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1 Review

Recall what are modular forms of level 1: for them, we consider the group I' = SLy(Z), acting
on the complex upper-half plane h = {7 € C | I > 0}.
If k € 2Z>, then f is a modular form on I' of weight £ if:

1. f: h — C is holomorphic.

2. f(=) = (er +d)* f(7) for all 7 € b and for all (Z Z) €' =SLy(Z).

ct+d

3. f is holomorphic at oo: it has a Fourier expansion f(7) = >_ -, anq", where ¢ = e,

We denote by M (C) the set of modular forms of weight & on I' = SLy(Z). This turns
out to be a finite-dimensional C-vectorspace.

Let M(C) oo Dr.coz., Mik(C) — C[q], which is a graded ring (the grading given by k).
Example. For k € 2Z>,, define the weight-k Eisenstein series as:
def —k
Gr(T) = Z (mT +n)
(m,n)€Z2\0

which is a modular form of weight k. Also, Gx(o0) # 0 (meaning that ag(Gy) # 0).
Define also the normalized Eisenstein series as:

def k!

Bl™) = g,

Gk(T)

where By, is the k™ Bernoulli number, given by the formula:

This is done so that:

where oj,_1(n) = Zd‘n dFt,
In particular, we give shorter names to some of these modular forms (this notation is due
to Ramanugjan):

de n
QY E =1+240)" o3(n)q" € Z[q]
RY By =1-504" os5(n)q" € Z[q]
Theorem 1.1.

1. The set {Q"R?}4ir6j—k (where i,j are taken always to be positive) is a basis for My(C)
(for all k > 0). In particular, My(C) = {0} and My(C) = C.
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2. M(C) ~C|Q, R] as graded C-algebras, where Q) has degree 4 and R has degree 6.
We have a map:
Mi(C) - C [+ f(oo) = ao(f)
and the space of cusp forms Si(C) is defined to be its kernel.

Example. The smallest-weight nonzero cusp form is:

de st n
A(T) g TT( - ¢ € S1u(C)
n=1
and one can write it in terms of @ and R as:
Q3 _ R2
1728

2 Modular Forms (mod p) of Level 1

Fix a prime p > 5. Write O o Zy N Q = Zyy. The ring O is local, with maximal ideal pO.
We have a canonical map O — IF,, and the following commutes:

O

[\

L, — F),

The kernel of the reduction map O — [, is exactly pO.

For k > 0 an even integer, define M (O) o {f € Mp(C) | f=>a,(f)g" € O[q]}, and

again, let M(O) &f > k>0 Mk(O) — O[¢g]. Note that @, R € M(O).

Write My, (F,) &of M (O) ®o F,, which is a finite-dimensional [F,-vectorspace.

Note also that, for each k > 0, My(F,) — F,[q]. Again, write M(F,) for the sum of
all My(IF,), seen as subrings of I, [¢]. This is no longer equal to @, , Mx(F,), as different
modular forms (necessarily of distinct weight) may have congruent ( (mod p)) g-expansions.

However, the ring M (F,) still has an [F,-algebra structure, and we’d like to investigate it.
We will call the elements of M (F,) modular forms (mod p) of level 1.

2.1 The Algebra Structure of M(F,)

First, note that we have a commutative diagram:

M(C)+——C[Q, R]

M(O)+*— 0[Q, R]

The map ¢ is defined by sending @ and R to their respective g-expansions (which have
coefficients in O, as we have observed earlier).
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Lemma 2.1. The map ¢ is an isomorphism of O-graded algebras.

Proof. We just need to prove surjectivity. The argument is quite standard, and we sketch it
here. We want to prove that, if f € M(O) is

= Z a;; Q'R
4i+6j=k
then a;; € OV(4,75). This is clear for £ < 10, and we proceed by induction to the case of

weight k. Write f = >~ - a,q". Then the form g ' 4pQ'I is a cusp form, where we
pick 7, 7 non-negative and such that 4i + 65 = k. So g € S(O), and so

% € My_15(0)

By the induction hypothesis,

i<(TT)) B Z bisQ'R*, b € OY(1, 5)

and then g(7) = A(7) Y. bi,Q'R°* € O|Q, R] because 1728 = 12% is a unit in O. So f(7) =
apQ' R + g(7) lies in O|Q, R] as well, as we wanted to prove. O

By reducing (mod p), we get another commutative diagram:

M(0O)+—0[Q, R]

Lo

M(F,) «“F,[Q, R]

To determine M (F,), it is thus enough to determine kert. For this, we introduce the
main tool used in its calculation.
Define, on C[¢], the derivation 6, given by:

gl 1 d _ d
- 2midr _qdq

In general, if f = > a,q" € M(C), then 6(f) = >_ na,q™ will not be a modular form.

Let P ¥ P, (following Ramanujan), which has g-expansion given by:
P=1-24> oi(q)q"
n>1

This is not a modular form (although it transforms well with respect to 7 +— 7 + 1, which
translates into it having a g-expansion). However, the following formula holds:

-1 127
P(—)=7P —
( T > TP+ 2mi

Define then 8 % 120 — kP, 9: M(C) — C[q].
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Lemma 2.2.
1. If f € My(C), then Of € Mj45(C).
2. O(M(0)) € M(0).
3. 9 is a derivation on M(O).

Proof. 1t’s a simple calculation (differentiate the transformation formula for a modular form,
and compare with how P transforms). O

_Again, by reducing, we get a derivation 9: M(F,) — M(F,), given by 9(f) = 120(f) —
kfP.

! We will use the classical fact that, for any prime p, B,_; € Q has p-adic valuation —1,
so that é,’p;_ll = 0 (mod pO). This already implies that F, 1 = 1 (mod pOl[q]), and hence
E, 1 =1¢€ M(F,).

Write A(Q,R) € O[Q, R] for the polynomial such that A(Q,R) = E, ;. Then, if
Y FolQ, R| - M(F,) is the previously defined map, it is clear that A — 1 € ker .

Theorem 2.3 (Swinnerton-Dyer). The kernel of v is the principal ideal generated by
A—1.

Proof. Ommitted. m
Corollary 2.4. We get the structure of M(F,):

M(F,) ~F,[Q, R]/(A(Q,R) — 1)

In particular, it is the ring of regular functions on a normal (hence smooth) curve in the
affine plane.

We have thus found a modular form “of weight p — 1”7 whose g-expansion is the constant
1. It is called the Hasse invariant and written A(Q, R) = E,_.

One can show that M (F,) has a grading by the group Z/(p — 1)Z, by noting that A — 1
is a homogeneous polynomial with respect to this group (because deg A = p — 1).

Consider now E,;;. By Kummer’s congruences, as p+ 1 =2 (mod p — 1) we have:

Byt By
2G(p+1) 2.2

(mod pO)

and both of them are units in O. Hence their inverses are also congruent modulo pO.
Moreover, o,(n) = o1(n) (mod pQO), as an easy argument shows, and therefore:

Epp1 = By (mod pO[q])

This implies that P is actually a (mod p) modular form!

Also, 12 is invertible in O, and hence the 6 operator becomes a differential operator in
M(F,), because it can be expressed as a linear combination of 0 and E,;.

In what follows, we will understand things more geometrically, as well as generalize the
(mod p) modular forms to levels N > 1.



3 Reinterpreting Classical Modular Forms (on C)

We consider again the level 1 modular group I' = I'(1) = SLy(Z). One can quotient out f
by I', and then compactify (by adding one point) both objects. We call Y (1) = o [(1)\b, and
X(1) LY Y (1) = I'(1)\b. Note then that both Y'(1) and X (1) are Riemann surfaces (and thus
smooth algebraic curves), and that X (1) is also compact (so a projective curve), while Y'(1)
is an affine curve.

Given f: h — C a modular form of weight k, define:

wr B F(2)d2%% € (21,0)% (b)

If v € ', then we can compute:

Vs = f(32)d(12)%% = (cz + d)F £(2) (%Ziz) (d2)% = w;

and hence wy is I'-invariant, so it can be seen as a differential on Y'(1):

k
wr € (Q%/a)/(c)@§ (Y'(1))
This module is actually the algebra of Kéhler differentials on Y (1) (recall that it’s an
affine curve!).
We now seek more ways of interpreting modular forms. For that, let R be the set of lattices
in C (that is, L C C is a lattice if it is a free Z-module of rank 2, such that L ®; R ~ C).
If L € R, then L = Zw, & Zwy, with wi,ws two R-linear-independent complex numbers.

Then C/L is a compact torus, and we can make it an elliptic curve by decreeting O L0 e
C/L.
Let now M = {(a1,az) € (C*)? | $(2) > 0}. We have a map:

po: M—TR

(a1, p) — Zay @ Zay

Note that ¢ is surjective. We have actions of various groups on each of the previously defined
sets, as follows:

e On M, I' acts by (CCL Z) (o, ) aof (ac; + bag, caq + daw), and C* acts by scaling.

e On R, C acts by scaling.

e On b, the group I' acts as described above.
Consider the map a: M — § sending (ay,as) — ok, and the map J: h — R sending

T+ L, ' 77 & Z. We have a non-commutative diagram:

M——R

NS



One sees that « is [-invariant, and also that ( induces an isomorphism h ~ R /C*.

Define now another set £, to be the set of isomorphism classes of elliptic curves over C.
We get then maps h — £ and R — &, by respectively sending 7 — E, = (C/L,,0) and
L~ (C/L,0).

Proposition 3.1. The map u: R — & factors through C* and induces an isomorphism
R/C* ~E&.

Proof. Surjectivity follows from the fact that, if £'/C is any elliptic curve, then F(C) ~ C/L
for some lattice L, which can be computed by fixing an invariant differential w on E, and

then:
Lz{/cﬂ’yé[ﬂ(E,Z)}QC
¥

For injectivity, if Ly, Ly € R are two lattices such that

C/Li £ C/Ls

then C is the universal covering space for C/L;, so ¢ can be lifted to a holomorphic map
¢: C — C, such that ¢(0) = 0. We get then that, for each z € C and I; € Ly,

J(Z —+ l1> — E(Z) - Lg

and, as L is discrete, this implies:

Y(z+ 1) —¢(2) = ¢ (a constant).

_T/aking its derivative, we see that El is invariant under L; and that it is holomorphic, and
so ¢» = b € Cis a constant. Hence ¢(z) = bz + ¢ for some ¢ € C and, as 9(0) = 0 we must
have ¢ = 0. So ¢(z) = bz, and Ly = bL;, as we wanted to show. ]

Also, the map 3 induces an isomorphism R/C* ~ I'\h, because two lattices L, and L.

440 for some (Z Z) € SLy(Z).

are homotethic if, and only if 7/ =

Consider now the set h x C, with its canonical projection p; onto h. Then I and Z? both
act on h x C, the actions on (7,v) € h x C given by:

(1,0) - (a,b) & (1,0 + a7 + b)

(Z 2) (r,v) % ((i Z) 7, (cr + d) M)

With these actions, the projection p; is I'-equivariant. Consider then the quotient E
(h x C)/Z?, together with the induced map p: E — b. Then, if 7 € b, we have that the fiber
above it, p~1(7) is isomorphic to E,.

If, further, we divide by I' on the left, we get E(1), which comes with a map to Y (1), and
which maps [E;] — [7].

Consider now a function F': R — C such that

def

FOAL)=X"F(L) YAeC*,VLeR
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Given such a “homogeneous” function, define f: h — C by

FO Y FRL)=FrZa7)

- ( 1+ ((aT +b)Z @ (cT + d)Z)) =F((er+d)7'L;) =
= (et +d)*F(L,) = (et + d)* f(7)

so that if, in addition, f satisfies holomorphicity on h and at oo, then f is a weight-k£ modular
form for I'.

Note that the set R is a fibration over R/C*, and we would like to work instead on a
fibration over £, say £', such that:

R/CX — €

For this, define £ to be the set of isomorphism classes of pairs (E,w), where E/C is an
elliptic curve, and w is a basis for H(E, 2}, /<c) (note that this has dimension 1, so w is just

any nonzero element of H°. The isomorphism is defined by:
(B,w)~ (E',w') <= 3J¢: E = E' an isomorphism such that ¢*w’ = w

We have an obvious map & — & which forgets w, and also there is a map R — &', which
to L associates the pair (C/L,dz) (z is the coordinate function on C). Note that, under this
map, if A € C*, then AL is mapped to:

[(C/(AL),dz)] = [(C/L, Adz)]
We thus can let C* act on £ compatibly, by setting
Al(B,w)) € [(B, )]

Again, for k an even integer, consider a function G: & — C such that G(E, \w) =
A FG(E,w) for all A € C*. A similar computation as before yields that the function g: h — C

defined by
def

9(1) = G((C/ L, d2)])

satisfies a modular transformation, and so it is (provided also the right holomorphicity con-
ditions) a weight-k£ modular form.
This is the right concept to generalize, and this is what we will do in the next section.
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4 Geometric Modular Forms “a la Katz”

We start right away with a definition that we will take as a basis for a vast generalization:

Definition 4.1 (due to N.Katz). Fix an integer k, and let Ry be a (commutative, unital)
ring. A modular form of weight k£ and level 1, defined over Ry is a rule, f, which assigns
to every pair (E/R,w) (where R is an Ry-algebra, E/R is an elliptic curve over R, and w is
a basis for H°(E, Q%E/R)) an element f(E,w) € R, such that:

1. f(E/R,w) depends only on the isomorphism class of (E,w).
2. f(E/R, ) =\Ff(E/R,w) for all A € R*.

3. f commutes with arbitrary base change. That is, if p: R — R’ is an Rg-algebra
homomorphism, and (E/R,w) is a pair over R, then we can consider the pair E'/R’ dof

E Xgpec(r) SPec(R) 2 Eand ' ¥ p*w. We require then that:
fE'/R W) = ¢ (f(E/R,w))

Remark. The last condition deals in some way with holomorphicity. For now, we still don’t
deal with the cusp at oo, but we will do it shortly (actually, the last condition ensures
meromorphicity at oo, at least).

Here is the goals that we set ourselves for this course:

e Generalize this definition for N > 1.
e What about holomorphicity at oo?

e Relate these notions to the classical definition (Ry = C).

5 Higher Levels (level-N Structures)

Fix now N > 1. We consider the congruence groups
L(N) CTi(N) CTo(N) C SLy(Z)

Suppose that £/C is an elliptic curve. Its N-torsion is

E[N] ¥ {P e E(C)| NP =0}
If E~C/L,then E[N]~ +~L/L ~ L/(NL) ~ (Z/NZ)?, and so E[N] is a free Z-module
of rank 2.
An isomorphism «: Z/NZ?* — E[N] is the same as fixing an (ordered) basis of E[N], and
such an isomorphism will be called a level-N structure on F£.

Definition 5.1. The set £(V) is defined to be the set of isomorphism classes of pairs (F, «),
where F/C is an elliptic curve, and « is a level-N structure on E. Isomorphisms of such pairs
are defined to be those isomorphisms of elliptic curves that preserve the level-N structure,
as one expects.
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We have a natural map:

b — E(N)
7 — (Er, (/N,1/N))

Note that, if v € I'(N), then 7 is sent to the same as 7. We thus get a map I'(N)\h — E(N).
This map is injective (but not surjective!). We will see that its image is. For this, recall
the Weil pairing:
(5 dweir: E[N] x E[N] — py

If ¢ is a primitive N*® root of 1, define the (-component of £(N) as:
E(N)¢ d:ef{ iso classes (E, (e1,€2)) | {e1,e2) = (}
One can then see that

EN) =] eV

CELN

(where we only consider those (’s which are primitive). In some sense (very imprecise, because

we don’t have a topology on it so far), £(IV) is “disconnected”.
Also, note that GLy(Z/NZ) acts on E(N) by

o-(E,a) def (E,a00)
This action induces an isomorphism:
E(N)¢ = E(N)caets
Claim. The map 7 +— (E,,(1/N,1/N)) defined above induces an isomorphism
DN\ =~ E(V),
(where we take Cy & e2™/N | and note that (/N,1/N)wen = Cx).

Remark also that, as all the components of £(N) are isomorphic, then £(N) can be
thought of as a union of (¢(V) copies) of I'(N)\b.

Next, define £(N)’ to be the set of isomorphism classes (F,w, «), where E/C is an elliptic
curve, w € H(F, Q}a/c)) is a basis, and « is a level-N structure. Again, we have an obvious

map E(N) — E(N).
Now, we may consider functions F': £(N)" — C such that, for all A € C*,
F(E, \w,a) = \X"F(E,w,a)
and again, the function f: h — C defined by
f(r) € F(E,,dz (7/N,1/N))
is ['(N)-modular of weight k.
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Definition 5.2. Fix N > 1, and k € Z. Let Ry be a Z[1/N]-algebra (this means exactly
that N € R;). A modular form of weight £ and level N defined over R, is a rule
which assigns, to every triple (E/R,w,«) as before (we take a to be an isomorphism of
group schemes, between the constant group scheme (Z/NZ)? and E[N], and note that such
an isomorphism may not exist for all R), an element f(F/R,w,a) € R such that:

1. f depends only on the isomorphism class of the triple.
2. f(E/R M w,a) =\"*f(E/R,w,a) for all A € R*.
3. Compatible with base change.

Remarks. e Let E/R be an elliptic curve over R (so it comes with a morphism ¢: F —

Spec(R)). On E, we have the sheaf Q}E/}b and we can push it forward to wp dof

0.0, IR Then wg, g is a coherent, locally-free sheaf of rank 1 on Spec R. Hence it is the
sheaf associated to a certain projective, rank-1 module over R, which is H°(E, Q5 / R)-

In fact, one can prove that, if R is noetherian, then H°(E, Q1. / r) is actually free.

e Suppose that f is a modular form of weight k£ and level N over Ry. Let R be an
Ry-algebra such that there exists a triple (E/R,w, «) (as we have remarked above, we
may have to change R in order to be able to even consider a triple like that!). Define
then:

f(E/R,w,a)w®™ ¢ H°(Spec R,Q%I;R)

If o' is another basis for HO(E,Q}E/R), then ' = A\w for some A € R*, and we can
compute:

F(E/R, W, a)w'™ = f(E/R, \w,a)(A)* = f(E/R,w, a)w™
and so it doesn’t depend on the choice of w. We call this element g(E/R, ) &f
f(E/R,w,a)w® which is a global section of g%’;R.

It is easy to see that the giving of such a g is equivalent to the giving of the previous f.

We have another apparently more restrictive definition, which would admit any scheme
S as the basis (and not only affine schemes). However, this new definition is equivalent to
the one we have. This is proven using the base change property, which allows one to glue the
sections on affines into a global section.

In the following sections, we will study in more detail the families of elliptic curves (that
is, elliptic curves over an arbitrary scheme), so to make these concepts more clear.

6 Families of Elliptic Curves

Let S be a noetherian scheme. Recall that a geometric point of S is a morphism s — S,
where s = Spec(k) for some algebraically-closed field k. It is the same as the giving of a point
x € S, together with the choice of an embedding of the residue field x(x) into an algebraic
closure.
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Definition 6.1. An elliptic curve over S is a pair (F,e) where E L Sisa smooth, proper
morphism of schemes and e: S — FE is a section (f o e = Idg) such that for all geometric

points s — S, the fiber E| g Xg § is a (smooth, proper) connected curve of genus 1 over
K(S).
We want to study these objects. In particular, we want to find a cubic equation which

they satisfy, study their deRham cohomology, and see the connection they have with modular
forms.

7 Cohomology of Sheaves

Let A, B be abelian categories, and suppose that A has enough injectives (e.g. A= Ab, A—
Mod, Sh(X),...).

Let F: A — B be a (covariant) functor, which is left-exact. We can then consider the
sequence of right-derived functors { R"F'},>¢

R'F: A—B
For the definition of these functors, one can refer to any book on categories.
Examples.
e Let X be a topological space, A = Sh(X) (the category of sheaves of abelian groups on
X), and B = Ab (the category of abelian groups). As F: A — B we take the global

sections functor F e ['(X,—). One can check that F is left exact. In this way we

obtain the sheaf cohomology:
H'(X,F) ¥ RT(X, F)

o Let X be a topological space, let Z — X be a closed subspace. Let A, B be as before,

and consider the functor F: A — B defined by F ) I'z(X,—), where for any sheaf F

on X,

I'z(X,F) dzef{s e I'(X,F) | Supps C Z}

where Supps = {x € X | s, # 0}. The group I'z(X,F) is called sections with
support on 7. Again, one can check that F is left-exact, and we obtain the local
cohomology with support on Z:

HY(X, F) Y rrr,(X, F)

o Let X be a locally-compact topological space, and let A, B be as before. Define in this

case
F(F) dZEfFC(X,]:) dzef{s € I'(X,F) | Supp s is compact }

This leads to cohomology with compact support, written H(X,F).
o Let X|Y be topological spaces, and let f: X — Y be a continuous map. Let A =
Sh(X),B = Sh(Y). Consider the functor F f for A — B, defined by (f.F)(V) 4

F(f~UV)). Its right derived functors will be important in the sequel, but we will simply
denote them by R" f..

13



7.1 Relationship between H"(X, F) and R"f,

First, suppose that S = {s} is a one-point space. Then the category Sh(S) is canonically
wdentified with Ab, by taking global sections. There is also a unique map f: X — S,
and f.F corresponds, under the mentioned identification, to T'(X,F). Moreover, the
right derived functors are just the sheaf cohology of F on X: (R"f.)(F) < H"(X,F).

Next, suppose that X and S are noetherian schemes, and let f: X — S be a proper
morphism. Let F be a coherent sheaf of Ox-modules on X. We have then:

Theorem 7.1 (Serre). For each n > 1, the right derived functor R"f.JF is a coherent
sheaf of Og-modules on S.

Theorem 7.2 (Mumford). Suppose further that S is connected and reduced. Fix
1> 1, and let a: S — Z be defined by:

a(s) & dim, ) H (X, F,) € Z

(the sheaf Fs on X, is defined to be the pullback of F along the canonical projection
X, = X x,8 — X). Assume that « is constant, say with value d;. Then R'f.F is
locally-free of rank d;, and both R f,.F and R f,JF commute with base change.

Proof. Look it up in [Mum?70]. O

Remark. Tf « is constant, then for each s € S we can consider the fiber (R'f,F), ~
H'(X,,F,). Hence we can think of the sheaf R'f,F as “putting together” all the
cohomology groups {H'(X,, Fs)}ses-

8 Equations For Elliptic Curves

In this section we find the equation of an elliptic curve. We will start with the simplest case,
and move up to the relative case (that is, the case of families of elliptic curves). Do they
have a “global” equation? Wait and see!

8.1 Complex case

Let S = Spec(C), and consider an elliptic curve (E/C,00). Then E(C) is a Riemann surface
of genus 1, F(C) ~ T = C/A for some lattice A C C, with oo corresponding to the class
of 0. Define the Weierstrass p-function (which depends on A, although we don’t write it

explicitly): , , X
def /
&)= S T e

A€A

(the notation Z/ is rather standard, and it means summing over all values of A that actually
make sense. Here we mean that we ommit A = 0).
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The function @(z) is absolutely convergent, and so we can differentiate term by term, and
obtain ¢'(z), which has a formula:

o) = o) = 52X

It becomes then obvious that ¢'(z) is A-periodic, and one deduces then that so is p(z). So
we have two meromorphic functions on the torus 7' = C/A.
One can then show that p and @' satisfy the following equation:

©'(2)” = 4p(2)° — g2(M)p(2) — gs(A)
with
g2(A) =60 A gs(A) =140 "A°

Moreover, this is the only relation that p and ¢’ satisfy: if we note M(T') as the field of
meromorphic functions on 7', we have:
Clx,Y]
(Y2 = 4X3 + go(A)X + g3(A))

M(T) =

and we get an analytic isomorphism 7'\ {0} — {(z,y) € C? | y* = 423 — gox — g3}, which
extends to T" after projectivizing the right hand side. So we obtain:

T ~ Proj ( Clx. Y. 2) )

(Y27 —4X3 + g2 (M) X Z2 + g3(N) Z3)

8.2 Absolute case

Let now S = Spec(k) where k = k is an algebraically-closed field, with char k # 2, 3. Recall
that we have a section e: S — E, so that in this situation it gives a point co € E(k). Also,
by hypothesis, E/k is a smooth, proper curve of genus 1.

8.2.1 Riemann-Roch

In general, if C' is a smooth proper connected curve of genus g > 0, we can consider the
divisor group Div(C'), which is the free abelian group generated by C(k) (the closed points
of C'). There is the degree map:

deg: Div(C) — Z
Znipi = an

Let also Div?(Q) o ker(deg) C Div(C') be the group of degree-0 divisors.
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Let k(C) be the function field of C' (k(C) = Oc¢,, where 7 is the generic point of C'). We
have a group homomorphism:

div: k(C)* — Div(C)
f— Z ordp(f)P

PeC(k)

where ordp(f) is the order of the image of f in the stalk O¢ p (which is a DVR). One shows
that ordp(f) is nonzero for finitely-many points, so that the map is well defined. Also, if
np = ordp(f) > 0 we say that f has a zero of order np at P, and if n, < 0 we say that f
has a pole of order —np at P.

One shows, furthermore, that deg(div f) = 0, so that the divisor map has image inside
Div?(C). If we denote by P(C) the image of the divisor map <+ (this is the group of prin-

cipal divisors) we can then define the Picard group and the 0-Picard group as Pic(C) o

Div(C)/P(C), and Pic’(C) & Div?(C)/P(C).
We develop now another point of view from which these objects can be studied, that
allows for a better generalization.

Let P € C(k) be a closed point, so that P < (O is a closed immersion. It has a
corresponding sheaf of O¢-ideals, Z(P). This fits in a short exact sequence:

0—=Z(P)— Oc— Op—0

where Op = (ip).(k) is the push-forward of the constant sheaf with value k, on the scheme

{P}. Note also that Z(P) is an invertible sheaf (by definition, this means a coherent, locally-

free sheaf of rank 1). Denote also by L(P) oo (p)! oo Home,, (Z(P),Oc¢) (this is the sheaf-

Hom, see [Har77] for some more details). For us, it is enough to know that £(P) Qo Z(P) =~
Oc, and that, if U C C'is any open, then the sections of L(P) on U can be thought of as the
“meromorphic” functions f € k(C) such that ordg(f) > 0 for all @ # P, and ordp(f) > —1.
To a divisor D = ), n,; P; we can associate an invertible sheaf on C,
def

L(D) = L(P)®™ ®--- @ L(P,)®"

Claim. The previous map induces an isomorphism between Pic(C') and the set of isomor-
phism classes of invertible sheaves.

Proof. First, note that, if f € k(C)*, then L(div(f)) ~ f'O¢ ~ O¢, so the given map
factors through P(C'). We need to prove bijectivity, and for this one can see [Har77]. ]

Recall that, if C'/k is a smooth, proper, connected curve, then its genus g can be defined
as the dimension of H'(C,O¢) (as a k-vectorspace) (this gives all the information we need,
as H°(C,O¢) ~ k, and the higher cohomology vanishes (actually, it does so for any coherent
sheaf, not only for O¢).

Consider the sheaf of regular differentials QF, /> which comes from sheafifying the module
of Kéahler differentials on a ring.
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Example. Say somebody stops us asking for how many functions are there with a pole of
order 3 at P, and a zero of order 2 at Q (P # Q € C(k)), and such that it is regular
everywhere else. We would —very slowly— pull out our Riemann-Roch machinery (which we

will introduce in the following) and try to use it to find the dimension of H°(C, L(D)), with

D ¥3p_ 2Q). This would give us how many functions are there with at worst a pole of

order 3 at P, and a zero at least of order 2 at (). We would have to consider other spaces to
get equalities instead of inequalities, but this would at least be a first step to save our day!

Consider again the invertible sheaf QF, Ik There is a canonical map (called the trace map):
Tr: H(C, Q) = k
So for any invertible sheaf £, we get a pairing:
HO(C,L) x H'(C, L' @Q¢ ) — HY(C, Qe ) ~ k

By Serre duality (a nontrivial result), this is a perfect pairing, and so we get an identifi-
cation:

H(C, Q) ~ H'(C, O¢)"
For £ = Qg this already implies that H°(C,€g,) has dimension g (this is another
possible definition of the genus of C').
As QF is an invertible sheaf, then by the previous theory there has to exist some divisor

K such that Qf ~ L(K). Then deg K = 2g — 2, as we will see in the following important
theorem.

Theorem 8.1 (Riemann-Roch). Let D € Div(C). Then:
dim H°(C, L(D)) — dimy, H(C, L(D)) =degD +1 —g
Note also that, by Serre duality,
dimy H' (C, £(D)) = dimy, H° (C, L(—D) @ Q)

Remark. Suppose that deg D > 2g —2. Then deg(K — D) < 0, and so H(C, L(—D)®Q}) =
{0}. Hence in this case,

dimy H° (C,L(D)) =degD +1—g

8.2.2 Application to our situation

Suppose now that E/k is an elliptic curve over an algebraically-closed field k. Let oo € E(k)
be the image of the section e: Spec(k) — E and consider, for each n > 1, the divisor
D, & . 00, Then (recall g = 1), deg D, =n > 0 = 2g — 2, and so we can use the previous
remark to conclude that, if we denote H, & H°(E,L(n - o)) (not to be confused with any
kind of homology!) and [, def dimy, H,,, then [, = n. This will allow us to find an equation
for the elliptic curve.
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For n =1,1, =1, then H,, ~ k, and a basis for it is given by 1 € k. For n =2, as [,, = 2
there is a nonconstant element z € Hy such that {1,2} form a basis for Hy. We want to
choose = in a “canonical way”. For this, note that dimy H%(e, QL) = 1, and so fix once and
for all a basis w for it.

Consider now the formal group of E at oo,

E = Spfk[TT]
and the restriction of w to E:
wlpg=(a+aT+---)dT ay#0

Choose the local parameter T' such that ag is 1. This will allow us to normalize the choice
of x, by imposing that z|; has a Laurent expansion of the form:

We continue now with n = 3,13 = 3. Then we can choose some y € H3 \ Hs, such that:

1
ylg =gl +al+-)

(we could take —1 or 2, instead of 1, and in other instances this is important).
We now consider n = 4, 5, and note that y>—2° € Hj, which was spanned by {1, z,y, 2%, zy},
and so we get an equation:

y2 + a1y + azy = 3+ axr® + agx + ag
By making a change of variables y — y — %tz — %, we get another equation:
y2 = 1'3 + b2$2 + b4l’ + b6
Finally, a change z — = — %2, y — y/2 leaves us with the equation:
Y =42" —gor — g3 go, g5 €k

One can prove then that

E ~ Proj ( ke, y, 2] )

(y22 — 423 + gaw2? + g323)

8.3 Relative case

Consider now S any noetherian scheme, and assume that 6 is invertible in S (what we
really mean is that S is a scheme over Spec(Z[1/6]), or that all the residue fields of S have
characteristic not dividing 6). Consider £/S an elliptic curve, that is:

E

1)

S
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where f is the structure map, and e is the section that is part of the definition. Also, recall
that, by definition, for any geometric point s — S, the fiber E;/k(s) is a smooth, proper,
connected curve of genus 1. Together with the image of s under e, we obtain an elliptic
curve over k(s), and (s) has characteristic not dividing 6. By the absolute case, F has an

equation:
: k(s)[z,y, 2|
E; ~ Pro
) ((y2z — 423 4 g9 5122 + g3,523)
We would like to put all these equations into a single one, given by global sections go, g3 €
Os(S). For this, we will need a relative version of the Riemann-Roch theorem.

8.3.1 Relative Riemann-Roch

Let C be a family of curves defined over a scheme S, say f: C'— S, where C'/S has genus g
(that is, f is smooth and proper, and for each geometric point s — S, the fiber Cy = C X g s
is a curve of genus g over k(s)).

Definition 8.2. An effective cartier divisor on C'is a closed subscheme D C C,

D\7€

such that g: D — S is finite-flat.

Remark. This readily implies that the push-forward of the structure sheaf of D, ¢.Op, is a
locally-free Og-module of finite rank (if M is a finitely-generated module over a noetherian
ring A, then M is A-flat if, and only if, M is projective over A).

Example. The divisors D that we allow should look like families of hypersurfaces over S,
and we don’t allow crossings. This statement is probably quite wrong, and will have to be
corrected eventually, and maybe some pictures will have to be drawn.

Let now Z(D) be the ideal sheaf defined by the inclusion D C C' (again, it is a locally-free
rank 1 sheaf of ideals of O¢). So we have an exact sequence:

0—Z(D)— Oc —i.0p — 0

def | def

As before, let £(D) = Z(D)~

sequence:

Homoe,, (Z(D),Oc). As L(D) is flat, we get an exact

0—=IZ(D)RL(D) — Oc @ L(D) = i,.0p RL(D) — 0
which is isomorphic to:
0— Oc — L(D) —i.0p®L(D)—0

The map O¢ — L(D) is given by a global section [ of £L(D) (the image of 1 € O¢). Then
multiplication by [ induces an exact sequence:

0— Oc 5 £(D) — L£(D)/(10c) — 0
and so L(D)/(I0¢) ~ i,Op & L(D). This sheaf is supported on D, and it is flat over Og.
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Claim. The pair (L(D),l) determines D.

Proof. Given a pair (£,1), then we can let 7 dof L~', which is a sheaf of ideals of Og. Then
D = Supp (L/IO¢), and Op = O¢/Z(D). O

We want to define also the degree of the divisor D. Note that f, (£(D)/lO¢) is locally-free
over Og, and the degree of D will be defined as its rank.

Theorem 8.3 (Relative Riemann-Roch). With the given setup, assume that f.L(D) and
RYf.L(D) are locally-free of finite rank. Then,

tkog foL(D) = thog R f.L(D) = deg D +1— g
Proof. Starting from the exact sequence
0— Oc -5 £(D) — L£(D)/(10s) — 0
we get, by aplying the functor f,, a long exact sequence:
0— f.0c = L.LD) = f.(L(D)/(100)) = R'f.0c — R'f.L(D) — R'f, (L(D)/10c) * R*f.0c —

We will study the terms in this sequence and then look at the ranks.

First, note that R?f.O¢ = 0: if s — S is a geometric point, then C; is smooth, proper
of dimension 1 over k(s), so that H*(Cs, O¢,) — 0. Then, by Mumford’s theorem, R?f.O¢ is
locally free of rank 0, so it is zero.

Next, by definition f,(L£(D)/lO¢) is locally free of rank deg D.

As D has relative dimension 0 over S, and £(D)/IO¢ is supported on D, its first right-
derived functor is 0: R'f.(L(D)/1O¢) = 0.

If s — S is a geometric point, then HY(Cj, k(s)) >~ k(s), so f.Oc is locally-free of rank
1. Also, H'(Cj, O¢,) has dimension g(Cy) = g, so that R!f,O¢ is locally-free of rank g.

Now as f.L(D) and R'f.L(D) are locally-free of finite rank, then we can look at the
alternating sum of the rank of the terms in the exact sequence, and it has to be 0, thus
giving the result. [

8.3.2 Application to our situation

Let now E/S be a family of elliptic curves.

Let oo & e(S) — E. As foe = Idg, then the structure sheaf O, satisfies f,O, = Og, so
that degoo = 1.

We consider, as in the absolute case, the divisors n-oco, which are associated to £, = co®"
and to global sections [,,. To calculat the rank of f,L£, we could use the relative Riemann-

Roch.
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Consider now the sheaf wp /g o

[ /5 which is locally-free of rank 1 (we check this on
the stalks, as usual). Fix a trivializing affine cover {U;}ic; for both wp g and f.£; (that is,
so that U; = Spec(4;), and both ME/S|U1- and f.Lq|y, are free of rank 1. As £,, is a power of
Ly, it follows that the cover {U;} trivializes all the £,, as well.

Fix one of the opens in the cover, say U = Spec(A). Choose a basis w € wg,5(U), and

consider the formal completion of Ey along ooy, denoted Ey & spf (A[TT). We choose T as

before, using the restriction of w to Fy.

For n = 1, the sheaf f,£;(U) is free of rank 1, so choose a basis and call it 1. Note now
that, for any n > 1, if « € (f.L,)(U), then we can think of it in f,L,,1(U) by mapping
a — a®1. As these sections are free, this map is injective. This allows us to repeat the
same argument as before, to get an equation:

?J2 = 4a® — g2, uT — g3 u

where g; y € A, and they are uniquely determined by f.L(c0). So if U, U’ are two affines in
the covering, the corresponding restrictions to the intersections agree, and hence they glue
to a global section g; € Og(5), such that:

. OS[CC7 Y, Z]
E/S~P
/ 0] ((y2z — 423 4 gow2? 4 g323)

Remark. Let R be a reduced, noetherian ring without idempotents, and such that 6 € R*.
We can then consider E£//R an elliptic curve, given by an equation

92 = 4z’ — g2 — g3

The sheaf w5 = 1L /R is locally-free, so it corresponds to a projective rank-1 module.
This is actually free. In other words, there is a globally-defined nowhere vanishing section of
wg/g- To see it, define:

def dz
w=—
2y
which is defined for y # 0. But as
udy = (122* — gy)dx

we can see that w can also be given, in an open neighborhood of {y = 0}, by:
N
YT 02— 92
9 Explicit Description of the Sheaf Cohomology Groups

Let X be a noetherian scheme. Let F be any coherent sheaf on X (we could do it for
quasicoherent).

Theorem 9.1. If X is affine, then the sheaf cohomology vanishes:
H(X,F)=0 Vi>0
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9.1 The Cech cohomology

Assume now that X is separated (that is, the diagonal is a closed subscheme of X x X).
This implies, in particular, that the intersection of a finite collection of affine opens of X is
again affine.

We define the Cech complex, which will allow us to explicitly compute the cohomology
of general noetherian separated schemes. First, fix an affine open cover U = {U,;}ic; of X.
Give I a well-ordering (we will usually deal with finite covers, so this won’t be a problem)
and, for every finite subset J C I, denote by Uj:

def
U; = NjesU;j

(which is an affine open, because X is separated). The Cech complex is then:

CUF): COUF)BCNUTF) L CPUF) - -

where: §
cru,F)E T 7y
JcI
|Jl=p+1

and d,: CP(U, F) — CPT(U, F) is defined by:

dy ((2)) = (dp(2.))

where, if K C I and |K| = p + 2, then one can order K = {ko < ki < -+ < kpy1}, let

Ky def {ko < -+ < kp < -o- < ky+1} be the ordered set obtained by removing the h™ term,

and:
p+1

(dp(xs) g = Y (=D "wr, | € F(U)
h=0
As an exercise, one can check that d,; o d, = 0, so that this is a complex. Also, note
that, as F is a sheaf, )
H° (C*(U,F)) =kerd’ = H(X, F)

Theorem 9.2. If X is noetherian and separated, F is a coherent sheaf, and U is an open
affine cover, then:

H' (C*U,F)) ~ H(X,F)

Example (Computation of H'(X, F) using Cech cohomology). If we follow the defi-
nitions, we get that:
1 . Zl
(U, ) =
where, if we denote U;; aof UiNU; and Uy, ) U,nU; NU,
Z' = {(fij)i<j | fi; € F(Usj) and fi; Uijk — fik Uijr — ik
B = {(gi U,y i< | (9i)ier with g; € F(U;)}

The elements in Z' are called 1-cocycles, and those in B are called 1-coboundaries.

Uy = 0V < j < k}

Uyj — Y95
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Example (For the case of Curves). Supppose that C = X is a curve (smooth, proper,

connected) over k, of genus g (for simplicity, assume k is an algebraically closed field). let

P,Q be two closed points. Consider the cover given by Up Yo \ {P} and Ug Yo \ {Q},

and denote by Upg ) Up NUgq their intersection. The Cech complex, which has only two
terms, fits then in an exact sequence:

0—— HO(X, F) — F(Up) ® F(Ug) —2— F(Upg) — H'(X,F) = 0
z——— (#[u,, 7lug)
(a,b) ———alupq — blupg
This is precisely the Mayer-Vietoris sequence for the cover {Up,Uqg}.

Example (Cohomology of an elliptic curve). Let now E/k be an elliptic curve. We
follow the previous example, and choose P = 0o, and ) # P any other point. Then:

Or(Uso,q)
image of (Or(Ux) @ Op(Ug))

HYE,Op) ~

Consider the divisor D % 0o + ). By Riemann-Roch,
dimy H(E, L(D)) = 2

So there is some z € H*(E, L(D)) which is nonconstant. Note that, as there are no functions
with only one simple pole, the function z must have simple poles at both oo and @ (and is
reqular everywhere else). It is a fun and easy exercise now to check that [z] is a generator

for HY(E, Og).

10 The deRham Cohomology

Let X be a smooth, separated scheme over a noetherian ring k. We have already introduced
the k-derivation:

We can then define, for each ¢ > 2,
Qi d:ef Qi—l A Ql
and the derivation d can be extended to:

d: Qg(/k — Qz);r/lk

by sheafifying the Kéhler construction. That is, locally, and for i = 1, if w = ) fida;, then
dw = > df; A da;. In this way, we get a complex of sheaves, called the deRham complex.
Its cohomology groups (that is, the hypercohomology) is the deRham cohomology (which

are k-modules):
def

HéR(X/k) = Hi(Xa Q;(/k)

(this can be defined in terms of injective resolutions. Here we will just see how to compute
them, and will leave out the theorems that allow this to be done).
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10.1 How to calculate hypercohomology

In general, let

Foo L L

be a complex of coherent, locally-free sheaves on X (a smooth, separated scheme over a

noetherian ring k). Let U = {U;}icr be an open affine cover of X, with I well-ordered. We
define then a double complex of k-modules (C**, d, §):

6=4 d=— 8=6
0 = Hi<j<k F2(Usjie) — o = Hi<j<k ‘Fl(Uijk) — 022 = Hi<j<k fz(Uijk) —L
6=4 §=—4 6=4
CL0 — H¢<g FO(U) _d L oul = Hz‘<j FYU;) _d o1z Hi<j F2(Uy;) _4 ..
6=4 §=—4 6=4
OO0 =T FPO(U;) ——— O = [, P (V) — == O = [, PP (Uy) — -

Note that, in the odd columns, we take —¢ instead of . Note also that d? = 6% = dd+dd =
0 (the last is an anticommutativity relation).
We can then make a single complex of this double complex, which we will call (K*, D),

where

K'® g, nC? DEd+s: K

(note that D? = (d+d) o (d+ ) =d*+ (dd +dd) +* =040+ 0=0).

N Kn+1

Theorem 10.1. With the previous notation,
H' (X, F*) = H'(K*)

Theorem 10.2. If 0 — F* — G* — bh* — 0 is a short exact sequence of complexes of
coherent, locally free sheaves, then we get a long exact sequence in hypercohomology:

0— H'(X,F*) - H(X,G°) — H(X,p*) — H'(X,F*) - H'(X,G*) — -
Example. Consider the deRham complez:

. d d
X/k* OX_)Qﬁ(/k_)Q%(/k_)"'

Let U = {U,}ier be an open affine covering of X. We will write explicitly the first two
deRham cohomology groups. Again, it’s a matter of tracing the definitions, to get:

1. HOp(X/k) =ker D = ker (d: H*(X,Ox) — H(X,Q%)).
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2. For H}p, we will write again as Z' /B, where Z* are hypercocycles, and B are hyper-
coboundaries:

Zt = {(Wz'ufij> | wi € Qx(U), fij € Ox(Uyj) | dw; =0, w;

B {(da:i,fﬁi v, — Uz‘j) | (z;); € HOX(M’)}

vy = dfyg fil = fac+ fiul = 0}

Uy — Wj

Example (Curves). Let C/k be a curve. Then, we can take a covering with only two
opens: U = {U,V'}, and the previous example is simplified (> = 0, and there is only one
intersection). We can write then:

{(wo,wy, fov) |wu| —wv| =dfuv}
{(dl'U,dl'V,.’L'U‘ — l’v‘) ’ Ty € Ox(U),.I'V € Ox(V)}

We can fit this group in an exact sequence:

Hp(C/k) =

0—— H(C, 0% ) ——— H}p(C/k) ——— HY(C,O¢) —— 0
W [(va wv, 0)]
[(wu, wyv, fov)|—— [fuv]

which is called the Hodge filtration exact sequence.
Remark. If X is a smooth, projective, algebraic variety over C, and we consier its analyfication
X2 then there is the Hodge-deRham spectral sequence:

I = HO(X™, 0% ) —> HEL(X/k)

which collapses already at E; (for instance, using the theory of harmonic forms), and thus
gives the so-called Hodge decomposition:

HcTILR(X/k) = @erq:an(X? Qg()

Hence then name for the previous exact sequence. However, in the algebraic realm we
don’t get a decomposition, just an exact sequence (or, in higher dimension, a spectral se-
quence) and hence just a filtration. So the splitting (which exists if we work over k a field)
is not canonical (although there are good choices that one can make, in some instances). At
least, we can compute the dimension:

dimy Hiz (C/k) = 2¢

because the two spaces in the extremes of the s.e.s. are dual to each other (thanks to Serre
duality).

Also, for X proper and connected, we know the dimensions of the other deRham coho-
mology groups:

dimy Hiz (C/k) = 1 = dimy, H3x(C/k)

The dimension of H3; can be computed explicitly (by using its definition, which is simple
because we only have two open sets in the covering). Alternatively, we can wait and this will
follow from Poincaré duality.
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11 Relative deRham Cohomology

Let f: X — Y be a smooth, proper morphism. We consider then the relative deRham
complex:

QB{/% Ox =t Q%(/Y 4 Q%(/Y —
We want to compute the right-derived functors of the push-forward f,, which will be sheaves
on Y:
R'f(Qy) < H'(X/Y)

Let U = Spec R C Y be an open affine. Let Xy ef x Xy U. For each i > 0, we can

compute H'g(Xy/R), which is an R-module. The mapping that sends an affine open U to
H!x(Xy/R) gives a presheaf on Y, and one can show that H'(X/Y) is the sheafification of
this presheaf.

Let’s now look at a more particular setting: assume that S is noetherian, reduced, and
connected, and that f: C' — S'is a proper family of curves of genus ¢g. If s — S is a geometric
point, we have seen that:

1 ifi=0,2
dimy(s) Hig (Cs/k(s)) = {29 ifi=1
0 if i > 2

(in particular, the dimensions do not depend on s).

By Mumford’s theorem, it follows that Hiz(C/S) are coherent, locally-free Og-modules
(of ranks 1,2g, 0, respectively).

Moreover, we have an exact sequence of sheaves on S:

0— f*Qlc/S - HéR(O/S> - le*OC — 0

such that, if s — S is a geometric point, and we look at the fibers on s (that is, we pull-back
the sheaves along the map s — S, which is not exactly the same as looking at the stalks of
the image point 5 € S) we recover the Hodge filtration.

12 Application to Elliptic Curves

Let now (E/k,o0) be an elliptic curve over a noetherian ring k. We will see that, provided
that 6 € k*, we get canonical bases for the deRham cohomology.

Let O(o0) of L(00) denote the sections with at most a simple pole at oo, and by
def

We have a differential d: O(c0) — Q!(200), which induces an inclusion of complexes:

Q*(200): O(o0) —% 01 (200)

Q;E/k : jE — Q}E/k
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Let k be the constant sheaf on oo, and consider the skyscrapper sheaf supported on oo,
K%Y J«k (where j: oo — E' is the inclusion).
We can define a morphism
ress : 2'(200) = K

given by, if U C E is an open and oo € U, then given w € Q'(200)(U), we can write it as:

a_o a_q
+ —

Woo = —-

2 + o

(with ¢t a local parameter at co, and w’ without poles), and we define resq(w) def a_y (one
needs to check that this is indeed well defined).
Next, we define the differentials of the second kind:

O e er I'eSeo
We get an exact sequence of complexes (because d: O(o0) — () is a well defined differential):
0— Qf — Q°(200) "=° K* — 0
which yields a long exact sequence in hypercohomology:
- — HYE,K*) — HY(E,Qp) — HY(E,Q*(200)) — H'(E, K*) — H*(E, Q) — - - -

Note that H°(E, K*) = 0, and that H'(E, K*) ~ K. Moreover, H*(E, Q) = H2;(E/k) ~

K, and the map is an isomorphism. This implies then that:
H' (B, Q) ~ HY(E,Q°(200))

Next, note that the following is a commutative diagram (with exact rows, by definition):

0 ——kerd —— O() N o cokerd —— 0

1 +
~| j ~|
| |
0——kerdg E i Q}a/k ——cokerdp —— 0

The induced maps on the kernel and cokernel are isomorphisms, as can be checked directly
on the stalks (and use that t% is integrable). This implies that the two complexes have the
same cohomology, and so we conclude finally that (this is what we will use to calculate the
deRham cohomology of FE):

Hap(E/k) ~ H'(E,Q*(200))
Recall now that H'(F,O(c0)) =0 = H'(FE, Q' (200), and so:
H'(E, Q*(200)) = coker (O(c0)(E) — Q'(200)(E))

but the map is the 0 map (because O(oo) contains only the constants, which are killed by
d), so that:
Hix(E/k) ~ H°(E,Q'(200))
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By Riemann-Roch, dimy, H°(E,Q!(200)) = 2, and we will find a basis for this (again,
provided that 6 € k).
We have an equation:
E: y2 = 42° — 92T — g3
and a regular differential w = dx/y € H°(E, Qy, /k), which we fixed a priory. This is of course

in H°(E,Q'(200)) and is nonzero there, so it’s an element of a basis. The other element will

be:
e 20T o (5, Q1 (200)) \ HO (E, Qi)

(note that, as 7 is not regular, it can’t be proportional to w). So we get a “canonical” basis
{w,n} (canonical in the sense that it is uniquely determined, once we fix a regular differencial
w!).

Note in particular that, even if &k is not a field, the first deRham cohomology of E/k is a
free k-module of rank 2 (a priori we just knew that it was projective).

Recall the Hodge filtration for an elliptic curve:

0— wp/y — Hip(E/k) — R'f.Op — 0

and let 77 be the image of n in R'f,Op. As this group is isomorphic to “—’E}k’ we have a
canonical splitting 17 — 1 which gives an isomorphism of k-modules:

Hig(E/k) ~ Wen D EE/k_1

To understand 7 a little more, we will explicitly find a hypercocycle that represents it. So
consider the usual cover Up = F'\ P, and Uy, = F \ 0o (with P # 00), and Ups, = Up N U.

Let also s d:ef77|Uoo (and note that 7., € Q}E/k(Uoo)).

Consider the divisor D % co + P. By Riemann-Roch, dimy, H°(E,L(D)) = 2, and so
there exists f € H°(E, L(D)) which is not a constant. By what we have previously seen, f
must have poles of exact order 1 at both P and oo, and no residues there. Hence, there exists

some constant a € k such that 1 — adf is regular at co. Denote then by np < (n—adf)|v, €
Qi (Up). As flup,, € Op(Ups), it follows that the triple:

(77007 np, af|UPoo)

is a 1-hypercocycle corresponding to 7. Hence we conclude that, under the natural map:
HY(E/k) S HY(E,05) — 0

the basis element 7 is sent to 5(n) o [af|vp..] = 7.

13 Connections

Let Y/k be a smooth scheme, and let F be a coherent sheaf of Oy-modules on Y.
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Definition 13.1. A connection on F is a morpshism of sheaves of Oy-modules on Y,
V:F— Q%//k Roy F
such that:

e It is k-linear: for each U C Y open subset, Vi : F(U) — Qly/k Qoy ) F(U) is a k-linear

map.

e If U C Y is an open subset, and s € Oy(U),z € F(U), then it satisfies the Leibniz
rule:
Vu(sz) = (ds) @ x + sVy(z)

Example. Let Y = Spec (klz,y]/(xy — 1)) = Gpp. Let A =k[z,y|/(zy —1). Then Q%//k =
Qh/k ~ AL

If F is a free A-module of rank 1, say F = Ae, then to give a connection V: F —
Q}L‘/k QF ~ Qi‘/k ® e is the same as the giving of V(e) = wy ® e. Once this choice is made,
then if a € A,

V(ae) = da®@e+aV(e) = (da + awp) ®e

dx

and we can even write wy = ag*;, so that the previous equality becomes:

V(ae) = @d:p—k@d —I—aad—x ®e= x@— @—I—aa d—x®e
-\ oz ny 02 - \Uox y(’?y O] %

If F is a free A-module of rank 2, then the giving of V is equivalent (after choosing a
basis for F) to the giving of a 2 X 2 matriz with entries in Qi‘/k.
Once a connection V is given, we can construct a map:
by defining (if V(f) = > w; ® fi):
Vwef) = (wAw)®f;
The compositum V2 = V o V is to be interpreted as a curvature.
Definition 13.2. We say that V is integrable if V2 = 0.

Note that non-integrability is the obstruction to having local solutions of the equation
Vf=0.

If V is integrable, then automatically the higher iterations of V also behave as differentials,
so we get a complex of sheaves of Oy-modules on Y:

Oy Qoy F: FoQ, 0F 503, 0F S0, @F — -

and the deRham cohomology with coefficients defined to be its hypercohomology:

def

Ha (Y, (F,V)) = H' (3 @0, F)
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14 The Gauss-Manin Connection

We let k be a field, and Y/k a smooth curve of finite type. Let f: X — Y a smooth
morphism. The goal is to define a connection on the sheaf F = Hiy(X/Y), following quite
closely [KOGS].

If all the involved schemes were affine, say X = Spec(B),Y = Spec(A), then we would
get one of the fundamental exact sequences of B-modules (see [Har77], chapter II):

Q) ®a B Qpp Qpia——0

In the global situation, we get as well the fundamental exact sequence, where we recall

% def ,_
that f*Q5, = f71Qy), ®-10, Ox:

f*Q%//k - Q%(/k - Q%{/Y —0

Thanks to X — Y being smooth, the first map is actually injective (so we get an extra
0 on the left). The terms in this exact sequence are locally-free, and so we get a canonical
filtration of the complex Q5 e

3(/19 = FO( ;(/k) = Fl( 3(/k) = FQ(QB(/k;) 2

with ‘ . . 4
F* = F'(Q%);,) = image[Q% ) Qoy [* 0, — Q]

and such that:
def

gri = gri( _.X/k) = Fi/FiJrl = f*ng/k Koy 93(71/
(see [Har77|, Exercise I11.5.16d).

Note that in our case F? = 0 because Y has dimension 1 over k, so the filtration is
equivalent to the following exact sequence of complexes:

0— f_lﬁ%//k Rf-10y Q;(_/%/ — Qs(/k — Q;(/Y — 0

and in turn this yields a long exact sequence in hypercohomology (that is, one takes the
hyperderived functors of f,). In particular, there exist boundary maps:

) ) . 4 7 — o—
Hip(X/Y) = H(Dy) > B (710}, @510, 0571)

As f ’1Q;/k is locally free and the differential of the complex is f~!Oy-linear, the term
on the right is isomorphic to:

Q%//k Koy HiH(Q;(_/%/) = Q%’/k Ro, H'( Sv) = Q%//k Roy Hig(X/Y)
and so the connecting homomorphism can be seen as a morphism:
Vit Hig(X/Y) = Qi @0y Hip(X/Y)

Definition 14.1. The Gauss-Manin connection is V.
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Example. We compute Vi: Hijp(X/Y) — Q5 ®o, Hyp(X/Y). Let’s assume that Y is
affine, Y = Spec A. After localizing, we can assume that Q%//k ~ Adt, for somet € A.

Consider an affine cover of X, X = UU;, with U; = Spec B;.

Let v € Hip(X/Y), represented by ((wi)ier, (fij)icj) € K'()y), with w; € Qp , and
fij € Byj satisfying the conditions we have worked out before. To compute V1(x), we just need
to follow the definition of the connecting homomorphism, induced by the morphism on the
terms in the total complex (we denote by Z and C' the kernel and cokernel of the differentials
on each complex):

- - ZHy)

-

6 e
7

y g K1<Q;(/k> e Kl(QB(/y)
/ JD
/
K (dt @ ¥y ) —— K2 (Q% 1)
/
!

C2(dt ® Q%)

That is, choose lifts w; of w;, apply D to the element ((&;):, (fij)i<j), and we will be able
to write:
D (@), (fi5)) = dt @ ((m), (915)i<;)
and then
Vi(z) = dt ® ((m:), (9i5)i<;)

15 The Poincaré Pairing (lite)

Let C/k be a smooth proper curve. We assume char k = 0 and, for simplicity, we will also
assume that k is algebraically closed (otherwise, just minor modifications need to be done).
We will see a way to compute a perfect, alternating pairing:

(s Ypoine : Hag(C/k) x Hag(C/k) — k

We just show to compute it, without giving the proper definition. Let K = k(C) be

the function field of C, and let Qx <

differentials on C. Consider also the sheaves O¢ and Qf, Ik
For each closed point P € C(k), we have a discrete valuation:

Q}{/k be the K-vectorspace of global meromorphic

ordp: K* = Z

Let Kp be the completion of K at ordp, and Op be the completion of O¢ p (the stalk at

P, which is seen as a subring of K). Define also g, def Q}{P Ik and Qp the completion of
the stalk Q¢ p.
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Example. Ift is a uniformizer at P (that is, ordp(t) = 1), then:

Op ~ k[[t] Kp >~ k((1))
Qpﬁ@p'dt QKPZKJ:wdt

We have also, for each P € C(k), the residue map:

resp: Qg — k

def

defined as follows: if w € Q, let wp be its image in Qg (= k((¢)) - dt). Then resp(w) =

resp(wp) def a_y (ifw=(%2+---+ % +ap+ay+---)dt). One needs to check that this is
actually well defined...
Denote by QL the k-vectorspace of meromorphic differential forms of the second kind:

Qn o {w € Qg |respw =0VP € C(k)}
Remark. If w € QL. then we can locally integrate it: for each P € C(k), there exists some
vp € Kp(= k((t))) such that dyp = wp.

We have seen that, for elliptic curves, the first deRham cohomology coincided with the
differential forms of the second kind. In general, a similar result is true:

Proposition 15.1. The deRham cohomology of C' can be computed as:

! Qx
Hp(C/k) ~ K

(for elliptic curves, dK =0).

Now, if we believe the previous proposition, then given [a], [3] € Hiz(C/k), with «, 5 €
Q%, we proceed as follows: for each P € C(k), let ap = dyp for some vp € Kp. Then:

(o], [B)pome = Y resp(ypBp) €k

PeC(k)

(this is actually well-defined, alternating, and non-degenerate, but we won’t prove any of
these facts here).

Example. Let E/k be an elliptic curve over a field k, char k = 0. Consider the equation for
E that we have found:
E:  y* =42’ — gox — g3

and recall that x,y were chosen in such a way so that, if T is a parameter at oo, then:

1
a:oozﬁ+ao+a1T+~--

2
Yoo = g +ho+ 1T+
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(note that the 2 in the expression for ys, is so that we get the 4 in the equation for E).
Then w = dz/y,n = xdx/y, and we will compute the Poincaré pairing. As it is alternat-
ing, (W, w) poine = (N, M) Poinc = 0, and so it is enough to calculate (n,w) poine:

(0, W) Poine = 3 1eSp(Ypwp) = 1eSuc(Yoooo)
PeE(k)

So we compute the expansions of w and n at 0o, and we find that (n,w) peine. = —1 (and
hence (W, M) poine = 1).

16 The Gauss-Manin Connection on an family of El-
liptic Curves

Recall the set-up that we had some sections ago:

(r,v) E=(hxC)/2’

I l )e: T—[(7,0)]
/7
e

b

(where Z? acts on h x C on the right, by (7,v) - (a,b) &f (1,v 4+ aT +b)).
Then the fibers above 7 € h are precisely:
A7) =7x(C/(tZ+7Z)) =7 x E, ~ E,
Let RY {f: b — C holomorphic }, and we get in this way an analytic family E/R. This

can be made to be the analyfication of an algebraic family (by GAGA?, because h doesn’t
have sheaf cohomology?). We can thus write:

E/R: o* =42 — go(7)x — g5(7) g9;(T) €ER

Recall also that, in this setting, © = p = p(7, 2), and y = ©/(7,2) (the derivative taken
with respect to z). Then, as we have seen:

Hz(E/R) = Rw® Rn

with w = dz/y,n = zdzx/y.

Remark. Note that dr = 0 because 7 € R (we treat it as a constant). So d will take derivatives
with respect to z only.

The Gauss-Manin connection, becomes, by noting that Q}] ic ™ R -drt:

V: HR(E/R) — dr @z Hiz(E/R)
Write 0 & % for the dual of d7. We can then define V., L oov by contracting:
1 V 0l 1 9 171
Hig(E/R) = Qy,c ®r Hig(E/R) = Hyr (E/R)
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and this carries the same information (to recover V, we just set V(«) Y irov, (). Note

that V. satisfies:

V. (aa) = %a +aV,(a) Va€ R,a€ Hiy(E/R)

We will now compute V.. For this, we will exploit the fact that we have a lot more
structure (coming from E and b being analytic varieties). In particular, we can consider
homology (H(E/R)).

Let v; be the image in E of the family of closed paths {7 x [0,7] | 7 € h}. Similarly, let
72 be the image in E of the family f x [0, 1]. Then, inside H;(E/h, R) = 1R ® YR there is
a lattice H1(E/b,Z) = 1Z & 7, Z.

Consider the pairing that gives the duality between homology and deRham cohomology
(deRham’s theorem):

(-,-): Hi(E/h, R) x Hiz(E/R) — R

We get a chain of isomorphisms:

Hy(E/b, R) ~ Hig(E/R)" ~ Hgp(E/R)

(the first one thanks to this previous pairing, the second one thanks to the Poincaré pairing)
As V., acts on HJi(E/R), it induces an action on H;(E/h, R). The “horizontal paths”
give us the complex homology:

Hl(E/ha R)VTZO = Hl(E/bvc)

(and note that V.(v;) = 0 for i = 1,2). So V., is the dual of the connection on H;(E/R) for
which ~; are the horizontal sections.

We identify as well, through this isomorphisms, the paths 7; as elements in Hjs (E/R).
They satisfy, for all £ € Hiz(E/R),

(6.7 )poime = / K

It follows that:
(Y2, 71) Poinc = — {715 V2) Poine = / Y2 =1
71
(note that in the integral, ; is seen as a path, and 7, is seen as a 1-form!). Also, of course
(Vis Vi) Poinc = 0 by alternancy.
In this way, we have two “natural” basis for Hiz(E/R): one given by {w,n}, the other
given by {71,7.}. We want to relate them, so write:

(‘1‘;) ~ A @?) . A E Myys(C)

Define:

[oW
[

def
W = W 71 Poinc Wy =

af /
=, ‘

€

w = <w7 ’72>Poinc
2

Q.
@
-

n= 77 /71 Poinc T2 = n= <n;72>P0inc

2
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(the periods of w and 7, respectively). It is easy to show (it is logically equivalent to the
fact that (w,n)poinc = 1) that they satisfy the Legendre relation:

wy — Nowy = 271

A= (Wl —Wz)
m =N
and, inverting it (the Legendre relation gives its determinant) we get:
“()-(22))
At - W n

Now, we apply V., which kills +;, as we have said. Denote by a prime ’ the derivative
with respect to 7. Then:

o= (T ) )+ (o o) (3)
- W n —m W V.

Solving for the last term, we get:

Vew _ __1 7710‘)2 - néwl w1wé — wgw’l w
Ven) 2w \manh —mny mwh —mewh )\ 7

Now, note that w; = 7 and ws = 1, so the Legendre relation becomes 1, — 715 = 2mi. We

conclude:
vﬂ'w . __1 )2 -1 w
Von) o 2mi \ms = 2miny —n2) \n

We just have to compute 7y, and this is not formal.

With these, the matrix A becomes:

Lemma 16.1. We have:
—72
’]72 = ——P

3
where P = Ey is the weight-2 Fisenstein series normalized so that, if ¢ = e*™7,

so it is enough to prove that: 7y = Zlmm ——. For this, note that n = zdz/y = @(2)dz.
Define the Weierstrass (-function by:

def 1 / 1 1 z
o) = ;+%:n <z—m7‘—n+m7+n+ (m7'~|—n)2)
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and remark that n = —d((z), so that:

- /n—/ i) = [ g = ¢ - el )

and a simplifying this expression we get the result. O]

Remark. By changing the order of summation in the expression of ((z) we can also see that

m=CE) ===

mT +n)

This, combined with the Legendre relation n; (1) — 719(7) = 27i yields the transformation

function for P(1):
P (_—1) =72P(1) — b

T ™

From the previous lemma we obtain the explicit matrix for the Gauss-Manin connection:

5 =m Gr ™ ar 20) ()
Ven)  2mi \ZP2-J2p —mp)\y
17 The Kodaira-Spencer Map

Given an elliptic curve E/R, we have defined so far (assuming Spec R to be smooth and
one-dimensional):

e The hodge filtration: 0 — wp/p — Hiz(E/R) LA wpyp — 0.
e The Poincaré pairing (-,-)p: Hiz(E/R) x Hizx(F/R) — R, compatible with the Serre
pairing.
e The Gauss-Manin connection V: Hig(E/R) — Qj  @r Hig(E/R).
Definition 17.1. The Kodaira-Spencer map is the R-module homomorphism:

PKS w%3R4>QR/k

w1 @ wa —— (w1, VWs) Poine
(we pair w; with the deRham part of Vw,, and we get an element in Q;/k)

It turns out that the Kodaira-Spencer map is an isomorphism if C' is the Tate elliptic
curve over Z((q)). For that, we just need to compute:

1
Ps(w ®W) = (W, Vo) poine = (W, §Pd7 @w + 5 —dr D )poinc =

o dT ® (W, M) Poine = 2—sz

(the last equality follows because (w,w)poine = 0 and (W, N)poinc = 1). As % € C*, the
map ¢ks is an isomorphism.

= 6—Pd7’ ® (W, W) Poinc +
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18 Relationship between Katz’s and Classical Modular
Forms

18.1 The Moduli Problem I'(N)

Fix an integer N > 3, and let Schyj;/y; denote the category of schemes over Spec(Z[1/N]).
Define a (contravariant) functor:

PNZ SChz[l/N — Sets
S+ {(E,a)| E/S is an elliptic curve , (Z/NZ)% Nls}/~

(v gives a level-N structure to E). Note that Py(.S) might be void (for certain schemes S
there might not be such a level-N structure).

The problem is to prove whether or not Py is representable: that is, whether there exists
a scheme Y (V) such that:
(= Y(N))

PN = homSchz[l/N]

Theorem 18.1. Let N > 3. Then Py is represented by a fine moduli scheme, called Y (N),
defined over Z[1/N].

Proof. This is quite difficult and way beyond the scope of these notes. You can look at the
original paper [KM85]. O

Remark. This means that there exists a universal triple (Y (N), E(N), ay) where Y(N) is a
scheme over Z[1/N], E(N) is an elliptic curve over Y (N), and ay: (Z/NZ)?* =~ E(N)[Ny )
is a level-N structure, such that for every scheme S over Z[1/N] and every pair (E,«a) €
Py (S), there exists a unique morphism ¢: S — Y (N) such that (F, «) is obtained by taking
the fiber product:

(E,a) —— (E(N), an)

S—> S Y(N
Remark. This is a very strong statement. In partlcular, if £ is a field such that char k1 N, and

(E, «) is a pair over k, then the theorem ensures the existence of a unique point s € Y (N)(k)
(which is the image of Spec k under ¢) such that [(E, )] comes from it.

There exists a natural morphism
Y(N) — Spec(Z[1/N][])

which, on points, sends the pair [(E,«)] to the j-invariant j(F) of E. This turns out (not
obvious) to be a finite, flat morphism, and so it follows that Y (N) is affine of relative
dimension 1 over Spec(Z[1/N]). This natural map is also smooth, so that Y (V) is actually
a curve over the j-line.

If ¢’ is a fixed primitive N*" root of 1, then:

Y (N)@zpnpznne = [ Y (N)e
¢
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(where ¢ runs over the primitive N*" roots of 1). Also, Y (), is smooth over Spec(Z[1/N, ¢]).

27

Over C, we can take (y dof e~ , and then
(Y(N)c)ey = T(N)\D
Moreover, we have a commutative diagram:

E(N)cey —— T(N)\E

L
Y(N)eoy —T(N)\b

18.2 From Katz’s to Classical

Let k € 2Z>5 and let Ry &' C. Consider Y (N)¢y.c, which is the (5 component of Y (V)
base-extended to C. We have explained that this will be affine, so:

Y (N)¢y.c = Spec(R) for some C-algebra R

Given a Katz’s modular form of weight k& and level N over Ry = C, we can evaluate it at the
pair:
(E(N)ey.c /R, an)

and we will obtain a section of

k /2
L&k _ (22 ®k/
=E(N)¢y.c “=E(N)cy,c

We can apply then the Kodaira-Spencer map to get a global section of

®k/2
(se)
This will give us a classical modular form, provided that it is holomorphic at infinity. We

will deal with this issue in the next section.

18.3 From Classical to Katz’s

Let now g be a classical modular form of weight k € 2Z>, and level N. We have seen that,

if we define w, & g(7)(dr)*/2, then we have

wy € HO (Y (Neyios (@i, o))

As before, we can apply the inverse of the Kodaira-Spencer map and get an element:

®k
Wg € YE(Ny c/Y (N)eyc

which, after applying the morphism ¢(N) yields f* (u for universal):

u def N ®k
= W;f( ) e YE(N)/C
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Let now R be any C-algebra, and let (E/R, ) be an elliptic curve together with a level- N
structure (over R). Then, by representability, there exists a unique morphism ¢: S — Y (),
defined over C, such that the following diagram is cartesian:

(E,Oé) N),aN

|

S = SpecR———Y(N)

In particular, we can pull f* back to Q%I;R via the map:

>®k )®k

©": (QE(N)/Y(N) - ((“_)E/R

to get an element:
def s/ ry
f(E/R,a) = ¢"(f")
The assignment (E/R,a) — f(E/R,«) € QE/R is a modular form in the sense of Katz, of

weight & and level NV, and it is associated (via the previous section) to the classical modular
form g.

Remark. Note that the level-N structure has only intervened for the existence and uniqueness
of the morphism ¢.

19 g-expansions and Holomorphicity at oo

19.1 Tate Curves

Let 7 € b, and consider its associated elliptic curve E. e J/(TZ & 7). We have an (analytic
isomorphism):
B, —2 Cx/ ¢
) — 627'{'1',2
where ¢, < 277 and ¢Z is defined to be the multiplicative subgroup of C* generated by ¢;.
We can consider the formal spectrums:

Spf(C[lq]) — SL2(Z)\b, and Spf(C((q))) — SL2(Z)\b

as formal neighborhoods of oo (the second one with oo itself removed). By pull-back we get
a cartesian diagram:
Tate(q) — SLo(Z)\E

| |

Spf(C((g))) —— SLa(Z)\b
We want to derive equations for Tate(q). For this, let

L, 2ni(TZ B 7)
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and let X and Y be:
X ¥ o@niz, L), Y (2nriz, L)

We get the equations:

Eia)y  Eslo)

Y2 =4X3 — go(L)X — g5(L) = 4X3 —
g2(L) g3(L) D 516

where:

Ey(q) = 12(270) ga(7) = 12g5(L) = 1+ 240 Y _ o3(n)q"
Es(q) = 216(2mi)°gs() = 216g5(L) = 1 — 504 Y _05(n)q"

(note that the g-expansions are in Z[q¢], and hence the equation for Tate(q) is defined over
Z[1/6]((¢)). We want to remove also these denominators. So replace X = x + 12, and
Y =z + 2y, and we obtain:

y* 4+ 2y = 2° 4+ B(q)z + C(q)

where:

E4 1 E4(q) —1 Eﬁ((]) -1 50'3(71) + 70’5
B — — = — — — = — _
@) ==5"0 240 52 o 12 ( 200 501 2. 12

It’s an elementary number theoretic calculation to show that C'(q) has coefficients in Z
as well (won’t do the embarrassingly easy high-school number theory exercise).
So we arrive at the definition of the Tate curve:

Definition 19.1. The Tate curve over Z((q)) is the elliptic curve given by the equation

y?> + zy = 23 + B(q)r + C(q), together with the canonical differential weap, dof xf;y.

Similarly define, for N > 3:

Definition 19.2. The level-N Tate curve over Z((q)) is the elliptic curve given by the

equation y? +xy = 23+ B(¢")x+C(¢"), together with the canonical differential wea, oo xi:tzy'

Note that the level-N Tate curve fits in the cartesian diagram (the lower map induced by
the mapping ¢ — ¢):
(Tate(q), Wean) +—— (Tate(qN), wcan)

|

Spf (Z((q))) «— Spf (Z((¢™)))

Note also that the map Z((q)) — C given by mapping ¢ — e
diagram:

2miT induces a cartesian

((CX /qZ, dt/t) —— (Tate(q), wean)

| |

Spt(C) ——— Spf(Z((q)))
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19.2 Tate Curves (formal-schemes-free version)

In this subsection we partly redo the previous section without mentioning formal schemes.
This wasn’t assumed initially as required background, so the previous subsection is not
necessarily understandable.

consider ¢ & €27 and ¢V = 2"NT and E, = C* /(g% Then its N-torsion group is:
E.N]={¢¢"|0<a,b< N —1}, ( aprimitive N*" root of 1
A level-N structure is then an ordered basis a = (e, ey) of E;[N], as a Z/NZ-module.
Note that if e; = (%¢® and e, = (¢¢%, then « is a basis if, and only if,

5 % det (OC‘ 2) € (Z/NZ)*

Moreover, the Weil pairing is easy to compute:

27id
<€1, 62>weﬂ =€ iy

so that the (y component corresponds to those bases o = (ey, e3) such that (CCL Z) €
SL.(Z/NZ).

From all this we can deduce that there is a one-to-one correspondence between level-N
structures on Tate(¢") and cusps of X(N). More on this can be found in [Sil86].

Fix now Tate(¢")/C((q)), together with weay and a level-N structure a. We have just
seen that a corresponds to a cusp z, € X(N)¢ (if a corresponds to the primitive N root
of unity ().

We have then an embedding of Y (V) = Spec(R;) into X ()¢, because R, is a C-algebra

of finite type, and an integral domain. So we can take its fraction field K, o Q(R:) =

CY(N)¢) = C(X(N)¢)- .

As R C K¢, then x, will correspond to a discrete valuation v, on K. Let K. be the
completion of K, with respect to the valuation v,, and let ¢, € K be a uniformizer.

As X(N)¢ is smooth, we have:

K¢ ~ C((4a)) = C((q))

Hence we have a C-algebra homomorphism R; — C((¢)), which is given by inclusions
depending on the level-N structure. This yields a map:

Spec (C((¢))) — Y(N)¢

as we had in the previous subsection.

19.3 The g-expansion of a Modular Form

Let N > 3, and k € Z>o. Let Ry be a Z[1/N]-algebra, and assume that R, contains a
primitive N*® root of 1. Let f be a Katz’s modular form of weight &k and level N defined
over Ry. Fix a a level-N structure of Tate(¢") over Z((q)) ®z Ro.
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Definition 19.3. The g-expansion of f at « (we think of it as at the cusp in X (N)g,
corresponding to «) is:

f (Tate(¢")/Z((q)) ® Ro, wean, @) € Z((q)) @z Ry

Remark. Using this definition, every Katz’s modular form is automatically meromorphic at
oo (i.e. at all cusps).

Definition 19.4. We say that f is holomorphic at oo if, for every level-N structure a of
Tate(q), its g-expansion at a actually belongs to Z[q]] ®z Ry. We say that f is a cusp form
if it belongs to ¢Z[q] ®z Ry (also for all ).

19.4 The g-expansion Principle

Theorem 19.5 (The g-expansion principle). Let Ry be a Z[1/N,(]-algebra, and let f be
a Katz’s modular form of weight k and level N > 3 defined over Ry, and holomorphic at co.
Suppose that, for every ¢ primitive N root of 1, there exists a level-N structure ae = (ey, e3)
of Tate(q), with {(e1, es) we = ¢ such that the q-expansion of f at « is 0. Then f is zero as
a modular form.

Corollary 19.6. If K C Ry is a Z[1/N,(]-subalgebra such that all g-expansions of f are in
Z[q] ®z K, then f is in fact defined over K.

Remark. One can also define modular forms over modules, and then K in the previous
corollary needs only to be a sub-module for the result to hold.
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