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Introduction

Let k be a finite field. Let (C,O) be an elliptic curve over k and let k(C) be the
function field of C over k. The main objects of study of this dissertation are elliptic
curves over k(C). To begin, we wish to give the reader a small motivation for the
problem we will consider.

Let f(x,y) be a polynomial in two variables with Q coefficients and consider
the algebraic curve given by the zero set of f, i.e.

C: f(xy)=0.

Suppose moreover that C has a rational point. It was already known to the ancient
Greeks that if C is a conic (g(C) = 0) with a rational point, then C always has
infinitely many rational points and it was proven by G. Faltings [ ] thata curve
C of genus g(C) > 1 never does. The most interesting case is g(C) =1, i.e for C an
elliptic curve. Here the rational points are not completely understood.

Let us briefly recall what elliptic curves are. An elliptic curve (E,O) over Q is
the projective closure of a curve defined by an affine Weierstraf$ equation

Eap: y*=x>+Ax+B (0.1)

for some A, B € Q satisfying 4A3 +27B2 # 0. These curves are the simplest examples
of projective algebraic groups of positive dimension. The abelian group E(Q) of
rational points on E is finitely generated [ ] and hence

E(Q) =Z" & (torsion )

for some nonnegative integer r and some finite abelian group ( torsion ). The tor-
sion subgroup is well understood [ ]. The number r measures the number
of points needed to generate all rational points on the curve and it is called the
(Mordell-Weil) rank of an elliptic curve. Hence the rank carries information about
the elliptic curve and its rational points. Already in 1901 H. Poincare asked [ |
an important question

"What is the range of possibilities for the minimum number of generators of E(Q)?”

There are algorithms that compute the rank for given A and B of bounded size, but
no general method is known.

There are however some results about how the rank behaves on average. Con-
sider the set £ consisting of elliptic curves E 4 p given by the equation (0.1) and such
that (0.1) is minimal (i.e. there is no u # +1 such that u® divides A and u* divides
B). We order these elliptic curves by their height, which we define as H(E4 g) =
H(A;B) := max{4|A3|,27B?}. Let X ¢ R and take £_x := {Eag € £: H(Eap) < X}.
Consider the average rank

Y. 1(Eap)
Eape€cx
= i : , 0.2
L 02
Eape€ex
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(if the limit exists). It is conjectured (Goldfeld, Katz-Sarnak) that p = % Recently
M. Bhargava and A. Shankar [ ] proved, that

Y. 1(Eap)
Eape€ex

lim sup N 1 <117

X—o00 }:

Eape€ex

and that liminfy_, ., is non-zero ( see [ ] for an overview about average ranks
of elliptic curves over Q).

It is natural to ask if one can obtain a result similar to the work of M. Bhargava
and A. Shankar in the function field case. Let us first recall this set up. Let k be
a finite field of characteristic p > 5. Let C be a smooth, geometrically connected,
projective curve over k and let k(C) be the function field of C over k. Let (E, O) be
an elliptic curve over k(C), i.e. a curve of genus 1 defined by an affine Weierstraf3
equation

y2 =x3+ Agx + Ag (0.3)

with A; € k(C) and A = 4ai +27A2 % 0. Néron [Ner] proved that the Mordell-Weil
group E(k(C)) of k(C)-rational points on E is finitely generated. And therefore we
can consider the (Mordell-Weil) rank #(E(k(C))) of E over k(C). Again the torsion
subgroup is well understood, see [K)M, Theorem 2.3.1]. To define the average rank
we need the notion of a height of an elliptic curve over a function field. It is a little
more complicated compared with the height over Q. Every elliptic curve (E,O)
over a function field k(C) has its minimal model i.e. an elliptic surface f : £ — C,
where £ is a unique smooth and proper surface over k admitting a flat and rela-
tively minimal morphism f to C with generic fiber E/k(C). We define the height
h(E,O) of an elliptic curve (E,O) as the degree of the line bundle fiwg/c. The
height is defined as h(E,O) = deg-(f+wg/c). Now we can consider the average
rank of elliptic curves over k(C) of height d

> r(Ek(©))

[(EO);h(E)=d

AR, =
d 1

[(EO)L;h(E)=d

The closest result to the work of M. Bhargava and A. Shankar in the function field
case is a theorem of of A. J. de Jong who proved that in the case C = P} and p > 7
we have

limsup limsup AR; < § (0.4)

Remark 0.0.1. We would like to mention that de Jong’s work predates the work of
M. Bhargava and A. Shankar.

The crucial part of the paper [ ] consists of showing that the following bound
holds

3 (E(K(O))) _q 3¢°

-10d-1 <
#AWt(E,0) ~ (¢*-1)(42-1)*(q-1)¥

limsup g
d—oo [(EO)Lh(E)=d

which he obtains by counting integral models of geometric objects representing
elements of Mordell-Weil groups (In fact A. J. de Jong proves a stronger result,
namely he bounds the average 3-Selmer rank, however as we are only interested
in average ranks we do not recall it here). For an overview about average ranks
over function fields see | ].



In this dissertation we treat the case when C = (C, O) is an elliptic curve over k.
The main result the author has obtained is the following bound

Theorem 4.5.10 Let (C,O) be an elliptic curve over a finite field k = IF; with q elements
and of characteristic p > 7. Let #C(IF;n) denotes the number of Fgn-rational points of C.
Then

r(E) _ #C(IF;)A
limsup g 3 ! ) (Fy) (0.5)

—10d+1( .
e (EOITh(E)=aTAUt(E,0) | = (9=1)%(q+1)%q

where the sum is taken over isomorphism classes of elliptic curves (E,O) over IF;(C) of
height d and the number A is given by

A =24C(F)q® + (24C(F,)* + #C(F,2)*)q’

+(HC(IFg JHC(IF 2) +#C(F 3)° +1-2#C(IFy) + #C(F,2)*)4° + (~2 - 2#C(F 2)* - 4#C(Fy)* )g°
+(~2#C(F3)° = 1 - 2#C(IFy) - 2#C(F,2)* - 24C(IF; J#C(F 2) )q*
+(#C(F2)* + 24C(IFy)* +4)q°

+(#C(Fy3)° +#C(F2)? + #C(Fy)® = 1 + 2#C(Fy) + #C(FgJ#C(F,2))q* - 2q + 1

Remark 0.0.2. We would like to mention that as much as for the function field
case of ]P]l (de Jong) there is a corresponding statement over rational numbers
(Bhargava-Shankar). We do not have a corresponding bound on the number the-
ory side.

To prove the theorem we apply the construction of A. J. de Jong from [ ]. We
first define a set A¢ 4, whose elements are elliptic families. We prove that it is finite
and bound its number of elements. Then we show that A ; has a subset whose
elements correspond to elements of Mordell-Weil groups.

Observe that the polynomial A in the variable g has degree 8 (as well as the
dominator of (0.5)) and leading coefficient 2#C(IF;). The main difference between
the rational function field case and the case of the function field of an elliptic curve
is that in our case, the number of the IF;-rational points of the elliptic curve con-
tributes to the limit. This is due to the fact that we can identify an elliptic curve
with its dual and therefore the number of line bundles of a given degree is equal
to the number of its k—rational points.

Furthermore, the author believes that the bound

lim sup limsup AR, < #C(IF;) (0.6)
q—>o0 d—oo
holds. One should be able to write and solve a recurrency similar to [ , Propo-

sition 4.12] and get a lower bound for the number of weighted number of ismor-
phism classes of elliptic curves over k(C) of a given height d. This bound should be
#C (]Fq)qlod‘lF (g) where F(q) is some rational function in g and then by a similar
argument as in the proof of [ , Corollary 1.3] (0.6) should hold. As the group
of k-rational points of C can be large, this bound would not be comparable to any
of the bounds of M. Bhargava and A. Shankar or A. ]. de Jong, but no other precise
information in this case is known.

Let us give a few words about the structure of the thesis. In Chapter 1.3 we
introduce basic facts about vector bundles on elliptic curves, which we need es-
pecially in Chapter 3. In Chapter 2 we give necessary definitions and prove im-
portant results, about elliptic curves over function fields of elliptic curves and give

Xi



an upper bound the weighted number of their isomorphism classes. Chapters 3
and 4 are the ingredients to prove the main result. In particular Sections 3.1, 3.2 of
Chapter 3 and Chapter 4 are theoretical and Sections 3.2.1, 3.2.2, 3.2.3 and 3.3 are
computational.

xii



Conventions and notations

(i)

(ii)

(iii)

(iv)

v)

(vi)

We denote by k a finite field with g = p® elements of characteristic p > 5 and
we work in the category of schemes of finite type over k. For a finite set X by
#X we denote, the number of elements in X.

A curve is a geometrically integral variety over k of dimension 1, similarly a
surface is a geometrically integral variety of dimension 2.

An elliptic curve defined over a field K is a couple (C, O), where C is a smooth
projective curve of genus 1 defined over K and O is a fixed K-rational point of
C. By Aut(E, O) we denote the group of automorphisms of the elliptic curve
E, that preserve the rational point O.

An elliptic surface is a morphism f : X - C of a smooth projective surface
to a smooth projective curve C whose generic fibre X; is a smooth curve of
genus 1 over x(1). An isomorphism of elliptic surfaces f; : X; - C and
f2 : X5 - C is an isomorphism of surfaces ¢ : X; - X such that it commutes
with mapsto C, f1 = fro¢. If f: X - C admits a sectionc (amap o :C - X
such that f oo = idc), then by Aut(f : X - C,0) we denote the group of
automorphisms ¢ : X - X over C, that preserve the given section o, ¢poc = c.

Let X be a smooth surface. A (-1)-curve in X is a closed sub scheme C c X
such that C = IP}, for some field extension k c k’ and such that Nc X = O¢(-1).

An elliptic surface f : X — C is called relatively minimal if there are no (-1)-
curves contained in the fibers of f. This is equivalent to saying, that every
birational morphism of elliptic surfaces ¢ : X; - Xp over C is an isomor-
phism.
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Chapter 1

Vector bundles on elliptic
curves

This chapter contains basic facts about vector bundles on elliptic curves, which
we use in later chapters, especially in Chapter 3. Section 1.1 includes general in-
formations about vector bundles on curves, we give definitions of a semi-stable
vector bundle, globally generated vector bundle, and their properties. We recall
Riemann-Roch Theorem and vanishing of cohomology of semi-stable vector bun-
dles. In Section 1.2 we show that on an elliptic curve over a finite field tensor
product of semi-stable vector bundles is semi-stable. This is a well known fact,
see [ 1, [ ] however we include our proof here as it is elementary and
uses only geometry of an elliptic curve. The idea of the proof comes from Georg
Hein. In Section 1.3 we recall some facts about torsion sheaves on elliptic curves.
The reader familiar with those notions may skip this chapter. We would like to
point out, that in this chapter k is a field of an arbitrary positive characteristic p
(not necessarily p > 5).

1.1 Vector bundles on curves

Let k be a finite field of characteristic p > 0. Let C be a smooth projective curve of
genus g over k. If E is a vector bundle on C, we define the slope y(E) of E as y(E) =

deg(E) / rk(E)- Moreover we define the (semi)stability condition as follows.

Definition 1.1.1. A vector bundle E on C is stable, if for all proper subbundles E' ¢ E
we have the inequality u(E") < u(E). A vector bundle E on C is semi-stable, if for all
subbundles E' ¢ E we have the inequality u(E") < u(E).

If E is not semi-stable, we say E is unstable.

Remark 1.1.2. In general one defines (semi)stability condition for subsheaves, how-
ever since we are dealing with vector bundles on smooth projective curves, instead
of subsheaves we are allowed to restrict ourselves only to subbundles, see page 73
of [Lel].

Suppose now that K is an extension field of k. Let E be a vector bundle on C. Form



the base extension
*

v*E—— S E (1.1)

Cxk ——C
oo
Spec (K) —~— Spec (k)

The degree and rank are preserved under the base extension k — K [ , page
97], hence is the slope yu(v*E) = p(E).

Definition 1.1.3. A vector bundle E on C is geometrically stable, if for any base field
extension Cx — C the pull back E ® K is stable. A vector bundle E on C is geometrically
semi-stable, if for any base field extension Cx — C the pull back E ®y K is semi-stable.

Proposition 1.1.4. [ , Proposition 3] Let E be a vector bundle on C. Then

E is semi-stable <= E is geometrically semi-stable

However there exist vector bundles that are stable but not geometrically stable
(see: [ D.

We use the convention from [, Notation 1.2.5]. If in a statement both (semi)stable
and (<) appear, then the statement stands for two, one with stable and strict in-
equality and the other with semi-stable and the non-strict inequality.

One can consider quotients E - E’ to obtain an equivalent statement of (semi)stability.

Lemma 1.1.5. [ , Proposition 2.6] A vector bundle on C is (semi)stable if and only if
for all quotients E — E' we have

H(E)(Sp(E).
We also recall the Riemann-Roch theorem and Serre duality for curves.
Theorem 1.1.6. For a vector bundle E on C we have

h(C,E) - h'(C,E) = deg(E) -tk(E)(g - 1).
The h'(C, E)-dimensional vector space H'(C, E) is dual to H*(C,wc ® EY).
Lemma 1.1.7. Let E be a vector bundle on C. For any subbundle F ¢ E
u(F) <h%(C,E)+(g-1). (12)
Proof. If F is a subbundle of E, then
H°(C,F) < HY(C, E).
Moreover by Riemann-Roch we have
1(C,F) = deg(F) - rk(F)(g - 1) + k' (C, F) > deg(F) - rk(F)(g - 1).

Hence
u(F) <h°(C,E)+(g-1).



An unstable vector bundle contains subbundles, that destabilize it, among those
we distinguish the unique one of the maximal slope.

Definition/Proposition 1.1.8. [HL, Lemma 1.3.5] Assume that E is not semi-stable.
There exists a subbundle E; c E of the maximal slope among (1.2) and the maximal
possible rank. It is unique and semi-stable. The vector bundle E; is called the
maximal destabilizing subbundle of E.

One of the most important facts in the theory of vector bundles is that, every vector
bundle can be uniquely classified by semi-stable bundles.

Theorem 1.1.9. [L.¢P, Proposition 5.4.2] Each vector bundle E on C has a unique filtration
0=Eg¢EicEyc .. cEu=E (1.3)

such that all the factors
Ei/Ei

are semi-stable bundles with
w(E) > u(E2[E)) > o > u(E[E, )

The filtration (1.3) is called the Harder-Narasimhan filtration of E.

The basic properties of semi-stable vector bundles are collected in the following
proposition.

Proposition 1.1.10. [ , Proposition 2.6] Let E and F be two vector bundles on a
smooth projective curve C of genus g over k. Then

i) W((E® F) = u(E) +u(F)
ii) E is (semi)stable <= E" is (semi)stable.
iii) If E is semi-stable of slope u(E) < 0, then h°(C,E) = 0.
iv) If M is a line bundle on C, then E is (semi)stable < E ® M is (semi)stable.
v) If E is semi-stable and y(E) > 2g -2, then h'(C,E) = 0.

Definition 1.1.11. A vector bundle E is generated by its global sections at a point P €
C (or globally generated at P) if the images of the global sections of E (i.e., elements of
I'(C,E)) in the stalk Ep generate that stalk as a O¢ p-module.

Definition 1.1.12. A vector bundle E is generated by its global sections (or globally gen-
erated) if it is generated by its global sections at each point P € C.

This is equivalent to the surjectivity of the map
I'(C,E)®;Oc — E,
and to the fact that E is a quotient
OEM L E-0
where M is a positive integer.
Proposition 1.1.13. Consider the diagram (1.1). Let E be a vector bundle on C.

E is globally generated <= v*E is globally generated.



Proof. Assume, that E is globally generated. Since I'(C, E) ®, O¢ = f* f«E, the vec-
tor bundle E is globally generated if and only if the adjunction morphism
* 4
f*f+E—E (1.4)

is surjective. The morphism v is faithfully flat, therfore (1.4) is surjective if and
only if the map

o' FRE SN o E (1.5)
is surjective. As u is flat, from [ , Proposition 9.3] we have

O f fe(E) = (fov) fu(E) = (uog)” fu(E) = g"u” f+(E) = 8" &+v" (E).

Hence the map (1.4) is surjective if and only if the map
* * (P *
§ 80" (E) > 07 (E)

is surjective, however this is the condition that v* (E) needs to satisfy to be globally
genereted . This finishes the proof of the proposition. O

1.2 Semistability of tensor product on elliptic curves

Let (C,O) be an elliptic curve over k. In this section, using elementary methods,
we prove that the tensor product of semi-stable bundles on C is semi-stable. We
also show, that the symmetric powers of a semi-stable vector bundle on C are semi-
stable. The idea of the proof comes from Georg Hein.

Let us start with the following two lemmas.

Lemma 1.2.1. Let F be a semi-stable vector bundle on C, and L a line bundle on C. If
deg(L) > |i(F)| +2, then there exists an embedding

F‘—>L€BM

for some positive integer M.

Proof. The condition for the degree of L and semi-stability of F imply that the vec-
tor bundle F¥ ® L is semi-stable of slope

u(FYe®L) =deg(L)-pu(F)
>deg(L) - [u(F)]-1>1,

therefore i(F¥ ® L) > 1. We claim that F¥ ® L is globally generated: By Proposition
1.1.13 it is enough to prove it for v*(FY ® L) over Cg, where K is an algebraic
closure of k. By Proposition 1.1.4 for any P ¢ C, the vector bundle v*(F" ® L)(-P)
is semi-stable of slope u(v*(F¥ ® L)(-P)) = u(F¥ ® L) -1 > 0, therefore

HY(Ck,v*(FY ® L)(~P)) =0 (by Proposition 1.1.10).
Thus the long exact cohomology sequence coming from the exact sequence
0-v*(F'®L)(-P)>v*(F'®L) > v*(F'®L)®k(P) > 0.
gives a surjection

HY(Ck,v*(F¥ ® L)) - H(Ck,v* (F¥ ® L) ® k(P)).



Therefore by Nakayama’s lemma v* (FY ® L) is globally generated at every P € Ck,
and therefore v*(FY ® L) is globally generated. Hence we proved the claim. Since
FY ® L is globally generated, we have a surjective map

OEM L PV L.
Twisting with LY and taking dual, give the desired injective map. O

Lemma 1.2.2. Let F, F’ be two vector bundles on C. For any subbundle G of F ® F' we
have the estimate

#(G) = p(F) - u(F") <4.
Proof. Let L, L’ be line bundles on C with degL = |u(F)|+2and deg L’ = |u(F')| +
2. By Lemma 1.2.1 we get embeddings
F o L@M
and
F' o LM
Therefore every subbundle G we can ambed into the direct sum of line bundles

GoF®F > (LeL)®MM,

The vector bundle (L® L’ )eaM-M’ is a direct sum of line bundles of the same degree,
hence is semi-stable of slope

deg(L) +deg(L") = [u(F)]+pu(F')] +4.
Thus
w(G) = u(F) = u(F') < u(G) - [u(F)| - [u(F)| < 4.
and we obtain the result. O]

In the proof of the below theorem we use Lemma 3.2.1 and Lemma 3.2.2 from [HL].
In this reference the authors assume characteristic 0, however if we assume addi-
tionally that f is separable, then the proof works as well in finite characteristic.

Theorem 1.2.3. Let F and F' be two vector bundles on C. If F and F' are semi-stable,
then F ® F' is semi-stable.

Proof. Let ¢ be a prime number different from p. Consider the multiplication by ¢
map on C
[{]:C->C

P (P.
The morphism [¢] [KM, Theorem 2.3.1] is a degree > separable morphism of
smooth curves, therefore
F issemi-stable < [(]*F is semi-stable (by Lemma 3.2.2 from [HL]).

Suppose that F ® F’ is not semi-stable. Let G be the maximal destabilizing subbun-
dle of F® F'. This gives

#(G) = u(F) —u(F") > 0.
Moreover [HL, Lemma 3.2.2], the vector bundle [£]*G is the maximal destabiliz-
ing subbundle of [¢]*(F ® F’) with slope u([¢]*G) = £?u(G) [I1], Lemma 3.2.1].
Therefore using Lemma 1.2.2 we get

0<(u(G) - u(F')-u(F)) <4.

Taking ¢ large enough gives a contradiction and proves the result. O



Theorem 1.2.4. Let E be a semi-stable vector bundle on C. Then for any n, the symmetric
tensor Sym"E of E is semi-stable.

Proof. Let E be a semi-stable vector bundle on C of rank r. By [HL, page 65] the

rank of Sym” (E) is equal tk(Sym"E) = (""7') and the determinant of Sym"E is

equal det(Sym"E) = det E®("7"). Therefore
I (r-1)!n! ~ _ @n
p(Sym'E) = deg(E)m = np(E) = u(E™").
Hence the map
E®" - Sym"E

is a surjective map of vector bundles of the same slope. Assume Sym"E is not
semi-stable, then there exists a vector bundle G and a surjective map Sym"E - G
with #(Sym"E) < u(G). However this gives a surjective map E®" - G, where
#(E®") = u(Sym"E) > u(G) and this contradicts the semistability of E®". O

1.3 Torsion sheaves on elliptic curves

References for the proposition below are [ , Proposition 4] and [’ol, Theorem
14.7, Remark on page 179].

Proposition 1.3.1. Let S(r,d) be the set of all isomorphism classes of semi-stable bundles
of rank r and degree d. There is an isomorphism between S(r,d) and Torsionenggh-(r,4)

FMg : Torsionjenggh~(r,4) = S(7,d).

Moreover for semi-stable vector bundles F and F', such that F = FMg(T) and F' =
FMg (T') we have

Ext!(F, F') Ext!(FMg(T), FMg(T"))

Ext'(T, T').

Here Torsionjengh-(r,4) denotes the set of isomorphism classes of coherent torsion
sheaves T on C of length (r,d). As T is a dimension zero sheaf on a curve, it can
be therefore written as a finite direct sum of coherent skyscraper sheaves k},’ =

Oc,p, /mg" each supported at a closed point P; of C

m
T =@ Ocp/m}'.
i=1

1=

By the length of T we mean the length of T as H°(C,O¢) = k module, and hence
£(T) =length(T) = x(T), where the Euler characteristic is taken with respect to the
base field k.

Proposition 1.3.2. Let G be a semi-stable vector bundle on C of rank r and degree 0. Then
we have the following estimate
dim; IT'(C,G) <.

Proof. Let G = FMg(T), where T is a torsion sheaf of length ¢(T) = x(G) = r. By
Proposition 1.3.1 we have

HY(C,G)

Hom(Oc¢, G)
Hom(FMg (kp,), FMg(T))
Hom(kp,, T).



where kp, is a torsion sheaf of length 1 (P, is a k-rational point of C) associated to
the line bundle O¢. From the short exact sequence

00— Oc(—P()) - OC - kpo -0
we obtain the inclusion
0 - Hom(kp,, T) - Hom(Oc, T)

As
Hom(O¢, T) = H°(C, T) = k®"

we have dim; Hom(kp,, T) <. O






Chapter 2

Elliptic curves over function
fields of elliptic curves

In this chapter we focus on elliptic curves over function fields of elliptic curves
over finite fields. We fix an elliptic curve (C,O) defined over a finite field k. By
k(C) we denote the function field of C over k and (E,O) will always indicate an
elliptic curve defined over the function field k(C). Firstly, this chapter provides
the reader basic facts about elliptic curves over function fields of elliptic curves.
For any (E, O) over k(C) we will define a smooth projective surface £ over k with
a morphism f : £ - C whose generic fiber is E. We will describe the connection
between the arithmetic of £ and that of E. Although £ has a higher dimension than
E, it is defined over the finite field k and as a result we have better control over its
arithmetic. The results contained here are used in the later chapters and necessarily
to prove the main result in Section 4, Chapter 3. Secondly, we will show, that the
following bound holds.

Proposition. 2.3.1 Let d be a positive integer and let #C (k) denote the number of k-
rational points of C. Then

1 10d

q
< H#C(k)—,
[(E0)Fh(E)=d #AUL(E, O) 9-1
the sum is taken over isomorphism classes [(E,O)] of elliptic curves (E,O) of height d
over the function field k(C) and #Aut(E,O) denotes the number of automorphisms of
(E,O).

In other words we give an upper bound for the number of isomorphism classes of
elliptic curves of height d > 0 defined over k(C), where we always count [(E,O)]
with the weight 1/#Aut(E,O). It is clear, that the number of automorphisms is
preserved in the isomorphism class. The definition of the height of an elliptic curve
can be found in Definition 2.1.10.

2.1 The minimal model of a relative elliptic curve

Let k be a finite field. Let (C,O) be an elliptic curve over k and let (E,O) be an
elliptic curve over k(C).

Proposition 2.1.1. [Liu, Chapter 10, Theorem 2.8] Let (E, O) be as above. Then



(i) For any field extension k(C) — K', and for any (P, P") € E(K") x E(K"), there exists
a unique point mygs (P, P") € E(K") such that

mK/(P,P')+O~P+P'

as Cartier divisors on Egs. The map my: makes E(K") into a commutative group,
with the unit element O. Moreover if K" ¢ K", then my: is the restriction of mig.

(i) E has a structure of an abelian variety over k(C) such that O is the unit element
and that for any extension K’ of k(C), the group law on E(K") is induced by the
algebraic group structure on E.

(iii) Let P € E(k(C)). Then there exists an automorphism of k(C)-schemes Tp : E - E,
called the translation by P, such that for any extension K’ of k(C) the map E(K") —
E(K') induced by Tp is the translation by P. Moreover by considering P as a point
P" e E(K"), Tp: is obtained from Tp by a base change.

An elliptic curve (E,O) over k(C) we can naturally associate with an elliptic sur-
face f : £ — C (the Kodaira-Néron model of E/k(C)), whose generic fibre is E.

Proposition 2.1.2. [Ll/11, Lecture 3, Proposition 1.1] Let E be an elliptic curve over k(C),
there exists a surface £ defined over k and a morphism f : € — C with the following
properties: £ is smooth, absolutely irreducible, and projective over k, f is surjective and
relatively minimal, and the generic fiber &, of f is isomorphic to E. The surface £ and the
morphism f are uniquely determined up to isomorphism by these requirements.

The generic fibre of f : £ - C means, the fiber product

Ep=nxc&——¢

f
1 = Spec (k(C)) — C .

Remark 2.1.3. Let (E,O) be an elliptic curve over k(C). Since g(C) = 1 > 0 by
[Liu, Section 9.3, Corollary 3.24] the relatively minimal surface f : £ - C from
Proposition 2.1.2 is in fact minimal.

Let f : £ - C be the minimal elliptic surface associated with an elliptic curve
E/k(C) (as in Proposition 2.1.2) and let £(C) denotes the set of sections of the struc-
ture morphism f:

&(C) := { morphisms 7 : C — £ defined over k such that f o T =idc }.

Then every T € £(C) defines an effective Cartier divisor in £/C (which we also
denote by 1) that is proper over C and has degree 1 (see: [KM, Lemma 1.2.7 ]).
Moreover elements of £(C) are in a natural one-to-one correspondence with the
k(C)-rational points of E.

Proposition 2.1.4. Let (E,O) be an elliptic curve over k(C). Let f : € — C be the
associated minimal elliptic surface from Proposition 2.1.2, then there is a bijection

£(C) 2 E(k(C)).
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Proof. Let T : C — & be a section of f (f oT = id¢), then the restriction P :=
Tlspec (k(C)) 18 @ k(C)-rational point of E. Conversely, take a point P € E(k(C)) and

let {P} be the Zariski closure of {P} in £, endowed with the reduced subscheme
structure. Then the restriction

f|@1@—’c

is a proper birational morphism onto a non-singular curve C, which by Zariski’s
Main Theorem [Liu, Corollary 4.6] is an isomorphism. By taking the inverse we
obtain a unique morphism

T:C=¢&

such that 7(C) = {P} and then the equality
To f = idc
follows automatically. O

Definition 2.1.5. Let (E, O) be an elliptic curve over k(C). Let f : £ — C be the associated
minimal elliptic surface from Proposition 2.1.2 and let o : C — &£ be the section of f
associated with the k(C)-rational point O of E. The pair

(E,0)=(f:£-C,0)
is called the minimal model for (E, O).

Furthermore the following proposition relates the automorphism group of (E,O)
and the automorphism group of its minimal model (&, 7).

Proposition 2.1.6. Let (E, O) be an elliptic curve over k(C) and let (€, o) be the minimal
model for (E,O). Then there is a bijection

Autc(€,0) 2 Autyc)(Ey,1(0)) 2 Aut(E, O).

Proof. Every automorphism ¢ : £ — £ over C of the minimal model £ is compatible
with the C-scheme structure of €. If ¢ o ¢ = 0, in particular we get ¢(c (1)) = o (7).
Conversely, let a : £ — &, be an automorphism over k(C), such that (o (7)) =
o(n). It then induces a birational morphism &’ : £ -> £ and as f : £ - C is min-
imal &’ is a morphism. Applying the same argument to a1, we see that a’ is an
automorphism. The equality ¢ o o = ¢ follows from the separateness of f. O

Proposition 2.1.7. [Liu, Chapter 10, Theorem 2.14] Let (E, O) be an elliptic curve over
k(C). Let (€,0) be its minimal model over C. Then the open subscheme N of smooth
points of € over C is the Néron model of (E,O) over C.

Proposition 2.1.8. [Liu, Chapter 10, Lemma 2.12] Let (E,O) be an elliptic curve over
k(C), & its minimal model over C and N its Néron model over C. Then the following are
true.

(i) The canonical maps N'(C) - E(C) — E(k(C)) are bijective.

(ii) For any section T € £(C), the translation Ty, + E = E associated with Ty(cy €
E(k(C)) extends to an automorphism Ty : € — €.

(iii) Let m : E xy(cy E — E be the algebraic group law on E. Then the automorphism

t = (m,pra) : Exgc) E > Exg(cy E, where pry : E xgcy E — E is the second
projection, extends to an automorphism t : € xc N' > E xc N.
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(iv) Let pry : N xc N — N be the first projection. Then t induces an automorphism
t: NxcN - N xc N and pr, o1 defines a smooth group scheme structure on
N —C.

Let f : £ - C be a relatively minimal elliptic surface with a section o : C -
E. The sheaf R! f+«Og¢ is a line bundle on C (see Proposition 2.2.3 (iii)). Moreover
Grothendieck’s Duality ([Con, Theorem 5.1.2]) gives a canonical isomorphism

R'f.0g)" = fawg)c,

where wgc is the relative dualizing sheaf for f : £ — C.
Definition 2.1.9. Let £ — C be a minimal elliptic surface with a section. Let

w = (R'f,0g)" € Pic(C).
We define the height of the pair (€,0) by

h(€,0) = deg-(w).

Definition 2.1.10. Let (E,O) be an elliptic curve defined over k(C). The height h(E) of
the elliptic curve (E, O) is the height of the minimal model (£,0) of (E,O)

h(E) :=h(E,O) :=h(&, ).
Lemma 2.1.11. The height h(E, O) of an elliptic curve (E, O) over k(C) is non-negative.

Proof. Let f : & - C be the minimal model of (E,O). It suffices to check, that
deg-w > 0 after the base change of £ to the algebraic closure k of k, i.e. for £ =

& — C = C. There we have deg-w = x(0O¢) and wg/c = f*w. Furthermore the
formula x(O¢) = %(Ké +c2(€)) (see e.g. [Har, App A, Example 4.1.2]) yields
deg. w = $5¢2(€), which is non-negative by [CD, Proposition 5.1.6]. O

Remark 2.1.12. Every minimal elliptic surface (f : £ - C, o) of height d determines
a unique up to isomorphism elliptic curve (E,O) over k(C) (its generic fiber) of
height d. Moreover by Proposition 2.1.2 and Proposition 2.1.4 every elliptic curve
(E,O) over k(C) determines a minimal elliptic surface (£,0) of height d, that is
unique up to isomorphism. That gives the following one-to-one correspondence

elliptic curves minimal elliptic surfaces
(E,O) over k(C) PEEN (€,0) over k
of height 4 of height d
/= /=

2.2 The Weierstrafs equation of a relative elliptic curve

In this section we recall how to obtain the Weierstraf$ equation of a minimal pair
(€,0).

First of all we recall the standard result about the Picard group of an elliptic
curve.
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Theorem 2.2.1. [K)M, Theorem 2.1.2] Let (C, O) be an elliptic curve over k. Then for any
integer d there is a bijection

Pic?(C) (k) = C(k).

Let #C (k) be the number of k-rational points of C. Take an integer d and fix line
bundles wy j; j € {1,..., #C(k)} on C such that

Pic?(C) (k) = {wa, - Wapc)} . (2.1)

Let (C,O) be an elliptic curve over k. Let (E,O) be an elliptic curve over k(C)
and let (f : £ - C, o) be the minimal model of (E,O). By [Liu, Corollary 3.6, Chap-
ter 8] for each closed point c € C the fiber & is a geometrically connected projective
curve over k(c) of arithmetic genus 1. Moreover the existence of the section ¢ en-
sures reduceness of the fibers. Indeed, by [Liu, Corollary 1.32, chapter 9] £, no is
reduced to a point p € & (k(c)), that belongs to a single irreducible component of
the fiber & and is of multiplicity 1 in &, hence &, is reduced and as k. is perfect
it is geometrically reduced. Moreover as & is regular [Liu, Corollary 3.6, Chap-
ter 8] the morphisms & - C and & — Speck(c) are local complete intersections
and we have wg_jk(c) = wg/cle, for the dualizing sheaves. Furthermore, by [Liu,
Chapter 7, Corollary 3.31] for each closed point ¢ € C the degree of wg_s(.) is equal
deg(we, jk(cy) = 2(pa(&c) — 1) = 0 (as the arithmetic genus p, of & is 1). Moreover,
we have the following lemma.

Lemma 2.2.2. Let X be a projective, geometrically connected and geometrically reduced
1- dimensional Gorenstein scheme over a perfect field k and assume that its dualizing sheaf
is trivial. Let D be an effective Cartier Divisor of positive degree on X. Then

H°(X,0x) = kand H' (X, Ox (D)) = 0.

Proof. First we prove, that H(X,Ox(D)) = k. Indeed since X is projective A :=
HY(X,0x) is an Artin k-algebra. Since X — k is geometrically connected and fac-
tors as X - A — k, it follows that A is a local Artin ring whose residue field
is purely inseparable over k. Since k is perfect and X is reduced we get A = k.
Since D is effective we have an injective map s : Ox — Ox(D). Assume, that
H'(X,0x(D)) is not zero, then using Serre-Duality and the fact wx = Ox we get a
non-trivial section of H(X, Ox(~D)) i.e. a map Ox - Ox(~D) which gives a map
t: Ox(D) — Ox and since Ox (D) is an invertible sheaf Homp, (Ox (D), Ox(D)) =
H°(X,0Ox) = k. The map s is injective and ¢ is not zero, therefore st is a multipli-
cation by a non-zero scalar. In particular ¢ is injective, and in the same way we
conclude, that ts is a multiplication by a non-zero scalar. Thus Ox = Ox (D). In
particular we get, that D is sent to zero under the degree map

Pic(X) — CH'(X) 2%, 7 - CHy(k)

which is a contradiction to the assumption, that D has a positive degree. O

Proposition 2.2.3. Let £ — C be a minimal elliptic surface with a section o. Then
(i) For n > 1 the sheaf fOg(no) is locally free of rank n.
(ii) R f.Og(no) = (0) for n > 0, and locally free of rank 1 for n = 0.

(iii) For i > 1 and all n we have R'f,Og(no) = (0).

13



Proof. For dimension reasons R'fxOg(no) = (0) for all i > 2 and all n. Assume
n>1as R2f,0¢(no) = (0), then by [ , Corollary, page 47] for all c € C we have
an isomorphism

R'f.0g(no) @0 k(c) = H' (&, Og (n0)]g,).
Let p be the k(c)-rational point of the intersection £ n o, then Lemma 2.2.2 leads
dimy(c) H' (&, Oe (n0)|,) = dimyc) H' (£, O (np)) = 0,

Thus the coherent sheaf R!f,Og(nc) has all fibers zero and hence it vanishes
by Nakayama Lemma. This implies [ , Exp. 1II, Corollaire (7.9.10)] that
f+«Og(no) is locally free of formation compatible with arbitrary change of base.
By Riemann-Roch theorem and Lemma 2.2.2 we have

dimy() H(&, Og, (np)) = dimy) H' (&, O, (np)) + deg(O¢, (np)) = n,

Therefore the rank of f.Og (nc) is n. Assume n = 0, then as R? f,O¢ = (0) by [ ,
Corollary, page 47] we have

R'f.0¢ @0 k(c) = H' (&, O¢le,).

Furthermore Serre-Duality and the fact that wg k() = Og, for all ¢ € C implies

H' (&, O¢le,.) = H*(Ec,weioyle.) = HY(Ec, Ogjioyle.) = k(c)

and hence by [ , Corollary, page 47] the sheaf R! f, O¢ is a locally free sheaf on
C of formation compatible with arbitrary change of base and hence necessary of
rank 1. This leads to an isomorphism

f*(')g ®(9C k(C) = Ho(gc, Og|gc).

Furthermore ( [Liu, Corollary 3.6, Chapter 8]) H*(&, O¢le,) = k(c) for all c € C and
hence the sheaf f, Og¢ is locally free of formation compatible with arbitrary change
of base, thus necessary of rank 1 O

Proposition 2.2.4. With notation as above for n > 2 the sequence
0 £.0e((n1-1)0) > fO(n) > ™" -0
is exact.
Proof. For n > 2 the sequence
0->0g(-0) > 0g >0y -0

is an exact sequence of Og modules. By twisting with Og(n0) we obtain the se-
quence
0->0g((n-1)0) > Og(no) - Oy(no) - 0. (2.2)

Applying f. to (2.2) with n = 1 yields
i3 B T opl 1
0 f.O0g = fxOg(0) = f.Ou(0) = R fxOg = R f.Og(0) — ... .

By Proposition 2.2.3 R'f,Og(c) = (0) and R'f,O¢ is an invertible sheaf on C.
Hence 7 is a surjective map of line bundles, which clearly needs to be an isomor-
phism. This forces the map S to be zero and « to be an isomorphism. Hence

f+O¢ 2 fL0g(0) and f. Oy () = R f,O¢.
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Assume 1 > 2, then by applying f. to the short exact sequence (2.2) we obtain the
long exact sequence of higher direct images

0— f+0c((n-1)7) > fxOg(no) - f.Op(nc) » Rf, O ((n-1)0) - ... .

By Proposition 2.2.3 for n > 2 we have R f,Og((n 1)) = (0). Furthermore it is
clear, that

f+Os(n0) = (f+ 00 (0))®"

)®n = w™®" the statement follows. O

and as (R'f.O¢
Proposition 2.2.5. For n = 2,3 the exact sequence

0~ f.0((n-1)0) > fuOe(n0) »w™ 0
splits.

Proof. For k = k the proposition is proven in [CD, Rmk 5.5.2] and the proof works
as well for non-algebraically closed fields. O

Definition 2.2.6. Let G be a vector bundle on C. Assume moreover, that G is a direct sum
G=Lel1®..0L,
with L; € Pic(C). Let P = Pg be the projective bundle Pg = Proj. (Sym*(G)) and let
m:P—>C

be the structure morphism. For each i let ; € H°(C,G ® L) be the section, that corre-
sponds to the inclusion of L; into G under the natural isomorphism

G®o. L 2Homp,(L;, G).
Then for each i the canonical epimorphism 7w G — Op(1) induces a homomorphism
* (Geo. L) 2 m*G®p, n*Ly -~ Op(1) ®0, T*L; .
IfX; e H'(P,0p(1) ®0, *LY) is the image of n; by this homomorphism, then (Xo, ..., Xy)

is called the global coordinate system of P relative to (Lg, L1, ..., Ly).

Let (E,O) be an elliptic curve over k(C) and let (f : £ - C,0) be its minimal
model with w = f.wg/c of degree d. Let o = 0(C) be the effective Cartier divisor
associated with the section o of f. We fix an isomorphism

w % wy (2.3)
0 Og - f:0e(20) » w2 >0 (2.4)

and
0 frO0e(20) - £ Og(30) » wl™> -0 (2.5)

split. After choosing splittings we obtain an isomorphism

f+0e(B0) 2 Ocowd?owd™. (2.6)
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Furthermore the natural map
Sym’ £, 0g (30) > fu (Og(30)®%) = £, Og (90) 2.7)

is surjective. As rk (Sym3 (f« 05(30)) =10 the kernel of (2.7) is a line bundle on C.
By filtering f.Og (90) by the pole order along o we deduce, that det (f.Og(90)) =
w®*#, similarly det (Sym3 (f+O¢ (3(7)) = w®, Thus the kernel of (2.7) is canoni-

cally isomorphic to wga_é. Now, by twisting
0 - w$™® - Sym’£,0¢ (30) - £ Oe(97) - 0
with w?(’ we obtain an injective map
Oc - Sym* £, 0¢ (30) ® w®
of vector bundles and therefore a global section
F e H(C,Sym’ £, O (30) ® w®).
Consider the vector bundle
f:0e(B0) 2 Ocowd?owd™

and the smooth projective threefold

P- ProjC(Sym*(f*Og(BU))) Zc.

Let Op(1) be the invertible sheaf on P such that 7.Op(1) = f.Og(3c) and let
(z,x,) be the global coordinate system of P relative to (Oc,w® 2, w®3). Recall,
that by the projection formula for any line bundle M ¢ Pic(C) we have

H(P,0p(n) ® m*M) = H° (C,Sym" (f.O¢ (30)) ® M),

hence
HY(P,0p(3) ® m*wf*) = HY(C,Sym*(f.0¢ (30)) ® wg®).

and we can write F as
F= A_3y3 + A_zxy2 +A_q xzy + Aozy2 + on3 +Ajxyz+ A’z + A3y22 + A4xz2 + A6z3

with A; e HO(C, w(%z’i). Furthermore it is shown in [KM, (2.2.5), (2.2.6)] that we can
take Ag = Aj = 1 as well as Ay = Ay = A3z = 0, then the polynomial F has the
standard familiar shape
F=x>+ A4x22 + A623 - yzz,
with A; € HO(C,w?i) and
4A3 +27A6% #0in T(C,w®?). (2.8)

Definition 2.2.7. A Weierstraf§ polynomial for a minimal elliptic surface (f : € - C,0)
is any section

Fe H(C, f+Oc(30) ® w$®) (2.9)
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that arises via the choice of an isomorphism w = wy and of splittings of (2.4) and (2.5) as
above and which has the form

F=x3+ A4x22 + A623 - yZZ

with A; € T(C,wg™).

A section F of the above form is called a (minimal) Weierstrafs polynomial if and only
if there exists an (minimal) elliptic surface for which F is a Weierstrafs polynomial.

The pair of sections (Ag, Ag) is called the Weierstrafs coefficients of the Weierstrafl
polynomial F. Moreover we define the discriminant of the polynomial F to be the global
section

A=4A4 +27A

inT(C,w®?).
Remark 2.2.8. [KI11, Page 2, Paragraph 3]Let F be a Weierstrafs polynomial
F=x%+ Agxz? + Ag2® - yzz

with invertible A = 4A43 + 27A62. Then the minimality condition of F is equivalent
to non-existence of a function

fe (@ H(C,wd™) \k)

n>0

such that f* divides A4 and f® divides Ag.

Proposition 2.2.9. Let (f : £ — C,0) be a minimal elliptic surface. Then minimal
Weierstrafs polynomials for (f : £ — C,o) exist. Further, given a minimal Weierstraf3
polynomial

F=x%+ Agxz? + A2’ - yzz

the minimal Weierstraf§ polynomials constructed via different choices are of the form

E,=x3+ u4A4x22 + u6A6z3 - yzz,

foru ek”.

Proof. The first statement is a standard result, see [CD, Prop. 5.5.1]. For the second
statement, let (f : £ - C,0) be a minimal elliptic surface with f.wg/c = w = wy.
Let

F=x3+ Agxz® + Ag2z® - yzz (2.10)

be an associated minimal Weierstral polynomial with A; € T'(C, w(?i). We claim,
that any other polynomial is related by a linear transformation of the form

[z,x,y]~ [z, u_2x,u_3y] (2.11)
or
[z,x,y] = [z,x + Bz, y + Byx + B3z] (2.12)

with u € k* and B; € T(C,w®). The first transformations come from the choice
of the isomorphisms (2.3) and the second from the choice of (2.6). Indeed, the
hypersurface V(F) is embedded in P, therefore if F’ is another minimal Weier-
straf polynomial associated with (f : € - C,0), then the schemes V(F), V(F’) are
isomorphic over C if the polynomials F, F’ are related by an automorphism of P,
which for d > 1 are precisely transformations given above;

Autc(P) = Auto. (71:0p(1)) [p+ = Auto(Oc @w‘2®w‘3)/k*,
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The case d = 0 follows from [Sil1, Proposition ] as we have A;, B; ¢ H’(C, w?i) =k
(see also Proposition 2.3.6). Now, apply (2.5) to the polynomial F, then we obtain
a polynomial
F, = y22 —x3- u4A4x22 - u6A623.
To finish the proof we need to show, that application of (2.12) to F, will imply
By = By = B3 = 0. Indeed in the new coordinates F has the equation
F'=y*2-x% + (By(B1By + B3) — Ay + 3B3)xz> + (A4By - B3 - (BB + B3)*)2°

—Byx%z - 2(B1By + Bg)yz2 +2Bixzy + 3Byx’z.

ans the coefficients of x2z, yzz, xyz, x2z have to vanish as F’ needs to be a Weierstraf3
polynomial again, hence By = By = By = 0 and the statement is proven. O

Let d be a non-negative integer. Let (f : £ - C,0) be a minimal elliptic surface
of height d. Let F be a corresponding Weierstrafi polynomial, then F defines a
hypersurface W = V(F) in

P = Proj-(Sym* (O @ w® 2@ w®?))
and we have the following proposition.

Proposition 2.2.10. [Ll/i1, Proposition 1.4] Let d > O and let (E,O) be an elliptic curve
over k(C) of height d, let (£, 0) be its minimal model and let F be a Weierstraf$ polynomial
associated with (£,0). Then W = V(F) is a closed subscheme of

P := Proj(Sym* (O¢c ® w® 2 @ w®?)).

Let g : W — C be the structure morphism, then W is normal, absolutely irreducible, and
projective over k, g is surjective, each of its fibers is isomorphic to an irreducible plane
cubic, and for its generic fiber we have

Moreover the point O of E defines a section o’ : C - W of g.

Lemma 2.2.11. Let (E,O) be an elliptic curve over k(C). Let (f : € - C,0) be its
minimal model. Then the number of Weierstrass polynomials corresponding to (€,0) is

_q-1t
#Aut(&,0)’

Proof. Let (f : € » C,0) be the minimal model of (E,O) with w = f.wg/c. Let F
be an associated minimal Weierstraf$ polynomial. Proposition 2.2.9 implies, that
every invertible scalar u € k* gives a minimal Weierstrafs Polynomial

F, = y22 —x3- u4A4x22 - u6A623

and there is at most 4 — 1 of them. Observe, that some of those scalars may give the
same polynomial and it happens exactly when

Ay =u*Ay and Ag = u® A,
This is equivalent to u being a root of unity

uepy(k)if Ay#0and Ag %0
uepy(k)if Ay+0and Ag=0
uepg(k)if Ay=0and Ag =0,
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here y,, (k) denotes the set of nth roots of unity of k. Furthermore we have
Autc(E,0) = Auty,(Ey,0(n)) ( by Proposition 2.1.6) .

and as the generic fiber of £ — C is an elliptic curve E over the field k(C) given by
the equation
yzz =x3+ A4xz2 + A6z3,

here we treat A4, Ag as functions) and hence [Sil1, Chapter 3, Theorem 10.1]
p
up(k(C))if Ay #0and Ag#0

Autk(c)(E,O) = ,’l/l4(k(C)) if Ay #0and Ag =0
yé(k(C)) if Ay=0 and Ag=0

The curve E is geometrically connected and geometrically integral, moreover k is
perfect and therefore k is algebraically closed in k(C), hence i, (k(C)) = pn (k) and
the result follows.

2.3 Counting elliptic curves over function fields of el-
liptic curves

Let d be a non-negative integer. As in the previous section wy ; j € {1,..., #C(k)} are
chosen line bundles on C such that

Pic?(C) (k) = {wa, - Wapc)} .

For each wj ; we define the set of all minimal Weierstraf§ polynomials as follows

minimal Weierstrass polynomials
Ny, = F=x3+ Apxz? + Agz® - y%z
' with A; eT(C, a)?’]l.

Each N, ,,; is finite, as C is a projective curve and we are over a finite field k. Fur-
thermore for d > 1 and i > 1, we have dim; H(C, w%) = id. Denote by #Nwdj the
number of elements in NV, i then

#Nowy; < 7" (2.13)

For d > 0 let N; denote the number of minimal Weierstrass polynomials; as in the
formula.
Nyj= > #Nw,- (2.14)
wd/jEPiCd(C)
and consider the weighted number of isomorphism classes of elliptic curves of
height d:

1

[(E/O)%(E):d #Aut(E,O)

In the following proposition we give a trivial upper bound for the number (2.15).

(2.15)
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Proposition 2.3.1. Let d > 1, then

> L chcl
— < —_—.
[(E0)(E)=d #AUL(E, O) 9-1

Proof. Remark 2.1.12 and Proposition 2.1.6 lead

1 1
- Z L
[(E0)T(E)=a #AUE,O) g0y (e ,0))-a #AUHE, 0)

Proposition 2.2.11 gives

g-1

—tr - __N
#AUL(E, o) 7

[(E)Th((E0))=d

and hence

1N
[(E0)Th(E)=a *AUL(E,O) g1

Since the number of wy ; is #C(k), the inequality (2.13) gives the desired result. [

Remark 2.3.2. We have the Hasse-Weil inequality for elliptic curves
#C(k) <2/G+q+1,
and therefore

1 i N qlod
T S g+q+1)——r-.
[(E,0)7u(E)=a #AUL(E, O) g-1

The case d = 0 is a little different. Let us first recall the following lemma.

Lemma 2.3.3. Let (E,O) be an elliptic curve over k(C) of height d and let (€,0) be its
minimal model with f.wg c = wqj. If h(E) = 0, then wg; is torsion in Pic’(C) of order
1,2,3,4 or6.

Proof. Recall that for a line bundle L of degree zero on an elliptic curve C we have
H°(C,L) #+0 < L~ Oc.
As in the Weierstrafd equation
yzz =x>+ A4x22 + A623

of (€,0) at least one of the coefficients A4 € H(C, w?}‘) or Ag € H(C, wl?jﬁ) needs
to be nonzero, hence
12 .
wf] = Oc.

This implies, that the possible orders are 1,2,3,4 and 6. O
Definition 2.3.4. We say that an elliptic curve (E, O) over k(C) is constant if there is an
elliptic curve (Eg, O) defined over k such that E = Ey x; k(C).
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Equivalently, (E,O) is constant if the coefficients A; of the Weierstrafs equation of
(€,0) arein k.

Theorem 2.3.5. [K)M, Theorem 2.3.1] Let C be an elliptic curve defined over a finite field
k of characteristic p. Let n be a non zero integer, such that (n, p) = 1. Then over k we have
an isomorphism

C[”](E) = Z/nZ X Z/nZ-

Proposition 2.3.6. For d = 0 we have

1
g< Y =y <5q+61.
[(E,0)J(E)=0 #AUL(E, O)

Proof. This case is special, because as we have mentioned before, for a line bundle
of degree zero the dimension of its global sections is either 1, if the line bundle is
trivial, or it is 0 otherwise. Moreover it can happen that a line bundle is non trivial,
but some tensor power of it will be. In this situation the Theorem 2.3.5 implies that,
for a given ¢, coprime to the characteristic of k, we have at most £? of such line bun-
dles and by Lemma 2.3.3 the possible orders of wy,j are 1,2,3,4 and 6. The height
0 surfaces correspond to elliptic curves with constant coefficients, hence they are
minimal (see Remark 2.2.8). Fix an wy ; € Pic’(C). The case wy,j = Oc gives 4% poly-
nomials (choices of A4 and Ag), among of which g have zero discriminant, hence
the number of minimal polynomials is 4* - 4. Now fix wg; in Pic’(C) such that the
order of wy ; is 2. Since whe wf’ = Oc, we get the same number of polynomials as in
the case of order 1. Since the number of such line bundles is at most 4, the number
of minimal Weierstrass polynomials will be at most 4(4° - q). Let Wy j € Pic’(C) be
of order 3. Since wﬁ,. is non trivial we conclude that I'(C, wé/ j) = 0. Hence we have
q choices of Ag and only 1 is singular. Since we have at most 9 choices for wg ;, we
see that the number of minimal Weierstrass polynomials is at most 9(g - 1). Using
the same argument for the cases of order 4 and 6 , we conclude that

No < (g-1)(59+61).

The lower bound comes from the known fact, that the number of points on the
stack of elliptic curves over k is g O
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Chapter 3

The set Ac

Let d be a non-negative integer. Let C := (C,O) be an elliptic curve over k = F,.
In this chapter for a line bundle w of degree d on C we define the set Ac . Its
elements, as we will see in the first subsection, are "Weierstrafd polynomials” of
more general form then in Chapter 2. We will prove that Ac , is finite and as the
main result of this chapter (see: Proposition 3.3.7) we will show that

#C(F,) A

. -10d+1
B R

d—oco wePic? (C)

where Ac , denotes the “weighted” number of elements in Ac ., #C(IF;) denotes
the number of IF;-rational points of C and A is a polynomial of degree 8 in q with
the leading coefficient 2#C(IF;).

3.1 Finiteness of the set Ac,

Let C be an elliptic curve over k. Fix a non-negative integer d and a line bundle w
on C of degree d. We start the construction of Ac , with defining its elements.

Definition 3.1.1. Let A denote the set, whose elements are pairs (g:Y — C, D) with the
following properties:

(a) the morphism'Y 8 cis flat, proper and its generic fibre is a smooth curve,
(b) the equality g.Oy = O¢ holds universally,
(c) the fibres of g are Gorenstein and wyc = §*w,

(d) D c Y is an effective Cartier divisor, flat over C such that D.F = 3, where F is a fibre
of g

(e) the sheaf Oy (D) is relatively very ample for g, i.e., we obtain a canonical closed
immersion over C
Y = Projc(Sym” (8+Oy(D))).

Remarks 3.1.2.

(i) Let (g:Y — C,D) be an element of A then using the condition (c) for every
closed point ¢ € C we have

wy/cly. 2 Wy k() 2 O.-
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(i) Let (¢: Y - C,D) be an element of A then Y is integral. Indeed its generic
fiber is a smooth projective curve, hence integral. Furthermore if we take
an open affines Spec (B) in Y and Spec (A) in C such that the morphism g
induces a flat map A — B then after tensoring the inclusion A < k(C) =: K
with B over A the flatness yields an inclusion B <~ B®4 K. Since B®4 K is
integral, so is B.

Definition 3.1.3. Two elements (Y LG} D) and (Y’ LIl o) ) of Aare called equivalent
if and only if there exists an isomorphism P : Y — Y' over C such that we have the following
rational equivalence relation of divisors on Y

¢*D' ~D+¢"Dc (3.1)
for some D¢ € Div(C).

Remark 3.1.4. Observe that the divisor ¢* D¢ is a sum of fibers with multiplicities,
for that suppose D¢ = ¥;n;P; for points P; € C since g is flat, we have ¢*D¢ =
Yinig* (P;) = ¥in;i(Fp,). Furthermore the relation (3.1) can be equivalently written
in terms of isomorphism of line bundles

¥*Oy(D') = Oy(D) ® g*L
for L = Oc(Dc) € Pic(C).
Remark 3.1.5. The relation (3.1) is indeed an equivalence relation on the set of pairs
(g:Y—-C,D).
1. Itis easy to check, that it is reflexive.

2. Itis symmetric: let (¢: Y — C,D) and (¢’ : Y/ — C, D’) be pairs as above,
that are equivalent. Then there exists an isomorphism ¢ : Y - Y’ such that
we have a rational equivalence of divisors ¥*D’ ~ D + ¢*D¢. The inverse
¢! : X' - X is an isomorphism over C. Moreover

VD~ g (9*D’ +g*De)
=(poyp™)*D’ +(goyp™)*Dc =D'+g"*Dc.

3. To see transitivity, take (g1 : Y7 — C, D7) equivalent to (g2 : Yo — C, D)
and (g3 : Y3 — C, D3) such that (g2 : Yo — C,D,) is equivalent to (g3 :
Y; — C, D3). By definition we get an isomorphisms ¢ : Y7 - Yo and ¢ : Y, —
Y3 over C with rational equivalence relations

Y*Dy~D1+g1"De and  ¢@*D3~Dy+g2"Ge,
for some D¢, G¢ € Div(C). The composition
a=@op:Y Y3
is an isomorphism over C and
«'D3 = ¢"(¢"Ds3)
~ PTDy+(8209)"Ge

~ D1 +g1*DC +g1*GC
= D1+8"(Dc+Gc)

Thus (g1 : Y1 — C,D1) and (g3 : Y3 — C, D3) are equivalent.
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Definition 3.1.6. A pair (§:Y — C, D) is called degenerate if there exists a divisor D' of
degree 1 on the generic fiber Y, such that D, ~ 3D’ (rational equivalence).

Definition 3.1.7. Let Ac, denote the set

equivalence classes [(Y LR C, D)] (Definition 3.1.3)
Acw = of non-degenerate (Definition 3.1.6) (3.2)
pairs (Y LNYel D)satisfying properties (a)-(e) (Definition 3.1.1)

Definition 3.1.8. The automorphism group Aut(Y LR C,D) of a pair (Y LNYe) D)e A
(Definition 3.1.1) we define as the set of automorphisms ¢ : Y — Y over C such that

Y*D~D+g"Dc  ( rational equivalence )
for some D¢ € Div(C).

We will see in Section 3.2 that the set A¢ , is finite. We set

Aco= % ! (3.3)

#Aut(Y 3 C,D)

[(v5CD)edc,

for the weighted number of elements of Ac .

Remark 3.1.9. Observe, that Aut(Y LN'G) D) # @ as the identity automorphism idy
satisfies the requirements in Definition 3.1.8.

Remark 3.1.10. Observe, that the sum (3.3) is well-defined. If (¢’ : Y - C,D’) is

another representative in the equivalence class [(Y LN C,D)] then each equivalence
P :Y - Y’ (in the sense of (3.1)) induces an isomorphism of automorphism groups

Aut(g:Y - C,D) 2z Aut(g': Y -~ C,D")

as follows. Let ¢ : Y — Y’ be an isomorphism over C with ¢*(D’) ~ D + g* D¢ for
some D¢ € Pic(C). Then every a € Aut(g: Y — C, D) gives an automorphism of Y’
over C by setting &’ := poaop!,

Moreover

(D) = (poaoy™)*D’
= (aoy™) (p*D)
~ (aoyp )" (D+g*Dc)
= ¢ (@ D+ (gon) D)
~ ¢ (D+g"(Dc+Ge))
~ (D'-8"(Dc)+§""(Dc +Ge))
= D'+g""(Ge)
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for some G¢ € Pic(C) with a*D ~ D + g*G¢ and hence &' € Aut(g: Y — C,D). It
easy to check, that this defines an isomorphism.

We have defined the set A, to understand its elements we will need the following
lemmas.

Lemma 3.1.11. [ , Lemma 8.4] Let X be a projective Gorenstein curve over a field k
such that wx, = Ox and HY(X,0x) = k. Let D c X be an effective Cartier divisor.

(a) If £(D) > 2 then Ox(D) is globally generated and H' (X, Ox(D)) = (0).

(b) If£(D) > 3 then the graded k-algebra R := @,50I'(X, Ox (D)) is generated in degree
1.

Lemma 3.1.12. | , Lemma 8.5] In the situation described in (b) of lemma above, the
scheme Y = Proj(R) is a Gorenstein curve with wy, = Oy and H(Y,Oy) = k. The
morphism ¢ : X - Y is dominant and induces an isomorphism of an open subscheme of X
with a dense open subscheme of Y.

Remark 3.1.13. [ , Remark 8.6] With notation as in Lemma 3.1.11 and Lemma
3.1.12. By Serre-Duality we have dim; H'(Y,Oy) = 1. The relevant terms of the
Leray spectral sequence for the map ¢ are

0- E’ - H'(X,0x) - E' - E3°
which for us is
0 - H(Y, ¢.0x) - H(X,0x) - H°(Y,R}¢.Ox) - H*(Y, 9. Ox).

As Oy = ¢.Ox we have dimy H (Y, 9. Ox) = dim H'(Y, Oy) = 1 furthermore by
Serre-Duality and the fact, that wy = Ox we have dim; H'(X,Ox) = 1 and as Y is
a curve the last term is zero. It follows, that R' ¢, Ox = (0) and the canonical map

Hl(Y/ OY) - Hl(X/ OX)

is an isomorphism. The dual of this map is canonical isomorphism I'(X,wx) =
F(Y, wy )

Proposition 3.1.14. Let (X N C, D) be a representative of a class in Ac , then

(a) The sheaf f+Ox(D) is locally free of rank three on C of formation compatible with
arbitrary change of base, and R' f,Ox(D) = (0).

(b) The natural maps
ff+0x(D) - Ox(D)

and

@ (f.0x(D))®" - @ f. (Ox(D)®")

m>0 m>0

are surjective.

Proof. To prove (a) observe, that the sheaf Ox (D) is an invertible sheaf on X fiber-
by-fiber of degree 3. First of all we show that R f,Ox (D) = (0). We know, that
R?f,0x(D) = (0) hence by [ , Corollary, page 47] the formation of R! f,Ox(D)
is compatible with arbitrary change of base moreover, as by Lemma 3.1.12(a) the
sheaf R!f,Ox(D) is a coherent sheaf on C with all fibres zero, it vanishes by
Nakayama’s lemma. Now, as R! f,Ox(D) = (0), the sheaf f.Ox(D) is automati-
cally locally free by [ , Exp. 11, Corollaire (7.9.10)] and by [ , Corollary,
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page 47] its formation is compatible with arbitrary change of base, so necessarily of

rank 3. For (b) let u be the natural map f* f.Ox (D) = Ox(D). Take c € C then by
Lemma 3.1.12(b) the map u ® k, is surjective, therefore by Nakayama’s lemma u is
surjective at c and hence everywhere. By Lemma 3.1.12(b) the sheaf of O¢ algebras
Dm0 f«Ox(mD) is generated in degree 1 meaning that the map

@ (f.0x(D))®" @0 f+(Ox(D)®™)

m>0
is surjective. O

Let [(§: Y — C,D)] € Ac,. By Proposition 3.1.14 the sheaf g,.Oy (D) is
locally free of rank 3 on C. Moreover it has a non-trivial global section since
H°(C,g+0Oy(D)) = H’(Y,Oy(D)) and D is an effective Cartier divisor.

Let us denote the vector bundle g.Oy (D) by E. Let Pr denote the scheme
Pg = Proj-(Sym* (E)) — C.

Observe, that the equivalence class of the pair (¢ : Y — C, D) does not determine
the vector bundle E uniquely, this is because the rational equivalence class of the
divisor D is only well defined up to adding multiples of fibers. Therefore E is well
defined up to twist with any line bundle from C.

Proposition 3.1.15. Let (¢:Y — C,D) and let E = g,Oy (D). The scheme Pr is up to
isomorphism independent of the choice of (¢ :Y — C, D) in its equivalence class.

Proof. Let (¢’ : Y' - C,D’) be another representative in the equivalence class of
(g : Y — C,D). The condition (3.1) implies, that there exists an isomorphism
P :Y - Y over C such that,

Oy(l[J*Dl) = Oy(D) ®g*L
for some L € Pic(C). Hence we have an isomorphism
8:0y(D) = g, (Oy(y* D) @ g* L") = (¢' o). (Oy(¢*D")) @ L' 2 g, Oy/(D") o L7
of vector bundles on C. Therefore E = E’ ® L and hence Pf & Pg. O

Lemma 3.1.16. Let d be a non-negative integer and let w be a line bundle on C of degree
d. Let E be a rank 3 vector bundle on C and let P be the projective scheme

7 : P = Pg := Proj-(Sym*(E)) — C

with .0p(1) = E. Assume Y is a subscheme of P so that the pair (§:Y — C,D) isa
representative of a class in Ac , where Oy (D) = Op(1) |y. Then

8+O0y(D) = . Op(1).
Proof. Leti:Y < P be the inclusion. The sequence
0-0p(-Y)—-0p—i,Oy -0
is exact. By twisting with Op(1) and applying 71, we get an exact sequence
0= 7. (Op(-Y)(1)) = 7,0p(1) = 7. (1, 0y) ® Op(1) R (Op(-Y)(1)) = .
We have
704 (i+ Oy ® Op(1)) = 704 (i (Oy @ " Op(1))) = 8+ Oy (D).
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Therefore to prove that 77, Op and g.Oy (D) are isomorphic it is enough to show
that the sheaf R'7t.(Op(-Y)(1)) vanishes for all i > 0. As Y has dimension 2 it is
true for all i > 3. Assume, that for some i + 1 we have

R 72, (0p(-Y)(1)) = (0).

Then by [ , Corollary page 47] the formation of R'7.(Op(~Y)(1)) is compati-
ble with arbitrary change of base. Hence for each c € C we have

R'7t.(Op(-Y)(1)) ®0., ke = H' (P, Op(-Y)(1) ® k(c)).
Observe, that by Lemma 3.1.20 we have Op(-Y)(1) ® k(¢) = Op2(-3 +1) and hence
R (Op(=Y)(1)) 80, ke = H' (P} y, Op2(-2)) = 0.
The sheaf R 77, (Op(=Y)(1)) is therefore a coherent sheaf with all fibers 0 and hence
it vanishes by Nakayama’s lemma. This finishes the proof of the lemma. O

Definition 3.1.17. Let E and E' be vector bundles on C. We say that E and E' are twist
equivalent and write E ~g E' if

3L € Pic(C) such that E' ~E®L. (3.4)

Remark 3.1.18. By Proposition 3.1.15 and Lemma 3.1.16 the set A¢ , can be written
in a natural way as a disjoint union

|_] { non-degenerate pairs (g : Y - C, D) occurring in Pg} (3.5
[Ele

where [E]g runs through all twist-equivalence classes of rank 3 vector bundles
on C and a non-degenerate pair (¢ : Y - C,D) "occurs in Pr” if the morphism g
factors over a closed immersion i : Y < Pg such that i*Op, (1) = Oy (D).

Proposition 3.1.19. The degree of each E is bounded by 0 < deg(E) < 2d and for a fixed
degree there is only finitely many of equivalence classes [E]g.

Proof. The proof is given in Sections 3.2.1, 3.2.2, 3.2.3. O

Now we will show, that for a fixed equivalence class [E]g there is only finite
number of (¢ : Y - C,D) occurring in Pr and the number of automorphisms
Aut(g:Y — C,D) of each pair (g: Y — C, D) is finite.

Lemma 3.1.20. Let d be a non-negative integer and let w be a line bundle on C of degree
d. Let E be a rank 3 vector bundle on C. Consider the projective scheme

7 : P = Pg := Proj-(Sym*(E)) — C

and let Op(1) be the invertible sheaf on P such that ,.Op(1) = E. Let Y c P be a closed
subscheme of P, let i : Y — P be the inclusion and g = 7 oi the structure morphism
of Y to C. Assume that (g : Y — C,D) is a representative of a class in Ac, where
Oy (D) = Op(1) |y. Then there is a nonzero section s of

T (P,0p(3) ® *(w ® det(E)"))

such that Y is the zero scheme of s: Y = V(s).
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Proof. Observe, that P is a smooth projective threefold, therefore Weil and Cartier
divisors agree on P. Moreover as C is smooth

Pic(P) = Z & *Pic(C).
Every Y (as above) has dimension 2 hence it is a divisor on P and we have
Op(Y)2Op(n)®n*M

for some n € IN and a line bundle M € Pic(C). We determine n and M. We have the

diagram
NI
C

YCC—lC) PC = 1[-)%(6)

L

k(c)

Y

and forallce C

Observe that for each c € C
OP(Y) ®@C,C k(C) = OpC(YC) = O]Pi(c) (Vl)

By Definition 3.1.1 (d) the intersection number of each Y. with the hyperplane
defined by the divisor D is 3 (Oy (D) = i*Op(1)), therefore Bézout Theorem implies
n = 3. Consider the following exact sequence

0—- QP/C - H*E(—l) - Op - 0.

Taking determinants we get

3
(Up/c = /\7T*E(—1) ® Op.

Consequently
"E(-1)

.
(n*<E>®op<—1>)

>o >0

Wp/c

3

/\ H*E) ® Op(-3)
7% det(E) ® Op(-3)

Il
—_

The morphism 77 : P - C is proper, flat and all of its fibers are smooth. Therefore 7r
is a Cohen-Macaulay morphism. The morphism g is C-flat and for all ¢ € C the fiber
morphisms Y, - ]Pi( o) are (local) complete intersections, and hence (by definition)

the closed immersioni: Y < P is transversally regular over C ([ , Notation and
Terminology, Page 7]). By adjunction for i (see: [ , (2.2.1)]) we obtain

(wpjc ® Op(Y)) |y
7t (det(E) @ M) |y
¢* (det(E) ® M).

Wy/c

112
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On the other hand, by Definition 3.1.1 (c) we have wy/c = g*w hence
g (det(E)e M) =2 g*w

and therefore
¢ (det(E) e Mo w") = Oy

Applying g, and using the assumption (b) we get
2+¢" (det(E)e M@ w") = g.0y = O¢
Consequently by the projection formula
Mz det(E)Y @ w
and the result follows. O

Let Gg = Aut (E) be the automorphism group of the sheaf E over C. The group
k* c G is a central subgroup and we set PG = Gg/k*. We have the natural action
of the group G on the pair (P, Op(1)) and therefore also on the vector space

Ve =T (P,0p(3) ® m* (w @ det(E)")). (3.6)

The action of the subgroup k* c Gg is by scalars, hence the group PGg acts on the
projective space IP(Vg) of lines in VE.

Lemma 3.1.21. Let d be a non-negative integer and let w be a line bundle on C of degree d.
Let Y and Y' be two subschemes of P with divisors D and D' such that Oy (D) = Op(1)|y
and Oy+(D") = Op(1)|y:. Suppose moreover that (¢:Y — C,D) and (¢’ : Y' - C,D")
are representatives of classes in Ac ,. Then

Equiv ((Y L.¢,Dy), (Y 5 ¢, Dy/)) = {vePGg | v(Y)cY'}). (37

Proof. First we construct a map from the RHS to the LHS. Let v ¢ PGg be such
that v(Y) c Y’. Then v induces an automorphism ¥, : P - P of the projective
bundle P such that ¢;Op(1) = Op(1). Then y, restricts to a closed immersion
Poly : Y — Y’ between integral closed subschemes of the same dimension and
hence is an isomorphism (see Remark 3.1.2(7)). Moreover Oy (D) = Op(1)]y and
Oy/(D") 2 Op(1)]yr hence ¢, gives an equivalence of (§: Y - C,D) and (§': Y’ —
C, Dy) This gives the first map. Now we construct a map in the other direction.
Let ¢ : Y — Y’ be an isomorphism over C with Oy (¢*D’) 2 Oy(D) ® g*L and
L € Pic(C). The isomorphism  induces a map Oy - 1.0y and by twisting it
with Oy/(D’) we obtain a map

Oy/(D') = 9. (Oy(D) ®g"L) = . (Oy(D)) ® g"" L. (3.8)

The subscheme Y’ is embedded in P via the relatively very ample sheaf Oy/(D’) =
Op(1)|yr. Identifying P with Proj-(Sym” (71.Op(1) ® L)) we see, that Y is embed-
dedin P via Oy(D)® g*L. Thus the map ¢ : Y — Y’ is compatible with embeddings
into P and hance has to be a closed immersion. This implies, that Oy - ¢, Oy is
surjective and hence so is the map (3.8). Applying g’ to (3.8) and using Lemma
3.1.16 for the pair (¢’ : Y - C, D’) we obtain a surjective map

7.0p(1) > 7, (0p(1)) O L
which induces a closed immersion

P = Proj-(Sym™ (71.Op(1) ® L)) = P = Proj-(Sym” (. Op(1))). (3.9)
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For dimensions reasons (3.9) is an isomorphism over C. Therefore the map ¢ in-
duces an element in Aut(7r.Op(1)). This gives a map from the LHS to the RHS.
By construction those maps are inverse to each other and hence the lemma fol-
lows. O

Lemma 3.1.22. Let d be a non-negative integer and let w be a line bundle on C of degree d.
Let Y and Y’ be two subschemes of P with divisors D and D' such that Oy (D) = Op(1)|y
and Oy(D") 2 Op(1)|yr. Suppose moreover (§:Y — C,D) and (§' : Y' - C,D’) are
representatives of classes in Ac . Let s, s’ be the associated sections s,s" € Vg from Lemma
3.1.20 and let [s] and [s'] be the associated lines in P(Vg). Then we have

Equiv 4 ((Y 2 ¢, Dy), (Y S, Dy,)) ={vePGg | v([s]) =[s']}. (3.10)

Proof. The inclusion ”c” is clear. For the other inclusion observe, that Lemma 3.1.21
implies that if ¢ is an equivalence of (¢: Y - C,Dy) and (¢’ : Y’ — C, Dy) then the
induced map v: V(s) = V(s") with v € PGg is a closed immersion. By Remark 3.1.5
(b) the inverse morphism ~! is an equivalence of (¢’ : Y/ - C,Dys) and (g: Y -
C, Dy) which by Lemma 3.1.21 induces a closed immersion v~ = v : V(s) < V(s)
of integral schemes of the same dimension, hence an isomorphism and the lemma
follows. O

Theorem 3.1.23. Let d > 0 and let w be an element of Pic?(C). Then

#IP (V)
#PG

AC,w < Z
[Ele

(3.11)

where the sum is taken over twist equivalence classes (Definition 3.1.17) of rank 3 vector
bundles on C.

Proof. Let [(Y LR C,D)] be an element of Ac . Then Y is embedded in Pg with
E = g.Oy(D). Moreover by Lemma 3.1.20 Y is given by an element [s] € IP (Vg),
Y = V(s). Let [s] € IP(VE) and let Stab([s]) denote the stabilizer of [s] under the
action of PGg

Stab([s]) = {v e PG | v([s]) = [s]}-
Then by Lemma 3.1.22 we have

Aut(g:Y — C,D) = Stab([s])

and therefore

5 1 g 5 1 #P(Vp)
v Shyep. Aut(g:Y —>C,D) "~ Stab([s])  #PGg '
(éﬁfic,CD?e)A?w [s1eP(VE) / PGg

Hence it follows from Proposition 3.1.15 and Lemma 3.1.16 (see Remark 3.1.18)
that we have

1 #P(Vi)
AC,w = Z Z < Z .
[E]@ (8:Y—C,D)cPf AUt(g Y - C’ D) [E]® #PGE

(gIYﬁC,D)E.AC/w
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3.2 Counting elements of the set Ac,

In Theorem 3.1.23 we showed that for d > 0 and w « Picd(C ) the following bound

holds 4P (Vi)
Acys ¥ TTE) (3.12)
(£l #PGEg

where ® denotes the twist equivalence relation from Definition 3.1.17. The goal of
this section is to show, that only finitely many of twist equivalence classes of vector
bundles E contribute to this sum.

Let E be a rank 3 vector bundle on C. First of all depending on the length of the
Harder-Narasihman filtration only the following cases occur.

(I) 0= Eg c Ey = Eif E is semi-stable. This case is treated in Paragraph 3.2.1

(I) 0 = Eg © Ey c E; = E if E is not semi-stable, but the first quotient E2/f, is
semi-stable. Discussed in Paragraph 3.2.2.

() 0 = Eg ¢ Eq c Ep c E3 = E if nor E neither the first quotient E / E; is semi-
stable. The case argued in Paragraph 3.2.3.
Proposition 3.2.1. Let E be a vector bundle on an elliptic curve. Let
0=Ey$Eic..cE,=E

be its Harder-Narasihman filtration. Then

n
Ex@PEifE .

i=1

Proof. Foreachi e {1,...,n} the quotient Ei/ E,;_ is semi-stable and the sequence

0~ Ei/g,_y - E[E_, - E[E, -0 (3.13)
is exact with
w(Ei[E_)>p(En/E;) (3.14)
(see: proof of Lemma 1.3.8 in [ ]). As C is an elliptic curve we have

Ext'(Ein1/E,, EifE,_,) = H'(C, Ei[E,_, ® Ein1[E, ")
~ H(C, Ei/g,_, " ® Eir1/E,)
-0 (by (3.14))

Therefore for eachi € {1,...,n} we have a splitting of (3.13) and as Ej = 0 the Lemma
follows. D

Now we will shortly recall some results on moduli spaces of geometrically in-
decomposable vector bundles on an elliptic curve. An indecomposable vector bun-
dle need not be indecomposable any more after an extension of the base field. This
phenomenon was studied in [ ] and motivates the following definition

Definition 3.2.2. A vector bundle E on C over k is called geometrically indecomposable
if after any field extension K the vector bundle Ex = E ® 0. Oc,, is indecomposable, where
CK =C Xk K.

and recall the following properties
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Lemma 3.2.3. [ , Lemma 1] Let E be a vector bundle on C of rank r and degree e
defined over k. Then we have the implications (i) = (ii) = (iii) = (iv) with

(i) E is stable over k

(ii) E is simple over k
(iii) E is indecomposable over k
(iv) E is semi-stable over k

If moreover r and e are coprime, then we also have (iv) = (i) so that all four properties
are equivalent.

In [ ] Atiyah classified vector bundles on an elliptic curve C over an al-
gebraically closed field k later A.Tillmann [ ] showed, that Atiyah’s classi-
fication holds for geometrically indecomposable vector bundles on C over non-
algebraically closed fields and S.Pumpliin analyzed it for genus 1 curves over per-
fect fields of arbitrary index. As Tillman’s work is unpublished, we refer to the
paper [ ] of S.Pumpliin.

We define the following sets of isomorphism classes of indecomposable vector
bundles of rank r and degree e:

Qc(r,e) =Q(r,e)

= { iso. classes of indecomposable vector bundles E on C with degE = e and rkE =r}

Qc(r,e) = Q(r,e)
= { iso. classes of geom. indecomposable vector bundles E on C with degE = ¢ and rkE = r}

It is clear, that o
Q(r,e) c Q(r,e).

Theorem 3.2.4. [ , Theorem 4.4] Let C be an ﬁlliptic curve over k. Let v € Z~y and
e € Z. There is a canonical bijection between the set Q)(r, e) and the set C(k) of k—rational
points on C. Via this bijection, Q)(r,e) and C(k) are identified in such a way that, the map

Q(r,e) - Pic?(C)
Ew detE
corresponds to isogeny “multiplication by h”
[h]: C(k) ~ C(k),
P~ [hP=P+P+..+P

where h = (r,e) is the highest common divisor of v and e.

We moreover have the following description of vector bundles of degree zero.

Theorem 3.2.5. [ , Theorem 3.12, 3.13]Let C be an elliptic curve over k

(i) Foreachr > 1 there exists a vector bundle F, € Q¢ (r,0) that is unique up to isomor-
phism, such that HO(C, F.) # 0. Moreover there exists an exact sequernce

0->Oc—-F —-F_1-0. (3.15)
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(ii) Let E € Qc(r,0) then there is a line bundle S of degree 0 on C which is unique up to
isomorphism, such that E = S ® F,. In particular, E contains S as a subbundle and
detE =S,

Remark 3.2.6. We have F| = O¢.
Proposition 3.2.7. [ , Corollary 3.16] Let C be an elliptic curve over k
(i) The vector bundle F, from Theorem 3.2.5 is self-dual.

(ii) Forallv,s > 1 and s < r we have an exact sequence
0-F—-F —-F_—0. (3.16)

The embedding of Fs in F, as a subbundle is uniquely determined up to isomorphisms
of Fr.

(iii)
dimy, HO(C, F. ® F;) = min(r, s).

Assume we have a vector bundle E over C that is indecomposable over C but
splits over C. It is clear that E will split over some C" = C x; k" where k" is the
degree n extension of k. We will show, that in fact for rk(E) = 3 we have n = 3 and
ifrk(E) =2 thenn =2.

Remark 3.2.8. Let C be a smooth projective curve. Let E be a rank r vector bundle
on Cand Aj; € GL(r, Oujﬂu].) its transition matrix in standard basis, meaning the
matrix expression of the composite of the two isomorphisms (98; = Ely; and Og: =
Ely, over UjnU;. The collection {A;;} of all such matrix functions is a 1-cocycle

with coefficients in the sheaf GL(r,O¢). Hence rank r vector bundles on C are
parameterized by the first cohomology set H(C,GL(r, O¢)).

Proposition 3.2.9. Let C be an elliptic curve over a finite field k. Let E be a rank 3
indecomposable vector bundle on C that is not geometrically indecomposable. Then E
splits into a direct sum of line bundles over C* = C x; k> that are not isomorphic to each
other and do not descend to C.

Proof. By assumption there exists a finite field extension k’ of k> such that if we
denote by 71 : C' = Cxk’" — C the projection, then 7*E splits as L’ & F’ where L’
is a line bundle on C" and F’ is a rank 2 vector bundle on C’. The Galois group
G(k'[k) acts naturally on 7t*E. Let o € G(k’/k) be a generator and suppose, that the
composition

L'sLleF2nESn*ExL/eoF - L/ (3.17)
is not zero. If we denote by [L'] the class of L in H'(C’,G,,) then o maps [L'] to

itself and hence [L'] € HY(C/,G,,)¢* /%) As K’ is a finite field and as H*(C’,G,,) =
(k")* we have the vanishing of

H' (G(K'[k), H*(C",Gn)) =0
as well as of the Brauer group of k’
H*(G(K'[k), H(C',Gm)) = 0.

The sheaf G, is an étale sheaf on C therefore we can use the Hochschild-Serre
spectral sequence

H'(G(K'[k), H/(C',Gm)) = H"(C,Gn)
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[Mil, Theorem 2.20, Chapter 3] to deduce, that
HY(C,Gm) ™ = HY(C,G).

Thus ,
[L'] e H(C',Gp)®*/0) = HY(C,Gp)
which implies that L’ descends to a line bundle on C. It means, that there exists a

line bundle L on C with L" = 7t* L. This gives an isomorphism 7*E = 7*L & F’ and
by applying 7. on both sides we obtain an isomorphism

E@[k':k] ~ LEB[k':k] @ 7, F'

which contradicts the indecomposability assumption on E. Hence we have proved,
that the map (3.17) is zero. Therefore L’ maps under ¢ to F” and since o (L") is a
direct summand of 7*E it has to be a direct summand of F’ i.e. 7*E is a direct
sum of line bundles L] ® L} ® L3, L; € Pic(C") non of which descends to C (by
the above). Also ¢ maps L/ isomorphically to O'(L;) for some j such that j # i but
o(L ]-) ¢ L; and therefore permutes their classes in H 1 (C',Gp). Tt follows, that these

classes live in H'(C/, Gm)c(k’/ ) and hence L;’s descend to line bundles M; on C5.
Furthermore if T € G(k%/k) is a generator then by the same argument as above we
have M, = T'M; and M3 = T/ M; with i, j € {1,2} and M; cannot be isomorphic to
M;. Denote by p: C" — C® the projection and by E® the pullback of E to C°. Then
we have an isomorphism p*E® = p*(M; & M, @ M3). Thus E? is a twisted-form of
M := M7 & M & M3 and hence defines an element in

H'(C'/C°, Aut(M)) = H'(G(K'[K), Auter (p* M)). (3.18)

We have
Endc (p*M) = D H(C',p*M; @ p* M ).
ij
But G(k3/k) acts as a 3-cycle permutation on the set {[M;],[M;],[M3]}. Further-
more since the degree on Pic(C®) commutes with the Galois action, the line bun-
dles M; have the same degree and therefore p* M; ® p*M/T1 for i # j are degree-zero
line bundles that are all non-trivial. Thus End¢/(p* M) equals to Diag(3,k’) and

hence
Aut(p* M) = Diag(3,k"™).

Hence (3.18) vanishes by Hibert 90. This implies that any twisted-form of M on C’
is isomorphic to M, in particular E3 = M on C°. O
Using the same argument as in Proposition 3.2.9 one shows:

Proposition 3.2.10. Let C be an elliptic curve over a finite field k. Let E be a rank 2
indecomposable vector bundle on C that is not geometrically indecomposable. Then E
splits into a direct sum of line bundles over C> = C x k? that are not isomorphic to each
other and do not descend to C.

Corollary 3.2.11. Let E be a vector bundle of rank 3 on an elliptic curve C. Let E =
Ej ®...® E; be the indecomposable decomposition of E. We have the following cases

(1) s=1then

(a) E is geometrically indecomposable;

(b) or E is indecomposable over C but splits as a direct sum of line bundles over
C3® = C x k> that have the same degree, but are not isomorphic and do not
descend to C.

35



(2) s=2then E = E1 ® Ey withrkE; =i withi € {1,2} and

(a) E, is geometrically indecomposable;

(b) or Ey is indecomposable over C but splits as a direct sum of line bundles over
C? = C x; k? that have the same degree, but are not isomorphic and do not
descend to C;

(c) or E; decomposes over C.
(3) s=3then E=E1®Ey® Ez withrkE; =1 forie{1,2,3}.
We wish to evaluate the sum

#P (V)
#PGp

[Ele

In order to do that in each equivalence class [E]g we are allowed to choose a repre-
sentative E’. This representative has to satisfy H°(C, E’) # 0 and for computational
reasons we wish to minimize its degree.

Remark 3.2.12. Observe, that if E is a vector bundle of rank r on C then fo any
L € Pic(C)
deg(E® L) =degE +r-deglL.

In this way, when considering vector bundles of rank r it is enough to consider vec-
tor bundles of degree 0,1, ..., ¥ — 1 then by twisting with a line bundle of appropriate
degree we get all other degrees.

Proposition 3.2.13. Let E be a vector bundle of rank 3 on an elliptic curve C. Assume
moreover, that E is not as in Proposition 3.2.9. Then in the twist equivalence class [E]g =
{E®L,L ePic(C)} of E we can always find a vector bundle E" such that it has a minimal
non-negative slope u(E') € [0,1) and satisfies H*(C,E’) # 0. Furthermore if E satisfies
assumptions of Proposition 3.2.9 then E' can be chosen so that u(E") = 1.

Proof. Let E be a rank 3 vector bundle on C. Assume that E is not as in Proposition
3.2.9. Let
0=EygEic..cE,=E

be the Harder Narasimhan filtration of E. By Lemma 3.2.1 we have

n
E= G? Ei[E. | (3.19)
1=

and by Theorem 1.1.9 the slopes of the semi-stable summands of (3.19) satisfy

.u(El) > V(Ez/El) 2 > ]/l(En/En71 )-

Let p be a k-rational point on C then using the Remark 3.2.12 we can always find
mg € Z such that

mpgrkE + deg E

H(E® Oc(mgp)) = KE

€[0,1).

Therefore without loss of generality we may assume u(E) € [0,1). The proposition
is clear for n > 2 as then E is not semi-stable and E; is a semi-stable sub-bundle
with u(E;) > u(E) > 0 implying H(C, E1) # 0 and consequently H°(C,E) # 0. If
n =1and u(E) > 0 then we are also done. It remains to prove the case n = 1 and
#(E) = 0. Meaning, that E is semi-stable of slope zero. If E is decomposable, then
semi-stability implies, that all the summands have degree 0 in particular E has a
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line bundle L of degree 0 as a direct summand and we can take E' = E® LY. If E
is geometrically indecomposable, then E =~ F3 ® L for some line bundle L of degree
0 and we again take E’ = E® LY. If E is indecomposable but not geometrically,
then by Proposition 3.2.9 77*E is a sum of three line bundles; here 77 : C x; k* - C
is the projection. These line bundles are non-trivial and of the same degree, hence
of degree 0 since u(E) = u(7t*E) = 0. Thus we can take E' = E® O¢(p) for some
p € C(k). This finishes the proof. O

3.2.1 Semistable case

Let d > 0 and w € Pic?(C). First of all we treat the case that E is semi-stable. By
minimizing the slope of E as in Proposition 3.2.13 we have the fo llowing cases

o If E does not satisfy assumptions of Proposition 3.2.9, then u(E) = %
or u(E) = % or u(E) = % =0.
o If E satisfies assumptions of Proposition 3.2.9 then u(E) = % =1

Remark 3.2.14. For computing automorphism groups of some vector bundles on C
we will use the following fact.
Let K be a Galois extension of k and consider the following diagram

n*E —————E

|,

Cx —2—>C

| ]

Spec (K) —— Spec (k)
where E a vector bundle on C. Then from Galois-Descent follows, that

Aut(E) = Aut(7r* E) S K/R),

gcd(3,2)=gcd(3,1)=1

If the degree of E is 1 or 2 then gcd(3,1) = gcd(3,2) = 1 and hence by Lemma
3.2.3 E is stable. The degree and the rank are preserved under base extension (see
Section 1.1) therefore the vector bundle E is geometrically stable and by Lemma
3.2.3 E is geometrically indecomposable. The number of isomorphism classes of
geometrically indecomposable vector bundles with (r,e) = (3,2) or (r,e) = (3,1) is
by Lemma 3.2.4 equal to #C(k). Furthermore the automorphism group of a geo-
metrically stable vector bundle is the multiplicative group G, /k.

gcd(3,0)=gcd(3,3)=3
We now assume y(E) = 0.

Lemma 3.2.15. Let E be a semi-stable vector bundle of rank 3 and degree deg(E) = 0.
Assume that if E is indecomposable, then it is geometrically indecomposable. Up to twist
with a line bundle we have the following possible different structures on E.

(R3a) The vector bundle E is geometrically indecomposable, E = F3 € Qc(3,0). It is unique
up to isomorphism and has the automorphism group #Aut(F3) = g*(q - 1).
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(R3b) The vector bundle E has the decomposition E = Oc @ G, with G € Qc(2,0). The
number of isomorphism classes of vector bundles E of the type E = Oc & G, with
G € Qc(2,0) is #C(k). Furthermore

(q—l)z 3, ifGSPz,
#Aut(E) = { (3.20)
(9-1)%, ifG2F.

(R3c) The vector bundle E has the decomposition E = Oc & G, where G is a rank 2 vector
bundle that is indecomposable over C but splits over C* = C xi k*. The number of
isomorphism classes of vector bundles E of the above type is at most

#C(K*) —#C (k) - 1.

Furthermore
#Aut(E) = (4-1)(4> - 1),

R3d) The vector bundle E is a direct sum of line bundles, E = Oc ® L1 @ Ly with L; €

Pic’(C). The number of isomorphism classes of vector bundles E of the above type
is at most #C(k)?. Furthermore

(P-D@P-9)(®-9%), ifLizL=0Oc,
(g-1)3(g+1)g, ifLy 2Ly 2 Oc,
#Aut(E) = (3.21)
(9-1%, ifLi2Ly=Oc
(q-1)% ifOc#Li2Ly2Oc.

Proof. The classification (R3a)-(R3d) follows from Corollary 3.2.11.

R3a) Assume E is geometrically indecomposable. By Theorem 3.2.5(ii) up to twist
with a line bundle we have E = F;. Furthermore by Theorem 3.2.5(i) the
vector bundle F; is unique up to isomorphism.

Take {Uj;};c; an open cover of C such that there exist isomorphisms F3|y, =
(’)3?’. The vector bundle F; fits into the exact sequence (3.16)

0-0cLB%E 0. (3.22)
Let {f{,fé} be a basis of F|y, such that a(1) = f{ and ‘B(fﬁ) = 1 under the
maps

0-0c %R 5 oc0.
Then a transition matrix of F, with respect to this basis has the form

( (1) ﬁlfri )eGL(Z,(’)(UimUj)).

Let {ea,eé,eé} be a basis of F3|y;, such that 1 + eli under the map < and ef( >

f,i_l under the map ¢ for k € {2,3}. Then the transition matrix on U; n U; of
F3 is given by

1 Yij &,
1’]1"]' = 0 1 .Bi,j € GL(3,O(U1 N U]))
0 O 1
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We will show, that 7; ; is symmetric, i.e B;; = 7; ;. The dual of the sequence
(3.22) is the sequence

0-F - F > 0Oc —0.

Furthermore as F;’ = F, (By Proposition 3.2.7(i)) we can find a local basis for
F;' such that the gluing over U; n Uj is given by

1 Bij 6ij
7= 0 1 7 |ecLE0Winuy).
0 0 1

The existence of the isomorphism F;" = F3 (Proposition 3.2.7(i)) implies that,
there is a transformation i; € GL(3, Oy;,) such that hiﬁi,jhj‘l = 11;,j. Further-
more by Proposition 3.2.7 for every s,7 > 1 and s < r we have the diagram

O FI’ Fs Fs—r O 4
0 EY EY EY, 0

where the bottom exact sequence is the dual of the sequence 0 - F,_s - F. —
F; - 0. Now, since for each s < r the embedding of F; in F, as a subbundle is
unique up to isomorphisms of F; (see Proposition 3.2.7(ii)) the above diagram
commutes. Furthermore its commutativity implies, that we can find a local
basis {a’i, aé, aé} of F3|y;; and a local basis {a‘ﬁ, Ezé, a‘é} of Fy/|y; such that 7; ; = 17 ;
hence the gluing matrix is symmetric given by

L Bij i
771',]' = 0 1 ‘31',]' € GL(3, O(Ul n U]))
0 0 1

This proves the claim. Now using the gluing matrix we will describe auto-
morphisms of F3. First of all the collection 7; ; satisfy the cocycle condition,

therefore the functions g; ; must form a cocycle g = {B;;} in H (C,0¢) = k.
It can not be 0 as F;, is a non-trivial extension. An automorphism ¢ of F; is
locally given by a matrix ¢(U;) = (A;) € GL(3,0y,) that commutes with the
gluing data

A;
®3 ! ®3
ou lunu; —— ou lu;nu;

l’?i,j J(’]i,j
A

@3 / @3
Ouj U, —— Ou], luinu;

meaning

a; b ¢ L Bij aij L Bij i aj bp ¢
di e; fi 0 1 ,Bi,j = 0 1 ,Bi,j d] Ej f] .



R3b)

Therefore we obtain the following system of equations

8i = §j
hi—hj = -giBi
di—dj = gjBi;

ei—ej=(hj—d;)Bi,
ki—kj=—giwij—hiBij
a;j-aj=dif;;+gjai

bi - b] = (6] - ai),Bi,]- + ]’l]ﬁl’]
fi—fj=(kj-e)Bij—da;;
ci—cj=(fj=bi)Bij+ (kj—a;)ai;

The condition g; = g; implies that the collection {g;} form a global section

hi—h;
g € HY(C,Oc). Moreover we must have g = 0 if not B;; = 11g1 which

would imply, that B;; is a coboundary and contradict indecomposability
of F,. Consequently it follows, that {h;} and {d;} form global sections of
h,d e H'(C,Oc). From the equality ¢; —ej = (hj—d;)B; follows, that h = d and
therefore the collection {¢;} form a global section e € H 9(C,0¢). Moreover as
¢ =0we have k; —k; = -h; ; hence h = 0 and the elements {k;} form a global
section k € HO(C, Oc¢). From d = ¢ = 0 we deduce, that 4; = a; and therefore
{a;} form a global section a € H°(C,Oc¢). Now as e,a and k, e are global sec-
tions of Oc and h = d = 0 we have b; - b; = (e —a)B;; = 0 and k = e otherwise

S < Bij. Then f = {fi} ¢ H(C,0c) and also b = {b} € H'(C,O¢). As
k = e = a the last equation implies f = b and ¢ = {¢;} € H(C,O¢). All in all

we conclude, that automorphism group of F3 is the group of 3 x 3 invertible

matrices
a b c
0 a b
0 0 a

with a,b, ¢ € k that is a semidirect product of the group of strictly upper tri-

angular matrices
1 b ¢
01 5b
0 01

and the group of invertible diagonal matrices

a 0 0
0 a 0 |].
0 0 a

Consequently using the natural isomorphisms Aut(F3) = (Gu(k) x Ga(k)) »
G (k).

Assume E is a direct sum E = Oc & G with G € Q¢(2,0). By Theorem 3.2.5(ii)
there exists a unique line bundle L ¢ Pic%(C) such that G = L ® F,. Further-
more it is clear, that if E’ = O¢ @ G’ is another vector bundle of this type, then
E =~ E'ifand only if G 2 G’ hence the isomorphism class of E depends only on
G which is determined by L. Therefore the number of isomorphism classes
of vector bundles E of the type E = Oc ® G, with G € Q¢(2,0) is #C(k).

First we will describe automorphisms of F, and later compute automorphisms
of Oc ® L ® F,. Take {U;};c; an open cover of C such that there exist isomor-
phisms By, = (’)3?‘. Let {f}, f5} be alocal basis of F|y, such that a(1) = f;
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and [S(le) =1 under the maps (see:(3.16))

oaogiaiocea (3.23)

Then a transition matrix of F, with respect to this basis has the form

1 ‘B.’.
0ij= ( 0 111 ) .
The cocycle condition for {¢; ;} implies, that the elements {;;} form a cocy-
cle, B={Bi;} € Ext'(Oc, O¢) = HY(C,Oc) = k. It is clear, that B#0asFisa

non-trivial extension. An automorphism ¢ of F, is locally given by a matrix
o(U;) = (Aj)1<i<2 € GL(2, Oy;) that commutes with the gluing data

A
@2 ! @2
OU,‘ |ul‘ﬂu]' Oul |LI,~r‘|Uj

Jréi’j lrli/j

O®2| A O®2|
U/ Uinllj u] Uiﬂuj'

ai b \((1 Bij Y_( 1 Bij \[ % Y
Ci d,‘ 0 1 "\ o 1 C]‘ d] ’

From the diagram above we obtain the following system of equalities

meaning

Ci = C]'
ai-aj =cjpij
di—d;j =cifij

bi=bj =(dj+a;)Bi;

The condition ¢; = ¢; implies that the ¢;’s glue to a global section ¢ € H(C,O¢) =
k. Moreover we must have c = 0 otherwise the equality

a; 4j

Bij=—-—

Cc C

is satisfied, which implies that ;; is a coboundary and the exact sequence
(3.23) splits. Hence ¢ = 0 which consequently imply, that 4; = a; and d; = d;
and therefore a;’s and d;’s glue to give global sections a,d € H°(C,O¢) = k.
By applying the same argument as for c to the equation b; - b; = (d - a)B;;
we obtain a = d and hence a global section b € H(C,O¢) = k. Therefore the
automorphism group of F, is the group of 2 x 2 matrices

(5 0)

with a,b € k and a # 0. This group is a direct product of the group of strictly
upper triangular matrices

10

01

and the group of invertible diagonal matrices

(5 )
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Therefore
Aut(FR) = G4(k) x Gy (k). (3.24)

Let us now describe automorphisms of E = Oc @ F,. Again we take a covering
{U;}; of C such that E|y; = (Oc @ B)|y, = Oy, ® Oy, ® Oy,. Take the basis

{fi, f3} of F, and complete it to the basis {1, fi, fi} of Oc @ F,. As we have
the direct decomposition of E a gluing on U; n U; with respect to the basis

{1,f,f3} and {Lf{,fé} is given by
0
Bij |,

Cij= (
(o)

is a transition matrix of F,. Automorphisms of E are locally given by 3 x 3
matrices (B;) € GL(3, Oy, ) that commute with the gluing data

o O
o = O

where

B.
®3 i ne3
O lunu; —— OF luiny,

l@i/;‘ Jéi,j
B

@3 i @3
Ouj |uimu/- Ouj |u,»nu]-

meaning
a; b,’ C; 1 0 0 1 0 0 aj b] Cj
(di 3 ﬂ)(o : lBi,j):(O ; ﬁl])(d] ej f])
i hi ki 00 0 0 g] h] k]
Therefore
a; —Clj
bi =b;
Si =8
hi =h;
cj—ci =bipi
ki—ki =hipi;j
ej=ei =hjpi
di—d; =gjBij
fi—fi =(ei—kj)Bij

The first four equalities imply, that the collections {a;}, {b;}, {gi}, {hi} glue
to global sections a,b,¢,h € H°(C,O¢). The four next equalities imply, that
b =h =g =0 (otherwise B;; would be a coboundary) which consequently
leads to {c;}, {k;}, {e;},{gi} forming global sections c,k,e,d € H’(C,O¢). The
last equality proves, that e = k and that the collection {f;} gives a global
section f of Oc. We therefore conclude, that every automorphism of E is
given by an invertible matrix

(@ ERSTERNY
o0 O
QN 0



R3¢)

with a,c,d,e, f € k. Therefore

Aut(E) = {(

Assume now that E = Oc ® L® F, with L £ O¢. Twisting the exact sequence
(3.16) with L we obtain H*(C,L ® F,) = 0 and therefore there is no cross ho-
momorphisms Hom(L, F, ® L) = Hom(L, F, ® L) = 0 (here we use Proposition
3.2.7(i)) which gives the direct decomposition

[e=RRNTERNY

0
e
0

(S N

) witha,eck®and c,d, fek;.

Aut(Oe L®F) = Gy (k) x Aut(FR).

Assume E is a direct sum E = Oc @ G, where G has rank 2 is indecomposable
over C but not geometrically indecomposable. By Proposition 3.2.10 7*E =
Ly ® Ly with deg(L;) =0, L £ Ly and L; ¢ Oz, where 7 : C? := C? x; k? —
C is the projection. Lemma 3.2.16 implies that the isomorphism class of G
determines the isomorphism class of E. Furthermore if we fix L; then the
line bundle L, is determined by L; namely L, = ¢(L;), where o € G(k*/k)
is a generator. Now as Pic’(C?) = C2 the number of isomorphism classes of
vector bundles G as above is at most

#C(K?) —#C(k) - 1.

To describe the automorphism group of each E we use the Remark 3.2.14.
Let 77 : C? := C x; k? - C be the projection, then by Proposition 3.2.9 7*G =
M ® My, where M; € PicO(Cz) with M ¢ My and M; 2 O fori=1,2. Using
properties of M;’s fori e {1,2} we have

Hom(Oc, M;) = Hom(M;, Oc) = Hom(M;, M;) = 0.

Therefore the O2-linear automorphisms of 71*E are given by invertible ma-

trices
0 0
d 0
0 e

with a,d, e € k*. Furthermore the Galois group acts on 77*E by fixing O and
permuting M; and M. Its corresponding matrix representation is

1 00
0 01
010

and the Gal(k?/k)-invariant automorphisms of 77* E are those, that satisfy the

relation
10 0\/(a 0 10 oy
00 1]|o oflloo =l o ,
01 0/\o e J\o 1 0

where 7 denotes the conjugation of 2. We have
0
1 1.
0

100\ (1
00 1] =]o0
010 0
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Consequently automorphisms of E are invertible matrices

0 0
0
d
with a,d € k? and hence

Aut(E) = Gy (k) x Resga G (),

S O
[e> RIS

where Resy Gy denotes the Weil restriction of Gy,

R3e) Assume E is a direct sum of three line bundles of degree 0 defined over C.

Therefore up to twist we have E = Oc ® L1 @ Ly with L; « Pic’(C). The
number of isomorphism classes of vector bundles E of u(E) = 0 and E =

Oc @ L1 ® Ly with L; € Pic’(C) is at most #C(k)2.

Assume now that E = O @ L & L, and let us write Ly := O, then every Oc-
linear endomorphism of E is given by a matrix

a1 412 413
a1 dpp 4as3
asz1 4a3x 4as3

with a;; € Homp(L;, Lj) for 0 <i <2and 0 < j < 2 and fori = j we have
Home (L, Lj) = k. First of all only the following cases occur

Li2Ly2O¢
L1§L2$OC
L1$L2§OC
Oc#Li12L,#0c

It is clear, that the case E = (9833 brings
Aut(E) = GL3(k).

The second condition Ly = Ly but L; £ O¢ implies Hom(Oc, L;) = Hom(L;, O¢) =
0 and Hom(L4, L) = Hom(L;, L1) = k and therefore

Aut(Oc @ L1 ® L) = Gy (k) x GLp (k).

Suppose E=0coLioL, with [ ¢ Ly Oc. That gives HOITI(OC, Ll) =
Hom(L1,O¢) = 0and Hom(O¢, L) = Hom(L,, Oc) = k. Moreover as L1 # L,
we have Hom(Lq, Ly) = Hom(Ly, Ly) = 0 and therefore

#Aut(E) = (¢-1)%4*.

In the last case Oc ¢ Ly ¢ Ly ¢ Oc we have Hom(L;, L;) = 0 for i # j and
Hom(L;, L;) = k. Therefore in this case, the automorphism group is

Aut(E) = Diag(3,k).
O

Lemma 3.2.16. Let E, E’ be rank 3 vector bundles on C such E=Oc @ G, E'=0c o G/,
where G, G' are indecomposable over C but not geometrically indecomposable. Then

E~E < n*Exn*E,

where 7t : C? := C x; k? — C is the projection.
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Proof. The implication "=" is clear. To prove the implication ”<" we must show
that H' (Gal(kz/k),MCz(rc*E)) = 1. By Proposition 3.2.9 7*G = M; @ M, where

M; € Picd(Cz) for some d € Z with My £ My and M; ¢ O fori =1,2. Assume that
d is positive (the case d < 0 is symmetric and d = 0 will follow from this case). Then
the O-linear automorphisms of 77*E are given by invertible matrices

[20)

with a,d,e ¢ k? and b, ¢ € (k*)?. Therefore Aut(77*E) = (G x G?) x (G x Gy x Gy
and we have the exact sequence of groups

b
d
0

O O
Q O a0

1-G?xG? > Aut(71*E) » Gy x Gy x Gy — 1. (3.25)
which induces the long exact cohomology sequence

1 - H(Gal(k*/k),G? x G?) -~ HO(Gal(k*/k), Aut(*E)) - H*(Gal(k*/k), Gy x G x Gy)
-~ HY(Gal(K?/k),G% x G%) - H'(Gal(k?/k), Aut(r*E)) - H' (Gal(k*/k), Gy % Gy x Gpr).

By Hilbert’s 90 we have H!(Gal(k?/k), G x G?) = H'(Gal(k?/k), Gy x Gy x Gpy) =
1. Consequently from the above long exact sequence follows

HY(Gal(K?*/k), Aut(*E)) = 1

which proves the statement. For d < 0 the automorphism group does not change
and for d = 0 we have Aut(r*E) = Gy, x Gy x Gy, This finishes the proof. O

Corollary 3.2.17. Let G, G’ be rank 2 vector bundles on C that are indecomposable over
C but not geometrically indecomposable. Then

G2G < "G n*G/,
where 7t : C? := C x; k* — C is the projection.

Proof. Following the proof of Proposition 3.2.16 we observe, that Aut(7r*G) = G, x
G, which by Hilbert 90 leads to H'(Gal(k?/k), Aut(7t*G)) = 1. O

Now we will treat the case of vector bundles that are indecomposable over C
but not geometrically.

Lemma 3.2.18. Let d > 0 and w € Picd(C). Let E be a semi-stable vector bundle on C
of slope u(E) = % =1 that is indecomposable on C but not geometrically indecomposable.
Then the number of isomorphism classes of vector bundles of this type is at most

#C(K) - #C(k) -1
and Aut(E) = Ress G (k).

Proof. Let 1 : C3 = C x¢ k> - C be the projection. By Proposition 3.2.9 we have
m*E = M1 & My & M3, with M; € PicO(C) and M; ¢ M for i # j and such that Mls
do not descend to C. It is clear, that the isomorphism class of E is determined by
the M’s up to isomorphism. If we fix My, then M, and M3 are determined by Mj,

namely M, = 0(M;) and M3 = 0?(M;), where ¢ ¢ G(k%/k) is a generator. Now
as Pic’(C?) = C? the number of isomorphism classes of vector bundles E as above
is at most #C (k%) - #C(k) - 1. To describe automorphisms of E we use the Remark
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3.2.14. First of all we have Hom(M;, M;) = K3 ifi = j and Hom(M;, M;) = 0 if
i # j. Hence automorphisms of 71*E that are Os-linear are given by 3 x 3 invertible

matrices
a 0 0
0 b O
0 0 c

with a,b, ¢ € k*. The Galois group G(k/k) acts by a 3-cycle permutation. Its corre-
sponding matrix representation is given by

00 1 0
1 0 0 ]Jor| O
01 0 1
010\ /001
001| =100
100 01 0

and therefore it is enough to consider only one of them. Automorphisms of E are
those invertible matrices

o O =
o = O

however

—_

a 00
0 b O
0 0 ¢
with coefficients
a,b,cekd,
that satisfy
01 0\(a 00\(0 10\ (a00
0 0 1 0 b 0 0 01 =l 0 b 0|,
1 00 0 0 ¢ 1 00 0 0 ¢
where @ denotes the conjugate of 4. Therefore
b 0 0 a 00
0 cO0f=l0¢boO
0 0 a 0 0 ¢
and hence b = ¢ = 4, which implies that Aut(E) = Res;s ;G (k). O

Proposition 3.2.19. Let d > 0 and w « Pic?(C) and let E be a rank 3 semi-stable vector
bundle of degree 0, then the dimension of the vector space
Ve = HY(C,Sym>(E) ® det(E)¥ @ w)

is bounded by

dim; Vg <10,  ifd =0,
(3.26)

dimy Vg =104, lfd >1.

Proof. Letd > 0 and let w € Pic?(C) we will bound the dimension of the vector

space V¢ := H'(C, Sym3(E ) ® M) for a semi-stable vector bundle E of degree 0.
There are two cases to consider. Assume d = 0, then by Theorem 1.2.4 the vector

bundle Sym3(E) ® Mg is semi-stable. We have

3deg(E)

#(Sym*(E)) =3u(E) = ——2"— = deg(E),
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and therefore
y(Sym3(E) ® ME) = ],t(Sym3(E)) +u(Mg) = deg(E) —deg(E) +d =0.
Hence by Proposition 1.3.2
h(C,Sym>(E) ® M) < 10.

In the case d > 1 the slope y(Sym3(E) ® Mg) = 10d > 10 and as SymB(E) ® Mg is
semi-stable with positive degree hence

h(C,Sym®(E) ® M) = 10d.

Remark 3.2.20. All in all for the cases (R3a)-(R3d) we have

10_1 .
#P(Ve)(k) < T ifd=0
3.27
104 _q . ( )
#P (V) (k) = qu ifd>1

3.2.2 Unstable case

Let d > 0 let w € Pic?(C). Let E be an unstable vector bundle of rank 3 on C with
the Harder-Narasimhan filtration of the type

Oc Emax c E,

where Enax is the maximal destabilizing subbundle of E (we also used the notation
E; in Section 3.2) and let Q denote the quotient E / Emax - BY Proposition 3.2.1 we
have E 2 Emax ® Q. For convenience we assume here that rk(Emax) = 2 however
the below construction work as well for the case rk(Emax) = 1. We would like to
point out here that over an elliptic curve the tensor product of semi-stable vector
bundles is semi-stable ( see: Theorem 1.2.3) as well as are the symmetric powers of
a semi-stable vector bundle ( see: Theorem 1.2.4). Consider the smooth projective
threefold
7 : P := Proj-(Sym*(E)) — C.

and let Op(1) be the invertible sheaf on P such that 77.Op(1) = E. We have sur-
jective maps E — Emax and E — Q which give us the following commutative
diagram

PEmaXC—> P (—)PQ

Nl

C

The scheme P, := Proj-(Sym*(Emax)) is a ruled surface and the scheme Py :=
Proj-(Sym™(Q)) is isomorphic to the base curve C. Denote by M the line bundle
det(E)" ® w. We are interested in bounding the dimension of

H(P,0p(3) ® T (ME)).

Every such a global section defines a family of degree three curves Y — C inside
P. We are not interested in all sections but in those whose zero sets lie in A¢ . To
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bound this dimension we proceed as follows. First note, that we have the projec-
tion formula

H(P,0p(3) ® * (Mg)) = H° (c, Sym*(E) ® ME) .

The vector bundle Sym?’(E) ® ME is a rank 10 vector bundle of slope

u(Sym*(E)ye@ Mg) = u(Sym®(E))+ u(Mg)
= 3u(E) +u(Mg) (3.28)
= d
Sym3(E)®ME:

[Sym3(13max) @ (Symz(EmaX) ® Q) ® (Emax ® Sym2(Q)) ® Sym3(Q)] ® Mg

where by Theorem 1.2.4 all the summands are semi-stable. The decomposition
above gives us the decomposition of the cohomology groups

H'(C,Sym*(E) @ Mg ) = (3.29)

H! (c, Sym®(Emax) ® ME) ®H! (c, Sym?(Emax) ® Q® ME)
oH! (c, Emax ® Sym?(Q) ® ME) ®H! (c,Sym3(Q) ® ME) .

If we bound the h!- dimensions of the summands, we will get a bound of the
dimension of

H' (C,Sym®(E) ® M) = H' (P, 0p(3) & 7* (ME))
and consequently using Riemann-Roch a bound of the dimension of
H° (c,sym3(15) ® ME) = H'(P,0p(3) ® T* (Mp)).
Observe, that
i (Sym® (Emax) @ Q@ Me) = i (Sym’(Emax) ) + #(Q) + (M)

= 2(Emax) +deg(Q) -deg(E)+d  (3.30)
= d>0.

Proposition 3.2.21. Let d > 0 and let w € Picd(C). Assume furthermore that E is an
unstable vector bundle on C with the maximal destabilizing subbundle Emax of rank 2. Let
Q denote the quotient Q := E/p_ . Let 7t : P = Proj-(Sym*E) — C and

se H'(P,0p(3) ® * (ME)),
where Mg = det(E)Y ® w. Moreover let Y = V(s) be a closed subscheme of P and let

i:Y < P be the inclusion. Assume that (g :Y — C,D) with Oy(D) = Op(1)|y and
g = 1ol is a representative of a class in Ac ,. Then

(a) ,u(Emax) - V(Q) >0,
(0) p(Sym’®(Emax) ® Mg ) 20,

(©) If u(Sym>(Q) ® M) <0, then C is a section of the surface Y
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(d) If u(Sym>(Q) ® M) <0, then u(Sym?(Q) ® Emax ® Mg) > 0;

() 1(Sym*(Q) ® Emax ® ME) > 0.
Proof.  (a) This is a property of the Harder-Narasimhan filtration.

(b) Assume y (SymS(EmaX) ® ME) < 0. We have the restriction map

[Op(3) @ T (ME)] |py, . = Opp  (3) @7 (ME)

and by assumption
HO (PEmax’ OPEmax (3) ® nEmax(ME)) = HO (C’ Sym3(EmaX) ® ME) =0.

Take
se H (P,0p(3) ® 1" (ME)).

Let Y be the zero scheme of s. By the above, the restriction of s to Pg,__, is zero,
hence Y contains the ruled surface P, . This means that the generic fiber of
Y - C contains a P! which contradicts the assumption that the generic fiber
is a smooth connected projective curve with trivial canonical sheaf.

(c) The surjection E - Q defines the inclusion of C in P and the ideal sheaf of
C inside P is the ideal Z¢/p = T, where I is generated by the kernel Emax S

Sym!(E). Let
seH° (C,Sym3(E) ®ME).

Now as we assume y(Sym3(Q) ® M) < 0 semistability of SymS(Q) ® Mg
give us vanishing of

H(Sym*(Q) ® Mg) =0

and hence
H° (c, sym*(E) ® ME) =H° (C,Sym3(EmaX) ® ME) ®
H° (c, Sym?(Emax) ® Q® ME) o H° (c, Emax ® Sym>(Q) ® ME) .

The section s generates a homogeneous ideal | in Sym”*(E) ® M. Let Y be
the closed subscheme defined by the sheaf of ideals Jy,p = J. By the above
the surjective map

Sym®(E) @ Mg - Sym®(Q) ® Mg

sends s to zero, hence we have an inclusion of ideals | € I. Since the statement
is local, we conclude that C is a section of the surface Y.

(d) By assumption Y - C is generically smooth and therefore C < Y is gener-
ically a regular embedding. Let Jy,p = ] be the ideal sheaf of Y in P, | c
Sym™(E) ® Mg it is a homogeneous ideal generated by the section s. Let
Zeyp = Tbe the ideal sheaf of C inside Pi.e. [ is generated by the kernel Epax C
Syml(E). Assume y(Syms(Q) ® Mg) <0and y(Symz(Q) ® Emax ® M) <0,
then we have the decomposition

H° (c, Sym*(E) ® ME) = H° (c, Sym®(Emax) ® ME) ®H" (C,Symz(Emax) ®0® ME) .

Furthermore the above decomposition implies that the inclusion J ¢ I% holds.
We claim that then Y is singular along the section C. According to [ ,
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Exp. IV, Proposition 16.2.7] locally on C the conormal bundle Ny of C
inside Y is given by
(21):

If Y were smooth along C [ , Corollaire 4.11] then at every point x € C
the dimension of N /v, would be equal the codimension of C in Y which is

1. Using ] ¢ I? and the fact that C is smooth in P we get
dim/\/c/yx = dimNc/px =2.

This implies that Y is singular along C which is a contradiction

(e) Observe that we have

u(Sym’(Q)@ M) = u(Sym*(Q)) + (M)
= 3u(Q)-deg(E) +d
= 3deg(Q)-deg(Q)-deg(Emax) +d
= 2deg(Q)-deg(Emax) +4d.

and

#(Sym*(Q) ® Emax ® M) = p(Sym*(Q)) + pt(Emax) + #(ME)
= ZV(Q)"'F(Emax)"',u(ME)
= 2deg(Q) + tt(Emax) —deg(E) +d

= ;(4 deg(Q) +deg(Emax) —2deg(E) +2d)
_ ;(2 deg(Q) - deg(Emax) + Zd).

Therefore if y(Sym3(Q) ® Mg) > 0sois ‘u(Symz(Q) ® Emax ® Mg) > 0 which to-
gether with (d) gives that the slope

y(SymZ(Q) ® Emax ® ME) > 0.

is always non-negative.
O

By the above we can conclude, that if E is a vector bundle on C such that E is not
semi-stable and the maximal destabilizing subbundle Enax of E is of rank 2 then
E gives a contribution to the sum from Theorem 3.1.23 if the slope inequalities
from Proposition 3.2.21 are satisfied. We will analyze those inequalities in the next
subsection.

We also have a similar statement, when rk(Emax) = 1.

Proposition 3.2.22. Let d > 0 and w € Picd(C ). Assume, E is an unstable vector bundle
on C with the maximal destabilizing subbundle Emax of rank 1. Let Q denote the quotient
Q:=E/E, ... Let m: P =Proj-(Sym*E) - C and

se H'(P,0p(3) ® T* (ME)).
Moreover let Y = V(s) be a closed subscheme of P and let i : Y — P be the inclusion.

Assume that (g:Y — C,D) with Oy(D) = Op(1)|y and g = 1t 0 i is a representative of a
class in Ac . Then
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(@) p(Emax) - 1(Q) >0
(@) p(Sym*(Q) @ M) > 0;

(©) If u(Sym®(Emax) ® M) <0, then C is a section of the surface Y
(d) If p(Sym® (Emax) ® ME) < 0 then ji(Sym”(Emax) ® Q® M) > 0.

(e) u(Sym?(Emax) ® Q® Mg) > 0.

Proof. Follow the proof of Proposition 3.2.21 with Enax replaced with Q and Q
replaced with Emax. O

Remark 3.2.23. Notice, that we can as well apply the whole construction to a twist
of E then we get a bound for slopes of twisted summands.

Unstable case with the maximal destabilizing subbundle of rank 2

Let E be an unstable vector bundle on C with rk(Emax) = 2 and the quotient Q :=
E/g_ . €Pic(C). Then by Proposition 3.2.1 we have E & Enax ® Q and up to twist
with a line bundle

E=0OcoF,
where F is a semi-stable rank 2 vector bundle of degree deg(F) > deg(Oc¢) = 0.

Lemma 3.2.24. Consider a vector bundle E = O¢ @ F, such that F is semi-stable with
rk(F) =2 and u(F) > u(Oc¢) = 0. Then we have the following cases.

(L2a) E = Oc @ F, with gcd(2,deg(F)) = 1 and hence F is geometrically stable,
(L2b) or E = Oc @ F, with ged(2,deg(F)) = 2 and F is geometrically indecomposable

(L2c) or E = Oc ® F, with ged(2,deg(F)) = 2 where F is indecomposable over C but

splits over C? := C x; k2.

(L2d) E = O¢c & F, with ged(2, deg(F)) = 2 where F = Ly & Ly with Ly, Ly € Pic'(C) and
1>0.

Furthermore let d > 0 and w € Picd(C) and let 7 : P = Proj-(Sym*E) — C and
S € HO(P,OP(3) ® H*(ME)),

where Mg = det(E)Y ® w. Moreover let Y = V (s) be a closed subscheme of Pandi:Y — P
be the inclusion. Assume that (§:Y — C,D) with Oy(D) = Op(1)|y and g = moiisa
representative of a class in Ac ,. Then

(a) The degree of E is bounded by 0 < deg E < 2d.
(b) Let Ve = HY(P,Op(3) ® r* (ME)) then

11d+2  if degE =2d
10d if 0<degE<d

<10d+1 if degE=d
9d+degE if d<degE <2d

dimk VE =
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(c) The number of automorphisms of E in the respective cases is as follows

(q-1)2qd¢8E, in the case (L2a);

> (gq- 1)2qdeg E in the case (L2b);

#Aut(E)={ (q-1)%(qg+1)q%8E,  in the case (L2c);
(g-1)3(g+1)q8E*L, in the case (L2d) with Ly = Ly;
(q-1)3q9¢8E, in the case (L2d) with L1 ¢ Ly.

(d) For a fixed degree of E, deg(E) € (0,2d] the number of isomorphism classes of vector
bundles E = Oc & F in the respective cases is

#C(k), in the case (L2a);
<#C(k), in the case (L2b);
<H#C(k*) -#C(k) -1, in the case (L2c);
<#C(k)?, in the case (L2d);

Proof. We know, that F is semi-stable, therefore if gcd(deg(F),2) = 1 then F is
geometrically stable. If gcd(deg(F),2) = 2 then there are three possible cases F
might be geometrically indecomposable, or might be indecomposable over C but
not geometrically indecomposable or E is a sum of two line bundles defined over
C.

For (a) it is clear, that deg(E) > 0. Furthermore observe that by Proposition
3.2.21(d) we have

#(Sym?(Oc) ® F® Mg) = ;(2deg(’)c ~ deg(F) +2d) - ;(—deg(F) +2d) >0

hence deg F = deg E which leads to
0<degE <2d.

To prove (b) recall that we have the splitting (3.29). The slope pt(Sym3((9C) ® M) =
d —deg(E) can be negative. The slopes of the other summands

H (Sym3(F) ®ME) =3u(F) + u(Mg) = w 50
§u(Sym?(Oc) ® F @ Mg) = u(F) + p(Mg) = ~28E20 5
M (Sym2(F) ® Oc ®ME) = y(Symz(F)) +u(Mg)=d >0

Therefore by Riemann-Roch, Proposition 1.1.10 and Proposition 1.3.2 the dimen-
sion of Vg := HO(Sym3(E) ® Mr) is a follows

11d +2 if degE =2d
10d if 0<degE<d

<10d+1 if degE=d
10d +degE—-d if d <degE <2d

dimk VE =

(c)To count automorphisms of E we use its direct decomposition. The fact, that
#(F) > 0 and semi-stability of F imply Hom(F, O¢) = 0. Furthermore Hom(Oc, F) =
HY(C, F) and as F is semi-stable with positive slope dim; H(C, F) = deg(F). Hence
End(E) = k& Hom(O¢, F) ® End(F) and therefore

#Aut(E) = (g - 1)g%sM#Aut(F).

Furthermore if F is geometrically stable, then Aut(F) = G, (k). If F is geometri-
cally indecomposable, then G, (k) c Aut(F) and hence #Aut(E) > g—1. Assume
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that F is indecomposable over C but not geometrically indecomposable, then by
Proposition 3.2.10 77* F = My ® M, where 7t : C? := C x; k? - C is the projection and
M; € Picd(Cz) are such that My ¢ My, M; £ O¢c and d > 0. Furthermore as M; & M
is semi-stable, so is by Proposition 1.1.4 the vector bundle F. Automorphisms of
7r* F are therefore invertible 2 x 2 matrices

(5 0)

with a,b € k2. The Galois group G(k?/k) acts on F by permuting M and Mj. It nat-

urally acts on End(7t* F) by conjugation and Aut(G) = Aut(rt*F )G(kz/ k). Therefore
automorphisms of F must satisfy

SRR

where 7 denotes the conjugation of the element a of k*. Consequently

(o2)-(5 %)

Therefore b = @ and hence Aut(F) = Res;2 ;G (k), where Resjz Gy, is the Weil
restriction of Gy,. For the last case suppose, that F = L1 & L, then semi-stability
implies, that deg(L,) = deg(Ly). Therefore we have two cases L1 = Ly or L1 % L.
Then automorphism group is as follows

SO

QO
O N
SO

_ GL(Z, k), if L1 = Lz,‘
Aut(F) = { G (K) xG(k), if Ly % Ly.

To prove the last statement fix the degree of E, deg(E) ¢ (0,2d]. The vector bun-
dle F is semi-stable, therefore if gcd(2,deg(F)) = 1 then F is geometrically stable.
The number geometrically stable vector bundles of fixed degree is #C(k). By the
uniqueness of the Harder-Narasimhan filtration the vector bundle E is up to iso-
morphism uniquely determined by F. If gcd(2,deg(F)) = 2 then we have three
cases: F is geometrically indecomposable or F splits into a sum of line bundles af-
ter degree two extension of k or F is a direct sum of two line bundles defined over
k. If F is geometrically indecomposable, then the number of isomorphism classes
of geometrically indecomposable vector bundles of rank 2 and degree deg(F) is
by Theorem 3.2.4 equal to #C(k). Here again by the uniqueness of the Harder-
Narasimhan filtration E is up to isomorphism uniquely determined by F. Assume
now, that F is indecomposable over C but not geometrically indecomposable, then
by Proposition 3.2.10 7F = M; ® M, where 77 : C? := C x; k* —» C is the projec-
tion and M; € Picd(Cz) are such that My 2 My, M; £ Oc and d > 0. Further-
more by Lemma 3.2.16 the vector bundle E is up to isomorphism uniquely deter-
mined by the pair (M1, My). The number of possible pairs (M7, M) is at most
#C(k?) - #C (k) - 1 (see: proof of Lemma 3.2.15(R3c)). For the last case assume, that
F is a direct sum of two line bundles L1 ® Ly, L1,L; € Pic(C). By the uniqueness
of the Harder-Narasimhan filtration the vector bundle E = O¢ @ F is up to iso-
morphism uniquely determined by the pair (L, Ly) and the number of possible
choices of (L1, Ly) is at most #C(k)?. O

Unstable case with the maximal destabilizing subbundle of rank 1

Assume E is an unstable vector bundle on C with the maximal destabilizing sub-
bundle Epay of rank rk(Emay) = 1 and let Q := E / Emax De the quotient. As rk(Q) =
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2 depending on whether the degree of Q is even or odd, we can twist Q with a line
bundle such that we make its degree 0 or 1.

deg(Q)=1

Assume we can normalize E such that E = L & G, where L is a line bundle, G is a
rank 2 vector bundle and u(L) > u(G) = %

Lemma 3.2.25. Let d > 0and w € Picd(C ). Consider a vector bundle E = L ® G, where
L is a line bundle, G is a rank 2 vector bundle and u(L) > u(G) = % Let m: P =
Proj-(Sym*E) - C and

SE€ HO(P,OP(3) ® H*(ME)).

Moreover let Y = V (s) be a closed subscheme of P and i : Y — P be the inclusion. Assume
that (§:Y — C,D) with Oy(D) = Op(1)|y and g = 1t o i is a representative of a class in
Ac . Then

(a) The degree of E is bounded by
1<degE<d+1

(b) For Vg = HY(P,0p(3) ® m*(Mg)) we have dimy V¢ = 10d.
(c) Moreover
#Aut(E) = (g-1)2g7de8 -1,
(d) Fix the degree of E, deg(E) € (1,d + 1] then the number of isomorphism classes of
vector bundles E as above is at most #C (k).

Proof. For (a) by Proposition 3.2.22(b) we have
u(Sym>(G) ® Mg )= %(3 deg G -2degE +2d) > 0.
Therefore 2deg L < 2d + deg G = 2d + 1 and hence
1<deg(L)<d+1<+<=2<degE<d+2. (3.31)
To show (b) we use (3.31) it gives
U (Sym3(L) ®ME) =2degL+d>0
u(Sym*(L)® G® Mg) =2degL -1 +2d >0 (3.32)
u(Sym*(G)@Le Mg) =d >0
and therefore
dimk VE =10d.

To prove (c) observe, that the vector bundles L and G are geometrically stable
with u(L) > u(G) = 1 hence Hom(G, G) = k and Hom(L,G) = 0 and therefore
Hom(E, E) = k& k® Hom(G, L) which implies

#Aut(E) = (q-1)2g7de8L-1,

To show (d) observe that from the uniqueness of the Harder-Narasimhan filtration
follows, that up to isomorphism E is uniquely determined by L and G. As the
degree of G is 1 hence gcd(2,1) = 1 which means that G is geometrically stable,
moreover any line bundle on C is geometrically stable. Therefore for a fixed degree
of E (which is deg E = deg L + 1) the number of isomorphism classes of such vector
bundles is at most #C (k)~. O
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deg(Q) =0

We normalize E such that E = L @ G, where L is a line bundle, G is a rank 2 vector
bundle of slope 1(G) =0and (L) > u(G) = 0.

Lemma 3.2.26. Let d > 0 and w € Picd(C ). Consider a vector bundle E = L & G, such
that L is a line bundle, G is a rank 2 vector bundle and (L) > u(G) = 0. Then up to a
twist with a degree 0 line bundle we have the following cases.

(R2a) E=L @& G where G = F, i.e. G is geometrically indecomposable;

(R2b) or E = L ® G with G is an indecomposable vector bundle of rank 2 over C but splits
into a direct sum of line bundles over C? = C x; k2.

(R2c) or E = L @ G where G is a sum of line bundles over C and hence G = Oc & M with
M € Pic°(C).

Furthermore, let 7 : P = Proj-(Sym*E) - C and
s e H'(P,0p(3) ® T* (ME)).

Moreover let Y = V (s) be a closed subscheme of P and i : Y < P be the inclusion. Assume
that (¢:Y — C,D) with Oy(D) = Op(1)|y and g = o i is a representative of a class in
Ac, . Then

(a) The degree of E is bounded by

1<deg(E)<d

(b) For the vector space Vg = H(P,Op(3) ® 7w* (ME)) we have dimy Vg = 10d.

(c) The number of automorphisms of E in the respective cases is as follows

(q-1)gde8L+1 in the case (R2a)
(g-1)(g?-1)q%8L  in the case (R2b)
(g-1)q(q> —1)q%8L  in the case (R2c) with M = Oc
(q-1)2qdest in the case (R2c) with M ¢ O¢

#Aut(E) =

(d) Fix the degree of E, deg(E) € (1,d] then the number of isomorphism classes of E is

as follows
#C (k) in the case (R2a)
#E = { <#C(k)(#C(k*) -#C(k)-1) in the case (R2b)
<#C(k)? in the case (R2c)

Proof. For (a) observe, that as rkG = 2 the possible structures on G are (R2a-R2c).
By Proposition 3.2.22(b) we have

u(Sym*(G)) + u(Mg)
= 3u(G) +deg(Mg)

u(Sym*(G) ® M)

= 3%—degL—1+d

= d+%—degL20.
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We therefore get deg L <d + % which as deg L € Z leads to
1<deg(L) <d.
Then we also have
u (Sym3(L) ® ME) =u(Sym3(L)) + u(E) =2degL+d—-1>0
1(Sym?(L) ® G ® M) =pu(Sym?(L) ® M) + 1(G) = 2degL+2d—% 50
1 (Sym®*(G) ® Lo Mg ) =p(Sym*(G)) + p(L® Mg) =2u(G) ~1+d =d >0

and hence
dimk VE =10d
To prove (c) we first describe automorphisms of G the respective cases are

(R2a) The case treated in Section 3.2.1, Case (R3c¢), (3.24). We have
Aut(F) = Gy (k) x Gy(k).

(R2b) Here we have Aut(G) = Resp /ka, where Res)2 /ka is the Weil restriction
of G;;. The proof the reader may find in the proof of Lemma 3.2.24.

(R2¢) In the last case we have

_ GLz(k ) if Mz OC
Aut(Oce M) = { G (k) x G (k) if M % O
To describe automorphisms of E observe that as L and G are semi-stable with
#(L) > u(G) hence there are no non-trivial morphisms L — G. Therefore

End(E) = k@ Hom(G, L) ® Hom(G, G).

Furthermore as the vector bundle G¥ ® L is semi-stable with slope #(L) — u(G) >0
we have dim; H*(C,GY ® L) = deg(G" ® L) = deg L. Then we have the following
list

(g -1)2qdest+1 in the case (R2a)

(g-1)(g%>-1)q%8L  in the case (R2b)
(g-1)3(g+1)q%8+1  in the case (R2c) with M = O
(g-1)3gdest in the case (R2c) with M £ O¢

#Aut(E) =

For (d) fix the degree of E, degE € (1,d] then the respective numbers of isomor-
phism classes of E’s are

R2a) The vector bundle F, is unique up to isomorphism. Furthermore by the
uniqueness of the Harder-Narasimhan filtration E is up to isomorphism uniquely
determined by L. As the number of isomorphism classes of line bundles of
given degree is #C (k) so is the number of isomorphism classes of E’s.

R2b) The number of isomorphism classes of vector bundles G of the type (R2b) is
at most (see: proof of Lemma 3.2.15(R3c)) (#C(k?) - #C (k) - 1). By the unique-
ness of the Harder-Narasimhan filtration up to isomorphism E is determined
uniquely by L and G. Therefore for a fixed degree the number of isomor-
phism classes of E = L & G is at most

#C (k) (#HC(K?) - #C (k) - 1).
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(R2c) By the uniqueness of the Harder-Narasimhan filtration the isomorphism class
of E depends only on L and M. Furthermore by the uniqueness of the JOrdan
Holder filtration of a semi-stable vector bundle the vector bundle O¢ & M is
uniquely determined by M. Therefore the number of isomorphism classes of
vector bundles E = L ® M @ Oc is at most #C (k).

O

3.2.3 Sum of three line bundles

Letd >0, let w Picd(C ). Assume, that neither E nor the first quotient Q in the
Harder-Narasimhan filtration of E are semi-stable, then E is a sum of three line
bundles and we can always normalize E such that

E=0coLlioL;

with
0<degLq <deglL,.

We follow here the argument of J.A. de Jong, the author uses in Section 7 of [ I
Lemma 3.2.27. Consider a vector bundle
E=0Oceoli®l,
with deg(L;) = I; such that 0 < Iy <I,. Let 7t : P = Proj-(Sym*E) — C and
s e HY(P,0p(3) ® m* (ME)).

Moreover let Y = V(s) be a closed subscheme of P and i : Y — P be the inclusion. Assume
that (g:Y — C,D) with Oy(D) =z Op(1)|y and g = 1t o i is a representative of a class in
Ac . Then

(a) The degrees of the summands of E are bounded by
0< 11 < lz

Iy <d
led—ﬁ-ll

(b) For Vg = HY(P,0p(3) ® m*(ME)) we have

10d ifli+1<d
<10d +1 lfll+12:d

dimkVE = 10d+(11+12—d) l'f11+lz>dm’ld lz<d
§9d+(11+12+1) lfll+lz>d€lﬂdlz=d

10d+(h+lh-d)+(la-d) iflhi+ly>dandl, >d

(c) Moreover
#Aut(E) = (g-1)%%2.

(d) Fix the degree of E then for the fixed degree the number of isomorphism classes of
vector bundles E as above is at most #C (k).
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Proof. We have

Sym*(E)® (L1 ® L)' ® w)
=[OcoLie(LP)e (Lo L) e (L) e (L) o (L0 L)oo (L © L) e (LF?)]e (L1 ® Ly)" ow).
then we can write
5= Ay3 + Byzx + Cyzz + Dyx2 +Exyz + Fy22 +Gx® + Hx?z + Ix2? + 22,
with
AeHY(C,we (Li®Ly)"),Be H(C,weLy),Ce H(C,weLY),
DeH(C,weL;®Ly),EcH(C,w),Fe H(C,weL]®L,),G e H (C,wea LY L)),
HeH(C,weLy), e H(C,weLy),] e H(C,weL] ® L$?).
Observe that

(@) If 1 +1p > d then A = 0 hence the point ”(0 : 1 : 0)” defines a section ¢ of Y
over C.

(b) IfI; > d then A, B and C are all zero (recall that I > I; > 0). Thus Y is singular
along o which is a contradiction, since Y is generically smooth over C and
hence ¢ is generically a regular embedding.

(c) Ifd+l1-I) <0then A =0,B =0and D = 0. This means that ¢ is a flex
point of the generic fiber of Y — C. (The ex line is z = 0.) This contradicts the
non-degeneracy assumption for elements of Ac .

By the above we see that the pairs (I1, ;) that will occur are subject to the following
system of inequalities:
0< 11 < lz
li<d (3.33)
12 <d+ ll

For (b) we have 0 < I; < Ip and hence I, —I; > 0 moreover by the inequalities (3.33)
the inequality d + I; — I > 0 hold, therefore

deg(w® (L1 ® Lz)v) =d-l1-1I

deg(w®Ly) =d-1

deg(w®Ly) =d-1 >0
deg(we L1 ®Ly) =d+l1-1, >0
deg(w) =d >0
deg(w® Ly ® L) =d-L+lh, >0

deg(w®LP?®LY) =d+2l1-1, >0
deg(w® L) =d+1 >0
deg(w® Ly) =d+1p >0

deg(w®Ly®L$?) =d-1j+2, >0.
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If I; + I < d then all of the slopes above are positive and hence dim; Vg = 104. If
d=1; +1; thend -; - I = 0 and the rest of the slopes are positive, hence dimy Vg <
10d+1. If 1+l >dand I, < d then d-1; -l < 0 and the rest of the slopes are
positive therefore dimy Vg = 10d + (I1 + I, -d). If 1 + I >dand I =d thend -1 - I <
Oand I, - d = 0 hence dimy Vg <9d + (I; + I, +1). Let now I, > d then

d-li-1, <0
d—lz <0

and hence dimy Vg = 10d + (I; + I —d) + (I, - d). For (c) observe, thatas 0 <1y < I
we have Hom(L1,O¢) = Hom(Lp, O¢) = Hom(Ly, O¢) = 0. Then every endomor-

phism of E is given by a matrix
a b c
0 d e |.
00 f

witha,s, f e Hom(Oc, Oc),b e Hom(O¢, L), c e Hom(O¢, L1) and e e Hom(Ly, Lp).
Therefore

End(E) =kekokeHom(O¢, L) ® Hom(Oc¢, L1) @ Hom(Ly, Ly).
By dimension counting

#Aut(E) = (9-1)°q2¢" ¢ = (9-1)°¢*"

3.3 The asymptotic limit

Let (C,O) be an elliptic curve over a finite field IF; of characteristic p > 5. Recall
that for a fixed line bundle w on C of degree d > 0 by Ac (, we denote the weighted
number of elements in the set Ac , (3.3).

Definition 3.3.1. Let d > 0, let w € Pic?(C). Let E be a rank 3 vector bundle on C. We

define the dimension of E with respect to w, dim, (E) to be the highest exponent of q in

the expression #fggg ) (when written out as a Laurent series in q) with

Ve = HY(C,Sym>(E) ® det(E)¥ @ w)

and
= Aut E *
PGE ( )/ Fl] .

Letd > 1, then analyzing case by case one computes that the maximal dimension, in

the sense of the Definition 3.3.1, is attained by geometrically stable vector bundles
E from Section 3.2.1. It is equal to dim,(E) = 10d - 1. For those vector bundles
we obtain dimy Vg = 10d and they have the minimal number of automorphisms,
namely g - 1.

The goal of this section is to bound the asymptotic limit

lim sup q‘lOd”Acld (3.34)
d— oo
where Acg = ¥ cpid © Ac. We will do it case by case counting the possible
contributions from Section 3.2.1, Section 3.2.2 and Section 3.2.3.

We start with semi-stable vector bundles, Section 3.2.1, it gives the following con-
tribution.
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Lemma 3.3.2. Letd > 1. Then

. _ #P (V)
lim su 10d+1
d—»oopq Esen;tuble #PGE
O<deg E<3
2#C(F,) 1 #C(F,) #C(F2) #C(Fp2)* #C(F,)? #C(Fp)’
= + 5 + 5 + 3 + 3 + 5 + 3 |
-1 (@g-D¢* @@-1)* @-1)° @-1)° (@-1)* (@¢-1)
Proof. Let
5oy U, #P(V) #P(Ve)
E semi-stable #PGE E semi-stable #PGE E semi-stable #PGE
l<deg E<2 deg E=0 deg E=3

As d > 1 by Proposition 3.2.19 for each E we have #P(Vg)(k) = % Then
 ios 2#C(IF,) 1 #C(Fy) -1 1
S=( 1_1)( -1 @-DP -1 T (g-12g
+(#C(1Fq2) —#C(Fy) - 1)(#C(F,2) - #C(F,) - 2) . q
(a-1)(g*-1) (- -9 -1)
(#C(Eg) -1)  (#C(Fy)-1) (#C(IF;)? - 24C(F,) + 1)
(a-1)3(q+1)  (q-1)¢? (a-1)3(q+1)

) (HC(F3) - #C(Fy) - 1) (#C(F ) - #C(Fy) - 2) )
(°-1)3(g+1) '

By simple algebraic computations follows

2#C(F,) 1 #C(F;) #C(F3) #C(Fp2)* #C(IF,)? #C(qus)3)

10d _ + + + + + +
<l 1)( -1 (@-Dg* (@-1)* (@-12° @-1)° @-1)* (@@-1)°

Therefore

2#C(F #C(F,) #C(IF2) #C(Fp.)* #C(F,)? #C(F;)?
q—10d+15Sq—10d+1(q10d_1)( (IFq) 1 (IFy) (F5) (Fp) (IFy) (Fg) )

-1 @-DP G- @-1° (q-1° (@-12  (q-1)°

B (Z#C(]Fq)+ 1 +#C(1Fq)+#C(]F§)+#C(]Fq2)2+#C(1Fq)2+#C(qu3)3)
N\ g-1 (@-Dg2 (-1 (-1 (g-1)° 0 (-1 (9-1)°

10441 [ 2#C(Fy) 1 #C(F;) #C(F3) #C(Fp2)* #C(F,)? #C(Fp)®
i ( -1 @-D@ G- (q-17 (g-1p  (@-12 " (q—1)3)
-10d+1 _

Aslimy_, .. g = 0 the result follows. O

Now we move to the Section 3.2.2. There are two possible cases, first, that
the maximal destabilizing bundle is of rank 2, second, the maximal destabilizing
bundle is of rank 1.
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Lemma 3.3.3. Let d > 1 and let E be a vector bundle on C as in Lemma 3.2.24. Then

2
lim sup g~ 104+1 Z #]P(VE)< q (

#C(IFg) +#C(IF2)* + #C(]Fq)z)
d—oo Ee(3.2.24) #PGe — g-1 '

(9-1)°
Proof. By Lemma 3.2.24 we have 0 < deg E < 2d. Let M be the following number

_ #C(IFy) . (#C(quz)—#C(]Fq)—1)(#C(]qu)—#C(]Fq)—2) #C(IF;) #C(IF;)(#C(IFy) - 1)

T (g-1)? (q-1)2(g+1) -3 g T (g-1)p
Then

#P (Vi) < M( Z q10d -1 q10d+deg(E)—d+2 -1 )

#PGp q3<s(E)

—+
deg(E)
Ee(32.24) O<deg(E)<d 1 d<deg(E)<2d

-10d+1

By multiplying with g we obtain

10441 #P(Vg) BT g% 1 g10d+deg(F)=d+2 _ 1
q | #PGp qdes(E)

Ee(3.2.24
= qM[ Z (q—deg(E) _ q—deg(E)—lOd) N Z (qZ—d —q deg(E)—lOd):|'
O<deg(E)<d d<deg(E)<2d

For 0 < deg(E) < d we have

7+
deg(E
0O<deg(E)<d 1 8(E) d<deg(E)<2d

q— deg(E)-10d < q—lOd

moreover for d < deg(E) < 2d we have

P2 deg(E)-10d g g1,

And hence for large d those two terms vanish. Furthermore

d
—deg(e) _(0-0) _ 49 (q_ -
Osdeg(E)sdq (g-1)  (q-1) ( I )

and by simple algebraic computations one shows

2#C(IFy) +#C(F,2)? + #C(IFy)>
< .
} (9-1)°

Hence the limit is

lim q—10d+l Z
d—oo
Ee(3.2.24)

HP(Ve) _ 7 .2#C(1Fq)+#C(IFq2)2+#C(qu)2
#PGp ~ q-1 (q-1)2 '

O

Now we move to case of unstable vector bundles with the maximal destabiliz-
ing subbundle of rank 1.

Lemma 3.3.4.

: - #P(VE) 2 7
lim sup g~ 104+ <#C(F,)
d—oco Ee(3z2:.25) #PGE (-1)
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Proof. Itis clear, that the sum of isomorphism classes of vector bundles from Lemma
3.2.25 is at most

) Z g0 1
U, :=#C(IF,) '
! 1<deg(L)<d (q - ])2q2deg(L)—l
Then
-10d+1 2 1 q—lod +1
q U, =#C(FF,) ( B .
! 0gde§(:L)gd (q-1)2g2des(L)  (g-1)2gdes(L)
If 0 < deg(L) < d, then
~10d+1 -10d+1
9 < q .
(q_l)queg(L) (q_l)z
Moreover
1 1 1-g"C@-1D+2) 7 (1 _Zd)
vedeiTyeq (- DFPED " (-1 1-¢2 (g DA@-D L

And therefore by passing to the limit, we have

2 2
lim g~ 1%+11L, < #C(F, )2 q P
Am g <HCME) T T Ty < -1

Lemma 3.3.5.

q #C(Fy)* +#C(FFy) + #C(Fg)#C(F 2)

lim sup g~ 1041 Z #IP(VE) <

d—oo Ee (3.2.26) #PGp ~ (q-1) (q- 1)2
Proof. Let
_ #C(Fy) N #C(IFy) (#C(IF7) - #C(F,) - 1) (#C(F7) - #C(IF;) - 2)
(q-1)q (1-1)*(q+1)
#C(IF,) #C(IF,) (#C(IFy) — 1)
R RS A R
Then , .
Y. fpce <N (A
Ee (3.2.26) E deg(D)=1(4 = 1)%q=®

By the same methods we use above

d
~10d+1 #P(Vg) < NGO Y (100 1) des(L)

1 | #PGE

Ee (3226 deg(L)=1

d
— Nq Z (1 _ qflod)qfdeg(L)
deg(L)=1

Moreover for 1 <deg(L) <d

q—lod—deg(L) < q—10d_
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Therefore by passing to the limit, we have

d
dhm q—10d+l Z #EI—EE;/E) < thmsup Z q—deg(L)
—ee Ee (3.2.26) E d—oo  deg(L)=1

. 1 q‘d)
=gNlimsup| — + —
I d%op(q—l q-1

_ AN
-5

Furthermore by simple algebraic computations one shows
#C(Fy)* +#C(IFq) + #C(Fg J#C(F 2)
<
(9-1)?

and hence the result follows. O

The last case is the case of a direct sum of line bundles.

Lemma 3.3.6.

. B} #P(Ve)  #C(Fp)%q
1 10d+1 E q
e 2 C#PGE (- 12— 1)

d—o0 Ee (3.2.27

Proof. Let E be a sum of line bundles, E = O¢c & L1 & Ly and the inequalities (3.33)
are satisfied.

First of all suppose that [; + I > d and I < d, then for fixed I1, I, the contribution
of such a term is at most

10d+1+1 +lp—d _ 1 1-d
#C(F.)2g~104+11 < #C(F. )21
(Faa TR R TV

asly <lpalso9d+ (I1+I1p—d+1) <10d + (I; + I —d). The number of pairs (I1,15)
like this is at most d?, therefore the contribution is vanishingly small and can be
disregarded from the limit. Similarly for the case 0 < /1 <l and I > d we have

10d+(ll+lzfd)+(lzfd) _ 1 1-d
<HC(F,) 1 —

(q-1)q%2 (q-1)%

as 1 < d. Now only the case [1 + I, < d is left. Here for every fixed I; > 2 the pairs
(I1,12) with 0 < I; <, contribute to the limit the quantity

d 10d 2.1 d
L L-1)(g"Y%-1) . #C(F;)%q Ir-1
lim ¢~ 1% #C(F )2(2— = lim ,
o e g I G |2y
(as Iy > 2 we have 94 + 1 < 10d). Furthermore

zd:lz—l 1 g7 (1-d+dg?)

B (@12 (P12

and hence the contribution of this term is
(3-1)% (¢>-1)*
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Proposition 3.3.7. Let (C,O) be an elliptic curve over a finite field k = IF, with q elements
and of characteristic p > 7. Let #C(IFsn) denote the number of IFyu-rational points of C.
Then SC(ENA
limsup g 1A, < %,
d->c0 (9-1)(9+1)*q

where A is given by
A = 24C(F)q® + (24C(Fy)* + #C(F,2)*)q’

+(#C(Fg#C(F 2) +#C(IF 3)° +1-2#C(IF;) + #C(F 2) ) 4° + (2~ 2#C(F 2)* - 4#C(Fy)*)q°
+(~2#C(F3)° = 1 - 24C(Fy) - 24C(F 2)” - 24C(Fy J#C(F 2))q*
+(#C(F2)* + 24C(IFy)* +4)4°
+(#C(F3)° +#C(F2)? + #C(Fy)® = 1 + 2#C(Fy) + #C(FgJ#C(F,2))q* - 2q + 1

Proof. As we are interested in the asymptotic limit we may assume d > 1. The
number of isomorphism classes of line bundles of given degree on C is equal to
#C(IF;), hence for a given d we have

AC,d = Z Acrw < #C(]Fq)AC,w-
wePic? (C)

Then the above bound is a result of summing up all possible cases from Lemma
3.3.2,3.3.3,3.3.5 and Lemma 3.3.6. O

Remark 3.3.8. The assumption that p > 7 is made for computational reasons.
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Chapter 4

Three kinds of sets

In this section we do not claim any originality. The idea of the presented con-
struction is taken from [ , Section 5], however in [ , Section 5] the author
considers only elliptic surfaces over P} and in our case the base curve is an elliptic
curve. It is not a trivial matter, that the construction works for the elliptic case as
well. The main difference, as we will see later, is that over ]P,l( up to an isomor-
phism there is only one line bundle of a given degree, whereas over an elliptic we
have as many line bundles as its k-rational points.

Let (C,O) be an elliptic curve over IF;. The aim of this section is to obtain the
following inequality (see Theorem 4.5.10).

limsupg

—10d+1( 3r(E) 1 ) #C(IFg)A
o0 [(EO)h(E)=d

<
#Aut(E,0) )~ (94-1)5(g+1)%q’
where the sum is taken over isomorphism classes of elliptic curves (E,O) over
IF;(C) of height d, r(E) is the Mordell-Weil rank of an elliptic curve (E,O) over
IF;(C) and A is a polynomial of degree 8 in g (see also Section 3.3). To prove this fact
we introduce three finite sets, whose elements are families of elliptic curves. We

show inclusions between them and bound the number of elements of the largest
set, which together with results from the previous section will implicate the bound.

4.1 Theset Ac,

For convenience we recall the construction of the set Ac,, however all necessary
facts about this set are proven in Section 3.1 and we do not repeat them here.

Definition 4.1.1. Let d > 0 and w € Pic?(C). Let A denote the set whose elements are
pairs (g:Y — C, D) with the following properties:

(a) the morphism 'Y 5 cis flat, proper and its generic fibre is a smooth curve,
(b) the equality g.Oy = O¢ holds universally,
(c) the fibres of g are Gorenstein and wyc = §* w,

(d) D c Y is an effective Cartier divisor, flat over C such that D.F = 3, where F is a fibre
of 8
(e) the sheaf Oy (D) is relatively very ample for g, i.e. we obtain a canonical closed

immersion
Y = Proj-(Sym”* (8- Oy(D))).
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Definition 4.1.2. Two elements (Y LG} D) and (Y’ LINel o) ) of Aare called equivalent
if and only if there exists an isomorphism  : Y — Y' over C such that we have the following

rational equivalence relation of divisors on Y
¢*D' ~D+¢" D¢
for some D¢ € Div(C).
Definition 4.1.3. An element (g :Y — C,D) of the set A is called degenerate if there
exists a divisor D' of degree 1 on the generic fiber Y, such that Dy ~ 3D’ (rational equiva-

lence).

Definition 4.1.4. Let d > 0 and for w € Pic?(C) let Ac . be the set

equivalence classes [(Y LN'G) D)] (Definition 4.1.2)

Acw = of non-degenerate (Definition 4.1.3)

pairs (Y LNYel D) satisfying properties (a)-(e) (Definition 4.1.1)

Definition 4.1.5. The automorphism group Aut(Y LN} D) of a pair (Y LR C,D)ec A
(Definition 4.1.1) we define as the set of automorphisms ¢ : Y — Y over C such that

Y*D~D+g"Dc  ( rational equivalence )
for some D¢ € Div(C).

In Chapter 3.2 we proved, that the set A, is finite. We set

1

Acw = g
#Aut(Y = C,D)

/!

@.1)
[(rScD)leA,

for the weighted number of elements of Ac .

4.2 The set B¢,

Definition 4.2.1. Let d > 0 and w € Pic?(C ). Let B denote the set whose elements are
pairs (f : X - C, D) with the following properties:

(a) f:X — Cis a relatively minimal elliptic surface,

(b) the equality f.Oy = O¢ holds universally,

(c) wxjc= frw,

(d) 1?; X is an effective Cartier divisor, flat over C such that D.F = 3, where F is a fibre
of f.
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The concept of equivalence, automorphisms and degeneracy is the same as for
the set Ac ,, Section 4.1.

Definition 4.2.2. Let d > 0 and for w Picd(C ) let Bc (, be the set

equivalence classes [(X N C, D)] (Definition 4.1.2)
Bew = of non-degenerate (Definition 4.1.3)

pairs (X N C, D) satisfying properties (a)-(d) (Definition 4.2.1)

In Section 4.4 we will show, that B¢, is a “weighted” subset of Ac , and therefore
finite. We set
1

BC,w = (42)

f
(xDocpyjene, #AUKX = C,D)

for weighted number of elements of B¢ .

4.3 ThesetCc,,

Definition 4.3.1. Let d > 0 and w € Pic(C). Let C denote the set whose elements are
triples (f : X - C, o, T) with the following properties:

(a) f:X — Cis arelatively minimal elliptic surface,
(b) frwx/c 2w,
(c) (o,7) is a pair of sections of f.

For any triple (f : X — C,0,7) satisfying properties (a),(b) and (c) we denote by
(E,O) = (Xy, (1)) the associated elliptic curve over k(C) (see: Remark 2.1.12).

Definition 4.3.2. Two elements (X N C,o,7) and (X' LR C,o’, ") of C are called
equivalent if and only if there exists an isomorphism ¢ : X — X' over C and a section
p:C — X' such that

(@) poo =0,

(b) on the generic fibre (E',0") = (X],,0"(17)) we have 3p = T’ - ¢ o T (addition in the
group law of (E',0")),

(c) for every closed point ¢ € C the sections p and o’ meet the same irreducible compo-
nent of X/.

Remark 4.3.3. The relation above is an equivalence relation on the set of all triples
(f:X-C,o,1).

1. Itis easy to check, that it is reflexive.
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2. Itis symmetric: assume we are given (X EN C,0,7)eCand (X’ EiN Co',t')e
C, that are equivalent. The inverse ¢! : X’ - X of ¢ (¢ as in Definition 4.3.2)
is an isomorphism over C, moreover by (a) we have ¢ oo’ = g logocr =0.
Using (b) on the generic fibre (X, c(#7)) we obtain an equality

T-¢lot =1-9p N (pot+3p)=T-T-3¢p Lop=-3¢"Lop.

To complete the proof we need to show that for every c € C the sections ¢ and
~¢~! 0 p meet the same irreducible component of X.. By Proposition 2.1.7 the
Néron model N of X — C is the open subscheme of X — C made up of the
points that are smooth over C. It is unique up to isomorphism and by Propo-
sition 2.1.8(iv) the algebraic group structure of X; extends in a unique way to
the structure of a smooth group scheme on ' — C. As X is a minimal elliptic
surface with a section there are no multiple fibers (see: Section 2.2, discussion
before Lemma 2.2.2) therefore N is obtained from X, by removing singular
points. We respectively consider the Néron model N/ — C of X" - C. The
map ¢! is an isomorphism and maps ¢’ to ¢ therefore it maps the identity
component of each N/ to the identity component of . By assumption the
sections p and ¢’ meet the same irreducible component of each X/ hence p
meets the identity component of each A and therefore —¢~! o p meets the
identity component of each N.. This implies, that for every closed point ¢ € C
the sections o and —¢ ! o p meet the same irreducible component of X..

3. To see transitivity, take (f : X - C,0,T) equivalent to (f' : X' - C,¢/,7')
and (f"” : X" - C,0”,7") such that (f' : X’ - C,0’,7") is equivalent to
(f": X" - C,0",7"). By definition we have isomorphisms ¢ : X - X’ and
¢ : X" > X" over C with relations

poo=0' and  g@oco’ =0".
Therefore ¢ o : X - X" is an isomorphism over C satisfying
§001IJ00'= (pOU',:(T"
which gives the condition (4) of an equivalence between (f : X — C,0,T)
and (f"” : X" - C,0”,7"). Furthermore by definition there exist sections
p:C—X'and ¢:C —» X" such thaton (E’,0") = (X],,0’ (7)) we have
3o=1"-¢ot
and on (E”,0") = (X]/,0" (7)) we have
Bo=1"-¢o7.
Hence
T”—gDOlPOT _ T"—(pO(T’—3p)
= 7' (1"-3¢-3¢0p)
= 3(e+gep)

and therefore the section ¢ + ¢ op : C - X" satisfies the requirement (b) of
an equivalence between (f : X - C,0,7) and (f" : X" - C,¢”,t"). To finish
the proof of transitivity we need to show that the requirement (c) holds,
i.e. for all closed points ¢ € C the sections ¢ + ¢ o p and ¢” meet the same
irreducible components of each fiber X!'. Again we will use the Néron model
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N - C (resp. N > Cand N'" - C) of X - C (resp. X' - C and X" -~
C). By assumption ¢ : X’ - X" is an isomorphism over C such that ¢ o
o’ = 0" which means that ¢ maps the identity component of each N to the
identity component of N!’. Furthermore by assumption the sections p and ¢’
meet the same irreducible component of each A/ which means that p meets
the identity component of each N. It therefore follows, that ¢ o p meets
the identity component of each N/'. Furthermore by assumption ¢ meets
the identity component of each A" and hence translation by ¢ maps each
irreducible component of N/ to itself and hence ¢ o p + 0 meets the identity
component of each N.'. Consequently the property (c) of an equivalence
between (f : X - C,0,7) and (" : X" - C,0”,7") is proven and hence the
transitivity of the relation from Definition 4.3.1 follows.

Definition 4.3.4. We say that an element (X — C, 0, T) of C is degenerate if T is divisible
by 3 in the Mordell-Weil group of (E,O) = (Xy,0(17)).

Definition 4.3.5. Let d > 0 and for w € Pic?(C) let Cc,w be the set

equivalence classes [(f : X = C,0,7)] (Definition 4.3.2)

Ccw of non-degenerate (Definition 4.3.4)

triples (f : X - C, 0, T) satisfying properties (a)-(b) (Definition 4.3.1)

Definition 4.3.6. The automorphism group Aut(f : X - C, 0, T) of an element (f : X —
C,0,7) of C is the set of pairs (¢,p) with ¢ : X -~ X and p : C — X a section satisfying
the requirements (a) (b) and (c) of Definition 4.3.2.

Remark 4.3.7. Observe that the group operation on Aut(f : X - C,0, 1) is defined
by

(@1,01) * (92,02) := (920 1,02+ P2°01)
and the neutral element of the group Aut(f : X — C, 0, 7) is the pair (idx, o).

In Section 4.4 we will show that C¢c , is a “weighted” subset of B¢, and therfore
finite. We denote by C¢ , the weighted number of equivalence classes in C¢ (,

1

#Aut(f: X - C,0, 1)’ (43)

CC,w =
[(f:X—=C,o,71)]eCc

4.4 Maps between the three sets

In this section we construct maps between the three sets defined in Sections 4.1, 4.2
and 4.3, namely
CC,w - BC,aJ (4.4)

and
Bc o = Acw- 4.5)

Moreover we will prove, that Cc,, ¢ Bc o, € Ac -
We start with the first map (4.5). We recall the following facts from [ ,
Appendix A].

Lemma 4.4.1. [ , Lemma 8.4] Let X be a projective Gorenstein curve over a field k
such that wx, = Ox and HY(X,0x) = k. Let D c X be an effective Cartier divisor.
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(a) If (D) > 2 then Ox(D) is globally generated and H' (X, Ox(D)) = (0).

(b) If£(D) > 3 then the graded k-algebra R := @50 (X, Ox (D)) is generated in degree
1.

Lemma 4.4.2. [ , Lemma 8.5] In the situation described in (b) of lemma above, the
scheme Y = Proj(R) is a Gorenstein curve with wy; = Oy and HO(Y,0y) = k. The
morphism ¢ : X — Y is dominant and induces an isomorphism of an open subscheme of X
with a dense open subscheme of Y.

Remark 4.4.3. [ , Remark 8.6] With notation as in Lemma 4.4.1 and Lemma
4.42. By Serre-Duality we have dim; H'(Y,Oy) = 1. The relevant terms of the
Leray spectral sequence for the map ¢ are

0-E - H'(X,0x) » E3' - EZ°
which for us is
0 - HY(Y, 9.0x) - HY(X,0x) - H(Y,R'9,Ox) - H*(Y, 9. O%).

As Oy = ¢,.0x we have dimy H (Y, ¢.Ox) = dim; H!(Y, Oy) = 1, furthermore by
Serre-Duality and the fact, that wy = Ox we have dim; H'(X,Ox) = 1 and as Y is
a curve the last term is zero. It follows, that R' ¢, Ox = (0) and the canonical map

HY(Y,0y) -~ H'(X,0x)

is an isomorphism. The dual of this map is the canonical isomorphism I'( X, wx) =
r (Y , Wy )

Proposition 4.4.4. Let (X N C, D) be a representative of an equivalence class in B¢,
then

(a) The sheaf f+Ox(D) is locally free of rank three on C of formation compatible with
arbitrary change of base, and R' f,Ox(D) = (0).

(b) The natural maps
f*f+0x(D) - Ox(D)

and

D (f0x(D)*" ~ @ f« (0x(D)*")

m>0 m>0

are surjective.

Proof. The reader can find the proof in Chapter 3, Proposition 3.1.14. Notice, that
the requirements we put on elements of the set A, are weaker, then the require-
ments on elements of B¢ . O

Proposition 4.4.5. Let (X N C, D) be a representative of an equivalence class in Bc .

Let
Y := Proj, (@ f,,OX(mD)) LN's
m>0
and let Dy c Y be the divisor corresponding to the canonical section
1p eT(X,0x(D)) =T(Y,Oy(1)).

Then
(v %.¢,Dy)

is a representative of an equivalence class in Ac .
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Proof. By Proposition 4.4.4 there is a morphism 77 : X - Y. Lemma 4.4.2 implies

that the morphism 7 is birational, fibres of Y £ Care Gorenstein, g.(Oy) = O¢
holds universally and g*g.wy/c = wy/c. By the construction of Y the morphism
g : Y — Cis flat and proper, its generic fibre is a smooth curve. Furthermore by
Lemma 4.4.1(b) the divisor D| x, is very ample and hence X; 2 Y;. By Remark 4.4.3
there is a canonical isomorphism g.wy/c = fxwyx/c and therefore

Wy/c = 8*8*‘01//(: = g*f*WX/c =g'w.

The morphism 7 is a resolution of singularities of Y in fact it is a minimal reso-
lution, since f : X — C is a minimal surface. As the generic fibers X, = Y, are
isomorphic, we conclude, that (f : X - C,D) is non-degenerate if and only if
(§:Y = C,Dy) is non-degenerate. O

Proposition 4.4.6. Let (f : X - C,D), (f' : X' - C, D) be representatives of equiva-
lence classes in Be , let (§:Y - C,Dy), (§' : Y' = C, Dyr) be the associated pairs from
Proposition 4.4.5. Then

Equivy,_ ((x Lcp),x L, D')) (4.6)

= Equiv,__ ((y L .¢,Dy), (Y 5, Dy,)).

Therefore B¢ , is a "weighted” subset of Ac ..

Remark 4.4.7. Here the equality (4.6) means that whenever (f : X - C,D) and
(f" : X’ - C,D’) are equivalent, the corresponding pairs (¢ : Y - C,Dy) and
(§':Y' - C,Dy) are equivalent and vice-versa.

Proof. Suppose (f : X - C,D) and (f' : X' - C,D’) are equivalent. By definition
there exists an isomorphism ¢ : X - X’ over C such that Ox(¢y*(D’)) ® f*L =
Ox(D) for some L = Oc(D¢) € Pic(C). Therefore

Y Projc (®ms0f«Ox(D)®™)

= Projc (®ms0f+Ox(p*D")®" @ L&) (by projection formula)
= Projc (®mz0(f' o )+ Ox(p*D")®" © L&)

= Projc (&m0 frOx(D")®" ® L®™)

Y’

112

Moreover if « is an isomorphism from Y to Y’ then a*Oy/(1) = Oy(1) ® ¢*L and
therefore (¢: Y — C,Dy) and (¢’ : Y’ - C, Dy/) are equivalent.

On the other hand assume, that (g : Y - C,Dy) and (g’ : Y’ — C,Dy/) are
equivalent as elements of A then as X and X' are the unique minimal models of Y
and Y’ hence they must be isomorphic over C. By the definition of Dy and D, the
rational equivalence relation of D and D’ holds. That proves the claim. O

By Proposition 4.4.5 and Proposition 4.4.6 we have

Bew < Ac @.7)

Now we construct the map (4.18) C¢ ., = Bc -

71



Proposition 4.4.8. Let (f: X — C,0,T) be a triple, that is a representative of an equiva-
lence class in Cc . Set
D:=2[c]+([1],

where [o] denotes the effective Cartier divisor c(C) on X. Then
(f:X-C,D)
is a representative of an equivalence class in B¢ .

Proof. The surface f : X — C is a relatively minimal elliptic surface with a section,
hence by [Liu, Section 9.3, Proposition 3.27] we have wxc = f* fxwx/c 2 f*w. For
each closed point ¢ € C the fiber X, is a geometrically connected projective curve
over k(c) and therefore f.Ox = Oc¢ holds universally (see Section 2.2). Furthermore
D = 2[c] +[1] is fibre-by-fibre of degree 3 so the pair (f : X - C,D) satisfies
conditions (a) - (d) of the set B¢ . O
Proposition 4.4.9. Suppose we have given two triples (X N C,o,1), (X z C,o, 1)
that are representatives of equivalence classes in Cc . Let (f : X - C,D) and (f': X" —»
C,D") be the corresponding pairs from Proposition 4.4.8. Then

Equive, ((X LN C,o,1), (X LN C,o, T’))

4.8)
: f Lo
=Equiv, (X=C,D),(X—=C,D)|.

Therefore Cc , is a “weighted” subset of B¢ .

Proof. " c" Let (f : X - C,D) and (f’' : X’ - C,D’) be equivalent. There exists
an isomorphism ¢ : X - X’ over C and a divisor D¢ € Div(C) such that y*(D’) ~
D+ f*Dc. Weset p := oo and ¢ := T_, o9, where T_, denotes translation by —p
on the generic fiber (E’,0) = (Xj,0"(17)) that by the uniqueness of the relatively

minimal models extends to an automorphism of X’ [Liu, Proposition 3.13]. By
definition we have

$* 2L+ [T]) ~2[e] + [T] + f*De
and this is equivalent to
e (97 20"+ [T']) ~ . (2le] + [T]+ f*Dc)
that as i, o p* =id and f = f" o ¢ is equivalent to
2]+ [T~ 2[p o]+ [pot]+ fDc.

The way we have defined p and ¢ leads to

2[p]+[goT+pp] ~2[c"]+[T']- f" Dc (4.9)

and by restricting it to the generic fibre (E’,0") = (X';, ¢’ (1)) we obtain the equal-
ity
30=—(poT)+7

which is exactly the condition (b) for equivalence in Cc .

Now we claim, that p and o’ meet the same irreducible component of each fiber
X'; of f'. In a way of contradiction assume that I' is an irreducible component of a
fiber X’; of f’ such that p meets I and ¢’ does not meet I'. Then we have

Q[p]+[poT+p p]) T >2and (2[c']+[T']) T <1,
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however this is a contradiction since the rational equivalence of divisors (4.9) holds.
Therefore p and ¢’ meet the same irreducible component of each fiber.
We have proven, that (¢, p) satisfies properties (a), (b) and (c) of Definition
4.3.2 and hence is an equivalence between (f : X - C,o,7) and (f': X' - C,0’/,7').
" 2" Suppose we are given an equivalence (¢,p) (Definition 4.3.2) between
(f: X->C,0,7)and (f': X' - C,0’,7"). By definition there exists an isomorphism
P : X - X" over C and a section p : C - X’ such that

(@) poo=0'

(b) on the generic fibre (E’,0") = (X}, 0’ (1)) we have 3p = T/ - ¢ o T (addition in
the group law of E’)

(c) for every closed point ¢ € C the sections p and ¢’ meet the same irreducible
component of X/.

We set ¢ = T, o ¢ and claim that this an equivalence between (f : X — C,D) and
(f": X’ - C,D’). We need to show that there exists a divisor D¢ € Div(C) such
that

Y*D' ~D+ f*Dc. (4.10)

As D =2[c]+[t]and D’ =2[¢’] + [7] this is equivalent to
p*@2[e"]+[T']) ~2[e] + [t] + f*Dc
that by applying 9. is equivalent to
200"+ [T~ 2[poo]+[pot]+ f*De.

By condition (b) for an equivalence in Cc , on the generic fiber (E’,0") = (X';;, o' (1))
we have
T'=20+@oT+p.
therefore there is a divisor F’ supported on fibers of the morphism f’ : X" - C such
that
200"+ [T ~2[0" +pr p] + [@o T +p p] + F'. (4.11)

As ¢ = T, o ¢ the divisor F’ is our candidate for f"*Dc.

First of all we claim that for any irreducible component I' of a fiber X/ the
intersection number of I' with either side of (4.11) is the same. By condition (c)
of equivalence in C¢ , the section p lies in the connected component of identity ¢.
Therefore translation by p maps the irreducible components of each reducible fibre
of f': X" > C to itself. Hence

o' +p pand ¢’

meet the same irreducible component and
' =potT+p2pand poT+pp

meet the same irreducible component, and so the claim ifollows.

This implies, that F” 2-0and by [Sil2, Chapter III, Proposition 8.2(b)] there exist
a,m € Z such that aF’ = mf"* G¢ for some G¢ € Div(C). Furthermore as f': X’ - C
does not have multiple fibers (it is a minimal elliptic surface with a section see:
Chapter 2 Section 2.2) the equality a4 = 1 must hold. Hence there exists D¢ € Div(C)
such that the rational equivalence (4.10) holds. Consequently (f : X - C,D) and
(f": X" - C,D") are equivalent. O

Using Proposition 4.4.8 and Proposition 4.4.9 we conclude that
Ccw < Bcw- 4.12)
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4.5 Cc. and Mordell Weil groups

Let (C,0O) be an elliptic curve over k = IF; and let k(C) be the function field of C
over k. For an elliptic curve (E,O) over k(C) of height d > 0 we write E(k(C)) for
the group of k(C)-rational points of E and we call E(k(C)) the Mordell-Weil group
of (E,O) over k(C).

Néron proved [Ner] that the group E(k(C)) is a finitely generated abelian group.
Let (Torsion) denotes the subgroup of E(k(C)) of elements that have finite order.
Then any automorphism ¢ € Aut(E,O) induces an automorphism ¢ of E(k(C))
that fixes the subgroup (Torsion) and hence induces an automorphism

@ E(k(c))/(Torsion) - E(k(c))/(TOTSion)'

Furthermore the quotient
E(k(c))/(Torsion)

is a free Z module of finite rank and therefore ¢ induces an automorphism @, of
the free Z/ 37 module

Pz E(k(c))/(Torsion) ®z ZL[37 > E(k(c))/(Torsion) ®z Z[37.
In this way we obtain an action

Aut(E,0) x Vg — Vg

by mapping
(9, P) — ¢5(P). (4.13)
where for an elliptic curve (E, O) over k(C) by Vi we denote the [F3 vector space
Vg = E(k(c))/(Torsion) ®z Z/3Z- (4.14)

Moreover we denote by r(E) the rank of the Z-module E(k(C)) / (Torsion) and
call it the rank of the Mordell-Weil group of (E, O) over k(C). Observe, that

dim1p3 VE = I’(E).

Let us fix an integer d > 0 and a line bundle w ¢ Pic?(C). Let (E,O) be an elliptic
curve over k(C) of height d such that for its minimal model (f : £ - C,0) we have
frwgc = w. Furthermore let 7(E) denotes the rank of the Mordell-Weil group of
(E,O) over k(C). For v € Vg x {0} let P, € E(k(C)) be any lift of v and denote by T,
the section of f : £ — C corresponding to the k(C)-rational point P, then the triple

E=(f:£-C0,1) 4.15)
satisfies conditions (a),(b) and (c) of Definition 4.3.1 and as the point

Tol(g,,0(1))=(E0) = Po

isnot divisible by 3 in E(k(C)) hence &, is non-degenerate in the sense of Definition
4.3.4 and we denote by [&,] = [(f : € = C, 0, Ty)] the equivalence class of £, in C¢ .

Remark 4.5.1. The section T, obviously depends on the choice of P, however as we
will see later we are only interested in counting and results we prove are indepen-
dent of which lift we choose.

Proposition 4.5.2. Ford > 0let w € Pic?(C) and let (E, O) be an elliptic curve over k(C)
with the minimal model (f : £ - C,0) such that fswgc = w. Furthermore consider the
action of Aut(E, O) on Vi. We keep the notation as in (4.14) and (4.15).
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(i) The number of equivalence classes of &, in Cc, is at least the number of orbits of
Aut(E,O) on Vg~ {0}.

(i) For d > 1 the number #Aut(&,) of automorphisms of &, is at most the number of
elements in the stabilizer Stab(v) of v under Aut(E, O).

(iii) Assume that d > 1 then

1 37(E) 1
> .
Z #Aut(&,)  #Aut(E,O)

(4.16)

[Ev]eCc
veVpN{0}

Proof. (i)For v,w € Vg such that w # 0 and v # 0 choose lifts P, and P, in E(k(C)).
Let& =(f: € - C,0, 1) (resp. Ew = (f : € - C,0, Tw)) be the associated triple and
[(&)] (resp [(Ew)]) its equivalence class in C¢ ,. Assume furthermore, that [(&,)] =
[(Ew)] then by definition (see: Definition (4.3.2)) there exists an automorphism ¢ €
Aut(&,0) and a section p : C — £ such that on the generic fiber (&,,0(17)) = (E,O)
we have
30=Ty - @oTy.

Then the identifications Aut(&,0) = Aut(E,O), 1
to the equality

=P, and 1, = Py lead

|(E,O) ’(E,O)

@(Py) = Py +3p.

It is clear then that under the given asction the pair (¢, v) is mapped to w. Hence
w € Orb(v) which means that Orb(v) = Orb(w) and the first claim is proven.

Now we will prove the statement (ii). Let v € Vg be such that v # 0, let P, «
E(k(C)) be a lift of v and let &, be the corresponding triple. Then

Aut(&) = {(go,p) | ¢ € Aut(&,0),0 € E(C) with poT, = T, +3p on (&, 0(n)) and (*)},

where

(*)Veec) o and p meet the same irreducible component of each &

Identify Aut(€,0) = Aut(E,O) and 1,
a map

|(E,O) = Py, then by forgetting (*) we obtain

Aut(&;) - {p e Aut(E,O) | ¢(Py) =P, +3p for some p € E(k(C))} 4.17)

(¢.0) — ¢
Both sets in (4.17) form a group and the map (4.17) is a group homomorphism. The
kernel of (4.17) is

{(p,0) | p=idg, 3p=0 on (&;,c(y7))and p lies in the connected component of the identity c}.

From Lemma 4.5.3 below follows that the kernel is trivial and therefore the map
(4.17) is injective. Furthermore it clear that

{p € Aut(E,O) | ¢(Py) = P, +3p for some p € E(k(C))} ¢ Stab(v),

where Stab(v) denotes the stabilizer of v under the action of Aut(E, O). This proves
the claim (i7).
For the last case (iii) observe, that

1 37(E) _q1
Z#Stab(v*) - #Aut(E,0)’

'U*
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where the sum is taken over representatives v* of orbits in the quotient

(VE \ {0})/Aut(E,O)-

Furthermore by (i) and (ii) follows, that

Y S L FAE

< ’

~ #5tab(0*) (evfede., #Aut(&y)
veVEN{0}

That proves the remaining statement. O

Lemma 4.5.3. [ , Lemma 5.15] Let (E,O) be an elliptic curve over C. Let P be a
rational torsion point of E which extends to a section of the connected component of the
Néron model N of E. Then P = O or the height of E is d = 0.

Proof. The proofin [ , Lemma 5.15] is stated only for elliptic curves over k(IP!)
however it works word by word also for elliptic curves over k(C). O

Remark 4.5.4. We will show, that for non-isomorphic elliptic curves equivalence
classes of associated triples in Cc ,, are disjoint.

We keep the assumptions on (E,O) and let (E’,O") be another elliptic curve
over k(C) with the minimal model (f' : &’ - C,¢’) and f.wgr)c = w such that
(E',0') £ (E,O). Letv e Vg and v' € Vpr be such that v # 0 and v’ # 0 and let P, ¢
E(k(C)) be a lift of v and P/, € E'(k(C)) alift of v'. Then &, := (f': &' - C,0’,1),)
and &, := (f : £ - C,0,T,) can not be equivalent because f : £ - Cand ' : &' - C
are not isomorphic. Therefore they have disjoint equivalence classes in Cc .

Remark 4.5.5. Let (E, O) be an elliptic curve over k(C) and consider the action from
(4.13). We will show, that the given action induces an action for each elliptic curve
in the isomorphism class of (E,O) that these actions are compatible and further-
more that the weighted numbers of associated triples with respect to these actions
are equal.

We keep the assumptions on (E,O) and let (E’,O") be another elliptic curve
over k(C) with the minimal model (f’ : €&’ - C,¢’) such that fiwg/)c = w. We
assume furthermore, that they are isomorphic and leta : E — E’ be an isomorphism
over k(C) such that a(O) = O’ then «a induces an isomorphism

w3 : Vg - Vi
(we keep the notation from (4.14)) and an isomorphism of automorphism groups
Aut(E,O) — Aut(E’,0")
pr— ¢ =aoponl,
For ¢/ =aopoa~t and v’ = a3(v) with v € Vr we have an induced action given by
Aut(E,O) x Vgr — Vg
(¢",0") — ¢3(v).

It is not hard to show, that these actions are compatible i.e. ¢’5(v") = @3(95(v))
(notation as in (4.13)).
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Now we show, that the number

1
Z #Aut(&)

[Ev]eCc
veVpN{0}

is well defined in the isomorphism class of (f : £ - C,0). For that we assume
(E,O) to be an elliptic curve over k(C) with the minimal model (f : £ - C, o) such
that f.wg/c = w. Recall that

[(f:E-Ca)]={(f:&->C0") | In:ESE over Cwithaoo =0},

Let us choose P, to be lifts of v € Vg \ {0} to E(k(C)) and let T, be sections of
f &€ - Csuch that 1| (g o) = P,. Consider the map

[(f:6~Co0) —2Z

given by

1
(f':& - C0)— >, : SR )
(Gl oY )eCe #Aut(f : & - C,0',a07,)

veVE~{0}

where « is any isomorphism between (f: £ - C,0) and (f: &' - C,0”).

First of all this map is well defined, indeed if B : £ - £’ is another isomorphism
over C such that foc = ¢’ then for every v € Vg \ {0} the pair («7! 0 B,0”") is an
equivalence between (f': &' - C,0’,a01,) and (f': &' - C,0/, o 1p) in the sense
of Definition 4.3.2 and therefore

1 ) 5 1
1. o1 ’ - 1. er ’ :
[(f’iSI*CrU’,DcOTy)]eCC’w #Aut(f : € - C, o', xo Tz;) [(f':S'%C,U',ﬁOTv)]eCC,w #Aut(f & > C/ o', 'B o TU)
veVEN{0} veVEN{0}

Furthermore this map is constant. Indeed, for v € V¢ \ {0} the pair («,0) is an
equivalence between the triples (f : € - C,0, ) and (f': &' - C,0’,a 0 1) in the
sense of Definition 4.3.2 hence

> : -3 :
#Aut(f': &' - C,0',a01) #Aut(f: € - C,0,1)

[(f’:f'ﬂC,a’,aOTv)]eCC/w [(f:€~Crm)]eCc
veVp {0} veVp {0}

and the claim is proven.

Theorem 4.5.6. Let (C,O) be an elliptic curve over a finite field Fy. Let d > 1 and let
Cc w be the weighted number of elements of the set Cc ,, (see: Section 4.3). Then

3"(E) -1

Z CC,UJ/

[(£.0)Th(E)=a #AUL(E, O) = | i o)

where the sum is taken over isomorphism classes of elliptic curves over IF4(C) of height d
and r(E) denotes the Mordell-Weil rank of (E, O) over IF;(C).

Proof. By Chapter 2, Remark 2.1.12 and Proposition 2.1.6 we have

37(B) _1 37(&n) —1

FAUKE,0) ~ 2o, FAUHE, o(1))’
n(E)=d

[(EO)Lh(E)=d
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where the sum on the LHS is taken over isomorphism classes of elliptic curves
(E,O) over IF;(C) of height d and the sum on the RHS is taken over isomorphism
classes of minimal elliptic surfaces (f : £ = C, o) over k of height d. Furthermore
as a consequence of Lemma 4.5.7 below the RHS can be rewritten as

Z 37(&) _1 Z 3r(&) _q
[(f:£—Co)] #Aut(Ey, 0 (1)) wePicl (C) LFE=C)) #Aut(Ey, 0 (1)) .
h(E)=d frwg jc2w

where we first sum over isomorphism classes of line bundles on C of degree d and

the index [(ff E=COl Wil always mean that we sum over isomorphism classes of
*We /CEaJ

minimal elliptic surfaces (f : &€ - C,0) over k with fiwg)c = w.

Fix an w € Pic?(C) and let f & — C be a minimal elliptic surface with a section
o such that fiwg/c = w and for each v € Vg, ~ {0} choose a lift P, € &,(k(C))
(notation as in (4.14)). Proposition 4.5.2 imply, that

1 3(&) 1
>
#Aut(f: £~ C,0,1)  #Aut(E,0(n))’

[(f:E—»C,v,Ty)]eCC’w
vsV&7 {0}

furthermore in Remark 4.5.5 we proved, that the number

1
#Aut(f: € - C,0, 1)

[(ftE%C,V,TU)]ECC,w
vs‘/gﬂ {0}

is well defined in the isomorphism class of (f : £ — C,¢) and therefore we can take
the sum

1 37 1

> S S —
(=60 [(re~camnlece,, PAM(S 1€ > C,0,T0) (12200 #AUL(Ey, 0 (1))
f*wg/C;a) vng’?\{O} f*wE/C;w

On the other hand recall (see: Definition 4.3) that

1

CC, = Z
C (xaCanyece,, FAUt(f: X > C,0,T)

then Remark 4.5.4 gives

1
#Aut(f: £ > C,0, 1)

CC,w >
[(f:£-Co)] [(f:E—»C,v,Ty)]eCC’w
f*wg/C;W vngq\{O}

And as a consequence of the above inequalities

37 _q
——————— < C .
[(f:E=C)] #Aut(é'ﬂ,a(;y))

f*wg/cgw

To finish the proof we sum over w € Pic?(C) and obtain

37’(5r1) -1

ECAdb TP SO
wePic? (C) [(f€=Ca)] #Aut(€y, (1)) wePic? (C)

f*wg/czw
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Hence

3r(E) _1 3r(&y) 1
#Aut(E,0) Z #Aut(&,,0(n)) . Z Cew:
[(E,0)J;h(E)=d ! wePic?(C) [(f:i€=C)] ]7’ wePic? (C)
f*wg/c’i’w
That finishes the proof of the theorem. O

Lemma 4.5.7. If wy,w, € Picd(C ) are such that wy £ wo, then Cc g, NCc i, = 2.

Proof. To prove it we assume in a way of contradiction, that Cc «,, N Cc,w, # @, then
there exists a pair (f : £ - C,0) such that w; 2 f.wg/c = wy, which contradicts the
assumption on w;’s. O

Lemma 4.5.8. Assume w1, wy are line bundles on C of degree d. Then
w1 ¢ wr = Bcw, NBcw, =D

and
w1 2wy == Ac,w, NAcw, = -

Proof. Assume Ac, NAcw, * @. Then there exists a pair (¢ : Y — C,D) (see
Definition 4.1.1), such that

* ~ o
g w1 =8 Wy

However, then

g8 w1 = &g Wy
= 8:(8"w1®0y) = g(g'w2®0y)
=>w;®g3:0y = wr®g.Oy (by projection formula)
=>wp £ Wy (asg*(Qy = Oc)

that contradicts the assumption on w;’s and proves the claim. The same argument
works for elements of B¢ . O

Using Lemma 4.5.8 for d > 0 we define

Aca= | Acw (4.19)
wePic? (C)

and denote by A ; its number of elements. Then

Aca= ), Acw
wePic? (C)

where Ac , is the weighted number of elements in A¢ (, (see Section 4.1)

Theorem 4.5.9. Let (C,O) be an elliptic curve over a finite field Fy. Let d > 1 and let
Ac ;4 be the weighted number of elements in Ac 4 (as in (4.19)). Then

3r(E) _1
FAE Oy SAC
((E,0)Ti(E)=aTAUL(E, O)

where the sum is taken over isomorphism classes of elliptic curves over IF;(C) of height d
and r(E) denotes the Mordell-Weil rank of (E, O) over IF;(C).
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Proof. The bound is a consequence of Theorem 4.5.6 and the inequalities

Ccw < Bcw < Acw,
obtained in Section 4.4; (4.7) and (4.12). O
Theorem 4.5.10. Let (C,O) be an elliptic curve over a finite field Fy of characteristic
p > 7. Let #C(IF ;) denote the number of Fgn-rational points of C. Then

lim sup q—10d+1(
de (03T (E)=aAUt(E, O)

3 (E) 1 )< #C(FFy) A
S (q-1)3(q+1)%q

where the sum is taken over isomorphism classes of elliptic curves (E,O) over IF;(C) of
height d and r(E) denotes the Mordell-Weil rank of (E,O) over IF;(C), furthermore A is
given by

A =24C(F)q® + (24C(F,)* + #C(F,2)*)q’

+(#HC(F J#C(F ) +#C(F 5)° +1-2#C(Fq) + #C(IF 2)*)q° + (-2~ 2#C(IF 2)* - 4#C(IFy)* ) g
+(-2#C(F3)° — 1 - 2#C(Fy) - 24C(F 2)* - 24C(Fy #C(F2) )
+(#C(F2)* + 2#C(IFy)* +4)q°
+(#C(F3)* + #C(F2)* + #C(Fy)® — 1 + 24C(Fy) +#C(Fg)#C(F,2))q* - 2q +1

Proof. As we are interested only in the asymptotic limit we may assume that d > 1.
Then the proof of the above bound follows from the inequality

37(E) _1
limsupg )

#C(F,)A
—10d+1( =~ ) <limsup q_10d+1AC,d < C(IF;)
Areo [(EO) i (E)-aTAUt(E, O)

dovoo S (a-1)°(g+ 1%
which is a consequence of Theorem 4.5.9 and Proposition 3.3.7 from Section 3.3. [

Remark 4.5.11. The assumption that p > 7 is made for computational reasons for
the bound from Proposition 3.3.7 to hold.
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Zusammenfassung

Die rationalen Punkte auf elliptischen Kurven gehoren zu den wichtigsten Ob-
jekten der arithmetischen Theorie. Ein Messwert fiir die Grofie der Gruppe der
rationalen Punkte einer elliptischen Kurve ist ihr Rang. Dieser ist definiert, als die
minimale Anzahl an rationalen Punkten auf der gegebenen elliptischen Kurve, die
benotigt werden, um all solche Punkte zu erzeugen.

Es gibt bereits viele Heuristiken und Vermutungen beziiglich des Ranges, doch
es ist keine allgemeine Methode bekannt, ihn zu bestimmen. Um das Problem zu
vereinfachen, stellt man sich folgende Frage: Wie verhiilt sich der Rang im Durch-
schnitt? Ordnet man die {iber den rationalen Zahlen definierten elliptischen Kur-
ven nach ihrer Hohe, so besagt ein erst kiirzlich erzieltes Resultat von Bhargava
und Shankar [ ], dass der Rang nach oben durch 1,5 beschrankt ist.

Selbstverstandlich wiirde man auch gerne in anderen Féllen eine dhnliche Aus-
sage erlangen, zum Beispiel im Falle eines Funktionenkdrpers. Man betrachte eine
glatte, geometrisch zusammenhédngende, projektive Kurve tiber einem endlichen
Korper und ordne die elliptischen Kurven tiber dem Funktionenkorper dieser gegebe-
nen Kurve nach ihrer Hohe. In [ ] gibt de Jong eine obere Schranke fiir den
durchschnittlichen Rang elliptischer Kurven iiber dem Funktionenkérper der pro-
jektiven Geraden an. Fiir die Berechnung dieser Schranke, zéhlt er integre Modelle
geometrischer Objekte, denn diese reprasentieren Elemente gewisser Gruppen.

In erster Linie beschiftigt sich diese Dissertation mit elliptischen Kurven tiber
Funktionenkérpern elliptischer Kurven und liefert Fortschritte tiber Schranken fiir
den durchschnittlichen Rang solcher Kurven. Dabei wird hauptsichlich de Jongs
Methode verwendet.
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