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Introduction

As the title of this thesis suggests we will be studying the average Faltings height formula
(which will be referred to as average height formula all throughout this thesis) of elliptic
curves and abelian varieties.

More precisely, given an elliptic curve E/K defined over a number field K, let p : X —
B be the minimal regular model of E/K with the zero section s : B — X, B = Spec(R),
R denoting the ring of integers of the number field K, then we define the Faltings height
function of the elliptic curve E as:

hp(E) = ﬁ <log #(pawx/p/w-R) — Y € log ||w”v)

UESOO

where wy/p is the dualizing sheaf of the arithmetic surface X, w a non-zero rational
section of the line bundle p.wx/p and So denotes the set of infinite places of K and
€, = 1,2 according to whether K, = R or C respectively.

The Faltings height function is defined analogously for abelian varieties. Let Ax be
an abelian variety defined over a number field K. Let m : N(A) — B be the Néron
model of Ax with zero section s : B — N(A), where B = Spec(R), where R denotes
the ring of integers of the number field K. We denote s* A9 Qn(4)/r by wa/gr. Then the
Faltings height of Ag is given as

hp(Ak) = ﬁ (log #(wa/r/Rs) = D € 10g(HSM)>
V€S

The idea of computing the average height formula has its origin in [Fa 1] where he
computes the difference of height of two isogenous semi-abelian varieties. We can state
the formula for abelian varieties as:

Let Ag, Bi be two abelian varieties defined over a number field K, related by an isogeny
f: Ax — Bk, let the map extend to f : N(A) — N(B), then the following formula
holds:

e (Br) = he(Ar) = 3e0(f) = 108 #(5"rencry ).

This formula will be referred to as the Faltings formula.
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Let E/K be a semi-stable elliptic curve defined over a number field K. Let C' denote
all the cyclic subgroups of order NV in E. Let E’ denote the quotient of the elliptic curve
FE by a cyclic subgroup of order N. Then the following formula known as the average
height formula for semi-stable elliptic curves holds:

1 / 1
— (hF(E)—hF(E)) = log N =y,
N

where e denotes the number of cyclic subgroups of order N, and A is a constant which
depends only on N.

Let Ax be a principally polarised abelian variety defined over a number field K with
good reduction at a prime p. Let G; denote the isotropic subgroups of order p¢ in A[p).
Let A; denote the quotient abelian variety A/G;. Then the following formula which
would be referred to as the average height formula for abelian varieties holds:

> (hr(4) = hi(4) = (F = mig,p)) logp.
C

where the sum runs over all isotropic subgroups of order p9 in A[p|, e denotes the number
of isotropic subgroups of order p? in A[p|, and m(g,p) denotes a constant which depends

on g, p.

We will start with the proof of Faltings formula for isogenous abelian varieties in
chapter one. We will first study the classical theory of height functions in section one
and two of chapter one and then proceed to study Faltings height function in section
three. In section four we first study the concept of Néron model and why the Faltings
stable height remains an invariant under field extension. Finally using all the concepts
studied till then we prove Faltings formula for isogenous abelian varieties.

There are at least three ways of approaching the average height formula of elliptic
curves. One approach involving basic concepts of Arakelov intersection theory due to
Robin de Jong [Ro], one due to Autissier [Au] which involves the concepts of calculating
the height on the moduli space of elliptic curves, and another approach which involves
concepts from both the methods. We develop Arakelov intersection theory in section
one and two of chapter two. In section three we give the proof of average height formula
using Robin de Jong’s approach. In section four we give an outline of the approach
adopted by Autissier, and give the third proof which makes use of results from both the
approaches.

In chapter three we prove the average height formula for abelian varieties. We have
only one way of proving the average height formula for abelian varieties. It involves the
properties of AL, the moduli space of principally polarised abelian varieties with good
reduction at p and of type (g;n). We introduce the basic notions, like the definitions
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of abelian schemes, good reduction of abelian varieties, standard sympletic pairing in
section one. In section two we study arithmetic intersection theory of arithmetic vari-
eties. In section three we look at another reformulation of Faltings formula for isogenous
abelian varieties in terms of Cartier divisors, using the intersection theory developed in
section three. In section four we prove the average height formula using all the theory
that is developed in the first three sections.

In chapter four we conclude our thesis with a few remarks on the different techniques
adopted in proving the average height formula for elliptic curves, and why that only
Autissier’s approach is naturally generalised to abelian varieties.



1 Faltings Formula for Isogenous Abelian
Varieties

In this chapter we study the basic notions around height functions and the formula
given by Faltings for isogenous abelian varieties.
In section 1 we look at how height functions are defined on projective space. In section
2 we study how height functions are defined on projective varieties. In section 3 we look
at how height functions are defined via metrized line bundles and how Faltings height
function is defined. In section 4 we look at the proof of Faltings formula for isogenous
abelian varieties.

We closely follow Silverman’s article "The Theory of Height Functions’ from [AG].

1.1 Height on Projective Space

In this section we see how the height function is defined over a projective space. In
the next section we extend this definition to projective varieties.

Let us denote the set of places over the number field K by Mg, the set of non-
archimedean places by M [f< and the set of archimedean places by M. For v €
M, |la||, denotes |7(a)|* where 7 : K — C is an embedding associated to the place v
and €, = 1 or 2 according to whether 7 is a real or a complex embedding respectively
fora € K. Forv € Mif( ||la||, denotes \a|£)K”:Q”], where |al, is the usual v-adic absolute
value on K, K, denotes the completion of the field K with respect to v, for a € K.

1.1 Definition. A height function is defined as a function from the points of a
projective space P"(K') defined over a number field K to the field of real numbers:

Hy :PYK)—R

where Hy(P) = [ max{|lzo]l,,...ccooorrn Manll,
veEMK

for all P € P"(K).

The height function does not depend on the choice of homogeneous coordinates of the
projective space P"(K), it is well-defined, but the height function Hx evidently depends
on the number field K .



1 Faltings Formula for Isogenous Abelian Varieties

For a finite extension L/K, we know that > [L, : K,] = [L : K], where the sum is
over the places w € My, lying over a given v € Mg. Hence we can relate the height
function Hg defined over P"(K') with Hy, defined over P™(L):

Hp(P) = Hg(P)IFK]

We can always choose homogeneous coordinates for a point P € P"(K) with some
x; = 1. Hence Hg (P) which does not depend on the choice of coordinates is always >
1 for all points P € P*(K).

We saw that our height function Hg depends on the number field K. So we now
define what is called the absolute height function which is independent of the field of
definition.

1.2 Definition. The absolute height function is a function from P"(Q) to the field
of real numbers :

H:P"(Q) — R,

H(P) = Hg(P)Y/IK:Q
where K is any number field such that P € P*(Q.).

EXAMPLE: Let P € P*(Q). Let P = (x5 : 1 : .... : x,) where z; € Z and
ged(xo, 21, ..., xy)=1. Then

H(P) = max {|zo|,|z1] sy |Tn|} -

Then it is easy to see that the set {P € P*"(Q) : H(P) < C} for some constant C' is
finite.

If P=(xo:....:2p) € P*(Q) , then we can define Q(P) as

Q(P)=Q(xo/zi: ... : xp/z;) for some x; # 0
Now we state a very important property of the absolute height function H.

Theorem 1.3 (Finiteness Theorem) Let C' and d be constants. Then
S={PeP*(Q): H(P)<C and [Q(P):Q]<d}
is a finite set.
Proof. We first prove that the set

S = {P e PYQ): H(P) < C" and [Q(z): Q] = d’}
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is finite.
Let P' € P(Q) and[Q(z) : Q] = d. Let x', ...,z be the conjugates of = over Q and let
1 = So,.....54 be the elementary symmetric polynomials in 2, .....,z%. Then each sj is in

Q,and x is a root of the polynomial.

d

d
F(X)=> (15X = [(x — 2") € Q[X].
=0

7 i=1

Now using the triangle inequality , one easily checks that H([1,s;]) < ¢;H([1,z]) for
certain constants ¢; which do not depend on z. Hence we can see that there are finitely
many sets of s;’s , hence finitely many possibilities for the polynomial F'(X), and so only
finitely many possibilities for z.

Now choose homogeneous coordinates for P = (z, : ... : x,) with some z; = 1. Let us
denote Q(P) by K. Then

Hi(P) = [] {max|aol,,.... lnll, } = max Hic(x;)
vEME

Hence H(P) > H((1 : x;)) for all j. Now P'=[l,z;] € P*(Q) with H(P") < C , and
[Q(z) : Q] < d. But from the above argument there are only finitely many possibilities
for such an x;. Hence the set S is finite. O

In practice the logarithm of the absolute function is more widely used. Hence
h(P) = log H(P)

will be referred to as the "height function’ from now on.

1.2 Height on Projective Varieties

In the last section we saw how the height function is defined over projective spaces.
In this section we see how height functions are defined on projective varieties defined
over Q.

_In order to define a height function on V, a projective variety of dimension n over
Q, we take a map from V into projective space and use the height function from the
previous section.

2.1 Definition. Let F' : V — P" be a morphism. The (logarithmic) height on V'
relative to F' is defined by

W V(Q) — R, AT(P) = h(F(P)).
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It is well-known that any morphism from the projective variety V, F' : V — P" into

the projective space P" is associated to an invertible sheaf (or line bundle) on V', namely
the pull-back of the twisting sheaf, F*Op(1).
In fact we know that if X is any scheme over A, and ¢ : X — P’} an A-morphism of
X to P7, then £ = ¢*(O(1)) is an invertible sheaf on X, and the global sections s,
S1ye.eeySp, Where s;=¢*(z;) generate the sheaf ¢. Conversely any invertible sheaf ¢ and
global generating sections s; determine a morphism ¢ : X — P’;. This statement has
been proved in [Ha] chapter two proposition 7.1. Naturally many different maps give
rise to the same sheaf. Hence we can expect the height function to be essentially same
for the morphisms which determine the same sheaf. The following proposition says that
they are essentially the same.

2.2 Definition. Two height functions A and h' defined on a projective variety V are
said to be equivalent if ‘h — h/‘ is bounded as P ranges over V(Q).

2.3 Theorem. Let
F:V-P'andG:V —P™

be two maps of V such that F*Opn(1) = G*Opm(1). Then h¥ and h® are equivalent.
Proof. Let E be a divisor in the linear system of ¢. (That is £ > 0 and ¢ =~ Oy (E)).
Then on the complement of E, we can write F' = [fo, f1,...fn] and G = [go, ...gn] With

rational functions f; and g; such that
(fi) and (g;) such that

(fi) =D; — E and (g;) = Dj/ — FE for divisors Dj D;- > 0.
We are guarenteed of such a divisors from arguments from [Ha| I1.7.8.1.

We know that the F' has no base points on V' which means that the D;’s have no point
in common. Let K be a common field of definition for V', f., fi,....fn and go,.....9m -
Now pick any j and look at theideal Z = (f5/gj, ......fn/g;) inthering R = K [fo/g;, ...... fn/9;]-
Since (f;/ gj):DZ'-D;- and the D;’s have no point in common, it follows that I is the unit
ideal. Suppose not, then there will be a maximal ideal M of R containing Z. Since
Spec(R) is isomorphic to an open subset of V' containing the complement of D;-, M will
correspond to a point P of V not in D;- such that (f;/g;)(P) = 0 for all . But then P
will lie in the support of all D, ,yielding a contradiction.

Hence we can find a polynomial ¢;(T5, ...... T,) € K [Ty, ...T,,] having no constant term
such that

¢j(foO/gj, ...... fn/gj)zl
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Taking the v-adic absolute value and using the triangle inequality, one easily finds a
constant C1=C (v, F, G, ¢;) > 0 such that for all P in the complement of D;- ,

ma${|f0/gj(P)|vv """ |fn/gj(P)|U} > Ch
We can choose C; =1 for all but finitely many v, independent of P. (Note that it may
be necessary to extend K so that P(K).)
Next multiply through by |g;(P)|,. Then the equality also holds for g;(P) = 0, so
taking the maximum over j yields:

max {|foly ;oo | ful,} = Comaz {[go(P)], ;oo |gm (P)], }

for a constant Co=C4(v,F,G)> 0, where P ranges over the complement of £ and Co=1
for all but finitely many v. Now raise to the [K, : Q,] power, multiply over all v € Mj
and take the [K : Q] th root. This gives

H(F(P)) = CsH(G(P)),
with C3=C3(F,G) > 0, as P ranges over the complement of F in V.
Next , since ¢ has no base points , we can choose finitely many divisors F1,...,E, in the
linear system for ¢ so that the E;’s have trivial intersection. In this way we obtain the
above inequality on all of V. Taking logarithms gives one of the desired bounds, and
the others followed by symmetry. [

Now that we have the desired equivalence we try to relate Pic(V'), the group of equiv-
alence classes of invertible sheaves and the group of height functions modulo constant
functions .

Let us denote the group of functions {h : V' — R} mod O(1) by H(V).

2.4 Definition. Let ¢ be a sheaf without base points on V. The height function
associated to £ is the class of functions h* € H(V') obtained by taking the height function
h¥ for any map F associated to £. (From theorem 1.2 h’ is well defined.)

Proposition 2.5 Let ¢ and M be base point-free sheaves on V. Then A‘®M and
(hé + hM) are equivalent.

Proof. Let F' = [f,....fn] and [go, ....gm] be maps associated to ¢ and M respectively.
Then

T = [ figj-Jocicnocjcm : V — PP
is the map associated to the invertible sheaf £ ® M. This map is obtained by composing
the diagonal morphism D : V — V x V with the composition of the map F:VxV —

P" x P™ with the Segre embedding S : P x P™ — Prmtntm,
T=So(FxG)oD

Since max {.., |f7;gj|v } = max {.., ‘fz"y ..} max {'w |9j‘u }
we have
hL(p) = hF'®P) 4 ¢ (P) 4+ O(1) for all P in V O

10
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We know that the set of equivalence classes of invertible sheaves Pic(V') on the pro-
jective variety V is a group under the operation ®. Hence it is very natural to associate
to the invertible sheaf £ = {1 ® {5 ! the height function hft — ht2.

In fact from proposition 2.5 we can check that RS = pf — pf = 0. So we are now
all set to relate the group of invertible sheaves under equivalence classes Pic(V') with
H(V). In fact we can formulate all that we have seen into the following theorem:

2.6 Theorem. (a) There exists a unique homomorphism
¢ : Pic(V) — H(V),
t— h

with the property that if £ has no base points and F' : V' — P" is a morphism associated
to £, then

ht =ht + 0(1).

(b) If f:V — W is a morphism of smooth varieties, and ¢ is an invertible sheaf on W,
then

R = hlo f + 0(1)

[That is, the homomorphism in (a) is functorial with respect to morphisms of smooth
varieties.]

Proof. (a) The map is well defined: for any two functions on V to be equivalent they
have to be associated to the same invertible sheaf. The map ¢ preserves the group struc-
ture as well. The height function associated to ¢ ® M, h*®M is equal to h¢ + hM from
proposition 2.5. Also the height function corresponding to Oy is a constant function.
Hence ¢ is a group homomorphism.

(b) If ¢ has no base points and F': W — P" is associated to ¢, F'o f : V — P" is the
morphism associated to f*¢. But h¥'°f = h¥ o f Hence h¥ o f is equivalent to hf™¢. O

2.7 Corollary (Finiteness). If £ is an ample sheaf on V, then for all
constants C' and d, the set

S = {P e V(Q): hP) < Cand[Q(P): Q] < d}

is finite.

Proof. (From [Ha] theorem 7.5 chapter 2 ) Since ¢ is ample, £®™ is very ample for some
integer m > 0. From proposition 2.6 we have R = mh!. Let F : V — P" be an
embedding associated to £¥™. Let P € S, then we have

C > W(P) = (1/m)h'™" (P) + O(1) = h(F(P)) + O(1).

11
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From proposition 1.3 we know that the number of F(P) satisfying
h(F(P)) < C and [Q(P) : Q] > d is finite. Hence S is finite. O

1.3 Heights and Metrized Line Bundles

In this section we look at how height functions can be defined via metrized line bundles
on Spec(R), where R is the ring of a integers of a number field K.

3.1 Definition. Let X be a scheme. A line bundle over X is a locally free O x module
of rank 1.

3.2 Definition. A metrized line bundle on Spec(R) is a pair (¢,].]), where ¢ is a
line bundle on Spec(R), and for each v € Mz® |.|, is a v-adic norm (metric) on the
one-dimensional K,-vector space £ Qg K,.

3.3 Definition. The degree of a metrized line bundle (¢, |.|) is defined as

deg((,].]) = log#(¢/Rt) — > e,loglt],

veEMP

where €, = [K, : Q] for any ¢t € ¢ such that ¢ # 0.

The degree of a line bundle is independent of the choice of . That is because :
Consider any other section s € £ , s = at for some a € K*, then

log #(¢/Rs) — Z €y log |s|, = log #(¢/Rat) — Z €y log|at|,

veEME veMP

—log # ((¢/Rt)(Rt/Rat)) — Y ¢, loglat],

veMg?

Now consider

log #(Rt/Rat) = log(| N jg(a)|) = ) log|r(a)|

where 7 : K — C are the complex embeddings of K,

Zlogh(a)\: Z €y log |al,, .

veEMP

Hence we have

log #(¢/Rs) — Z €y log |s|, = log #(¢/Rt) — Z ey log |t],, .

veEME veMP

12
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Example: If R is a P.I.D., then /¢ is free, so we can choose a t € ¢ so that £ = Rt. Then

veEMz
In particular, if R = Z , then up to + or - 1 there is a unique generator ¢ for ¢ and then

deg(¢,|.|) = —log|t| .
Metrized Line Bundles on Varieties

In this subsection we define the height function associated to a metrized line bundle
£ of a smooth projective variety V defined over a number field K.

3.4 Definition. Let v € Mpg. A wv-adic metric on £ a line bundle defined on the
projective variety over K consists of a (non-trivial) v-adic norm |.|, on each fiber /p® K,
such that norms vary continuously with P € V(K,). That is if f € H°(U,¥) is a section
on some open set U, and if U(K,) is given the v-adic topology, then the map

U(Kv) - [0700)7 P — |fP|v

is continuous.

Let f be a non-zero section of I'(U, ¢), and D = (f) be the divisor of f. Then
|fpl, =0 <= fp=0 <= P € Supp(D)

From the fact that the norms vary continuously and the above equation we can interpret
|fp|, as the v-adic distance from P to D.

3.5 Lemma Let v € Mp®, and suppose that |.|,, ||; are two v-adic metrics on /.
Then there exist constants ¢; and co such that

/
C1 ||”U S ||”U g C2 ||”U on V(KU)

Proof. In this proof we use the fact V(K,) is compact. V(K,) is compact as V is
projective. Let us now choose an fp # 0 € ¢p for each P € V(K,). Then |fpl|,/|fP|,
is independent of choice of fp. Now consider the map

F: V(K,) = (0,00), P— |fpl,/|fpl,-
Since F' is continuous and V (K,) is compact, the image of F' in the set (0, 00) is compact

as well. Hence there exist constants ¢, ¢g such that ¢; < F(P) < ¢ for all P € V(K,),
which is the desired result. U

13
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Let us consider a very ample line bundle ¢ defined on the projective variety V. There
exists an embedding F' : V' — P} corresponding to the very ample line bundle ¢. (i.e.
¢ ~ Opn(1) ). Once we fix an embedding of V' in P any point P € V(K) extends
uniquely to a point in P%(R). Or in other words it extends to a map

P : Spec(R) — P.

Hence if we are given v-adic metrics on Opn (1) for each v € Mz?, then the pull back
P*Opn (1) becomes a metrized line bundle on Spec(R). The following proposition relates
the degree of the line bundle P*Opn (1) with the height function associated to ¢.

3.6 Proposition. With hypothesis as above, fix v-adic metrics on Opn (1) for each
v € Mg . Then

deg P*Opn(1) = [K : Qhe(P) + O(1)

(where O(1) represents a bounded function )
Proof. First observe that from lemma 3.5 and the definition of the degree of a metrized
line bundle, if the metrics on Opn (1) are changed, then the degree of P*Opn (1) changes
only by a bounded function. Hence it suffices to prove the proposition for any choice of
metrics on Opn (1).
Now we construct a metric on Opn(1). For each v € My, we define a v-adic metric on
Opn (1) as follows. Let € H°(IP", Opn) be a global section. Then we define |z(P)|, for
each P € V(K,) as

(P, = min {|(z/z)(P)],}-

i (P)2£0

Let zo,....z, be the global sections which generate Opn (1) and P*(x;) = x;(P) for each
P e PM(K).

Let v € My be an archimedean valuation.

|zo(P)|, = 0<miré {|(®o/x;)|,} (from the definition of the metric on). Opn (1)

On the other hand,

P*Opn(1)/Rao(P) = (Z in(P)> /Rxo(P)

14
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So
. -1
#(P*Opn(1)/Rxo(P)) = ‘NK/Q (Z R(%‘N’o))
=0

= I max fawi/eo) (P,
veEMp

(here we view the x;’s as functions on P"(K))

Hence for this choice of metrics on Opn (1),

deg P*Opn (1) = #log(P*Opn(1)/Rxo (P Z log ||z (P
vEM p

= log H Jnax || (xi/xo)(P)], Z 10g mm ||(5Uo/332( M

veMp vEM
= Z log max ||(zi/xo)(P)]|, (by considering the x;’s functions over P"(K) )
vy 0<i<n
= [K : Qh([1,21/26(P),....;xn/xs(P)]) ( by definition of height function )
= [K : Q]hy(P) + O(1). O

3.7 Remark. One could define the height function associated to a line bundle £ de-
fined on a projective variety (defined over a number field K) as hy = o) = ) deg(P*Opn(1))
where P is a point in P"(K). We have just seen in proposition 3.6 that this way of defin-
ing height a function is the same as the way we did before.

1.4 Faltings Formula for Abelian Varieties

We have seen the classical theory of height functions in the preceding sections. Propo-
sition 3.6 realizes the height function as the degree of a metrized line bundle. But we
cannot expect the height function associated to any arbitrary chosen line bundle to be
invariant under field extensions. So we will try to find a metrized line bundle, for which
the height function associated to it would remain invariant under a field extension. In
this section we will see that the Faltings height function associated to a specific metrized
line bundle, namely w4,p where Ak is an abelian variety defined over a number field
K and R its ring of integers, comes very close to our requirement of being an invariant
under field extensions.

In this section we define Faltings height function and then prove the Faltings formula
for isogenous abelian varieties. Before setting out to prove the formula we look at a
few definitions and review what we have done in the last sections. In fact we find that
Faltings formula follows trivially by writing out all the definitions and concepts we have
seen so far.

15



1 Faltings Formula for Isogenous Abelian Varieties

4.1 Definition. A group variety over K is a variety over K together with morphisms

m:V xV — V (multiplication),

inv:V — V (inverse),

and an element ¢ € V(K) such that the structure on V(K) defined by m and inv is
that of a group and with identity element e.

4.2 Definition. A complete group variety is called an abelian variety.
Remark: Abelian varieties are projective and commutative.

4.3 Definition. Let f: A — B be a homomorphism of abelian varieties. The kernel
N of f is a closed subgroup scheme of A of finite type over K. If f is surjective and has
finite kernel then it is called an isogeny.

In order to define a height function one first needs a metrized line bundle on Spec(R).
But we assume that our Abelian variety is defined over a number field. So now we see
what a Néron model is , and how it is useful in our scheme of finding a metrized line
bundle over Spec(R).

4.4 Definition. Let S be a Dedekind scheme of dimension 1 with function field
K = K(S). Let Ax be an abelian variety over K. The Néron model N(A) of Ak over
S is a scheme 7 : N(A) — S which is smooth, separated and of finite type, with generic
fiber isomorphic to Ag, and that verifies the following universal property:

For any smooth scheme X over S, the canonical map

MOTS(X, N(A)) — MOT‘K(XK, AK)

is bijective.
Let Ax be an abelian variety defined over a number field K, then we denote s*A9 Q}V( A)/R

by wa/r where s is the zero section s : Spec(R) — N(A), of the Néron model N(A).
This is a metrized line bundle over Spec(R). We will see very soon how the metrics are
defined on this line bundle.

4.6 Definition. We define the Faltings height function of the Abelian variety Ag
defined over a number field K as

he(Ar) = grdeatioam)

If w: N(A) — Spec(R) is proper, then muwq/x = s* N Q}V(A)/R , and then hp(Ag) an
be defined as ﬁdeg(m NI Q}V( 4)/ r)- We need to introduce the concept of semi-stable

and good reduction to see whether hp(Ag) remains invariant under a field extension of
K.

16



1 Faltings Formula for Isogenous Abelian Varieties

4.7 Definition. Let Ax be an abelian variety defined over the function field K of
the Dedekind scheme S = Spec(R) where R is a Dedekind domain. We say that Ak has
good reduction at v a prime in R if and only if there exists a scheme 7 : X — Spec(R,),
which is smooth and proper, such that the generic fiber of this morphism is Ag.

By the universal property of the Néron model we can conclude that N(A) is proper at
v, if and only if Ax has good reduction at a prime v in S. If Ax has good reduction at
all primes belonging to S, then A is said to have good reduction.

4.8 Definition. Let the hypothesis be the same as the one in above definition. If
N(A)° is the open subgroup scheme whose fibers are the connected components of a
Néron model N(A), then the abelian variety A is said to be semi-stable at v a prime in
R, if N (A)z(v) is an extension of an abelian variety by a torus, where k(v) is the residue
class field of R,. If Ax has semi-stable reduction for all primes v in R, then A is said
to have semi-stable reduction.

4.9 Theorem. hp(Afk) is invariant under the extension of ground field for abelian

varieties with semi-stable reduction, where A is an abelian variety defined over a num-
ber field K.
Proof. We only outline the main idea of the proof. The main idea involved is as fol-
lows. If Ax has semi-stable reduction over K, then it is known that N(Ax)® X gpec(0y)
Spec(Oy,) is canonically isomorphic to N(Ay)°, where N(A)° denotes the open subgroup
scheme whose fibers are connected components of the Néron model N(A) (for proof one
can look at [CL] ). Hence it follows that hp(Ax) = hr(AL) O

But if Ax does not have a semi-stable reduction over K then its Néron model would
not commute with base change of number fields, so we cannot expect our hp(Ag) to
be invariant under base change. Hence we define another height function A geo, which
remains invariant under base change.

Every abelian variety X g becomes semi-stable over a field extension L over K by the very
well known semi-stable reduction theorem. We define the geometric height hgeom (Ax) =
hr(Ar). If Ak has semi-stable reduction over K, then hgeom(Ar) = hr(Ak).

4.10 Definition. Let f : A — B be a homomorphism of abelian varieties. If f is
surjective and the kernel of f is finite then f is called an isogeny.

Before we embark on the task of proving the Faltings formula we look at how the
v-adic metrics are defined the projective rank 1 R-module w 4/p.
wa/r @R K is canonically isomorphic to I'(Ax, A9Q4, /)
For each infinite place v, we put a metric on wy/gr ® K, by:

2 — _
Jwll? =2 / WAl
A(Ky)

17



1 Faltings Formula for Isogenous Abelian Varieties

for all w € wy/g.
In fact this metric comes from the hermitian inner product on w4/gr ® Ky :

< W, p>p= 2‘9/ |w A fif
A(K)

Now we finally state and prove Faltings formula for isogenous abelian varieties.

4.11 Proposition. (Faltings Formula). Let fx : Ax — Bg be an isogeny of
abelian varieties Ax, Bk defined over a number field K with ring of integers R. Let
N(A), N(B) be the Néron models of A and B. By the universal property of Néron
models fx extends to a morphism f : N(A) — N(B). Let G be the kernel of the
morphism f. Then

hp(Bi) — hp(Ax) = 5 log deg(fic) — o og(#(5" s )

b
(K : Q]
Proof.

hr(Bgk) — hrp(Ak) = ﬁ (deg(wp/r) — deg(wa/r))

= ﬁ log #(wp/r/R-s) — m log(wa/r/R.t)

g O sl - g o elos(ll,)

veMp® veMze

_l’_

for s, t non-zero elements of wp /Ry WA/R respectively.
We have an injection f*(wp/gr) — wa/r , we can choose t to be f*(s).

[ e aFe] = deti) [ Jsns
A(Kwv) B(Ky)

= |f*(s)l, = Vd|s|,
Hence Y e, log(|f*(s)l,) = > evlog(v/deg(fx)lsl,)

veEME veMz?
1 . 1 B ——
e g XM:? vl Ty %{o = %: o

= Jlogdeg(fx) (L)

Now consider

log #(wp/r/R.s) —log #(wa/r/R.f*(s)) = log #(wp/r/R.-(5))
—log #(wa/r/R.f*wp/r)(f*ws/r/R.f*(s))
= —log #(wa/r/[*wp/r) (as f* is injective)

18



1 Faltings Formula for Isogenous Abelian Varieties

We have the following exact sequence :

0— f*QnBy/rR — Unay/r — Anaynp) — 0

So UJA/R = wB/R & S*Qg/R

Hence we have
log #(wa/r/ f*wp/r) = #log s"(Qq/R)

From equation 1.1 and 1.2 we have the desired relation:

e (Br) — he(Ax) = 5o degl ) ~ s loa(#3" ()

19
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2 Average Height of Quotients of a
Semi-Stable Elliptic Curve

In the last chapter we have seen the Faltings height formula for abelian varieties. In this
chapter we look at the average Faltings height of quotients of a semi-stable elliptic curve
by its cyclic subgroups of a fixed order.

Autissier first proved this formula in [Aul] as mentioned in the introduction. The ap-
proach opted by Autissier in [Aul] involves the the measure of arithmetic complexity of
modular curve X, (/N) and also a result due to Kithn on the height of the modular curve
Xo(1). In this chapter we first look at a more elementary approach due to Robin de
Jong in [Ro], then briefly outline Autissier’s method in [Aul], and then look at another
approach which involves both these approaches. Robin de Jong’s approach involves the
basic concepts of Arakelov intersection theory from [Ar] and [Fa 2].

As stated above we prove the following formula for a semi-stable elliptic curve in this
chapter:

% %: (hF(E/) - hF(E)) = %logN — AN (2.1)

where ey is the number of cyclic subgroups of E of order N, C' runs over the cyclic
subgroups of order N and Ay is a constant dependent only on N.

In section 1 of this chapter we look at the Arakelov Green function defined on a
compact and connected Riemann surface of genus g > 0. In section 2 we look at the
Arakelov intersection theory on arithmetic surfaces. In section 3 we prove 2.1 as a
consequence of all the theory developed in the first 2 sections. In the final section we
briefly outline the approach of 2.1 using Autissier’s method, which actually carries onto
the abelian varieties case. We then look at another method which uses results of both
the approaches.

2.1 Arakelov Green Function

Let X be a compact connected Riemann surface of genus g > 0.
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

1.1 Definition. Let X be a connected, compact Riemann surface of genus g > 0.
Then H® (X , Q&) is equipped with a Hermitian inner product

(w,n)ﬁif W AT
2 Jx

Let (w1, ...,wq) be an orthonormal basis with respect to this inner product . We then
define the Arakelov (1,1)-form y to be p = 5 Sl Wk A W

It is easy to check that [ y # =1 and p is independent of choice of basis. Using this
Arakelov (1,1) form we now define the Arakelov Green Function.

1.2 Definition. The Arakelov-Green function G is the unique function
G : X x X — R such that the following properties holds:
(1) for all P € X the function log G(P, Q) is C* for Q # P;
(2) for all P € X we can write log G(P, Q) = log |2p(Q)| + f(Q) locally about P, where
zp is a local coordinate about P and where f is C* about P;
(3) for all P € X we have

0q0q log G(P,Q)? = 2min(Q)

for @ # P

(4) for all P € X we have [, logG(P,Q)u(Q) =0

The existence of such a function is proved by Arakelov in [Ar]. Properties 1,2,3 determine
the Green function up to a constant, and then condition 4 determines a unique Green
function. Symmetry of Green function G(P,Q) = G(Q, P) follows from application of
Stokes’s theorem and the conditions 1,2,3 and 4.

The Arakelov Green function determines a smooth hermitian metric on the line bun-
dles Ox (D) ,where D is a divisor on X. In our case it suffices to consider just points.
Let s be a canonical generating section of the line bundle O x (P). The metric determined
by the Arakelov Green function ||.|[5, p) on Ox(P) is given by:

Islloy(py = G(P,Q) for any Q € X.

1.3 Definition. Let Qk be the sheaf of holomorphic 1-forms of X.
Let A: X — X x X be the diagonal embedding and Oxx x(—A) the sheaf of holomor-
phic functions vanishing on the diagonal with zeros of order 1. Then there exists an
isomorphism called the adjunction isomorphism

OXXx(—A) = Qk

Oxxx(—A) carries the hermitian metric defined by ||s|| (P,Q) = G(P,Q) with s the
canonical generating section of the line bundle Oxxx(—A) .The unique metric on Qk
that makes the adjunction isomorphism an isometry is called the Arakelov metric |.|| 4, -
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

1.4 Definition. Let X be a connected Riemann surface, and ¢ be a holomorphic line
bundle on X, equipped with a C° hermitian metric ||.||. The curvature form of (¢, ||.||)
is a (1,1)-form defined locally as

1
curvy| = ﬁ(‘?@a@ log(HsH2)

where s is the local generating section of £ and it satisfies the condition

-1 N
— log ||.||” = deg¥
| 5s00da oz . = deg

This is because every hermitian line bundle can be built up from Ox (P), which comes
with the hermitian metric [[s||o, py = G(P,Q). Hence from property 3 of the Green
function, we can conclude that the curvature form is independent of the generating
section s that we choose.

1.5 Definition. A smooth Hermitian metric ||.|| on a line bundle ¢ on X is called
admissible if its curvature form is a multiple of u. Arakelov has proved in [Ar| that ||.|| 4,
is an admissible metric on Q.

1.6 Proposition. Let P be a point on X and let z be a local coordinate about P.
Then the norm of dz in Q% ||dz|| 4, is given by the formula

[d2] o (P) = limg—.p [2(P) — 2(Q)[ /G(P, Q).
Proof. Proposition 2.5 of [Ro.

We are now ready to state the complex projection formula for divisors on Riemann
surfaces. Later in the next section we see that this formula comes to our aid in proving
an Arakelov projection formula.

1.7 Proposition. (Complex Projection Formula) Let X and X’ be Riemann
surfaces of genus 1 and Gx and Gy be the Arakelov Green functions of X and X'
respectively. Suppose we have a non constant holomorphic map f: X — X ". Let D be
a divisor on X . Then the canonical isomorphism of line bundles

[Ox (D) = Ox(f*D)

is an isometry. In particular we have a projection formula:
for any P € X the formula

Gx(f*D,P) =Gy (D, f(P))

holds.
Proof. Proposition 3.2 of [Ro].
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

We now prove a formula for what is known as the ” Energy of an Isogeny”. Later in
section 3 while we prove 2.1 the corollary of this proposition helps us a great deal. But
before we look at the proposition we need a notation.

Let w be a holomorphic differential of norm 1 in H° (X,Q%). Then we denote [jw]| 4,.
by A(X). This is an invariant of X.

1.8 Proposition. (Energy of an Isogeny). Let X and X' be 1-dimensional com-
plex tori related by an isogeny f: X — X of degree N. Then we have the following

formula:
H G(0,P) = M

A(X")
Pecker(f),P#0

Proof. The idea of the proof is that we compute the norm of the map f*(Q;/) — Q}(
and show that it is equal to

11 G(0, P).

Pe ker(f),P#0

Given the isogeny f : X — Y of degree N. We then have the isomorphism between
k) — Ok (2.2)

(as f is an isogeny and X, X " can be viewed as complex elliptic curves).
We know from the arguments in the proof of the Faltings formula(proposition 4.11)
in last chapter that the norm of the isomorphism

FH® (XQ;) — H° (X, 0%).

is v/N. So consider an W € H° (X l, Q%) of norm 1. We have the Arakelov metric on
Q;, so w’ has norm A(X') in Q;, .
Now consider f*(w'). It has norm /N in H° (X,9%). Hence the norm in Q% of (W)

is VN.A(X) as an element of the line bundle Q. Hence we can now compute c , the
norm of f* when viewed as an isomorphism of line bundles:

_ VN.AX)
AXD)
From Proposition 1.7 we have:

[ (0x(0)) = Ox(Ker(f)) (2.3)

and that f* to be an isometry on Ox/(0) . We tensor 2.2 and 2.3. Since Q;, ®04(0) =
Q}%, (0) and QL ® Ox (ker(f)) = X pe ker(f), P£0 Ox (P), we have the following isomor-
phism:

g o)=alme & Ox(P)
Pe ker(f), P#£0
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

which has norm c. ¢ can again be calculated by looking at how f* acts on an element
belonging to Q4. (0).

dz dz

(=)= — s,

z z
where s is the canonical section of &) p¢ ker(f), P20 OX (P). % has norm 1 in QL,(0)).
The line bundle Ox(P) is equipped with the smooth hermitian metric |.[[, (P) such
that ||tHOX(P) = G(P,Q) for any Q € X, and t the canonical generating section of
Ox(P)
So the norm of s;

Ish= T lslloy ©

Pcker(f),P#0
is by definition of [|s|,, (p) equal to

I «¢coPp).

Pecker(f),P#0

Hence we have the norm of f* to be equal to

c= 11 G(O,P):M. O

A(X")
Peker(f),P#0
We conclude this section with a nice corollary to proposition 1.8.

Corollary 1.9. Let X be a 1-dimensional complex torus. Let X[N] be the kernel of
the multiplication by N map N : X — X. Then we have the formula

[ copP=nN

PEX[N],P#£0

Proof. X is an elliptic curve and multiplication by N is an isogeny of degree N2 | i.e.
#X[N] = N2. Hence the formula follows. O

2.2 Arakelov Intersection Theory

In this section we look at the basic notions of Arakelov intersection theory on the minimal
regular model of a semi-stable elliptic curve over a number field K. Arakelov intersection
theory is a very powerful tool to study the arithmetic complexities of algebraic curves
and varieties. We start off with the notion of a minimal regular model for an elliptic
curve, Arakelov divisors and then state the well known Arakelov projection formula.
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

2.1 Definition. An arithmetic surface is a proper flat morphism p : X — B of
schemes with X regular and with B the spectrum of ring of integers of a number field
K, such that the generic fiber is a geometrically connected curve of genus 1, and a section
O : B — X of pis given , we then call p: X — B an elliptic arithmetic surface.

2.2 Definition. Minimal Arithmetic Surface: We say that an arithmetic surface p :
X — B with generic fiber of positive genus is called minimal if every proper B-morphism
X — X' with p/ : X' — B an arithmetic surface, is an isomorphism.

2.3 Definition. Let E be an elliptic curve over a number field K. If the generic fiber
of the minimal arithmetic surface
p: X — B is isomorphic to F , then we call p: X — B the minimal regular model of E
over K.

The existence of such a minimal model for every elliptic curve FE over K is known.
(chapter 9, proposition 3.19 and corollary 3.24 [QL]) In general we say amodelp : X — B
with the generic fiber isomorphic to the given elliptic curve verifies a property T if
p: X — B verifies T

2.4 Remark. Every elliptic curve is indeed an abelian variety of dimension 1. And
it is also known that the minimal model X of every elliptic curve E contains the Néron
model as a dense open sub scheme. By the universal property of the Néron model any
isogeny f: E — E' extends over a dense open sub-scheme U of X to give B-morphism
U — X' and hence a rational map f : X — X . We also have the following theorem
from [QL] (chapter 9,theorem 2.7).

2.5 Theorem. Let X — S be a regular fibered surface. Let ¢ : X — Z be a rational
map from X to a projective S-scheme Z. Then there exists a projective birational
morphism f : X — X made up of a finite sequence of blowing ups of closed points

and a morphism ¢ : X — Z such that ¢o f = g.

Hence we have a proper birational morphism 7 : X — X made up of finite sequence
of blowing ups of singular points, and a morphism
f X - X
such that f = f.r .

All throughout this chapter p : X — B is an arithmetic surface with the generic fiber
Xk geometrically connected. Here B is the ring of integers of a number field K. Let Sy
denote the set of primes of Og.

Soo denote the infinite places . So S = Sy U S, denotes all the places of K .
Now we define what an Arakelov divisor is.

25



2 Average Height of Quotients of a Semi-Stable Elliptic Curve

2.6 Definition. An Arakelov divisor on X is a formal sum
D =D+ Dy

where Dy is a Weil divisor on X and Dy is a formal linear combination:

Doo = Z rvaa

”UGSOO

with real coefficients r,. F, are formal symbols corresponding to the Riemann surfaces
X (K,) for an infinite place v.

E, = p~ ! (Spec(k,) for finite places where k, is the residue class field at v. We denote
its order by q,.

To a non zero rational function f on X we associate an Arakelov divisor (f) = (f) fin+
(f)ing where (f)fin is then usual divisor of f.

(f)inf = Z ry.Ey where r, = —/ log || f]l,, -tv
V€S Xo

where X, is the Riemann surface X (K,) over K, = C and p, is the (1,1)-form associated

to the Riemann surface X, which we have discussed in Athe last section.

We denote the set of Arakelov divisors on X by Div(X). This set carries a group

structure. In fact the group admits a decomposition

~

Div(X) = Div(X) X @pes.. Xo

2.7 Definition. We say two divisors D and D" are linearly equivalent if their difference
is an Arakelov divisor (f) for some non zero rational function f. We denote group of
Arakelov divisors on X modulo their equivalence classes by Cl(X).

The following proposition proved by Arakelov in [Ar] is the main theorem which defines
the Arakelov intersection for two Arakelov divisors. We are not going into the proof of
it, but look at how Arakelov intersection is defined in [Ar].

2.8 Proposition. There exists a natural bilinear symmetric intersection pairing

Dz’vA(X ) x Div(X) — R . This pairing factors through linear equivalence , giving an

intersection pairing C1(X) x CI(X) — R This pairing defined above goes by the name
of Arakelov intersection pairing.
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

2.9 Definition. Let P and Q be two Arakelov divisors on X. If P or () is a sum
of fibers X, with v € S or of components of fibers E,, v € Sy , then the intersection
product is zero. (assuming they have no components in common)

In the most common case when P and @ are sections (P, Q) is

(P,.Q) =) (P.Q),
veS

For v € Sy, we define

(P,Q), = log qy.(usual intersection multiplicity)

This is non zero when P, () intersect F, at the same point ,and this is seen as logarithm of
the v- adic distance between P, @Q € X (K) C X(K,), where K, is the v- adic completion
of K .

For infinite places ,we define

(P,Q)y = —€,.106 G(P,Q) (v € Sx)

where
e=1, for K, =R, e=2, for K, =C
G(P,Q) can be viewed as the norm evaluated at @ of the constant section 1 of Ox(P)

for the Hermitian metric (which is given by the Arakelov Green function) we discussed
in last section.

For any arithmetic surface which is a proper, flat morphism p : X — B of schemes,
with X regular, we define an admissible line bundle L on X to be a line bundle L with
a smooth hermitian metric on the restrictions of L to X,. The group of isometry classes
of line bundles is denoted by Pic(X) .

It is natural to ask whether Pic(X) is isomorphic to CI(X) or not. Arakelov has proved
that they are indeed isomorphic. We also have the desired isomorphism.[Ar|(Proposition
2.2)

2.10 Proposition. The group CI(X) is canonically isomorphic to Pz’cA(X ).
So from now on whenever we write the Arakelov intersection (P, L) for P a section and

L an admissible line bundle we actually mean (P, D) where D is the Arakelov divisor
corresponding to the admissible line bundle L under the canonical isomorphism.

We have seen in last chapter (1.3), the definition of degree of a metrized line bundle
L on Spec(R) to be

Deg(L, ||.|l) = log(#(L/R-5)) = Y eulog]s]|, (2.4)

UESOO
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

2.11 Proposition. Let L be an admissible line bundle on X , let P : B — X be a
section of p, and let s be a nonzero rational section of L. Then we have

(P,L) =log #(P*L/P*s.0k) = > e, log||P*s], .

Voo

The proof follows straight from the definitions and it is all about checking, which we
omit. But it is worth observing here that P*L is a projective module of rank 1 over B
together with hermitian metrics at infinite primes where P : B — X is a section of X.
Hence P*L is a metrized line bundle over B. Hence proposition 2.11 translates to

(P,L) = deg(P*L)

Corresponding to the dualizing sheaf wx/p there exists a an admissible line bundle
which we again denote by wx,p. The metrics at infinity are given by Arakelov norm.
We have the classical adjunction formula on complex arithmetic surfaces , and it is not
very surprising to see the same holds with Arakelov intersection as well. But the proof
of the following formula uses the concepts of moduli stacks of elliptic curves, so we skip
the proof.

2.12 Proposition.(Adjunction Formula) Let P : B — X be a section of p. Then we
have the formula
(P,P) = _(Pan/B)

Proof. Proposition 7.3 of [Ro]. So we have just seen that analogous to the classical
adjunction formula we have the Arakelov adjunction formula. So similar to the classical
projection formula one can expect the Arakelov projection formula. But before going to
see what it could be we need to define pullbacks and push forwards of Arakelov divisors.

2.13 Definition. Let p: X — B and p' : X' — B be arithmetic surfaces. Suppose
there exists a B- morphism f : X — X " . Let D be an Arakelov divisor on X , and
write D = Dy, + 3 c g Toloy. We define the push forward

f+(D) = fo(Dgin) + N. Y 1B,

’UESOO

where f.(Dy;y,) is the usual push forward of Weil Divisor and N is the degree of f.
Now let D" be an Arakelov divisor on X'. The pullback f* is defined to be:

D) = f D)+ Y 1.,

'l)GSoo

on X where f*(Dy;p) is the usual pull back of a Weil divisor. Now we are ready to
state the Arakelov projection formula. The formula holds for Arakelov divisors as well,
analogous to Weil Divisors.
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2.14 Proposition. Let E and E' be elliptic curves over a number field K, related
by an isogeny f : E — E'. Let p: X — B and p’ : X' — B be arithmetic surfaces over
the ring of integers of K with generic fibers isomorphic to E and E' respectively and
suppose that f extends to a B-morphism f: X — X '. Then for any Arakelov divisor D
on X and any Arakelov divisor D' on X' the following equality holds.

(f*D',D) = (D', f.D)

Proof. The proof is solely based on the moving lemma from [QL] (corollary 9.1.10),
the classical projection formula and proposition 1.8 (complex projection formula). One
can look into [Ro] proposition 6.2 for details.

As in the case of Weil divisors the following result for Arakelov divisors follows very
easily from the Arakelov projection formula.

2.15 Corollary. With the same hypothesis as the proposition above, if we have two
Arakelov divisors D/l and D/2 on X', then the following formula holds true:

(f*Dy, f*Dy) = N.(D}, D)

where N is the degree of the isogeny f.

The following lemma is very useful in our scheme of proving eq 2.1 and would be
needed in the next section.

2.16 Lemma. Let p: X — B be a minimal arithmetic surface with generic fiber
of genus 1 and with relative dualizing sheaf wx,/p . The canonical homomorphism
p*pswx/p — wx/p is an isomorphism.

Proof. [QL] corollary 9.3.27.

So we see here that the some of classical formulae which hold for Weil divisors do hold
for Arakelov divisors. The next proposition links the norm of the minimal discriminant
ideal of the elliptic curve with the self Arakelov intersection of a section on the minimal
regular model of the elliptic curve. But unlike the proofs of other propositions we have
seen so far (which followed more or less from the classical results and the very definitions
of Arakelov divisors) the proof of this proposition makes extensive use of properties of
the moduli stack of stable curves.

We need to define what a semi-stable elliptic curve is:

2.17 Definition. Let p : X — B be an elliptic arithmetic surface. We call p semi-
stable if any fiber of p is either non-singular, or an n-gon of projective lines. We call an
elliptic curve E over a number field K semi-stable if there exists a semi-stable elliptic
arithmetic surface over the ring of integers of K whose generic fiber is isomorphic to F.
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

We know that a semi-stable elliptic surface is always minimal. And given any elliptic
curve over a number field K, there exists a finite extension L over K such that E become
semi-stable over L .

2.18 Proposition. Let E be a semi stable elliptic curve over a number field K,
and let p : X — B be its regular minimal model over the ring of integers of K . Let
P : B — X be a section of p, and let A(E/K) the minimal discriminant ideal of E over
K. Then the following formula holds:

(P, P) = 1 log | N/ A(E/K))].

Proof. [Ro| Proposition 7.2 or [Sp].

From proposition 7 and adjunction formula one can observe
1
—(P,P) = Elog [Ny /o(AE/K))

= deg(P*wX/B)

2.3 Average Height of Quotients

In this section we will be looking into the first proof of the Average height formula
for elliptic curves. We have developed all the machinery that goes into the proof. In
next section we will see that the average height formula can also be proved by looking
at X (1), the moduli space of elliptic curves. We will find in the next chapter that the
method of looking at the moduli space is indispensable in case of higher dimensions.
But in case of elliptic curves the Arakelov Green function gives us the intersections at
infinity which is no longer the case in higher dimensions.

Let E/K be an elliptic curve defined over a number field K. Let p : X — B be the
minimal regular model of E/K. We state the Faltings height formula for an elliptic
curve which we have already done in the case of abelian varieties.

hp(E) = mdeg(wE/K) = mdeg(S*wX/K)

1
= mdey(p*w)(/f{)

Hence we can state Faltings formula (lemma 1.4.11 of chapter 1) for elliptic curves as :

3.1 Proposition. Let F and E' be semi stable elliptic curves over a number field K,
and an isogeny f: X — X ", of degree N, Then

/ 1 1
hp(E') —hp(E) = 2 log N — K0 log #Qer(1)/B

Proof. Follows straight from lemma 4.11 of chapter 1. [
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

If p: X — B is a regular minimal model of E over O with O : B — X the zero
section and w the dualizing sheaf, then we can always assume K is large enough to make
all the N-torsion points of E to be K-rational. Which in turn implies E’ the quotient
of E by a cyclic subgroup of order N is an elliptic curve over K.

We would be needing the following lemma which is used many a times in the proof of
equation 2.1.
3.2 Lemma. Let M be a positive integer such that M | N. Let X be an elliptic curve
over an algebraically closed field of characteristic zero. Then each cyclic subgroup of
order M is contained in exactly ey /ens cyclic subgroups of order N.
Proof. Let us consider the pairs (Ejs, Fn), where En denotes a cyclic subgroup of
order N, and E; denotes a cyclic subgroup of order M both contained in the N-torsion
group of the elliptic curve X and Ej; C FEy. Since there exists a unique subroup of
order M in Ex the number of such pairs (Ejs, En) are just ey in number.
Let a given subgroup of the N-torsion group E s of order M be contained in e subgroups
of order N of the N-torsion group. The number e remains the same for each subgroup
Eys of order M in the N-torsion group. We again compute the pairs (Eys, En) . We
can choose Ej; in epr ways and En in e ways.
We then have e.epy = en. Hence we can conclude that each cyclic subgroup of order
M is contained in exactly en/eps cyclic subgroups of order N ([

We restate 2.1 once again and proceed with the proof.

3.3 Proposition. Let E be a semi-stable elliptic curve over a number field K. For
a finite subgroup C of E, we denote by E’ the quotient of E by C. Then we have the

formula ) .
— (hF(E’) - hp(E)) — “log N — Ay
EN 2
C

where the sum runs over the cyclic subgroups of E of order N. We have many ways of
writing the Faltings height function of which we use the one which is most convenient
to prove our average height formula. We look for the most convenient reformulation of
height function. The following lemma happens to be the one.

3.4 Lemma. Let E be a semi-stable elliptic curve over a number field K. Let
p: X — B be the minimal regular model for E over Ok . Let O : B — X be the zero
section and w be the relative dualizing sheaf of p, then we have

(O,w) 1
=hp(E) — —— €y log || Al (Xo).
[K : Q] (K : Q] Uez;w
Proof. From lemma 2.16 we have
Ppsw = w
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

Hence we have ¢ : p,w = O*w.
Now consider (O,w):

(O,w) = deg(O*w) (from proposition 2.11, )

1
deg(O*w) = E.Q <log #(O*w/0*s.0k) — Z €y log |]sHv70*w>

VESso

where s is a section of w. From ¢ : p,w = O*w we have
51y pow = I8lly. 000 - 1Al (X0)
Hence #(psw/p«s.Ok) = #(0*w/0*s.0Ok). Hence we have

(0,0) = deg(0"w),

. 1
deg(O*w) = e log #(psxw/s.0f) — Z € 1og [|lwll,, .0 — Z ey log || Al (Xy)
LY VE Seo VE Seo
1
=hp(E) — === ey log || Al (Xu)
K%
hence the lemma is proved. L.

It is known that the number of cyclic subgroups of order N of an elliptic curve over
C denoted by ey is given by

eN:NH<1+%>.

p|N

The following 2 lemmas together with the above lemma prove our 2.1.
We denote by C' a cyclic subgroup of order N , by " quotient of E by C,and p: X "> B
the regular minimal model of E over B, O the zero section, w’ the dualizing sheaf and
fc: E— E' the isogeny between E and E'.

3.5 Lemma. We have

3 ((O,w) - (o’,w’)) —0

C

where the sum runs over cyclic subgroups of order N.

Proof. The proof of the lemma makes extensive use of the Arakelov projection for-
mula, adjunction formula and a Mo&bius inversion argument. We can extend the N-
torsion points of E over the regular minimal model X of E over K.

Let us fix an M such that M | N. We consider E[M] the set of sections corresponding
to M-torsion points on E. Hence E[M] is a subgroup of E[N]. Now consider E[M] the
set of sections corresponding to points on E of exact order M.
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

Consider E' quotient elliptic curve given by E/E[M]. We have an isogeny M : E — FE
(multiplication by M) with kernel E[M]. (Here E[M] is indeed the set of M-torsion
points , which is not to be confused with E[M] defined in last paragraph.)

To proceed further we need to apply the Arakelov projection formula . But we have seen
that in order to apply the formula our map M should extend to a B morphism X — X,
but from the remark 1, we know that we can work with a cover X of X . But this is not
bad as it would give only exceptional curves at singular points on the fibers and such
curves have empty intersection with sections of X — B.

Now

> (@0)+(0,0) = (M*0,0)

QEE[M]Q#0
= (07 O)
Z (Q,0)=0 from (2.5)
QEE[M]Q#0
Now consider,
Y @o)=>> >  (QO0)
QEE[N] Q#0 M|N QeE[M] Q#0

Denote Z (Q,0) by g(N)
QEE[N] Q#0

Denote Z (Q,0) by f(M)
QEeE[M] Q#0

Then we have

g(N) = > f(M)

M|N
hence by Md&bius inversion argument we have:
f(N) = Z w(N/M)g(M) where p is the Mébius function
M|N

but we know that
gM)y= >  (QO)=0.
QEeE[M] Q#0
Hence
f(M)= > (Q,0)=0 forall M|N. (2.5)
QEE[M] Q#0
Now consider

Z ((O,w) — (Ol,wl)) = Z ((Ol, O,) — (0, O)) (By adjunction formula)
C

C
= Z Z (Q,0) (By the projection formula)
C QeC,Q#0
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> > (Q0)+(0,0) = (50,0
C QeC,Q+#0

_ (0/70/)
Hence
e
Z Z (Q,0) = Z -~ Z (Q,0) (By the Lemma 3.2)
¢ QelC,Q#0 M|N QEEM)
=0 (By equation 2.5 )

The following lemma coupled with the two lemmas 3.4 and 3.5 proved above we have
the proof of 2.1.

3.6 Lemma. Let X be a one dimensional complex torus and G the Arakelov Green

function on X .Then )
—>. D 18G(0,Q) =)y
N 7C Qec,Q#0

where the first sum runs over the cyclic subgroups of X of order N , and the second sum
runs over non zero points of C.

Proof. For a positive integer M | N let us denote the set of M torsion points on X
by X[M], and the set of M torsion points of exact order M by X[M]. By corollary 1.10
in section 1, we have

> 10gG(0,Q) =log M
QEX[M],Q#0
We now use the multiplicative version of Md&bius inversion formula:
I coo=]1] ] ¢
QEX[N],Q#0 M|N QeX[M]
Denote
[I ¢ byiw)
QEX[N],Q#0
[I co.Q bvynon
QEX[M]
J(N) =TT aa)
M|N
Then by the M6bius inversion argument we have

h(N) = TT (r(u))@

M|N
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

Hence we have

> 1ogG0,Q) =Y > ud)logG(0,Q)

QeX[M] d|M QeX[M/d]
=— Z log G(0,Q) + Z log G(0,Q) (When M = p" for some prime p)
QeX[pr—] QeX[p"]

=logp (WhenM = p" for some prime p)

Z log G(0,Q) = 0(if M is not of the form p" for some prime P)
QeX[M]

That is because: it suffices to prove for M = st , where s,t are primes and s # ¢ .

> 1logG0,P) == > 1ogG0,Q) — > logG(0,Q)+ > logG(0,Q) =0

QeX[M] QeX]|s] QeX]|t] QeX]|st]

Now by lemma 2.2 we have

i Z Z log G(0,Q) = i Z N Z log G(0,Q)

e e e =
N Qec.#o N v >1 ™™ gexiu

Hence we have

Y 10gG0,Q) = > <ei+...+ei>1ogp

1
EN
C QEC,Q#0 pINp|N NP P

Now consider

<1+ +1>_ Lo,
e er) plty) T p(l+y)

And,

Lo 1 (1——>
71 sese 1 = 1
p(1+3) pril+y) p+rl\1-7

__p-1
PP - 1)

Hence we have

—Z D> 10gG(0,Q) = An

C QeC,Q#0

Now we can prove proposition 3.3 (or eq 2.1) by gluing all these 3 lemmas.
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

Proof of proposition3.3. We glue lemmas 3.4, 3.5 and 3.6 and prove the average
height formula for elliptic curves.

1 / 1 1 ro 1 1 '
o %: (hF(E ) — hF(E)) = en[K Q] EC: ((O W) — (O,w)> + en K0 %:zy:ev log ||A|| (X,)

ey log || Al (Xy) (from lemma 3.4 )

X,)
IIAII v)

€ <log VN )

1og (from lemma 3.5)

log H G(0,PY) (from proposition 1.9)

pPeC
P#0
1 1 1
=—-logN — ———+ vAN (£ .
5 log GN[KZQ]EU:E N (from 3.6 )
1
=—logN — \y (|

2

2.4 Autissier’s Proof

In this section we look at Autissier’s way of proving 2.1, and then give a proof of the
average height formula using both Autissier’s approach and Robin de Jong’s approach.
His method involves the moduli spaces X (1) and X((V). As stated earlier we would
only give an outline of the proof. We will see in complete detail in the next chapter
that the same method carries on to Abelian varieties. In fact it happens to be the most
convenient the way of proving the average height formula for abelian varieties.

We denote the equivalence classes of isomorphic elliptic curves, the moduli space of
elliptic curves by X (1).
We denote by X,(IN) the Deligne-Rapoport compactification of the moduli space of
cyclic isogenies of elliptic curves of degree N.

4.1 Definition. The modular group denoted by I'(1), is the quotient group
['(1) = SLy(z)/{*1d}

where Id is the identity matrix.

4.2 Definition. We define I'g(/N) the subgroup of I'(1) as

To(N) = {[CC‘ Z] eT(1):c = 0(Mod N)}
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2 Average Height of Quotients of a Semi-Stable Elliptic Curve

4.3 Definition. The extended upper half plane H* is the union of the upper half
plane H and the Q-rational points of the projective line,

H*=HUP'(Q) =HUQU {0}
I'(1) defines a natural action on H* as follows

ar +b
ct +d

Mv=[cd]emm,fem v(r) =

won[2 8] [i)emo won[ziy

4.4 Theorem. There exists a one- one correspondence between the following sets :

{elliptic curves defined over C}

A, I'H)\H
C — isomorphisms {Ar} =T\
where {A} denotes the equivalence classes of homothetic lattices.
Proof. The proof can be found in [Si] proposition 4.4 chapter 1.

So we now see that X(1)(C), the moduli space of complex elliptic curves is nothing
but I'(1) \ H*. We can also identify X¢(N)(C) with the moduli space of ordered pairs
(E,C) where E is an complex elliptic curve and C' a cyclic subgroup of order N. Two
such pairs (E,C) and (E/, C/) are said to be equivalent if some isomorphism from E to
E' takes C to C' .

4.5 Remark. 1. The j-invariant j : X (1) =2 PL is an isomorphism .
2. Xo(N) is a normal arithmetic surface.

Let us denote X xzX by P. We have a finite morphism iy : Xo(N) — P , which
associates to each cyclic isogeny « : E — E of degree N to its source and target (E,
E'). Let us denote the image of this morphism iy by Tw. Ty is bi-rational to Xo(N).
Ty is an integral Cartier divisor on P.

Let [oo] denote the divisor associated to the point co € X(1)(Z). Let us denote
Ox (1) ([00]) = j*Op1 (1) by M.

4.6 Definition. Let X be an arithmetic surface, W a closed set of X(C) stable
under complex conjugation and L = (L, | [|) an invertible sheaf on X with a family of
Hermitian norms || || on L¢ such that they vary continuously on X (C) — W, then L is

said to be singular along W. If for a family || H/ (L,]] H/) is C*° , the function log(|| || / || Hl)
is L} and L is said to be L3 singular along W.
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Let L be an invertible sheaf on X singular along W. Let Z;(X) be the group of 1-
cycles on X. Let us denote the group of 1-cycles D € Z;(X) such that the support of
DcUW = ¢ by Z1(X,W).

4.7 Definition. Let X be an arithmetic variety and L be L3 singular along a closed
set W C X(C) which is stable under complex conjugation . Let Y € Z1(X, W) be a
1-cycle. We then define the height of Y relative to L as
1. If Y is a horizontal divisor , then h i(Y)zdeg(Qy) , where deg denotes the arithmetic
degree defined above.

2. If Y is a vertical divisor, that is contains a fiber of a prime number p, then h; (Y)=

degr, (Lyy) log p.

Remark 4.8 The isometry classes of L} singular L’s form a group denoted by
Pic(X; L}). From [Bo] we have the following symmetric bilinear form.

<.>: Pie(X; L) x Pice(X; L) = R

For a L € P}c(X;L%) the height of X relative to L is given by
h; (X) =< L.L >.

Now with all this theory we an attack our problem of trying to define height function
on invertible sheaves on our moduli space X (1).
So let us now consider the invertible sheaf M = j*Op1(1) on X (1). Let us consider the
metric |||, given by
, 6
[l = [A)] (7m(7)) (2.6)

M= (M;]|.]],,,) is an hermitian ,invertible and L} sheaf along coc.

Now let us consider E an elliptic curve over Q. This defines a point = € X (1)(Q).Let
Y be the point on X (1)(Q) corresponding to £. The following proposition proved by
Faltings in [Fa 3] provides us the relation between Faltings height function and the height
function that we have defined here.

4.9 Proposition. Let E be a semi-stable elliptic curve defined over a number field
K . Let A(E/K) be the minimal discriminant ideal of E over K. Then the following
formula holds as the sum runs over the complex embeddings over K.

he(B) = (1—121og|NK/@<A<E/K>>|—%Zevmg«zw)”HAH(X»))

v

where ||A| (X) is equal to |A(7)| (im(7))® if X is isomorphic to C/(Z + 7Z)
Proof From lemma 3.4 we have that

(0.w) = hi(B) ~ T 3 v log 4] (X,) (27)

'l)GSoo
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But from the adjunction formula (proposition 2.12) and proposition 2.18, we have that
1

But from [Fa 2] or proposition 4.6 from [Ro|] we have that

1

AN = Gy are e

Hence we have

’WBZE%@< — 3 log 4] (X )

VESso

=@%@Q§%mmmwm» ;Z%mwwwM<»>m

From proposition 4.9 we can conclude that hp(FE) = ﬁl—ghM(Y)

Having seen how Faltings height function is related to the height function defined on
an invertible sheaf on X (1), we now proceed to see how this theory can be used to prove
equation 2.1.

We have the projection maps pry, pro from P to X(1). Let us put L= prlM & pr’ﬁM
We have already stated that T the image of iy is an integral divisor on P.
Let Y be a integral Weil divisor on X (1) and [k(Y):Q] = n. As M is a very ample
invertible sheaf we have a global section s of M®™ on X (1) such that div(s) =Y.
Let us denote

mi =prioin : Xo(N) — X(1)
Hence we have map ma, : Z1(Xo(IN)) — Z1(X(1)) . Let us denote m, (div(nys)) by

(Tn+Y') where 7} is the inverse image of the invertible sheaf M on Xo(N). (Tn.Y) is a
1-cycle on X(1).

The idea now is to compute the height of the divisor Ty and the one cycle T,Y rela-
tive to the hermitian line bundles L and M. Once h; (Ty) and hy, (Tar+) are computed
we can get the average height formula by applying the relation:

1 1

L# TN* th ) and hp(E) = EmhM(Y)

12n [K : Q]
In fact all we need is a formula for h (T« (Y')) in terms of hy (Y)).

Autissier first computes hj (Tn(Y')) and then uses the relation h; Y') = 2h 5 (Y) +
ly

12k1n, to compute hy, (Tn«(Y')), where ky is 12¢'(—1) —log m — 12 and ¢ is the Riemann
zeta function.
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4.10 Proposition. Let N > 1, Y an integer point of X (1) (i.e. an integral closed
sub-scheme) such that Yc N ooc = ¢. Let [k(Y) : Q] = n. Then we have the following
formulae.

1
h: (Ty) =12 log N — 2\ 4k —ho(ThY) = ho (Y log N —12\y.
1 (ITn) en (log N +4k1), en i (In:Y) K0 oY) +6log N
(2.8)

Proof [Au 1], theorem 3.2.

We now look at an alternate approach of proving the average height formula. Autissier
uses the following 2 lemmas in his proof of proposition 4.10. On observing closely
these two lemmas coupled with our two lemmas 3.5 and 2.12 give the average height
formula. This approach involves basic properties of modular forms and A(7) the modular
discriminant.

Before we state and prove the two lemmas we look at the basic concepts of modular
forms and A(7) the modular discriminant.

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

PO = (e + @) oy = [ ¢ )| € SLa@) andr € B

4.12 Definition. A cusp form of weight k is a function f : H — C such that the
following conditions hold.
1. f is holomorphic on H
2. f is weakly modular of weight k.
3. f is holomorphic at oo.
4. The leading coefficient a, of the fourier expansion of f

)
f(T) — Zanqn g = 627ri7-
n=1

is zero.
It is easy to see that lim;y, (o f(7) =0, as ¢" — 0 as im(7) — oo.

Now let us consider the modular discriminant

A:H—-C A(r)= qH(l — g™
k=1

A(T) is the unique cusp-form of weight 12 on SL2(Z). The leading coefficient a, = 0
and a; = 1 in the Fourier expansion of A(7).
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Now consider the set of matrices C'y defined as:

Cy = {7: {g 2] € My(Z); aydy =N, ay>1, 0< by <d,—1and gcd(ay,by,dy) :1}

eN:#CN:NH<1+}_1,>

p|N

The following lemma gives us all the cyclic sub lattices A_+ of order N of a lattice A,
in the complex plane.

4.13 Lemma. Let 7 € H and consider the lattice A; = [1,7]. Then
1.Consider the sub lattice A, C [1, 7] of index N, there is a unique v = [ CCL Z

such that A; = d[1,~v(7)].

:|€CN

b

4| € Cn , then d[1,7(7)] is a cyclic sub lattice of index N

2. Conversely if v =

in [1,7].
Proof. The proof can be found in [Co|, lemma 11.24 chapter 11.

Let E/K be an elliptic curve defined over a number field K. Let E' be a the elliptic
curve obtained by quotient of E by a cyclic subgroup of order N. Let A, belong to the
isomorphic class of lattices that corresponds to E, then from theorem 4.13 and 4.4 we
can safely conclude that A belongs to the isomorphic classes of lattices that correspond
to E' for some v € Cy. Let p: X — B be the regular minimal model of E/K. Then X,
for each infinite place is a 1-dimensional complex torus. Let X  be the regular minimal
model of E, then A the lattice corresponding to X; is a cyclic sub lattice of order NV
in A, the lattice corresponding to X,, for each infinite place v. Hence 7 = ~7 for some
v € Ch.

The following two lemmas are proved by Autissier in [Au] in proving the average height
formula.

4.14 Lemma. For N > 2, and for all 7 € H we have

[T A6m) = [-aE)™.

veCN
Proof. [Au 2] lemma 2.2. O
4.15 Lemma.

d
E log — = en(log N — 2\ y)
veCn Gy
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Proof. We use finite mathematical induction to prove the lemma. Let us denote L.H.S
by Sn. For N =1, the lemma holds. Let us assume that the lemma holds for all N < r.
If r is a prime, we have S, = (r — 1)logr (as when we have d, = r, and ay = 1 by can
take r values from 0 to r — 1, when d—1, then b, =0, and a, = 1)

If r = st, where s, t are co-prime then one can check that we have the relation

Sst = [etSS + eSSt].

Since s, t are < r, we ca conclude that the lemma holds for r.
If r = p® for some prime p, then one can directly calculate as

‘s

&ﬂ:@“Wp+1V—2Z

~1
— Jlogp

Hence by the principle of finite mathematical induction we can conclude that the lemma
holds for all positive integers. O

Let us consider im(y1) for v = [ CCL Z } € Cn.im(y7) = m(¥F) = im(°F) =

Gim(r).
Proof of eq 2.1. Now we can easily prove the average height formula for elliptic

curves by combining lemma 4.13, 4.14 and 4.9 of this section , and lemmas 3.5 and 2.12
of section 3, 2 respectively of this chapter.

%%: (hF(EI) - hF(E)> = —[Kl Q]%; 112 <log ‘NK/@ (E /K))‘ — log ‘NK/Q(A(E/K))D

1 Qézl_gzev (los(2m)™ 4] (x,) ~ log(2m)™ 4] (x,))
C v

1
— Z ( O (0] )) proposition 4.9 and lemma 2.16
eN C
TR0 (1og [A11(X0) ~ log [A](X:)
=0 _|_ Jen 12 Z €v Z (log|A(T)| —log |A(y7)|) from lemma 3.5
N
veCN

_|_ Z Z log‘ im(T )6‘ — log ‘(z’m(w'))(j!)

v veCn
1 11 d
K g2 log(=*)° ) from 1 4.14
N [K :Qen 12 EU:E” ZN <Og(a ) > rom lemma

1
=3 log N — Ay from lemma 4.15 [
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3 Average Faltings Height of Isogenous
Abelian Varieties

We have seen in the last chapter a proof of the formula for the Faltings height of the
quotients of a semi-stable elliptic curve by its cyclic subgroups of fixed order. In this
chapter we look at the formula for the average height of the quotients of a principally
polarised abelian variety of dimension g, with good reduction at a prime p by isotropic
subgroups of order pY.

In the last chapter we have seen that the formula for the elliptic curve case could be
derived in three ways. One due to Robin de Jong which involved Arakelov intersection
theory, one due to Autissier which involved advanced concepts like the height of the
modular curve and another which involved concepts from both the approaches. As we
have stated before, in the case of abelian varieties to proceed with elementary methods
would be a very tedious job.

We have 3 sections in this chapter. In the first section we look at the basic definitions
and the basic notion of intersection of Cartier divisors on arithmetic varieties.
In section 2 we discuss at an alternate way of looking at the Faltings Formula (lemma
4.11 of chapter 1 of this thesis) in terms of the arithmetic intersection product of a
Cartier divisor and the basic concepts of a moduli scheme A} ,,. In section 3 we finally
prove the average height formula for isogenous p-ordinary principally polarised abelian
varieties.

3.1 Basic Notions

1.1 Definition. A group functor F' over a fixed scheme S is a co-functor from
the category of schemes over S to the category of groups. If the group functor F' is
representable (by a scheme over S) and if G/S is the representative object, we call G a
group scheme over S.

1.2 Definition. An abelian scheme 7 : A — S of relative dimension ¢ is a proper,
smooth group scheme over a Noetherian base scheme S whose geometric fibers are con-
nected and of dimension g. The fibers of an abelian scheme are abelian varieties.

It is well known that an abelian scheme is a commutative group scheme.

43
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1.3 Definition. Let 7 : A — S be an abelian scheme with unit section e : § — A.
1. For any invertible sheaf £ on A a rigidification of ¢ is an isomorphism € : Og — e*/.
2. The relative Picard functor Pic(A/S) is given by the isomorphism classes of invertible
sheaves £ on A xg T with rigidification along er = eg x T.
3. The sub-functor Pic®°(A/S) of Pic(A/S) is given by the isomorphism classes of
invertible sheaves £ on A xg T with rigidification along er such that for all ¢t € T,
¢ ® k(t) is algebraically equivalent to zero on Ay.
4. The dual abelian scheme denoted by Af is the algebraic space representing the relative
Picard functor Pic®°(A/S).
It is well known that A’ is an abelian scheme over S.

1.4 Definition. A polarization of A/S is a homomorphism A : A — A! such that for
each geometric point § of S, Az = A({5) for some ample invertible sheaf /5 on Az. Here
A(¢3) is amap A — A' such that a — t:/®¢~1, where t, is the translation-by-a-map. We
say that A is principally polarized if A is an isomorphism. The degree of the polarization
is its degree as an isogeny from A to A’.

We will be considering only principally polarised abelian varieties in this chapter, with
more adjectives attached to them, which will be defined in this section.

Let g and n > 0, and p a prime number. Then we denote Z/nZ by C,, and let C,, X p,
be denoted by G,,. Let G, denote (Z/nZ)9 x u3. Cp and p, are Z-schemes.

Let us consider the Z-morphism

Om Gy — G,
defined by ¢y, (a1,¢1; ..., a4, () = (mai, i, ..., mag, (g).

1.5 Definition. Let A abelian variety of genus g over a field K of characteristic p. If
A admits a polarization whose degree of polarization is prime to p, then A is said to be
p-ordinary if the p-kernel of A A[p](K) & (Z/pZ)? i.e. Ag[p] is isomorphic as a group
scheme to (Z/pZ)9 x .

1.6 Definition. An abelian scheme A over S is said to be p-ordinary when all the
geometric fibers of m: A — S in characteristic p are ordinary abelian varieties.

1.7 Definition. An abelian variety A of dimension g over Q is said to have a good
reduction at p, when there exists a finite, flat and integral Z,-algebra R C Q and a

p-ordinary R-abelian scheme A’ such that A:@ = A.

Consider the isogeny n4 : A — A. We have the dual isogeny n 4 : A" — A!. We then
have a canonical skew symmetric non degenerate pairing given by:

& Aln] x A'[n] — pp
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Let a, a' € A[n], A'[n] respectively. Let D be the divisor on A corresponding to a’.
Then we have

énla, a/) = g/got,.
where (g) = nng and ny4 is the multiplication by the integer n map. This pairing is
called the Weil pairing.
If A is a principal polarization then we have a canonical non-degenerate skew symmetric
pairing

Aln] x An] — pn

also called the Weil pairing. We will be referring to this pairing in all our work.

We will also recall what is called the symplectic pairing: Let S be a base scheme and
n € Z be > 1. We have a standard sympletic pairing

e: (Z/nZ)? x (pn,s)? x (Z/nZ)? X (tin.s)? — tm.s,

g

e ((a1, Gy g, Gg), (b, Gy s by, Gg)) = [ [ (€™

i=1

a; b,

7@'6_27‘—27 Z—l)

We shall be denoting a principally polarised abelian scheme of dimension g by (A/S; \)
where A is a principal polarization.

1.8 Definition. A symplectic level n structure on an abelian scheme (A/S;\) is an
isomorphism
a:GY o SAn]

which identifies the standard symplectic pairing with the Weil pairing on A[n]. When
such an isomorphism exists for some n, then we say that the abelian scheme (A; \; «) is
of type (g,n).

Here one can observe that if p | n, and if (A/S; \) admits a symplectic level n structure
then A is p-ordinary.

Let r be an integer > 1. We assume that p [ n for the rest of the section.

1.9 Definition. Let (A1;\1) and (A2; \2) be principally polarised abelian schemes
of dimension g. Let f : As — A; be an isogeny of rank p™I. f is said to be of type P
when

ffodao f=[poN.

1.10 Definition. Let (A1/S;A1;01) and (Ag; \o; ) be abelian schemes of type
(g,n). Let f: A; — Ag be an isogeny of rank p"9. f is said to be of type PN when

foag =ag0¢, and fis of type P.
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1.11 Remark. Let (A1/S5;A1;a1) be an abelian scheme of type (g,n) (i.e. it is prin-
cipally polarised of dimension g and equipped with a symplectic level n structure) and
(A2/S; A2) a principally polarised abelian scheme. Let f : Ay — Ag be an isogeny of
rank p"9 and of type P. Then there exists a unique symplectic level n structure as on
(A2, A) which makes f an isogeny of type PN.

Let us now consider an algebraically closed field K (K = K) . Let (4., )\) be a
principally polarised abelian variety of dimension g over K. Then we define

1.12 Definition. A closed subgroup G of A,[p"] of rank p"? is said to be isotropic if
the restriction of the Weil pairing to G i.e. &, : G X G — pu, is trivial.

1.13 Theorem. Consider G a subgroup of A,[p"] of rank p"9. Then G is isotropic iff
there exists a unique principal polarization of A,/G such that the isogeny A, — A,/G
is of type P.

Proof. The proof can be found in [Mu 1}, which we skip .

3.2 Intersection Theory for Arithmetic Varieties

In the last chapter we have seen the Arakelov intersection theory on the regular minimal
model of an elliptic curve. In this section we study arithmetic intersection theory defined
for higher dimensional arithmetic varieties. We will study the basic notions of arithmetic
intersection theory for metrics induced by finite primes.

We first define what an arithmetic variety is: Let p be a prime number, then Z, the
localisation of Z at the prime ideal p. Denote Spec(Z,)) by As.

2.1 Definition. An arithmetic variety X is a quasi-projective,reduced and flat scheme
over Z,). We say a point z € X is an integer point if it is closed and integral as a sub
scheme of X which is finite and flat over Z,).

2.2 Definition. A Cartier divisor D on X is said to be vertical when Dgq, the
restriction of D to Xgq is zero. Let Dy (X) denote the group of vertical Cartier divisors
on X.

Let us denote the group of Z-linear combinations of integer points of X by Z {‘(X ) and
the group of 0-cycles on X by Z,(X).

Let D be a vertical Cartier divisor on X and F an integral point of X. We denote by
< D, E > the Weil divisor associated to D on E. This pairing extends to a bilinear
form which determines the intersection product:

<;>: Dy(X) x Z0 — Z,(X)
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where the action is given by:
<D;Y AEi >— Y M\ <DiE;>.
When FE is a closed point of X lets put deg,(x) = [k(E) : F,]. We have a homomorphism
degp : Zo(X) — Z.
Now we have a bilinear form by composing degpo <;>:
<.>p Dy(X)x Zh - 7.
For D € Dy(X) and E € Z!X) we define
< D.E >p,=deg, < D;E > .

Now we look at a few properties of this intersection product, the one similar to the
projection formula and the proofs of all these propositions can be found in [Fu] or [QL].
Let X and Y be arithmetic varieties over Z,). Let f: X — Y be a proper morphism
between X and Y. We define the push forward f, of k-cycles on X to k-cycles of Y .
For any subvariety V of X, the image W = f(V) is a closed subvariety of Y. Then there
is an induced embedding of R(W) (the field of rational functions on W) in R(V') (the
field of rational functions on V') which is a finite field extension if W has same dimension
as V. Now

)= {0 L )t
Now define
fV] = deg(vV/W)[W).
This extends to a homomorphism called the push forward of cycles from the k-cycles of

X to the k-cycles of Y
fo: Zp(X) — Zk(Y).

Now we define the pull back of cycles. A morphism of varieties f : X — Y is said to
be of relative dimension n if for all subvarieties V' of Y and all irreducible components
V' of f~4V), dim(V') = dim(V) + n. Now let f: X — Y be a morphism of relative
dimension n .Then

ffZyY = Zpp X

is given by:
Fvi=—w

where [V] denotes the cycle corresponding to V.
We know that f* is defined on Dy (Y').

F*:Dy(Y) — Dy X (3.1)
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We have a projection formula:
<D;fiE>=f.< f*D;E>, Dec Dy(Y), E € Z}X). (3.2)

Let us consider the arithmetic variety X over Spec(Z,)) with its structural morphism
m: X — A,. Let us denote w*(Z(p)) by X,. We have

< X,.E >,=deg, < Xp; E >=[k(E) : Q] foral E € Z}X).

For every f : X — Y finite, flat morphism of arithmetic varieties we have seen how
the f, and f* are defined on the cycles of X and Y respectively. Let us now consider the
action of f.. We have a map Oy — f+Ox) which is called the direct image of Ox in Oy
Now we define the norm map for two arithmetic varieties as defined by Grothendieck in
[EGA 2].

Let X, Y be two arithmetic varieties defined over Z,). Let f: X — Y be a finite,
flat morphism of rank n > 1. f,O, is a locally free module over Oy of rank n. Let us
denote f.Ox by B and f.Oy by A. Then B is a locally free A module of rank n. From
6.5 of [EGA 2] we have a map Np4:

NB/A :B— A

such that
Np/allp) =14

Npja(f-9) = Np/a(f)-Npja(g) where f, g are 2 sections of B

n

Npja(s) = s" sis a section of A

Np/a acts on the invertible sheafs £ on B: .

Np/a(Ox) = Oy,

NB/A(E]L R0y ?) = NB/A(El) ® NB/A(EQ) where ¢!, ¢% are invertible sheaves on B,

NB/A(E_I) = NB/A(E)_1 ¢ is an invertible sheaf on B,

Npa(t) = (5.
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Np/a extends to a map Nx/y : Pic(X) — Pic(Y). Since there exists a one-one
correspondence between isomorphism classes of invertible sheaves and Cartier divisors
modulo linear equivalence, we get a map:

Ny :Dy(X) — Dy(Y).

such that for any open set U of Y and all invertible sheafs £ on Ox and for all mero-
morphic regular sections s defined of ¢ defined on f~1(U) we have

divy (N(s)) = Ny(dive-1 (1 (s))- (3.3)

From 21.5.6 of [EGA 4] we have that f,f*E = nkE for all E € Dy (Y). Hence from the
properties of the norm map Ny we can conclude that N;(f*D) = nD for all divisors
D e Dy(Y).

We now define the map cyc, on an arithmetic variety X defined over Z ) of dimension
n.
cyc: Dy(X) — Z,—1(X)

cye(D) = Z length(Oy (py.)-T

where D is a Cartier divisor of X, and Y (D) is the closed subscheme corresponding to
the ideal Ix (D) C Ox. The sum runs over all x € X such that co-dimension of z =1 .

2.3 Proposition. Let f : X — Y be a finite flat morphism of arithmetic varieties
over Zy. Then for all D € Dy (X)

fileye(D)) = cye(f«(D)).
Proof Because of 21.10.17 from [EGA iv].

2.4 Remark. With the same hypothesis as in proposition 2.3 we have cye(fy) :
Dy(X) — Zy(Y) and ficyc: Dy (X) — Zo(Y) and cyc(fs) = ficyc.

We end this section with a proposition:

2.5 Proposition. For all D € Dy (X) and for all E € Z}, the following formula
holds:

f« < D; f*E>=< Ny D);E > and < D.f*E >,=< N¢(D).E >, .

Proof. We know that elements of Z é are linear combinations of integral points. Hence
it suffices to prove the proposition for one integral point F.
Consider E an integral point. Consider the restriction of f to f~!(E). Denote it by f'.
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Let (X;) denote the irreducible components of f~!(E). For all i let  denote the generic
point of X; and m; the geometric multiplicity of X;. Then f*(F) =), m;X;. Hence

< D;f*E>=)_midiv(Dx,) = div(Djs-1(p)).
From eq 3.3, proposition 2.3 and remark 2.4 we have f.div(D\j-1(g)) = divNp (D|s-1p)
And divNy (D|j-1p) = Nf(D) p. Hence we have
N¢(D)|p =< N¢(D); E >= fu(D|s-1(r))

fe(Djp-1(gy) = f« < Ny(D); f*E >
and hence < D.f*E >,=< N;(D).E >, O

3.3 Faltings Formula and the Moduli Space Afgg )

In this section we revisit the Faltings formula proved for abelian varieties.
Let g, 7 > 0 and p be a prime number, S an arithmetic variety over Z,). Let A and A

be abelian schemes of dimension ¢g. Let f: A — A" be an S-isogeny of rank p’.

3.1 Remark. Let O, O, be the zero sections of A, A’ respectively. WA/S) Wa' /g
be the invertible sheaves O} A9 ()3, O:’:‘, NI Q /s
So we have an Og-morphism j : w 4/ /s wWa/s- S being an arithmetic variety and f
being an isogeny we have that f is etale on Ag, hence j an isomorphism on the generic
fiber Sg .

From section 1.3 of [Ra] we have a unique vertical Cartier divisor Df on S such that
Wy @ Os(Df) S wy.
As f is etale on Ag, the Cartier divisor Dy commutes with base change. i.e. if S "is an
arithmetic variety on Z,) and  : S" — S is a morphism, then D fg = m*Dy.

3.2 Remark. Let S = Spec(R) where R C Q is a finite, flat Z,-algebra. Let K
be the field of fractions of R. Let Ax, Bx be 2 abelian varieties defined over K. Let
f : Ak — Bpg be an isogeny between them of degree d. Let A and B be the Néron
models of Ax and Bg. Let wga, wp be the invertible sheaf of relative differential forms
of A, B. Let us put wa ® wy' = wy. In fact deg(wy) = deg(V;; '), where Vi is a non
zero ideal of Og. From remark 3.1 we have V;;' = Og(Dy).

3.3 Proposition. If R is the ring of integers of a number field K, then

(K : Q]
2

deg(wa) — deg(wp) = deg(wy) = deg(Vy ') = log #(Os/Vyy) — log d
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holds true.

Proof. This formula is nothing but the reformulation of Faltin%s formula that we proved
in chapter 1. We have seen that the infinite places contribute KTQ] log d. All that is left
is to compute the contribution at the finite places.

From the above discussion we have

deg(wa) — deg(wp) = deg(wy) = deg(Vy ")

deg(Vyi) = log #(Vy Y/ R.1) — [K?i U og .
= log #(V;; " Vi /R.Vy) — @ logd
— log #(R/R.Vyy) — [K?j Yea. O

With the same hypothesis as in remark 3.1 we proceed to give another expression for
Faltings formula for the two abelian schemes A, A" in terms of the Cartier divisor D i

3.4 Proposition. With hypothesis as in the first paragraph of this section, let A:@

and Ag denote the restriction of A, A" to Q, with f the isogeny of rank p” between
them, then we have

hir(A) — hip(Ag) = (g - %) logp.

Proof. Let L be a field C Q containing K, such that the abelian varieties Af, , A/L
(which are the fibers of A, Al) are semi stable over L. Let A , A" be the Néron models
of the abelian varieties Ay, , AIL over Oy, respectively. Let R  be the integral closure of
Rin L. Let us put T = Spec(R') and B = Spec(Or). We have the inclusion R — R,
and the morphism 7 : T" — S. Hence the T-morphism fr extends to a B-morphism
F:A—A".

As F is etale on Ay where U = Spec[l/p] the Op-morphism of J : w,s — wy is an
isomorphism on the open set U. From the remark 3.1 there exists a unique, effective,
vertical, Cartier divisor D, on B above p such that

Wy @ Op(Ds) = wa.

And hence we have
Dor = Dy, = 7T*Df.

As the height function is invariant under the extension of ground field we have from
proposition 3.3

’

hp(Ag) — hr(Ag) = m (deglw ) — degwa,))
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1 1

T (Teolen,) — deg(on,)) = Slogp = o g #(01/ O (Do),

#(0r,/Or(Dor) is the norm of the ideal corresponding to the ideal Do, which is nothing
but

p[k(DoT\T):]Fp} — p[k(W*Df\T):IFp} =< TI'*DfT >p .

Hence we have:
#(Or/OL(Dor)) =< 1*Ds.T > .

By the projection formula we have
<1 Dy.T >,=[L: K] <D;.8>,.

Hence we have:

’ 1 .
hr(Ag) — hr(Ag) = r logp — log plliKI<Ds-5>p.

2 [L:Q)
_ E_[L:K]<Df.5>p}
~ |2 [L:Q] logp
o f B < Df.S >p:|
B [2 ®q |8 -

We now look at the moduli space Az(jg n) of p-ordinary principally polarised abelian

schemes of type (g,n) over the scheme Zp) where g > 1 and n > 3 and p f/ n. We need
the basic properties of our moduli space A?g’n).

J(ng) : Schemes — Sets which assigns to every scheme
S the set AP m)(S ) of isomorphism classes of p-ordinary abelian schemes of type (g,n)
defined over the scheme S.

The following theorem asserts that our A
which can be found in [Mu 2].

Az(jg n) is a contravariant functor A

p

(9.1) is an arithmetic variety. We omit the proof

3.5 Theorem The fine moduli scheme Az(jg n) exists when n > 3. AJ(Dg n) is an arith-

p

metic variety over Z,) and the geometric fibers of A(g "

Proof Proof in chapter 7 theorem 7.9 in [Mu 2].

) are irreducible.

Now let us consider isog, the fine moduli scheme of isogenies of rank pY of type PN
between principally polarised abelian schemes of type (g, n) defined over Z(p)- 150gq is an
integral arithmetic variety on Z,).(chapter 7, section 3 of [Fa 3]) We have the morphisms
pri : 1s0gg — A?gm) which assigns to each isogeny f : B1 — Bs € isog, its source By ,
and pro : isogy — Az(’g,n) which assigns to each isogeny f : By — Ba € isog, its target

Bs. These two morphisms define a map

p p

pr = (pry,pra) : 1509y — A(gm) x (g,n)"
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AP
(g.m)
denoted by A; and pr3 denoted by Ag are the pull backs of the universal abelian scheme
A under pr] and prj respectively. Hence we have a universal isogeny fu, : A1 — Aa.

The following proposition guarantees us that our projection maps pr; are finite and flat.

is a fine moduli scheme hence there exists a universal abelian scheme A. Now prj

3.6 Proposition. The projections pr; are finite, flat and of rank e(y ) = #Sp2y(Z)/(Ts(p)),

where I's(p) is the group of matrices [ %1%2 ] € Spag(Z) such that Mjz is congruent
3My
to 0 mod p.

Proof The proof can be found in [Fa 3], chapter vii, proposition 4.1 .

In fact e(y ;) is the number of isotropic subgroups of order p? of the p-torsion group of
a principally polarised abelian variety of dimension g over an algebraically closed field
of characteristic zero.

3.7 Lemma.
g

€(gp) = 1_[(]9Z + 1).

=1

Proof. From the above paragraph we know that e,y = #Sp24(Z)/(I's(p)). Now
consider the F,-vector space F' = IF?,Q with the standard symplectic pairing. e, ;) is the

nothing but the number of isotropic subspaces of F'. So hence e, ) = #T(IE‘)’ where
g\Fp

T is the number of free orthogonal sets of F' with g vectors.

Now we calculate T'. We have to count the number of sets of cardinallity g of the 2g-
dimensional ), vector space F. We can choose our first vector v; of F' in p%9 — 1 ways.
Let us denote the span of v; by V. Then with respect to the standard bilinear form on F'
we have F =V @V’ where V' denotes the orthogonal space of V of dimension (2g — 1).
Now the number of ways in which we can calculate the second vector v, orthogonal to v;
is p?9~1 — p (as we have to discard the multiples of v; from V' in choosing vg). Similarly
we compute vs by discarding the multiples of both vq,ve from W/, where W' is the
orthogonal set of the span of vy, v in F which is equal to (p?9~2 — p?). Continuing this
way we have

g—1
T =[[p* " -p).

=0

Now we want to compute the number of elements of Gl4(FF,). We can choose our first
column for a matrix € Gly(F,) (which can be seen as a vector in the vector space
F' =T9) in p? — 1 ways. We can choose our second vector in (p9 — p) ways as we have
to make sure that the second vector is not a scalar multiple of the first vector. Similarly
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we can choose our second vector in (p? — p?) ways. In continuing this way we have

#G1,(E,) = [[ 0 ")

Hence

o = T =)
I 0 — )

[T (0%~ = p') _ I (2"2’—1)
[T (09 — p) [T (o= — 1)

g—l P22 _ g1 .
I_II_[ ((pg T _ 1)) = H)(p + 1). [l

3.4 Average Height Formula

In this section we prove the average height formula for principally polarised abelian
varieties over Q of dimension ¢ with good reduction at p. We first look at the moduli
space AL, of all principally polarised abelian schemes defined over the scheme Z(p)
The points of these space are the isomorphism classes of p-ordinary principally polarised
abelian schemes of type (g,n) over Z,). We see how the objects of AP, are related to
our principally polarised abelian varieties over Q of dimension g with good reduction at
p. We now see how we can define the height of a principally polarised abelian variety
when it is seen as a point on the moduli space.

The following 3 paragraphs are very technical and we state them only vaguely with-
out any proof, just to give an idea of how the Faltings height function is defined on
equivalence classes of abelian varieties in the moduli space.

4.1 Remark. Faltings has described a way to compactify moduli space of principally
polarised abelian varieties A4 in chapter iv of [CL]. We here summarize the main conse-
quences of the toroidal compactification of the moduli space.

1. There exists a proper scheme /Ig over Spec(Z) containing A, as a dense open sub-

scheme.
s

2. There exists a semi-abelian scheme x, A, whose each fiber is an extension of an

€
abelian variety by a torus and which extends the universal scheme over A,.

4.2 Remark. Let w = €*(NY Q. Ag)' Global sections of w®* define a morphism from
f: A, — P with image A, is Proj (@keNF(Ag,w‘@k)). And from some non trivial

results of Satake compactification we have that some power w®" of w descends to an
invertible sheaf /,, on Agy; £, is ample on A,.
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Now consider A a principally polarised abelian variety over a number field K with semi-
stable reduction over Ox. Ak defines a K-point [Ak] of A,. Since /[g is proper, [Ak]
extends to an Og-valued point < Ax >: Spec(Ox) — flg. The pull back of x, by the
map < Ag > is a semi-abelian scheme extending Ag. From chapter [CL] we have that
the pullback of x, by < Ag > is equal to the Néron model N(Ag)°. And we have
wa, =< Ag >* w. Then we put the moduli theoretic height hgeom = 1/n(he, ([Xk])).
Since Xk has semi-stable reduction over Ok, hgeom is nothing but the Faltings height
hp(Xk).

4.3 Remark. If A is a principally polarised abelian variety over Q of dimension ¢
with good reduction at p, then there exists a p-ordinary abelian scheme A’ defined over
a integral, finite and flat Z,) algebra R C Q such that A:@ = A from definition 1.6 of

this chapter. In fact for each n > 3 prime to p ,we an find an A" of type (g,m) such that
A=A
Q

4.4 Remark. 1. Let (4;)\) be a Q principally polarised abelian variety of dimension
g with good reduction at p. Let G1,...,Ge (e = e(4,)) be the isotropic subgroups of A[p
of rank pY and A; = A/G;. Then the isogenies f; : A — A; which are of rank pY are of
type P (by choosing a suitable polarisation) by theorem 1.13 of this chapter for all 1 <
1 < e.
2. From remark 1.11 for each of these abelian varieties A; there exists an abelian scheme
A; such that A;(@:Ai, A;Q are of type (g,n) and the isogenies f; are of type PN.

4.5 Remark. By virtue of the above remark 4.4 all our isogenies f;’s can now be
viewed as isogenies between A and A; and hence as an element of isog,.
Now we are all set to prove the average height formula.

4.6 Theorem. Let (A;)\) be a Q principally polarised abelian variety of dimension
g with good reduction at p. Let G1,...,G. (e = e(y,)) be the isotropic subgroups of Alp|
of rank pJ and A; = A/G;. Then there exists an integer m = m(g,p) such that the
following formula

e
> (he(A) = hi(4) = (5 = m) logp
i=1
holds. Here hp(A) denotes the Faltings height defined in chapter 1.
Proof. Let us choose an n > 3 prime to n, then by theorem 3.5 A}, exists and also
1509, exists. Let us denote AL, by X. We have already seen in section 3 that there
exists a universal isogeny fy, : A1 — As over isog, of rank p? and of type PN between

Ay = priA and Ay = pr3 A where A is the universal abelian scheme over A} ..
From remark 3.1 we have an effective, vertical Cartier divisor Dy, on isog, such that

99



3 Average Faltings Height of Isogenous Abelian Varieties

We have prq : isog, — X. Since isogy and X are both integral arithmetic varieties over
Z(p), we have the norm map Ny, : Dy (isogy) — Dy (X).

Now consider Ny, (Dy,,) € Dy(X), which is vertical and effective on X. From the
properties of the norm function N,,, stated in section 2 we have Ny, (Dy,, ) contained
in the special fiber X, of X. From theorem 3.5 we can conclude that X, is irreducible.
Hence we have Ny, (Dy,,) = mX, for some positive integer m.

Let us now consider our principally polarised abelian variety (A, \) over Q of dimension
g with good reduction at p. From remark 4.3 we have an (AI,X) defined over a integral,
finite and flat Z,-algebra R C Q such that A:@ = A and is of type (g,n). Hence there

exists a point 2 corresponding to (A", \") in X(R). Let us denote by z the image of z’
in X, which is an integer point being integral and closed.

Now consider the isogeny f; : A — A;. From remark 4.5 each f; corresponds to a
point E; in isogy(Q). Let F; be the Zariski closure of this point E; in isog,.

Let K be a number field containing all the fields k(F;). Let us denote [K : k(F;)] by
a;, [K : k(x)] by a and [k(z) : Q] by d. The F;’s are closed and integral points and hence

integer points of isog,. Now consider the map
pri: ZMX) — ZM(isog,). We have

pri(ax) = Z a; F;. (3.4)
i=1

We use proposition 3.4 and the universal Cartier divisor Dy, . to get the average height
formula.
From proposition 3.4 we have

hp(A;) = hp(A) + |2 — M] log p.
R L R
So we have: D
N g B '< Fun L% >
hp(A;) = hp(A) + [2 %7[}( T ] log p.

From equation 1.4, we have:

- 1
ZhF(Ai) =ehp(A) + <% -5 < Dy, .prix >p> log p.
i=1

From proposition 2.5 of this chapter we have:

< Dy, .priz >p=< Npy (Dy,,.).x >p .
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We have just seen that:
Npr (Dy,,,) = mX,,.

Hence

< Dy,..priz >, =m < Xp.x >,=mlk(z) : Q] (from arguments in section 2)

= md.

So,

- d
> he(4) = ehe(4) + (£~ ) togp,
=1

Hence we have
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4 Conclusion

In the last chapter we have seen a proof of the average height formula for principally
polarised abelian varieties with good reduction at a prime p. In chapter two we have
seen that there exist at least three approaches to prove the average height formula
for semi-stable elliptic curves defined over a number field K. As we saw in the last
chapter, Autissier’s approach of looking at the moduli spaces of abelian varieties is the
only existing method of proving the average height formula for abelian varieties. We
conclude our thesis with a few remarks on why the other two methods are tough to be
generalised to prove the average height formula for abelian varieties, and why we need
so many conditions to prove the average height formula for abelian varieties.

We have seen in chapter two that Robin de Jong’s approach of proving the height for-
mula involves Arakelov intersection theory on regular minimal models of elliptic curves.
We have see that the three lemmas 3.4, 3.5 and 3.6 give us our average height formula.
Lemma 3.4 interprets the Faltings height formula in terms of Arakelov intersection prod-
uct (O,w) of the zero section O and the dualizing sheaf w and the Arakelov invariants
A(X,) of the Riemann surfaces X, . In other words from proposition 2.18 we can say that
3.4 relates the Faltings height formula of the elliptic curve E and the self-intersection
product (O, O).

We then saw in lemma 3.5 that the average sum ) ((O,w) - (O/,w/)) = 0. Then

we saw lemma 3.6 and proposition 1.9 give us the average height formula. So the Green
function which gives our Arakelov intersections at infinity plays a very important role
in this method. In the case of abelian varieties though we have an intersection theory
as we have seen in chapter three, we still do not have something analogous to the Green
function which gives the intersection pairings at infinity.

Another method that we have seen in chapter two involves the basic properties of
the cusp form A and makes use of proposition 2.18 and lemma 3.4. This approach is
definitely not possible to be generalised as the modular discriminant A does not have
any analogue in the case of abelian varieties.

In fact the method involving the modular discriminant A, is essentially the same as
the approach of Robin de Jong. In [Ro] Robin de Jong proved the following proposition
which links both these methods:
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4 Conclusion

1.1 Proposition. Let X and X  be 1-dimensional complex tori related by an isogeny
f:X — X'. Then we have

1/12 (5
1 G(QP):\/N.HAH (X')
1AM (x)

Pcker(f),P#0

Proof. Proposition 4.7 of [Ro].

We have seen a brief sketch of the approach of Autissier. He uses the theory of
Li-singular hermitian line bundles which generalizes the Arakelov intersection product
for smooth hermitian line bundles. He computes the height of Ay (Tn«(Y")) using this
theory, and the average height formula follows immediately once we see that

This approach was generalised by Autissier himself to the case of abelian varieties. But
the only moduli space that he could use is A} ,,. Hence he had to consider only principally
polarised abelian varieties with good reduction at p, and only isotropic subgroups of order
p? while taking the quotients of the abelian variety under consideration.

But it is natural to expect the average height formula even when we take quotients
with respect to all subgroups of order p9. For this we need either a more developed
intersection theory or a more general moduli space retaining the useful properties.

Another important question that is not yet answered is the behaviour of the constant
m(g,p), which comes in the average height formula for abelian varieties. The average
height formula for a semi-stable elliptic curve defined over a number field K, when we
take quotients with respect to cyclic subgroups of order p is

1 : 1 1
- zcj (o (E) = b (B)) = 5 logp = 5 log.

Here we see that m(g,p) = e Nﬁ = 1 for all primes p. But for higher dimensions we do
not yet know how m(g, p) behaves as (g,p) varies. So it would be interesting to know
more about this constant m(g, p).
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