows that this holds if and only if m > n. Thus n’ = n. So the map
Z — Ok /A" has kernel ("Z, making Z/{"Z — Ok /A\"** an injection for
all n and A. This gives an injection Z, — Ox ) for all .

(b) The injection surjects if |Og /A**| = £" for all n, i.e., |Og /A = ¢,
i.e., 6)\f)\ =1.

9.3.1. Let U be any open normal subgroup. Then U(F) C U for some Galois
number field F, giving a surjection Gal(F/Q) = Gq/U(F) — Gq/U. This
shows that Gq/U = Gal(F'/Q) for some ¥’ C F, and so U = U(F’).

9.3.2. Consider any neighborhood U = U, (F) in Ggq. We want to find some
Frob, € U. This holds if Froby|g = o|r. But o|r takes the form Frob,, for
some maximal ideal of O by Theorem 9.1.2. Lift pr to a maximal ideal p
of Z.
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9.3.4. Take a neighborhood V of I in GL4(C) containing no nontrivial sub-
group, cf. Exercise 9.2.2. Let U = p~!(V'). As a neighborhood of 1 in Gq, U
contains U(F) for some Galois number field F. So p is defined on Gal(F/Q).

9.3.5. Let M = lem(N,N’), so plq(u,) can be viewed via the isomor-
phism (9.1) as a character x of (Z/MZ)* that factors through (Z/NZ)*
and (Z/N'Z)*. Since x(n mod M) is trivial if n = 1 (mod N) and if
n =1 (mod N’) it follows that x is defined modulo ged(N, N').

9.3.7. (a) I is a d-dimensional topological vector space over L. The groups
GL4(L) and Aut(L?) are naturally identified. Since p is continuous so is its
composition with vector-by-matrix multiplication,

L' x Gq — L4, (v,0) = vp(o).

Thus p makes I? a Gq-module satisfying the continuity condition of Def-
inition 9.3.4. On the other hand, any choice of ordered basis of V identi-
fies Aut(V) with GL4(L), and then the map Gq — Aut(V) gives a map
p : Gq — GL4(L). Specifically, the matrix entries are p(o);; = z;(e;0)
where the ordered basis is (e1,...,eq) and z; : V. — L is ) a,e, — a;.
Each p;; is a continuous function, making p a Galois representation as in
Definition 9.3.2.

(b) Equivalent representations p and p’ as in Definition 9.3.2 determine
G q-linear isomorphic G'g-module structures of L¢, and if V and V' are equiv-
alent as in Definition 9.3.4 then any choice of ordered bases B and B’ de-
termines equivalent representations as in Definition 9.3.2. Also, going from p
to I and then choosing a basis B gives a representation p’ equivalent to p,
while on the other hand starting with V' and then choosing a basis to define p
gives I a Gq-module structure equivalent to V.

9.4.3. The isogeny E — E’ induces a map V;(E) — V;(E’). The map
is an isomorphism since the dual isogeny induces a similar map in the other
direction and the composite is multiplication by the degree of the isogeny, an
automorphism because Qg has characteristic 0.

9.4.4. (c) Since ¢-torsion contains an ¢-cyclic subgroup of points with rational
coordinates, pg , ~ [(1)%] where X7 : Gq — F> is the mod 2 reduction of
the cyclotomic character. Alternatively, the ¢-cyclic subgroup of points with
rational coordinates implies that ¢ | |E(Fy)], i.e., ap(E) =p+ 1 (mod £).

9.5.1. This follows from Lemma 9.5.2.

9.5.2. (a) Each Ky, acts on V¢, via i~!. The dimension is 2 because Vy , =
eaVi(Ar) 2 er(Kf®q Qr)? K?p/\ Apply each ey to any linear dependence
> v exvan = 0 to show that the sum ), Vy y is direct. The relation v =
Yoy exv for any v € Vy(Ay) shows that the sum spans Vy(Ay). The Gg-action
restricts to V¢ because it commutes with ey.
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(b) The first part is explained at the end of Section 9.2. For the second
part, pa, e is continuous, making Vy(Ay) x Gq — Vi(Ay) continuous, and
Vr.a is a Qg-vector subspace of Vy(Ay).

9.6.1. (a) Since conj has order 2 the only possible eigenvalues are +1. Recall
that det p(conj) = —1.
(b) Irreducibility immediately gives o with b # 0 and ¢’ with ¢ # 0. If
neither o nor ¢’ works then oo’ does. For the last part, conjugate by a matrix
of the form [ 9].

9.6.4. (a) To verify that the map is an embedding check the orders of the
elements by using characteristic polynomials to compute eigenvalues. This
also shows that the two elements of GLo(F3) generate a subgroup H of order
divisible by 24. Since Ay is the only order 12 subgroup of Ss, SLo(F3) is
the only order 24 subgroup of GLo(Fs), but the second generator of H has
determinant —1.

(b) The first statement follows from the end of part (a). Working modulo A,
compute for p{3M;Ng that

ap(f) = trps 5 (Froby) = trpg 3(Froby) = a,(E).

Since ¢ = detpy\ is a lift of detpp s = x3 (mod 3) from F5 to O it
suffices to consider the latter character, detpgr 3 = x3 (mod 3). This sur-
jects, making 1 quadratic, and since as a Galois representation it is defined
on Gal(Q(us3)/Q), as a Dirichlet character ¢ has conductor 3.

(c) Use results in Chapter 4 to evaluate the leading coefficient of the Eisen-
stein series.

(d) Since ¥(p) = p (mod A) the operators T, on S;(My,v) and T,
on Sy(Iy(My)) are congruent modulo A. This observation and part (c) show
that T,9 = T, f = a,(f)f (mod A). On the one hand the right side is congru-
ent modulo A to a,(E)g for all but finitely many p by parts (b) and (c), giving
the first statement. On the other hand the right is also congruent modulo A
to ap(g9)g = a1(Tpg)g for all p by part (c). The second statement follows.

(e) For all but finitely many primes ¢(7,) = a,(E) (mod M), and so T, —
a,(E) € ker ¢ = m, implying ¢'(T},) — a,(E) € ¢'(m) C N.

(h) The argument in Exercise 9.6.1 applies over any field whose character-
istic is not 2. Let L be a finite Galois extension of Q containing K~ and K.
Use Strong Multiplicity One to show that if o € Gal(L/Q) then (¢”) is the
newform associated to (¢')7; in particular if o fixes Ky then it fixes K.
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