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Chapter 1

Riemann surfaces

1.1 Hyperelliptic integrals and curves

As all of us learn in calculus, that integrals involving square roots of quadratic
polynomials can be evaluated by elementary methods. For higher degree poly-
nomials, this is no longer true, and this was a subject of intense study in the
18th and 19th centuries by Euler, Legendre, Abel,.... An integral of the form

p(z) de
|55 -

is called elliptic if p(z) is polynomial and f(z) is a polynomial of degree 3 or 4,
and hyperelliptic if f has higher degree.

A big advance in the above study involved switching from real to complex
analysis. But the really big step was due to Riemann, who introduced the
geometric point of view in the mid 19th century. He suggested that we should
really be looking at the curve X° defined by

in C2. When f(x) = [[(z — a;) has distinct roots (which we assume from now
on), X° is a nonsingular affine algebraic curve. A bit more precisely, let

F(I,y) :yZ_f(I)

Nonsingularity means that the gradient Vf = (%—5, %—5) does not vanish on the

zero set
X =V(F)={(z,y) | F(z,y) = 0}

Since we are working over C, we can also regard it as a Riemann surface. We
will give the precise definition shortly, but intuitively it is is something which
locally looks like C. To see that it is the case for X°, we need to invoke the
implicit function theorem as explained later.

5
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It is convenient to add points at infinity to make it a compact Riemann
surface X called a (hyper)elliptic curve. To make this rigorous, we first take the
projective closure of X°

X ={[z,y.2] € PL | F"(,y,2) =0}

where P2 = (C® — {0})/C* is the complex projective plane, and F” is the
homogenization of F (the smallest degree homogeneous polynomial such that
F"(z,y,1) = F(x,y)). X is a projective algebraic curve. In general, X could be
singular, but let us ignore this for now, and suppose that X = X is nonsingular.’
C3—{0} will inherit a Hausdorff topology from C3. Taking the quotient topology
makes P? into a compact Hausdorff space (which is very different from the
Zariski topology). We give X the induced topology, then it is compact and
Hausdorff.

1.2 Riemann surfaces

It is time to give a rigorous definition.? A Riemann surface or a one dimensional
complex manifold or a nonsingular complex curve (these terms are interchange-
able) consists of the following data:

1. A metrizable topological space X.
2. An open cover {U;} of X.

3. A collection of homeomorphisms ¢; : U; — A to a disk, such that ¢; ogb;l
are holomorphic.

The sets U; are called coordinate disks or charts, and the composition z o ¢;
(which is usually just written as z; or just z;) is called a local coordinate. We call
x; = Rez;,y; = Im z; the real coordinates. We can define higher dimensional
complex manifolds and C'*° manifolds in the same way, with A replaced by a
ball in R™ or a product of disks in C™. Condition 3 is that ¢; o qS;l is either C*°
or holomorphic. A function of several variables is holomorphic if it is continuous
and holomorphic in each variable, when the other variables are fixed.

Let us consider some examples. Obviously:

Example 1.2.1. Any open subset of C gives a Riemann surface.
The first nontrivial example that we learn in basic complex analysis is

Example 1.2.2. The Riemann sphere S consists of the sphere with Uy =
52 — (south pole) and Us, = S? — (north pole). The function ¢g is given by
stereographic projection. If z = zy is the coordinate on Uy, the coordinate z
on U satisfies zoo = 271, when it make sense. Note that algebraic geometers
prefer to think of this as P(.

1For people who know what this means, in general one can always blow up X obtain a
nonsingular curve X.

2As far as T can tell, this goes back to Weyl. His 1913 book on Riemann surfaces gave the
first completely rigourous treatment of this topic.
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Lemma 1.2.3. A nonsingular affine algebraic curve has the structure of a Rie-
mann surface in a natural way.

Proof. Let f(x,y) be a polynomial such that V f does not vanish on X = V().
Let (z;,y;) € X be a point such that %(xi,yi) # 0 (resp. g—g(xi,yi) #0) , then
the holomorphic implicit function [Griffiths-Harris, p 19] says that there exits
open sets U; = {|z — x| < €}, V = {|y — vi| < ¢;} and a holomorphic function
g :U; — Vi such that X NU; x V; = {(z,y) | y = g(z)} (resp. with roles of x
and y reversed). Then the collection {X NU; x V;} gives an open cover with ¢;
given by projection to Uj;. O

Lemma 1.2.4. A nonsingular algebraic curve in the projective plane has the
structure of a Riemann surface in a natural way.

Proof. Let X C P? be a nonsingular curve. Let U; = {[zo, 71,22 | 2; #
0}, where x; are homogeneous coordinates. Then U; = C? where for example
when ¢ = 0, the bijection is given by [z¢, 21, z2] — (21/20,x2/x0). Under this
bijection, X maps to a nonsingular affine curve. We can now apply the previous
lemma. O

Example 1.2.5. Let L C C be a lattice, which means L = Zo + Z3, where
a and 8 are R-linearly independent, e.g. a = 1,8 = i. Consider X = C/L.
Topologically, this is a torus. Choose a disk A centered at 0 and contained in
the parallelogram with corners £a/2,+6/2. For any p € X, lift it to p € C,
and let U be the image of A+ p. This gives a coordinate disk,

We will see other examples that later. Given a Riemann surface X and
an open set U C X. A function f : U — C,R is holomorphic (resp. C*°) if
its restriction to any coordinate disk is given by a holomorphic (resp. C* )
function of the local coordinate z (coordinates x,y).

Theorem 1.2.6. If X is a compact connected Riemann surface, then a holo-
morphic function on it is constant.

Proof. Let f: X — C be holomorphic. Since X is compact, |f| must attain a
maximum somewhere, say p € X. Let ¢ = f(p) and Z = {q € X | f(q) = ¢}.
Then Z is closed. Choose g € Z, and choose a coordinate disk A C X containing
q. Since |f| has a maximal value at an interior point of A, the maximum
principle from complex analysis tells us that f|a must be constant. Therefore
Z O A, which implies that it is open. Since Z is open and closed, and X is
connected, we must have Z = X. O]

A continuous map f : X — Y between Riemann surfaces is called holo-
morphic if it can be expressed as a holomorphic function of local coordinates.
More precisely, for any p € X, choose coordinates ¢, : U = V c C and
g : U = V' C Catpand qg= f(p), then 1,0 fo qS;l should be holomorphic.
A map f is an isomorphism if it is bijective and both f and f~! are holomor-
phic. Clearly f: X — C is holomorphic in the current sense if it f € O(X). A
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holomorphic function f : X — P! is called a meromorphic function on X. The
restriction of a meromorphic function to a coordinate disk is a meromorphic in
the usual sense.

Theorem 1.2.7. A nonconstant holomorphic between compact connected Rie-
mann surfaces is surjective.

Proof. Given f: X — Y as above, f(X) is closed since X is compact. On the
other hand, f(X) is also open by basic complex analysis. So f(X) =Y. O

1.3 A little sheaf theory

To completely check that something is a manifold or Riemann surface using the
previous standard definition can get a little tedious. This means that details
tend to get omitted in practice. We give an alternative definition based on
sheaf theory which is sometimes easier to use and pretty natural for an algebraic
geometer. But to avoid spending a lot of time on foundations, we will just talk
about sheaves of functions.? Given a topological space X and a set S, a presheaf
of S-valued functions on X, is a collection F(U) of functions U — S, for open
sets U, such that f|y € F(V) whenever f € F(U) and V C U. We say that F
is a sheafif f : U — S lies in F(U) if f|y, € F(U;) for any open cover of U. If S
has an abelian group or ring, we say that F is sheaf of abelian groups or rings
if F(U) is an abelian group or ring under pointwise operations. If F is a sheaf
on X, then for any open U C X, the restriction F|y(V) = F(V), for V C U,
gives a sheaf on U.
The following examples are sheaves of rings of C-valued functions:

1. The collection of all continuous functions C'(U) on a space X.
2. The collection of C'*° functions C*>°(U) on a C'*° manifold X.

3. The collection of all holomorphic functions O(U) on a complex manifold
X.

The following is a presheaf but not a sheaf.
1. The collection of constant functions on C (or almost any space X).

Let k be a field. By a ringed space over k, we mean a pair (X, F) consisting
of a topological space X and a sheaf of algebras of k-valued functions on it.
A morphism f : (X, F) — (Y,G) between k-ringed spaces is a continuous map
such that g € G(U) implies that f*g := go f € F(f~'U). This is called an
isomorphism if f~! exists and is also a morphism.

We will be interested in the following examples:

31n fact, this is not a real restriction, because any sheaf is isomorphic to a sheaf of functions
to an appropriate target.
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1. (X,C%) is an R-ringed space, where X is (real) C*° manifold. A mor-
phism f: (X,C%) — (Y, Cs°) is the same thing as C°° map of manifolds.
An isomorphism is the same thing as a diffeomorphism.

2. (X,0x) is a C-ringed space, where X is a complex manifold. A morphism
f:(X,0x) — (Y, Oy) is the same thing as holomorphic map of manifolds
(and in particular Riemann surfaces). An isomorphism is the same thing
as biholomorphism (we will just use the word isomorphism).

Finally, we have the following alternative definition of Riemann surfaces etc.

Proposition 1.3.1. A Riemann surface is the same thing a ringed space (X, Ox)
over C, such that X is metrizable and such that it is locally isomorphic to
(A,0p), where A C C is a the unit disk. More precisely, there exists an open
cover {U;} such that (U;, Ox|u,) = (A,Opn). Similar statements hold for C*
and complex manifolds.

Exercise 1.3.2. Let I" be a subgroup of the automorphism group of Riemann
surface X, and assume that the action is free and properly discontinuous (this
means every point p has a closed nbhd K such that y(K)NK =0 for v # 1).
Let Y = X/T' with quotient topology, let m : X — Y denote the projection,and
let Oy (U) = Ox (U)LY the ring of invariant functions. With the help of the
last proposition, show that (Y, Oy) is a Riemann surface.

1.4 Topological invariants

If X is a Riemann surface, then the connected components are also Riemann
surfaces. So we may usually restrict our attention to the connected surfaces
(and this assumption is not always stated explicitly).

Theorem 1.4.1 (Topological classification). A compact connected Riemann
surface is homeomorphic to a sphere with g handles. The number g € N is
called the genus.

For example,

has genus 2. This is really a theorem topology about compact oriented 2-
manifolds. The proof can be found in several places, such as Seifert and Threll-
fal’s classic “Lectures in topology”, which originally written in the 1930’s.
Although the genus is the key topological invariant, it is not the only one.
The other invariant we want to discuss is the first Betti number. We first define
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from the de Rham point of view. In calculus, given C'°° functions f,g on an
open set U C R?, we define an expression

w = f(z,y)dz + g(z,y)dy

to be a C> differential form of degree 1 or simply 1-form on U. Let £Y(U)
denote the vector space of 1-forms on U. A basic question is when can we find
a C'* function h such that

oh oh

=dh:= —dx + —d
@ ox x—’_@y Y

A necessary condition is that the 2-form

_ (9% _0of _
dw = (856 8y)dm/\dy—o

One says that w is closed if the last condition holds, and exact if w = df. A
closed form need not be exact as can be seen using U = R? — {0} and w equals
“dA” (note that 6 is not a true function on U). We measure the failure by
introducing the first de Rham cohomology

{we &YU) | dw = 0}

Hin(UR) = =r 5 e ce )y

The first Betti number b, (U) is
dimg Hip(U,R)

We extend these definitions to a Riemann surface X as follows: A C'*° 1-form
w on X is an assignment of a 1-form in the above sense w; = f;dz; + g;dy;,
for every system of real coordinates. These are required to be compatible with
coordinate changes in the sense that

ox; ox; 0y; 0y;
wj = fi (amd%‘ + 8y-dyj> + gi ((%il_d%‘ + az_dyj)
J J J J

(This is pretty much the classical approach. There are coordinate free ap-
proaches which, however, take more time to set up.) The other notions extend
in the same way, and we can define H},(X,R) and the first Betti number as
above. Letting £9(X) = C*°(X) and £?(X) denote the space of 0-forms and
2-forms. We define the other de Rham cohomologies by

Hap(X,R) = {f € £°(X) | df = 0}

H3p(X,R) = {w € £%(X) | dw = 0}
It is easy to see that df = 0 implies that f is constant. Therefore

H5(X,R) =R
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It is also true that
H(%R(X7 R) =R
but this is harder to see. Thus the dimensions
bo(X) =ba(X) =1

The Euler characteristic of any topological space (for which b; is defined and
> b, < 00) is given by

Therefore
e(X) = bo(X) — b1(X) + ba(X) = 2 — by (X)

One nice feature of the Euler characteristic is the following “inclusion-exclusion”
property
Theorem 1.4.2. If T =U UV is a union of open sets,

e(T)=eU)+e(V)—e(UNYV)
Proof. This follows from the Mayer-Vietoris sequence and the additivity of dim
for exact sequences. O
Exercise 1.4.3. Use the above theorem to show that e(X) = 2 — 2g when X is
a genus g compact surface. Conclude that by (X) = 2g.

There is a dual point of view, which is more geometric. Roughly speaking
the first homology H;(X,Z) has generators consisting of closed oriented C'*°
paths, or loops, in X. Two loops 71,72 define the same element of H;(X,Z) if
there exists subsurface S C X whose boundary is v1 — 2.

"

For a more complete treatment, see for example Hatcher’s Algebraic Topology.
Given a closed 1-form w, Stokes’ theorem shows that

v / w
¥
gives a well defined element of
Hom(H.(X,Z),R)
Theorem 1.4.4 (de Rham). The above map gives an isomorphism
Hjp(X,R) = Hom(H,(X,Z),R)

Therefore rankHq(X,7Z) = 2g. In fact, it is known that H;(X,Z) is torsion
free, therefore it is isomorphic to Z29. In the genus 2 example depicted above,
the loops a1, as, b1, ba denote the generators.
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1.5 Elliptic curves

Let L C C be a lattice, i.e. subgroup spanned by two R-linearly independent
numbers w;. The torus E = C/L is called an elliptic curve. We will see below
that such a curve can be realized as cubic curve in the plane. Since E = C/w; 'L,
there is no loss in assuming that w; = 1, and that I'm(w2) > 0 (replace wy by
—wsy if necessary). A translate of a parellogram having corners 0,1, ws, 1 + wo
will be referred to as a fundamental parallelogram.

Now consider complex function theory on E. Any function on E can be
pulled back to a function f on C such that

flz+X)=f(z2), AelL (1.2)

A meromorphic function satisfying this is called a doubly periodic function or
an elliptic function with respect to L.

Proposition 1.5.1. Any holomorphic elliptic function is constant.

First proof. An holomorphic elliptic function is a holomorphic function on E.
Earlier we proved that holomorphic functions on compact Riemann surfaces are
constant. O

Second proof. A holomorphic elliptic function is a bounded entire function. This
is constant by Liouville’s theorem. O

So to get interesting elliptic functions, we must have poles. For example:
Theorem 1.5.2. The Weirerstrass p-function
1 1 1
GRERPYN =]
reL—{0}

s an even elliptic function with double poles at points of L and no other singu-
larites.

First we need the following, which can be proved using elementary analysis.
Lemma 1.5.3. If k > 2, the series, called an Fisenstein series,
3 €
AeL—{0} Af
converges absolutely.
Proof of theorem. Some elementary manipulations lead to an inequality

1 1
CESNEE

< const
AP

B 2z — 22
N A2(z — )2

when z lies in a bounded subset of C — L. Therefore we see that the series for
p(2) converges uniformly on compact sets away from L by the previous lemma.
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The series shows that p(—z) = p(z), so it is even. By uniform convergence, we
can differentiate term by term to get

1
/ - _9 2 :
This is clearly elliptic. Therefore

p(z+A) = p(2) +c(N)

for some c(A) which is independent of z. Choosing z = —A/2, and using the
evenness of p(z) shows that ¢(\) = 0. This implies that (%) is elliptic. Clearly
it has a double pole at 0. and therefore at all points of L.

O

We will need the following below.

Lemma 1.5.4. Let f(2) be a nonzero elliptic function, and P a fundamental
parallelogram such that the poles of f(z) do not lie on the boundary of P. Then
the sum of orders of f within P equals the sum of the orders of the poles.

Proof. By complex analysis the difference between the above orders is

1 f'(z)

2mi Jop f(2)

Double periodicity of f implies that the integral along opposite sides of P cancel.
O

dz

Exercise 1.5.5. Use the fact that ©'(2) is an odd elliptic function to prove that
S = {%, 2, 1"’2“’2} are zeros of this function. Choose a fundamental parallelo-
gram P" with & corners given by the above points. Let P = P’ + ¢(1 4+ ws) with
€ > 0 small, so that the points S lie in the interior of P. Use the lemma to

show that the zeros of ©'(2) in P are exactly the points in S.

The next step is to relate this to algebraic geometry by embedding E into
projective space. Denote the image of 0 in C by 0 as well.

Theorem 1.5.6.
(a) (¢')? = 49> — gagp — g3 for the appropriate choice of constants g;.
(b) The affine and projective algebraic curves defined by
y* =4a° — gaw — g

and
2y? = dxd — gowz? — g32°3

are nonsingular.



14 CHAPTER 1. RIEMANN SURFACES

(¢c) The map z — (p(z),¢'(2)) € C?, gives a well defined map of E minus
0 to C%. This gives an isomorphism between E — {0} (resp. E) and the
affine (projective) cubic defined in (b).

Sketch. See [Silverman, Arithmetic of elliptic curves, chap VI] for complete
details. The idea for (a) is to choose the constants so that the difference (p’)? —
403 — gap — g3 vanishes at 0. But then it is elliptic with no poles, so it is
constant. Therefore it vanishes everywhere.

Using the previous exercise and (a), we can see that 423 — gox — g3 has
3 distinct roots. It is easy to see using that the curves defined in (b) are
nonsingular.

Let ¢(2) = (p(2), ¢'(2)). Clearly this factors through ® : E — {0} — C? and
the image lies within the affine cubic given in (b). We will be content to prove
that ® is injective. Suppose not. Then ¢(z1) = ¢(z2) for 21 — 20 ¢ L. Let P
be a fundamental parallelogram which is symmetric about 0. After translating
P slightly, we can assume without loss of generality that 4zq, 2, lie in the
interior of P. The function f(z) = p(z) — p(z1) is even, so it must vanish
at +2z; and z. Since f(z) has a double pole at 0 and not other poles in P,
we can conclude by the previous lemma that f(z) can have at most 2 zeros.
This forces zo = —z;. Since p/(z) is an odd function, p'(z2) = —p'(21). If
©'(z1) # 0, then ¢(z1) # P(22), which is a contradiction. Therefore ¢'(z1) = 0,
which implies that z; is a double zero of f. Therefore zo = z;. In a nbhd of
0, ¢(z) = [23p(2), 239 (2), 23] € P2. Since ©'(z) has a triple pole at 0, this
shows that we have a holomorphic extension with ¢(0) = [0,1,0]. This gives an
injective holomorphic map ® from E to the projective cubic in (b). Since ® is
nonconstant, it also surjective. This almost proves that it is an isomorphism.
To make sure, we need to check that the derivative everywhere nonzero. See
Silverman for this. O

In summary, an elliptic curve really is an algebraic curve, which can be
realized as a plane cubic. In the purely algebraic theory, which works over any
field, one starts with the latter.

1.6 Jacobi’s Theta function

The alternative approach to getting interesting holomorphic functions on a lat-
tice is to relax the periodicity (1.2). This leads to the theory of theta functions.
The higher dimensional analogue will play an important role later. Basically,
we want holomorphic functions that satisfy

f(z+ X)) = (some factor) f(2)

which we refer to as quasi-periodicity with respect to L = Z 4+ Z7 with 7 = w»
in the upper half plane. Similar ideas are in the theory of automorphic forms.
We can obtain elliptic functions by taking ratios of two such functions with the
same factors. To make it more precise, we want

fz+2) = ox(2)f(2) (1.3)
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where ¢, (z) is a nowhere zero entire function. To guarantee nonzero solutions,
we require some compatibility conditions

fz+ (M +A2)) = da, 1, (2) f(2)

F((z+ M) + A2) = da, (2 4+ A2)oa, (2) £ (2)

which suggests that we should impose

¢>\1+)\2 (Z) = ¢A2 (Z + >\1)¢>\1 (Z)

This is called the 1-cocycle identity. As it turns out, there is a cheap way to get
solutions, choose a nowhere zero function g(z) and let ¢x(z) = g(z + A)/g(z)
such as cocycle is called a coboundary. From the point of view of constructing
interesting solutions of (1.3), it is not very good. Any solution would be a
constant multiple of g(z). Taking ratios of two of these functions would result
in a constant.

The problem of constructing cocycles which are not coboundaries can be
solved using the machinery of group cohomology. The set of cocycles modulo
coboundaries forms the cohomology group H'(L,O(C)*). There is a connecting
homomorphism*

c1: HY(L,O(C)*) — H*(L,Z) = N’L*

to the space of alternating integer valued forms on L. Given a cocycle ¢y,
to show that it is not a coboundary is enough to show that the image of c¢; is
nonzero. Fortunately this can be done explicitly. Since ¢, is entire and nowhere
0, we can take a global logarithm vy (z) = log ¢x(z). Then

O 2) = 502,40, ) = Y+ X2) = 0, ()] € 2

gives an integer valued function such that
c1(Pe) (A1, A2) = F(A1, A2) — F(A2, A1)
One can check that the exponential of
Unrym(2) = —n2mwit + 2mwinz

gives a cocycle whose image under ¢; is nonzero. With this choice, we can find
an explicit solution to (1.3). The Jacobi #-function is given by the Fourier series

0(z) = Z exp(min?t + 2minz) = Z exp(min?T) exp(2minz)
nez nez

4As the notation suggests, it is a version of the first Chern class. People familiar with
group cohomology can verify the last isomorphism for H2(L,Z) using the Koszul resolution,
otherwise take it as a blackbox.
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Writing 7 = x + iy, with y > 0, SQOWS that on a compact subset of the z-plane
the terms are bounded by O(e™™¥). So uniform convergence on compact sets
is guaranteed. This is clearly periodic

0(z+1)=10(z)
In addition it satifies the function equation
0(z+71) = Z exp(min?t + 2min(z + 7))
= Y _exp(ri(n + 1)*1 — wit + 2minz)
= exp(—miT — 2mwiz)0(z)
and more generally

0(z +n1 +m) = exp(Ynr+m(2))0(2)

We can get a larger supply of quasiperiodic functions by translating. Given
a rational number b, define

Oop(z) =0(2+ D)
Then
Oop(z+ 1) =00(2), 6Oop(z+7)=exp(—miT — 2miz — 2mib)0(2)

We can construct elliptic functions by taking ratios: 6 ,(Nz)/0(Nz) is a
(generally nontrivial) elliptic function when b, b’ € +Z. More generally given
rational numbers a, b € %Z, we can form the theta functions with characteristics

0up(2) = exp(mia®T + 2ma(z + b))0(z + at + b) (1.4)
Fix N > 1, and let Vjy denote the set of linear combinations of these functions.

Lemma 1.6.1. Given nonzero f € Vi, it has exactly N? zeros in the parallel-
ogram with vertices 0, N, N1, N 4 7.

Sketch. Complex analysis tells us that the number of zeros is given by the
integral

1 1 (z)dz

2mi )., f(2)
over the boundary of the parallelogram. This can be evaluated to N2 using the

identities f(z + N) = f(z), f(z + N7) = Const.exp(—2wiNz)f(z) following
from (1.4). O

These can be used to construct a projective embedding different from the
previous.
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Theorem 1.6.2. Choose an integer N > 1 and the collection of all 8,4, p,, as
(ai, b;) runs through representatives of %Z/Z, The the map of C/L into pN*-1
by z > [0q, 1, (2)] is an embedding.

Sketch. Suppose that this is not an embedding. Say that f(z1) = f(z1) for some
z1 # 21 in C/L and all f € V. By translation by (at + b)/N for a,b € +Z,
we can find another such pair zo, 25 with this property. Since dim Vy = N2, we
can find additional points 2, ... 2zyN2_3, distinct in C/NL, so that

f(z1) = f(z2) = f(z3) = ... f(an2—_3) =0

for some f € Vy —{0}. Notice that we are forced to also have f(z1) = f(25) =0
which means that f has at least N2 + 1 zeros which contradicts the lemma.
Further details can be found in [Mumford, Lectures on Theta I] O

Note that the smallest such embedding lands in P2, so it is different from
what we obtained before.



18

CHAPTER 1. RIEMANN SURFACES



Chapter 2

Hodge theory

2.1 Cauchy-Riemann operator

Let U C C be an open set Let C*°(U) (resp. CR°(U) ) denote the space of

complex (resp. real) valued functions. Similarly, we work with complex valued

differential forms, where £1(U) (resp. &i(U)) denotes the space of complex

(resp. real) valued 1-forms. Note that £1(U) is a module over C*°(U). If
z=x+ 1y

as usual, and introduce complex valued differential forms

dz = dz +idy, dz = dx — idy

Therefore ]
dzx = 3 (dz + dz)

1
dy = Z—Z(dz —dz)
Given a C function f : U — C, the total differential
1 . 1 . _
df = fazdx + fydy = i(fz - ny)dz + i(fz + ny)dz

This suggests that we should introduce the operators

0f = L (fe —if,)dz

0f = Lfe +if,)dz

so that
d=0+0

19
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If we set u = Re f,v = Im f, then
= 1
Of = 5[z = v,) + iy +v2))d
This makes it clear that the condition df = 0 is equivalent to the Cauchy-
Riemann equations. Therefore
Lemma 2.1.1. f € C®(U) is holomorphic if and only if f = 0.

We let E19(U) C EY(U) (resp. E°1(U) C EX(U)) be the submodule spanned
by dz (resp. dz). We call these forms of type (1,0) or (0,1). We have

EYWU) =EMU) @ (D)

and O (resp. ) is just d followed by projection to these submodules.

We now want to show that of this make sense on a Riemann surface X.
Given two overlapping coordinate disks U and V with local coordinates z and
¢, we see that ¢ is a holomorphic function of z and visa versa. Therefore

0
d¢ =0¢ = adz
dz =0z = g—de

Therefore
EVUNV)=C

We can now define £1°(X) C £1(X

—~

UNV)dz =C®UNV)dC

to be the space of 1-forms whose restriction
to any coordinate disk U; lies £1°(U;). The previous equality shows that this
is well defined. We define £°1(X) to be the space of complex conjugates of
(1,0)-forms. We can see that any form in £'(X) has a unique decomposition
into a sum of (1,0)-form and (0, 1)-form. Therefore

~— T~

ENX)=EN(X) @ EM(X)

We define f (resp. Of) to be the projection of df to the first (resp. second)
factor. A (1,0)-form is called holomorphic if its restriction to any coordinate
disk with coordinate z is f(2)dz with f holomorphic. We let Q!(X) denote the
space of holomorphic 1-forms.

2.2 Harmonic forms

Fix a compact (connected) Riemann surface X. Let us suppose that the genus
is g. As before C*°(X) and £P(X) will now denote the spaces of complex valued
C* functions and complex valued forms. We these conventions, we can define
complex valued de Rham cohomology as before

1 H{ae&H(X)|da =0}
Hin(X.C) = 7 e o=(x)
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This is isomorphic to H}(X,R)® C = C%. Note the formula and similar ones
appear more uniform, if we set

EY = €Y =Cx

We note that Riemann surfaces have a canonical orientation: if z,y are
real and imaginary parts of a complex coordinate z, then dx A dy is positively
oriented. The orientation allows us to integrate two forms on X. Given «, 8 €
EY(X), define

(a,ﬁ)z/xwﬁ

Stokes’ theorem and properties of the wedge product shows that this gives a
well defined skew symmetric pairing

(7 ) : HéR(X7C) X Ht%R(Xa(C) —C

For people familiar with it, this is dual to the (complexified) intersection pairing
on Hi(X,Z)

An element of de Rham cohomology is really an equivalence class. Does such
a class have a distinguished representative? The answer will turn out to be yes.
To describe it, let us introduce a C°°(X)-linear operation called the Hodge star
given locally by *dx = dy, *dy = —dz. This is amounts to multiplication by i
in the cotangent planes, so it is globally well defined operation. We have the
following basic properties

Lemma 2.2.1. £Y(X) has an inner product given by

(@.8) = (as8) = [ anss
b'e
Proof. One can see that
(fdx + gdy) A x(hdx + kdy) = (fh + gk)dx A dy
(fdz + gdy) A +(fdx + gdy) = (|f1> + |g]*)da A dy
This implies the basic properties including positive definiteness. O

Corollary 2.2.2 (Poincaré duality). The bilinear form (, ) is nondegenerate.

Remark 2.2.3. The topological form of Poincaré duality gives the stronger
result that the intersection pairing on Hy(X,Z) is unimodular. This means that
Hi has a basis, called a symplectic basis, such that the pairing is represented by

(o)

We will use this later on.
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Definition 2.2.4. We define a 1-form « to be co-closed if d(xa) = 0. It is
harmonic if it is both closed and co-closed, i.e. da = d(xa) = 0. A form is
called co-exact if it equals *df .

The reason for the name will be explained later on. The basic properties are
given by:

Proposition 2.2.5.

(a) A harmonic 1-form is a sum of a (1,0) harmonic form and (0,1) harmonic
form.

(b) A (1,0)-form is holomorphic if and only it is closed if and only if is har-
monic.

(c) A (0,1)-form is harmonic if and only it is antiholomorphic i.e. its complex
conjugate is holomorphic.

(d) A 1-form is co-closed (resp. closed) forms if and only if it is orthogonal
the space of exact (resp. co-exact) forms. Therefore a 1-form is harmonic
if and only if it is orthogonal to the direct spaces of

Proof. 1f o is a harmonic 1-form, then o = o/ + o/, where o/ = (o +i*a) is
1

a harmonic (1,0)-form and o = 3(a — i * @) is a harmonic (0, 1)-form.
If ais (1,0), then da = dcv. This implies the first half (b). For the second

half, use the identity
xdz = *(dz + idy) = dy — ide = —idz

Finally, note that the harmoncity condition is invariant under conjugation, so
the (c) follows from (b).

For (d), we first observe that integration by parts (essentially Stokes’ theo-
rem) implies

(df,a):/de/\*a:/d(f*oz)—/xfd*d:—/de*d

If « is co-closed, then it follows that (df,a) = 0. Conversely, suppose that
(df,a) =0 for all f € C*(X). Let d* a = g(z,y)dz A dy in a coordinate disk
D. If g(p) # 0, we can choose f with support in D such that f(x,y)g(z,y) >0
everywhere and strictly positive at p. Therefore [ v fd*xa > 0, so we can
conclude that d * « = 0. A similar argument using

(a,*df):/Xa/\**df:—/Xd(fa)—i—/xfdoz:/xfdoz (2.1)

shows that da = 0 if and only if « is orthogonal to co-closed forms.

Here is the key fact. We will say more about this in later on.
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Theorem 2.2.6 (Hodge theorem ). FEvery de Rham cohomology class has a
unique harmonic representative.

Remark 2.2.7. This statement is actually due Weyl, which Hodge generalized
to higher dimensions.

Corollary 2.2.8 (Hodge decomposition). We have
Hip(X,C) = 01(X) & O7(X)
Therefore dim Q! (X) = g.

Proof. By proposition 2.2.5, a harmonic 1 can be uniquely decomposed as a sum
of holomorphic 1-form and the complex conjugate of a holomorphic 1-form. O

For reasons that will be explained later, one normally denotes Q!(X) by
H°(X, Q%) and this notation will be used below.

2.3 Proof of the Hodge theorem

First we explain the connection between harmonic forms and harmonic func-
tions. Recall that C° function f on an open subset of R? is harmonic if it
satisfies the Laplace equation

0? 02
Af ==+ =— =
/ (3062 " 81/2) /=0
Lemma 2.3.1. A 1-form on a disk is harmonic if and only if it is given by df,

where [ is a harmonic function.

Proof. Since a disk D is contractible, a 1-form on D is closed if and only if
equals df for some f. The form is also co-closed when

d+df = Afde Ndy =10
O

Recall that Green’s identity from calculus implies that if f and n are both
C® and n vanishes near the boundary 0D, then

/fAndxdy=/(Af)ndxdy
D D

Therefore if f is harmonic, then the first integral vanishes. Weyl’s lemma is a
converse statement.

Theorem 2.3.2 (“Weyl’s lemma”). Let D C C be an open disk. Let f € L*(D)
be such that

/ fAndxdy =0
D

for every compactly supported C> function n, then f is a C* harmonic func-
tion.



24 CHAPTER 2. HODGE THEORY

Proof. The proof is not difficult but it takes a few pages, so we refer to [Farkas-
Kra, Riemann surfaces]. O

The proof of the Hodge theorem we give uses the method of orthogonal
projection. The idea is to use a generalization of a fact from basic linear algebra
that if S C V is a subspace of a finite dimensional inner product space, then

V=S®Ss*

When V is infinite dimensional, this is no longer true unless V' is a Hilbert space
and S is closed. Thus we first need to complete everything to a Hilbert space
in order to apply this. Let us denote by L2£'(X) the Hilbert space completion
with of this space. Let £ (X),Eu(X),EL(X) C EY(X) denote the space of

exact, closed and co-exact 1-forms i.e. the forms xdf. Since these spaces are
orthogonal, we get that the closure

E8(X) + E5(X) = €4, (X) @ E5,(X)

in L?£Y(X). Let H denote the orthogonal complement of the above space. Then
we have an orthogonal decomposition

LPEYX)=HaEL(X)®EL(X) (2.2)
Lemma 2.3.3. H consists of the space of harmonic C*° 1-forms.

Proof. Given a C'*° form « the orthogonality conditions defining H imply that
H is harmonic. Given an element of o € H, its restriction to a coordinate disk
D can be viewed as a differential form a|p = pdz +qdy with L? coefficients. Let
1 be a C* function with compact support on D. The orthogonality conditions
imply that

(pdx + qdy, dny — *dn,) =0

Expanding the left side yields

/ pAndzdy =0
D

This implies that p is harmonic by Weyl’s lemma. Similarly ¢ is harmonic.
Therefore o is C*°, and consequently harmonic.
O

Lemma 2.3.4. £4,(X)NEL(X) = &L (X)

Proof. If o € EL,(X), and B € EL(X), then Stokes’ theorem implies that
(a,8) = (a,*B) = 0. By continuity, this continues to hold for a € &L (X).
Now suppose that o € £L(X) N &L (X). We just showed that the cohomol-

ogy class of « satisfies (o, ) = 0 for any class 3 € H}p(X,C). Therefore by
Poincaré duality [o] = 0. This implies that « is exact. O
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Proof of the Hodge theorem. Let a € £4(X). Then using (2.2), we may decom-
pose a = 3+ + 6, with o € H etc. We claim that ||§]|?> = 0. By continuity,
it is enough to assume that § = xdf. Then the orthogonality conditions plus
(essentially) (2.1) shows that

1812 = (e xdf) = & [ d(a) =0
X
Therefore o = 8+ . By lemma 2.3.3, 8 is harmonic. Therefore v = a — 3 is in
EL(X). By lemma 2.3.4, v is exact. O

cl

We won’t give a proof, but it is possible to get a stronger result that the
space of 1-forms decomposes as below.

Theorem 2.3.5 (Hodge theorem II). We have a decomposition
ENX) = H® E,(X) @ E,(X)

where H, EL.(X) and EL(X) is the space of harmonic, exact and co-evact 1-
forms respectively.

2.4 Background on sheaf cohomology

We want to give a somewhat different interpretation of the Hodge decompo-
sition, which will rely on the machinery of sheaf cohomology. We will mostly
treat this machinery as a black box, or perhaps a dark grey box. More thorough
treatments can be found in the books on algebraic geometry by Griffiths-Harris,
Hartshorne, Voisin, and myself. Let us start with some definitions. Given a
topological space X, a presheaf of abelian groups is a contravariant functor
from the category Open(X) of open sets of X, where morphisms are inclusions,
to the categorry of abelian groups Ab. More concretely a presheaf is a collection
of abelian groups F(U),U € Open(X), with restrictions pyy : F(U) — F(V),
when V' C U, subject to appropriate compatibility conditions. Such a presheaf
F is called a sheaf of abelian groups (henceforth just a sheaf) if for any open U
with open cover {U;}, any collection f; € F(U;) such that filv,nv, = filv.nu;
is the restriction of a unique section f € F(U). Let Ab(X) denote the category
of sheaves on X where a morphism is an additive natural transformation. This
is an abelian category, so it comes with a natural notion of exact sequence. To
spell it out, a sequence of sheaves

0-A—=>B—->C—=0
is ezxact if for any x € X, we can find an open nbhd U such that
0— AU) = BU) = C(U)

is exact in Ab, and for every v € C(U), after shrinking U, v lies in the image
of B(U). For the last part, it would suffice to assume that B(U) — C(U) is
surjective, although the condition is a bit weaker.
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Example 2.4.1. Let X be a Riemann surface. Let Zx denote the sheaf of
locally constant Z functions on X, Ox the sheaf of holomorphic functions, and
O% the sheaf of nowhere zero holomorphic functions viewed as a multiplicative
group. We have an sequence

0Zx —0x 5 0% =1

where the first map is the obvious one, and second sends f — exp(2wif). If U
s a coordinate disk, then

0— Z({U) = Ox(U) S 0% (U) =1

is exact. Therefore the above sequence of sheaves is exact. This called the
exponential sequence.

Example 2.4.2. Let X be a Riemann surface once again. Let Zx denote the
sheaf of locally constant Z functions on X,. Then the sequence

0—-Cx > 0x 50k 50
1s exact. This follows from the exactness of
0— Cx(U) = Ox(U) % QL (U) -0
for a coordinate disk U.

Example 2.4.3. Again let X be a Riemann surface. Then we have a sequence
0—>(’)X—>C§§i€§§—>0
which we claim is exact. It suffices to check the exactness of
0= Ox(U) = CXU) L eQ(U) =0

when U is a coordinate disk. The surjectivity of the last map follows from the
0-Poincaré lemma [Griffiths-Harris, p 5]. The injectivity of the first map is
clear, and the exactness in the middle from the Cauchy-Riemann equations.

There is an obvious extension of exactness for a sequence of more than 3
sheaves.

Example 2.4.4. Again X is a Riemann surface. Then
0 d 01 d o2
0-Cx —-& —&Ex =Ex—0

is exact. This can be checked on the disk, where it follows from the usual
Poincaré lemma [e.g. Spivak, Calculus on manifolds]. There are couple of
variants worth mentioning. We can use real valued functions and forms and
everything still works. X can be replace by an n-dimensional C°°-manifold. We
still get an exact sequence as above, except that it has length n.
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Let us define a functor I' : Ab(X) — Ab by I'(F) = F(X).
Lemma 2.4.5. The functor T is left exact, i.e. given an eract sequence
0-A—->B—-C—0
we have an exact sequence
0—-T(A) = T(B) = T()

It is generally not true that the last map above is surjective, and this not
just a mere technicality:

Example 2.4.6. Let X = C*, then the map
e:'(Ox) = T(0%)

s not surjective because as is well known there is no way to define a holomorphic
logarithm on C*

Following the usual pattern in homological algebra, we have

Theorem 2.4.7. There exists a sequence of functors HY(X, —) : Ab(X) — Ab
such that
HO(X, F) = T(F)

An exact sequence of sheaves
0 A—-B—-C—0
gives rise to a long exact sequence
0— H(X,A) — H(X,B) - H*(X,C) - H'(X,A) — ...

We need one more fact to make this useful. The following is special case
of vanishing theorem for fine sheaves. We refer to the previous references for
further information.

Theorem 2.4.8. Let X be a C*°-manifold, and let F be a sheaf of C'Y-modules
(which means that each F(U) is a C>(U)-module, restrictions respect the mod-
ule structure), then H (X, F) =0 fori > 0.

2.5 Hodge theorem in terms of sheaf cohomol-
ogy
With the previous results in hand, we can do some calculations.

Proposition 2.5.1 (Dolbeault). If X is a Riemann surface, then

01
H'(X,0x) = ai:o%())

HY (X,0x)=0, ifi>?2
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Proof. This follows the exact sequence
05 0x 50T 5 e 50
and theorems 2.4.7 and 2.4.8. 0
Proposition 2.5.2 (de Rham). If X is a C*™-manifold
H'(X,Cx) = Hip(X,C)

Proof. We just give the proof for ¢ = 1 when X is a Riemann surface. The same
method works in general. Break

0-5Cx »E&L Sel Le2 4o

into exact sequences
05Cx &% 2 Exq—0

0= Ea—E BEL 0
Then by the above theorems
Hl (Xa (CX) = COk@T[HO(X, 59() — HO(Xa g)l(,cl)]

ke HO(X,€4) 5 HO(X, EX)]

= Hjp(X
dHO(X,g)O() dR( 7(C)

O

Theorem 2.5.3 (Hodge theorem for 9). If X is compact of genus g, then every

element of
501 (X)

00> (X)
has a unique harmonic representative. Therefore
dim H* (X, Ox) = HO(X, QL)
Proof. Observe that 0 is the (0,1) part of d as well as —i*d because
—ixdf = —i(x0f +*0f) = —Of + Of
Theorem 2.3.5 shows that
EYX) = H@dC®(X) @ *dC™(X)

where H is the space of harmonic 1-forms. Therefore the (0,1)-part of this
decomposition yields B
EMX) = H ¢ 00> (X)

where H°! is the space of harmonic (0, 1)-forms. This implies the theorem.
O
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Corollary 2.5.4. In the long exact sequence associated to
0-Cx —-0x =0k =0
we get an exact sequence
0— H(X,04) - HY(X,Cx) - H'(X,0x) = 0

Proof. Since dim H°(X, Q%) = dim H}(X,Ox) = g and dim H*(X,Cyx) = 2g,
the map ¢ below is injective, and p is surjective

HO(X,0%) 5 HY(X,Cx) B HY(X,0x)

Remark 2.5.5. The isomorphism
dim H(X,Ox) = H(X, QL)
gives a natural splitting to above projection
H'(X,Cx) — H'(X,0x)

Corollary 2.5.6 (Serre duality). The pairing

(a,ﬂ)=/XaA,8

on HY(X,C) induces an isomorphism
HO(Xv Q%()* = Hl(Xa OX)
Furthermore,
HY(X,04)=C

Proof. We showed earlier that that (, ) is nondegenerate. This means that given
a nonzero o € H'(X,C), we can find 8 € H*(X,C) such (a,3) # 0. Suppose
that o € HY(X,QY), then (a, 8) = 0 because a A B = 0. Therefore we must
be able to choose B € H!(X,Ox) (under the decomposition explained above).
Therefore the pairing induces an injection

H(X,0%)" — H(X,0x)

This must be an isomorphism, because the spaces have the same dimension.
By the previous corollary and proposition 2.5.1, the long exact sequence
associated to
0-Cx - 0x =0k =0

gives an isomorphism

HY(X,0%) = H*(X,C)=C
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2.6 Riemann’s inequality

Let X be a compact Riemann surface of genus g. A function on X — S, where
S C X is a finite set, is called meromorphic if it holomorphic and if the Laurent
expansion with respect to any coordinate has a finite number of negative terms
(i.e. it has no essential singularities). Let C(X) denote the field of meromorphic
functions on X. A basic fact, that we prove in this section, X always caries a
nonconstant meromorphic function.

Given a finite set of distinct points S = {p1,...,pn}, set D = > p; to the
formal sum, and degD = n. If S =, D = 0. We define a sheaf Q% (log D)
whose sections over U consist of holomorphic 1-forms on U with at worst simple
poles at points of U N S.

Theorem 2.6.1 (Riemann’s inequality).
dim H°(X, Q% (log D)) > deg D+ g — 1
Proof. We define the skyscraper sheaf C,, to consist of

C ifp,eU
(Cpi:{ I p; €

0  otherwise
Then we have an exact sequence
0— Q% = Qk(logD) = @ C,, » 0
pi€S

where the first map is the obvious inclusion, and the second sends a form w to
the sum of its residues (defined in the usual way) at points of S. This gives rise
to an exact sequenec

0— H(X, Q%) = H(X,Q% (log D)) — C¥e P — HY(X, QL)

Since we proved that the last space is one dimensional, the theorem follows
immediately. O

Corollary 2.6.2. X has a nontrivial meromorphic function.

Proof. By the theorem we can find 2 elements w; € H°(X, Q% (log D)) as soon
as deg D+ g —1 > 2. Locally w— f;(2)dz, and the ratio wy/wa = f1/f2 can be
seen to a globally well defined meromorphic function. O

Note that Riemann’s inequality can be improved to a much sharper state-
ment called the Riemann-Roch theorem. We will not give it, since we plan to
go in a different direction.
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The Jacobian

3.1 The Jacobian

Fix a compact Riemann surface X of genus g. Then we have seen that
g=dim H'(X, Q%) = %rankHl(X, A
Define a map to the dual space
Hy(X,Z) — H°(X,0%)"

which sends a loop v to the integral
/ € H(X,0%)*
~

The symbol above is the functional

wl—>/w
Y

Proposition 3.1.1. The image of H1(X,Z) in H°(X,Q%)* is a lattice, i.e. a
subgroup generated by an R-basis.

Proof. Recall that we have the Hodge decomposition
HY(X,C) = H(X, Q%) ® H(X, Q%)
Consider the map
p: H'Y(X,R) — H°(X,QY)

given by inclusion and projection. Observe that both sides have the same real
dimension 2g. If p(a) = 0, then o = p(a) + p(a) = 0. Therefore p is injective,
consequently surjective. Dually, we find that

Hl(X7R) = HO(Xa Q%()*
Since H;(X,7Z) is a lattice in H;(X,R), the proposition follows. O

31
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It follows that

HO(X Ql )*
J(X)=—F20
K="z
is g-dimensional compex torus called the Jacobian of X. Fix a basis w1, ...,w, €
H°(X,QLY), then
J(X)=CI/L

where

L={</7w1,...,/7wg>|weH1<X7Z>}

is called the period lattice.
Fix a base point z¢ € X, the Abel-Jacobi map

gyt X — J(X)

sends x to the vector (f;o w;). Note that we have to choose a path from z( to x
to make sense of this. However, o, is independent of the path, because we work
mod L. It does depend on the base point, but in a fairly easy to understand
way:

Ay (Z‘) = 04930(1‘) — Qg (1‘1)

We usually will suppress the base point, and simply write a.
Proposition 3.1.2. The map « is holomorphic.

Proof. Choose a coordinate disk U C X. Since w; is closed, its restriction to
U is df;, for some holomorphic function f;. Then, up to translation, a|y =
(f1,---, fg) is holomorphic. O

We define
X'"=XxXx...X (n times)

and extend « to a holomorphic map o : X" — J(X)
a(x1, ... xn) = alz1) + ... a(z,)
Theorem 3.1.3 (Jacobi). The map a: X9 — J(X) is surjective.

Proof. The one nontrivial fact we need from several complex variables is that
a(X9) is an analytic subvariety [Gunning-Rossi, Analytic functions of several
complex variables, p 162]. Suppose that a(X?9) is a proper subvariety of J(X).
Then it is not difficult to see that this would imply the rank of the derivative
of « is strictly less that g at all points of X9. We will derive a contradiction.

Fix a basis w; of H%(X, Q%) and choose a point (z1,...,74) € X9. These
choices will get modified as the proof proceeds. Choose coordinate disks around
each z;, and assume that w; = df; in each of these disks. Then

a(@r,..ag) = (file) +. 4 filzg), o folza) + .0+ fy(ag))
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The derivative of « is represented by the (entirely different kind of) Jacobian
filz) .o filzg)

<8i(fl(xl)—|—)) = , )
J fg(xl) fg(xg)

Since wy # 0, we can choose x; so that f](z1) # 0. After replacing ws, ... by
wa — cows, for suitable constants ¢1, we can assume that f}(x1) = f4(z1)... = 0.
Similarly, we can assume that f4(z2) # 0. Then after a similar change of basis,
we can arrange f4(z2) = ...0. Continuing this way, we can assume that the
above matrix is upper triangular with nonzero entries on the diagonal. This
implies that the derivative has rank g, which is the desired contradiction.  [J

It is possible to prove a finer statement by taking the quotient X9/S,, where
Sy is the symmetric group. Although this space might appear to have singular-
ities, one can show that it is a complex manfold. Then « induces a surjective
holomorphic map X9/S; — J(X). Then on can show that

Theorem 3.1.4 (Jacobi, part II). The map X9/S, — J(X) is generically one
to one, i.e. there exists a dense open set U C J(X) such that the map is an
isomorphism over U.

Example 3.1.5. If X has genus one, then the Jacobi theorem(s) imply that
X = J(X) as complex manifolds. We earlier defined an elliptic curve to be
a one dimensional complex torus. An alternative definition is that an elliptic
curve is a genus one curve with a base point. The torus structure then follows
from the above isomorphism.

3.2 Divisor class group

Let X be compact Riemann surface as before. The group Div(X) of divisors
on X is the free abelian group. The elements, called divisors are finite formal
sums D = >, n;p; with p; € X. The degree deg D = >, n;. Set Div?(X) =

. d . . .
ker : Div(X) <%, Z. Natural examples arise from meromorphic functions. Let
C(X) denote the set of meromorphic functions on X. This is a field. Given
x € X, choose coordinate z at z. Given f € C(X), we can expand it as Laurent
series

f(2) = apnz" +ani1 2" 4.

If a,, # 0, set ord,(f) = n. Define ord,(0) = co. Then

Proposition 3.2.1. The function ord, : C(X) — Z U {co} is a discrete valua-
tion, i.e.

1. If f,g € C(X)*, ordy(fg) = ordy(f) + ords(g)
2. ord,(f + g) > ord,(f) + ords(g)
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Proof. Elementary. O
Given f € C(X)*, set

div(f) = Z ord,(f)x

zeX

Since the zeros and poles of f are isolated and X is compact, this sum is finite,
so it defines a divisor. A divisor of this form is called principal.

Lemma 3.2.2. The map div : C(X)* — Div(X) is a homomorphism. There-
fore the image Princ(X) is a subgroup.

Proof. This is immediate from the previous proposition. O

The divisor class group

ClUx) = P?Zif)g)

Theorem 3.2.3. The degree of a principal divisor is 0.

Proof. Given f € C(X)*, choose coordinate disks D, around each zero or pole
of f. Then by basic complex analysis

()
op, (o)

degdiv(f) = Z %

By the Stokes’ theorem, the integral on the right equals
!
L d (f ) dz) =0
2mi Jx _up; f(2)

Therefore Princ(X) C Div®(X), and we define

_ Din'(X)
Cl(X) = Prine(X)

It should be clear that there is an exact sequence

0 CI°(X) = CU(X) 2% 7 - 0

so that CI°(X) is the interesting part of the class group.

Exercise 3.2.4. Check that X =P, any degree zero divisor is the divisor of a
rational function. It follows that C1°(X) = 0.

The next theorem explains a fundamental property of the Jacobian.
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Theorem 3.2.5 (Abel-Jacobi). If X is a compact Riemann surface, then there
18 an tsomorphism

CI°(X) = J(X)
as abstract groups.

We will give a proof later on, but we want to make some comments about
it now. We define homomorphism

a: Div(X) = J(X)
by

a(Z nr;) = Z nio(;)

Jacobi’s theorem implies that the restriction Div®(X) — J(X) is surjective.
The other half of the above theorem is

Theorem 3.2.6 (Abel). The kernel of o : Div®(X) — J(X) is Princ(X).
Example 3.2.7. If X = P!, then we recover that CI°(X) = J(X) = 0.

Example 3.2.8. If X is an elliptic curve then CI°(X) = X.

3.3 Dual description of the Jacobian

Let X be compact Riemann surface of genus ¢g. The long exact sequence asso-
ciated the exponential sequence is

0— H°(X,Z) - H(X,0x) = H*(X,0%) - H(X,Z) - H'(X,0x) - H'(X,0%) — H*(X,Z)
The first few terms are simply
0-Z—>CScr

Since the last map is surjective, the next few terms of the previous sequence
becomes

0— HY(X,Z) - H'(X,0x) = JY(X) =0
where we define
JY(X) =ker: HY(X,0%) — H*(X,Z)
Theorem 3.3.1. We have an isomorphism

J(X) = JY(X)
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Sketch. By the Poincaré and Serre duality theorems, we have isomorphisms
labelled P and S below

0—— Hy(X,Z) —— H(X,Q%)* J(X) 0
I
|+ |s ‘
Y
0—— HY(X,Z) —— HY(X,0x) —— JY(X) —=0
Therefore the desired isomorphism follows. O

We will say more about this isomorphism when we discuss abelian varieties.

3.4 Cech cohomology and Abel’s theorem

Before giving the proof of Abel’s theorem, we need to make a digression into
homological algebra. Given an open cover U = {U;} of a space X, let U;; =
U:NU; ete. A Cech 1-cocycle with coefficients in a sheaf F with respect to U is
a collection f;; € F(Uj;) such that

fij = —fji
and the restrictions to Uy satisfy
fij+fie+ fri=0

Let Z'(U, F) denote the group of 1-cocycles. We define f;; to be a 1-coboundary
if there exists ¢; € F(U;) such that

fij = bi — ¢

Let B'(U,F) denote the subgroup of 1-coboundaries . Define the Cech coho-
mology groups

HY(X,F) =lim H' (U, F)
u

Theorem 3.4.1. We have an isomorphism
H'X,F)= H' (X, F)

IfU is an open cover such that H (U}, j.,F) =0 for alli > 0 and all indices
J1s- .-, tn which the cover is called Leray, then

HY(X,F)=H'U,F)
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Let us return to the setting where X is a compact Riemann surface of genus
g. Suppose that D = nyx1 +mnoxs ... is a nontrivial divisor. Construct and open
cover U = {Uy,U; ...} where Uy = X — {z1,22,...} and Uy,... are coordinate
disks around z1, ... chosen small enough that none of disks intersect. Let 21, ...
denote coordinates. If j > 0 set ¢g; = Z;Lj € O(UpNUj), and ¢jo = z;nj, since
there are no triple intersections, we can see that this This forms a 1-cocycle on
U with values in O%. Let [D] denote the class of this cocycle in H' (X, 0%). If

D is trivial, then we simply define [D] = 0.

Theorem 3.4.2. Ifdeg D =0, then [D] € JY(X). Under the previous isomor-
phism, this coincides up to sign with a(D).

Abel’s theorem now becomes the following statement.

Theorem 3.4.3 (Abel). If D € Div°(X), then [D] = 0 if and only of D €
Prine(X).

Proof. Let nj,{U,}, ¢i; be as above. Suppose that D = div(f). Set ¢9 = f|v,
and ¢; = (f|UJ/zjnJ) for j > 0. Then

Pij = ¢z‘¢j_1

This means that ¢;; is a coboundary. Therefore [D] = 0.

Suppose [D] = 0. We can assume that D # 0. Then the cover {U,} consists
of noncompact open sets. The only nontrivial fact we assume without proof
is that the open cover is a Leray cover! for O%. Therefore H'(X,O%) =
HY({U,},0%). Tt follows that ¢;; is a coboundary so that

bij = dicp; !
for some appropriate functions on the right. Set f = ¢, and we can see that
D = div(f).
O

3.5 Riemann bilinear relations

Let X be a compact Riemann surface of genus g. Recall

(a,ﬁ)z/xomﬁ

defines a nondegenerate skew symmetric blinear form on H}p(X,C). This cor-
responds to the interesction form on H;(X,Z) under the de Rham isomorphism

H}n(X,C) = Hom(H,(X,Z),C)

IThis follows from Poincaré duality which implies that H? (Uj1,...,Z) = 0 and theorem of
Benke-Stein that Uj, ... are Stein which implies Hl(Ujl,m,(’)x) =0
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A basis ai,...,a4,01... 84 € Hi(X,Z) is called symplectic if
(aia;) = (Bi, B;) =0
and
(i, Bj) = bij

Such bases exist, for example a standard choice is

If of,...0; € H'(X,Z) denotes the dual basis, then they will also satisfy the
same symplectic relations.

Theorem 3.5.1 (Riemann bilinear relations). Choose w,n € H%(X, QL) and
a symplectic basis a1, ..., 0q,01...8y € Hi(X,Z). Then

(a)

(w,m) =0
(b)
Sl Lol
(c) If w0, then
i(w,@) >0

(d) If w # 0, then -
(L))

Proof. For (a) observe that w An = 0. Item (b) follows from (a) by expanding

(et )

k

nz%j(/aknah/ﬁknﬂ@

and using the symplectic relations. For (c) write w = f(2)dz, then

(w,w) = Z/X |f(2)2dz A dy > 0

Item (d) follows from (c) by expanding w in af, ..., 3; as above. O
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Corollary 3.5.2. A basis wi,...,w, € HY(X, Q%) can be chosen so that the

g X g matrix
(1)
aj
Q = / Ws
Bj

18 symmetric with positive definite imaginary part.

and

Proof. Choose any basis w; and let

() ()

Then (b) implies that ABT is symmetric, and (d) implies that ABT has positive
definite imaginary part. Therefore AB7 is invertible, so the same is true for A.
Consequently, we can change basis so that (A4, B) — (A™1A, A71B) = (I1,9Q).
Repeating the previous argument shows that {2 is symmetric with positive def-
inite imaginary part. O

We say that the basis w;, or period matrix, is normalized if it satisfies the
conditions of the previous corollary. We define the g x g Siegel upper half plane
to be

H, = {Q € Matyy, | Q7 =Q,ImQ > 0}

To summarize what we did in this section, X plus a choice of symplectic basis
for H1(X,Z) determines a point of Hy.
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Chapter 4

Abelian varieties

4.1 Abelian varieties

An abelian variety is a higher dimensional version of an elliptic curve. Here
is the definition we use: a (complex) abelian variety is a complex torus, i.e.
a quotient X = CY9/L where L is a lattice, that embeds into some complex
projective space as a complex manifold. The significance of the last condition
stems from Chow’s theorem.

Theorem 4.1.1 (Chow). A complex submanifold of P{ is a nonsingular pro-
jective algebraic variety i.e. it is the zero set of a collection of homogeneous
polynomials.

Corollary 4.1.2. An abelian variety X is a projective variety. Furthermore the
group operations + : X x X — X and — : X — X are morphisms of algebraic
varieties

For the last statement, we apply Chow’s theorem to the graphs of + and —.
Abelian varieties can be defined over arbitrary fields. In this case, the statement
in the corollary is taken as the definition.

Although we saw that every elliptic curve is projective, it is not true for
arbitrary tori. To formulate sufficient conditions, we modify what we did before,
but now we replace the element 7 in the upper half, with matrix {2 € H,. Given
such a matrix, we can define the lattice

Lo =79+ Q79
The following is basically due to Riemann and Lefschetz

Theorem 4.1.3 (Riemann-Lefschetz). If L C Lq is a sublattice, then A =
CY9/L is an abelian variety.

Corollary 4.1.4. A Jacobian is an abelian variety.

41
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A sketch of a proof will occupy the rest of this section. For simplicity, we
treat the case where L = L
As a first step, we define the Riemann theta function on CY9 by

0(z) = Z exp(min'Qn + 2min'2)
nezI

This is a generalization of the Jacobi function. Since I'm €2 has positive eigen-
values, || exp(min'Qn)| — 0 rapidly as ||n|| — co. So the series converges to a
holomorphic function. It is quasi-periodic in the sense that

0(z+n)=10(z)

0(z + Qn) = exp(—min'Qn — 2miz'n)0(2)
for n € Z9. See [Mumford, Lectures on theta I] for details.
For each natural number ¢, define V; to be the space of holomorphic functions
satisfying
fz+n) = f(z)
f(z +Qn) = exp(—miln'Qn — 2milz'n) f(2)

Of course V; contains 6. Given a,b € C9, let

Oup(2) =0(z 4+ a+b)8(z —a)f(z — b)
One sees that 6,,(2) € V3.
Lemma 4.1.5. dimV, = ¢9

Sketch. When ¢ = 1, f(z) € V; satisfies f(z + n) = f(z). Therefore it can be
expanded in Fourier series

fn(z) = Z a, exp(2min'z)
The second functional equation
f(z+ On) = exp(—7win'Qn — 2miz'n) f(2)

implies f(z) = agf(z). For general ¢, the analogue of the last equation yields a
recurrence condition on the Fourier coefficients with ¢9 free choices. O

Lemma 4.1.6. Given zo € C9, there exists f(z) € Vs such that f(z9) # 0.
Proof. Since 6 # 0, we can find a, b such that 6, (z9) # 0. O

Choose a basis f1,..., fss € V3, then the previous lemma shows that the
map ¢ : A — P31 given by

uz) = [f1(2),-- -, fsa(2)]
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defined everywhere. To finish the proof of theorem 4.1.3, we will show that this
is an embedding.

It is convenient to switch to more geometric language. A divisor on A is a
formal integer linear combination of hypersurfaces in it. Given a nonzero theta
function f, which is irreducible in the sense that it can’t be factored, its zero set
D = Z(f) will be invariant under L, so it defines a divisor in A. In particular,
© = Z(0) C A is called the theta divisor. (We omit the proof of irreducibility,
but it’s true.)

Given a € A, let ¢, : A — A denote translation by a. Let ¢ D denote the
preimage of D under this operation. A little thought, shows that ¢! D = D — a.

Lemma 4.1.7. b t:D if and only a € t}D.
Proof. Both sides are equivalent to a +b € D. O
Lemma 4.1.8. Ifa #0, then ;0 # ©.

Then the divisor of 6, is
Oup =10+t ,04+1,0

Given an irreducible divisor D C A defined by f, let Dgpmooth C D denote
the set of smooth points (the set where V f is nonzero). To each © € Dgpooth,
define the Gauss map by G(z) = [Vf(z)] € P9~L. In other words, G(z) is the
tangent space to D at x viewed as a subspace of CY.

Lemma 4.1.9. The Gauss map of © is nonconstant.

Proof. Intuitively, this comes to the fact that the Gauss map of a hypersurface
is nonconstant unless it’s “linear”, but © clearly isn’t. We refer to pp 81-82
[Birkenhake-Lange, Complex Abelian Varietes] for a detailed proof. O

Corollary 4.1.10. Given a nonzero vector v € CY, there exists a point x €
Osmooth Such that v is not tangent to © at x.

Proof of theorem 4.1.3. We need to show that ¢ is injective. It suffices to show
that given points x # y, we can find 0, containing x but not y. Since z—y # 0,
t3—,© # O by lemma 4.1.8. Therefore 170 # ¢;0. Consequently, there exists
a € A with —a € ;0 and —a ¢ ¢;© . This implies that x € ¢* © and
y ¢ t*,0 by lemma 4.1.7. A similar argument shows that there exists b such
that y € t* , © U, ,©. Therefore O, contains x but not y.

To finish the proof, we need to show that the derivative of ¢ is injective at all
points. In the language of divisors, it is enough to prove that given x € A and a
tangent vector v to A at x, there exists a, b such that z € ©, is a nonsingular
point and v is not tangent to O, at x. This follows from corollary 4.1.10. O

It is worth noting that in the language of algebraic geometry, the above proof
shows that 30 is a very ample divisor, and therefore that © is ample.

Corollary 4.1.11. A Jacobian is an abelian variety.
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4.2 Riemann forms

We want to characterize lattices of the form L C Lo = Z9 4 QZ9, with Q) € H,,
in coordinate free language.

Definition 4.2.1. A polarization or Riemann form (the terms are interchange-
able) on a lattice L C V, in a finite dimensional complex vector space, is a
nondegenerate real skew-symmetric bilinear form E :V x V — R such that

(a) E(u,v) € Z, when u,v € L.

(b) There exist a positive definite hermitian form H on C9, such that E =
ImH.

This is called a principal polarization if in addition det E = 1.
Lemma 4.2.2. If F is a polarization, then H above is uniquely determined.
Proof. We leave it as linear algebra exercise to show that
H(z,y) = E(iz,y) + iE(x,y)
O

Lemma 4.2.3. Suppose L = Lq = Z9 + Q79 is a lattice with Q0 € Hy. Let
e1,...eq, be the standard basis of Z9. We can extend this to basis of L, by
taking egyj to be the jth column of Q. This can also be viewed as a real basis
of CY9. Let E: C9 x C9 — R be the real bilinear form with matriz

(? _OI ) (4.1)
with respect to this basis. Then E is a principal polarization on L
Proof. The form FE is clearly integer valued on L with det E = 1. The form
H(u,v) = u'(ImQ) ‘v

is positive hermitian because the matrix (Im)~! is positive definite symmetric.
We can check that £ = I'm H by calculation: for j, k < g,

Im H(ej, er) = Imlel(ImQ " )e] = 0

Im H(ej,egyr) = Im[(e(Im Q") (Re Qep — V—1Im Qey)] = 61,

Finally, by the spectral theorem, we can assume that Im is the diagonal
matrix diag(m,..., 7). Then if j # k

Im H(egyj,eg4r) =0

and
Im H(egyj, eqrj) = Imlr;el (17 ") Tje] = 0
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Corollary 4.2.4. A sublattice of Lo carries a not necessarily principal polar-
1zation.

We omit the proof, but the previous lemma has converse.

Lemma 4.2.5. If L has a polarization, then after choosing bases of C9 and
L, we have L C Lq for some §) € Hy. If the polarization is principal, we can
choose a basis such that L = Lq.

Theorem 4.2.6 (Riemann-Lefschetz). C9/L is an abelian variety if and only
if L possesses a polarization.

The key fact, we need is

Theorem 4.2.7. There is an isomorphism H?(PN,7) = Z. Under the natural
embedding H*(PY,Z) C H3,(PY,C), a generator is represented by the differ-

ential form
J—1 -
w= ?Balogﬂ(op + .+ NP

where (o, ... are homogeneous coordinates.
We want to make a few comments about the formula.

1. The definition of 9, 0 are similar to what we did what we did in dimension
one. Given f, collect the terms of df involving d(p,... (resp. d(p,...) to

get Of (resp. Of).

2. Homogeneous coordinates are not true coordinates. To get those, we take
ratios (;/(; on the sets U; = {¢; # 0}. We can rewrite

V=1 _
wlu, = ?3510g(|€“0/§j|2 + . N /G
in terms of the true coordinates.

3. The significance of the normalization is that w can be rewritten as a real
differential form such that

w=1
IP)]

where P! is the line defined by 2o = ...zy = 0. This is why the class of w
generates H2(PYN,Z), and in fact it gives the preferred generator.

4. w is a positive (1,1) form. This means that

w= V=T hud((;/) N (/o)
jk

where hji, is a positive definite Hermitian matrix. To see this observes
that w is invariant under the action of the unitary group U(N + 1), and
after some calculation that at [1,0,...,0] hjr = (1/27)d ;.
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5. Finally one could ask where w comes from. Without defining what it
means, the answer is that w is the Kéahler form for the Fubini-Study metric.

Let A = C9/L. Choose a basis ey,...,ez, for L, the dual basis e] for L*.
Then using the Kiinneth formula, we can easily compute cohomology,

Lemma 4.2.8. We isomorphisms

HY(A,Z) = L* = P Ze;

H*(A,Z) = N°L* = P Zej e}

H}n(A,C) @Ce

H3,(A,C) = EB(CS Ne;

The last set of isomorphisms imply that any de Rham cohomology class is
represented by a unique differential form with constant coefficients. If w is closed
p-form, then its cohomology class is represented by the p-form with constant
coeflicients given by

I(w) = Z (/X . w)ejl/\.../\e;p
j jp \7 €1 X Xegp

J1<...<Jp

where e, X ... is understood as the subtorus of A given by the projection of the
product of line segments [0,e;,] x ... C CY.

Sketch of proof of theorem 4.2.6. The “if” direction was theorem 4.1.3 above.
Let us briefly explain the converse. By definition we have an embedding A C
PY. The class [w] € H*(PN,Z) restricts to a class E € H?(A,Z) which can
be viewed as an integer valued skew symmetric form on L using the isomor-
phism H?(A,Z) = A?L*. To verify the remaining axiom, under the embedding
H?(A,Z) C H3,(A,C), E can be represented by the differential given as the
restriction of w on PV above. The form w|4 will continue to be a positive (1,1)
form. A bit of thought using the previous formula shows that I(w|4) will remain
a positive (1, 1) form. In other words

I(w|A) =+v-1 Zhjdej A d?j

ik

where H = (h;y,) is positive definite hermitian matrix with constant coefficients.
This will satisfy £ = ImH. O
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4.3 Examples of abelian varieties and tori

4.3.1 Non abelian tori

Let g > 1. A lattice in CY is given 2g R-linearly independent vectors vy, ... vag4.
Two tori are isomorphic if the underlying lattice of one of them can be taken to
the other by a linear automorphism. Therefore we can assume that (vq,...vg)
is the identity. Without trying to be too rigorous, this shows that a g dimen-
sional torus depends on g free parameters vg41,...,v25. On the other hand a
g dimensional abelian variety depends on a choice of 2 € H,,, which involves
g(g +1)/2 parameters. Thus there should (and does !) exist g-dimensional tori
which are not abelian varieties.

4.3.2 Dual tori

Let L C V be a lattice in a finite dimensional complex vector space, then
A =V/Lis a complex torus. A function f: V — C is antilinear if it is additive,
and f(av) = af(v) fora € C, v € V. Let

V ={f:V = C| f is antilinear }

This is naturally a complex vector space of the same dimension as V called the
antilinear dual. It is easy to see that

L={feV|Imf(L)CZ}
is a lattice. We define the dual torus by
)

Suppose that F is a polarization with associated hermitian form H, then we
can define an isomorphism

op: V2V, ¢ép(v)=Hv -)

This satisfies ¢(L) C L with equality if F is principal. In general, we can always
find an integer N > 0 such that NL C ¢(L). Restricting the polarization given
by E to L under this embedding yields a polarization on L. Therefore we can
conclude that:

Proposition 4.3.3. If A is an abelian variety, then so is A. If A is principally
polarized then A =2 A.

4.3.4 Albanese varieties

We have see that Jacobians are principally polarized abelian varieties. The
construction can be generalized as follows. Let X be a smooth projective variety
(over C) of dimension n. The Hodge theorem in higher dimensions shows that
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H1(X,Z)/torsion embeds as a lattice in H%(X,QL)* by sending v — fv as
before. The Albanese torus

HO(X Ql )*
Alb(X) = X
(X) Hy(X,Z)/torsion

We claim that this is an abelian variety. To prove this, we need to construct a po-
larization. Fix an embedding X C P¥. Choose n— 1 hyperplanes H, ..., H,
in general position. Bertini shows that C = X N H; N ... H,_1 is a smooth
curve. We can now obtain a (possibly nonprincipal) polarization F on Alb(X)
by restricting to C'. At the level of differential forms

E(a, 8) = /Ca|c A Bl

Therefore Alb(X) is an abelian variety.
When z € X, one can define a holomorphic map « : X — Alb(X) by

a(:v):/:E mod H,(X,Z)

zo

exactly as in the one dimensional case. This is a really important construction
in algebraic geometry, since it allows us to partially reduce questions about X to
abelian varieties which are easier to understand. When X is an abelian variety,
a gives an isomorphism X 2 Alb(X). So in particular, every abelian variety is
an Albanese.

4.3.5 Picard varieties

The construction JY(X) also generalizes to higher dimensions Let X be a
smooth projective variety. Using the exponential sequence as before, we get
an exact sequence

. HYX,Z) - HY(X,0x) = HY(X,0%) — H*(X,Z)
Again using the Hodge theorem for X, one can see that

H'(X,0x)

Pic®(X) := H(X.2)

= ker[H (X,0%) — H*(X,Z)]

is a torus call the Picard torus. The previous argument for Riemann surfaces
generalizes to show that

—

Pic®(X) = Alb(X)

Therefore this is also an abelian variety. Unlike the one dimensional case Alb(X
and Pic?(X) are generally not isomorphic. If X is an abelian variety, Pic?(X) =
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4.4 Further comments about Jacobians

As we have seen, given a compact Riemann surface X of genus g, we can asso-
ciate an abelian variety J(X) with a canonical polarization E. What is equiv-
alent, and more geometric, is to consider the theta divisor © C J(X). Under
Poincaré duality, the class E € H?(J(X),Z) = Hay_o(J(X),Z) is the homology
class [©]. The divisor has a very nice geometric interpretation:

Theorem 4.4.1 (Riemann). Up to translation © is the image a(X971) (which
is traditionally denoted by Wy_1). In particular, [©] = [Wy_1]

We won'’t give the proof. It can be found in Griffiths and Harris. The
polarized Jacobian is a complete invariant:

Theorem 4.4.2 (Torelli). J(X) with its canonical polarization determines X .

In the simplest case, where the genus g = 1, X = J(X), so the polarization is
not needed. But otherwise, it is. There exists examples of nonisomorphic curves
with isomorphic Jacobians (but the isomorphism won’t respect polarizations).
When g = 2, Torelli’s theorem follows immediately from Riemann’s theorem,
because it implies X = ©. In general, X is also reconstructed using O, but the
proof is more involved. Again we refer to Griffiths and Harris for the details.

Finally, we might wonder about the relationship between Jacobians and
arbitrary abelian varieties. In fact, is not true is that every abelian variety is
a Jacobian. But what is true is given an abelian variety A, we can always find
a surjective homomorphism J(X) — A from a Jacobian. This trick was used
often enough that Mumford, in the introduction to his book on abelian varieties
says, “Rather stubbornly I wanted to prove that the theory of abelian varieties
could be developed without the crutch of ‘reduction to Jacobians’ ”.
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Chapter 5

Modular Curves

5.1 Moduli of elliptic curves

Lemma 5.1.1. SLy(R) acts transitively on the upper half plane H = {T € C |

Im7 > 0} by fractional linear transformations. The stabilizer of i is SO(2).
Therefore, we can identify H = SL2(R)/SO(2).

I will omit the proof, which is not hard, and hopefully presented by one of
you. We can view H as the upper hemisphere of the Riemann sphere P{.. The
action of SLy(R) extends to the boundary 9H = P} = RU {oo}. In order to
better visualize the action, it useful to note that H has a Riemannian metric,
called the hyperbolic or Poincaré metric, where the geodesics are lines or circles
meeting OH at right angles. The action of SLy(R) preserves this metric, so it
takes a geodesic to another geodesic.

Recall that an elliptic curve can be written as a quotient E,. = C/L, where
L, =7+ Zt with 7 € H. The origin 0 € E; is a distinguished point, which is
part of the structure. In particular, two elliptic curves E, and E, are called
isomorphic if there is there a holomorphic isomorphism f : E, — E. taking
the origin of the first curve to the origin of the second.

Theorem 5.1.2. E, and E,/ are isomorphic if and only of there exists a matrix

(‘z Z) € SL(Z)

, ar+b

ct+d

such that

Proof. The isomorphism f : E; — E, is induced by a holomorphic map F :
C — C satisfying

F(z+ X)) =F(z)+ Az, \)
for all A € L, and some function A : C x L; — L.s. Since A(—, \) is necessarily
continuous, it is constant. Differentiating the previous identify shows that F” is

o1
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doubly periodic, and therefore F'(z) = ¢ is constant. Therefore we can assume
that F(z) = ¢z since f(0) = 0. We must have ¢L, = L. Since 1,7’ (resp. 1,7)

is a positively oriented basis of L./ (resp. ¢L,), we can find ((Cl Z € SLy(Z)

such that
T =a¢pT +0b
¢ ¢ (5.1)
1 =cor +do
Therefore
, ar+b
=
ct+d

Conversely, suppose the last equation is true. Set ¢ = (¢ + d)~!. Then (5.1)
holds. Therefore ¢ L, = L. So that multiplication by ¢ gives an isomorphism
E.2FE.. O

Corollary 5.1.3. There is a natural bijection between the set of isomorphism
classes of elliptic curves and the quotient space

Ap = SLy(Z)\H = SLy(Z)\SL2(R)/SO(2)

At the moment, A4; is just a set. In order to give more structure, we need to
analyze the action more carefully. First observe that —I acts trivially on H, so
the action factors through I' = PSLy(Z) = SL2(Z)/{+I}. Consider the closed
region F' C H lying above the unit circle and between the lines Imz = +1/2
depicted below.

TSF

STF

Figure 5.1: Fundamental domain

Let S = <(1) _01>,T— <(1) }) These act by z — —1/z and z — z + 1

respectively. S is a reflection about ¢ which interchanges the regions |z| > 1 and
|z| < 1. They generate a subgroup G C T.
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Theorem 5.1.4.
(a) The union of translates gF, g € G, covers H.
(b) An interior point of F' does not lie in any other translate of F under T'.

(c) The isotropy group of z € F is trivial unless it is one of the points
{i,e™/3 e2™/3Y marked in the diagram. The isotropy group is (S), (ST), (T'S)
respectively.

Proof. The intuition behind this can be understood from the picture. Repeat-
edly applying S and T*! to F gives a tiling of H by hyperbolic triangles. Choose
7 € H, we want to find A’ € SLy(Z) and 7" € F such that A’ - 7/ = 7. Using
(??), we can see that {ImA-7 | A € SL2(Z)} has a maximum M. Choose an A
which realizes this maximum. Choose an integer n so that 7/ = T™Ar has real
part in [—1/2,1/2]. Observe that Im7' = M. If |7/| < 1 then —1/7’ would have
imaginary bigger than M which is impossible. It follows that 7 € F, and 7 lies
in its orbit. This proves (a). For the remaining parts, see page 79 of [Serre, A
Course in Arithmetic]

O

The set F' is called a fundamental domain for the action of G. We can draw
a number of useful conclusions.

Corollary 5.1.5. G = PSLy(Z), i.e. S and T generate PSLy(Z).

Proof. Let z € F be an interior point, and h € I'. Then hz = gz for some g € G.
Since z € h~'gF, we must have h='g = I. O

Corollary 5.1.6. The nontrivial elements of finite order in PSLs(Z) (resp.
SLy(Z)) are conjugate to S or (ST)*' (resp. —I,+S,£(ST)*!).

Proof. Tt is enough to prove the statement for PSLo(Z). A nontrivial element
of PSLy(Z) of finite order must lie in the isotropy group of some point in H.
The points in the plane with nontrivial isotropy groups must be a translate of
i or €273 Their isotropy groups must be conjugate to the isotropy groups of
one these two points. O

Corollary 5.1.7. The action of PSLo(Z) is properly discontinuous, which
means that for every point p € H, there is a neighbourhood U such that gUNU =
0 for all but finitely many g.

We can give A; the quotient topology where U C A; is open if and only its
pullback to H, under the projection 7 : H — A; is open.

Proposition 5.1.8. The topology on Ay is Hausdorff. In fact, it is homeomor-
phic to C

Proof. The first statement follows immediately from the last corollary. Using
the above results, one can see that A; is obtained by gluing the two bounding
lines of F' and folding the circlular boundary in half. This is easily seen to be
homeomorphic to the sphere minus the north pole. O
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Aj has a natural compactification A; given by adding single point at infinity
to make it a sphere. We will follow the convention of the automorphic form
literature and call it a cusp. It is important to keep in mind that this clashes
with the usual terminology in algebraic geometry, that a cusp is a singularity
of the form 32 = x3. We will refer the last thing as cuspidal singularity in
order to avoid confusion. We can construct this a quotient as follows. Let
H* = HUQU{oo} C P!. The action of ' on P! stabilizes H*. On H it coincides
with the standard action, and on Q U {oo} it consists of a single orbit. Thus
I'\H* = A; as a set. In order to get the correct topology on the quotient, one
needs a somewhat exotic topology of H*. On H it’s the usual one, but on oH*
a fundamental system of punctured neighbourhoods of (a translate of) co are
(translates of) strips Imz > n, n € N. These can be visualized as interiors of
circles tangent to the boundary circle OH.

5.2 Modular forms

Since A; has a topology, we can talk about continuous functions on it. We can
see that f : Ay — C is continuous if and only if it’s pullback 7*f := fomw
is continuous. Let us also declare that a function on an open subset of A; is
holomorphic or meromorphic if its pullback to H has the same property. This
means that such functions correspond to I'-invariant functions on H. Before
constructing nontrivial examples, we want to relax the condition. We say that
[ is automorphic, with automorphy factor ¢.(z), if it satisfies the functional
equation

f(vz) = 04(2)f(2)

This is very similar to what we did with theta functions. If we have two such
functions with the same factor, their ratio would be invariant. Note that for
this to work, we need to impose a consistency condition

Pre(2)f(2) = f(7€2)
= 04(82)(§2) = 0,(§2)d¢(2) 1 (2)

Cancelling f, leads to a so called cocycle condition on the automorphy factor

Pre(2) = 0,(62)0¢(2)

As the terminology suggests, ¢, does give an element of a certain cohomology
group. Rather than pursuing this direction, let us look for natural automorphic
forms/factors in nature. Given a meromorphic differential form w = f(z)dz on

b> € SL2(Z). We can see that

H, let us see how it transforms under v = (Z d

az+b
cz+d

wi f(y-2)d = (cz+d)2f(y-2)dz
(+3)
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We say that f(z) is a weakly modular form of weight 2, with respect to I, if
f(2)dz is invariant. We say that f is weakly modular of weight 2k if it

f(z)=(cz+d)~2kf (Zjig) (5.2)

This means that the tensor f(z)dz®* is invariant. More generally, it makes
sense to consider weakly modular forms of arbitrary integer weight ¢, satisfying

F() = (e + )’ f (12)

However, when ¢ is odd, taking v = —I, shows that f = —f, so it’s zero! Natural
nonzero examples do exist for other groups however, as we shall see shortly.

To drop the “weakly”, we impose holomorphy conditions on H but also at
infinity. To understand what the last part means, we first note that by using S
and T, (5.2) is equivalent to

flz+1) = f(2)
f(=1/2) = 22§ (z)

The first condition means that we have a Fourier expansion

o0 oo
f(Z) — Zan62mnz — Zanqn
—00 —o0

where ¢ = e?™#. Note that as z — 100, ¢ — 0. So we want to think of ¢ as the
local parameter at infinity. Then the Fourier series becomes the Laurent series
in ¢g. fis a modular form of weight 2k if it is holomorphic in H, (5.2) holds,
and the Fourier coefficients a,, = 0 for n < 0. It is called a cusp form of weight
2k if in addition ag = 0.

(5.3)

Theorem 5.2.1. The FEisenstein series

1
Gau() = D Gy

720
is a modular form of weight 2k, when k > 2.
A(z) = (60G4(2))? — 27(140Gg(2))?
is a cusp form of weight 12.

Proof. The sum can be seen to converge uniformly on compact sets, so it must
converge to a holomorphic function on H. One has

az+b, ok 1
G%(cz + d) = (cz+d) Z (ma + ndc)z + (mb + nd))2k
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The vectors (ma + nde, mb + nd) can be seen to run over Z? — 0. So the right
side can be rewritten as

(cz + d)**Gap(2)

as required.

We have to check holomorphicity at infinity. By uniform convergence, we can
evaluate the limit as z — oo term by term. When m # 0, have (mz+n)=2¥ — 0
as z — 00. Therefore

Z—r00

: Z‘” 1
n=1

where ( is the Riemann zeta function. Euler gave explicit formulas for the values

4

T
4="T
6
™
¢(6) = Y
This allows us to evaluate lim,_,o, A(z) and check that it’s zero. O
Corollary 5.2.2.
60G 3
i(z) = 1728806

A
is weakly modular of weight 0.

The strange normalization is explained by the next result.
Proposition 5.2.3. The function j(z) is holomorphic on H, and it has q-
expansion

1
where the series has integer coefficients.

See Serre [A Course in Arithmetic] for the proof.

5.3 Modular curves

We want to make A; into a Riemann surface in a natural way. We already have
a topology on it. We just have to say what holomorphic functions are. Let
['(1) = SLy(Z). Given U C Ay, let U C H denote its preimage with projection
7 :U — U. Let us say that f : U — C is holomorphic if and only if for : U — C
is holomorphic in the usual sense. We define ¢ = 2™ to be the coordinate at
00. So function is holomorphic at co if it can be expanded as a power series in
q, or equivalently, the Fourier expansion of the pullback to (an open subset of)
H, has no negative coefficients.

Proposition 5.3.1. A; is a Riemann surface.
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Sketch. The key point is to show that any point € A; has a neighbourhood
D with a homeomorphism z, called a local coordinate or parameter, to a disk
in C, such that holomorphic functions on both disks coincide. There are three
cases: x = oo, x is an image of one of the fixed points i,e>™/3, or z is any
other point. The first case was done above. The third case is straight forward.
The map 7 : H — X(1) is unramified over « A local coordinate z at a point
y € H lying over z will give a local coordinate at . The map = is ramified at i
and €27/3 with ramification index r = 2 and 3 respectively. 2" will give a local
coordinate at the image. O

The importance of j(z) stems from the following.

Corollary 5.3.2. Two elliptic curves E- and E; are isomorphic if and only if
j(r) =j().

Proof. By proposition 5.2.3 j factors through a holomorphic map A; — C, with
pole of order 1 at co. Therefore j induces a holomorphic map A; — P! of degree
1, which is necessarily bijective. Since A; is the set equivalence classes of elliptic
curves, the corollary follows.

O

While it’s intuitively clear what it means that A; parameterizes elliptic
curves, the actual statement requires a bit more precision. Let us define an
analytic family of (compact) complex manifolds to be a (proper) holomorphic
submersion of complex manifolds f : E — B. We recall that a submersion is
map such that derivative is surjective on tangent spaces. This implies that fibres
Ey = f~1(b) are complex submanifolds. By an analytic family of elliptic curves
we mean an analytic family of compact complex manifolds f : F — B with a
holomorphic section s : B — E such that each fibre E} is a compact Riemann
surface of genus one. We can regard Ej as an elliptic curve with origin s(b).
Given an elliptic curve E = E., set j(E) = j(7).

Theorem 5.3.3. Ay has the following properties:

(a) The map E — j(E) gives a bijection between the set of isomorphism
classes of elliptic curves over C and points of A;.

(b) Given an analytic family elliptic curves E — B, the map B — A, called
the classifying map, given by b — j(Eyp) is holomorphic.

One might hope for stronger property:

Question 5.3.4. Does there exists a universal family of elliptic curves over Ay,
i.e. a family of elliptic curves such that any other family is obtained by pulling
it back with respect to j?

It would be very desirable, for a number of reasons, to have an affirmative
answer (in which case A; would be called a fine moduli space). Unfortunately,
the answer is no, as shown by the following example:
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Example 5.3.5. If A; were a fine moduli space, then any family of elliptic
curves with constant j-invariant would be trivial. However, let E be either E;
or Eexp(2riss) Fither curve has a nontrivial automorphism group G, which is
cyclic in both cases. Choose a manifold B on which G acts freely, e.g. C*. The
quotient (E x B)/G — B/G is a nontrivial family with constant j-invariant.

There are a number of things we could do at this point:

1. State the precise universal property that A; satisfies. This is weaker than
the existence of a universal family, but stronger than what the last theorem
says.

2. Explain what stack is. This addresses the lack of fineness in a different
way.

3. Show how to add additional structure to get a universal family.

We will follow the 3rd option, which the easiest to explain. The reason why
example 5.3.5 works is because the elliptic curves F; or Feypari/3) have extra
automorphisms. This is closely related to the fact that SL2(Z) has torsion and
that it does not act freely on H. The solution to both problems is to pass to
subgroup. Given an integer N > 0, the principal congruence subgroup of level
N of T'(1) = SLo(Z) is

T(N) =ker[I'(1) = SL2(Z/N)|={M €T'(1) | M =1 mod N}
Lemma 5.3.6. If N > 3, I'(N) is torsion free and it acts freely on H.

Proof. This follows easily from corollary 5.1.6 O

Given such a group, it will act on H*, let Y/(V) = I'(N)\H and let X(N) =
I"\H*. X(N) can be made into a compact Riemann surface the same way
as we did for A;, and Y(N) C X(N) is an open subset, and the points of
X(N) —Y(N) are called cusps. Given an elliptic curve E, the group of N-
torsion points is isomorphic to (Z/N)2. A level N-structure for E is a basis for
this group, i.e. a pair of N-torsion points which generates it.

Theorem 5.3.7. If N > 3, Y(N) is a fine moduli space parameterizing pairs
(E, L), where E is an elliptic curve with a level N -structure.

Sketch. Let G be the group of holomorphic automorphisms of H x C generated
by I'(INV) acting on the first factor and the translations

(1,2) = (1,2 + 1)

(1,2) = (1,24 7)

As an abstract group G is the semidirect product I'(N) x Z2. Using lemma
5.3.6, we can see that G acts freely on H x C. Therefore E(N) = G\(H x C)
is a complex manifold. The projection on the first factor gives a holomorphic
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map E(N) — Y (V) which can be seen to a family of elliptic curves. The maps
7 = 1/N and 7 — 7/N give sections o; : Y(N) — E(N) which give level N-
structures on each fibre. The family (£(N),o1,02) can be checked to be the
universal family of elliptic curves with level N-structure. O

Theorem 5.3.8. When N > 3, the genus of X(N) is

d(N —6)

=1
+ 12N

where 1
d= 1|SL(Z/ND)|

(There are standard formulas for computing the order, e.g. if N = p is prime,
then |SLy(Z/pZ)| = p(p* - 1).)

Proof. We have a holomorphic map
m: X(N) = X(1) =P

induced by inclusion I'(N) C T'(1) = SLy(Z). This is a branched covering. So
we can compute the genus using the Riemann-Hurwitz formula, which says that
if Y — X is a degree d branched covering of compact Riemann surfaces of genus
9(Y) and g(X), then

2(Y) ~2 = (29(X) ~ 2)d+ 3 (e, — 1)
yey
—_——
R
where e, is the ramification index which counts the number of sheets which
“come together” at y.

The covering 7 : X (N) — X (1) is Galois with group G = PSLo(Z)/imT'(N).
Let S,T € G denote the images of S and T. The degree of this covering |G| = d,
when N > 3. Let py and ps represent the images of i and €*>™/3 in X(1).
Then ps, p3, 00 are the ramification points. Given one of these points p, and
q € 77 1(p), e, is the order of the isotropy group G, = {g € G gq = q}. This
is independent of g, because all the isotropy groups are conjugate. For p = po

and suitable ¢, G4 = (S) so that e, = 2. We can calculate the other values in a
similar way to get

We also have |7~!(p)| = d/|G,|. This allows to calculate the ramification term

above to get
~d 2d d(N-1)
R=gt3t—®~—

Putting this into Riemann-Hurwitz and simplifying proves the theorem.
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Corollary 5.3.9. There are nonzero modular forms of weight 2 for I'(N) as
soon as N > 6.

If X is a compact Riemann surface of genus g > 2, then Hurwitz showed
that the automorphism group satisfies

|Aut(X)] < 84(g — 1)
The next example shows that this bound is sharp.

Example 5.3.10. The group PSL2(Z/77Z) has cardinality 168 and it acts on
X(7). By the above formula, it has genus 3.

It is useful to consider a generalization as follows. Let I' C SLy(Z) be a finite
index subgroup. Then I' will act on H and H* as before, and the quotient I"\H
(resp. I'\H*) can be made into a (compact) Riemann surface. This construction
is particularly interesting to number theorists, when I' is a congruence group,
which means that it contains some I'(NV). In this case, the quotients are called
modular curves. These curves I'\H will parameterize elliptic curves with extra
structure. For example, for

T(N)= {MeT()| M= (é ’{) mod N}

the extra structure is the choice of a point of order N. For more information
about these curves, and their applications to number theory, see [Diamond,
Shurman, A First Course in Modular Forms|. One of the more dramatic appli-
cations was the proof of Fermat’s Last Theorem by Wiles about 30 years ago.
Some, but by no means all, of the ingredients are explained in that book.

5.4 Belyi’s theorem

Given a subfield K C C, we say that complex algebraic variety is definable
over K, if we can choose coeflicients of the defining equations to lie in K. This
becomes particularly interesting when K = Q or Q.

Example 5.4.1. There exist elliptic curves which are not defined over Q, and
in fact most are not. This comes down to the simple observation that Ai has
uncountably many points but only countably many could correspond to elliptic
curves defined over Q.

_ There is a surprisingly simple criterion for when a curve can be defined over
Q, which was discovered not that long ago.

Theorem 5.4.2 (Belyi, 1979). Let X be a smooth projective curve over C. The
following are equivalent.

(1) X is definable over Q.
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(2) There ezists a finite index subgroup I' C SLa(Z) such that X = T'\H*.

(3) There exists a finite holomorphic map m : X — P! unramified outside of
{0,1,00}.

Proof. We note that (2) = (1) is not at all obvious, and it follows from a deep
result of Grothendieck' that if Y is a smooth curve over an algebraically closed
field K of characteristic 0, then the category of étale covers of Y is equivalent to
the category of étale covers of Y X gpec k Spec L for any algebraically closed field
L O K. For the implication, one applies this with Y = P! — {0,1,00}, K = Q
and L = C. We just outline the equivalence of (2) and (3); for the remaining
step , (1) = (3), see [Serre, Lectures on the Mordell-Weil theorem].

For (2) = (3), the inclusion I' C SL(Z) induces a map X = I'\H* —
SLy(Z)\H* = P!. This is unramified outside of 3 points corresponding to the
images 7, €2™/3 0o. After composing with an automorphism of the line, we can
move these points to 0,1, 00

For (3) = (2), we need to know that we can find subgroup I's C SLs(Z) of
finite index, which acts freely on H, such that T';\H = P* — {0,1,00}. Suppose
that 7 : X — P! unramified outside of {0,1,00} Then it follows that ¥ =
7 1(P'—{0,1,00}) is of the form Y = T'\H for some I C T' of finite index. Since
I"\H* is the unique Riemann surface compactification of V', X = I"'\H*. O

ISGA1: Revétement étales et groupe fondamental



62

CHAPTER 5. MODULAR CURVES



Chapter 6

Moduli space of abelian
varieties

6.1 The action of the symplectic group

We want to generalize the constructions given earlier for elliptic curves to higher
dimensions. The first step is to replace the usual upper half plane with the Siegel
upper half plane. Recall that this

H, = {Q € Mat,x,(C) | Q =0, Im () > 0}

This is an open subset of the space of symmetric matrices. So its dimension is
g(g+1)/2. Given Q € H, we can construct a lattice Lo = Z9 + QZ9 and an
abelian variety Aq = C9/Lg. This carries a principal polarization Egq given by

the matrix
0o -7
() o

with respect to the basis of Ly obtained by combining the standard basis of Z9
with the columns of 2. This was explained before in detail.

For now the key point, is that € H,, gives a pair (Aq, Ho) consisting of an
abelian variety with a principal polarization. This is a key difference from the
one dimensional theory, and that is that in order to get a good moduli theory,
we need to keep track of a polarization. Given two such pairs (V;/L;, E;), by an
isomorphism we mean a linear isomorphism f : V; — V5 such that ¢(L1) = Lo
and Ey(v,w) = Ea(¢(v), p(w)).

Lemma 6.1.1. Given any g dimensional principally polarized abelian variety
(A, E), there exists Q € Hy and an isomorphism (A, E) = (Aq, Eq).

Sketch. We just outline the argument, because it is essentially the same as what
we did to obtain the normalized period matrix for a Riemann surface. Write

63
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A = V/L. One of the conditions for F to be principal polarization guarantee
we can choose a basis a1, ..., for L satisfying

E(as, a5) = E(Bs, B5) = 0, E(ov, ;) = i

Then observe that the remaining conditions for a polarization guarantee that
we can choose a basis w, .. .,w, for L such that the change of basis matrix from
the second to the first basis is (I, Q) with Q € H,.

O

Given (A, E) as above, there are many (2’s which satisty (4, E) = (Aq, Eq).
The next problem is to deal with the nonuniqueness. A point of H, gives rise
to a polarized abelian variety with a preferred basis for the lattice, given the
columns of (£2, 7). We need to mod out the choice of basis. It is important to
restrict to change of bases which are compatible with the polarization. For any
commutative ring R (e.g. Z,Q,R,C) we define the symplectic group

Spag(R) = {M € GLyy(R) | MT <_OI é) M= (-01 é)}

In other words, this is the group of matrices with preserves the symplectic form
E.

Lemma 6.1.2. Given Q € Hy; and M = (é g) € Spag(R)

M-Q:=(AQ+ B)(CQ+ D)™ € H,
This defines an action of Spag(R) on Hy.

Proof. For M as above, one checks the following identities: A”C and BT D are
symmetric, and ATD — CTB = I. Let M(Q) = (AQ + B)(CQ + D)~1. After
expanding, using the above identities, and canceling, we obtain

(CQ+D)'(M(Q) - M) (CU+D)=0-QT =0
Therefore M(£2) is symmetric. Similarly
(CQ+ D) Tm M(Q)(CQ+ D) =ImQ >0
which implies that M (2) is positive definite. O

One can put the Siegel space in the more general framework of symmetric
spaces using the following;:

Lemma 6.1.3. The action of Spag(R) on Hy is transitive and the stabilizer of
oI s

-B A
where the isomorphism is given by sending

A B .
(—B A) — A+1B

{( A B) | ABT = BAT | AAT + BBT = 1} =~ U,(R)
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Proof. Let Q = X +14Y € Hy. Since Y is symmetric and positive definite, we
Ty—1
can find an A € GL,(R) so that Y = AAT. Then M = <61 )il(‘é))_l ) sends

iI to Q. The formula for the stabilizer can be checked by calculation.

Corollary 6.1.4. Thus H, = Spsg(R)/Uy(R).

6.2 The moduli space of abelian varieties

We define
Ag = Spag(Z)\Hy = Spag(Z)\Sp2g(R)/Uy(R)

Theorem 6.2.1. Given Q,Y € Hy, the pairs (Aq, Eq), (Aar, Eq/) are isomor-
phic if and only if there exists M € Spay(Z) with Q' = M - Q. In particular, Ay
can be identified with the set of isomorphism classes of g-dimensional principally
polarized abelian varieties.

Proof. An isomorphism (Aq, Eq) = (Ag/, Eq/) is induced by an invertible g x
g complex matrix ® such that (a) Lo = Lo and (b) ® takes Fq to Eq.
Condition (a) implies that there exists integer g x g matrices A, B,C, D such
that

Q=040+ PB

(6.2)
I=3oCQ+dD

Condition (b) implies that M = é g) € Spag(Z). We can solve (6.2) to
obtain Q' = M - Q. Conversely, if Q' = M - Q, with M as above, then (6.2)
holds with ® = (CQ + D)~!. Therefore ® gives an isomorphism (Aq, Eq) =
(Ao, Eq).

O

We will give a more conceptual proof later. Our next goal is to understand
the geometry of A, better.

Lemma 6.2.2. The action of Spag(Z) on Hy is properly discontinuous. There-
fore the quotient is a Hausdorff space.

Proof. Given compact sets K1, Ky C H,, we have to show that S = {M €
Spag(Z) | M(Ky1) N Ky # (0} is finite. Let us identify Hy, = Spoy(R)/Uy(R)
as above. Note that the group U,(R) is compact, so that the projection p :
Spag(R) — H, is proper. M € Spogy(Z) lies in S if and only if Mp~tK; N
p 1Ky # D ifand only if M € T = (p~1(K1)) "' Np~!(K3). Now T is compact
because it is the image of K7 x Ko under (My, Ms) — MflMg. Therefore S is
the intersection of a compact set with a discrete set, so it’s finite. O
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The action of Spay(Z) on Hy is not free, so A, will have singularities. The
solution as before is to pass to a suitable subgroup. Given an integer n > 0,
define the principal congruence group by

I'(n) = ker[Spag(Z) — Speg(Z/nZ)]

Proposition 6.2.3. Let n > 3. Suppose that v is an automorphism of a prin-
cipally polarized abelian variety (A, E) which acts trivially on the lattice mod n.
Then v = 1. The action for T'(n) on Hy is free.

Proof. We assume that v £ 1. Then it has finite order, which we can assume
is a prime p, by replacing v a power. Then by assumption, 1 — v = n¢ where
¢ € End(A). Let ¢ be a nontrivial eigenvalue of v, and let ) be the corresponding
eigenvalue of ¢. ( is a primitive pth root of unity and 7 is an algebraic integer
in the cyclotomic field @Q(¢). We have a relation ny = 1 — ¢. Taking the norm
with respect to Q(¢)/Q yields an equality of integers

P TIN() = (1-¢)(1~-¢*)...(1-¢" ) =p

But this impossible because p is prime and n > 3. This proves the first part.
Suppose that v € I'(n) fixes a point of € Hy. Then « will be an automor-
phism of (Aq, Fq) which is trivial mod n. Therevfore v = 1. O

A level n-structure on an abelian variety A = C9/L is a choice of symplectic
basis of
HY(A,Z/nZ) = Hom(L,Z/n7Z)

Let
Agm = F(”)\Hg

Theorem 6.2.4. Suppose n > 3. Then Ay, is a complex manifold. The
semidirect product T'(n) x Z?9 acts naturally on Hy x C9 and the quotient can be
equipped with a family of sections and polarizartions so that it becomes the uni-
versal family of principally polarized g-dimensional abelian varieties with level
n-structure. In particular Ay, is a fine moduli space.

Outline. Since I'(n) acts freely on Hy, Ay 5, is a manifold. The remaining state-
ments are similar to case of g = 1 discussed earlier. O

The moduli space allows us to study the behaviour of a typical abelian
variety. Recall that a set in a complete metric space is called meagre if it is
a countable union of nowhere dense sets. Such sets should be viewed as very
small, and in particular the Baire category theorem says that a meagre set has
a nonempty complement.

Proposition 6.2.5. There exists a set U C Ay which is the complement of
meagre set and such that for any (A, E) € U

(a) (A, E) is not a product of polarized abelian varieties of smaller dimension
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(b) End(A)=1Z.
Proof. We just explain the proof for (a). Let

R= |J HpxHyp CH,
g>h>0

and let R denote the union of all translates of R under Spy,(Z), Then R is
meagre in Hy, and the same is true for its image R C A;. Let U be the
complement of R. O

6.3 A, is an algebraic variety

At the moment, we have an analytic construction of Ay, which shows that it is
almost a complex manifold; more precisely a quotient of a manifold by a finite
group. In fact, it turns out to be a quasi-projective algebraic variety. The first
step goes back to Satake, who constructed an explicit analytic compactification
Aj D Ay now called the Satake compactification. It is also called the Bailey-
Borel compactifcation because these authors gave a more general construction a
few years later. Before saying more, it is helpful to recall what happened when
g = 1. Then we found that A; = C. This can be compactified by adding a
point to get A7 = IP;. Before taking the quotient, we should add oo, and all its
translates to H. This amounts to taking H* = HU QU {co}. In order to get
SLo(Z)\H* = P! as a topological space, we need to put a somewhat strange
topology on H*. The basic neighbourhoods of oo are the strips Im z > ¢, ¢ € Ry,
and for other points on the boundary we take translates of these.

Now let us suppose that g > 1. We describe A} as a set. As a first step, we
switch to the disk model.

Lemma 6.3.1. M, is isomorphic to
Dy ={Z € Mat,«,(C) | Z* = Z,1 - ZZ > 0}
by sending
Q= (Q—V-1D)(Q+v—1I)7!

Let Eg denote the closure of Dy in the space of symmetric matrices. For
r < g, we can embed D, — D, by identifying it with

{5 9)1zen]

Let D denote Dy union the of images of D, under Spay(Z) for all r < g. Then
define
A = Spag(Z)\ Dy,

The action of Spyg(Z) on each boundary component D, factors through the
action of Spa,(Z). Thus

A= AT A, T A, ...
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which for the moment is only a set. However, it has more structure. To formulate
the result, we need to say what an analytic space is. A reduced analytic space is
roughly speaking a compact manifold with singularities. The basic example is a
pair (Z, Oz) consisting of the zero set Z of a collection of holomorphic functions
fi,.-., fr on the ball B C C", and Oy the sheaf of holomorphic functions on B
restricted to this. In general, a reduced analytic space is a ringed space (X, Ox)
consisting of a metrizable space X and a sheaf of complex valued functions Ox
which is locally isomorphic, at each point, to one of the basic examples.

Theorem 6.3.2 (Satake, 1957). The set D, carries an Spay(Z)-invariant topol-
ogy, such that the quotient topology on Ay is compact Hausdorff. Furthermore,
when g > 1 we have a sheaf of functions OA;, such that f € OAZ (U) if and only
if its pullback to the preimage of U is Hy is holomorphic. The pair (A7, OA;)
18 a reduced analytic space

To finish the story define a Siegel modular form of weight k to be a holomor-
phic function f : H, — C such that

A B
v (C D) € Spay(Z), f((AQ+ B)(CQ + D)) = det(CQ + D)* f(Q)
This generalizes the notion of modular form discussed earlier when g = 1. How-
ever, unlike that case, when g > 1 there are no conditions at infinity.

Theorem 6.3.3 (Bailey, 1962). For some (in fact infinitely many) k, there
exists a set fo,... fn of Siegel modular forms of weight k such that there is
an embedding A, — PN given by Q — [fo(Q),..., fn(Q)]. Purthermore, the
closure of Ay is isomorphic to Aj.

By applying Chow’s theorem, we get
Corollary 6.3.4. .A_Z is a projective variety and Ay is a quasi-projective variety.

Note that A7 is very singular when g > 1. So it is not a nice compactification
from the view point of geometry. In the 1970’s, Mumford and his collabora-
tors constructed a family of compactifications called toroidal compactifications.
These are often nonsingular, but are somewhat complicated to describe since
they involve both representation theory and combinatorics.

Mumford gave a completely different proof of quasi-projectivity in the mid
1960’s which showed much more:

Theorem 6.3.5 (Mumford, 1965). There exists a quasiprojective scheme Agz
over SpecZ, such that for any field k,

Homgchemes(Speck, Ay z) = the set of iso. classes of g-dim ppav over k

where ppav = principally polarized abelian varieties.

This is not an easy theorem. In fact, Mumford got the Fields medal partly
for this work. The fact that this is defined over Z is essential for many number
theoretic applications. For example, Faltings used it in an essential way to
prove:
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Theorem 6.3.6 (Faltings, 1983). If X is a smooth projective curve of genus at
least 2 defined over a number field K, then X has only finitely many K -rational
points.

Corollary 6.3.7. Suppose that f(x,y,z) € K|x,y, 2] has degree 4 or more and
. . . 2 _ .

that it defines a nonsingular curve in P%. Then f =0 has only finitely many

solutions in P3.

Finally in 1990, Faltings and Chai gave an arithmetic construction of the
various compactifications discussed above. So these are also defined over Z.

6.4 Hodge structures

Although the previous constructions were very explicit, it is easy to get lost in
the matrix computations, and lose sight of what is really happening. We want to
give an alternate basis free description of H, and A,. It is helpful to backtrack
to where we first encountered this, namely from the cohomology of a compact
Riemann surface X of genus g. To X we associated a cohomology group

HY(X,C)=2 HY(X,Z)®C

with an intersection pairing

E:HY(X,Z)® H'(X,Z) = Z
and a distinguished g dimensional subspace

H'° = H%(X,Q') ¢ H(X,C)
All of this data satisfies the Hodge decomposition

HYaH" = HY(X,C)

and the Riemann bilinear relations. This leads to the following definitions.

Definition 6.4.1. A Hodge structure of type {(1,0), (0,1)} consists of a finitely
generated free abelian group Hy, with subspace H'® ¢ H := Hy ® C satisfying
the Hodge decomposition as above, A (principal) polarization on this is a non-
degenerate (unimodular) skew-symmetric pairing E : Hy @ Hy — Z satisfying
the 2 Riemann relations

Yo, w e H E(v,w) =0 (6.3)
Vo e H' — {0}, —iE(v,7) > 0 (6.4)

To shorten things, we will usually drop the phrase “of type {(1,0),(0,1)}”.
We note that the axioms imply that there is an integer g such that dim H'0 = ¢
and rankHyz = 2g. Finally, observe that there is some redundancy in the above
axioms. If H'® C H is a g-dimensional subspace satisfying the Riemann bilinear
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relations, then H'° N " = 0 so0 the Hodge decomposition follows. Hodge
structures form category where a morphism is Z-linear map of lattices Hz — G,
which takes H'© — G'°. These completely captures the linear algebra aspects
of abelian varieties because:

Lemma 6.4.2. There is an equivalence of categories between the category of
polarizable Hodge structures and the category of abelian varieties.

Proof. In one direction, given a Hodge structure Hz, H/(Hz+ H') is an abelian
variety. O

In view of the last lemma, A, can be identified with the set of isomorphism
classes of 2g-dimensional principally polarizable Hodge structures. We give a
more explicit description below.

Lemma 6.4.3. Let Hy = Z29 with the standard skew-symmetric form Egq
given by the matriz (6.1). Let Hj denote the set of Hodge structures on Hg
polarized by Egq (i.e. the set of subspaces H'® C C?% = Hz ® C satisfying
the previous conditions). Then there is a bijection between H, and H’g given by
Q= {(v,—Q) | v e C9}

This is really a lemma in linear algebra. The proof is not hard, and we will
skip it. Instead we will refine this result. Since H, is an open subset of the
space of g x g complex matrices, it has the structure of a complex manifold.
This is also true for Hy, although in a less obvious way. The set of the g-
dimensional subspaces H°' C C?9 satisfying the first Riemann relation (6.3)
is parameterized by a projective algebraic variety LGr(g) sometimes called the
Lagrangian Grassmanian. LGr(g) is nonsingular becomes the symplectic group
Spag(C) acts on it by translating subspaces, and this action can be seen to
be transitive. Now observe that Hj is an open subset of LG7(g), because the
second Riemann relation (6.4) is an open condition. When g = 1, LGr(1) = P!,
and the embedding H; C P! is the usual one. The subgroup Spz,(R) C Sp2,(C)
preserves H’g because it preserve both Riemman relations. A sharper version of
the previous lemma is that:

Lemma 6.4.4. We have an isomorphism H, = H’g as complexr manifolds, and
this is compatible with Spag(R)-actions.

We can regard an element of H’g as a Hodge structure with a preferred
symplectic isomorphism Hyz = Z29. We can view

Ag = Spag(Z)\H,

g

and the projection Hj, — A, forgets the isomorphism.
Finally, let us say a few words about the nonprincipally polarized case.

Theorem 6.4.5 (Frobenius). Given a nondegenerate skew-symmetric form E :
729 @ 729 — 7, we can find positive integers di|dz| ... and a basis such that E



6.4. HODGE STRUCTURES 71

s represented by

Esa(dy, da,...) = _d, 0. 0 0'

0 —-d» 0 O

The set of integers (dy, . . .) is called the type of the polarization. Fix the type,
and modify H to denote the set of Hodge structures on Hz = 729 polarized by
Estq = Egtq(dy, . ..). Define the symplectic group

T = Sp(Z*9, Esq) = {A € GLyy(Z) | ATE1qA = Fyt4}
Then the moduli space of abelian varieties of type d; is

Ay(dy,ds,...) = T\H,
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Chapter 7

Low dimensional examples

7.1 Genus 2 curves and abelian surfaces

The Siegel upper half plane Hs is an open subset of the space of 2 x 2 symmetric
matrices. It follows that this, and therefore A is three dimensional. Igusa
studied this and a fairly explicit description of this space. We will describe his
results, but first, we need the following basic result.

Theorem 7.1.1 (Weil). A two dimensional principally polarized variety is iso-
morphic to either a product of two elliptic curves, or the Jacobian of a smooth
projective genus 2 curve.

Sketch. Let (A,©) be a 2 dimensional ppav. One checks using some standard
facts about algebraic surfaces (Riemann-Roch and the adjunction formula) that
the curve © has arithmetic genus 2. If © is nonsingular, then it is a genus 2 curve.
In this case, one can see that the induced map J(C) = A is an isomorphism. If
O is singular, then further analysis shows that it is a union of 2 elliptic curves
F1 U E5. Then one finds that A = E; x Es. O

In principle, this leads to the following description
Ay = {set parametrizing genus 2 curves}U{set parameterizing products of elliptic curves}

In some sense we understand the second set on the right. So we focus on the first.
Given a degree 6 polynomial f(x), with distinct roots, the smooth projective
curve determined by

22 = f(z)

has genus 2. This follows from the Riemann-Hurwitz formula. Conversely,
any genus 2 can be realized this way (see for example [Hartshorne, Algebraic
Geometry p. 304]), but the choice of f is far from unique. The nonuniqueness
can be understood. First replace f by the homogenous polynomial F(z,y), then
SLs(C) acts on the space V of such polynomials through the standard action on

73
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(;) We are interested in invariant polynomials V' — C of even degree. These

form a ring whose generators were known since the 19th century by Clebsch and
Bolza. To describe them, let us factor

f@) =upr® +wa® + .. ug = uo [ [(x —7:)

or equivalently

F(z,y) = uox® + mz’y + ... ugy® = H(pw )

The standard action of SL(C) on the <p i) is compatible with the action on

4

2
R;; = det (pi pj)
qi qj

F. The expressions

are clearly invariant under SLs(C). We also introduce

A(u) = Ria R34 Rs6 + Z Rs(1)o2)Ro(3)0(4) Ro(5)0(6)
oceSs—{1}

B(u) = Ri2R23R31 Ras Rsg Rea + . . .

C(u) = Ri2R23R31Rus R Rea R1aRos Ras + . . .

D(u) = H R;;

i<j

where the last two sums are symmetrized in the same way. Note that by the
theorem on elementary symmetric functions, A, B, C, D are polynomials in the
u’s. These are also invariant, because the expressions R;; are invariant. The
expressions A(u), B(u),C(u), D(u) generate the ring of invariants. Note that

D(u) = ug® [[(ri = ;)

1<j

is just the discriminant, so that D(u) # 0 if and only if f has distinct roots.
A genus 2 curve corresponds to a PGLy(C) orbit of the point [u] € P(V) with
D(u) # 0. This is determined by the ratios of the values of the fundamental
invariants. Here is the precise statement:

Theorem 7.1.2 (Igusa). The moduli space My of genus 2 curves is the com-
plement of the divisor D = 0 in the projective variety ProjC[A, B,C, D], i.e. it
is affine variety whose coordinate ring is the degree 0 part of C[A, B,C, D*1].
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To analyze further, define new invariants by

1
JQ = gA

1
Jy = %(413 - B)

1
Jo = %(&73 —160.J3.J4 — O)
Jio=2"'2D

Let s be the group of 5th roots of unity. Then Igusa showed that the
degree 0 part of the graded ring C[A, B, C, D*¥'] = C[J, ..., J5'] is isomorphic
to C[tl,tz,tg]ﬂs, via

Jor 2 Jgt I > st
where
e1 + 2es + 3es = bes

Therefore, we get the following explicit description:

Theorem 7.1.3. My is isomorphic to C3/us, where ps acts by (ty,ta,t3)
(<t17§2t27§3t3)-

We have an injective map H? — H, given by

T1 O
(TlaTQ) = (O 7_2>

Let A C A, denote the image of H2. This is a divisor parameterizing products
of pairs of elliptic curves. From theorem 7.1.1, we see that the complement
consists of Jacobians of genus 2 curves. Given a curve, J(C') with its canonical
principal polarization, the curve can be recovered simply as the theta divisor ©.
Therefore, we have proved:

Theorem 7.1.4. As contains a divisor A parameterizing products of pairs of
elliptic curves. The complement of Ao — A= Ms.

A Siegel modular form of weight k is a holomorphic function f on Hy which
transforms in the “expected way” under Spy(Z):

f(@2+ 800 +0)) =de(+ 0@, (2 F) € sma@)

One important class of examples are Eisenstein series, which are sums of the
form

Bp(Q) =) det(yQ2+ )"

where sum runs over suitable set of pairs of matrices (vy,d). The sum of the
spaces of modular forms over all weights forms a graded algebra. As an applica-
tion of the last theorem, Igusa goes on to determine an explicit set of generators
and relations for this algebra.

Theorem 7.1.5 (Igusa). The algebra of Siegel modular forms of even weight is
generated by the Fisenstein series FEy, Eg, F19 and E1s.
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7.2 Hilbert modular surfaces.

We recall that a real quadratic field is a field K = Q(vVd) = {a+bVd | a,b € Q},
where d > 1 is square free integer. We have two distinct field homomorphisms
01,09 : K — R, where o1(a + b(v/d) = a + bv/d and o3(a + bV/d) = a — bV/d.
Let O C K denote the ring of integers. This is the integral closure of Z in K,
and it is described explicitly by

Z+ Y47 ifd=1 mod 4
Ok = .
Z 4 \dZ if d£4 mod 4

Lemma 7.2.1. If we embed O < R? by z + (01(x),02(x)), then the image
is discrete.

This is false with only a single o;.

Proof. This is elementary. For example, when d = 2,3 mod 4, this follows from
the inequality
(a+bVd)? + (a —bVd)? = a®> +b%d > 1

for a nonzero integer a + bv/d. O

The Hilbert modular group (for a given K) is 'y = SLy(Ok). We have an
embedding ¢ : T — SLa(R)2 by M + (01(M),02(M)). From the previous
lemma, we easily deduce:

Corollary 7.2.2. The image of the Hilbert modular group in SLy(R)? is discrete
with respect to the usual topology.

The group 'k acts on H2 = H x H via ¢. Note that —I acts trivially, so
the action factors through PSLy(Ok) = SLy(Ok)/{£I}. Tt is not difficult to
deduce from the previous corollary that

Proposition 7.2.3. This action is properly discontinuous. Therefore T g \H?
18 Hausdorff.

Definition 7.2.4. The quotient T \H? is called a Hilbert modular surface. The
term is also applied to various related examples given below. Also it is important
to keep in mind that “surface” here means 2 complexr dimensions, in contrast to
the term “Riemman surface”.

The action ' is not free, so this surface will have singularities. We fix the
problem as we did earlier by passing to suitable subgroup. Given a nonzero
ideal I C Ok, we can define the corresponding principal congruence group as

Tk (I) = ker[SLy(Ok ) = SLy(Ok /1))

This applies, in particular, to an ideal of the form (N), N where N is a nonzero
integer.



7.2. HILBERT MODULAR SURFACES. 7

Lemma 7.2.5. T'x(N) is torsion free when N > 3. Therefore the action on
H? is free.

Proof. A proof can be found in [Frietag, Hilbert Modular forms]. O

We will refer to a subgroup I' C ' containing some I'(N) as a congruence
group. If T is such a group, then Y (T') = I'\H? is noncompact analytic surface.
It can be compactified by adding a finite number of points at infinity called
cusps. We embed P! (K) — P(R)? by o1 x 02. Using this, we can regard points
of P(K) as lying on the boundary of H? via

P}(R)? c P*(C)? > H?

A T-orbit of point of P*(K) is called a cusp with respect to I'. Given a point
[a,b] € PL(K), we let (a,b) denote the fractional ideal generated by these ele-
ments. Although this ideal is not well defined, but its class in the class group

_ {fractional ideals}
Cl(Ox) = {principal frac. ideals}

is.
Proposition 7.2.6. The above map gives a bijection between the set of cusps

for Tk and Cl(Ok).

Proof. Let ¢ : P1(K) — Cl(Ok) denote the above map. It is known that any
fractional ideal of O is generated by two elements. Therefore ¢ is surjective.

a b
IfA= <c d) then

P(A- [z, y]) = (ax + by, cx + dy) C (z,y)

The same argument, using A~!, gives the opposite inclusion. Therefore ¢ factors
through a map ¢ : T \PY(K) — CL(Of).

It remains to prove that ¢ is injective. We assume two points of P!(K) have
the same image under ¢. For simplicity, we treat the case where on the points
is oo = [1,0]. Denote the other by [z,y]. We can assume that both z,y € Ok.
Since (z,y) = ¢(c0) = (1), we must have ax + by = 1 for some a,b € Og. Then

A— ( a b)
—y
lies 'k and it maps [z,y] to co. Therefore they lie in the same I'x-orbit. [

Corollary 7.2.7. Tk has h = |Cl(Ok)| cusps. A congruence subgroup I' C T
has a finite number of cusps.

Set
(H*)* = HUPY(K)
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Theorem 7.2.8 (Baily-Borel). For any congruence group I', the set X(I') =
[\ (H?)* can be given the structure of a normal projective surface compactifying
Y(T). In particular, Y (T) is quasiprojective.

When I' = T'(N),N > 3, then Y(T') is nonsingular. However, X (I") will
always be singular. Hirzebruch found procedure to resolve the singularities of
X(T') in an explicit way. This is described in Van der Geer’s book on Hilbert
modular surfaces.

The surface Y (T' k) is a moduli space, which we now describe. A 2-dimensional
abelian variety A is said to have real multiplication if End(A) ® Q contains a
real quadratic field. We would like describe all abelian varieties with real mul-
tiplication by a given real quadratic field K. More precisely, we will, describe
all principally polarized 2 dimensional abelian varieties A with End(4) D Ok.
As a Z-module, Ok =2 Z?. For each vector 7 = (71, 72) € H? define L, C CY to
be the image of O% under the map

tr(a, B) = (o1(a)T1 + 01(B), 02(a)T2 + 02(8))

Proposition 7.2.9. L, is a lattice, and the quotient A, = C%/L, is an abelian
variety with Og C End(A;).

Proof. To see that L, C C? is lattice, it is enough to see that it is freely
generated by an R-basis, and this is easy to check. For example if d # 1
mod 4, then a Z-basis for L, is (11, 72), Vd(r1, —72), (1,1),V/d(1,—1), and these
are R-linearly independent. Since L, is a lattice, A, is a torus. Consider the

Hermitian form _
WU,
H(u,v) = I
( ) Z Im Tj
We claim that this is a polarization. It is clearly positive definite. It remains

to show that the imaginary part Im H is integer valued on the lattice. Let
E,q: 0% x 0% — Z be the pairing defined by

Egsa(ar, ao; 1, B2) = trace(a B2 — af) (7.1)
One can check that if (aq,az), (81, 82) € O%, then

Im H (¢ (01, a2), t-(B1, B2)) = Estalar, az; B, B2)

So it is a polarization as claimed. Therefore A, is an abelian variety. Further-
more, one can check that the determinant of Eg4 is 1, so this is a principal
polarization.

Finally, we have an embedding O C Masx2(C) which sends « to the diagonal
matrix with entries 0;(«). L, is stable under the resulting O k-action. Therefore
Ok C End(AT) ]

Theorem 7.2.10. The points of Y (') = I'x\H? are in one to one corre-
spondence with isomorphism classes of 2-dimensional polarized abelian varieties
(A, E), such that there is inclusion O C End(A) for which there is O -module
isomorphism Hy(A,7Z) = O% taking E to Egg.
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Proof. We just describe one direction. We note that by construction, A, carries
an inclusion Ox C End(A;) and an isomorphism

Hi(A,Z)= L, = 0%

such that Eg;4 polarizes A,.

If 7,7' € H? lie in the same I'g-orbit, Then there is matrix M = (CCL Z) €

I'k such that
r (lTj +b

cti+d

Then multiplication by the diagonal matrix with entries o;(c)7; +0;(d) induces
and isomorphism A, = A,.
O

7.3 Riemann-Roch and applications

Given a divisor D = Y n,p on a compact Riemann surface of genus g, set
L(D) = {f € C(X)" | div(f) + D > 0} U {0}

where

div(f) =" ordy(f)p

and D > 0 means that the coefficients satisfy this inequality. The above con-
dition says that ord,(f) > —n,. Therefore L(D) should be understood as the
space of functions with prescribed zeros and bounds on the poles. Riemann’s
inequality says

dimL(D) >degD+1—g

If define a sheaf
Ox(D)(U) = {f meromorphic on U | div(f) + D]y > 0} U {0}

then L(D) = H°(X,0x(D)). Roch added a correction term to Riemann’s
inequality, which in modern language says

Theorem 7.3.1 (Riemann-Roch).
dim H°(X,0x (D)) — dim H'(X,0x (D)) =degD +1—g

The left side above is the Euler characteristic x(Ox (D)). The higher dimen-
sional version of this is due Hirzebruch. Given a coherent sheaf F on a smooth
projective variety X, the theorem gives formula for

dim X

X(F)= > (-1)'dim H (X, F)

0
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in terms of topological data (Chern classes) of F and X. We just explain what it
looks like when dim X = 2, and F = Ox (D). In this case, D is a finite (formal)
sum D =Y n;D;, where n; € Z and D; C X are irreducible closed curves on X.
To each D;, we can attach a discrete valuation ordp, : C(X) — ZU{oo}, and we
can define Ox (D) as above. It turns out that an line bundle (or more preciselyt
rank one locally free sheaf) L is isomorphic to Ox (D), for some divisor D, and
further it is unique as an element of the divisor class group CI(X). In particular,
this applies to the bundle of 2-forms Q3% = Ox(K); K is called the canonical
divisor class.

Suppose that C and D are distinct irreducible curves on X. Then C' N D is
finite. If p € C'N D, define the intersection multiplicity at p by

(C- D)p = dim OS,p/(fv g) = dim @S,p/(fv 9)

where Ox ,, is the local ring of the surface at p, and f, g are local equations of
C and D in this ring. For example, this number is 1 if C' and D are nonsingular
and meet transversely at p, because f and g generate the maximal ideal of the
completion @X,p- Define the intersection number

C-D= > (C-D), (7.2)

peCND

Theorem 7.3.2. There exists a bilinear form CU1(S) x Cl(S) — Z which agrees
with the above intersection number whenever it is defined.

Proof. See chap 5 of Hartshorne. O

Theorem 7.3.3 (Riemann-Roch for surfaces). For any divisor
1
X(O(D)) = 5D (D~ K) +x(0s)

and
K? +¢e(S)
12

where K? = K - K and e(S) is the topological Euler characteristic.

x(Os) =

Proof. For the first formula, see chap 5 of Hartshorne. The second is special
case of the Hirzebruch-Riemann-Roch theorem; see [Barth, Hulek, Peters, Van
de Ven, Complex surfaces]. O

In practice, we usually want to compute dim H°(X, Ox(D)). So we need an
additional tool to get rid of the higher cohomologies. The first such result is

Theorem 7.3.4 (Kodaira Vanishing). If E is an ample divisor on a smooth
projective variety X of any dimension, then for ¢ > 0 we have

H'(X,0x(K+E))=0
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Amplness should be understood as a positivity condition. Indeed when
dimX = 1, F is ample if and only if deg Z > 0 In this case, the theorem
follows easily from Serre duality, so it is true over any field. When dim X > 0,
this is known to be false in positive characteristic without further assumptions.
As a corollary, we find

Corollary 7.3.5. If X is a surface and D = K + E, with E ample,
1
&mH%OﬂD»:§D(D—Kﬂ+MOQ

Let turn to applications to modular forms. Suppose Y =Y (I') = T'\H be a
modular curve associated to group I' acting freely (e.g T'(N), N > 3). We can
compactify to a smooth projective curve X = X(T"). Let D = X —Y be the set
points at infinity called cusps. We view this as a divisor with coefficients equal
to 1.

Theorem 7.3.6. The space weight 2k modular forms (resp. cusp forms) Moy (T')
(resp. Sai(T)) is isomorphic to T'(X,O(kK + kD)) (resp. T(X,O(kK + (k —
1)D)). In particular, So(T') = T'(X, Q%)

Proof. Let f(z) € May(T). Then f(2)(dz)®* is a I-invariant holomorphic sec-
tion of (Q})®*, so it descends to a holomorphic section of (Q%,(F,))‘@k. We have

to check what happens near a cusp. We have a local coordinate ¢ = e27%/". By
assumption f can be expanded as Yo" a,,¢™, with ag = 0 for a cusp form. We
have dz = (n/2mi)dq/q. So

P = (52) (a0g™ + g™ 4 g™

So the theorem follows.

Corollary 7.3.7. Suppose that X has genus g with m cusps, then

| e ifk=1
dim So(I") = {(Qk —Dg-D)+*k-1m ifk>1

Proof. The first case is an immediate consequence of the theorem. For the
second, we use Riemann-Roch.

hY(O(kK + (k —1)D)) = h°(O(kK + (k —1)D)) — h°(O((1 — k)K — (k — 1)D)
=deg(kK+(k—1)D)+1—g
O

Now choose a real quadratic field K, and let I' C I'x = SL2(Ok) be torsion
free congruence group. Let Y = Y (I') = I'\H? be the associated Hilbert modular
surface, and let X = X (T") be the compactification given by adding cusps. Recall
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that X is singular. We can blow it up to get nonsingular surface X. The union
of preimages of the cusps in X forms a divisor D. A Hilbert modular form of
weight & is a holomorphic function f : H? — C satisfying

<01 (a)z1 + o1(b) o2(a)ze + o2(b)
01(0)21 + (J’l(d)7 O'Q(C)Zl + O'Q(d)

) = (01(c)z1+01(d))* (02(c) 22402(d))* f (21, 22)

b

d 0 1
f is periodic, and therefore it admits a Fourier expansion. One has similar
expansions for each conjugate of P. The form f is a cusp form if the zeroth
coefficients in each of these expansions is zero. In more geometric language,
f can be interpreted as a section of line bundle over X. It is a cusp form if
the corresponding section vanishes at the preimage of the cusps D. The precise
statement is as follows:

for every element (CCL € I'. Applying this for P = (1 1) shows that

Theorem 7.3.8. The divisor FF = K + D is ample, and for any m > 0, we
have an isomorphism of the space of Hilbert modular cusp forms of weight 2m

Som (D) = HY(X,04(mF — D)) = H'(X,03(K + (m — 1)F))

Details can be found in [Van der Geer, Hilbert Modular Surfaces].
From Kodaira vanishing plus Riemann-Roch, we obtain:

Corollary 7.3.9.

dim Sopn(T) = mT*l(K +(m—1F)-F+x(Og)

The right side can be simplified further, see [Van der Geer].
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