Ervripric CURVES
— AN INTRODUCTION —

Expanded notes from a mini-workshop held at
MARY IMMACULATE COLLEGE

~ University of Limerick ~

29 and 30 November 2006

written by

Ciara Daly, Marina Franz, Madeeha Khalid and
Bernd Kreussler



Stk e

CONTENTS

Introduction

Solving Cubic Equations in Two Variables
Group law on the cubic curve

Theta Functions

Rank two vector bundles on elliptic curves

29
93
75



ELLIPTIC CURVES - AN INTRODUCTION

BERND KREUSSLER

The following four articles constitute expanded versions of talks
given during a mini-workshop which took place at MARY IMMACU-
LATE COLLEGE, Limerick, on the 29" and 30*" of November 2006.
The titles of these talks were the following:

(1) Solving Cubic Equations in Two Variables.
(2) Group Law on the Cubic Curve.
(3) Theta Functions.

(4) Rank two vector bundles on elliptic curves.

Elliptic curves are very interesting because their study involves sev-
eral fields of mathematics. The study of elliptic curves has a long
history and still there are many unsolved problems. The goal of the
mini-workshop was to provide an introduction for the non-specialist
to several aspects of elliptic curves.

Elliptic curves reside at the crossroads of arithmetic, geometry and
analysis. This was reflected in the talks as follows: talk (1) dealt with
the arithmetic of elliptic curves whereas in talk (2) elliptic curves
were studied from the point of view of complex algebraic geometry.
The complex analytic side of elliptic curves was touched within talk
(3). After these basics were laid down, talk (4) gave an introduction
to the study of vector bundles on an elliptic curve. This highlighted
the fact that it is not only interesting to study elliptic curves on
their own but also to investigate other geometric objects of interest
constructed on them.

It is clear from the number of pages used that the four articles can
provide only a small bit of the available huge amount of knowledge
and techniques related to elliptic curves. None of the many applica-
tions in physics, engineering and modern communication technology
are discussed. To give the reader a first idea of the subject, a brief
description of included and excluded material is given below.

I would like to thank Pat O’Sullivan for acting as a critical reader
of the first drafts of all the four articles.
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2 BERND KREUSSLER

Solving Cubic Equations in Two Variables (Bernd Kreussler)

The first article starts with the elementary question of finding all
Pythagorean triples of integers and goes on to apply similar ideas
in order to find integer solutions of equations of degree three in two
variables. The material is illustrated through many explicit exam-
ples. This part is probably suited for interested second-level students
(in fact there was one among the audience for the first talk). The
last section gives a brief overview of the most basic results about the
Mordell-Weil group of a cubic curve.

However, there are many things which are not even mentioned in
this article but which are no less important or fascinating than the
material included. In particular, zeta-functions and L-functions are
not included. As a consequence, the Birch and Swinnerton-Dyer con-
jecture is not formulated even though this is one of the Millennium
Prize Problems. The important method of infinite descent as well as
the Selmer and Tate-Shafarevich groups did not find their way into
the article. The very interesting connection of elliptic curves with
the solution of Fermat’s Last Theorem (through the Frey curve) is
another omission. The growing practical relevance of elliptic curves
in modern cryptography is another issue missing. This list is cer-
tainly not complete. A few books which may help the interested
reader to satisfy his or her thirst for knowledge are [6, 7, 13, 14, 15].

Group Law on the Cubic Curve (Madeeha Khalid)

The aim of the second article is to give an introduction to some basic
concepts from complex algebraic geometry which allow a geometric
understanding of the group structure introduced in the first talk. A
brief introduction is given to complex manifolds, vector bundles on
them and the Picard group (the group of all line bundles). Moreover
the relationship between line bundles and divisors on a curve is ex-
plained, which allows a better understanding of the group structure
introduced in the previous article.

The Weierstrafl p-function and elliptic integrals are used to ex-
plain how complex analysis enters the picture. As a result, each
cubic curve can also be seen as a complex torus, which comes with
its own group structure. The gem of this article is a sketch of a
proof that this analytically defined group structure coincides with
the one introduced algebraically. This is based on Abel’s Theorem.
The analytic details are provided in the third article.
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Again, many more things could have been included here. For
example, higher dimensional Abelian Varieties and the Abel-Jacobi
map which naturally emerge in the study of curves of higher genus are
not mentioned. The idea of a scheme over an arbitrary commutative
ring with unity are definitely beyond the scope of this article. To
introduce the ideas of a moduli space and of a universal object would
be a natural next step after the introduction of the Poincaré bundle.
A higher dimensional analogue of an elliptic curve would be a so-
called K3-surface. Their study has much in common with the theory
of elliptic curves but they couldn’t be touched either. There are
many excellent textbooks available, among which are [3, 5, 16].

Theta Functions (Marina Franz)

This article gives a brief introduction to some basics in the mod-
ern theory of elliptic functions. The starting point are theta func-
tions, which are nothing but global sections of line bundles on a
one-dimensional complex torus. Their main properties are investi-
gated from a purely analytic point of view. Moreover, these theta
functions are related to the Weierstrafl p-function, which can be
considered to be the most basic elliptic function. A proof that this
function satisfies a certain differential equation is given. This equa-
tion shows that a complex torus of dimension one can be embedded
in the projective plane as a cubic curve. A proof of Abel’s Theorem,
which plays a major role in the previous article is also provided.

The same remark applies to this article as to the other two:
there is much more material available than could be included. For
example, an explicit description of the relationship between theta
functions and holomorphic line bundles on elliptic curves is missing.
Moreover, the fascinating theory of elliptic functions is only touched
on. In particular, nothing is said about elliptic integrals. These
arise, for example when the length of an ellipse is to be calculated.
Historically, the study of elliptic integrals motivated the introduction
of elliptic functions by Abel and Jacobi. Weierstraf3 built the theory
of elliptic functions on the p-function, but beforehand Jacobi’s ellip-
tic functions sn(z), cn(z),dn(z) were the main players. Their role in
mathematical applications in engineering are definitely beyond the
scope of this short article. Theta functions are available on higher-
dimensional tori as well, but this is not covered here. Such material
and much more can be found in [12, 1, 10, 9].
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Rank two vector bundles on elliptic curves (Ciara Daly)

In contrast to the three others, this fourth article is not primarily
concerned with the group structure on an elliptic curve. But it is a
direct continuation of these. Vector bundles of rank one and their
sections were studied in the previous two articles. The moduli space
interpretation of the Picard group is already mentioned in the second
article. This article presents the main results about vector bundles
of rank two on an elliptic curve. These go back to a seminal paper of
Atiyah from 1959. This example is used to introduce to the theory
of moduli, which is at the centre of modern algebraic geometry. The
related notion of a stable vector bundle is also introduced.

Of course, there is much more that could be said in this context.
Atiyah studied vector bundles of any rank, not only of rank two, but
this did not find its way into this article. Also, the problems involved
with the notion of stability of vector bundles on higher dimensional
manifolds are not discussed. The theory of moduli of varieties as
opposed to vector bundles is another huge area of algebraic geometry
which is omitted. The relations of algebraic geometry to differential
geometry and to theoretical physics through the theory of moduli
spaces are not mentioned. Another quite recent development was
the introduction of the space of stability conditions by Bridgeland.
To define this invariant it would be necessary to introduce coherent
sheaves and derived categories, so that this development could also
not be covered here. The interested reader will find relevant starting
points in [4, 8, 11, 17, 2].
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SOLVING CUBIC EQUATIONS IN TWO VARIABLES

BERND KREUSSLER

ABSTRACT. After recalling a geometric construction of all
Pythagorean triples of integers, the same idea is applied to
find rational solutions of cubic equations in two variables.
This leads to the definition of the Mordell-Weil group. The fi-
nal section collects some of the basic properties of this group.

1. PYTHAGORAS

The aim of this introductory section is to recall the well-known
geometric construction of all Pythagorean triples of integers. Three
integers a, b, c € 7Z form a Pythagorean triple, if

a4+ b? =2,
Almost everybody knows the Pythagorean triple (3,4,5) and many
know (5,12, 13). However, not everybody has come across (8,15,17)
or (20,21,29).

Clearly, if n € Z and (a, b, ¢) is such a triple, (na,nb, nc) will also
be one. In this way, starting with the well known triple (3,4,5) we
obtain (6,8, 10), (-3, —4,—5), (12, 16, 20) etc.

Note that a prime number which divides two of the three inte-
gers in a Pythagorean triple automatically divides the third in the
triple. Therefore, it is enough to find all Pythagorean triples in
which any two of the three integers are co-prime. We shall call such
a Pythagorean triple reduced. Because the only Pythagorean triple
with ¢ =0 is (a, b, c) = (0,0,0), we shall assume in the sequel ¢ # 0.
This allows us to introduce the new variables

b
z=2 and y=-.
c c

Using these coordinates, the search for reduced Pythagorean triples
translates into the problem to find all rational solutions of the equa-
tion
w2 +y? =1.
7
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In other words, we would like to find all points on the unit circle
whose coordinates are rational.

The key observation is that a line which connects two points with
rational coordinates always has a rational slope. Therefore, we shall
look at all lines in the plane which pass through the point (0, —1)
and which have rational slope r € Q.

y=3x—1

Such a line is given by the equation y = rax — 1. Therefore, the z-
coordinates of the two intersection points of this line with the unit
circle satisfy the equation x? + (roz — 1) = 1, which is equivalent to
z ((r* + 1)z — 2r) = 0. The solution = = 0 corresponds to the point
(0, —1). The second intersection point has coordinates

2r 4 r2—1
n = )
r2+1 & y r2 4+ 1

2r r’—1
r2417 r241
circle gives a parametrisation of the set of all rational points on this
curve. This completely solves our problem.

If we wish to derive a complete description of all Pythagorean
triples of integers, we start by writing the slope r as r = & with co-
prime integers u,v. Using symmetry, we may assume r > 1. More
precisely, switching from r to —r corresponds to a sign change of
x, whereas a sign change of y is achieved by switching from r to

%. Thus, we assume v > v > 0 and wu,v co-prime. Under these

on the unit

The map which sends r € Q to the point <
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assumptions, r = = produces the point with coordinates

2r 2uv r2 —1 u? — v?

r2 11 u?+ o2 Cor241 0 w2402
Now it is not hard to see that each reduced Pythagorean triples in
which a is odd can be written as

2 .2 .2, .2
(a.b.c) = (uv,u v° out 4 v >

2 2
with ©v > v > 0, both odd and co-prime. Up to interchanging a and
b this gives us all reduced Pythagorean triples, because a and b are

co-prime, hence at least one of these to integers is odd. For small
values of u,v we obtain the following table

u v| a b ¢ u v| a b ¢
3 13 4 5 7 5135 12 37
5 1| 5 12 13 9 1| 9 40 41
5 3|15 8 17 9 3|27 36 45
7T 1| 7 24 25 9 5|45 28 53
7 3121 20 29 9 7163 16 65

2. A CUBIC EXAMPLE

The aim of this section is to find integer solutions of cubic equa-
tions by using the geometric idea used in the previous section. We
shall explain this method through the following example

be = 4a® — 4ac® + 3.
As before, we assume ¢ # 0 and introduce new coordinates x = 2

and y = % in which the above equation becomes

y? = 42° — 4o + 1. (1)
This can be rewritten as
(y—1)(y+1) =4z + Da(z - 1).
In this form it is obvious that we have the following six solutions
(—1,#£1), (0,£1), (1,£1).

Question: Are these all the solutions of equation (1)7

It is not hard to produce a sketch of this curve in the real plane.
This can be done through the following step-by-step approach. First,
we draw the graph of the cubic polynomial 423 — 42 + 1. The inter-
section points with the x-axis can be found with Cardano’s formula.
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This polynomial has three real roots because its discriminant is posi-
tive. To get the second picture, we remove all points from the graph
which have negative y-coordinate. The next picture is produced
by applying the square root function. Finally, the cubic curve is ob-
tained by adding in the mirror image along the z-axis, because (x, y)
is on this curve if and only if (x, —y) is so.

AV )

The six marked points in the picture are the points we found before.
If we seek to find more rational points on this curve, we may try to
use lines with rational slope which pass through one of the known
points. This leads to a quadratic equation the solutions of which
correspond to two further intersection points of this line with the
curve given by equation (1).

For example, the line with slope 1 which passes through the point
(0,1) has the equation y = z+1. The z-coordinates of its intersection
with our curve are the solutions of the equation (x+1)? = 423 —4z+1
or equivalently 423 — 22 — 62 = 0. The known solution corresponds
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to the factor x of this polynomial. The two new intersection points
correspond to the solutions of the quadratic equation 42> —x—6 = 0,
these are the irrational numbers %9_7.

This example shows that we should allow for one new point only.
In other words, we should work with a line connecting two of the
known points.

Example 1. Let us see how this works with P = (0,1) and Q =
(—1,—1). The line which connects these two points is given by the
equation y = 2x + 1. Substituting this into equation (1) gives 42> —
422 — 8x = 0. The two points we started with give us two of the
roots of this polynomial, namely x; = 0 and x2 = —1. Now, it is not
hard to see that 4x® — 422 — 8z = 4z(x + 1)(z — 2). Hence z3 = 2
is the third solution which corresponds to the point (2,5) on our
curve. We can even produce another new point, because the given
equation does not change when we replace y by —y. This gives the
point S = (2, -5).

Example 2. We may now continue by using the line through P =
(0,1) and S = (2,—5). Its equation is y = —3x 4+ 1. Therefore,
we look at 4x® — (=3z + 1)2 — 42 + 1 which has to be equal to
4x(x — 2)(x — x3). Comparing the coefficients of x? of these two
polynomials leads to the equation —9 = —4(2 + z3). This gives

T3 = i. The new points we obtain are (%, :I:i).
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In general, if we are using a line with slope » € Q which passes
through two points on our curve whose x-coordinates are z; and
X2, we obtain the x-coordinate of the third point by comparing the
coefficients of 22 as above. The result will be 3 = r_ r1—x9 € Q.

1
We may also use other points from the six found originally.

Example 3. The line connecting S = (2,—5) with R = (1,1) has
the equation y = —6x 4+ 7. This gives a new point with coordinate
r3=9—2—1=6and y3 = —6x3 +7 = —29. So we have two new
points (6, —29) and (6,29) which are not visible in the picture.

Note that we obtained (6,29) as follows. First we connected P =
(0,1) and @ = (—1,—1) by a line, whose third point of intersection
with the cubic curve had (2, —5) as its mirror image relative to the
z-axis. Then we connected (2,—5) and R = (1,1) by a line and
obtained (6, 29) as the mirror image of the third point of intersection.
It is interesting to see what happens if we carry out these steps in
another order. Let us first connect @ = (—1,—1) and R = (1,1) by
a line, reflect the third point on this line on the x-axis and connect
this point in the second step with P = (0, 1).

Example 4. The line which connects Q = (—1,—1) and R = (1,1)
has the equation y = x. This line has (%, %) as its third point of
intersection with the curve given by equation (1). Therefore, we shall
connect its mirror image (1, —1) with P = (0,1). The corresponding
line has the equation y = —5x + 1. The new point produced this

way is (6, —29), the same as we obtained in Example 3.

This coincidence is not an accident. It is in fact a special case
of a theorem from projective geometry which states that a cubic
curve (in projective space) which passes through eight of the nine
intersection points of two other cubics, must also contain the ninth
of these intersection points.

A closer look at examples 3 and 4 suggest that we are dealing here
with a kind of associativity. This can indeed be made precise by the
following definition.

Definition 5. Let P, Q be points on the cubic curve given by equa-
tion (1). We define P + @ to be the mirror image (relative to the
z-axis) of the third point of intersection of the line which connects
P and @) and the cubic curve.
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In this language, we have shown above (P+ Q)+ R = P+ (Q+ R)
where P = (0,1), @ = (—1,—1) and R = (1,1). This definition also
extends to give P + P, which is obtained by using the tangent line
to our curve at P.

Example 6. Implicit differentiation reveals that the tangent line to
our curve at P = (0, 1) has slope equal to —2. Therefore, this line is
given by the equation y = —2x 4+ 1. In the same way as before, we
substitute y = —2x + 1 into equation (1) and use the fact that x =0
will be a double root of the cubic equation so obtained. Then, we
get that the z-coordinate of the new point of intersection is equal to
x = 1. This produces the known points (1, 41).

This example shows that we actually need to know only one ra-
tional point on our cubic in order to get started. As before, we can
then produce many other points. Using the notation suggested by
Definition 5, we obtain here:

P =(0,1), 2P = (1,1), 3P = (—1,-1),

11
AP = (2, -5), 5P = (Z’Z)’ 6P = (6,29).
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—4P

We shall see in the next section that this is in fact the structure
of an Abelian group in which for each point T', —T' is the mirror
image of T" with respect to the x-axis. The line which connects an
arbitrary point T' on our cubic with its mirror image —7' is a vertical
line. Because T + (—T') = 0, we expect all these lines to go through
the neutral element of this group. Therefore, we shall look for the
neutral element “at infinity”. This can be made more precise with
the aid of the projective plane P2, introduced in the following section.

3. THE COMPLETE PICTURE

In order to see all points on our cubic curve we have to return
to the original equation b%c = 4a® — 4ac® + ¢3. The key observa-
tion is here that (a,b,c) is a solution of this equation if and only
if (Aa, \b, Ac) is a solution for all numbers A. This means that the
solution set is a union of lines which pass through the origin. When
we switched to coordinates (z,y) in the previous two sections, we
agreed that it is sufficient to know one point on each of these lines.
But we missed those lines on which ¢ = 0 due to our division by c. If
we would like to keep these lines as well, we arrive at the idea of the
projective plane. Set theoretically, the projective plane is defined to
be the set of all lines in three-space which pass through the origin.
This leads to the following useful description.

Before we proceed we need to fix our notion of “number”. So far,
we have dealt with rational numbers and integers. But in general
it is much easier and more convenient to work with an algebraically
closed field like the field C of complex numbers. Many things which
will be said below are true for any field K. Therefore, we shall
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formulate the next definition for any field K. The reader who is not
familiar with the concept of a field may substitute Q or C for K.

Definition 7. The projective plane P?(KK) over the field K is the set
of all equivalence classes (zg : z1 : 22) of non-zero vectors (zg, 21, 22) €
K3. Two such vectors (2, 21, 22) and (wg, w1, w2) are equivalent if
and only if there exits a non-zero A € K such that (zg,z21,22) =
A wo, wy,wz). This implies

(20 :21:22) = (Azp : Az1 1 Azg)  forall A #NO.

The notation (zp : 21 : 22) for the equivalence class of the vector
(20, 21, 22) is chosen in order to suggest that we are dealing with the
ratios between the three numbers zg, z; and zo only. A similar con-
struction, of course, can be carried out in any dimension to produce
P"(K) for all n > 1. The one-dimensional case is particularly easy.
If K = C it leads to the Riemannian sphere. Notations used for the
Riemannian sphere are S? = C U oo = C and P!(C), the notation
we are going to use here. Its points are equivalence classes (zg : z1)
of non-zero vectors (29, 21) € C2. All points in P!(C) with zg = 0
are equivalent to oo = (0 : 1). Any point with zy # 0 is equiva-
lent to (1 : z) where z = Z-. This gives a bijection between C and
P}(C) \ {oc}. A neighbourhood of oo would be the set of all those
points of P1(C) which have z; # 0. This is again in bijection with

C by using w = i—‘l’ The relationship between these two patches of

P'(C) is given by w = 1. This actually makes P*(C) into a complex
manifold of dimension one, the simplest compact Riemann surface.

The local structure of P?(K) can be studied in a similar way.
To this end, we define the three basic open sets which cover P?(K)

completely
Uo:={(20:21: 22) | 20 # 0} C P*(K)
U, = {(ZO VAT 22) | 21 75 0} C P2(K>
U; := {(ZO AT 22) | 29 75 0} C P2(K)

Each of these sets is in bijection with K2. For example, the map

Up — K2 given by (20 : 21 : 22) — (j—é, i—i) has as its inverse the
map K? — Uy which sends (£1,&) to (1: &1 : &),
Similarly, on U; we can work with affine coordinates n; = i—i,

j = 0,2 and on Uy we have (; = 'z—’;, k = 0,1. The gluing maps
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between these three K? are given by

1 G m_1
1= no  Co = n  Co
_ 1 _ % _&e_ 1
PEETG PTE TG
_Ll_m _a_ 1
G0 = S22 ‘ 2 M2

If K = C this defines the structure of a two dimensional complex
manifold on P?(C).

Let us apply this new language to the cubic equation b?c = 4a® —
4ac® 4 ¢ studied in the previous section. As we have seen above,
if we identify (a,b,c) with (zo, 21, 22) € Q3, the set of all solutions
of this cubic equation is a well defined subset F(Q) C P?(Q). Our
assumption ¢ # 0 means that we restricted our attention to the set
Us. The complement of U, is the set of all those points which have
zo = 0. These are the points of the form (zp : z; : 0), hence the
complement of Us in P?(KK) is in bijection with P! (K). Therefore, we
call

Ly={(z0:21:0)| (20 : 21) € PL(K)} C P*(K)

the line at infinity. In a similar way we may define lines at infinity
Lo and L, which are the complements of Uy and U; respectively.
In order to see what we missed when restricting to Uy we simply
set ¢ = 0 in our cubic equation. This leaves us with the equation
0 = 4a3. Therefore, the only point missed is the point O = (0: 1 :
0) € Ly C P?(Q). In order to see how E(Q) looks like around this
point, we restrict our attention to the set U;. Using the coordinates
(n0,m2) introduced above, F(Q) is described by the equation

N2 = 4ng — dnons + ;.

The line at infinity Lo intersects U; at the ng-axis, given by the
equation 12 = 0. This line is a tangent line to the cubic curve with
a triple contact at the point O = (0,0). The point O is an inflection
point of our curve.

The main result of the previous section was that we introduced
an “addition” of points in F(Q) by the rule that P+ Q + R = O
if and only if the three points P, (), R are collinear. Therefore, we
need to understand lines in the projective plane. These are given by
linear equations. In general, a line in P?(K) is the set of all solutions
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of an equation of the form
lozo + 1121 +1la20 =0

with lg, 1,2 € K but not all three equal to zero. Because Ay, Al1, Al
define the same line in P?(K) if A # 0, the set of all lines in P?(K)
is another P?(K), called the dual projective plane and sometimes
denoted P?(K)V.

Each line in P?(K) is isomorphic to P1(K). The three lines at
infinity introduced before are also lines in this sense, because L; was
given by the equation z; = 0. In particular, the line Ly corresponds
to the point (0 : 0: 1) € P2(K)Y. Any other line, with coefficients
(0:0:1) # (g : Iy : I3) € P2(K)V intersects Us in an ordinary line.
The equation of this intersection is

lox + l1y = —I

where we used r = %,y = % instead of (, = z—g,Cl = z—; as coor-
dinates on Us,. If I3 # 0, this can be rewritten as y = rx + s with
r = —é—‘l’ and s = —;—f. If, however, [; = 0 the equation becomes
lox = —lo and this defines a vertical line which intersects the x-axis
at —é—f.

On the other hand, the point O = (0 : 1 : 0) is on the line given by
lozo+ 1121 +1l229 = 0 if and only if [; = 0. Hence, the vertical lines in
U, correspond precisely to those lines in P?(K) which pass through
O and are different from L,. Therefore, the point at infinity O is
the correct choice for the neutral element of the group structure on
E(Q) and reflection at the x-axis corresponds to taking the additive
inverse of a point.

With some background in projective geometry or by other means
it can be shown that the addition of points on F(Q) introduced in
the previous section equips F(Q) with the structure of an Abelian
group. More about projective geometry and a geometric proof can
be found in the article by M. Khalid [11].

'Y
0,

Theorem 8. E(Q) is an Abelian group with neutral element O, its
only point at infinity. The group structure is determined by saying
that P+Q+ R = O if and only if P,Q and R are on a line in P?(Q).
This implies that —P is obtained from P by changing the sign of the
y-coordinate.
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Remark 9. This result is true for any field K and any cubic equation
of the form

22y = 25 + prozs + qzs (2)
with p, ¢ € K satisfying A = —16(4p3+27¢?) # 0. If the characteris-
tic of K is not equal to two or three (i.e.if 1+1# 0and 1+1+1#0
in K), every regular cubic with a point over K can be given by such
an equation. When working in characteristic zero (e.g. K = Q or
K = C), we can change coordinates so that (2) becomes

2 3 2 3
2129 = 425 — g22025 — g325. (3)

The discriminant of such an equation is A = g5 — 27¢3. A cubic
equation of the form (3) is called a Weierstrafi equation, named after
Karl Weierstrafl (1815-1897). The coefficient 4 at 2¢ is used because
it appears in the differential equation of the Weierstrafl p-function.
(See the article by M. Franz [5].)

The most basic structure result about the group F(Q) was shown
in 1922 by Mordell [17].

Theorem 10 (Mordell). If E is given by (2) with p,q € Q and
4p3 + 27¢* # 0 then the Abelian group E(Q) is finitely generated.

Remark 11. Theorem 10 has been generalised by A. Weil to Abelian
varieties of arbitrary dimension over any number field [23]. Therefore
Mordell’s Theorem is also known as the Mordell-Weil Theorem and
the group F(Q) is sometimes called the Mordell-Weil group.

The curve studied in section 2 has F(Q) = Z with generator
P = (0,1). The discriminant of this curve is A = 37,

Remark 12. The assumption 4p> 4 27¢? # 0 in Mordell’s Theorem
is crucial. If 4p3 + 27¢%> = 0 the cubic polynomial 23 + pz + ¢ has
a multiple root and this gives rise to a singular point on the cubic
curve given by (2). This changes the situation completely, because
singular cubics are rational. More explicitly, suppose —4p® = 274>
and p,q € Q\ {0}. A straightforward calculation shows that, under
these assumptions,

2
3 3
9:3—|—pa:—|—q: (x——q> (x—l——q> .
p 2p

This implies that <—§’—g,0> is a singular point of the cubic which

means that each line in P?(Q) that passes through this point will
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have at most one other intersection point with the cubic curve (2).
Just as in the case of the circle in section 1 this produces a bijection
between Q (the set of slopes) and all rational points on a singular
cubic apart from the singular point. This shows that the non-singular
rational points on a singular cubic form a group which is not finitely
generated.

Example 13. Look at the singular cubic 2720 = 428 — 32023 +
z3, which has discriminant A = 3% — 27(—1)? = 0. On Ua, using
coordinates x,y as before, its equation is

y? =42® — 3z + 1.

From 42® — 3z + 1 = (x + 1)(2x — 1)? we see that the singular point
has coordinates ( %, O). Any line with rational slope r through this
point will have equation y = r (a: — %), hence the new intersection
point will be found by solving (%)2 (22 —1)? = (x + 1)(2z — 1)2.
Therefore, the coordinates of this point are given by

2_4 3_6
r and y:r4r.

The main difference between this and the non-singular case is that we
cannot find such a closed formula for all rational solutions in the non-
singular case. This is explained by the involvement of transcendental
functions such as theta functions and the Weierstraf p-function (see
the article [5]).
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4. FURTHER RESULTS

In this section we collect some general results known about the
Mordell-Weil group E(Q). We also discuss several normal forms of
plane cubic curves.

Let us look at a cubic curve given by an equation of the form

y?=a+pr+q  with 4p’ +27¢° #0. (4)

Such an equation is also called a Weierstrafl equation or Weierstrafl
canonical form. However, as we shall see below, it is not canonical.
To determine this we need to decide whether it is possible that two
curves given by a Weierstral equation with different (p,q) can be
transformed into each other by a linear transformation of coordi-
nates. Consider the following.

Given two curves y?> = 22 + pr + ¢ and y?> = 2° + pT + ¢ with
p,q,p,q € Q, the only possible linear transformations of coordinates
with rational coefficients which transform one of these equations into
the other are of the form ¥ = A2z, 7 = A3y with A € Q\ {0}. Such a
transform is successful if and only if we have p = A*p and ¢ = \%.
This can be used, in particular, to obtain integer coefficients p, g € 7Z.
Therefore, the following result is useful in broader generality than it
first may seem.

Theorem 14 (Siegel, [20, 16, 18]). The equation y?> = x® + px + ¢
with p,q € Z has only finitely many solutions (x,y) € Z?, provided
that 4p> + 27¢° # 0.

A point P € E(Q) is called a torsion point if there exists a positive
integer n € Z such that nP = O in the additive group E(Q). In
other words, the torsion points of E(Q) are precisely the points of
finite order in the group E(Q). They form the torsion subgroup
E(Q)tor C E(Q). For example, if the curve is given by a Weierstraf
equation, the two-torsion points in F(Q), i.e. the points P € E(Q)
with 2P = O, are precisely the intersection points of the curve E with
the z-axis (and the point O). The example studied in section 2 did
not have any two-torsion points apart from O, as the cubic equation
423 — 42z + 1 = 0 does not have a rational root. The following result
sheds some light on the torsion subgroup more generally.

Theorem 15 (Lutz—Nagell, [13, 19]). All torsion points of y* =
23 +px+q with p,q € Z have integer coordinates (x,y) € 72, provided
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4p3 + 27¢% # 0. Moreover, if (x,y) € E(Q)ior then either y = 0 or
y? divides 4p> + 274¢>.

Together with Siegel’s Theorem this implies that E(Q)o, is fi-
nite. This, however, is already a consequence of Mordell’s Theorem,
because every finitely generated Abelian group G is isomorphic to

2" X L)arZ X L]asZ X ... X L]as—17 X L] asZ

~~
Gtor

with positive integers a;. The number r > 0 is called the rank of this
group. The possibilities for the rank of F(Q) are not yet known, but
it is conjectured that there exist cubic curves for which the rank of
E(Q) is as large as you want. The largest known rank at the moment
seems to be 28, attained by an example found by N. Elkies in 2006.

On the other hand, the torsion subgroup of F(Q) is much better
understood. The main result is the following.

Theorem 16 (Mazur, [14, 15]). If E(Q) is given by the equation
y? = 23 + pr + q with p,q € Q and 4p> + 27¢* # 0, then its torsion
subgroup FE(Q)tor is isomorphic to one of the fifteen groups in the
following list:

Z/nZ, 1<n<10, or n=12,
7)27 X Z]2nZ, 1<n <A4.

All these groups in fact occur as torsion subgroups.

Remark 17. This result is in sharp contrast to the situation over an
algebraically closed field. If K is an algebraically closed field whose
characteristic does not divide the positive integer m, then the m-
torsion subgroup of F(K), which consists of all the elements of F(K)
killed by m, is isomorphic to Z/mZ x Z/mZ. In the case K = C this
will be explained in the article of M. Khalid [11].

Example 18. Because 9 = 8 + 1, it is not so hard to discover that
P = (2,3) is an element of E(Q), the solution set of the equation
y? = 23 4+ 1. The tangent line at P to this cubic curve has equation
y = 2z—1. If we substitute this into y? = 23+1 we obtain (22—1)? =
23 +1 or equivalently 0 = 23 —42% +4x = x(x—2)2. This means that
this tangent line intersects the cubic at the new point (0, —1), hence
2P = (0,1). To find 3P, we use the line which connects P = (2, 3)
and 2P = (0, 1). It has the equation y = x+1 and intersects the cubic
at 3P = (—1,0). This point is on the x-axis, so it is a two-torsion
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point. This implies 6P = O and we obtain 4P = —2P = (0, —1) and
5P = —P = (2,-3). In fact, E(Q) consists of the six points kP,
k=0,1,2,3,4,5 only, i.e. E(Q) = 7Z/6Z. In [21] and [7] examples
of cubic equations which realise all the other E(Q),, can be found.

The Tate canonical form, see (7) below, is very useful in the study
of cubics whose Mordell-Weil group has torsion. More precisely,
every cubic curve which has at least one point P € E(Q)t,, of order
at least four (i.e. P # O, 2P # O and 3P # O) can be brought into
Tate canonical form. For example, if b =1 and ¢ = d in (7), it can
be shown that the point (0:0: 1) is a point of order four.

A useful method which allows us to gain information about E(Q)
is reduction modulo a prime number p. This means that one studies
solutions of a given cubic equation with coordinates in the finite field
F, = Z/pZ. These solutions form the group E(F,). An interesting
result in this context says that for each prime p > 2 which does not
divide the discriminant A, the map which reduces the coordinates of
a torsion point P € E(Q) modulo p embeds E(Q)io, as a subgroup
into E(F,). This can be used to determine the group E(Q)o,. More
on the issue of calculating the torsion subgroup of E(Q) can be found
for example in [22], [10] and [6].

Example 19. Let us show that E(Q)i,, = {O} for the cubic y? =
423 — 4z + 1 studied in the previous section. The idea is to calculate
E(F3) and FE(FF5) and show that these groups are of co-prime order.
This is sufficient because 3 and 5 do not divide the discriminant
A = 37 of this cubic. If we reduce the equation y? = 423 — 4z + 1
modulo 3 we obtain y? = 2% —x+1. Because 2° —x = x(z—1)(z+1)
is equal to zero for all € F3, we see that (0,+1), (1,£1),(2,+1)
are the only solutions of this equation with coefficients in the finite
field F3. Therefore, E(F3) = {0, (0,%1),(1,%1),(2,%1)} is of order
7. Reducing the equation y? = 423 — 42 4+ 1 modulo 5 gives y? =
—x3 + 2 + 1. Its solutions over F5 are (0,41),(+1,41) and (2,0).
This means that E(F5) is a group of order 8. Because E(Q)tor is
isomorphic to a sub-group of E(F3) and of E(F5), it must be trivial.

More generally, solutions in all finite fields of fixed characteristic
p can be studied. If the number of solutions for such finite fields
are put together in a kind of generating function, the so-called zeta-
function is obtained. Lack of space forces us to skip the fascinat-
ing theory of zeta-functions of elliptic curves, the Weil conjectures
and their proof by Deligne and, last but not least, the Birch and
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Swinnerton-Dyer conjecture which is one of the millennium prize
problems, a solution of which is worth one million US-Dollars (see
http://www.claymath.org/millennium/). A starting point for the
interested reader could be [12], [7] or [21]. We confine ourselves to
look at Weierstrafl equations and other canonical forms over more
general fields K for the rest of this article.

There are several ways to proceed. One possibility would be to
introduce the abstract notion of a smooth projective curve of arith-
metic genus 1, defined over the field K. If such a curve has a point
with coordinates in K, it is possible to show that the curve is iso-
morphic to a plane cubic curve which has an inflection point at
O = (0:1:0). In particular, if K is algebraically closed, such a
point always exists. However, even in the case K = Q an equation
like 325 + 427 + 523 = 0 does not have a single point in P?(K). Of
course, we shall not proceed along these lines. The interested reader
is referred to standard textbooks on algebraic geometry, such as [§].

We shall assume that we have a cubic equation f(zg,21,22) = 0
which defines a plane cubic curve with at least one point in P?(K).
Let us first try to see whether any such curve can be described by
a Weierstrafl equation, whereby we allow linear transformations of
coordinates only. The key to making progress is to understand in-
flection points. It is not hard to show that a point P € E(K) is an
inflection point if and only if it is on the zero set of the Hessian of
the cubic polynomial f. By definition, the Hessian of f is the deter-
minant of the 3 X 3—matrix formed by the second partial derivatives
of f. This is again a cubic polynomial and Bézout’s Theorem implies
that there are at most 9 inflection points (with coordinates in the
algebraic closure of K). As we have seen earlier, the only point at
infinity O of a curve, which is given by a Weierstrafl equation, is an
inflection point. Therefore, a necessary condition for a cubic to be
transformable to a Weierstrafl equation is that at least one of the
inflection points is defined over K. Let us assume such a point exists
on our curve. By a linear transformation of coordinates with coeffi-
cients in K we can arrange that this inflection point has coordinates
(0:1:0) and the tangent line to the curve at this point is the line
at infinity with equation zo = 0. Under these assumptions and using
coordinates z,y on Uy C P?(K), it is clear that the cubic equation is
of the form

y2 + a1y + asy = 2 + a2x2 + aax + ag.
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In order to simplify the left hand side to y? we have to complete
the square, which means that y + % is going to be the new
y-coordinate. This obviously requires that we are able to divide by
2 which is possible in full generality only if the characteristic of K
is not equal to 2. On the other hand, in order to absorb the term
asx? on the right hand side we complete the cube. This is possible
in general only if the characteristic of K is not equal to 3. As a
result we obtain that any non-singular cubic with an inflection point
in P?(K) can be given by a Weierstral equation if the characteristic
of K is not equal to 2 or 3. Moreover, if the characteristic of K is
not equal to 2, we can easily switch between (2) and (3), both are
known as the Weierstrafl canonical form in the literature.

It seems that the Weierstrafl canonical form is the most widely
known one. There are other canonical forms for cubic equations,
each of which has its own advantages. Usually, it is only possible to
achieve such a canonical form under some additional assumptions.

These are the Legendre canonical form (Adrien Marie Legendre,
1752-1833)

2229 = 20(20 — 22)(20 — A22), (5)
the Hesse canonical form (Ludwig Otto Hesse, 1811-1874)
20+ 2] + 25 +tzgzi20 = 0 (6)

and the Tate canonical form (John Tate, 1925-)
2229 + baoz120 + c2125 = zg’ -+ dzgzz. (7)

If the cubic is given by (5) or (7), the only point at infinity will
again be the inflection point O = (0 : 1 : 0). Therefore, we may also
consider
y? =z(x—1)(z— N
as the Legendre canonical form and
y? + bry + cy = 2° + da®

as the Tate canonical form.

The Tate canonical form can be achieved for a cubic curve which
has at least one point of finite order n > 3. So, it is not a general
normal form for all cubics but it is very useful in order to find the
torsion subgroup of E(K).

The Legendre canonical form exhibits our curve as a double cover
of the projective line P'. This branched double cover is given by the
map which forgets the y-coordinate (or z; in the projective setting).
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The map so defined can be extended to a map which is also defined
at the point O at infinity. It has four branch points, namely O and
the three points given by the roots of the right hand side, these
are (0 : 0:1),(1:0:1)and (A:0:1). These four points are
precisely the 2-torsion points of FE(K), i.e. those points P which
satisfy P + P = O. This shows that only those cubic curves which
have four 2-torsion points with coordinates in the field K can be
transformed into a Legendre canonical form. In particular, if K = C
or any other algebraically closed field of characteristic not equal to
two, this is always possible.

On the other hand, an equation in Hesse normal form does not
have triple contact with the line at infinity. If the field K contains
three cubic roots of unity (e.g. K = C), it has three points at infinity,
namely the solutions of z§ + 27 = 0. These are inflection points of
the cubic. If K = Q, for example, we see only one of them; this
is the point (1 : —1 : 0). This point is available over any field K
and can be taken as the origin for the group structure. Then, the
set of three-torsion points is precisely the set of inflection points of
this cubic. In particular, if K contains three cubic roots of unity,
the cubic contains nine three-torsion points which lie on the three
coordinate lines z; = 0.

The configuration of these nine points was studied by O. Hesse
[9] who found that the nine inflection points lie on 12 lines, each
of which contains three of these points. Each of the nine points is
contained in four of the 12 lines. This set of nine points and 12
lines is now called the Hesse configuration. A recent survey on the
Hesse configuration and an application to the study of examples of
K3-surfaces can be found in [1].

Finally, let us mention that it is not hard to give an explicit for-
mula for the group structure on E(Q) if the curve is given in Weier-
staB canonical form y? = 2% + pz + ¢. For example, if P = (21, y;)
and QQ = (x2,y2) # —P, the point P + @ = (z3,ys) has coordinates

2
Y2 — U1

X3 =\ ——" — X1 — T2
T2 —I1

<y2 - y1> Y1T2 — Ya21
Yys=—\—— | X3 - ———.
X2 — I1 X2 — I1

This can be obtained using precisely the same calculations as in our
examples in section 2. Remarkably, this formula does not depend
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on p,q, which is due to the non-presence of 22 in the Weierstraf3
canonical form. However, p, ¢ explicitly appear in the formula which
describes the coordinates of 2P. For each normal form such a formula
can be obtained.

A formula which is impressive because of its beauty and simplicity
is obtained when we start with an equation of the following form

? +y? = a® + a’z?y’.

If P=(x,y) and P’ = («/,3') are two solutions of this equation, the
group structure on the solution set is given by
1 ( xy +yxr  yy — xa )

P+P ==
+ a \1+zyz'y’ 1—axyz'y

The point O = (0, a) is easily seen to be the neutral element of this
group. More on this formula can be found in the recent article [3].

Because the given equation is of degree four, it is not clear how this
example fits into the theory explained so far. That the solution set
of this equation indeed forms a Mordell-Weil group can be explained
using projective geometry. The basic idea is to show that, apart
from a small number of points, the curve defined by this equation of
degree four is isomorphic to a plane cubic curve.

The given curve of degree four has two singular points at infinity,
namely (1:0:0) and (0:1:0). If a® # a the curve has no other
singular point. We are going to show explicitly that a non-singular
version of this curve is the plane cubic given by the equation

1 —a? 1+ a?
y2:x<qj—|—1+a2> <x—|—1_a2>. (8)

The outline of the construction is the following. We construct a
non-singular version of the degree 4 curve which is embedded in
projective three-space in such a way that a certain projection from a
centre outside this non-singular curve maps it to the original degree
4 curve. We then find another projection whose centre is on this
non-singular curve in three-space and which maps it isomorphically
onto the plane cubic given by equation (8).

More specifically, using coordinates (w : x : y : 2) in P3, we define

the curve E in P3 by the two simultaneous quadratic equations

zy —wz =0

y? — a’w? + 2% — a?2? = 0.
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The projection with centre (1 : 0 : 0 : 0) is the map which sends
a point (w: x :y:z) € P to the point (z : y : z) € P2 This
projection is not defined at the point (1:0:0:0). All other points
on the line in P3 through (1 : 0 : 0 : 0) and (0 : = : y : 2) are
sent to the same point (z : y : z) € P2. Because the line through
(1:0:0:0)and (0: 2 :y: 2) meets the curve E precisely when
22(2? +1y?) = a®2* +a®2%y?, the image of this projection is the plane
curve of degree four given by this equation. Moreover, such a line
has more than one intersection point with E if and only if it passes
trough (0:1:0:0) or (0:0:1:0). Therefore, away from the two

singular points we obtain an isomorphism between E and the image
curve in P2. N

The point (0 : 0 : —a : 1) is on the curve E. The projection
with centre (0 : 0 : —a : 1) is a map from P3\ {(0: 0: —a : 1)}
to P2. It extends to a map which is defined on all of E and defines
an isomorphism between E and its image curve in P2, which can be
given by the cubic equation (8). The point on the curve E C P3
which corresponds to the neutral element O = (0,a), is the point
(0:0:a:1). The second projection sends this point to our usual
neutral element (0 : 1 : 0) € P? at infinity. We leave the details of
the calculations to the interested reader.
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GROUP LAW ON THE CUBIC CURVE

MADEEHA KHALID

ABSTRACT. It is known that the set of rational points on a
cubic curve E forms a group. The same procedure defines a
group law on all points of F with complex coordinates. With
the aid of the Weierstrass g-function one can show that F
is isomorphic to a one dimensional complex torus, namely
E = C/A where A is a rank 2 lattice in C. The additive
group structure of C descends to the quotient C/A and so we
get another group structure on E. In fact these two group
structures are the same. A nice proof of this fact follows from
a classical result by Niels Henrik Abel (1802-1829), known as
“Abel’s theorem”. In this article we introduce the notions of
diwvisors, line bundles, and the Picard group, and then sketch
the isomorphism between the two group structures.

1. MANIFOLDS

Throughout this article we work over C, the field of complex num-
bers. We denote P™(C) by P".

An n dimensional complex manifold M is a topological space
which locally looks like C™. This means that there exists an open
cover U, and co-ordinate maps ¢, : U, — C" such that ¢a¢gl :
¢3(Uy NU) — C™ is holomorphic for all o, 8. Similarly a function
f on an open set U C M is holomorphic if for all o, f o ¢! is
holomorphic on ¢, (U, NU) C C*. A map f: M — N between two
complex manifolds is holomorphic if it is given in terms of local holo-
morphic co-ordinates on N by holomorphic functions. Open subsets,
products of complex manifolds and suitable quotients of complex
manifolds are also complex manifolds.

The simplest example of a one dimensional complex manifold is
just C itself. Then there is P! (isomorphic to the Riemann sphere)

This work was supported by the IRCSET Embark Initiative Postdoctoral
Fellowship Scheme.
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which we have seen already in [9] Section 3. By P! and P? we mean
the same objects as described in [9] Section 3, except that we replace
K by C. Let A = {njwi + nows | n; € Z} be a rank two lattice in
C. Then A is an additive sub-group of C generated by two complex
numbers wi,ws which are linearly independent over the real num-
bers. Addition by elements of A defines a fixed point free discrete
group action of A on C and hence the quotient C/A is a complex
manifold. Since R/Z is diffeomorphic to S via the exponential map
r — exp(2mir), C/A is diffeomorphic to S! x S! and is therefore
called the one dimensional complex torus. Although all tori are dif-
feomorphic to each other, they may not be isomorphic as complex

manifolds (see [3]).
/ cin / /

The complex torus is a nice example of a one dimensional manifold
which is easy to describe but which also has a very rich geometric
and arithmetic structure. See for example theta-functions in the
article by M. Franz [5], J. Silverman [11] on the arithmetic aspects
of elliptic curves or the survey article by J. B. Bost [2] on construction
of hyperelliptic Riemann surfaces.

A one dimensional complex manifold is called a Riemann sur-
face. Any complex manifold is orientable so Riemann surfaces are
orientable real surfaces. Compact Riemann surfaces are classified by
their genus g which is a topological invariant and is equal to the
number of holes in the surface. A more precise definition is that
the first homology group of a Riemann surface of genus g is a free
abelian group of rank 2¢, i.e. Hy(S) = Z29.

So P! has g = 0, the complex torus C/A which is diffeomorphic
to S* x S has g = 1.
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Each compact Riemann surface can be embedded holomorphically
into some P™. In fact we can choose n to be 3. This is like an analogue
of the Whitney embedding theorem which states that any compact n
dimensional real manifold M can be embedded in R?>"*!. A compact
Riemann surface S together with an embedding ¢ : S — P™ is known
as an algebraic curve. In this article however we will often refer to
a compact Riemann surface as a curve without always necessarily
specifying the embedding in P".

Examples of two dimensional manifolds include C?, P?, and the
two dimensional complex torus given by C?/A, where A is now a
rank 4 lattice in C2. These lead to some simple examples in higher
dimensions such as C", P", and C"/A where A is a rank 2n lattice
in C".

Given a manifold M of dimension n, a subset V' C M given locally
(i.e. on open subsets) as the zero set of a single holomorphic function
f is called a hypersurface in M. For example P! embeds in P? as
the zero set of the homogeneous linear function z; = 0. In local
coordinates on Uy it is given by {(&1,&2) | &1 = 0}. Let azo+bz1+c2o
be another linear equation. Then there is a matrix 7" in PGL(3)
such that T'(z1) = azo + bz1 + cz2. Then {z; = 0} gets mapped
isomorphically to {azg + bz1 + cze = 0}. This shows that the zero
set of any linear homogeneous equation in P? is isomorphic to P*.
Next we consider the zero sets of homogeneous equations of degree
2. If the equation is irreducible then this is is isomorphic to a conic
which is again isomorphic to P ([9] Section 1).

In general we denote the zero set in P? of a homogeneous polyno-
mial of degree d by C', (also known as a plane curve) but when d = 3
we denote it by E (also known as a “cubic curve”) for consistency
with the notation in [9].

Suppose the plane curve C = {(2¢ : 21 : 22) | f(20,21,22) = 0}, is
given by a (homogeneous) polynomial

i ik
f(z0, 21, 22) = g @ik 20" 217 %2
it jtrk=d

of degree d. Then, on open subsets of P2, the curve C is the zero
set of a single holomorphic function. Recall that P? = Uy U U; U Us
where U; = {z; # 0}. Affine coordinates on Uy are §; = j—; Then

CNUy = {(&1,&) | Fo(&1,&) = 0}, where Fy(&;, &) = LEwanza) —

20
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Zaijkﬁljggk. So C' N Uy is the zero locus of the holomorphic func-
tion Fp(&1,&2). The calculations for the other charts U; and Us are
similar.

We say that p € C' N Uy is a smooth point, if at least one of the
partial derivatives 8F°({g§’52), aFoég’&) is not equal to zero at p. We
say C'is smooth if every point in C'is a smooth point. If C' is smooth
then in fact it is a submanifold of P2. Another example of a smooth
curve is the curve given locally by & + &™ = 1. In homogeneous
coordinates it is the zero locus of z1™ + 29™ = 2p™ and is known as
the Fermat curve.

There is a nice formula that computes the genus of a smooth plane

curve C of degree d namely g = W. So if C' has degree d
where d > 3 then g > 1 and hence C is not isomorphic to P!. The
genus of the Fermat curve is w so for n = 1 and 2 it is
isomorphic to P! while for n = 3 it has genus one and is a complex
torus.

The curve C’ in P? given by the equation 20212 — 202 + 20222 = 0
is not smooth as all the partial derivatives vanish at (0:0:1). We
say (0:0:1) is a singular point of C".

These notions of smooth points and singular points can also be
extended to higher dimensional manifolds. In fact just as the im-
plicit and inverse function hold in the differentiable case, so do their
analytic versions. For example if V' is a hypersurface given locally
as the zero set of a single holomorphic function f and the jacobian
matrix of f has rank 1 everywhere then V is a manifold of dimension
n — 1.

2

2. CUBIC CURVES AND THE GROUP LAW

It is mentioned in [9] that any smooth cubic F in P? can be written
as the zero set of the Weierstrafl equation after an appropriate change
of variables.

E={(z0:21:22) | 21229 = 4203 —pzoz22 — qzzg}.

Locally on Us this corresponds to {(x,y) | y*> = 423 — px — q}.
In addition, the set of rational points on E forms a group, see [9]
Theorem 8. In our case, i.e. when FE is defined over C, we show
that this defines a group structure on all points of ¥ with complex
coordinates. As before, let O denote the point (0 : 1 : 0). Let P
and Q be any two points on F and consider the line in P2 containing
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P and ). Then, by the same prescription as in [9] Definition 5,
we see that it meets F in a third point R. Now consider the line
containing O and R. It meets F in a third point say R. In the local
coordinates (z,y), R is the reflection of R in the x-axis as mentioned
in [9] Definition 5. We define P + Q := R.

This is exactly the same as in [9] Theorem 8, except now we allow
P and @) to have complex co-ordinates. In this way we get a group
law on all of points of ¥ with complex coordinates.

The choice of O as the zero element of the group E is not unique.
In fact any point on E can be a zero ([10] Chapter 1, Section 2),
however for E in the Weierstrafl form this choice of the zero element
simplifies the group law. We state the analogue of [9] Theorem 8
over C.

Theorem 1. Let E be a cubic curve in P? given by the Weierstrafl
equation

E={(z0:21:292) € P? | 21229 = 4203 — goz022° — g3z23},

where g2, g3 are constants. Then there exists a unique group law on
E such that O := (0:1:0) is the zero element. The group structure
1s determined by requiring

P+Q+R=0 1ifandonlyif P,Q, and R are on a line.

3. COMPLEX TORUS

In this section we relate F to the one dimensional complex torus
given as the quotient C/A of C by a rank 2 lattice A in C. Since
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C/A is diffeomorphic to St x St it is like a hollow doughnut and so
has genus 1. Recall that by the “genus formula” for smooth plane
curves F also has genus 1. The following theorem shows that despite
its different appearance E is isomorphic to C/A.

Theorem 2. Let A be a rank two lattice in C. Then the one di-
mensional complex torus C/A can be embedded in P? as a cubic in
Weierstrafl form.

We sketch the main ideas of the proof and introduce the notion
of elliptic integrals. For more details see [7] and [3]. Associated to
A there is a meromorphic function on C/A called the Weierstraf
o-function (Karl Weierstraf}, 1802), defined as follows.

1 1 1
-5+ 3 (o m)
weA\{0}
When viewed as a meromorphic function on C, p(z) is doubly

periodic with respect to A and has poles of order 2 at all the lattice
points. It satisfies the following differential equation.

2
p(2)" = 4p(2)” = gap(2) — g3. (1)
The constants go, g3 are related to A and are given by

1 1
=60 ), — gs=140 ) .
weA\{0} weA\{0}

A complete proof of Equation (1) and the derivations of g3, g3 is
given in [5] Theorem 10.
The map C/A — P? which identifies C/A with a cubic curve, is
given as follows:
_ J(p(2) : 9'(2) - 1) if [2] # (0] 5
T(lz) =9, 1. e (2)
(0:1:0) if [z] = [0].
Since p(z) satisfies the differential equation (1) we see that in the
local co-ordinates (x,y) on Us, the image of C/A via 7 is given by

y? =42’ — gow — g3
which is the Weierstrafl cubic equation. To justify the definition of

7([0]), we observe that p(z) has a pole of order 2 and ¢’(z) has a
pole of order 3 at [0]. So

9(2)

23

o) =12 and (z) =

Y
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for some holomorphic functions f and g such that f(0) # 0, and
g(0) # 0. Then, for values of z € C close to 0 € C, we have

T([2]) = (p(2) : ¢'(2) : 1) = (2f(2) : g(2) : 2°)

and at z = 0 we obtain (zf(2) : g(2) : 23) = (0 : 1 : 0), which is
7([0]) = O, the zero element of the group structure on the cubic
curve F. This shows that we get a holomorphic map 7: C/A — E,
where E is a cubic curve in Weierstrafl form. One way of showing
that it is an isomorphism is via an inverse mapping and this brings
us to the topic of elliptic integrals.

An elliptic integral is an integral of the form

1

/R(x,y)d:z:

Zo

where R(x,y) is a rational function, and y? is a polynomial in z of
degree 3 or 4 without multiple roots.

They are called elliptic integrals because they first arose in the
context of determining the arc lengths of an ellipse and of other sec-
ond order curves. Early work on such integrals goes back to Wallis,
Bernoulli, MacLaurin, Riccati and D’Alembert. However for a long
time the problem of inverting such integrals was unsolved. It was
found that they cannot be expressed in terms of the known transcen-
dental functions and also that only three types of new transcendents
suffice to express all such integrals.

Building on work of Fagnano (Giulio Carlo Fagnano dei Toschi,
1682-1766), Euler discovered in 1756 an addition formula for such
integrals. In modern language Euler’s formula is an addition formula
for elliptic functions such as the Weierstrafl p-function. Much later,
in the second half of the 19-th century, Weierstrafl showed that in fact
elliptic functions can be characterised by their property of possessing
an algebraic addition theorem.

The mystery surrounding the mathematical nature of elliptic in-
tegrals was only unveiled by the works of Abel and Jacobi, simul-
taneously published in September 1827. The main new idea was to
study the inverse of the function given by an elliptic integral. Nowa-
days, such functions are called elliptic functions. Abel also noted
that while the elliptic integral itself is a highly complicated function
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of the point (z,y), sums of such integrals (known as Abelian sums)

Z7R(az,y)daz

satisfy simpler relations. We state and use a special case of Abel’s
theorems later (Section 7, Theorem 22).

Liouville identified in 1844 that the property to be doubly periodic
is the crucial one upon which their analytic study should be based.
Jacobi’s theta functions and the Weierstafl p-function form now the
fundaments of a modern theory of elliptic functions. Their definition
and basic properties can be found in the article by M. Franz [5].

Even though elliptic integrals are historically older than elliptic
functions, we usually come across elliptic functions first. The reason
being the work of Cauchy in the theory of complex analysis which
has made the latter an easier object of study today than the integrals
themselves. The elliptic integrals appear then as inverses of elliptic
functions.

If 32 = 423 — gox — g3, an elliptic integral (of the first kind) which
is of particular importance, is

This is to be understood as a contour integral along a path (z(t), y(t))
in C? which connects the point O with the point P. It is assumed the
this path is completely contained in the curve given by the equation
y?> = 423 — gox — g3 which we know is the curve F in terms of
local coordinates (z,y). Since the genus of E is 1, the curve FE is
not simply connected and the integral depends on the choice of the
path. However, this dependence is only modulo the periods of df.
This means that the value of the elliptic integral changes only by an
additive constant of the form nwi + mws with m,n € Z. Here the

complex numbers w; and wy are given by

dx dx
wi= [ — and w;= ?,
! Y2
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where 71,72 are two closed paths representing a pair of generators
of the fundamental group of E. The numbers w1, ws are called peri-
ods because the inverse function of this integral (which is the Weier-
strafl p-function) is doubly periodic with periods wy,ws. The periods
w1,ws are linearly independent over R because the paths 1,72 are
generators of the fundamental group.
So A = {nwi + mws | n,m € Z} is a lattice in C and in this way
we reconstruct the lattice A we started with. Moreover, if we set
P
T H(P) = dx
Y
@)

where O is the point at infinity and P € E any point, we obtain a
well-defined map 77! : E — C/A which is the inverse of the map
7 defined earlier. This gives an isomorphism of E with C/A. The
differential 9% is actually the familiar differential dz on the torus
C/A. That is because z = p(2),y = ©'(z) so we get T*‘fy—‘” = dz, the
integral of which is well defined modulo A.

In order for this procedure to work, all we need is that the cubic
curve 4> = 4x® — gow — g3 be smooth, i.e. g3 — 27¢g5 # 0. Since
any smooth cubic curve in P? is isomorphic to a cubic in Weierstraf
form, it follows that every smooth cubic in P? is isomorphic to a
complex torus. For more details see [7] Chapter 2.

4. DIVISORS

In the previous section we saw that a plane cubic curve E is
isomorphic to a complex torus C/A. Now C/A inherits a group
structure from C and hence induces a group structure on E via the
isomorphism. In Section 2 we defined a group operation on E using
geometry. How do these two compare?

The answer is: they coincide! In the subsequent sections we de-
scribe a proof which weaves together some pretty ideas from algebraic
geometry. To do so we have to first introduce an important notion
in algebraic geometry which is that of a divisor. In the case of a
curve it has a simple description.

Definition 3. Let C be a smooth curve in P?. A divisor on C is a
formal finite linear combination D = a1 - P; + - - -+ a,, - Py, of points
P; € C with integer coefficients a;.
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Divisors can be added or subtracted and hence form a group de-
noted Div(C).

Definition 4. The degree of a divisor D = a1 - Py + - 4 @y, - Py, 18
defined to be deg D = " | a; and this gives a group homomorphism
deg : Div(C) — Z.

Remark 5. The notion of a divisor extends also to higher dimen-
sional manifolds. In that case a divisor is a linear combination of
subsets given locally by zero sets of irreducible holomorphic func-
tions.

The group Div(C) is very large, even in the one-dimensional case.
Therefore we introduce the sub-group of principal divisors. The ben-
efit is that the factor group of all divisors modulo principal divisors
is finitely generated. This factor group will prove to be useful in Sec-
tion 6 as well. In order to explain the definition of principal divisors,
we need the notion of the order of a function at a point P

Let f be a holomorphic function on an open set U C C. Let
P € U and let x be the local co-ordinate on U such that P is given
by x — A for some A € C. The order of f at P, denoted ordp(f), is
the largest integer a € Z such that locally

flz) = (x = A)* - h(z)
where h is a holomorphic function with A(\) # 0. Since f is holomor-
phic a is non negative. Note that for g, A any holomorphic functions

ordp(gh) = ordp(g) + ordp(h).

We would like to include the cases when ordp(f) is negative. To
do so we have to include what are known as meromorphic functions.
A function f on C'is called a meromorphic function if it can be writ-
ten locally as a ratio ¥, where g # 0 and h are holomorphic functions
which do not have a common zero. Then, by using a Laurent series
expansion for f at P, we see that ordp(f) = ordp(g) —ordp(h). So
ordp(f) is negative if ordp(g) < ordp(h).

Collecting zeros and poles of a global meromorphic function f
gives us a natural way to associated a divisor to it.

Definition 6. Let f be a meromorphic function on C. Then the
divisor of f, called a principal divisor and denoted (f), is given by

(f) = Zordpf-P.

pPcC
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Example 7. Consider P!, the Riemann sphere with homogeneous
co-ordinates (2o : z1). Then any ratio f = I, where g and h are
homogeneous polynomials of the same degree d, is a global mero-

morphic function. So for instance if f = _=7*— then (f) =

2'P0 —P1 _P2 where PO = (O . 1),P1 = (1 . 0),P2 = (1 . —1)
Note that deg(f) = 0.

Now we do the same thing for curves in P2. A meromorphic
function f on P? restricts to a meromorphic function on the curve
C' if the denominator in the local expression for f does not vanish

identically on the curve. Its associated divisor (f) restricts to a

2 2 2
zo"t+z1"+22
2’12

and the line Ly = {z2 = 0}. Then a local computation shows that

(f)l=0Q:9)+1Q:—i)—2-(1:0).
Given any curve C' C P? and any divisor D on C, a natural question

to ask is whether D = (f) for some meromorphic function f on C?
The following example is a partial answer to this question.

divisor on C. As an example lets take the function f =

Example 8. Consider the line Ly = {(2¢ : 21 : 22)|22 = 0} in P2
(see [9] Section 3) and O the point (0 : 1:0). Then D =2-0 is
a divisor on Ly. If D = (f) for some meromorphic function on Lo,
then f has a zero of order 2 at O and is holomorphic and nonzero
everywhere else. Since Ly is isomorphic to P' there are no non-
constant holomorphic functions on P!, D # (f) for any f.

In the case of P! the answer to the above question is very simple.
A divisor D = (f) if and only if deg D = 0. For a cubic curve E the
answer is not so simple. For instance there exist divisors of degree 0
which are not associated to any meromorphic function. In fact there
are as many such divisors as there are points on E. We discuss this
in more detail in Section 6. See also the article by C. Daly [4].

5. LINE BUNDLES

Divisors are closely tied together to another geometric notion
which is that of a line bundle. A line bundle is a rank 1 holomorphic
vector bundle (Definition 10). In this section we discuss the relations
between line bundles and divisors.

Let us for the moment refer back to Example 8. The homoge-
neous coordinates zg, z; of P? are also natural homogeneous coordi-
nates on Lo, since Ly = {(20 : 21 : 0) € P?}. Our aim is to associate
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to a homogeneous polynomial in the ring C[zg, z1] its “divisor of ze-
roes”. For example consider the homogeneous quadratic polynomial
z2. Since it is a homogeneous polynomial it is invariant under scalar
multiplication and so D := {22 = 0} is a well defined subset of Lo.
This zero set has a local description. Recall from [9] Section 3 that
Lo is covered by two open charts Vy = {z9 # 0} and V; = {21 # 0}.

The affine coordinate on Vj is z = z—é and the affine coordinate on

Viisw = i—fl’ On Vo N Vi we have the identification map z = %

Consider DNVy ={(z0:21) € V1 |28 =0} If (20:21) €EDNVy
then certainly (Azg : Az1) € DN Vy, so we divide by z; to get that
Dnvi={(£:1)] % = 0}. In terms of the coordinate on V; this
is just {w € V4 | w? = 0},

Similarly DN Vy = {(z20 : 21) € Vo | 22 = 0}. In terms of the
coordinate on Vj this corresponds to {(1 : 2) | % = 1 = 0} which

is just the empty set. So, locally D corresponds to the following
subsets

DnVy = {zeV|1=0},
DNV; = {weV |w? =0}

Set fo := 1, f1 := w?, then {(Vo, fo), (V1, f1)} are local defining
functions for D. Notice that on V5 N Vi, we have w? = Z% =# 0 and

fo(z) = fi(z) - 2%
Similarly f1(w) = fo(w)-w? on VoNV4, so the local defining functions
are related by a nowhere vanishing factor.

Now DNVy =0 and DNV, is the origin w = 0 counted with
multiplicity 2. The point w = 0 in Vj corresponds to (0 : 1:0) on
Ls. Since this occurs with multiplicity 2, D is the divisor 2-O where
O = (0:1:0), as before.

The interesting thing is that from these local defining functions
of D we construct a new manifold L called a line bundle. The non-
vanishing factor that relates these local defining functions of D is
known as a transition function. We give one more example before
stating the definitions.

Example 9. Set
L:=VyxCuUVy xC/ ~

where Vy x C and V; x C are open charts of L. The equivalence
relation ~ gives the “patching” condition on the overlap (VoNV;) xC
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and is defined as follows. For w = % e VonVy and (w,\) € V4 x C,
(z,11) € V x C we define

(w,\) ~ (2, 1) <= =2\

Note that we define the “patching” condition using 22, the nowhere
vanishing function on Vj N Vj relating the two local descriptions of
D above.

This new manifold L is an example of a line bundle, (see Def. 10
below) and is often denoted O(D). The collection {( fo, Vo), (f1,V1)}
of local defining functions for D = 2-O defines a section (see subsec-
tion 5.2) of O(D) and the function 22 relating these local functions
on the overlap Vo N V; is a transition function of O(D).

We now give the general definition of a line bundle.

Definition 10. Let M be a complex manifold. A line bundle L — M
is a holomorphic vector bundle of rank 1. That is

(1) L is a complex manifold such that for any x € M, 7~ !(z) =
L, is equipped with the structure of a one dimensional com-
plex vector space.

(2) The projection mapping 7 : L — M is holomorphic.

(3) There is an open cover {U,} of M and biholomorphic maps,
bo : T H(U,) — U,y x C, compatible with the projections
onto U,, such that the restriction to the fibre ¢, : L, —
{z} x C is linear for all x € U,. The pair (¢q,U,) is called
a trivialisation of L over U,.

L, Ly, CL

ISX J
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Since L is a complex manifold, for any pair of trivialisations ¢q, ¢g
the map gog : Uo NUg — C* given by

ba (65" (@0)) = (@, gas(x) -v)

is holomorphic. The maps gop are called transition functions of L
with respect to the trivialisations (¢o,Us), (¢3,Ug). They deter-
mine the line bundle L and satisfy the following conditions

(1) gap(z) - gsa(x) =1 for all x € U, N Ug;
(2) gap(x) - 98+(T) - gya(x) =1 for all x € U, NUg N U,.
Condition (2) is known as the cocycle condition.

Conversely, given an open cover {U, } of M and holomorphic maps
Jdap : UsNUg — C*, satisfying the conditions above, we can construct
a line bundle L with transition functions g,g. Define an equivalence
relation ~ on the union over all o of U, x C as follows. For z €
UsNUg, (x,\) € Usg x C and (x,pu) € Ug x C set (x,\) ~ (z,p) if
and only if 1 = gap(z) - A\. Then

L=|])UsxC/~

is a line bundle with transition functions g.g.

For ease of notation from now on we set Ly = 71 (U)

Given L as above, for any collection of nowhere vanishing holo-
morphic functions f, on U, we can define alternative trivialisa-
tions ¢!, of L over U, by multiplying the second component of
da(x) € Uy x C with fu(x). In a more sloppy way we write

¢/a = faPa- (3)
The transition functions relative to (¢/,,U,) are
Jop = f—ag 8
alb — ap -
P fs

Any other trivialisation of L can be obtained in this way, so we see
that the collections {g, 5} and {gag} define the same line bundle if
and only if there exist nowhere vanishing holomorphic functions f,
on U, satisfying (3) above.

Example 11. The simplest example of a line bundle on a manifold
is M x C also known as the trivial bundle Oy,.

Example 12. The line bundle that we constructed in Example 9
is known as Op1(2). All line bundles constructed in this way from
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a divisor defined by a homogeneous quadratic polynomial on P! are
isomorphic because for any two such polynomials there is an isomor-
phism of P! which maps one to the other.

Remark 13. In fact given any n € Z™ all line bundles obtained
from divisors corresponding to a homogeneous polynomial of degree
n on P! are isomorphic and denoted by Op:(n).

Example 14. Recall that P! = (C? \ {0})/~ where (z0,21) ~
(Azo, Az1) for all A € C*. This means, each line [ C C? through
the origin corresponds to a point [I] € PL. Let

L={((20:21),v) P x C*|v e C-(20,21)}
={([ll,v) eP' xC? |v e}

and denote projection onto the first factor by 7 : L — P!. Then, in
terms of local co-ordinates on Uy and U; as before, we obtain

Ly, ={(2,(8,52)) | B € C}
Ly, = {(w, (nw,n)) | n € C}

with trivialisations

¢0:LU0—>U0><(C ¢1:LU1—>U1XC
(2, (8, 82)) — (2,5) (w, (nw,n)) — (w,n)
The reader can check that the transition function gg; is;
_ 1
go1(2) = gy ' = e

This vector bundle is also known as the universal bundle on P de-
noted Op1(—1) and is an important example.

A nice property of line bundles is that they can be “pulled back”.
Suppose f : M — N is a holomorphic map of complex manifolds,
and 7 : L — N is a line bundle on N. Then we define the pull back
bundle f*L by setting (f*L), = L(y). More precisely,

fTL={(m,v) | f(m) =m(v)} € M x L.

If : Ly — U x C is a trivialisation of L in a neighbourhood U of
f(x), then we obtain a trivialisation

o (f*L)f-rw) — fH(U) xC
which is the composition

(f*L) g1y C f~HU) x Ly ey Y UyxuxcE f~1(U) x C.
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This gives f*L its manifold structure over the open set f~1(U). The
transition functions for f*L are the pull backs f*(gag) := gag o f of
the transition functions g,g of L.

Remark 15. If D is a divisor on N with local defining functions
{(ha,Uqs)}, we can pull it back to a divisor f*D on M with local
defining functions {(hy o f, f~1(Ua))}. If L = O(D), then f*(L) =
O(f*D).

5.1. Group structure on the set of all line bundles. The ten-
sor product of C with itself, C ® C is C again. Similarly given two
line bundles L, and Lo with transition functions g.s and h,g respec-
tively, we can define the tensor product L1 ® Lo, and get a new line
bundle L. The fibres of L are just the tensor product of fibres of L,
and Lo. The transition functions t,g of L are therefore the product
of the transition functions of L and Lo, i.e. for all x € U, NUpg

tap(r) = gap(r)hap ().

This defines a binary operation on the set of line bundles. Tensoring
with the trivial bundle O gives the same bundle back, so it is the
neutral element of the group structure. Associated to each line bun-
dle L with transition functions g,g, there is another line bundle L*
whose transition functions are ggﬁl It is called the dual bundle of L.
Since L ® L* = O, the dual bundle is like the inverse of L. Hence
we get a group structure on the isomorphism classes of line bundles
on M. This group is called the Picard group of M denoted Pic(M).
In the next section we describe Pic(FE) for E a smooth cubic curve
in P2.

5.2. Sections of a line bundle. A section s of a line bundle L is a
holomorphic map s : M — L such that mos = Id. Locally this means
we have an open cover U, and a collection of holomorphic functions
Se : Uy — C such that

Sa() = gap(x) - sp(x) Ve U,NUs.

An example of a section is given in Example 9. It may be the case
that a line bundle does not have any holomorphic sections. Lo-
cal holomorphic sections always exist but they may not satisfy the
patching condition on overlaps.

For instance consider the line bundle Op1(—1) as in Example 14.
Suppose it has a local holomorphic section s;(w) on U; where s1(w)
is a holomorphic function. Then on Uy NU; it transforms to sg(z) =
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31(%) : % which is a meromorphic function on Uy and certainly not
holomorphic. This shows that Opi(—1) does not have any global
holomorphic sections and therefore we extend our definition to al-
low meromorphic sections of L. A collection of local meromorphic
functions {sq : Uy, — C} such that s, = gagss will be called a mero-
morphic section of L. The section s1(w) = 1,s0(z) = 1 is a global
meromorphic section of Op:(—1) with a simple pole at (1:0).
Finally we come to the correspondence between divisors and line

bundles.

5.3. Divisors and line bundles. Let D be a divisor on a curve
C and let {(fa,Uan)} be local defining functions for D. Then the
functions gng = fc—; are holomorphic and non zero on U, NUg. They
also satisfy the cocycle condition on U, N Ug N U, since

Jo f5 [
9aB98yG~va = f——ﬁi =lonU,N Ug N U,y.
8 f’y fa

So the collection {gns} defines a line bundle called the associated
line bundle of D, and denoted O(D), (see also Example 9.)

Conversely since any curve C' embeds in some projective space
P™, given a line bundle L over a curve C', there exists a meromorphic
section s of L (for a proof see [7] Chapter 1, Section 2, the proposition
directly before the Lefschetz theorem on (1,1) classes.) Consider a
local representation {s,,U,} of s. Then given any P € C' we can
define the order of s at P as

ordp(s) = ordp(sqa)

Where « is arbitrary with P € U,. This does not depend on the
salx)

choice of a, since 255 = gap(z) € C* for all x € U, NUg and so
ordps, = ordpsg, if P € U, NUg. We take the divisor (s) of s to be

(s) = Z ordp(s) - P.

pPeC

If we were to take the line bundle associated to the divisor (s) we
would recover L our original line bundle. So we get a map

Div(C) — Pic(C) (4)
D — o) (5)

Remark 16. This correspondence still holds if we replace C' by an
algebraic complex manifold M.
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In fact (4) is a group homomorphism. A good exercise is to
check it is well defined. Suppose Di, D5 are two divisors. We can
choose an open cover fine enough so that they are locally defined
by {fa},{ha}. Then Dy 4+ Dy has local defining functions {foha}-
The corresponding line bundle O(D; + D) has transition functions
tap = %. The line bundles O(D;) and O(D2) have transition

functions gng = ;—Z and qap = Z—g respectively. It is clear that

tag = Japlas, 50 O(D1 + D2) = O(D1) ® O(D2). In other words
addition of divisors in Div(C) maps to tensor product of line bun-
dles in Pic(C). If D = (f) for some global meromorphic function
then fo, = f3 80 gap = 1 and hence O(D) is the trivial line bundle.
We say Dy is linearly equivalent to D5, denoted Dy ~ Do, if and
only if there exists a global meromorphic function f on C such that

D1 = Ds + (f).

Lemma 17. Let C' be a curve. Let Div(C) denote the group of
divisors and Pic(C) the group of line bundles on C. Then O(D) is
trivial if and only if D = (f) for some meromorphic function on C,

i.e. Div(C)/ ~ = Pic(C).

Proof. We have seen that (f) corresponds to the trivial line bundle
so we just need to show that if O(D) is a trivial line bundle then
D = (f). Let {(fa,Ua)} be local defining functions for D. Then
O(D) trivial implies there exist functions h,, : U, — C* such that

fa ha
s Gap = hy L.
Hence,
¢ fa_sess s
ha  gaphs  hg
is a global meromorphic function on C' with divisor D. 0

Let L be a line bundle on C' and s a meromorphic section of L. For
the reader familiar with some differential geometry we now mention
a nice relation between the first chern class of O(D) and D. Given
a divisor D on C let np denote its Poincare dual in H?(C,Z). Let L
be any line bundle. Then L admits a hermitian metric and there is
a unique connection on L compatible with the metric and complex
structure. Let © be the curvature form associated to this metric
connection.
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Theorem 18. Let L = O(D) be a line bundle. Let © be the cur-
vature form associated to a metric connection. Let np denote the
Poincaré dual of D in H%(C) and let c1(L) denote the first Chern
class of L. Then

c1(L) = [2@—;] = np € Hpg(C).

For a proof see [7] Chapter 1, Section 1. This implies

/@ T]Da —degD

Remark 19. All the results of this section also hold when we replace
C by a complex manifold M.

6. POINCARE BUNDLE

Now we restrict attention to the case of a plane cubic curve E and
ask ourselves the following question. What does the set Pic’(E) of
all degree zero line bundles on F look like?

Here by degree of a line bundle we mean the degree of its associ-
ated divisor (Definition 4). In the case of P! up to isomorphism there
is only one line bundle of degree zero and that is the trivial bundle.
However on FE there are many non-trivial line bundles having degree
zero as we shall soon see. In fact they form a family parametrised
by E.

First let’s take a point P € E. This is a divisor of degree 1 on
E, and it defines a line bundle O(P). Now choose another point )
distinct from P and take the divisor P — (). This has degree zero
and correspondingly defines a line bundle O(P — Q). One could ask
is O(P — @) isomorphic to the trivial bundle?

If so then by Lemma 17 there would exist some global meromor-
phic function f on E such that P — @ = (f). This means that f
has exactly a pole of order 1 at () and a zero of order 1 at P and no
other poles or zeroes. But then we can define a bijective map

E — P!

z = (f(z):1)
Under this mapping Q maps to the point at oo = (1 : 0) on P!. Since
f is meromorphic with exactly one pole and holomorphic elsewhere

it is an isomorphism. But E has genus 1 while P! has genus 0 so
they cannot be isomorphic. Therefore P — Q) ~ 0, i.e. P, @) are
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inequivalent divisors and define non isomorphic line bundles. The
following theorem says that in fact the family of degree 0 line bundles
on F is itself a manifold.

Theorem 20. Let E be a cubic curve in P?. Then there is a bijection
E = Pic’(E).

Proof. We just show that there is an injection from E to Pic?(E).
For a proof of surjectivity see [6] Chapter 6.

Fix a point in F (doesn’t matter which one) for instance O. Then
given any other point P € E we get a degree 0 line bundle O(P —O).
This defines a map E — Pic’(E). For P and Q distinct points the
line bundles O(P — O) and O(Q — O) are non isomorphic. Because
if they were isomorphic then by Lemma 17 the divisor P — O would
be linearly equivalent to () — O which implies P — @ ~ (f) for some
meromorphic function f. But as we have already seen, in that case f
defines an isomorphism between E and P' which is a contradiction.
Hence our map is bijective. 0

In fact there is a more general theorem.

Theorem 21. Let E be a cubic curve in P2. Then for all n € Z we
have Pic" (F) = E.

The idea is that if we fix a point O on E then any line bundle L
of degree n, can be mapped to a line bundle of degree zero by taking
the tensor product L ® O(—nO) and vice versa.

There is a special line bundle on E x Pic’(E) = E x E called the
Poincaré bundle P. It has the property that P, .., = Op(P—0).
We construct this line bundle as follows. Let (x,y) be the local co-
ordinates on E x E. Consider the subset A = {(z,y)|z = y} called
the diagonal. 1t is a divisor since it is given by the zero locus of
a single equation. Its associated line bundle O(A) has the prop-
erty that O(A) >~ Op(P). The idea is simple, by Remark 15
O(A)|suir = O\ oy ip ) loxipy- Let p1,p2 denote projection of
E x Pic’(E) = E x E onto the first and second factor respectively.
Consider the line bundle P := O(A) ® piO(—0). Then p;O(-0) is
just the line bundle associated to the divisor —({O} x E) in E x E,

= O(A) ®p1*o(_0)|E><{P}
= 0(4) ®O(=(0 X E),, s
>~ Op(P)®0g(-0) = 0g(P - 0)

|EX{P}

7D|Ex{p}

|Ex{P}
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The point P in the second factor of E' x E represents the line bundle
O(P — O) when viewing E x E as E x Pic’(E) via the isomorphism

E — Pic%(E)
P — OP-0)

So we see that P, (py 18 isomorphic to the corresponding element

Op(P — O) in Pic’(E). This is an example of a moduli space and
its universal bundle. The modul: space of degree zero line bundles
on F is isomorphic to E. The universal line bundle on E x Pic’(E) is
given by P characterised by the property that for any P € Pic’(E),
Pliwpy 18 aline bundle of degree zero belonging to the isomorphism
class of P € Pic’(E). For more details about moduli spaces of vector
bundles on elliptic curves see the article by C. Daly[4].

7. ABEL’S THEOREM; GROUP LAW REVISITED

In Section 3 we showed that a cubic curve E is isomorphic to a
complex torus C/A. We now have all the pieces to put together a
proof of the fact that the geometric group structure on E is the same
as the group structure on C/A.

The main result involved in proving this is the following classical
theorem known as Abel’s theorem [1] (1827).

Theorem 22. Let A be a rank two lattice in C, let nq,...,n, and
mi, ..., My, beintegers and let [a1], ..., [an] and [b1], ..., [bm] denote
points in C/A.

Then there exists a meromorphic function f : C/A — C with
zeroes at [a;] of order n; and poles at [b;] of order m; if and only if

n m n m
Zni :ij and Zni[ai] :ij[bj] e C/A.
i=1 Jj=1 i=1 j=1
Moreover this function is unique up to a constant factor.

For a proof of Abel’s theorem involving a nice application of theta-
functions see [5] Theorem 7.

Theorem 23. Let E be a smooth cubic curve in P2, Then E = C/A
for some rank 2 lattice A in C. The geometric group structure on
E as defined in Theorem 1 is isomorphic to the group structure on

C/A.
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Proof. Consider three points P;, P>, P3 on E which lie on a line L.
This is equivalent to saying P; + P, + P3 = O. Let [21], [22], [23] be
the unique points on the complex torus C/A which are mapped to
Py, P5, P3 under the isomorphism 7, i.e. 7([z]) = P; (see Section 3
for the definition of 7.) If we can show that [z1] + [22] + [23] = 0 then
we are done.

Suppose L = {(z0 : 21 : 22) € P? | lpz0 + l121 + lazo = 0}.
Then since z5 is not identically zero on L the meromorphic function

F = ZOZOHZ”LZQZ? on P? restricts to a meromorphic function f on

E. The divisor of F in P? has a simple zero along the line L and
a simple pole along the line Ly = {(29 : 21 : 22) | 22 = 0}. So the
divisor of F' restricted to E is (f) = > P — > Q; where {P;} =
LNE and {Q;} = L2 N E with multiplicities. Implicit differentiation
shows that O is an inflection point of £ and hence O is a triple
point of contact of the line L, and E. So Ly meets E at O with
multiplicity 3. Therefore (f) = Py + P, + P3 —30. Now f pulls back
to a meromorphic function 7* f on C/A with zeroes of order one each
at [21], [22], [z3] and a pole of order three at [0]. By Abel’s theorem
this is the case if and only if [z1] + [22] + [23] = 3[0] in C/A, i.e. if
the points [z1], [22], [z3] sum to zero in C/A. O

This concludes our overview of the group structure on an elliptic
curve F in P2. For other interesting features of elliptic curves and
moduli spaces of vector bundles on elliptic curves see the article by
C. Daly [4].

In two dimensions the only compact complex manifold that admits
a group structure is a complex torus. However one can consider
families of elliptic curves called elliptic fibrations. The geometry
of these elliptic fibrations is very interesting and has been studied
in detail. In the complex analytic case they have been classified
by Kodaira (see [8]). Recently there has also been much interest
in higher dimensional elliptically fibred manifolds in the context of
mathematical physics.
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THETA FUNCTIONS

MARINA FRANZ

ABSTRACT. On our analytic way to the group structure of
an elliptic function we meet so called theta functions. These
complex functions are entire and quasi-periodic with respect
to a lattice A. In the proof of Abel’s theorem we use their
properties to charcterise all meromorphic functions f : C/A —
C. Finally we have a closer look at a very special and in-
teresting A-periodic meromorphic function, the Weierstraf
p-function. This function delivers an analytic way to give a
group structure to an algebraic variety.

1. INTRODUCTION

First of all, we want to analyse periodic complex functions f :
C — C with respect to a lattice A. So let us fix once and for all
a complex number 7 € C with Im 7 > 0 and consider the lattice

AN=Z®77Z CC.

+ 7

i /
/ J /
7

T

FIGURE 1. The lattice A = Z @ 77Z and its funda-
mental parallelogram V ={z =t +t;7 € C:0 <
t1,t0 < 1}.

Lemma 1. An entire and doubly-periodic complex function is con-

stant.
53
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To prove this lemma we need Liouville’s Theorem, which we know
from complex analysis. It states that each entire (i.e. holomorphic,
i.e. complex differentiable, everywhere in C) and bounded complex
function f : C — C is constant.

Proof. The values of a doubly-periodic function are completely deter-
mined by the values on the closure of the fundamental parallelogram
V= {z € C: z =t1 + tor for some 0 < t1,t2 < 1} which is a com-
pact set. But a continuous function on a compact set is bounded.
Hence our function is entire and bounded. Therefore it is constant
by Liouville’s Theorem. O

As we have seen, that entire doubly-pertodic functions are not very
intersting (as they are constant), in the following we will consider
entire quasi-periodic functions and use them to prove Abel’s The-
orem which says what meromorphic doubly-periodic functions look

like.

2. THETA FUNCTIONS AND ABEL’S THEOREM

Definition. The basic theta function is defined to be the function
0 : C — C given by

0(z) :=0(1)(2) := Z exp(min®T) exp(27minz)

Note. The function # depends on 7. So for each 7 € C with Im 7 > 0
we get a (not necessarily different) basic theta function. Hence there
is a whole family of basic theta functions {0(7)}rcc,im r>0. But here
we assume 7 to be fixed, so we have only one basic theta function.

Remark. As the series in the definition above is locally uniformly
unordered convergent (without proof) our basic theta function is an
entire function.

Lemma 2. The basic theta function is quasi-pertodic.

Proof. Consider 0(z + \) for A € A, i.e. A =pr1+q for p, q € Z.
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For A =1, i.e. for p=0 and ¢ = 1 we have

0(z+1) def Z exp(min®t) exp(2min(z + 1))
neEZ
= Z exp(min®t + 2mwinz + 2mwin)
ne
= Z exp(min?T) exp(2minz) exp(2min)

nez Y
=1 for all nez

= Z exp(min®t) exp(2minz)
nez

o)

Hence the basic theta function is periodic with respect to the x-
direction.
For A =7, i.e. for p=1 and ¢ = 0 we have

O(z+ ) = Z exp(min?t) exp(2win(z + 7))
nez
= Z exp(min’T + 2mwinz + 2minT)
nez
if we complete the square and rearrange the summands then

— Z exp (7Tz'n27' + 2minT + T — TIT
neZ
+2minz + 2mwiz — 27iz)

= exp(—miT — 2miz) Z exp(mi(n + 1)*7) exp(2mi(n + 1)2)
nEL
if we make a simple index shift m =n + 1 then

= exp(—miT — 2miz) Z exp(mim?1) exp(2mimz)
meZ

e exp(—miT — 2miz)0(z)

Hence the basic theta function is not periodic with respect to the
7-direction as in general exp(—miT — 2mwiz) # 1.
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In the general case we obtain

0(z+ ) =0(z +pr +q)

def exp(min®7) exp(2min(z + pT + q))

nez

= Z exp(min®t + 2mwinz + 2mwinpT + 2wing)
nez
if we complete the square and rearrange the summands then

= g exp (7Ti7I2T + 2minpT + mip?T — wip?T
nez
+2minz + 2wipz — 2wipz + 2mwing)

= exp(—mip®T — 2mipz)

: Z [ exp(mi(n + p)*7) exp(27i(n + p)z)

exp(2ming) |
————
=1 for all nez

= exp(—mip*T — 2mipz)

: Z exp(mi(n + p)*1) exp(27i(n + p)z)
nez
if we make a simple index shift m = n + p then

= exp(—mip*T — 2mipz) Z exp(mim?t) exp(2mimz)
mez
= exp(—mip*T — 2mipz)0(2)
Hence the basic theta function 6 is quasi-periodic with
O(z+ X)) =0(z+pr+q)
= exp(—mip*T — 2mipz)0(2)
forall \=pr+q€ A and z € C. l

Definition. We define
e(\, 2) = exp(—mip’T — 2mipz)
and call this the automorphy factor.

Remark. We have e(A1 + A2, 2) = e(A1, 2 + A2)e(Az, 2) for all Ay,
Ao € A.
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Let A1, A2 € A, ie. Ay = p17+ @1 and Ay = pa7 + g2 for some py,
P2, q1, g2 € Z, and thus Ay + A2 = (p1 + p2)7 + (¢1 + ¢2) € A. Then

e(M 4+ A2, 2) = e((p1 + p2)7 + (@1 + ¢2), 2)

de . .
= exp(—mi(py + p2)?T — 2i(py + p2)2))

= exp(—mip3T — 2mip1paT — WiPAT — 2mWip1 2 — 2Wipaz)

= exp(—mipT — 2mip1pat — 2mip12)e( g, 2)

= exp(—m’p%T — 2mip1z — 2Wip1paT —  2Wipiq2 )
exp(2mip1g2)=1
-e(Ag, 2)
= exp(—mipiT — 2mip1(z + A2))e(A2, 2)
d;f 6()\1, z + )\2)6(/\2, Z)

Summary. The basic theta function 6 : C — C is entire and quasi-
periodic with automorphy factor e, i.e. we have

0(z + \) = e(\, 2)0(2) = exp(—mip*T — 2mwipz)0(2) (1)
forall A\=pr+q € A and all z € C.

Now we want to enlarge our cathegory of theta functions. So far
we have only one (basic) theta function corresponding to the point
0 € C (and each point ¢ € Z C C). Now, for our fixed 7, we will
define a new theta function for each point in C. Therefore let’s start
with our old theta function and translate z by a fixed £, i.e. consider
0(z + &) for & = at + b for some fixed a, b € R:

0(z+¢&) =0(z+ar +b)
= Z exp(min®t) exp(2min(z + at + b))
neZ

= Z exp(min®T 4 2minz + 2minat + 2winb)
nel

If we complete the square and rearrange the summands then we
obtain



58 MARINA FRANZ

0(z+¢) = Z exp (m’nQT + 2minat + wia’T — wia*T
nez
+2min(z + b) + 2mia(z + b) — 2mia(z + b))

= exp(—mia’T — 2mia(z + b))

Y exp(mi(n + a)r) exp(2mi(n + a)(z + b))

Note that the sum >~ _, exp(mi(n + a)?7) exp(27wi(n + a)(z + b))
looks very similar to the sum in the definition of our basic theta
function above.

Definition. For ¢ = ar+b and a, b € R the mod: fied theta function
is defined to be the function 8¢ : C — C given by

Oc(2) == 0¢(1)(2) := Z exp(mi(n + a)*7) exp(2mi(n + a)(z + b))
nez

and ¢ is called theta characteristic.

Note. From the calculation above we obtain a relation between the
basic theta function and the modified theta function with character-
istic £ = at + b for some fixed a, b € R:

Oe(2) = Z exp(mi(n + a)*7) exp(27wi(n + a)(z + b)) (2)

= exp(mia®T + 2mia(z + b))0(z + €) (3)

for all z € C.

Remark. As the series in the definition is locally uniformly un-
ordered convergent (without proof) the modified theta functions are
entire functions.

Lemma 3. Modified theta functions are quasi-periodic functions.
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Proof. Let a, b € R such that & = ar + b is the characteristic of the
modified theta function 6¢. Consider 0¢(z + A) for A = pr 4+ ¢ € A.

Oc(z+ A) ©) exp(mia®T + 2mia(z + A +0))0(z + A+ €)

Q) exp(mia®t + 2mia(z + A+ b))e(\, z 4+ €)0(z + €)

®) exp(mia’T + 2mia(z + A+ b))e(A, z + €)

-exp(—mia*T — 2mia(z + b))0¢(2)
= exp(2mia)) exp(—mip®T — 2mip(z + £))0¢(2)
= exp(2mia\ — Tip*T — 27mip(z + €))0¢ (2)

Hence the modified theta function ;¢ is quasi-periodic with

Oc(z+ X)) = Opryp(2+p7+q)
= exp(2mia\ — wip*t — 27ip(z + £))0¢(2)

forall \=pr+q€ A and z € C. ]

Definition. Let a, b € R be fixed and let £ = a7 + b. We define

ec(\, 2) := exp(2mia\ — mip®T — 27ip(z + &))

and call this the automorphy factor.

Remark. Let a, b € R be fixed and let £ = ar + b. We have
ee(A1 + A2, 2) = eg( A1, 2 + A2)eg(Ag, 2) for all Aj, A2 € A.

Let A\, Ao € A, l.e. A\ = P1iT + Q1 and Ay = P2T + G2 for some P,
P2, q1, @2 € Z, and A1 + A = (p1 + p2)7 + (1 + q2) € A.
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ec(A + A2, 2) = ec((p1 +p2)7 + (@1 + @2), 2)

def exp (2m’a()\1 + X)) — mi(p1 + p2)27'

—2mi(p1 + p2)(2 +§))
= exp (27r2'a)\1 + 2mialy — m’p%T — 2P paT — m’p%T

—2mip1 (2 + &) — 2mipa(z + €))

= exp(2mial; — Tip3T — 2mip1poT — 2mip1 (2 + &)

e¢(A2, 2)
= exp (27m'a)\1 — Wip%T — 2mip1p2T—  2TWiP1q2
exp(27ip1g2)=1
—2mip1(z + €)) eg(A2, 2)

= exp(2mia); — mipiT — 27mip1 (2 + Ao + &€))ec (A, 2)

de
2 e, 2+ Ma)ec(Xa, 2)

Summary. Let & = a7 + b with a, b € R fixed. The modified
theta function with characteristic £ is entire and quasi-periodic with
automorphy factor e, i.e. we have

Oc(z + A) = ec(A, 2)0¢(2) (4)
= exp(2mia\ — mip*T — 2mip(z + £))0¢ (2) (5)

forall \ =pr+qe€ A and all z € C.

Now we want to determine all zeros of all theta functions. There-
fore we consider a special modified theta function, the theta function
with characteristic o := %T + % In this case the determination of
zeros is very simple because the zeros are easy to describe.

Lemma 4. 0, is an odd function, i.e. 0,(—z) = —0,(2) for all
z e C.
In particular we have 6,(0) = 0.
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Proof.

Oo(—2) =01, 1(—2)

def > [exp (m (n + %)2 T>
(el (o3

if we make a simple index shift m = —n — 1 then

-> [exp <m- (—m— %)27)

S}Xp(—Qm'm) exp(—m'z ]

~

=—1 for all mez

O

From complex analysis we know a simple way to count zeros and
poles of a meromorphic function f : C — C:

1 /
— / f—(z) dz = total number of zeros - total number of poles
2mi ), f

where 7 is a piecewise smooth path that runs around each zero and
each pole exactly one time. We will use this integral to determine
all zeros of the theta functions 6, with o = %T + %
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Lemma 5. We have 0,(z) = 0 precisely for all z € A and all zeros
are stmple zeros.

Proof. Consider the fundamental parallelogram V := {z € C: z =
t17 + to for some 0 < tq,t9 < 1}.

Choose w € C such that the border of V,, := w + V contains no
zeros of O, and 0 € V.

Further consider the following paths along the border of V,,:

a:[0,1]] - Cit—w+t
B:[0,1] > Cit—w+1+tr
v:0,1] = Cit—w+ (1 —t)+7
§:[0,1] = Cit—w+ (1 —1t)7

w4 T vy w+1+4+71

A

Y

w a w+ 1

F1GURE 2. w € C is chosen such that the border of
the parallelogram V,, = w + V' contains no zeros of

f and such that 0 € V,,. The paths «, 3, v and ¢
run along the border of V.

Note

and

(%)

S
~

N—
|

w+(1—t)r=p(1-1t)—1

1 6!
We want to show that —

—~(z) dz = 1.
T OV, 90 (Z) :
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Therefore we will show

1 0’ 1 0’
— [ Z(2)dz=1—— | Z(2)d
271 [v 0, (2) d2 2wt J, 0o (2) d2

and

1 o’ 1 0’
— | 22 Ndy = —— | Z2(:) d
2wt Js 05 (2) d2 271 Jg 05 (2) d2

L/y%(z) dZ:L i %(’7@))7/@) dt

211 211
1 [te
1 [
=o)L, G T

R O

27 e (T,2)05(2)

1 el (1, 2) 1 0!
= — 2 Ldz—— | Z(2)d
27i /a ey (T, 2) T o o Os (2) dz

when we use

1
es(T,2) = exp(2m§7’ — miT — 27i(z + 0))

then

1 / exp’(—27i(z + o)) g
2mi J,, exp(—2mi(z + o))
— % ) %(2) dz

1 1 0
=5 a—2m'dz—2—m, ai
=1- QLm ) %(z) dz

63
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1 6! 1 0!
— dz = — —Z(5(t))d'(t) d
= 590() P= 5 o 5. (0(£))o(?)
1 [te
— 1—t)—1 dt
—5m | G- - 1)
1 /
= O z—1)dz
211 590
1 /
R A0
2 J¢] ( U(Z
1 /e (— / (2)
- 2mi 5 €o(—1 2 5 05(2)
when we use
1
eo(—1,2) = exp(—27rz'§)
then
/ . /
:_1'/exp(7r‘z)dz_ 1,/00(2)0!2
271 J 53 exp(—mi) 211 J 53 05(2)
1 /
L fae
211 J 53 05(2)
Then we have
1 0 1 0! 1 o
_ Yo Ndy = — | Lo de+ — | 22N 4a
271 Jovy, HU(Z) “ T o QQU(Z) Z+2m ﬁﬁa(z) ‘
1 6 1 o’
=l de e — [ 2o d
Tami ) 6, T g g, B4
=1

As 6, is holomorphic in V,,, i.e. it doesn’t have any poles, we know
that 6, has a single zero. And by Lemma 4 this zero is in 0.
Now consider V,, + A = V4 for some A € A. As 0,(z + \) =
ex (X, 2)0,(2) we obtain that 6, has the only zero 0+ X = X in V4
and this is a simple zero. But C = UyxeaVwix. Hence 0, has zeros
exactly in A and all zeros are simple.

Corollary 6. Let £ = at +b with a, b € R. We have 0¢(z) =
precisely for all z € 0 — & + A and all its zeros are simple.
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Proof. We know 6,(z) = 0 if and only if z € A and all the zeros are
simple. Hence

Oe(2) =0 @ exp(mia’T + 2mia(z + b))0(z + &) =0

@ exp (mia*T + 2mia(z + b))
1V
. e J— J—
xp | —mif g )T

il (sg_Lr 1,1
o \® 2”7 T 373

O(z+€6—0)=0
Sz+E—o0c€l
Szeo—E+A

In particular we have 6(z) = 0 if and only if z € o + A. O

So far we have considered entire quasi-periodic functions. Now
we want to use our knowledge about them to see what meromorphic
doubly-periodic functions with given zeros a; and poles b; of given
order n; resp. m; and number n resp. m look like. Futhermore we
will decide whether such a function exists or not and whether it is
unique or not.

Abel’s Theorem 7. There is a meromorphic function on C/A\ with
zeros [a;] of order n; for 1 < i < n and poles [b;] of order m; for
1 <j <mifand only if >\ n; = Z;’; m; and Y nila;] =
2?21 m;[b;].

Moreover, such a function is unique up to a constant factor.

Proof. “=” Let f:C/A — C be a meromorphic function with zeros
[a;] of order n; and poles [b;] of order m;. Choose w € C such that
Vw={w+2 € C:z=1t7+ 1y for some 0 < t;1,t2 < 1} contains
a representative a; resp. b; for every zero resp. pole of f. Further
consider the paths

a:0,1] = Cit—w+t
B:[0,1] 5> Cit—w+1+tr
v:00,1] = Cit—w+(1—t)+7
§:[0,1] =Cijt—w+ (1 —1¢)7
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along the border of V,, and the paths
a; 1 [0,1] = C;t — a; 4 rie®™
Bj :[0,1] — C;t = b; + s>

around the zeros resp. poles of f where r; resp. s; is chosen small
enough that D; = {z € C: |z —a;| < 7} resp. D} = {z € C:
|z — b;| < sj} contains no other zeros or poles of f.

w+T ¥ w+147

<

\ 0
ax "

71

bj 1 ﬁ
Db}
X

iy

w Q w—+ 1

F1GURE 3. w € C is chosen such that the parallelo-
gram V,, = w+ V contains a representative a; resp.
b; for every zero resp. pole of f. The paths «, 3,
~v and 0 run along the border of V,,, the paths «ay,
around the zero a;, of f and the path (3;, around
the pole b;, of f.

First we show that > " | nja; — > 77" m;b; € A as follows:

n m n 1 f, m 1 f,
Zniai—ijbj:ZQ—m/ z7(z) dz+22—m_/ 27(2’) dz
i=1 j=1 i=1 e j=1 J

/
= QLm - zf7(z) dz € A
To establish the first equality note that we can write
f(z) = ci(z — a;)" hi(2)
for a constant ¢; and with h;(a;) = 1 around a; and hence

f'(2) = eni(z — a;)™ Thy(2)
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with h;(a;) = 1. We obtain

Lo
Zf()

with Z—(az) = 1. Hence we have

1 1
9 N 27(2) dz = n,a;

by Cauchy’s integral formula for discs. The same holds for the poles
of f.

The second equality is clear since V,, contains a representative for
every zero and pole of f in C/A.

1 /
To see, that — z2°—(z) dz is an element of A, note that
2mi Jov, f

. zf7’<z> iz = = [ L )y ar

27 0 f

n; hy

(2)

z —a; h;

1 dz——/5 &' (¢) dt

G-t - )];/((6(1 Ct) - 1)(or) de

f/
2m/ 81— (30— )7
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hence
% avwzf%(z)dzzﬁ ?( ) dz +% ﬂZfTI( z) dz
s [ 5@ e [ e
/ /
27Tl/f d+2—m/f )dz € A
since 1f,3f dz,ﬁaf()dzez

Secondly we show that

n m 1 f,
;nz — ij =5 - 7(2‘) dz

=0

Again the first equality is clear, since V,, contains a representative
for every zero and pole of f in C/A.
The second equality follows from:

i | 0 2= o Olj%(v(t))v’(t) i
:% 0 J}’( (1= 1)+ 7)(—1) de
o [ Ly a
:—% af?/(z) dz
and
2%’ 6f7/(z)dz:2—m —/( 5()d'(¢) dt

:2m/ f’ B(1—t) — 1)(—7) dt

/
/ f B(1 —t))T dt
o

f_’
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hence
1 f f f!
wi |, 0 2m/ dz+%ﬁf()dz
f f!

“<” Now let [a;], [b;] € C/A and n;, m; € N for 1 <i <n and
1 < j < m be such that > n; = Z;n:m m; and > nla;] =
Z;nzl m;[b;j]. We will contruct a meromorphic function f : C/A — C
with zeros [a;] of order n; and poles [b;] of order m;. We choose
representatives a;, b; € C for [a;] resp. [b;] such that > "  n;a; =
> i1 m;b; and define the function

H?:l 0o (2 — a;)™
[~ 05(2 — bj)ms

g:C—-C;z—

where 0, is the theta function with characteristic %7’ + % Obviously
g is a meromorphic function with zeros in a; + A of order n; and poles
in b; + A of order m;. We have to show that g is doubly-periodic
w.r.t. A. Therefore we have to show that g(z + A) = g(z) for all
A € A. Tt suffices to show that g(z +1) = g(2) and g(z + 7) = g(2).

[[ 1 0s(z+1—a)™  Tlie,0(z—a;)™

g(z+1) = =5 - = = - =g(z
Gt = T 0, 1 by 11, 0oz by 9
and

oz 7) = Lot PrE T 0
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but
Il eo(mz—a)™  TI7 exp(—2mi(
[T, eo(r,2 —b)™i e, exp(—2mi(z — bj + o)™
(
(

7j=1

[T, exp(2mia;)™

. [ 1=, exp(2mib;)™
exp(—27i(z + 0))221:1 i
B exp(—2mi(z 4 o)) 2i=1 ™
exp(2mi Y .y nia;)
| exp(2mZ —1 M;b;)

=1

So g(z + 7) = g(z) as well. Hence g is doubly periodic w.r.t. A and
the function f : C/A — C with f([z]) = g(z) is well-defined and a
solution.

Now suppose we are given two meromorphic functions f, g
C/A — C with zeros [a;] of order n; and poles [b;] of order m;.
Then g has no zeros or poles. Hence it is constant. O]

3. WEIERSTRASS (©-FUNCTION

Now we want to capitalize on our work above. Therefore we con-
sider a very special periodic function, the Weierstrafl p-function.

Definition. The Weierstraff o — function is defined to be the
function g : C — C given by

1
=5+ Y (eop )
0ANEA

Proposition 8. (without proof) o is a A-periodic meromorphic func-
tion with poles of order 2 exactly in A.

The following lemma gives a connection between the Weierstrafl
p-function and our well known theta function with characteristic
o= % + %’7’.

Lemma 9. There is a constant ¢ € C such that

o() = - (%)/<z>+c
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Note. The quotient g—‘/’ isn’t doubly-periodic, but the derivative

<%)/ is doubly-periodic.
0o
To see this consider —(z + A) for some A = p7 +¢q € A.
7 (5) (es(N 2)05 (2 '
ey @ (60(0\7 z))e,,((z)))
el (A 2)05(2) + ex (A, 2)0(2)
es (N, 2)05(2)
def €XP "(miX — mwip?T — 2mip(2 + 0))0,(2) + es (N, 2)0(2)
es(A, 2)04(2)
—2mipes (A, 2)05(2) + €5 (A, 2)0) (2)
es (A, 2)0(2)

/

= —2mip + Z—U(z)

g

£ 22(2)

as in general p # 0. From the equation %(z + \) = —2mip+ %(z)
/ /
above it follows directly that (Z_Z) is doubly-periodic.

Proof. We know that 6, is holomorphic and has its zeros premsely

in the lattice points A € A. That means that the expansion of "
a Laurent series around 0 looks like
o’ 1
0—"(2) =a_1- +ap+ a1z + axz® + azz® + terms of higher order
z

(o2

for some constants a; € C. We can choose a neighborhood U of 0
such that 0 is the only zero of 6, in U. As 0 is a single zero we know

that , /
0
a_1 = Resg (Z;) :/ai(z)dz:l

where « : [0,1] — C;t +— re2™ for some suitable . We conclude

1
H—U(z) = + ag + a1z + a2 + azz® + terms of higher order

oa

and calculate

1

9/
(f) (2) = 2 + a1 + 2a2z + 3azz® + terms of higher order
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0\
If we add p and (9—") then we obtain

p(z)+<%>/(z): > (ﬁ )\12>+a1-|-2a2z—|—3a32 +.

0AXEA

N
From this sum we see directly that o+ <Z—") doesn’t have any poles
o'\

in U. Hence o + (—f’) is holomorphic in a neighborhood of 0 and

thus holomorphic everywhere. As it is in addition doubly-periodic

N
(since p is as well as (g—") doubly-periodic) we know from our very

first lemma that it must be constant. J

The Weierstrafl p-function satisfies a number of equations and
differential equation. This feature makes the Weierstrafl p-function
to be of interest. The most important differential equation that is
satisfied by the Weierstrafl p-function is the following;:

Theorem 10. The Weierstraf§ o -function satisfies the differential
equation

2

0 (2)% = c3p(2)* + c2p(2)* + c19(2) + o

where the constants
1 1
03:4,6220,01:—602 Fandcoz—MOZ 6
0#AEA 0#AEA
depend on the lattice A.

Proof. Consider p(z) — & = D 0£NEA <ﬁ — )\2> This function

is holomorphic in a neighborhood of 0. We can expand the sum-

1 1.
mands W DVE

n=0
1 z 22 23 24
= — (2 3 4— 5
A2 ( )\+ A2 + A3 + )\4 )
2 3 ot

z z
— 9= — +4—=
3 +3)\4+ G —|—5)\
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This sum is absolutly convergent for all z € C with |z] < |A|; in
particular in a neighorhood of 0.

To simplify the big sum from above we define s, := ) ZaeA ﬁ
for n € N. Note that s,, = 0 for all odd n € N. We obtain

1
p(2) = = +2s12+ 35922 + 4532° + 5sgzt + ...
z

1
= ) + 38922 + Bsyzt + 7s62° ...

which is true in a neigborhood of 0. With the constants

1 1
c3=4,c0=0,c =—-60 Z Fandcoz—MO Z 36
0£AEA 0£NEA
we obtain
1
o(z) = i %zQ — ;—%fl + terms of higher order
hence
2
o' (z) = e B %z — %023 + terms of higher order
4  2¢ 1 A4
0 (2)* = = + %; + % + terms of higher order
and

1 361 1 300 .
3_ + 2t 1 9C
(2)° = % 902 0% + terms of higher order

Now consider

f(z) = @/(2)2 - 03@(2)3 —c1p(2) — co

The series of f has only positive powers of z. Hence f is holomorphic
around 0. Hence it is holomorphic everywhere. And as it is doubly-
periodic, it is constant. But the constant part of the series is %co +

4-%00—00:0. Hence f = 0. O

We will mention one more equation that is satisfied by the Weier-
strafl p-function:

Remark. Remember that our lattice A is generated by 1 and 7.
Hence the set of zeros of @' is given by (% + A) U(% + A) U(HTT + A).
Set e1 := p (%), €y =@ (%), €3 =@ (HTT) € C. Then we have

(')? = 4(p —e1)(p — e2)(p — e3)
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and

e1+ex+e3=0

1
ereg + e1€e3 + e2e3 = 101
1
€1€2€3 — _ZCO

where cg and ¢; are the constants from above.

Finally we will see how to use the Weierstraf3 p-function to give
a group structure to an elliptic curve.

Remark. If we consider the elliptic curve
C := {(z,y) € C? such that y* = c32”® + cox® + c12 + o}
for the constants
c3=4,co=0,c =—-60 Z %andcoz—lélo Z %
0#ANEA 0#ANEA
from the theorem above then we have a bijection

C/AN\{0} — C given by z — (p(2), 0'(2))

In particular we can give the variety C' the group structure of C/A.

This can be extended to an embedding of C/A into the projective
plane. For more details see the article of M. Khalid [2].
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RANK TWO VECTOR BUNDLES ON ELLIPTIC
CURVES

CIARA DALY

ABSTRACT. The aim of this paper is to give an overview of
rank two vector bundles on an elliptic curve. It also aims to
provide an outline of stability of vector bundles to serve as a
motivation for the study of moduli spaces of vector bundles
over elliptic curves. The first section outlines basic defini-
tions and theorems. We will then study vector bundles on
P!. From here, we go on to classify indecomposable rank
two vector bundles over an elliptic curve. The final section
introduces the notion of stability of vector bundles.

1. INTRODUCTION

Nowadays, vector bundles play an inportant role in many areas
of mathematics such as algebraic geometry, algebraic topology and
differential geometry, in the theory of partial differential equations.

The theory of vector bundles and the mathematical formalism
developed over the years, for the study of vector bundle related con-
cepts leads to the clarification or solution of many mathematical
problems. Some of the vector bundle related concepts are general-
isations of well-known classical notions. For instance, the notion of
a section of a vector bundle over a space X is a generalization of a
vector valued function on X.

One of the important problems is the problem of classification
of bundles. The problem of classification of vector bundles over an
elliptic curve (i.e. a nonsingular projective curve of arithmetic genus
one) has been completely solved by Atiyah in [1].

2. PRELIMINARIES

For the purpose of this paper, X will denote a complex manifold,
unless otherwise specified. We will be working over C, the field of
complex numbers, throughout this paper.
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Definition 2.1. A complex vector bundle of rank n is a holomorphic
map p : F — X of complex manifolds which satisfy the following
conditions:

(1) For any point x € X, the preimage E, := p~1(z) (called a
fibre) has a structure of an n-dimensional C-vector space.

(2) The mapping p is locally trivial, i.e. for any point z € X,
there exists an open neighbourhood U; containing x and a
biholomorphic map ¢; : p~1(U;) — U; x C" such that the
diagram

UiX(Cn

commutes.

Moreover, ¢; takes the vector space E, isomorphically onto {x} x
C™ for each x € U;; p; is called a trivialisation of E over U. Note
that for any pair of trivialisations ¢; and ¢;, the map

gij - UiNVj; — GL(n,C)
given by
9ii () = @i 0 (5l {apxcn)

is holomorphic; the maps g;; are called transition functions for E
relative to the trivialisations ¢;, ¢;. The transition functions of
necessarily satisfy the identities

gij(x) - gji(x) =1 for all x € U; NU;
gij(x)'gjk(x)'gkzi(w):] for alleUiﬂUjﬂUk.

Conversely, given an open cover {U;} of X and transition func-
tions ¢;; : U; N U; — GL(n,C), for all ¢,j, then we can define
a vector bundle, F with transition functions g;; using the glueing
construction as follows: We glue U; x C™ together by taking the
union over all ¢ of U; x C™ to get E := | |(U; x C")/ ~, where
(x,v) ~ (2,5 (x)(v)), forall x € U; N U;,v € C™.

A vector bundle of rank 1 is called a line bundle (See [7] Section
5 for more details).
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Example 2.2. The simplest example is known as the trivial vec-
tor bundle of rank n, i.e. pry : X x C" — X, where pr; denotes
projection to the first factor.

The trivial line bundle on X, i.e. X x C — X will be denoted by
Ox, (or simply O if it is clear which X we are referring to).

Example 2.3. The set O(—1) C P" x C**! that consists of all pairs
(¢,z) € P"xC"*™! with 2 € £ forms in a natural way a line bundle over
P™. To see this, consider the projection p : O(—1) — P™, where p is
the projection to the first factor. Let P" = (J;_, U; be the standard
open covering. A canonical trivialisation of O(—1) over U; is given
by ou, : p~HU;) 2 U; x C, (¢, 2) — (£, 2;). The transition functions
gij(¢) : C — C are given by w j—g cw, where £ = (zg: -+ zp).
Definition 2.4. Let p: F — X and p’ : E/ — X be two complex
vector bundles on X. A holomorphic map f : E — E’ is called a
morphism of vector bundles if the diagram

f
E E’
X
commutes and for each point x € X the map f|g, : E;, — E. is a
homomorphism of vector spaces.

Let E and E’ be vector bundles over X with rank r and 7/, re-
spectively and let {U;} be an open cover of X such that E and E’ are
trivial over U; for each 7. A morphism f : E — E’ can be described
locally by holomorphic functions, f;, as follows. For each 7, using
trivialisations of F and E’, f induces maps

U; x C" — U; x C", (x,v) — (z, fi(z)v)

where f; : U; — Mat,x,(C). These holomorphic functions necessar-
ily satisfy

fi(z) - gij(x) = ggj(x) - fi(z) for all x € U; N U;

where g;; and g;; are transition functions of £/ and E’, respectively.
Note that a set of functions {f;} defines an isomorphism of vector
bundles if an only if f;(x) are invertible matrices for all ¢ and .
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Remark 2.5. 1t is important to note that this definition of a mor-
phism of vector bundles does not make the category of vector bundles
into an abelian category. For instance, if f : E — E’ is a morphism
of vector bundles and the rank of f is non-constant then dim(ker(f;))
jumps and so ker f cannot form a vector bundle. The same would be
true for coker f. On the contrary if dim(ker(f,)) is constant on x,
then both ker f and coker f are vector bundles. This can be shown
locally by a rank argument. It is necessary to use strict morphisms
if an abelian category is required.

Definition 2.6. Let E be a vector bundle on X and let {U;} be an
open cover of X. If the transition functions of E are g;;, then the
dual bundle, E*, of E is given by transition functions

h”(CI}) = tgij(x)_l Ve e U; N Uj
Definition 2.7. A sequence of morphisms of vector spaces
0 AL B2 . 0c— 0

is called a short exact sequence if kerg = im f, and if f is injective
and g is surjective.

Definition 2.8. A sequence of morphisms of vector bundles over X

0 E’ E E" —0

is an exact sequence of vector bundles if

0 E;c E, EZ — 0

is an exact sequence of vector spaces for all + € X. The vector
bundle E’ is called a subbundle of E, and E” is called a quotient
bundle of FE.

We also say that an exact sequence of vector bundles

0 E’ E E" —0

is an extension of E” by E’. In this case FE is called an extension of
E" by E'.

Definition 2.9. Let U be an open set in X. A holomorphic map
s: U — FE is called a holomorphic section of E over U if pos = idy.
Sections over X are called global sections of E. Global sections can
be added and multiplied with a scalar, so the space of global sections
is in fact a vector space. It will be denoted by H°(X, E).
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Remark 2.10. Let f : E/ — E be a morphism of vector bundles. This
induces a linear map of spaces of sections H°(f) : H*(E’) — HY(E)

by HO(f)(s") := fos'.

2.1. Cohomology: Given a short exact sequence of vector bundles
over X

0 -t B2 F 0
we can take global sections to get an exact sequence

HO(f) H°(g)
_— _

0 —— HYX,E") HY(X,E) oox, g (1)

in which the last map H%(g) : H(X,E) — H%X,E") is not in
general surjective. For a counter example to H%(g) being surjective
see [4] Chapter 8.

Since we get the exact sequence (1) above, we say that the global
section functor is left exact. This global section sequence extends to
a long cohomology exact sequence. For any vector bundle F on X,
the natural cohomology groups H*(X, E) (also denoted H*(E) if it
is clear which X we are referring to), for all ¢ > 0, can be defined
satisfying the following property. Given a short exact seqence

0 E’ E E" —0

of vector bundles, there is an induced long exact sequence of coho-
mology groups

0— H"X,F')— H'X,E) - H(X,E") - HY(X,E') — ---

I will not define these cohomology groups in this paper, except to
note that they exist and are very useful in computations. The di-
mension of H*(X, E) will be denoted h*(X, E). In the case of a curve
X the cohomology groups H(X, E), vanish for all i > 1, where 1 is
the dimension of X, i.e. only the cohomology groups H°(X, E) and
H'(X,E) are nonzero. (In fact H*(X, E) vanish for all i > dim X
for a more general X than just a curve though we do not need this
fact in this paper. See [4] Chapter 8 for more details).

2.2. Ext groups: If ' and E’ are vector bundles over X, we denote
by Homx (E, E") (or Hom(E, E’) if it is clear which X we are refer-
ring to) the vector space of vector bundle morphisms. For a fixed
E, Hom(FE,-) is a left exact covariant functor from the category of
vector bundles to the category of vector spaces, i.e. given a short
exact sequence of vector bundles

0 F’ F F'"—0
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we get another exact sequence in which the last map is not surjective
in general

0 —— Hom(E,F') —— Hom(E,F) —X— Hom(E, F")
2)
And so in a similar fashion to the way we defined cohomology
groups H*(E), we can define what are called the Ext groups, which
allow us to extend our short exact sequence (2) to a long exact
sequence as follows:

0 —— Hom(F,F’) —— Hom(E,F) —— Hom(FE, F")
—— Ext'(E,F') —— Ext'(E,F) ——

We say that Ext’(E, -) are the right derived functors of Hom(E, -). So
in particular we have Ext’(E, ) = Hom(E, -). We have the follovvmg
proposition to see the relationship between the cohomology groups
H* and the Ext groups (for a full proof of this proposition see [5]
Proposition 6.3).

Proposition 2.11. For any vector bundle E on a complex manifold
X we have:

Ext"(Ox, E) = H (E) for all i > 0.

Similarly we have:

Ext'(E,Ox) = H(E*) for all i > 0.

Proof. Here we will just give a proof of the first statement, where
i =20. Let f € Hom(O, E), a fibre-wise holomorphic morphism such
that the following diagram commutes

X xC

\/

Let s : X — FE be a holomorphic section of F, i.e. pos = id,. Define
two linear maps

o : Hom(O, E) — H°(E)
and
B : H°(E) — Hom(O, E)

as follows: Define a(f)(z) := f(x,1) and ((s)(x, A) := X - s(x).
We see that G(a(f)) = f as follows:
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Bla(f)(x,A) = A (a(f)(x)) = A f(x,1) = f(z,A), where the
last equality uses the fact that f is linear on fibres.

Similarly we obtain a(8(s))(z) = 8(s)(x,1) = s(x), so a(G(s)) =
s. Hence a and  are inverses of one another and we get

Hom(O, E) = H°(E).
O

Remark 2.12. Given a vector bundle E, and given that H°(E) # 0,
then from Proposition 2.11 we know that Hom(O, E) # 0. So we
have f : O — E. We can say that O C FE, though here ‘C’ does
not denote a subbundle, but rather a ‘subsheaf’. Vector bundles
can also be described as sheaves (in particular locally free sheaves)
though we have not built up this language in this paper. It suffices
to know that if O C E as a subsheaf then we can extend this to get
a line subbundle M C E on X, a smooth curve (See [9] Chapter 10
for more details). This will be useful in proofs later on.

The notion of a degree of a line bundle on a curve was introduced
in [7] (Section 5). We can extend this definition to vector bundles of
arbitrary rank. To do so we must first define the determinant line

bundle.

Definition 2.13. Given a vector bundle E of rank r, it’s deter-
minant line bundle is defined to be the r-th exterior power of F,
denoted:

det £ .= A"FE.

where the fibres of X for any € X are canonically isomorphic to
N E,.

For those of you who are unfamiliar with exterior power, we can
reformulate the definition as follows: Given an open cover {U;} of
X and a vector bundle E over X with transition functions g;;, the
determinant line bundle of E is given by transition functions h;;
where

hw(fﬁ) = detgij ([E) S GL(l, (C), for all x € U; N Uj

This now allows us to define the degree of a vector bundle as
follows.

Definition 2.14. The degree deg E € Z of a vector bundle is the
degree of its determinant line bundle det F.
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Remark 2.15. Recall from [7] that the degree of a line bundle is the
degree of it’s associated divisor and every line bundle can be written
as O(D), with D a divisor on X.

If E lies in an exact sequence of vector bundles on X as follows:
0—-F —FE—E'"—-0
then there is an isomorphism

det B/ @ det £ =2 det E.

Since det £’ and det E” are line bundles we get deg £ = deg E' +
deg E” (as in general deg(L ® L’) = deg L + deg L, where L and L’
line bundles). In other words, degree is additive on exact sequences.
As a special case, if a vector bundle £ = L1 & L is the direct sum
of two line bundles L and L, then we have

0—Ly —-FE—Ly—0
with deg £ = deg L1 + deg Lo.

Remark 2.16. Let E be a vector bundle of rank r over a complex
manifold X. If we tensor £ with a line bundle L, then deg(F ® L) =
deg F +rdeg L. In particular for £ of rank 2 we have deg(E ® L) =
deg ¥ + 2deg L. To see this let’s look at an example:

Let E = L{ @ Ly for line bundles L; and L. Tensor this with
another line bundle L to get

FQL=(L1®L)®@L=(L1®L)® (La®L)
Now

deg(F® L) = deg(L1 ®L)+deg(Ly® L)
= deglLy+degL + deg Ly + deg L
= deglLy+degLs+2degL
= degE + 2degL.
In this way, when considering vector bundles of rank 2, it is enough
to consider vector bundles of degree —1 or 0 (or indeed, any even
and odd degree), then by tensoring with a line bundle of appropriate

degree we get all other degrees. We call this the “tensor product
trick”.

Definition 2.17. An exact sequence of vector bundles

0—-FE —-FE—FE'—0



RANK TWO VECTOR BUNDLES ON ELLIPTIC CURVES 83

splits if and only if there exists a homomorphism f : £/ — E for

which the composition E” / E E is an isomorphism.
In this case, the map f is called a splitting of the sequence.

Now consider, on any curve, a short exact sequence of vector
bundles

B

E: 0 —— M —% + F

L 0.

By applying Hom(L, —) to this sequence we get the following mor-
phism:

Hom(L,L) —>— Ext!(L, M)

Definition 2.18. The image under the coboundary map ¢ of id;, €
Hom(L, L), which we will denote by

6(idp) € Ext' (L, M) = HY(L* ® M),
is called the extension class of E.
By exactness of
Hom(L,E) —%— Hom(L,L) —>— Ext!(L, M),

if §(idz) = 0, then there exists a homomorphism f : L — FE for
which the id;, = fo f: L — L, i.e. the sequence E splits. Moreover,
if [E splits, there exists f : L — FE such that idy = (o f. Because
the composition, p o 4 is zero, we have §(idy) = 0. Hence we have
the following proposition:

Proposition 2.19. The sequence E, i.e.
0O—-M-—F—L—O.

splits if and only if Ext'(L, M) = 0. In particular, if Ext' (L, M) =
HYL*® M) =0, then every ezact sequence IE splits.

Remark 2.20. For each a € Ext'(E”, E') there exists an extension
0—-EFE —-E,—E"—0 (3)

with a vector bundle, F,, in such a way that « is the extension class
of (3). Moreoever, E, = Ej if and only if there exists A € C* such
that a = AB. (See [10] Section 3.4 for more details)
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2.3. Riemann-Roch Formula for curves. We have a very useful
tool, called the Riemann-Roch formula, which tells us a lot about the
cohomology groups of a vector bundle £, HY(E) and H!(E), once
we know the rank and degree of E. The Riemann-Roch formula is
as follows: If F is a vector bundle of rank r on a curve of genus g,
then:
h(E) — h'(E) =degE —r(g —1).

In addition to the Riemann-Roch formula, one of the other major
tools we have in dealing with cohomology is Serre duality. The fol-
lowing proposition outlines Serre duality, though will not be proved
as the proof is too involved for this paper.

Proposition 2.21. (Serre duality) Let X be a smooth projective
curve. Let E/ be a vector bundle on X. Let Kx be a canonical line
bundle on X. Then there are canonical isomorphisms

HY(X,E)~2 H' (X,Kx ® E*)*.
and

HY(X,E)~ H'(X,Kx ® E*)*.
In particular it follows that H°(X, E) and H'(X, Kx ® E*) have the
same dimension.

While I have not defined K x, the canonical line bundle, for the
purpose of this paper it will suffice to know what Kx is in the case
of a curve. This is outlined below:

X=P': Kx=0m(-2), deg(Kx)=-2
X =elliptic curve: Kx =0x, deg(Kx)=0
X =curve of genus g > 2: deg(Kx) =2g — 2.
Refer to [5] Section II1.7 for more details on Serre duality.

Lemma 2.22. Let L be a line bundle on a curve, C, of genus g.
Then we have the following:

(a) H°(L) = 0 if deg L < 0.

(b) HY(L) =0 if deg L > 2g — 2.

(c) L= O ifdegL =0 and s € HY(L),s # 0.

The proof of (a) and (c) of the lemma above uses the correspon-
dence between line bundles and divisors (see again [7]) and the fact
that the divisor defined by a nonzero holomorphic section of a line
bundle is always positive. The proof of (b) follows from Serre duality
and part (a).
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Lemma 2.23. If E is a vector bundle on a curve C of genus g, then
the degree of its subbundles F C E s bounded above.
Proof. ([9], Corollary 10.9) Since the global sections functor is left
exact, we get
HY(F)c H°(E)
This implies that h°(F) < h(E). Now by Riemann-Roch we know
hY(F) — hY(F) = deg(F) + tk(F) - (1 — g).
From this we get
deg(F) +1k(F) - (1 — g) + h'(F) < h°(E)
and by rearranging we have
deg(F) < h°(E) —rk(F) - (1 - g) — h'(F)

Now if g = 1, we see that deg(F) < h°(E) — h'(F) and since
hl(F) > 0, we get deg(F) < hO(E).

If g = 0, then deg(F) < h°(E)—rk(F)—h!(F) and since rk(F) > 0
and h'(F) > 0, we see that deg(F) < hO(E).

If g > 2,deg(F) < h%(E)+rk(F)-(9—1)—hY(F) < hY(E)+rk(E)-
(g — 1) — h1(F) (since rk(F) < rk(E)). Again, since h'(F) > 0, we
get deg(F) < h%(E) +1k(E) - (9 — 1). Hence we see that in any case
the degree of F' C F is bounded above. [

3. VECTOR BUNDLES ON P!

Before we move on to vector bundles on an elliptic curve (i.e. a
curve of genus one), it makes sense to look at vector bundles on a
curve of genus zero (P1). Let us now restate Lemma 2.22 in the case
of P!, where genus g = 0, to see how the cohomology of line bundles
on P! is particularly simple.

Lemma 3.1. Let L be a line bundle on P'. Then we have the
following:
(a) H°(L) =0 if deg L < —1.
(b) HY(L) =0 if deg L > —1.
By Riemann-Roch we also have,
hY(L) — h'(L) = deg L + 1.

Remark 3.2. We have seen from [7] that for L a line bundle, L* is
the inverse of the line bundle L in the Picard group. We have also
seen that deg : Pic X — Z is a homomorphism (where Pic X denotes
the set of line bundles over X) and so we get deg L* = — deg L.
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Lemma 3.3. The homomorphism deg : PicP! — Z is an isomor-
phism.

Proof. See [4] Lemma 6.2.11. O]

We have a classification for all vector bundles on P! as follows:

Lemma 3.4. Fvery rank 2 vector bundle on P! is isomorphic to a
direct sum of two line bundles

Proof. (][9], Lemma 10.30) Let E be a rank 2 vector bundle on P?.
Tensoring with a line bundle if necessary, it is enough to assume
that deg ' = 0 or —1. First, by the Riemann-Roch formula we
note that HY(E) # 0, and so from Remark 2.12 above we get a line
bundle M C E, and M = O(D) for some positive divisor D > 0. In
particular, deg M > 0, and denoting the quotient by L := E /M, we
have an exact sequence

O— M —FE—L—Q0.

Now deg F = deg L +deg M, hence deg(L*®@ M) = deg M —deg L =
—degE + 2degM > —degE > 0. From Lemma 3.1 (b), we get
HYL* ® M) = 0. By Proposition 2.19, therefore, the sequence
splits. ]

Grothendieck’s Theorem 3.5. Every vector bundle on P! is iso-
morphic to a direct sum of line bundles
Proof. ([9] Theorem 10.31) Let E be a vector bundle of rank r on
P!. Proof is by induction on the rank r > 2 of E, starting with
the previous lemma. Serre’s Theorem ([5] I1.5.17) tells us that there
exists a line subbundle in E. Now let M C E be the line subbundle
whose degree, m = deg M, is maximal among line subbundles of F
(Lemma 2.23). Let F' := E/M be a vector bundle of rank r — 1.
Claim: Every line subbundle L C F' has deg L < m.
Now we have a short exact sequence as follows:

O—-M—-FEF—F—0

By considering the preimage L C E of L under the quotient mor-
phism FF — F we get a diagram as follows:

0 M E F 0
0 M L L 0
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Clearly L is a rank 2 vector bundle, and we see deg L = m + deg L.
By Lemma 3.4, we know L = L1 ® Lo for some line bundles L4
and Ly. Now deg(L) = deg(L1) + deg(Ls) so one of Ly or Ly must
have deg at least deg(L)/2. Let N denote that line subbundle, of
degree at least deg L /2. Because N is a subbundle of E, as well as
our choice of M we get m > deg N > (deg L)/2 = % and the
claim follows easily from this.

By the inductive hypothesis, we know the quotient bundle F' is
isomorphic to a direct sum F' = L1 & --- & L,_1 of line bundles and
the claim gives us deg L; < m. Since H'(Lf @ M) = 0 for each 4. It
follows that the exact sequence

r—1
0—>M—>E—>€BL1—>0
1=1

splits. ]

Definition 3.6. A vector bundle, F, is called decomposable if it is
isomorphic to the direct sum E; @ E> of two nonzero vector bundles;
otherwise, FE is called indecomposable.

By definition of decomposability, every vector bundle is the direct
sum of indecomposable ones. Therefore, it suffices to know the inde-
composable vector bundles on a curve in order to know them all. We
have seen that all vector bundles on rational curves are the direct
sum of line bundles. As well as the notion of an indecomposable
vector bundle, we also have the notion of a simple vector bundle.

Definition 3.7. A vector bundle FE is simple if its only endomor-
phisms are scalars, End £ = C. Every line bundle is simple.

A simple vector bundle is necessarily indecomposable. To see
this let us start with a decomposable vector bundle & F. Consider
f:E®F — E®F, where f = idg ®0p where idg is the identity map
on E and Op is the zero map on F'. Clearly then End(E & F) # C,
i.e. F is not simple.

Note that the converse is not true, i.e. an indecomposable vector
bundle is not necessarily simple (This can be seen by a counterex-
ample, Example 4.4 below).
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4. CLASSIFICATION OF ALL INDECOMPOSABLE RANK TWO VECTOR
BUNDLES ON AN ELLIPTIC CURVE C

We are now ready to look at the case of a nonsingular curve
of arithmetic genus one (i.e. an elliptic curve). Atiyah’s paper of
1957 ([1]) provided us with an answer to this case. We have already
seen in Lemma 3.3 that there is exactly one line bundle on P! for
every degree. In particular Pic’(P') = {O}, where Pic’(P') denotes
the set of line bundles of degree 0 on P!. However it turns out ([7]
Theorem 20) on an elliptic curve, C, that Pic’(C) is in bijection to
C and so on elliptic curves there are more vector bundles in the sense
that nontrivial extensions appear. For the purpose of this paper we
will be concentrating on rank 2 vector bundles on an elliptic curve.
In this section we will give a classification of all indecomposable rank
2 vector bundles on the elliptic curve C.

First let me return to the Riemann-Roch formula for a vecor bun-
dle F, this time looking at a curve of genus 1, i.e.

hY(E) — h*(E) = deg E
Note that every line bundle, L, on C satisfies:
hY(L) — h*(L) = deg L
The next lemma follows from the above equation and Lemma 2.22:

Lemma 4.1. Let L be a line bundle on an elliptic curve. Then we
have the following:

(a) H°(L) = 0 if deg L < 0.

(b) HY(L) = 0 if deg L > 0.

(c) If degL =0 and L 2 O, then HY(L) = H'(L) = 0.

Lemma 4.2. If E is an indecomposable vector bundle of rank 2
on a smooth projective curve, X, then every line subbundle L. C E
satisfies

2deg L < degE +2g—2

Proof. Let M be the quotient line bundle E/L. This gives us the
following short exact sequence:

O—L—FE—-M-—0

which corresponds to an element in Ext'(M,L) & H'(M* ® L).
Now since E is indecomposable, this sequence cannot split and hence
HY(M* ® L) # 0 by Proposition 2.19. By Serre duality, this implies
that 0 # HY(M*® L)*®@ Kx)* = H'(M ® L* ® Kx)*. This in turn
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implies that deg(M ® L* ® Kx) = deg M —deg L +2g —2 > 0 from
Lemma 2.22 (a). Now from the short exact sequence above we know
that deg £ = deg M + deg L, i.e. deg M = deg E' — deg L. Hence we
get

degF —degL —degL+29g—22>0

From this, we get the inequality in the lemma. ]

Let E(r,d) denote the set of isomorphism classes of indecompos-
able vector bundles of rank r and degree d over X, an elliptic curve.

Theorem 4.3. (a) There exists a vector bundle E, € £(r,0), unique
up to isomorphism, with H°(E,) # 0. Moreover, we have an eract
sequence:

0—-0Ox —FE.—FE._1—0

(b) Let E € E(r,0), then E = E,. ® L, where L is a line bundle of
degree zero, unique up to isomorphism.

Proof. See [1] Theorem 5. O

Example 4.4. The bundles E, of Theorem 4.3 are sometimes called
the Atiyah bundles. For r > 2, they are examples of indecomposable
vector bundles which are not simple. Let us prove now that Fs is
not simple.

We know FE5 sits in an exact sequence as follows:

0 0y -1+ £, Ox 0

Applying Hom(—, E2) to this sequence, we get

0 — > Hom(O, Ey) — Hom(Es, Es) ——> Hom(O, Ey)

Now Hom(O, E3) = H°(E3) from Proposition 2.11. From our as-
sumption on Es, we know H°(E3) # 0, i.e. h°(E3) > 1. Now let
idg, denote id € Hom(FEs, F3). We know, under the morphism (3,
that idg, — f € Hom(O, E3) # 0, i.e. B(idg,) = f # 0. This
implies B # 0. So we get the following short exact sequence:

0 — Hom(O, E2) — Hom(Fs, Ey) — im(8) — 0
Since (8 # 0, we know that dim(im(3)) > 1. Now since dim is addi-
tive on exact sequences, dim(Hom(Fs, E»)) = dim(Hom(O, Es)) +

dim(im(B)) > 2. Hence by the definition of a simple vector bundle
(Definition 3.7), we know that Fs is not simple.
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Let us now classify all indecomposable rank 2 vector bundles on
an elliptic curve. We first consider the case of even degree.

Proposition 4.5. On a curve, C, of genus 1 every indecomposable
rank 2 vector bundle, E, of even degree is an extension of the form

0 M E M 0

for some line bundle M on E

Proof.  ([9] Proposition 10.48) Using the tensor product trick, it is
enough to consider the case where deg F = 2k. If M; € Pic*(C),
i.e. Mj is a line bundle of degree k, then ¥ ® M; is of degree 0.
In other words, E ® M; € £(r,0). By Theorem 4.3, we know that
there exists My € PicO(C) such that £ ® M; = FEy ® My, where Es
is the so-called Atiyah bundle from Theorem 4.3. Then FE5 sits in a
nonsplit exact sequence as follows

0— O — Ey — Oc — 0.

If M := Ma®DM;, we obtain E =2 F>,® M and tensoring this sequence
by M, gives a short exact sequence

O—M—-FE— M —D0.

The following proposition contains the odd degree case.

Proposition 4.6. On a curve, C, of genus 1, given a line bundle
L of odd degree, there exists, up to isomorphism, a unique indecom-
posable rank 2 vector bundle E with det E = L.

We refer to [9] Proposition 10.47 for the proof.

Theorem 4.7. For each integer n, there is a one-to-one correspon-
dence between the set of isomorphism classes of indecomposable vec-
tor bundles of rank 2 and degree n on the elliptic curve C, and the
set of points on C.

Sketch of correspondence We will denote by Pic"(C), the set of
degree n line bundles on C'. Recall from [7], Theorem 20, that there is
an isomorphism of manifolds C' 2 Pic’(C) and in fact ([7], Theorem
21) there is an isomorphism C 2 Pic"(C) for all n € Z.

Now let F be an indecomposable rank 2 vector bundle of degree
n on C. If n is odd, from Proposition 4.6, we know that there is
a unique indecomposable rank 2 vector bundle F of degree n, with
det £ = L. Hence use Pic"(C) = C to obtain the result.
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If n is even from Theorem 4.3 we know there exists, L, a line
bundle of degree zero, unique up to isomorphism such that £ ® L is
isomorphic to the unique nontrivial extenstion of O¢ by O¢. Since
Pic’(C) = C again we obtain the result.

5. STABILITY

The notion of stability comes from the theory of moduli spaces.
The variety, Pic?(C) with the Poincaré bundle, of degree 0 line bun-
dles on an elliptic curve (See [7] Section 6) is an example of a mod-
uli space. Loosely described a moduli space is an algebraic variety
which parametrises the set of equivalence classes of some objects.
For example we could consider the moduli space of rank two vector
bundles on an elliptic curve, C'. It turns out that the set of isomor-
phism classes of vector bundles of rank 2 and degree d on an elliptic
curve is unbounded (briefly, this means that we can find families of
arbitrarily high dimension which gives us vector bundles of rank 2
and degree d. See [6] Chapter 1), which poses a problem when con-
structing the corresponding moduli space. To overcome this problem
we restrict our study of vector bundles. One form of restriction is to
study ‘stable’ vector bundles. Using stable bundles, one to construct
the moduli space of (stable) vector bundles of rank 2 and degree d
on C.

We will begin by giving a more explicit definition of a subbundle
and quotient vector bundle.

Definition 5.1. Let F' and E be vector bundles of rank r and n
respectively, with r < n and F' C FE is a submanifold. Then, F
is called a subbundle of E if there exists an open covering {U;} and
transition functions g;; : U;NU; — GL(r, C) for F and h;; : U;NU; —
GL(n,C) for E such that

hij(z) = ( gijéx) fz'j*(l') ) .

The quotient bundle G = E/F is described by transition functions
Jij-

Now we are ready to define the stability of a vector bundle.
Definition 5.2. A vector bundle, £ on a curve, is stable (resp.
semi-stable) if every nonzero vector subbundle F' C E satisfies

deg F' < deg £
rk F rk F

(resp. <).
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(Or equivalently, we can also say that a vector bundle F is stable
(resp. semi-stable) if i‘f{gg > i‘i{g 53
quotient G of F).

(resp. >) for every non-zero

From this definition we can see that a vector bundle E of rk2 is
stable (resp. semi-stable) if every line subbundle F' C E satifies

1
deg F' < 3 deg E (resp. <).
We call the rational number i‘i{gg the slope of E. The picture below
illustrates the reason for this name.

deg

» rank

The definition of stability above is often referred to as slope-stability.

Lemma 5.3. Let E be a vector bundle of rank 2. If deg E is odd,
then stability and semi-stabilty are equivalent.

Proof. Clearly if FE is stable, then E is semi-stable. For the other
direction, we assume F is semi-stable with degree n. Now let F' C E

be a nonzero subbundle of F, so deg F' < 5. Since deg F' is an integer,
deg F' # 5 as n is odd. Hence deg F' < 3, i.e. £ is stable. O]

. deg E1 deg E>
Lemma 5.4. If Fy and Es are semi-stable , and B O kB

then Hom(E1, E3) =0

Proof. Let f : E1 — E5 be a morphism, and let F' C F» be it’s image.

Since Fs is semi-stable, if F' % 0, then ﬁg]f < i‘i{gEE;. But Ey is

semi-stable and F' is a quotient of E7, and therefore digg L < diglf ,
r 1 r
a contradiction unless F' = 0. 0

5.1. Jordan-Holder filtrations. Consider a rational number p and
let C(u) denote the category of semi-stable vector bundles of slope
p. This turns out to be an abelian category (See [8] Chapter 5 for
more details). This allows us to define Jordan-Hélder filtrations for
each semi-stable bundle: these filtrations are important in order to
understand the points of the moduli space of stable vector bundles
of rank 2 and degree d (or indeed any fixed rank and degree).
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Definition 5.5. Let F be a semi-stable vector bundle of slope p. A
Jordan-Holder filtration of F is a filtration of vector subbundles

OCEiCEyC---CEy=F

in C'(p) such that the quotient gr; = F;/E;_1 is a stable bundle in
C(p). The integer k is called the length of the filtration and the
direct sum &P, gr; is called the associated grading.

Let us now see how to get such a filtration. Consider first if E
is stable, i.e. VE; C E, u(E;) < p(FE). In this case, the filtration is
clear. Namely

OCE =F

Now we consider when F is strictly semi-stable, then there exists
subbundles in C'(u) and one of these, 1 must be stable. If not then
we can construct an infinite descending sequence of subbundles in
C'(p) in which the rank strictly decreases but this is impossible as
the rank of nonzero subbundles of E is bounded below by 1. So
E/FE; is also in C(u) and we can continue the construction until we
obtain our filtration as above.

5.2. Harder-Narasimhan filtrations.

Lemma 5.6. (a) Let d,d',r,r" € Z with r,r" > 0.

(i) If &> &, then ¢ > &L > &

(i) If ¢ = ‘j%f,, or f—: = fif,l then 4 = f—:.
(b) Let 0 - E' — E — E"” — 0 be a short exact sequence of nonzero
vector bundles on X.

(i) If X € R such that p(E') < X and p(E") < A, then p(E) < A.

(i) If p(E') = p(E) or p(E) = p(E") then p(E') = p(E").

(c) If

O=FyCEiCEyC---CFE,=F
is a filtration by subbundles of E such that u(E;/E;—1) < X for all
1=1,...,n:
(i) then p(E;) < X for alli=1,...,n. In particular, p(E) < A.
(i) If, for at least one i, we have u(F;/E;—1) < A, then u(E) < A.

Proof. (a) The proof of this is a simple calculation.

(b) Because of the fact that rk(E) = rk(E’)+rk(E"”) and deg(F) =
deg(E") + deg(E"), this follows immediately from (a).
(c) This follows from (b) using exact sequences

0—FE,1—FE, —-FE/E,_1—0
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foralli=2,...n. O

Each vector bundle admits a canonical increasing filtration whose
successive quotients are semi-stable. This allows us to classify bun-
dles which are not semi-stable in terms of semi-stable bundles.

Proposition 5.7. Let E be a vector bundle on a curve X. Then E
has an increasing filtration by vector subbundles

O=FyCFLCEyC---CE,=F

where the quotient gr, = F;/F;_1 satisfies the following conditions:

(1) the quotient gr, is semi-stable;

(2) :u(grz) > /“L(gri—l—l) fOTi = 17 U 7k — 1
Proof. ([8] Proposition 5.4.2) If F is already semi-stable then the
result is trivial. Assume, therefore that F is not semi-stable. We
will prove this by induction on the rank of E. If rk(F) = 1, then
the result is trivial as all line bundles are automatically stable. Now
assume rk(F) > 2. We know, from Lemma 2.23, that the degree
of all subbundles of E is bounded above. On the other hand, sub-
bundles can only have ranks 1,2,...,rk(F) — 1, hence the slope of
the subbundles of E is bounded above. Among all the subbundles
of maximal slope, let E; be the one of maximal rank. Then FE; is
semi-stable because it has maximal slope. Let £/ = E/FE;, then we
have the following short exact sequence:

0—-F —EFE—FE —0

where rk(E') < rk(E).
By inductive assumption E’ has an increasing filtration satisfying
the conditions of the proposition, i.e.

OCF,CF3C---CF,=F
with
p(F2) > p(Fs/Fz) > - > p(Fy /[ Fr-1)

and F;/F;_1 is semistable for 2 < j < k. In particular, F5 is
semistable.
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Let E; C E be the preimage of F; C E' under E — E’. This way
we obtain commutative diagrams with exact rows:

0 E; Ejp1 —— Fj11 ——=0
0 E; E; F; 0.

Hence E;y1/E; = F;y1/F; are semistable.

Now we need to prove u(F») < u(FE1), in order to show condi-
tion 2 holds. Since F; has maximal slope, pu(E2) < p(FE1). More-
over, since F/; has maximal rank among the subbundles with slope
w(Er), p(Ey) < p(Ep). From the diagram above we know that
deg(F>) = deg(F2) — deg(FE1) and rk(Fs) = rk(F2) — rk(Ep). So
we know p(Fy) = diﬁgg;g:fﬁ%ﬁ”. We can also write this as pu(Fy) =
rk(E)pu(E2)—rk(E1)p(Er)

rk(E2)—rk(E1)
rk(Ep)u(E) — rk(En)u(Er) _ rk(Ep)u(Eq) — rk(Er ) u(Ey)
rk(Fq) — rk(E7) rk(Fo) — rk(E7)

ie. wu(F2) < p(Er). Now since Ey/E; = Fy, we have u(E;) >
pu(E2/Eq1). We can the repeat the process until we obtain a quotient
E/E)_1 which is semi-stable. O

. Then we have

Lemma 5.8. If
O=FEyCFEiC---CFE,=F

1s a filtration of E satsifying the conditions of Proposition 5.7 above
and E' C E is a nontrivial subbundle of E then u(E') < u(E7) and
if W(E') = u(Ey), then E' C Ey.

Proof. We define a filtration of E’' by E! := E'N E; for all i =
1,...,n. Because I = E; N B}, we obtain E;_ ,/E; C E;1/E; for
i=1,...,n— 1. Now since F;;1/E; is semistable, we have either
W Ei1/E) < p(Eiy1/E;) or Eiy, = Ej. Because u(Ei11/E;) <
p(Eyr) for i = 1,2,...,n — 1, we obtain from Lemma 5.6 (c) that
p(E") < p(Er). Now if ¢ > 1 and E; ; # E; then p(E; ,/E]) <
w(Eiy1/E;) < p(E1). Hence by Lemma 5.6 (c) again, if u(E")
p(E1) we must have B | = E; for i = 1,2,...,n — 1, ie. B’
E.

On I

Proposition 5.9. This filtration of Proposition 5.7 is unique.
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Proof. ([8] Proposition 5.4.2) Assume (E;)i=1,...n and (Fj)j=1...m
are two filtrations of E satisfying the conditions of Proposition 5.7
above. Now using the notation of Lemma 5.8 if we let £’ := F}
we get pu(F1) < w(Eyp). Similarly if we allow E' := Ep, we get
u(E1) < p(Fy). Clearly then, pu(Fy) = u(FEr).

Lemma 5.8 again implies 1 C F} and F; C Eq, hence E; = F}.
Using E'/FE; and F/F; we can proceed by induction as in the proof
of Proposition 5.7 to conclude that the filtration is unique. 0

The filtration of Proposition 5.7 is called the Harder-Narasimhan
filtration of E.

6. CONCLUSION

In conclusion, it is fair to say that the theory of vector bundles is
vast and indeed very interesting. We have seen how vector bundles
on P! are not very complex, in the sense that they can be written as
a direct sum of line bundles. We have also seen a classification for
indecomposable rank 2 vector bundles on elliptic curves.

One could also go on to study higher rank vector bundles on
elliptic curves or on curves of a higher genus, or even on higher
dimensional complex manifolds. These are all very interesting in
their own right.

In Section 5, we studied slope stability for vector bundles on
curves. As was mentioned, stable bundles are required when con-
structing moduli spaces of vector bundles. For the reader interested
in stability, from here you could go on to study Bridgeland stability
conditions ([2] and [3]) and the space of all stability conditions on a
particular complex manifold (e.g. an elliptic curve).
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