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The goal of this note is to go through the book “height in dio geo”, chapter 10, 11
and 14. In particular,

1. chapter 10 is based on chapter 8 and 9.
2. chapter 11 is based on chap 2, 8,9, 10.
3. chapter 14 is based on chap 12 (abc conjecture), chap 13 (Nevanlinna theory).

Hence, we organize the study into a brief introduction to the naive height theory,
without going as deep as the subspace theorem. Then, we immediately begin study
chapter 8 and 9, and then proceed to the three main chapters I want to cover.



%W/
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Throughout the book, it is safe to assume we are working with number fields only (so
no function fields).

In particular, this chapter is more detailed than necessary for our purpose, just so
that we start slowly.

1.1 A Bit Algebraic Number Theory

A place v is an equivalence class of non-trivial absolute value on K, where two
absolute values v ~ v’ if they induce the same topology.

Recall two absolute values |-|; and ||, are equivalent if and only if there is real
number s > 0 so |x|,;= |x[; for all x € K.

Let L/K be a field extension, and w be a place on L and v a place on K, then we
write w | v to mean w|,= v, or more precisely, any representative of w restrict to K is
a representative of v.

The completion of K with respect to the place v is an extension field K, with place
w of K, such that:

1. w|v
2. The topology of K, induced by w is complete
3. K is dense subset of K,, in the above topology

Let K = Q, then the ordinary absolute value ||:= ||, gives R as its completion.
On the other hand, for prime number p define [m/n|,:= p™, where a is the unique
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number such that m/n = p®- (m’/n’) with ged(m’, p) = 1 = ged(n’, p). Equivalently,
||, is uniquely determined by the condition

gl = 1 for primes q #p
T ifp=g

The completion of this is the p-adic numbers and we denote by Q,.

Recall we call an absolute value non-archimedean if |x + y|< max(|x|, |y|) for all
x,y € K. Thus, if |x + y|< max(|x|,|y|) for some x,y € K then we call this absolute
value archimedean.

The only complete archimedean fields are R and C.

Recall that for fintie extension L/K, we define the norm N, and trace T, as
follows. Each a € L determines a K-linear map m : L — L by x — ax, and we define

NL/K(a) = det(ma)J TL/K(a) = tr(ma)

If L/K is Galois extension, then

N@= ] ow@

o€Gal(L/K)

Explicitly, if L = Q(+/2) over Q, then N(a+ b+/2) = (a + bv/2)(a — b+/2) because
the Galois group in this case has order 2, and its generated by the element which

sends V2 to —v/2.

More generally, for f : X — Y finite locally free morphism of schemes of rank k >
0, we can define a norm Ny,y : Pic(X) — Pic(Y) as follows. By assumption, f, Oy
is finite locally free & -algebra, and thus we can define a morphism of sheaves
Nt o, /6, * fOx = Oy by Ny 4 16, (V)(D) := det(m,), where for b € T(V, f,Ox) we
define m, : T(V, f,0x) — T'(V, f,.O) as the multplication by b.

Then for line bundle .Z on X, we see f,.Z is an invertible f, Ox-module and
thus we can find open cover V = (V;) of Y so f,.Z is given by Cech 1-cocycle (g; i)
of (f,0x)",i.e. g; €T(V;NV,,(f.0x)") and g;;g;; = & on the triple intersection.
Then one checks (Ny 4, /0, (8:;)) is a Cech 1-cocycle of 0y, i.e. it defines a line
bundle on Y. This is the global norm map.

Let K be a field which is complete with respect to place v and L /K finite extension.



Then there is a unique extension w of ||, on L, such that
|xl,,:= |NL/K(X)|]1,/[L:K]
In particular, L is complete with respect to |-|,,.
For K with non-archimedean place v and L a finite extension of K, define
R,:={xeK:|x|, <1}

This is a local ring with unique maximal ideal m, := {x € K : |x|,< 1}. In particular,
we have residue field k(v) := R, /m,,.

Let L /K be a finite extension and v a non-archimedean place on K and w extends
v. Then we define:

1. the residue degree f,,, of L/K in w is the dimension of k(w) over x(v).
2. the ramification index e, of L /K is defined to be the index of the sub-
group |K*|, in |L*|,,.

w/v

Geometrically, the ramification index keep track of how the prime ideal associated
with v splitsin L, i.e. say wy, ..., w, are all the places induced by prime ideals qq, ..., q,
lying over the prime ideal p of v, then pO, = II7'...I1" where ¢; := U,

A place v is called discrete if |[K*|, is cyclic. In this case, m, is a principal ideal and
any generator is called a uniformizer.

Let K be a complete non-archimedean field with place v. Let f € K[t] be monic
with reduction f(t) = g(t)h(t) in k(v)[t], where g and h are monic and coprime.
Then there are monic G,H € R [t] with f(t) = G(t)H(t) and G(t) = g(t) and
H(t) = h(t).

Let v,,...,v, be inequivalent non-trivial absolute values on a field K. Then for
X1,..,X, € K and € > 0O there is x €K so

|X_xk|\/k< €

fork=1,..,n.

The next result classifies absolute values on finite extension L/K extending place
vonKk.

Let L be a fintie extension of K and K is generated by a single element &. Let f (t) be
the monic minimal polynomial of £ and f (t) = flkl(t)... frkr(t) be the decomposition



into different irreducible monic factors f;(t) € K,[t]. Then:

1. for each 1 < j < r there is an injective morphism

v: L= K; =K, [t]/(f;(t))

of field extensions over K, given by & — t, so that K; is the completion of L
with respect to |-|; and v
2. there is a unique extension |-|; of K, to K;, and they are pairwise inequivalent
3. for any absolute value |-|,, extending |-|, to L, there is unique 1 < j < r so ||
on K; restrict to L is ||,

If L is finite separable extension of K, then

> IL,:K]J=[L:K]

wlv

where w is sum over all palces w of L with w | v.

In particular, we call the number [L,, : K, ] the local degree of L/K in w.

Let L/K be finite Galois extension with G = Gal(L/K), and w,, w two absolute
values on L extending v on K. Then there is 0 € G such that

|x],y= o ()],

for all x € L. The completions L,, and L,, are isomorphic over K, (but need not be
isomorphic over L).

For K with non-trivial absolute value w, and L/K with w | v, we define

I, = N, /, (I,

for x € L and
|, := |NLW/KV(X)|11,/[L:K]

By Proposition 1.1.6 we know the restriction of [N, (x)|/!*I to L is a representative
of w extending v. This absolute value is the normalization of v.

Let x € K\{0} and y € L\{0}. Then

D loglxl,=loglx],

wlv




> logllyll, = logIN, ik ()],

wlv

Proof. Corollary 1.1.10.1 gives the first statement. Now we prove the second. By
primitive element, we know there is £ € L so L = K(&). With the notation of 1.1.10,
we have k; =... =k, = 1 and an isomorphism

Lo K, = | [K,Le1/(f()
j=1

of K,-algebra, given by & — (t);_; . By Proposition 1.1.10 we get

NL/K(y) = l—[NLW/KV(.y)

wlv

which concludes the second claim.

¥

Next we talk about the product formula.

Let K be a field, My a set of non-trivial places such that the set

{I-l,€ M : [x|,# 1}

is finite for any x € K\{0}. Then we say M, satisfies the product formula if

[ [ixl,=1

VEMyg

for all x € K\{0}.

Now suppose M satisfies product formula, and let M; be the set of places on L
defined by the normalizations, i.e. M, = {IN;_c ()[YI“<): v € M, w|v}.

The set of places M; as above also satisfies product formula, if My does.

Now, for Q we define
Mg = {|-|,: p a prime or p = oo}

where we take the usual representatives, i.e. |p|,= 1/p for p a prime, or the usual
absolute value when p = oo. Then, for any number field K, we define M as the set
of places and normalized absolute values, obtained by the above construction to the
extension K/Q. In other words, for any number field K, we always define

My = {|NKW/QP(.)|;/[K:Q]: p € Mg, w | p}



If K be a number field, then My (defined as above) satisfies the product formula.

The proof of this can be reduced to the fact every integer can be factored uniquely
into product of prime numbers.

In this note, whenever we talk about My for a number field K, it will always be
the the of places over M, defined as above. In particular, for M, we will always
use the normalized absolute values, i.e. |p[,= 1/p for all primes and |x|, the
usual absolute value. Specifically, M consists of places v so that v | p and

x|, = |NKV/QP (x)|11,/[K:Q]

for x € K.

By the product formula, we obtain a refinement of the approximation theorem for
number fields.

Let (|+],),es be representatives for a fintie set S of non-archimedean places of number
fieldK, x, € K, forevery v € S, and let € > 0. Then there is x € K with |x—x,|,< €
forall v e S and |x|,< 1 for all non-archimedean v ¢ S.

We will spend the remaining of this section investigate M, for number field K more
closely.

Given number field K of degree n, we know M, consists of places v | co, and v | p
for some prime number p.

First assume v extends oo. In this case, observe K, must be either R or C, as
Qo = R. By field theory we konw there are n many embeddings o : K — C, and
we see each can define an absolute value by |x|,:= |0 (x)|s, Where ||, is the usual
absolute value on R or C, depends on im(o) lies in C or R. In particular, we see
if im(o) is not real, then o and the conjugate o defines the same absolute value.
On the other hand, if im(o) € R then it gives one place. Thus, we see if (ry,r,) is
the signature of K (i.e. r; is the number of real embeddings and 2r, the number of
complex embeddings), then we have r; + r, many distinct places in M, extending
o0 € M.

Next, let p be a prime of O, the ring of integers of K. Then p lies over some prime
number p. Then, we can define a valuation on Oy via ord,(x) be the exponent of p
in the factorization of the fractional ideal xR,. This extends to a map ord, : K* — Z,
and thus we obtain a place associated to p. The normalization here is given by

—ord,(x)/e,

|x[,=p

where e, is the ramification index of p over Q.
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In particular, we can prove those are all the places in My, i.e. My consists of two
parts, one obtained by just computing all embeddings K — C, and one obtained by
computing all primes in O lying over p, as p range over all primes of Z.

1.2 Heights In Projective and Affine Spaces

Let Q be a choice of algebraic closure of Q, and P* = ]P’% the projective space with

global coordinates x = (x, : x; : ... : x,,). Let P € P", we will now define a function,
called height, on algebraic points of IF’%. This should be thought as a measure of the

algebraic complication needed to describe the point P.

Let P € P" be represented by homogeneous coordinate (P, : ... : P,), where
Py, ...,P, € K for some number field K. Then we define

h(P) := Z mJaxloglelv

VEMg

h(P) is independent of the choice of K.

Proof. Let L be another number field containing the coordinates Py, ..., P, of P. We can

assume K C L. Then
Z m]axlogle|W: Z ijaxlog|Pj|w

weM; VEMg wlv

log|x|,,= log|x|, for any x € K\{0} € L\{0}, which

Now by Lemma 1.1.11 we see >
concludes our proof.

wlv

Y

h(P) is independent of the choice of coordinates.

Proof. Let Q be another coordinate representing the same point of IP’%. By the above,
we may assume Q, P € P} for number field K. Thus, there is A € K\{0} so Q = AP.
Thus
h(Q) = log|A|,+ maxlog|P;|,
Q)= D loglal,+ > maxloglp)

vEMg vEMy

where Y’ log|A|,= 0 by product formula, and we are done.

vEMg

]
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We call h(P) the absolute log height (briefly, height) of P. We also define the
multiplicative height H(P) := e"®.

Let a be an algebraic integer in a number field K of degree n.

. . . . . 1 . .
We can identify a as the point (a : 1) in P, and compute its height. In
particular, we see

h(a) = ), log(max(|al,, 1))

vEMg

Then note a0y factors as a bunch of prime ideals of Oy with all exponents, and
thus almost all |a|, should be less than 1, except one of them equal 1 (here we
are using the fact a lies in Q). Hence, we see

h(a) = log(max(|al,,1))

v|oo

For example, if we take a = i, then we have two embeddings of C — C, the
trivial one and the conjugate. Hence

h(i) = log(max(|i]eo, 1)) + log(max(|—i|e, 1)) = 0
Similarly, if we take v/2 + 1 € Q[+/2], then we have two embeddings and so

h(v2+ 1) =log(max(|1 + V2|, 1)) + log(max(|1 — v2|,, 1))
= %log(l +2)

More generally, if a € K is an algebraic number, and write aOy = b/¢ for
relative prime ideals of Ok. Then

h(a) =N(b)+ ) log(max(|al,, 1))

v|oo

where N(b) is the absolute norm of the ideal b.

As an very silly case of the above example, we see h(a/b) = log(max(|al,|b|)) for
rational number a/b € Q with ged(a, b) = 1. In particular, this implies there are only
finitely many points in Q so that h(a/b) < B for a fixed B. It is not hard to convince
oneself the same claim holds for points in P"(Q).

Let S € My be a finite set of places, which includes the set S, of all archimedean
places of K. Then we say x € K is an S-integer if |x|,< 1 for all v ¢ S. The
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S-integers of K form a subring O x of K. The units in Oy are called the S-units
of K, and form a group Us ;. An element x € O i is S-unit if and only if |x|,= 1
forall v ¢8S.

In particular, we can show S_,-integers is the same as an algebraic integer.
Indeed, x is S..-integer, then |x|,< 1 for all non-archimedean places, i.e. xOy
decomposes as a bunch of primes with only positive exponents, i.e. x € Ok.

The height of & € @X is zero if and only if £ is a root of unity.

Proof. First, if £ is a root of unity, then its absolute values are all equal to 1, and hence
its height is 0. Thus it suffices to show the converse.

Suppose h(&) = 0, then we must have |£]|,< 1 for all v € M. This implies &
must be algebraic integer because |£|,< 1 for all finite places indicates £y factors as
positive product of primes in O, i.e. £ € Ok.

Now let d be the degree of &, and denote x := (&4, ...,&,) be a vector consists of
all the conjugates of £. We write x™ to denote (&7, ..., &7).

Now let s; be the ith elementary symmetric polynomial with d variables. This gives
d
(x—EM)...(x—E7) = > (=1)'s,(x™)x!
i=0

and in particular since & € Oy we see s;(x™) € Z.

Now, |§;|,< 1 for all j and v, and s; consists of (‘f) monomials, we see

gsi(xmnsg(‘f) Y

The above bound says that {(s,(x™), ...,s,(x™)) : m > 1} must be a finite set, and hence
by pigeonhole principle, there exists m # n, so s;(x™) = s;(x") fori = 0,...,d. By
defining property of elementary symmetric functions, we see this happens if and only
if X = o(x") for some permutation o on d letters. WLOG assume m > n. Repeat this

o . . mord(o) nord(a)
argument ord(o) many times, we may assume o = Id, and this gives & = ,
showing & is a root of unity.

Y

Consider ¢ : Usx — RS given by x ~— (log|x|,),cs in category of groups. By
taking log of the product formula, we see im(¢) is contained in the hyperplane
> s Yy = 0. By Kronecker’s theorem, the kernel of ¢ is the group uy of roots of
unity in K. This is part of the Dirichlet’s unit theorem.

12



Let S be as above. The image of ¢ is a lattice of maximal rank |S|—1 in the hyper-
plane ¥, .y, = 0. Hence Uy = uy x ZS™!

Next, recall the Segre embedding P" x P™ — P(+Dm+tD=1 " oiven coordinate wise
by
(x%,y) = ((xg oo 1 %), (Vo 2 oov  Y)) = X @Y 1= (x5)
where the (ij) are ordered, e.g. lexicographically. This shows

h(x®y) = h(x) + h(y)
using max;;|x; y;|,= max;|x;|,- max;|y,/,.

For local computations, its often convenient to introduce the following function
log™(x) := max(0, log(x)). In particular, we see for any point P € A", which identified
as (1,P,,...,P,) € P", we have

h(P)=h(1:P,:...:P) = log™|x;
(P)=h(1:P;:..:P,)= ), maxlog"|x,

VEMy

Let P!, ..., P" be points of A", then

h(P*+..+P") <h(P)+..+h(P")+logr

Proof. WLOG we may assume P! € AZ for some number field K. Then

1 ry — +1pl r
h(P*+..+P") = Z rnjaxlog [P/ +...+ P,

vEMy

If v is non-archimedean, then
1 r k
<

|P]. +..+P [,< m,flxlpj l,
If v is archimedean, by triangle inequality we see

1 r k

; < . .

IPJ +..+P L<1rl, ml?leJ l,

but then > __log|r|,=logr. Thus we see

v|oco

T+ +P)< TPk, < *|pk
h(P* +...+P") <logr + Zn}ixlog |P; |v_logr+zk:mjaxlog P71,

VEMyg

¥

The following result says the height is invariant under Galois action.
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Let P € P and o € Gal(Q/Q), then h(P) = h(c(P)).

This result follows from the observation that o induces a permutation on M.

If a € K\{0} and A € Q, then h(a*) = |A|-h(a). In particular, h(1/a) = h(a).

This result follows from the observation that log|a|,= log*|a|,—log"|1/a|,, and now
sum over all the places, we get 0 = h(a) —h(1/a).

Let S € My be a finite set of places. For a € K\ {0}, we have

> loglal, < h(a)

veSs

If we use 1/a instead of a, then the above lemma shows

2 loglal,> —h(a)

ves

This concludes the so-called fundamental inequality

—h(a) < Zloglalvs h(a) (Eq. 1.2.1)

veSs

The next theorem is a very important result, namely:

There are only finitely many algebraic numbers of bounded degree and bounded
height.

Proof. To make the statement above more precise, we will show the following. For
any B,D > 0, the set

{PePL:H(P)<Band [Q(P): Q] < D}

is finite. In particular, for any fixed number field K, {P € P} : H(P) < B} is finite. In
the above, Q(P) is the minimal number field containing all coordinates of P.

Now let P = (P, : ... : P,) where we assume some P; = 1. Then for any absolute
value v and index i we have

max([|Poll, , ..., [IPall,) = max(|| [, , 1)

Hence, we see
H(P) = H(P))

14



for all 0 < i < n. Further, its clear Q(P) 2 Q(P;), hence it suffices to prove for each
1 <d <D, the set

{x €Q:H(x)<Band[Q(x):Q]=d}
is finite.

Let £ € Q have degree d and k = Q(x). We write x := (£, ..., £;) for the conjugates
of £ over Q, and we let

d d
Fe() =] [ —x) = D (=107, 0x*
j=1 r=0

the minimal polynomial of x over Q. However, we see

Y BB

1<i;<...<i,<d

ls, (¥, =

v
EiyrrSily

<c(v,r,d) max |
1<i;<.<i.<d

S C(VJ r, d) maX|§l|C
1<i<d

where c(v,r,d) = (f) < 24 if v is archimedean, and 1 if v is non-archimedean.

Thus we see
d
max([so(x)l,, -, 5a(®)1,) < (v, d) | [max(&,],, 1)
i=1

where c(v,d) = 2¢ if v is archimedean and 1 otherwise.

Now multiply this inequality over all v € My, where K = Q(x), and take [K : Q]th
root, we see

d
H(so(X), ..., 54(x)) < 20| [H(x)?
i=1

But the x;’s are conjugates, and we know heights are invariant under Galois action,
thus H(x;)’s are all equal. This shows

H(so(X), ...,54(x)) < 29H(x)*

Now suppose x is in the set

{x €QIH(x) < B and [Q(x) : Q] = d}

Then we just proven x is the root of a polynomial F,(T) whose coefficients s, ...,s4
are bounded by 298" However, it is easy to see PY(Q) has only finitely many points
of bounded height, so there are only finitely many possibilities for F,(T), and we are
done.

¥
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%W 2
Vit Hopts

In this chapter, we will look at heights from a geometric point of view. In particu-
lar, we will define local Weil heights associated to a Cartier divisor on projective X,
and studying their properties. Then we move to the global case, and we will prove
Northcott’s property in this case.

2.1 Review: Cartier Divisors

One of the main goal of introduce divisors is to ask, given zero and pole configura-
tion on an open cover, whether these configurations are induced from global rational
functions.

There are two ways to do this, one is explicitly keep track of where they have pole
and zero, on codimension 1 pieces. This gives Weil divisor, i.e. a Weil divisor is a
formal linear combination of 2?21 n;Y; where Y; are irreducible closed subschemes of
codimension 1. The other definition is Cartier divisors, which roughly says a config-
uration is an equivalence class of rational functions where f ~ g iff f = ug for some
ueT(U, Ox)*. The later is less geometric, but it defines on wider range of schemes.

For us we will just work with integral schemes (otherwise the discussion will be
longer than I want).

Say X is integral, the function field K(X) is well-defined. Denote .7#; the constant
sheaf with value K(X). Then a Cartier divisor D on X is a tuple (U,, f;) where U; form
an open cover of X and where f; € K(X)* are elements with f; fj_1 € I'(U;nU;, Oy) for

all i, j. We denote this set by Div(X), and it forms an abelian group with the obvious
addition (i.e. (U, f;) +(V;, &) = (U; NV, f8:))-

A Cartier divisor is principal if it is equal (X, f ), and two divisors D, E are equivalent
(and write D = E) if D — E is principal. This gives an equivalence relation and hence
we get CDiv(X) := Div(X)/=, i.e. we have exact sequence

1-T(X,0) = K(X)* - Div(X) — CDiv(X) —» 0

Next, we say a divisor (U, f;) is effective if f; lies in Oy instead, i.e. they are not
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rational, but regular.

Given a Cartier divisor D = (U, f;) we can define associated line bundle ¢ (D)
defined by

T(V, 04(D)) := {f €K(X): f.f €T(U,NV, &) for all i}

for V open in X. Now take open cover U, in the definition of D, then we see 0% (D) is
locally of a free Ox-module of rank 1. Explicitly, over U;, 0 (D) is isomorphic to the
rank 1 submodule of .7 generated by f, ', i.e. it is a line bundle. In particular, this
map is an isomorphism of abelian groups.

For a Cartier divisor D, we define

supp(D) ={x X : (f;), ¢ ﬁ;,x for some i with x € U;}

Now for a more geometric view, assume X is in addition Noetherian. For C C X
closed irreducible, we see C = {£} for generic point &, and in particular recall

codimy (C) = dim Oy .

Now define Z'(X) be the free abelian group generated by all codimension 1 closed
irreducible subsets of X, and we call an element of that a Weil divisor.

Then, we can define cyc : Div(X) — Z!(X) as follows.

For f € T'(U, 7 ), we need to define the order ord(f) along prime Weil divisor C
(meaning C is a codimension 1 closed irreducible subset). If ﬁx’g is DVR, where ¢ is
the generic point of C, then f; is a non-zero element in Frac(Jy ), and thus we just
set ord-(f) = vo(fc), where v.(f) is the normalized discrete valuation of f € K given
by Ox .

Now for Cartier divisor D € Div(X), say represented by (U, f;), and prime Weil
divisor C, we define ord.(D) as follows. Choose i so that the generic point & of C is
contained in U;. Let f € Frac(Oy ) be the germ of f; at n¢, then f does not depend
on the choice of presentation (U, f;) or on i up to a unit of Oy ¢ . Thus

ord.(D) := ordﬁx’gc ()
depends only on D and C.

This particular quantity is called the order of vanishing of D at C.
Then, we simply define

cyc(D) := Z ord.(D)[C]

G

as we sum over all prime Weil divisors C. Now, for f € I'(X, .7Z;)” an invertible rational
function, we define +(f) := ZC ord.(f)C, and we define

ClX) == Z'X)/(+(f) : f €T(X, 54)°)

ord.(f) = ord.(+(f)) and we simply write cyc(f) to mean cyc(=(f)).

and we have the following result:
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Let X be Noetherian scheme.

1. If X is normal, then cyc is injective, and thus we have injection CDiv(X) —
Cl(X)

2. IfX islocally factorial, then cyc is bijective, and we have isomorphism CDiv(X ) =
Cl(X)

So, for X nice enough,

line bundles+a rational section = Cartier divisors = sheaf of sections

For a line bundle L and a section s : X — L, we can define its associated Cartier
divisor by D(s) := (U;, ¢, o s) where U; is a choice of trivialization (U;, ¢;) of L.
On the other hand, given Cartier divisor D = (U,, f;), we see g;; = f;/f; is a unit
in Oy(U; N U;). Let (D) be the line bundle on X given by transition functions
gij» i.e. we glue trivial bundles U; x Al along the isomorphisms given by gij- This
gives a trivialization of &(D) over U;, and we consider f; as rational/meromorphic
sections of U; x A!, then f, = g:;fj, i.e. we obtain a section s, of &(D) and we
see D — (0(D),sp) is the inverse of the above map.

Let X = Spec Oy, where K is a number field and O, its ring of integers. Then
CI(X) = Pic(X) is in fact just the divisor class group studied in algebraic number
theory. In particular, the exact sequence

1-TX,0) = KX)* - Div(X) — CDiv(X) —» 0

becomes
1— Op = K* - Div(O) — Pic(Og) — 1

Now by basic result from number theory, we see Pic(Oy) is a finite group and
X —1 . . .
O = u(K) x 2"+, where (r,s) is the signature of K and u(K) the roots of unity

in K.

2.2 Local Heights

From now on, we will assume X is projective variety.

In this case, if we want to define a reasonable notion of height on X, the most
basic definition would be embed X into PV, then apply the height for projective space.
However, this is bad because we have more than one way to embed. Thus, in order to
get a sensible notion of heights, we must also keep track of how we embed X into P",
i.e. we need to define heights relative to divisors and the sections on them.

18



To define local Weil heights, we need information beyond the divisor D itself.
Namely, we need a realization ¢(D) = 0(D,) ® 0(—D_), where ¢(D.) are base-
point-free line bundles coming with given set of generating global sections. The set of
Cartier divisors with these additional data forms a monoid, and the local heights so
defined will behave functorially with respect to this structure. This removes the need
of working modulo bounded functions when studying Weil heights, a point of crucial
importance for applications as it allows precise estimates.

Throughout this section, we will let K be a field and |-| a fixed absolute value on
K.

Let X be a projective variety over K, which for simplicity we assume its irreducible.
Let D = (U,, f;) be a Cartier divisor on X with associated line bundle &'(D) and mero-
morphic section s;,, where s, is obtained using f;. Then there are base-point free line
bundles ., .# on X such that &(D) = ¥ ® .# . Now choose generating global sec-
tions s = (s, ...,s,) of L and t = (t,, ..., t,,) of M, we call the data D = (sp,, L,s, M, t) a
presentation of D.

To see why every line bundle Z can be written as .Z.# ', we work with divisors.
Let D be a Cartier divisor, then let H be a very ample divisor on X (such divisor
exists as X is projective), and we set D, = mH + D and D, = mH. For m large
enough, D;, D, will be ample, while D, — D, clearly equal D.

For P ¢ supp(D), we define the local height (with respect/relative to D) to be

S
_k(p)
tiSp

Ap(P) := max mlin log

In the above, we use the notation t;sp, for t;®s;, and s; /s’ for s, ®(s') ™, i.e. 5,/(t;sp) isa
rational function on X. In addition, if D is a Cartier divisor with a presentation D, then
we also (by abuse of notation) write A,,(P) and say local height with respect/relative
to D.

This local height depends on the choice of s, L, M as well as their generating
sections.

Let f be non-zero rational function on X with Cartier divisor D = D(f). Then
0(D) = Oy and f is a meromorphic section of &/(D). Thus there is a local height
A, relative to D, given by the presentation (f, Oy, 1, O, 1). For P ¢ supp(D), we
have

As(P) = —log|f (P)|
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If g is another non-zero rational function on X, then A;, = A; + A, and A, =
—A.
f

Let D; and D, be Cartier divisors with presentations D; = (sp , -, s;, -#;,t;) nad
local heights A,,. Then s;s, = (s1xS5) and t;t, = (ty;t,) are generating sections of
2, ® 4, and £, ® M, respectively. Thus we can define Ap .p, as the local height
relative to the presentation

D, +D,= (5D13D2;$1 ® £5,818y, M1 ® Mo, tht,)

By definition we see

AD1+D2(P) = Aul (P)+ ADZ(P)
for P ¢ supp(D;) U supp(D,). Thus, we see the space of local heights admits an addi-
tion operation. Next, for A, with presentation (sp,.Z,s,.#,t), we can define A_j by
(551, M t, £, s). This makes the space of local heights an monoid.

Next, let D = (sp, %, s, .# ,t) be a presentation of D, then for 7 : Y — X a domi-
nant morphism of irreducible projective varieties over K, we can pullback the presen-
tation to get *D := (n*sp, n*.L, n*s, n*. 4, m*t). In particular, A,.p(P) = Ap(7(P))
for well-defined P, i.e. we require P € Y, 7t(P) ¢ supp(D).

Our next goal is compare how the presentation would affect our local height, and
the conclusion is that it affects the computation by a constant.

Let U be a closed variety of A". A set E C U(K) is bounded in U if for any
f €K[U]=K][t4,..., t,]/I(U), the function |f| is bounded on E.

Let {f,, ..., fx} be a generators of K[ U], the set of regular functions on affine closed
U. If

sup max |f;(P)|< o0
peg j=1,...,N

then E is bounded.

Proof. Let f € K[U], then we can write f = p(f3, ..., fy) with p a polynomial in K[U].
Let C be the number of monomials in p and d the degree of p. Define

5= 1 if the absolute value is archimedean
0 otherwise

Then, for a place v define
|p|v: mjaxlajlv

where the max is taken over all coefficients of p. Then we see

d
suplf (P)< C7lpl-max( 1,sup max 1P| < o0

PeE PeE J=4,
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If {U;} be a finite affine open cover of affine K-variety U and E bounded in U. Then
there are bounded subsets E; of U; such that E = J, E;.

Proof. It suffices to prove this claim after passing to a refinement of U;. Thus we might
assume there are regular functions h; on U so U; = {x € U : h; # 0}. By partition of
unity, we see there are regular functions g; so ). g;h; = 1. If C is the cardinality of
the cover and 6 is defined as in the proof of Lemma 2.2.5. Then we see

i
inf max|h,(P)|> C~° (sup maxlgi(P)l) >0 (Eq. 2.2.1)
PeE i P€E i

We define
E,={P€E:|h(P)|= mgXIhk(P)l}

Obviously, E; C U;(K) and E = JE;. Let f;, ..., fy be a set of generators of K[U], then
f1,---» fn, 1/h; generates K[U;]. By Lemma 2.2.5, its enough to show |1/h;| is bounded
on E;. In fact, the bound

sup|1/h,(P)|< C° supmkaxlgk(P)|< oo
€E

PEE; P

follows from Eq. 2.2.1.

¥

Let X be a projective variety over K and D, D’ be two presentations of Cartier divisor
D. Then
Ap —Apl<y

fOT" some constant y < OQ.

Proof. Note Ap, — Ap = Ap_p. This means A, — Ay, is a local height with respect to
D —D. Thus, it suffices to prove the claim for D and assume one of the presentation,
say D', is equal (1, £,1, M, 1). Then, D has the form (1,.%,s,.#,t). We need to find
y so that

—y < mlflxmlinlog St—k(P) <y
I

To that end, it suffices to only prove
maxminlogls,/t,(P)|I< y

as we can interchange the role of s and t.

Now choose closed embedding X into P} with coordinates (x, : ... : xy), and
U; := {x € X : x; # 0} be affine open, and U;; be the affine open {x € U; : t;(x) # 0}.
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The restriction of g, := s,/t; to U, are regular functions. The functions f;; = x;/x;,
for j =0,...,N, generate K[U;]. Then define sets E; by

E; = {PeX(K): |x,(P)|= mj&leXj(P)l}

Its clear that if P € E; we have
mJaXIfij(P)|= 1

hence E; is bounded in U; by Lemma 2.2.5. Thus we can apply Lemma 2.2.6 to U, E;
and the covering {U;;}, obtaining bounded subsets E;; of U; such that E; = |_J, E;; and

sup max|g;,(P)|< oo
PeE; k

Since E;; covers X(K), we are done.

¥

2.3 Global Heights

In the previous section, we defined the local height with respect to a Cartier divisor
D, for a fixed field K and fixed absolute value on K. Now we will consider summing
those local heights together to get the global one.

Throughout this section, we will let K be a number field.

Now let X be irreducible projective variety over K with Cartier divisor D and pre-
sentation (sp,.Z,s, . # ,t). Let F /K an algebraic extension. Then for P € X (F)\supp(D)
we define the local height

S
_k(p)
tiSp

Ap(BV) = mkaxmlin log

v

for v € M normalized.
Now let p be the place lying below v, and u an absolute value on K extends v, then

we see (F, Q]
Anr(BV) = R Pu
p(BY) =TT An(BY)
Now note I is an absolute value on the algebraic closure K, and hence A, (P, u) reduces
to the case we studied above for local heights. Thus, we see by the above computation,
we can apply results from above to A, (P, v) as well, since this quantity is related to
Ap(P,u) by a constant.
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Consider the Cartier divisor {x, = 0} in P}, with presentation
D = (x03 ﬁ(l): {x03 "':xn}y ﬁ; 1)

For P € P"(F) with x,(P) # 0 and v € M;, the corresponding local height is

Ap(Pv) = maxlog|=£(P)|,
k xO

and the product formula becomes

h(P)= > Ap(BV)

vEMp

where h(P) is the naive height we defined before.

Let A, be alocal height relative to the presentation D = (s, .2, s, .# ,t) of a Cartier
divisor D on X. For P € X there are s; and t; such that s;(P) # 0 and t,(P) # 0. Thus,
we can find non-zero meromorphic section s of ¢ (D) such that P is not contained in
the support of the Cartier divisor D(s). Then D(s) = (s,.Z,s, .# ,t) is a presentation
of D(s) and we have

Apis) = Ap + Ag

where f is the rational section s/sp,.

If F is a finite extension K C F C K such that P € X(F), the local height Apes)(B V)
is finite for any v € M because P is not in the support of D(s).

In the situation above, we define the global height of P relative to A = A, by

i (P):= ) Ape(BY)

vEMp

The following result justifies the definition.

The global height h, is independent of the choice of F and of the section s.

Proof. By Lemma 1.1.11, the global height is independent of F.Its independence from
the choice of s can be verified as follows. Let t be another non-zero meromorphic
section of &(D) with P ¢ supp(D(t)). Then by previous sections we see

Ap) (B V) = Apy(Bv) = Ay (B V)

for any v € M. On the other hand, the product formula shows the global height of P
relative to A, is 0, hence we are done.
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Y

As an immediate consequence, the global height relative to the natural local height
of a non-zero rational function is identically 0. Its also clear the map A — h; is a group
homomorphism.

Let A, A" be local heights relative to Cartier divisor D,D’ with D — D’ a principal
divisor. Then h, —h,, is a bounded function.

Proof. Since D—D’ is a principal divisor, it suffices to prove our theorem for D = D’ =0
and A’ = 0. Hence we need only to show h, is a bounded function for any local height
relative to the zero divisor. By Theorem 2.2.7 we can find a family {y,},e), of non-
negative real numbers, almost all 0, so

IA(BWI.<7,

for any P € X and any place u on K with u | v. As before, let F be a finite extension
K CF CK soPeX(F). Then we see

[F, : Q]
IA(Bw)|< WYV

for any w € M, which divides v € My and p € M. By Corollary 1.1.10.1, we have

> [E, 1 K,]=[F :K]

wlv

and thus

(K, : Q,]
|, (P)|< IA(Bw)|< ——— 7, <0
’ ZM ZM [K : Q]

Y

Now let .Z be a line bundle, then we see it correspond to some Cartier divisor D,
and hence we get a local height A relative to D, i.e. we get a function X — R. If we
choose two different Cartier divisors associated to the same line bundle, then by the
above h, — h,, differ by a bounded function. Thus a line bundle . determines an
unique element in R*/O(1), the space of real functions from X to R mod the set of
bounded functions.

This construction of global height, although it is functorial (Theorem 2.3.5 be-
low), but we lose the finer control for estimations needed to prove deeper results in
Diophantine geometry. On the other hand, Weil heights, which we will define later,
does give us the refined control over things.
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The map
h : Pic(X) — R*/O(1)

described above is a homomorphism. If ¢ : Y — X is a morphism of irreducible
projective varieties over K, then

hqs*g =hgoo

for any £ € Pic(X).

This claim follows from Theorem 2.3.4 and definition of pullback.

Next, we observe that a base-point-free line bundle has always a non-negative
height function. The following is a generalization.

Let D be an effective Cartier divisor on X. Then there is a local height A relative to
D such that, for P ¢ supp(D) and for any place u of K, it holds A(P,u) > 0.

Proof. There are base-point free line bundles .Z, .# on X so (D) = ¥®.# . Choose
generating global sections t, ..., t; of .#, we can complete sj ty, ...,Spt; to a family s :=
(o, ---»Sx) of generating global sections of .. The local height given by presentation

D= (sp.L,s,M,1)

is non-negative outside the support of D.

¥

1. Our results in this section and last section extends to non-irreducible vari-
eties.

2. Global heights can be defined over any field with product formula as long
as we work with properly normalized absolute values.

3. We may replace K by K, as we are just working with varieties and properties
are geometric.

2.4 Weil Heights

In this section we consider global heights given by a morphism X — P". In fact, we
will see that any global height is the difference of two Weil heights.

Let X be projective over Q.
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Let ¢ : X — PP, be a morphism over Q. The Weil height of P € X(Q) relative to
¢ is defined by h,(P) = ho ¢(P), with h the usual height on ]P’%.

Llet¢ : X — IP% andy : X — IP’%, then we define the join ¢ #1) as the morphism

Spm © (¢ x1d) 0 G(v))

where s, , is the Segre embedding, ¢ x Id fiber product, G(+)) the graph of ).
More explicitly, ¢ #1) is the morphism

X — IP’%HXmH)_l, x = (p;(x);(x))

where the index (i, j) are ordered lexicographically.

If ¢ is closed embedding, then ¢ #1) is closed embedding. Indeed, G()) is always
closed embedding as we are working with separated schemes (separated=closed di-
agonal=closed graph=closed equalizer). The Segre embedding is always closed, and
closed immersion is stable under base change, hence ¢ ® Id is also closed.

Ifg :X— IP’% and : X — IP’% are morphisms over Q, then

This follows from the relation between Segre embedding and heights on P".

Next, we claim every Weil height may be viewed as a global height defined in
previous section. Indeed, there is a linear form ¢ = {,x, + ... + £, x, which does not
vanish identically on any irreducible component of X. Then we see h,, is given by the
global height associated with ¢*(€, Opn(1), X, ..., X, Opn, 1).

Conversely, we will show every global height is a difference of two Weil heights.
Suppose h, is the global height relative to the presentation D = (s, %, s, .# ,t). Then
we get two morphisms ¢ and v, induced by (.Z,s) and (., t), respectively. Then it
follows from the independence of h, from s that

Ifp:X— IF% and ¢ : X — IF"% are morphisms over Q with ¢* Op.(1) = 2)* Opn(1),
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I then hy —h,, is a bounded function.
The proof is immediate.
o coc s hcoren

Let X be a projective variety defined over the number field K and h  a height function
associated with ample . € Pic(X). Then the set

{PeX(K):hy (P)<C,[K(P):K]<d}

is finite for any constant C,d € R.

Proof. There is m € N so .£®™ is very ample. By Theorem 2.3.5, mh is a height
function associated with .Z®™. Thus we can assume WLOG .Z is very ample. By
Theorem 2.4.3 it suffices to prove the statement for X = ]P’% and .Z = Op(1), i.e.

for standard height on IP’%. But then this follows almost immediately from Theorem
1.2.11.

¥

In the rest of this section, we will derive some explicit bounds on Weil heights.
This will be techinical. Let us fix a situation below for the rest of the section.

Let X be irreducible projective over Q of dimension r. Then there is a Q-morphism

m:X - Prit
Q

so X is mapped birationally onto a hypersurface (to see this, note K(X) is sep-
arable over K, hence K(X) is finite dimension K(f, ..., f,)-vector space, with f;
algebraically independent. Thus K(X) is generated over K(fi, ..., f,) by a rational
function f,,,. Now let p be the minimal polynomial of f,,, over K(fi, ..., f,), and
assume p = q(fi, ..., f,) with ¢ € K[xy,...,X,,,], then V(q) is a birational model
of X.). We denote by 2, ...,2,,; the standard coordinates of P-*!. Then we may
assume the hypersurface is given by irreducible homogeneous polynomial f of
degree d of the form

— d—1 d
f(ZOJ ocog zr+1) - fO +flzr+1 +.. +fd—lzr+1 + Zr+1

with f; € Q[zy,...,2,] homogeneous of degree d —i, f(0,...,0,1) # 0 and d the
degree of X with respect to 7" Opr+1(1).

Now let S be the homogeneous coordiante ring of 7t(X). We have

S =Q[2o, 2,11 1/J

where J is the homogeneous ideal generated by f. Let z; be the image of z; in S
(0 <i<r+1) and note z,,, is integral over Q[Z,...,%,]. The variables 2, ...,z, are
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algebraically independent, because the transcendence degree of Q(7(X)) = Q(X) is
r. By abuse of notation, we denote them by 2, ..., 2, again. The minimal polynomial
of z,,, over Q[z,...,2,] is f (2, ...,2,), since

0=fo+ fiZry1 + e+ faZory 20, (Eq. 2.4.1)

2 d+1
* 1> 2.,, forms a basis of S over Q[z,, ...,,] and so we have

an isomorphism of Q-vector spaces

S ;) {p e@[zoy--vzr+l] : degzrﬂ(p) < d}

By means of this map, we define the height of an element of S as the height of the
corresponding polynomial (defined below).

The height of a polynomial

The elements 1,%,,,,2

(G j

with coefficients in a number field K is the quantity

h(f)= > loglfl,

vEMg

where
|f|V:: mfxlajlv

is called the Gauss norm.

Now, for | € N, there are uniquely determined q;; € Qlzg,...,2, ] for j=0,....d—1
o}

d—
r+1 qu] r+1 (Eq 242)
j=0

The polynomials q;; are homogeneous of degree [ —j (elements of negative degree are
0), and q;; = &;; for 0 <1 < d — 1, where §,; is Kronecker delta. We may now assume
[ > d. Then equation Eq. 2.4.1 shows

d—1 d—1
—k+l—d __ —
By = E :f Zrg = JiQr1-a,i% 11
j=0 k=0
leading to recursive formula
H== E :fqu+l—d,j (Eq. 2.4.3)
k=0

where j =0,...,d — 1.

Now let F be a number field containing the coefficients of f,, ..., f;_; and for v € M
define 6, be 1 if v is archimedean and 0 otherwise. The recursion Eq. 2.4.3 gives

5
d+r+1\|"
1, < -|f], max rily
|ql]|v ( r+1 ) , |f| _ |ql]|

I'=l—d,...,|-1
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for the Gauss norms. Here we used the fact f; has (d_'r‘”) summands and

d

d—k+ d+r+1
Z( r) =( : ) (Eq. 2.4.4)
= r r+1

By induction we obtain

(I=d)5,

d+r+1
|ql,~|vs‘( r ) | f i (Eq. 2.4.5)

r+1

v

and thus Lemma 1.1.11 leads to
d+r+1
h(qu)S(l—d+1)h(f)+(l—d)log( )

+1

letgp : X — ]P’% be a closed embedding and x,, ..., x,, be the standard coordinates

on P". Let p be a vector with entries p; € S (here S is defined below Setup 2.4.5),
i =0,...,n, homogeneous of degree d(p).

The vector p is said to be a presentation of ¢ if the following conditions are
satisfied:

1. If L €{0,...,n} and x;|x# O, then p; #0
2. Iflasin (1) and i € {0, ..., n}, then

bt X

2 ﬁl
X

in Q(X)

The number d(p) is called the degree of presentation p. Consider the vector whose
entries are given by all the coefficients of p, ..., p,. The height of the corresponding
point in appropriate projective space is called the height of p.

Let ¢; : X — IE%, j =1,...,k be closed embeddings with presentations p) and
n=(n,+1)...(n, +1)—1. Then:

1. the join ¢, #...# ¢, gives a closed embedding ¢ : X — IP’%.
2. ¢ has a presentation defined by

1) &)

pi = pi1 '"pik

of degree d(p) = Y.. d(p"”) and height

k k—1 ()
h(p) < Zh(p(j)) + erog (6 + el ) +C(k—1)

=1 =1 r
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I with C =(d —1h(f)+d(d +r +1).

Proof. Since ¢; are closed immersions, their join is also closed immersion. Also, p is a
presentation of ¢ of degree Y. d(p"”). It remains to prove the estimation on heights,
and we will do this by induction. In fact, it suffices to prove the claim for k = 2.

We have decomposition

(J) (J)
Z pl ,m r+1

whence

(1) —m (2) —m
(Zpllml r-&l)(z plzmz r-il)

ml—l 0]

Then, Eq. 2.4.2 leads to decomposition

d—1
_ —m
- PimZ,. 14
m=0

with
2d—2
o @ 1 (2
Z pl1 m1p12 mz Z Z pl1 mlplz mqum
my+my=m [=d m;+my=l

my,my<d—1
Let F be a number field extension of Q containing the coefficients of f,,..., f;_; and

of all p(” for j = 1,2, and for v € M; define 6, = 1 for archimedean places and 0
otherwise. Then we see

Pinly< B2 1P 1P L max (1,1qil,) (Eq. 2.4.6)

.....

where B is an upper bound for

le::O(r+d(p(1)) ml) Zldzjm ;H(r+d(p(l)) ml)(rﬂr_m)

Thereby we have used the fact the number of monomials of degree D in r + 1 variables
r+D g
is equal to ( ) We use the estimate

. MY\"
(r +d(p™M) ml) < rl!(r +d(p™M))" < (3 + Bd(f 1 ))

r
(T‘ + l - m) < rr+l—m
- =

3d(p(”))r

r

and

to conclude

B=d2r+ (3 +

is such an upper bound. For Eq. 2.4.5 and Eq. 2.4.6 we see

h(p) < h(p™) + h(p®) + log B + (d — DA(f) + (d — 2) log (r +d+ 1)

d+1
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With the above value of B, we see
h(p) < h(p™) + h(p®) + rlog(6 + 6d(p)/r) + C

with
C=(d—-1h(f)+d(d+r+1)

¥

For any list of elements in additive abelian group G, say a = (ag,...,a,) € G, we
use |a|= D q;. For any list of integers a = (ay, ...,a,) and a list of elements in a
multiplicative abelian group G, say x € G", we define

a ay a

For closed subvariety Y of PY, we denote .#(Y) the ideal sheaf of Y.

Let ¢ : X — IE%, Y X — IP’% be closed embeddings over Q, with corresponding
presentations p,q. We assume

¢*Opn(1) = " Opn(1)
There is a positive integer k,, such that if k > k,,, then
HI(P%,f(ll)X) ® Opn(k)) =0
If k >k, and x(k) := dim(H°(X,y*Opn(k))) and P € X, then
hy(P)—hy(P)<(n+1)x(k)-(A,q+ByqtC)

where
A, q=h(p) +h(q)

Boo= rlog(6+ 6d(p))+rlog(6+ %@)

pP.q r

C= %log((n+ Dy (k) +(d—1Dh(f)+d(d+r+1)

Proof. The existence of k,, is just Kodaira vanishing. There is short exact sequence
0— S(WYX) = Opm =Y, 0x — 0
of coherent sheaves on P™. Tensor with &p.(k) we have

0 — J(YX) ® Opn(k) = Opn(k) = (¢, 0x) ® Opn(k) — 0
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The projection formula gives

(4. Ox) ® Opn(k) Z 2 2p* Opn(k)

Consider the induced long exact sequence of cohomology, we get

0 ———— H(P", S (YX) ® Opn(k)) ——> H°(P™, Opn(k))

HO(X,*Opn(k)) —— H'(P", I (X)) ® Opu(k)) ——— ...
The last cohomology is 0 by the choice of k, and we infer that the map
HO(P™, Opu(k)) — HO(X, " Opn(k))
is surjection. By assumption, ¢*0p.(1) = 1 *Opn(1) and we may identify them as the
same. Let x = (xg : ... : x,) and y = (¥, : ... : ¥,,,) be the standard coordinates and
choose B C {b € N™! : |b|= k} such that
(°x bes

is a basis of H(X,*Opn(1)). There are uniquely determined a;, € Qso

xflx= Z a; Yl (Eq. 2.4.7)

beB

Let P € X(Q). Choose a number field F containing x;(P), ¥;(P) and a;, for all
i,j,b. By Proposition 2.4.2, we obtain ,for the k-fold 1)) = ) #...#1), the equation

k(hy(P) —hy(P)) = D logmax|x}(P)],—hy(P)

vEMp
_ k _ b
=, logmax|x; (Pl >, logmaxly™(P),
veEMp vEMp

By Eq. 2.4.7, the triangle inequality and Lemma 1.1.11, we deduce
1 1
hy(P)—h,(P) < Eh(a) + % log y (k) (Eq. 2.4.8)

where a is the matrix (a;;,) and h(a) is the height of the matrix viewed as a vector.

We take the ratio of Eq. 2.4.7 with indices i and [ and deduce, using the definition
of presentation, that

Zal’bpfqb = Z:al-’bplkqb fori,l €{0,...,n} (Eq. 2.4.9)

beB beB

Conversely, assume (q, ;,) is a non-trivial solution of this equation. Then we have

el > ap3ls)> = (arlx)* Y agp(ylc)?

beB beB
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Let i be such that x;|y is not identically 0. Then the last displayed equation shows that
rational function on X defined by

b
g = ZbeB a;py

xlk |x

does not depend on the index i. We claim g is constant. To prove this, it suffices to
show g is a regular function (use X is projective). Indeed, since X, ..., X, generate
Op(1), we see for any P € X(Q), there is an index i so x;(P) # 0, hence g is regular
at P.

This proves the space of solutions of Eq. 2.4.9 is spanned by the matrix a = (a; )
given by Eq. 2.4.7.

Our next task is to estimate h(a). Since a scalar factor does not change the height,
we may estimate the height of any non-trivial solution of Eq. 2.4.9. By Lemma 2.4.8,
we have a natural presentation of ¢ ®#y® in terms of p and q. The elements p*q®
of S are entries of that presentation. The decomposition

d—

k. b _ =)
p;a = : :Cb,i,]'zr+1

Jj=

[uny

with uniquely determined ¢;,; ; € Q[2o, -..,2, ] leads to the system of equations

Z Cb,i,j1b — Z Cb,1,jdip = 0 (Eq. 2.4.10)

beB beB
with i, € {0, ...,n} and we have j € {0, ...,d —1}.

Let ¢ ; = D, cb7i,j’azg°...zfr, so that the coefficients cy; ; , of the polynomials c,; ;
form a matrix ¢ with

h(c) < k(h(p) + h(q) + rlog(6 + 6d(p)/r) + rlog(6 +6d(q)/r)+C) (Eq. 2.4.11)

again by Lemma 2.4.8. Moreover, Eq. 2.4.10 is equivalent to the linear system of
equations

Z(Cb,i,j,aal,b —Cp1,j,a8ip) =0

beB

indexed by i, j, [, a and unknowns a; ;. Let A denote the matrix associated to this linear
system; its entries are either O or %c;; ; ,. The numbers of unknowns is (n+1)|B| and,
as remarked before, the space of solutions has dimension 1. Therefore, the rank R of
the matrix A is

R=(n+1yk)—1

Let A’ be a R x (R + 1) submatrix of A of full rank R. Since A and A’ have the same
kernel, we look for a non-zero solution of A’ - a = 0. The estimate

.....

and Eq. 2.4.11 lead to

h(a) < Rk(h(p) + h(q) + rlog(6 + 6d(p)/r) + rlog(6 +6d(q)/r)+ C) +log(R!)
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By Eq. 2.4.8 and the definition of R, we now get
hy(P)—hy(P) < (n+1)x(k)(Apq+Bpq+C)

as desired.

¥

In the above proposition, almost all terms besides y (k) are quite explicit. The
following lemma estimates y (k), which solves the problem.

Lety : X — IF’% be a closed embedding over Q with presentation q and k > ky, x (k)
be as in Proposition 2.4.9. Then

kd(q)+r+1)_(kd(q)—d+r+1)
r+1 r+1

x (k) S(

Proof. Let y,,...,¥,, be the standard coordinates of IF’%. We have seen the linear map

H°(P™, Opn(k)) — HO(X, Y Opn(K))

is surjective. Choose B C {b € N™*! : |b|= k} such that (y®|x)ycs Such that is a basis of
H°(X,v*Opn(k)). The above monomials are linearly independent iff the polynomials
(q®),cp are linearly independent, by definition of a presentation. Thus

) kd(Q)+r+1 kd(qQ)—d+r+1
X(k)SdlmSkd(q)z( qr+1 )_( qr+1 )

because Sy(q) is isomorphic to the space of homogeneous polynomials p(z, ...,2,.1)
of degree kd(q) such that deg, (p) <d, and then we apply Eq. 2.4.5.

¥

For the main estimation we want to achieve, we will need the following result.

Let Y C ]P’% be irreducible smooth closed and ¢ = min(1 + dim(Y'), codimp(Y)).

Then
Hi(IP’%, Sy ® Opn(k)) =0

fori>1, k> c(deg(Y)—1)—dim(Y).
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IfYy: X — IP’% be closed immersion with presentation q, then

deg(yX) < d(q)'d

Proof. The Hilbert polynomial of ¢)X has degree r and its leading coefficient is equal
to deg(vyX)/r!. For large k, the Hilbert polynomial at k equals the left-hand side of the
inequality in Lemma 2.4.10. On the other hand, the right-hand side of that inequality
is also a polynomial of degree r in k, with leading coefficient

d(q)’ d(q)’ _d(@)'d
(r+1)!((r+1)+---+1)—(H_1)!((r+1—d)+---+(1—d))— =

This concludes the proof.

¥

Now we are ready to summarize the explicit bound we worked out, in the previous
lemmas and propositions.

Let X be smooth irreducible projective variety over Q, r = dimX and 7 : X — ]P’E{ !
a morphism over Q, mapping X birationally to a hypersurface given by a homogeneous
polynomial f of degree d.

Assume ¢ : X — P" and v : X — P™ are closed Q-immersions with ¢*0p.(1) =
Y*Opn(1) and corresponding presentations p and q. We assume d(q) > 1.

For each P € X, it holds
hy(P)—hy(P) < Ci(n+1)d(Q) (A q + Bpq + log(n +1) + C,)

where

(d+1)(r+1)

C,=d
r!

,Co=([d—-1Dh(f)+d(d+r+1)+r+1

Apq =h(p)+h(q)
B, .= rlog(6+ 6d(p)) + rlog(6+ %@)

pP.q r

Proof. Let k :=d(r +1)d(q)", then k > k,, by Lemma 2.4.11 and Lemma 2.4.12. We
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have

1) < (kd(q)+r+1)_(kd(q)+r+1—d)

r+1
d(kd(3)+ r)

< S(kd(@)+rY

where the first step comes from Lemma 2.4.10 and the second step uses Eq. 2.4.4.
From the definition of k, we see

d+1)(r+1)

: Q)"
r!

x(k)<d

An easy majorization shows k' log y (k) < r + 1 and the result follows from Proposi-
tion 2.4.9.

¥

2.5 Bounded Subsets

In order to show the differences between the local height of two presentations diff
by a constant, we introduced bounded sets in affine varieties. In this section, we will
extend this notion to arbitrary varieties.

Let K be a field and fix an embedding K € K. For the moment, we fix an absolute
value |-| on K.

A subset E C X(K) is called bounded in X, if there is a finite affine open cover
(U;);e; of X, and sets E; with El- C U,(K), such that E; is bounded (as in Definition
2.2.4)inU; and E = U

IEI

If E is bounded in X, Lemma 2.2.6 shows for any fintie open affine cover {U;} of
X, there is a subdivision
E=|JE

i€l

with E; C U,(K), such that each E; is bounded in U,.

It is easy to show the image of a bounded set under a morphism is again bounded.
Moreover, if Y C X is closed and E C Y(K) is bounded, then E is bounded in X.
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Assume K is locally compact with respect to || (e.g. the completion of a number
field with respect to a place). We consider X (K) the topology induced locally by
open balls with respect to closed embeddings into affine spaces and maximum
norm. Then the topology is locally compact and independent of the embeddings.
It depends only on the place v represented by |-| and its called the v-topology on
X(K). A subset E of X(K) is bounded in X if and only if E is relatively compact
in X(K).

The set P*(K) is bounded in the projective space P%. We can use affine cover

.....

of E. By Remark 2.5.2, the set of K-rational points is bounded in any projective
variety.

If X is a complete variety over K, then X(K) is bounded in X. More generally, the
inverse image of a bounded subset under a proper morphism remains bounded.

Proof. By Chow’s lemma, there is projective Y over K and surjective birational Y — X.
Using Remark 2.5.2 and Example 2.5.4, X(K) is bounded in X.

More generally, if ¢ : X’ — X is proper over K and E C X(K) is bounded in X. By
Chow’s lemma, the proof is reduced to the case of a projective morphism and hence
X' =X x Py with ¢ the first projection. By Remark 2.5.2 we can assume X is affine
and the same argument as in Example 2.5.4 shows ¢ '(E) is bounded in X x Py.

¥

Its trivial that any subset of a bounded subset is bounded. However, we may not
pass from X to an open subset. For example, the set E = {x € P"(K) : x, # 0}
is bounded but it is certainly not bounded in the affine space {x € P, : x, # 0}.
Thus the notion of bounded subset is not local and some care is needed.

A real function f on a K-variety X is locally bounded if f (E) is bounded for every
bounded E in X.
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To apply this later on the theory of heights, we need a generalization to several
absolute values. Let My be a set of places on K. For every v € M, an absolute
value ||, is fixed in the equivalence class of v. We assume {v € My : |a|,# 1}
is finite. Let M be a set of places on K. We assume every u € M restricts to a
v € My and we denote by |-|, the unique extension of |-|, to an absolute value
representing u.

Let U be affine K-variety and (EY),.,, a family of subsets of U(K). The family is
said to be M-bounded in U if for any f € K[U] the quantity

C,(f) = supsup sup|f (P)|,

ueM ul|v P€E"
is finite for every v € My and C,(f) > 1 for only finitely many v.

More generally, if X is K-variety and (E“),c,, a family of subsets of X(K). Then
(E") is M-bounded if there is finite affine open cover {U,} so

E'=|JE, E'CU(K)

iel

such that (E'),cy is M-bounded in U; for all .

If M has only one element, then E C U(K) is M -bounded iff E is bounded in U in the
sense we defined before.

We note Lemma 2.2.5 and Lemma 2.2.6 extend to the situation with several ab-
solute values instead of one.

A subset E C X(K) is M-bounded if the constant family (E),.,, is M-bounded.

The set P*(K) is M-bounded in P%.

A complete K-variety is M-bounded. More generally, the inverse image of an M-
bounded family of subsets under a proper morphism is M-bounded.

38



A real function f on X x M is called locally M-bounded if, for any M-bounded
family (E"),c) in X, there is for every v € My a non-negative real number v,
with y, # 0 only for finitely many v € M, so for all u € M with v | u, we have

If (E* W<,

&)



%Wf

In this chapter, we will study basic properties of abelian varieties and Jacobians of
algebraic curves.

3.1 Group Varieties

We let K be a field and K an algebraic closure. We assume all varieties and morphisms
are over K.

After definition, we will prove constancy lemma, which roughly says if ¢ is con-
stant on X x Y on one fiber, then ¢ is constant on all fibers. As an application, we will
show abelian varieties are commutative and every morphism of abelian varieties is a
translation of a homomorphism.

Next, we will show a generic property of a group variety holds everywhere, and
thus prove abelian varieties are smooth, dimension formula and other properties holds
for homomorphisms and that tangent bundle is trivial. Then, we will show a rational
map to an abelian variety is a morphism at all smooth points. Finally, we show complex
abelian varieties are biholomorphic to complex tori with positive definite Riemann
forms.

Let S be a scheme and G an S-scheme, then we say G is a group scheme (over
S) if there is a factorization of the functor h; : (Sch/S)°?? — (Set) through the
forgetful functor (Grp) — (Set).

By Yoneda’s lemma, the above definition is equivalent to the following two data:

1. For all S-scheme T, there is a group structure on G¢(T) := Homg(T, G) which is
functorial in T (i.e. the morphism G¢(T) — G4(T’) induced by T’ — T is always
a group homomorphism)

2. Three S-morphisms m: Gx;G — G,i:G — G and e : S — G, which correspond
to multiplication, inverse and unit of the group.
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In particular, if G happends to be a variety, then we say G is a group variety (over

K).

An abelian variety is a geometrically irreducible and geometrically reduced com-
plete group variety.

Let M, be the set of n by n matrices. Then this is an irreducible affine group variety
over K. The determinant is a morphism det : M, — A} and thus we have affine
open irreducible subvariety GL(n) defined as the complement of the vanishing
locus of the determinant. In particular, SL(n), which is defined by det(a) =1, is
a subvariety of GL(n) that is also an affine group variety.

Here are some facts about group varieties:

1. Every affine group variety is isomorphic to a closed subgroup of GL(n).
2. Let G be irreducible group variety over perfect field K, then there is a smallest
irreducible affine closed subgroup H and abelian variety A so we have exact

sequence
0-H—->G—->A—-0

Thus, to study general group varieties, we have to understant both affine group va-
rieties and abelian varieties. In particular, since the trivial group variety AIO< is the
only complete geometrically irreducible affine variety, no other affine group variety is

ab

elian variety.

Before we can prove the constancy lemma, we note the following remark.

Let X be proper irreducible over K and suppose X — Y is a K-morphism with
Y affine of finite type, then this morphism must be constant. To see this, note
we may assume both X,Y are reduced by passing to their underlying reduced
subscheme. Say Y = SpecA, i.e. X — Y is the same as A — I'(X, 0y ). Now since
X is proper hence complete, I'(X, OY) is finite dimensional K-vector space (to see
this, X reduced means I'(X, 0y ) is reduced finite dimensional K-algebra, but X is
also irreducible, thus it must be a field). Hence the image of A in I'(X, 0 ) must
be a field, say k, then we see X — Y factor through X — Speck — Y as desired.

Let X,Y,Z be varieties such that X is complete and X,Y geometrically irreducible.
If f : X xY — Z is a morphism such that f(X x {y,}) = {2,} for some y, € Y and
20 € Z, then f(X x {y}) is a point forall y €Y.

Proof By base change, we may assume K = K is ACE Let U be open affine around .
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The image
C={yeY:IxeX,f(x,y)e Z\U}

of f7}(Z\U) by the projection X x Y — Y is closed as X is complete. Then
V=Y\C={yeY:VxeX,f(x,y)eU}

is open neighbourhood of y, and, for any y € V, we have X — U, given by x —
f(x,y). Since X is complete and irreducible and U is affine, the morphism has to be
constant for any y € V, with image f (x,, y) choice of a point x, € X (Remark 3.1.4
above). Now note

S={yeY:|fXx{yD=1}= (| yeY:flx,y)=rfC(xy)}

X1,X9€X

is closed in Y. Since it contains the non-empty open subset V of Y and since Y is
irreducible, we conclude S =Y, proving our claim.

Y

Let X,Y be geometrically irreducible variety with at least one K-rational point. We
assume X is complete. A morphism f : X xY — G of a product into a group variety
factorizes as f (x,y) = g(x)h(y), for suitable morphism g : X - Gandh:Y — G.

Proof. We choose y, € Y(K) and define g : X — G by g(x) = f(x, y,). The morphism
F : XxY — G defined by F(x, y)g(x) ' f (x, y) satisfies F(X x{y,}) = {€} wheree € G
is the identity of G. Now Constancy Lemma 3.1.5 shows F(X x {y}) is a point, say
h(y), for every y € Y, and f(x,y) = g(x)h(y). In order to verify h is a K-morphism,
note h = f(x,,)g(x,)~" for any x, € X(K).

¥

Let ¢ : A— G be a morphism of abelian variety A into group variety G. Then the
map

¢:A>G, a— d(@)ple)™

is a homomorphism of group varieties.

Proof. Apply the Constancy lemma 3.1.5 with f : Ax A— G, given by
(6, y) = PP laey)™

and with y,, 2z, the identity of A, G, respectively. We conclude the restriction of f to
A x {y} is a constant map for every y. Since f({e,} x A) = {e;}, we deduce f is
constant, with image the identity of G.

¥
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An abelian variety is commutative.

Proof. By Corollary 3.1.5.2, the inverse map ¢ is a homomorphism of group varieties.
This is equivalent to commutativity.

¥

The affine line A}< is not complete because xy = 1 is closed subvariety of A' x Al
while its projection on the second factor is A'\ {0}, not closed in A} . Now consider
the morphism f : A! x Al — Al given by (x,y) — xy. Then f satisfies the
hypothesis of Lemma 3.1.5. This shows constancy lemma does not hold for non-
complete X.

From now on, we will use additive notation for abelian varieties, i.e. m(x,y) =
x+y,i(x) =—x, and denote the identity by 0. For a € A, we have the translation map
7,(x) = x+a. For n € Z, we denote [n] the endomorphism of A, which is multplication
by n. The kernel of [n] is denoted by A[n], and it forms the torsion subgroups of A.

In the following, we note if X is locally of finite type and geometrically reduced
scheme over K, then X contains an open dense locus of smooth points.

This problem is local on X, thus assume X is quasi-compact with irreducible
components X;. Then Z = | J, +;X; N X; is nowhere dense, and thus we may re-
place X by X\Z. Thus we may assume X is irreducible as X\Z is disjoint union
of irreducible schemes. Since X is irreducible and reduced, its integral (inte-
gral=irreducible+reduced). Let n € X be its generic point. Then the function
field K(X) = x(n) is geometrically reduced over K, hence separable over K. Let
U = SpecA C X be any nonempty affine open so x(n) = A is the fraction field
of A. This implies (recall the following: if S is finite type k-algebra, p € SpecS
and k(p) separable over k, then S is smooth at p over k if and only if S, is regular)
A is smooth at (0) over K. By definition this means some principal localization of
A is smooth over K.

A geometrically reduced group variety is smooth.

Proof. By base change, we may assume K is ACE The set of smooth points of X is open,
and since X is geometrically reduced, the smooth locus is dense (Remark 3.1.7). As
above, we can define left and right translation by a point of the group variety. They
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are automorphisms and so the left translation of U is also smooth. If we vary the left
translations, then we get an open cover of the group variety, proving the claim.

¥

Suppose X is K-scheme, then clearly it is geometrically connected implies X is
connected.

Next, suppose X is of finite type and connected over K. Then we show if X
admits a K-rational point then X is geometrically connected. First, we see if X is
quasi-compact, then X is geometrically connected if and only if X, is connected
for all finite separable extension K’ of K. We will assume this fact.

Now, if K’/K is finite separable, then we see SpecK’ — SpecK is finite flat,
and hence universally closed and universally open at the same time. Thus X, —
Xy =X is open and closed, finite and flat. This means any connected component
of Xy surjects onto connected components of X (say Z is a connected component
of X/, then Z — X, is open and closed, thus Z — X, — X is open and closed,
thus the image of Z is open and closed in X, hence a connected component of X).

To conclude the proof, note we assumed X is connected, thus every connected
component surjects onto X, which means all connected components have the
same K-rational point x : SpecK — X in their image. But the base change of
this rational point xy, : SpecK’ — X along SpecK’ — SpecK is just a single
K’-rational point, thus all the connected components of X, meet at this single
K'-rational point, i.e. Xy, is connected.

For a group variety G over K, the following are equivalent:

1. G is connected
2. G is geometrically connected
3. G is irreducible
4. G is geometrically irreducible

In particular, a connected complete geometrically reduced group variety over K is
abelian variety.

Proof. First, we note K-variety with at least one K-rational point is connected iff its
geometrically connected (Remark 3.1.9). Thus (1) & (2). Every irreducible variety
is connected, so it remains to prove (2) = (4). We may assume K is ACF and G
connected. By Proposition 3.1.8 shows G is smooth and thus its disjoint union of its
irreducible components, i.e. G is irreducible.

¥
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Next, as you would guess, we want to study im(¢) and ker(¢) for ¢ : G - H
a homomorphism of group varieties. It can be shown (e.g. you can find this result
in SGA) im(¢) is a closed subgroup variety of H, but the kernel need more care. To
be exact, it will always be a scheme, but its possible to have non-reduced structure,
e.g. take G = H = G,, and ¢(t) = t2, then ker(¢) = Speck[t]/(t*> — 1), where
k[t]/(t*—1) is not a integral domain. However, since all our main results will only
concern varieties, we will take

ker(¢) := {x € G(K) : ¢ (x) = ey}

which will be a closed subgroup variety of G.

Let ¢ : G — H be a surjective homomorhpism of irreducible group varieties. Then

dim(G) = dim(H) + dim(ker(¢))

This roughly follows from the following: if Y is Noetherian and universally catenary,
f :X — Y surjective morphism of irreducible schemes of finite type, then

dimX = dimY +dim f (n)

where 1) is the generic point of Y. Using this, and note all fibers of ¢ : G — H are
isomorphic to ker(¢ ), we are done.

Let R be Noetherian integral domain, A finitely generated R-algebra, and M a finitely
generated A-module. Then there is s € R\{0} such that the localization M; is free
R,-module.

Let f : X — Y be quasi-compact morphism locally of finite presentation and assume
Y is integral. Let .% be quasi-coherent Oy-module of finite presentation. Then there
is open dense U C Y such that 7|,y is flat over U.

Proof. The question islocal on Y, so we assume Y = SpecA is affine, where A is integral
domain. Since f is quasi-compact, we find open affine fintie cover X = | J,U;. If
we find dense open subsets U of Y as in the theorem for each U; — Y, then their
intersection wil Isatisfy the desired conclusion for f.

Thus we may assume X = Spec B is affine, and then B is A-algebra of finite presenta-
tion, and .% is quasi-coherent &y -module associated with the B-module M = TI'(X,.%#)
of finite presentation. By elimination of Noetherianness, we may assume the situation
arises by base change for A, — A, where A, is a Noetherian subring of A, from an
analogous situation over A,. Over A, the conclusion follows from Lemma 3.1.12, and
since flatness is stable under base change, we are done.

¥
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Let f : X — Y be a morphism of finite type and locally of finite presentation, and
assumeY is integral. Then there is dense open U C 'Y such that f |;-yy: f 7' (U) = U
is flat.

Let ¢ : G — H be surjective homomorphism of irreducible group varieties. Then ¢
is flat. Moreover, if dim(G) = dim(H), then ¢ is finite and |ker(¢)| is equal the
separable degree of the field extension K(G) over K(H).

Proof. By generic flatness (Corollary 3.1.13.1), there is open dense subset U of G such
that ¢ | is flat. Of course, any translate of U is as good as U. Assuming for a moment
K is ACE we may cover G by translates of U. This proves flatness of ¢. If K is not ACE
we base change to K, and since flat satisfies fppf descent (actually fpqc descent), see
Stack Project, Tag 02YJ, we see ¢ is flat over K iff ¢ is flat.

Next, assume dim(G) = dim(H), then there is an open dense subset U’ of H such
that ¢ induces a fintie map U := ¢~ }(U’) — U’ whose fibers have cardinality equal
the separable degree of K(G) over K(H). Also, this cardinality equals |ker(¢)|. Again,
we assume K is ACF to cover G by translates of U proving finiteness of ¢ overall, and
if K is not ACE we can prove this by a base change as we have fppf descent.

¥

A rational curve is a curve birational to ]P’Il<. A variety is rationally connected if any
two points in X (K) may be connected by a rational curve over K. It follows from Con-
stancy Lemma 3.1.5 that abelian varieties do not contain rational curves. In particular,
a morphism X — A into abelian variety contracts the rational curves of X to points. It
follows that any morphism of a rationally connected variety, such as P", into abelian
variety is constant.

Any morphism f : ]P’Il< — G of the projective line into a group variety is constant.

Proof. Let (x, : x;) be homogeneous coordinates on le<' The map P! x A! — P! given
by ((x : x1),¥) = (xo : (x;+x,y)) is a morphism. Now let f : P! — G be a morphism,
we apply Corollary 3.1.5.1 to the composition

Pl x Al 5Pt s G

and see f os factors as f(s(x,y)) = g(x)h(y) for two suitable morphisms g : P — G
and h: A! — G.

We set y = 0 and note s(x,0) = x, i.e. g(x)= f(x)h(0)~!. Thus
f(s(x,y)) = f(x)h(0)'h(y)

46



Next set x = 00, we see s(00, y) = oo and hence
f(00) = f(0)h(0)"h(y)

This shows h(y) = h(0), i.e. h is a constant map and f (s(x, y)) = f(x). Finally, take
x =0wesees(0,y)=y andso f(y)=f(0).

2

Let U C IP’II< be open and A be an abelian variety. Then f : U — A s constant for any

f.

Proof. By valuative criterion of properness f extends to a morphism P! — A.

¥

Let ¢ : X ——» G be rational map of smooth X into group variety G and U,,,, the
domain of ¢. Then every irreducible component of X \U,,., is of codimension 1.

A ratinoal map from a smooth variety to an abelian variety is a morphism.

Proof. Let ¢ : X -—» A be a rational map with domain U,,,. By valuative criterion of
properness, X \U,,,, has codimension at least 2. But then we see U,,,, = X by Theorem
3.1.16.

¥

Our next goal is to prove the differential of multiplication on a group variety is
given by addition.

Let m : G x G — G be multiplication of a smooth group variety G. Then the differ-
ential of m at € is the map T; . ® T; . — T . given by addition of tangent vectors.

Proof. In general we have Ty, x: () = Tx ® Tx: . Thus Ty ey = Tg ® Tg . For
0 € T; ., we have
dm(2,0)=dmodi(3)
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where ¢ : G — G x G is given by g — (g,€). Since dmodt = d(m o), we conclude
dm(d,0) = 0. In the same say, we prove dm(0,d) = . By linearity of dm, this gives
the claim.

¥

Let G be smooth group variety and for n € Z, let [n] : G — G be the map x — x".
Then the differential of [n] at € is the endomorphism of T . given by multiplying
tangent vectors with n.

Let G be an irreducible smooth group variety. Then the tangent bundle T; on G is a
trivial vector bundle of rank equal dim(G).

Proof. Let 9. € T;.. By translation, we extend J, to a vector field d on G. More
precisely, let 7,(y) := yx be right translation on G and d,.(f) = d.(f o 7,) for any
x € G and f € 0 ,. Standard arguments for derivatives show 0 is a vector field on
G. Clearly, linearly independent tangent vectors in € extends to vector fields, which
are linearly independent in every fiber.

¥

3.2 Review: Curves and Surfaces

A curve over a field K is a pure dimensional K-variety of dimension 1.

Note any curve K is birational to a regular projective curve over K. To see this,
note a disjoint union of projective curves is projective. Hence we may assume C is
irreducible. Now passing to open affine then to projective closure, we may assume
C is projective. The normalization 7 : C’ — C is a birational fintie morphism. In
particular, C’ will still be projective, and since normal curve is regular, we are done.

Now, if K is perfect, then a regular curve is smooth. This does not necessarily
hold for non-perfect fields. Thus for any curve C over K, Cy is birational to a smooth
projective curve over K.

We use % to denote the canonical line bundle, which is the dual of the tangent
bundle.

Let C be a geometrically irreducible smooth projective curve over K. We define
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the genus of C to be
g(C)=dimTI'(C,Kc)

In other words, g(C) is the dimension of the globally defined 1-forms on C. For exam-
ple, if C is smooth plane curve of degree d (i.e. C = V(f (x,, X1, X5)) of some suitable
polynomial of degree d), then the genus formula

§(C) =S (d—1)d~2)

holds.

We see the degree of a zero-dimensional cycle does not depend on its rational
equivalence class, thus we see deg(.¥) is well-defined.

Let £ be a line bundle on the geometrically irreducible smooth projective curve C
over K, then

dimI'(C,.#)—dimT(C, #; ® £ ') =deg(¥)+1—g(C)

As an application of this, by setting .Z = %, we see deg(.#;) = 2g(C)—2. Using
cohomology, we can reformulate the Riemann-Roch theorem by

x(Z) =deg(£)+1—-¢(C)

where y (%) = H°(C, ¥)—H'(C,.?) is the Euler characteristic of .Z. To see this, just
note by Serre duality, H'(C, %) is the dual space of H(C,Q. ® £ ).

Let C be a smooth geometrically irreducible projective curve over K and .Z a line
bundle on C. Then . is ample if and only if deg(.¥) > 0. If deg(.¥) > 2g(C)+1,
then .Z is very ample.

3.3 Elliptic Curves

By Proposition 3.1.18, the cotangent bundle of an abelian variety over K is trivial.
Thus an abelian variety of dimension 1 has genus 1, i.e. is an elliptic curve. In this
section, we prove the converse, i.e. elliptic curve has a group structure and is an
abelian variety.

An elliptic curve over K is a geometrically irreducible smooth projective curve E
of genus g(E) = 1, equipped with a rational point P, € E(K).
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Note geometrically irreducible is the same as irreducible for us, since we have at
least one K-rational point. Let E be elliptic curve over K and D be a divisor on Ez of
degree deg(D) > 0. The space of global sections I'(Ez, ¢(D)) may be realized as the
subspace e

Z(D) :={f €K(Eg)" : +(f) = —D}u {0}

in E(EE), using the homomorphism s — s/s;,. By Riemann-Roch, we see
dimgy(D) = deg(D) (Eq. 3.3.1)

hence the corresponding linear system |Dz| has dimension deg(D) — 1. It follows that
two distinct points (viewed as Weil divisors) on E are rationally equivalent over K.

Let us fix a base point P, € E(K). For two point P;,P, € E(K), let D := [P,;]+
[P,]—[P,]. Thus deg(D) =1 and .Z(D) is one-dimensional, generated by a function
f, unique up to multiplication by a scalar. By construction, if P, ¢ {P;,P,}, then
f has pole divisor [P;] + [P,] and vanishes at P, and at exactly one other point P,
(this one extra point is because dim(.#(D)) = 1), which is the unique point rationally
equivalent to [P;]+[P,] —[P,]. This make sense even if P, or P, equals P,. Thus we
get a well-defined composition law on E by (P, P,) — P, + P, := P,.

We should distinguish carefully between addition of points P;, P, on E and of the
corresponding divisors [P, ], [P,]. Remembering that Pic’(Ez) is the group of rational
equivalence classes of divisors of degree 0, we get an additive map

E — Pic’(Eg), P — [P]—[P,]

By Eq. 3.3.1 this map is bijective. We will later give more geometric interpretation of
the addition rule.

If the group structure on an elliptic curve E over K with base point P, is given by
bijective map
E — Pic°(Ez), P — [P]—[P,]

then E is an abelian variety defined over K.

We will prove this result throughout the section, as we gain more understanding of
elliptic curves.

Now let us first give a classical argument showing E has a model given by a smooth
cubic curve. Let us realize I'(E, 0(D)) via

Z(D)={f €K(E)" : =(f) = —D} U {0}

for any divisor D on E. If deg(D) > 0, then by Riemann-Rock, .Z (D) has dimension
deg(D). We have an ascending chain of K-vector spaces

Z([P]) € Z(2[P]) € ... € Z(6[Py])

and the jth member has dimension j.
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Clearly 1 is a basis of -Z([P,]). Since P, is defined over K, there are x,y € K(E)
such that 1, x is a basis of £ (2[ P,]) and 1, x, y is a basis of -Z(3[P,]). By looking at the
order of pole at P,, its clear 1, x, y, x* is a basis of #(4[P,]) and 1, x, y, x?, x y is a basis
of Z(5[P,]). Moreover, x3, y? € £(6[P,]). This gives 7 elements 1, x, y, x, xy, x>, y>
spanning .Z(6[P,]), where dim .Z(6[P,]) = 6. Thus there must be ¢; € K so

Co+cCix+cyy +c3x2 +cuxy +c5x3 +c6y2 =0

By the above, ¢ and ¢4 are different from 0, so that we may normalize c; = —1. If we
divide by ¢} and replace x by x/cs and y by y/cZ, we get a relation of the form

Y2+ ayxy +azy = x> +a,x* +a,x +ag (Eq. 3.3.2)

with a; € K. Since deg(3[P,]) =3 = 2g(E)+1, the divisor 3[P,] is very ample. Hence
the basis of .Z(3[P,]) corresponding to 1, x, y induces a closed embedding of E into
IP’f(. We know by Eq. 3.3.2 that the image of E is contained in the projective curve
with Weierstrass equation

XoXa + @y XoX1 Xy + AzX2Xs = X3 + AyXoX3 + ayx3x; + deXy
in the homogeneous coordinates (x, : x; : x,) of P%.

It is easy to prove the curve defined above is geometrically irreducible, hence it
gives a projective model of E as a smooth plane cubic curve. Note also that the ratinoal
functions x = x;/x, and y = x,/x, are nothing else than the two functions x, y
defined before, hence the affine form Eq. 3.3.2 of the Weierstrass equation describes
the affine curve E N {x, # 0}. The only point of E outside this part is the point (0: 0 :
1) € P2, corresponding to P, € E. It is easily seen that, in this model, P, is an inflexion
point of E.

If char(K) # 2, then replacing y by %( y—a,x—as) leads to a Weierstrass equation
with a; =a; =0, i.e. we get

yz = 4_)(3 -+ b2x2 arF 2b4x + b6
where
b=t day, bym2a b b=+ do

Then the Jacobi criterion shows a Weierstrass equation describes a smooth curve
Cin ]P’Iz< if and only if the discriminant of the cubic polynomial x®+a,x?+a,x +ag
is not zero. By the genus formula

8(C) = {deg(C)— 1)(deg(C)—2)

this is an elliptic curve. If in addition char(K) # 3, then a further linear transfor-

mation (x, y) — (x;?ébz, =55) leads to the Weierstrass short form

¥ =x>—27c,x — 54cq
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where
¢y = b2—24b,, cs=—b]+36b,b,—216b,

Now let us go back to any characteristic. We will describe a more explicit group
structure on the abelian group E, beginning by proving the inverse operation is a
morphism.

Consider the rational equivalence relation
[Py]+[Py]+[P;] ~ 3[Py] (Eq. 3.3.3)

on Ez. This relation is equivalent to the geometric statement that the points P;, P,, Ps
are the three intersection points, counted with multiplicity, of a straight line with E.
We verify this as follows. The lines in IF’I% are just the divisors of the global sections of
Op2(1) and, by construction, the restriction of this line bundle to E is isomorphic to
ﬁ(%[PO]). First, we assume [P, ]+[P,]+[P;] ~ 3[P,], then there is s’ € ['(Ex, O(3[P,]))
with +(s’) = [P,]+ [P,] + [P;]. By construction of the embedding E — IP’IZ?, there is
s € F(IF’I%, Op2(1y) With s = s|;. Then the line £ = +(s) is the line through the three
points P;. Ingeed, by definition of proper intersection product, we have

€-E==+(slg) = +(s) = [P, ]+ [P,] +[Ps]
The converse is proved the same way by reversing the previous argument.

The zero element of E is P, = (0: 0 : 1). The inverse P, := —P, of a point P, € E is
characterized by the rational equivalence [P; ]+ [P, ] ~ 2[P,], which can be rewritten
as the special case

[P0]+[P1]+[P2] "‘3[P0:|

of Eq. 3.3.3. It follows P,, P,, P, are on a straight line and in fact, noting P, = (0: 0: 1),
we see that, if P; # P, then P, is the residual finite intersection of E with the vertical
line in (x, y)-plane going through P;. If (x;, y;) are the affine coordinates of P,, then,
using Eq. 3.3.2, the affine coordinates (x,, y,) of P, are given by

Xo=Xq, Yo=—01Xq7 —d3— )1

Thus the inverse map is an automorphism of the affine part of E defined over K. On
the other hand, a rational map of a smooth projective curve is always a morphism. We
conclude the above restriction extends to an automorphism of E. This requires O map
to 0, hence the inverse map is a morphism on E defined over K.

Now we study the addition on the elliptic curve a bit closer. By the above, it is
enough to construct
Py =—(P, +P,)

The point P, is characterized by the rational equivalence Eq. 3.3.3. As we have seen
above, P; is the third intersection point of the line ¢ through P, and P, with E, taking
this line to be the tangent line to E at P, if P, = P,.

If P, # P, and P, ¢ {P,,—P,}, then the third intersection point of the line through
P,, P, with E is contained in the (x, y)-plane. Let y = ax + b be the equation for this
line. We eliminate y in Eq. 3.3.2 obtaining a cubic equation for x, with two known
solutions x;, x,. This equation has the form

x®—(a*+a,a—a,)x*+ lower degree terms = 0
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The third solution x, is determined by the trace x; + x, + x; = a®> + a;a — a,. Since
P,+P, = —P;, applying the inverse as above, we conclude the following result.

Let E be the elliptic curve in normal form
2 _ _ .3 2
Y =a1 Xy +azy =x"+a,x" +aux +dag

Then the origin O of the group E is the unique point at infinity and the group law +
is defined as follows. Let P; = (x1,Y;), P, = (x5, y,) be two finite points on E and

set
Yo Y g
a= {xi—xi Ifxl #XZ

3x%+2a2x1 +as—a;y;

e otherwise

b=y, —ax,
Then:
1. The inverse of P; is given by —P; = (x;,—a;X; —as — Y1)

2. If xo=x; and y, =—a;x;, —as —y;, then P, + P, =0
3. Otherwise, we have

P,+P,=(a*+a,a—a,—x,—x,,—(a+a;)(a*+a,a—a,—x,—x,)—as—b)

The addition law can be seen visually as the following:

P+Q

2
|
Q+R
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The addition law shows that addition is a rational map. In order to finish proof
of Proposition 3.3.2, it remains to show + is a morphism. To show rational map
extends to a morphism, it suffices to prove that over K. In a first step, we show
translation 7, by Q € E is a morphism. We may assume Q # O. By the formulae in
Proposition 3.3.4, 7, is a rational map which restricts to a morphism E\{0,Q,—Q} —
E\{Q,0,Q + Q}. Since every rational map between projective smooth curves extends
to a morphism (valuative criterion), we get a morphism T& E — E which agrees with
7o on E\{0,Q,—Q}. It remains to prove T, = ’L'Q For R € E, we see T, 0 T, = TQ+R
In particular, every 7/, is an isomorphism with inverse ’L'_ Thus T maps {O Q,—Q}

onto {Q,Q+Q,0}. ForanyR ¢ {0,Q,—Q,Q+Q,—Q —Q} we have
Q) = Ty p(Q) = TH(TH(Q) = TH(Q+R) = Q+Q+R

This excludes Té(Q) = Q immediately. On the other hand, we know 73,(0) € {O,R,R+
R}, hence ’L'/Q(Q) = O is only possible if Q + Q = O. This proves

T&(Q) =Q+Q= TQ(Q)

The equation
To(—Q) =0 =14(—Q)
is proved in a similar fashion. Thus, using that Téz is a bijection, we conclude T&(O) =
Q = 74(0). We have handled all exceptions, thereby proving 7, = Té.
Next we show addition is a morphism. The formulae in Proposition 3.3.4 show
that addition is a rational map m, which is a morphism outside

Z:={(PP):P€E}U{(B—P):P€E}U(Ex{0})U({O} xE)

For (P.Q) € Z, there are R,S € E such that (P +R,Q + S) ¢ Z. Since translations are
morphisms, we see
T_pqomo(Tg X Tg)

is a morphism in a neighbourhood of (P, Q) and agrees with + everywhere. This proves
+ is a morphism.

Complex analytically, an elliptic curve is biholomorphic to C/A where A is a lattice
in C. In dimension 1 the converse is true, i.e. every one-dimensional complex
torus is biholomorphic to an abelian variety. The description of the elliptic curve
determined by C/A is done quite explicitly by means of Weierstrass p-function
associated to the lattice A, namely

1
p(z)=—= +w;\{o}((z_w)2 &)

It is A-periodic meromorphic function on C with double periods at lattice points.
In particular it satisfies the first-order differential equation

0'(2)’ =4p(2)° — g20(2) — &3
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where 1 .
g =60 > — & =140 > =

weA\{0} weA\{0}

The map z — (p(2), p’(2)) is biholomorphic from C/A onto the elliptic curve with
affine Weierstrass equation y? = 4x> — g,x — g5.

3.4 The Picard Variety

Elliptic curves are the only standard explicit examples of abelian varieties. This is
because higher-dimensional abelian varieties can be defined only by means of a very
large number of equations, and little can be understood by just looking at the equa-
tions.

For example, in Flynn’s paper “The Jacobian and Formal Group of a Curve of Genus
2 over an Arbitrary Ground Field”, they wrote down a set of defining equations for a
2 dimensional abelian variety, which contains 72 equations, and they look like

Ao = 10y — A fo — a5 fa +4a4a13fofs + asarofifs +8a4a10f1 fo + azaro (4f2fs—
fsfs) +8asary fofs + 2a13a15 fof1f5 + aroass (4f0f2f6 + 2fofafs + 3f12f6) +
4ay,a15f0f1f6 +2a10013 (fofsz + 3f1f3f6) +8ay1a3fof3fet

afo (4f1f5f6 +4fofaf6 _fzf52 _fngs) + dq0a1; (4f0f5f6 + 4f1faf6 _f1f52)

+ aflfo (4f4f6 _f52)

The above is just one equation.

However, abelian varieties are ubiquitous in algebraic geometry and they occur
most naturally through the Picard variety, which we will study here.

Let us fix a ground field K and algebraic closure K.

If ¢ : X — Y is a morphism of varieties over K and y € Y, then the fiber of ¢ over
¥ is denoted by X . The pullback of .# € Pic(X) to the fiber X, is denoted .Z . Its an
element of Pic(X, ). Note X, and ., are only defined over k(). Often we identify X
with X, using the map x — (x, y), which is only defined over k(y).

In the following, we consider . € Pic(X x Y) and the fibers with respect to the
projections p;, p, onto the factors. For x € X,y € Y, we have

gy = "%'Xx{y}e PiC(XK(y)), gx = gl{x}xYe PIC(YK(X))

Let X be a geometrically irreducible smooth complete variety over K and Y an irre-
ducible smooth variety over K. Let £ € Pic(X x Y') and suppose there is dense open
UCYsoZ,=0foraly€U. Then £ is equal to the pullback of an element of

Pic(Y) by p,.

S



This result holds even without the smoothness assumption. We often use this prin-
ciple in the following form.

Let X,Y be smooth varieties over K and assume Y is irreducible and that X is com-
plete and geometrically irreducible. Let £ € Pic(X x Y) with £, = 0 for all y in
an open dense subset of Y and with £, = 0 for all x € X(K). Then . = 0.

Proof. By Theorem 3.4.1, we have . = p;.Z’ for some .’ € Pic(Y). Now consider
the closed embedding ¢, : Y - X x Y, y — (x, y). Since p, o, is the identity map on
Y, we see

L' =p ' =%,=0

Since this holds for all x, we are done.

¥

Let A be abelian variety over K, p; the ith projection A x A onto A, and m be addition
as usual. The following are equivalent for £ € Pic(A):

1. m"(&)=p; L +p;Z
2. 1(ZL)=ZL forallaeA

If (1) or (2) holds, then [—1](¥) =—-%.

Proof. The equivalence is a consequence of
(m*(ZL) —p1(£L) — p5(L)laxiy= T,(L) =&

and the seesaw principle from Corollary 3.4.1.1. If we pullback equation in (1) by the
morphism
A—>AxA a—(a,—a)

then we get [-1](¥)=—-Z.

¥

There is a subfamily & of Pic®(X), parametrized by an irreducible smooth complete
variety B, with the following universal property. For any subfamily £ of Pic®(X),
parametrized by an irreducible variety T, there is a unique morphism ¢ : T — B
with (Idy x¢)* (L) = Z.
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The variety B is called the Picard variety of X and &7 is called the Poincaré class.
If (B, £?’) is another such pair, then we have ¢ : B° — B and ¢’ : B — B’ such that
¢ o ¢’ = Idy by uniqueness, and similarly ¢’ o ¢ = Idg. In other words, (B, &) is
uniquely determined.

The proof of this result is beyond the scope of this note, but it follows from the
existence of Picard scheme.

We will denote the Picard variety of X by Pic®(X), and will show the F-rational
point of Picard variety may be identified with Pic’°(X;) for any extension F /K. From
this, we see byu taking X = E for some elliptic curve over non-algebraically closed
field, it is easy to choose a divisor of degree 0 which is not invariant under Gal(K /K),
and hence not defined over K. This shows Pic’(X) has more points than Pic’(X).

Let F /K be field extension, then:

1. By base change, we have Pic(X) C Pic(X)

2. Pic®(X;) = Pic®(X)y and its Poincaré class is obtained from & by base
change to F

3. Pic®(X)(F) = Pic®(X;) by identifying b with &,

By the seesaw principle as in Corollary 3.4.1.1 and Corollary 3.4.2.1, the Poincaré
class & is uniquely characterized by the conditions:

1. #, = £ for any .Z € Pic°(X), i.e. the fiber of & at any degree O line
bundle is just that line bundle itself
2. Pp =0

Note that, in the situation of Theorem 3.4.2, the morphism ¢ is given by
P(t)=Z =Py

This is clear by restriction of (Idy x¢)*(Z?) = £ to the fiber X x {t} and then using
the rule (f o g)* = g* o f* to show that

Z, = (ldy x¢) (P xxin(Idx xP(£))'(F) = Py = ¢ (1)

Together with its canonical group structure induced by tensor product of line bundles,
Pic’(X) is an abelian variety over K.

Proof Its enough to show B = Pic’(X) is a group variety, then use the fact B is smooth
and Proposition 3.1.10. Let p,,p, be the projections of X x B x B — X x B. For
£ =pi P +p,Z and &/, % € B, the restriction of £ to the fiber X x {7} x {#} is
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equal &7 + . In order to see this, note the restriction of p; % is equal the restriction
of # to X x {&/} and then use Remark 3.4.3, we obtain

()= P,z = La,zy =Y +PB
and so addition is a morphism. Let ¢ : B — B be the unique morphism with
(Idy x)"(P)=—2

We get similarly

so the inverse is also a morphism.

¥

We summarize our results as follows.

Let X be an irreducible smooth complete variety over K and P, € X(K) a base point
of X. Then the group Pic’(Xz) has a unique structure as an abelian variety over K,
called the Picard variety and denoted by Pic®(X), with the properties:

1. Thereis & € Pic(X x Pic’(X)) such that P, = P for B € Pic’(X) and P,
is trivial

2. For any subfamily . of Pic’(X) parametrized by an irreducible variety T over
K, the set-theoretic map

T — Pic’(X), t— %

is actually a morphism over K.

The uniquely determined class &7 is called the Poincaré class.

Now given ¢ : X — X’ a pointed morphism between complete smooth variety over
K with base point P, € X(K) and P, € X'(K) respectively (i.e. we require ¢(P,) = P;).
Then the map
$ : Pic°(X') - Pic(X), &' — ¢*&

is called the dual map of ¢, which is a homomorphism of abelian varieties.

In the complex analytic situation, take X be irreducible proper smooth complex
variety viewed as a compact connected complex manifold. View the transition
functions (g, 4) for a line bundle . on X as a Cech cocycle valued in Oy, we see
Pic(X) =H'(X, 0% ). Now consider the exponential map short exact sequence

O—>ZX—>ﬁXﬂ>ﬁ;—>0
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Now take cohomology long sequence, we get

Z Iécx
H'(X,Z) — H'(X,0x) — H'(X, 0}) = Pic(X)

L
-

H*(X,Z) — ...

where c; gives the first Chern class of line bundles. A line bundle is equivalent to
0 if and only if .Z has (first) Chern class 0. If we use canonical isomorphism

H'(X, 0y) 2 H*'(X)

from Dolbeault complex, we conclude the Picard variety is biholomorphic to the
complex torus H*'(X)/H'(X,Z).

3.5 The Theorem of Square

In the above, we defined the Picard variety Pic®(X) of irreducible smooth complete
variety X with K-rational base point. In this section, we assume X is abelian variety
over K and the base point is the origin.

Let A be smooth complete abelian variety, then Pic®(A) is called the dual abelian
variety of A and denoted by A.

The theorem of square says for any %" € Pic(A), the point ¢ »(a) := 7(L)— L is
in A and additive in a € A. Over C, its clear that the translated T (Z) is algebraically
equivalent to . using a path from O to a for the deformation. In the special case of
an elliptic curve E with origin P, and divisor D we have

Tp(D) ~ D —[P]+[P]

and the theorem of the square is evident from [P]—[P,] algebraically equivalent to O
and [P+ Q] ~[P]+[Q]—[P,].

As a consequence of the theorem of the square, we will prove that an abelian
variety is always projective. If .Z is ample, we will see ¢  is surjective and has finite
kernel, thus A has the same dimension as A.
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Let £ € Pic(A) and a € A. Then ¢ 4(a) := 7(L)— 2L € Pic’(A)(x(a)) and
¢ o : A— Pic’(A) is a homomorphism of abelian varieties over K.

Proof. Let p; be the ith projection of A x A onto A and consider
L' =m' (L)~ pi(L) - pi(L)
on A x A. We already remarked in the proof of Corollary 3.4.1.2 that
leAx{a}z TZ(X) —

for a € A. Thus ¢ 4(a) € PicO(AK(a)) = Pic’(A)(x(a)) by the definition of algebraic
equivalence and Corollary 3.4.2.1. Since .Z"|p;xa= 0, £’ is a subfamily of Pic’(A)
parametrized by A. Theorem 3.4.5 shows ¢ ., is a morphism of varieties defined over

K. Since ¢ (0) is trivial, the map is a homomorphism of abelian varieties (Corollary
3.1.5.2).

¥

For a,b € A, we have

T (D) + L =1(L)+1,(L)

Proof. Apply Theorem 3.5.2, then subtract 2.# on both side.

¥

Let # € Pic(A) such that ¢, = 0. Then for any ample ¥ € Pic(A), there is some
a € Awith
B=1(L)-Z

The kernel of ¢, gives much information about .. If . is ample, then the
kernel is finite. We will prove a partial converse of this statement, which we will
use later. On the other hand, ker(¢ ) = A if .# € Pic°(A). These statements
about kernel will be proved next.

We first recall the following result. Let X be qcqs scheme, the following are equiv-
alent:
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X is quasi-affine

There is line bundle . such that . and . ! are ample

Every quasi-coherent 0y-module is generated by its global sections

The canonical morphism X — Spec(I'(X, O )) is quasi-compact open schemat-
ically dominant immersion.

ERE

Now, we claim if X proper variety over k, . ample line bundle with . =
Oy, then X is affine. To see this, by assumption and the result above we see
X — SpecI'(X, Oy) is open immersion. Now X is also proper, which means X —
SpecT'(X, O) is closed. Thus X must be affine as desired. In particular, note X
proper and affine means X is finite.

A class £ € Pic(A) is ample if and only if ker(¢ o) is finite and H°(A, ™) # O for
some n > 0.

Proof. Assume .Z is ample. Let B be the connected component of the closed subgroup
ker(¢ o) containing 0. For b € B we have

L =2
and hence
[_1]*($|3) = —$|B
by Corollary 3.4.1.2. Since
OB = $|B+[_1]*($|B)

is ample, B has to be the trivial abelian subvariety {0} (using the fact A is complete
and then Fact 3.5.6). Thus ker(¢ ) is finite. Choose n so large that .#" is very ample,
which gives H°(A, #") # 0.

In the other direction, we may assume H°(A,.¥) # 0, i.e. there is an effective
divisor D so (D) = .%. Thus Lemma 3.5.8 shows .Z is ample.

¥

Let D be effective divisor on A and suppose the subgroup {a € A : (D) = D} is
finite. Then D is ample on A.

Proof. Note D is ample iff D¢ is ample over Az. Thus we assume K is ACE The proof
then proceeds by proving first the linear system |2D| is base-point free and define a
morphism ¢ of A into some projective space. Then we show ¢ is finite morphism and
the conclusion comes by pullback. The details are as follows.

Let a, b € A. If b is in the support of the effective divisor

E,:=71.(D)+7*,(D)
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then a + b or b —a is in the support of D. For any given b € A we can always find
a¢(D—b)u(b—D),i.e. b¢ supp(E,). Then by the theorem of the square 3.5.3 the
effective divisor E, is an element of |2D|. Thus the linear system |2D| is base-point
free and thus defines a morphism ¢ : A — Pg.

The morphism ¢ is proper. Let F be an irreducible component of any fiber. All
elements of |2D| are pullbacks of hyperplanes by the definition of ¢. Now for any
a € A either F is contained in the support of E, or F N supp(E,) = @, hence we can
find a € A so F and the support of E, are disjoint, i.e. a ¢ supp(D)—F. Let Z be an
irreducible component of D, then Z —F is irreducible closed subset of A not containing
a. We conclude Z —F is of codimension 1. Now note for any b € F, we have

= =21

whence it follows Z is invariant by translation in F —F. Therefore, the same is true for
D instead of Z. By assumption, this is only possible for dim(F) = 0 and we conclude ¢
has finite fiber. Thus, since ¢ is proper, it must also be finite (finite fiber=quasi-fintie,
proper+quasi-finite means finite). Now recall pullback of ample by finite morphism is
ample, we see 2D is ample.

¥

An abelian variety is projective.

Proof. Let U be affine open subset of A containing 0. We may assume dim(A) > 1. Let
Zy,...,Z, be irreducible components of A\U. Enlarging them, we may assume Z, ..., Z,
are prime divisors. In order to see this note the complement of a divisor in an affine
smooth variety is smooth. Setting

D=>7

the subgroup B = {a € A: 7}(D) = D} is closed and for b € B, U+ b = B. Since 0 € U,
we have
BCU

As a complete variety, B must be finite. Lemma 3.5.8 shows D is ample, hence A is
projective.

>

For A € Pic(A), the following are equivalent:

1. & € Pic°(A)
2. ker(¢p4)=A
3. For every ample £ € Pic(A), thereisa €Aso B =1 (L)—L
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I 4. There is ample £ € Pic(A), such that # = v(L) — & for some a €A

Proof. (1) = (2): By Corollary 3.4.2.1, we may assume K is ACE Let
¢ : A— Pic’(A) — Pic’(A)

be the map given by (a, #) — 7!%. We will prove below this is a morphism. For
T = A x Pic°(A), consider

& = (m x Idp;o4)) () € Pic(Ax T)

where m denotes the addition morphism as usual. Note the restriction of m x Idp;o 4
to Ax {a} x {#} is given by 7, x {#}, by identifying A x {a} x {#} with A. By Remark
3.4.3 and the rule (f o g)* = g" o f* we get

$|Ax{a}x{@}= T B

and similarly
=z |{0}><T= P

Let us denote by p, the projection of Ax T onto T. The subfamily .#’—p; % of Pic’(A)
parametrized by T induces a morphism T — Pic°(A), which is equal to ¢ (Theorem
3.4.5). Since ¢(A x {0}) = 0, the constancy lemma 3.1.5 shows 7’ (#) = # for all
a € A, which proves the claim.

(2) = (3): This is Theorem 3.5.4.

Clearly (3) = (4) as the existence of an ample class is by Corollary 3.5.8.1.

(4) = (1): Theorem 3.5.2.

¥

The Picard variety Pic(A) is called the dual abelian variety of A and will be
denoted by A.

The dual abelian variety of A has the same dimension as A.

Proof There is an ample . € Pic(A), and thus ¢ o, : A — A is surjective and finite.
Thus they have the same dimension.

¥
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3.6 Theorem of the Cube

Theorem of the Cube roughly says the pullback of a fixed line bundle on abelian variety
is a quadratic function in the morphism.

Let M be an abelian group with an involution %, i.e. a linear map
M-—>M, x—Xx*

with (x*)* = x for all x € M. Then an element x € M is called even if x* = x and
odd if x* = —x.

Even and odd elements both form a subgroup of M, and their intersection is the
2-torsion points of M. For x € M, we are looking for a decomposition x = x, + x_
into even x, and odd x_. Note such decomposition is determined up to 2-torsions.

Let x € M. Then 2x has a decomposition into even and odd parts. If the subgroup
of odd elements is divisible by 2 (recall p-divisible means pM = M), then x has also
such decomposition.

Proof. Just note 2x = (x +x*) + (x —x*) is such a decomposition. Next, divisibility by
2 means we can find odd z such that 2z = x — x* because x — x* is odd. Now we set
X, =x —z and x_ = z, then observe

L ==t = e
=(x—22)+2
=x—z=(x;)

This concludes the proof.

¥

Let A be abelian variety over K and consider . — [—1]*.Z on the abelian group
Pic(A). Hence a line bundle is even if [-1]*.¥ = ¥ and odd if [-1]*.¥ = ¥~}

On every abelian variety, there is an even vary ample line bundle.

Proof. By Corollary 3.5.8.1, there is a very ample . € Pic(A). Then . +[—-1]*.Z is
even and very ample (since . and [—1]*.Z are both very ample).
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¥

Now let ¢ : M — N be a set-theoretic map of abelian groups. If the function
b:MxM—>N

(x,y)—qlx+y)—q(x)—q(y)

is bilinear, then q is called a quadratic function with associated bilinear form
b.

Obviously, b is symmetric.

A quadratic form is a quadratic function which is homogeneous of degree 2 with
respect to multiplication by integers, i.e. q(kx) = k?q(x) for all k € Z.

The quadratic functions forms an abelian group, and on this group we have an
involution given by q*(x) := g(—x). To see this is an involution on the group of
quadratic functions, just note (q*)*(x) = g*(—x) = q(x).

By the proof of Lemma 3.6.2, we have a canonical decomposition of 2q into an
even quadratic function O and odd L, given by

Q(x) =q(x) +q(=x), L(x)=q(x)—q(—x)

Let g be a quadratic function with decomposition Q, L as above. Then Q is called
the associated quadratic form of q and L is called the associated linear form.

Note q(0) = 0 and thus b(x,—x) = —Q(x). We get Q(x) = b(x, x) as b is bilinear, and
thus Q(x) is inded homogeneous of degree 2. An easy computation shows L is linear.

Let ¢ : M — N be quadratic function and n € Z, then

24+n n®>—n

q(x)+ 5

q(nx) == q(—x)

Proof. We proceed on induction on |n|. If |n|]= 1 then q(x) = g(x) + 0q(—x) and
q(—x) = 0g(x) + g(—x). Suppose our claim holds for values < n. Let b be the associ-
ated bilinear form, then

0= b(nx,x)+ b(nx,—x)
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and expand we get
0 =g(nx + x) —q(nx) —q(x) + g(nx — x) — q(nx) —q(—x)
=q((n+1)x) —2q(nx) + q((n —1)x) — q(x) —q(—x)
and so
q((n+1)x) = 2q(nx) —q((n—1)x) + q(x) + q(—x)
=(n*+n+1)q(x)+(n*—n+1)q(—x)

n>—n (x)_n2—3x+2
5 4 2

n?+3n+1 n?+n
= TQ(X) + 2 q(—x)

2_
. (x)+(n+1)2(n+1)q

q(—x)

_ (n+1)2+(n+1)q

(—x)

¥

A quadratic function is even /odd iff its homogeneous of degree 2 /1.

Let M = (Z/27Z)* and N = Z/2Z. Consider q : M — N given by q(x) = 0 iff
x = 0. Then q is odd quadratic function which is not linear.
Now let I € {1,...,k} where k € Z_, then we define

S, MK =M, S;(xq,...,x) = in
i€l

with the special case of Sy(x) = 0.

Let g : M — N be a set-theoretic function and b(x,y) = q(x + y)—q(x)—q(y).
Then a direct computation shows

qlx+y+2z)—qlx+2)—qlx+y)—q(y +2) +q(x) +q(y) + q(z)
=q(x+y+2z)—b(x,y)—qlx+2)—q(y +2) +q(z) +q(x) —q(x)
=q(x+y+2)—b(x,y)—b(x,2)—q(y +2)—q(x)

=b(x,y +2)—b(x,y)—b(x,2)

Thus, we see if b(x, y) is bilinear then
qix+y+2)—qlx+2)—qx+y)—q(y +2)+q(x) +q(y) +q(z) =0
as b(x,y +2)—b(x,y)—b(x,z)=b(x,y +2)—b(x,y +2) = 0. Conversely, if

qix+y+z)—qlx+2)—qlx+y)—q(y +2)+q(x) +q(y) +q(z) =0
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then we see
b(ny +Z)_ b(x:J’)_ b(x,z) = O

which says b(x,y) is bilinear. Thus b(x, y) is bilinear (at one input, but this
argument is symmetric) iff for all x, y,z we have

qix+y+z)—qlx+2)—qlx+y)—q(y +2)+q(x) +q(y)+q(z) =0

Let q be a quadratic function and k an integer. If k > 3, then for all x € M* we have

> (—1)g(s,(x) =0

Proof: We proceed by induction on k. Suppose k = 3, then by Remark 3.6.10 we are
done. Suppose it holds for k — 1 now, then we get

> (—1D)q(s,(x))

IC{1,....k}

= > D - > (1)VIg(s,() +x)
IC{1,...,k—1} JC{1,....k—1}

=— > EOVbEx)— DL (=1)Vg(x)
Jc{a,...,k—1} JC{1,...,k—1}

because

> (1M1, (x), %)

JC{1,...,k—1}

= > DN, +x) —q(8,(x) —q(x)
JC{1,...,k—1}

Now note b(—, x;) is a quadratic function, and hence we can apply our induction
hypothesis to conclude the first term is 0, i.e.

> Dl == > (~1)Vqx)

IS{1,....k} JC{1,....k—1}

=—q(x) >,

JC{1,...k—1}

=—q(xk)2(k; e

=—q(x )1 -1
=1

¥

Now let us apply the above results to M = Homy(X,A) and N = Pic(X).
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Let X be a variety over the field K and A an abelian variety over K with £ € Pic(A).
Then the map Homy (X,A) — Pic(X) given by ¢ — ¢*.Z is quadratic.

Let k > 3 and X = A* with ith projection p; onto A. For I C {1, ...,k} we have

Si(P1; s Di) = ZPi
i€l
Lemma 3.6.11 shows the theorem implies
D DS (py, ) (L) =0

1S{1,...k}

For k = 3, this equation

> (Zpi) (L)=0 (Eq. 3.6.1)

1S{1,2,3} iel

is called the theorem of the cube.

Proof. Let ¢, ¢, 95 : X — Aand let

P:X -A, xe— (h1(x), Po(x), Pp3(x))

We pullback Eq. 3.6.1 to X using ®, then we can prove bilinearity using Remark 3.6.10.
So it is enough to prove the theorem of the cube. Let .¢” be the left-hand side of Eq.
3.6.1. For a,b,c € A, we see

L Niaxipyxa= To by (L) = T(L)—13(L)+ &L

and this is equal to 0 by Theorem of the square 3.5.3. In the same way, the restriction
of £ to {a} xAx {c} is trivial. Now apply seesaw principle 3.4.1.1, we see .Z|(4}xax4 i
trivial for any a € A. Now 2|4, (p)(c} is also trivial, and apply seesaw principle again,
£ is trivial.

¥

Let A be an abelian variety over K. Now we will study the endomorphism [n] :
A — A, and the main result deals with the kerne A[n] of [n]. This map plays a fun-
damental role in the study of abelian varieties, both geometrically and arithmetically.
The arithmetic importances comes from the construction of the Néron-Tate height and
hence in the proof of the Mordell-Weil.

Let . € Pic(A) and n € Z, then

24 2__
R g B A
2 2

[n]'Z =
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I In particular, we have [n]*.¥ = n®.Z if £ is even and [n]*.¥ = - if £ is odd.

Proof. By Theorem 3.6.12 the function
q:7Z — Pic(Ad), n~— [n]'Z

is quadratic. Thus the result follows from Lemma 3.6.8.

¥

Let n € Z\{0}. Then [n] is a finite flat surjection of degree n>™®. The separable
degree of [n] equal the number of points of any fiber. If char(K) t n, then [n] is an

étale morphism and .
Aln] = (z/nz)*4m@

If p = char(K) divides n, then [n] is not separable.

Proof. Let g be the dimension of A. By Corollary 3.5.8.1, there is an ample .Z € Pic(A).
The restriction of [n]*.# to A[n] is trivial. Since [—1] is an automorphism, [—1]*.%Z
is also ample. Proposition 3.6.13 shows [n]*.Z is ample and in particular it is ample
when restricted to A[n]. Therefore, A[n] must be finite (i.e. Fact 3.5.6). Now the
dimension theorem 3.1.11 and Proposition 3.1.14 shows [n] is surjective finite flat
morphism, whose fiber have cardinality equal the separable degree of [n]. In order to
compute its degree, we use intersection theory. There is a very ample even line bundle
% on A (Proposition 3.6.4), say . = ¢'(D) for a divisor D. By projection formula (i.e.
if ¢ : X — X’ is proper, then ¢, (¢*(D")-Z) = D’ - ¢.(Z) for any cycle Z on X and
divisor D’ on X’) we see

[n]*(D)- ... [n]*(D) = deg[n](D - ... - D)

where we take g-fold intersection. By Proposition 3.6.13 we see [n]*(D) ~ n?D where
~ denotes rational equivalence of divisors. Noting D - ... - D = deg(X) # 0, we deduce

n*¢ = deg[n]

Now recall the differential d[n] is multiplication by n on the tangent space at 0
(Corollary 3.1.17.1).

If char(K) { n, then we see by a translation argument that d[n] induces an isomor-
phism on tangent space. Thus [n] is étale and hence separable. We have seen that the
number of points of A[n] is equal to the separable degree of [n], thus |A[n]|= n?¢. For
any m | n, it follows the subgroup Alm] has m?¢ elements. Thus by the theory of finite
abelian groups, A[n] = (Z/nZ)*.

If p = char(K) divides n, then the differential d[n] vanishes at 0. Hence d[n] van-
ishes everywhere by a translation argument. Since a separable dominant morphism is
generically étale, and [n] is surjective, we see [n] cannot be separable.

¥
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A surjective homomorphism of abelian varieties of the same dimension is called
an isogeny. Thus by the above we see [n] is an isogeny.

The next topic is characterization of odd elements in Picard group of A, where A is
abelian variety over K.

Recall Definition 3.6.3, where we defined a canonical involution of Pic(A) which
gives even and odd elements. First, we will prove Pic®(A) is divisible subgroup and get
a decomposition into even and odd parts on the Picard group. Then, we will show the
classes in the Picard group algebraically equivalent to O are precisely the odd classes.
Finally, we will show the Poincaré class of an abelian variety is even.

If £ € Pic(A) and r € Z\{0} with r.Z € Pic®(A), then .Z € Pic°(A).

Proof. Note r¢ , = ¢, and the latter is equal to 0 by Proposition 3.5.9. Theorem
3.5.2 shows ¢  is a homomorphism of abelian varieties and so ¢ ,, = 0 by Proposition
3.6.14. Using once more Proposition 3.5.9 we see .# € Pic’(A) as desired.

Y

Let £ € Pic(A). Then there are odd element .£_ and even element £, of Pic(A) such
that & = £ +.Z,. The element £_ is determined only up to 2-torsion elements in
Pic(A).

Proof. This follows from Lemma 3.6.2 and Proposition 3.6.16.

¥

If &£ € Pic(A), then [—-1]".¥ — ¥ € Pic°(A). Moreover, TFAE:

1. Zisodd
For any variety X, the map Hom(X,A) — Pic(A) given by ¢ — ¢*.Z is linear.
3. If p, is the ith projection of A x A onto A, then

N

(p1 +p.)' (L) =p] L +p; 2L

B

L =YL foralla€A
5. £ €Pic®(A)
6. For all ample £’ € Pic(A), thereisana €Aso £ = 1:(L") - 2"
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I 7. There is an ample £’ € Pic(A) so £ = 1(L") — £’ for some a € A

Proof. Note (4),(5),(6) and (8) are equivalent by Proposition 3.5.9. By Corollary
3.4.1.2, (3) and (4) are equivalent. We also note (2) = (1) is trivial.

(3) = (2): Choose ¢, ¢, € Hom(X,A) and define ¢ be ¢(x) = (¢,(x), p,(x)).
Pulling back the identity in (3) we see (¢, + ¢,)" (L) = ¢;(L) + ¢;(Z), which gives
linearity, i.e. we get (2).

We note at this point we have (5) < (4) & (3) = (2) = (1), i.e. (5) = (1).

Now it suffices to prove (1) = (5), but before that we will show [-1]*.¥ — % €
Pic’(A).

For a € A, we have [—1] o1, =1_, 0[—1] and thus
T ([-11"2) - [-11"L = [-1]'(=* L — &) (Eq. 3.6.2)

Since 7% ¥ — 2L € Pic’(A) (Theorem 3.5.2), the above Eq. 3.6.2 is equal to . —
7* (Z) by the implication (5) = (1). By Theorem of the square 3.5.3, the latter is
equal 772 — .2, and thus we have proved

Tv([-1]'2L)-[-1]'ZL =1L —-ZL

Now we finish (1) = (5). Let .% be an odd element of Pic’(A), then
—2% =[-11"%— % €Pic®(4)
and thus .Z € Pic°(A) by Proposition 3.6.16.

¥

Let A be the dual abelian variety with corresponding Poincaré class & € Pic(A x A).
Then & is even.

Proof Let % € A. By Remark 3.4.3 and Theorem ?? we see
([=11" P axi = [11 (PN ax- [ -1 (=F) = #
Let B = Pic’(A), then since
([=1I" ) oyxs= [1T'(P](0}x8) = 0

we see [—1]*% = & by Remark 3.4.3.

¥
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3.7 Curves and Jacobians

Throughout we will let C be irreducible smooth projective curve over field K of genus
g > 1 with base point P, € C(K). Note the existence of P, implies C is geometrically
irreducible.

The Picard variety of C is called the Jacobian variety of C.

We denote the Jacobian by J. Note J is equal as a group to the rational equivalence
class of divisors of degree 0 on Cg. For every intermediate field K C L C K, Corollary
3.4.2.1 shows the L-rational points of J may be identified with the rational equivalence
classes defined over L.

In the context of complex geometry, there is a more familiar construction of the
Jacobian variety.

Let v be a 1-cycle on C. Then fY w is a linear functional on the holomorphic 1-

forms on C, whose value depends only on the homology class of v in H,(C,Z). Thus
we obtain a homomorphism

H,(C,Z)— H'(C,Q)
of the homology group H,(C, Z) into the dual H°(C, Q})* of the space of holomorphic
1-forms on C. This embeds H,(C,Z) as a lattice in H°(C ,Qé)*. Then the complex
torus
J :=H'(C,Q.)/H,(C,Z)

realizes the Jacobian variety complex analytically. We have an embedding

j:C—J, P'—>J
Tp

where v, is any path connecting the base point P, with P. The value j(P) is indepen-
dent of the choice of the path. Independently of the choice of the base point P,, we
have homomorphism

Pic’(C) = J, > ([P1—[Qi])— D ((P)—i(Q))
i=1 i=1

Abel’s theorem gives the injectivity and Jacobi inversion theorem the surjectivity
of this homomorphism. There is a natural isomorphism of H°(J, Q}) onto the dual of
the tangent space T, , (Proposition 3.1.18). Pullback induces an isomorphism

H°(J,Q}) 5 HO(C, QL) (Eq. 3.7.1)

In particular, this isomorphism holds for any base field K (not just over C). More
precisely, let J = Pic’(C) and consider j : C — J given by P — [P]—[P,]. It follows
from the theory of Picard variety that j is a morphism of varieties over K. In fact,
let A be the diagonal in C x C, py, p, the two projections, then [A]—pi[P,]—p5[P,]
is a subfamily of Pic’(C) parametrized by C. By Theorem 3.4.5, we conclude j is a
morphism.
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The Jacobian variety of C has dimension g.

Proof. By Proposition 3.1.18, the tangent bundle T, is a trivial vector bundle of rank
dim(J). By duality, the same holds for the cotangent bundle. Now recall the only
regular functions on an irreducible complete variety over ACF are constants. Since J
is geometrically reduced, compatibility of cohomology and base change holds. This
shows

H°(J,0,)=K

and hence
dimH°(J,Q;) = dim(J) - dimH°(J, ) = dim(J)

Now the claim follows from the isomorphism Eq. 3.7.1.

The theta divisor of J is defined to be

g—1
©=j(C)+j(C)+...+j(C) = _j(C)
i=1

In the following we will show © is indeed a divisor on J, but before that we will
need three lemmas. Note for divisor D and line bundle ., we use .Z(D) to denote
£ 0(D).

For any r € N, we have a map
JoiC > d, (PyyP) o > [P]—1[P]
=il

Since j = j; and addition on J are both morphisms, we see j, is a morphism. Note
its image is closed as C" is complete. Let a := j,.(Py, ..., P,.), then the fiber over a

is
jr_l(a) = {(Ql’ ...,Qr) eC’: Z[Ql] ~ Z[P]]}
j=1 j=1
Suppose 1 <r < g and (P;, ..., P,) € C" satisfies i # j = P; # P;, and
I(Ce, 6O [P =1
then the fiber over a is obtained by permuting the entries, namely

jr_l(jr(Pls JPI")) = {(Pﬂ:(l)J (XX) Pﬂ:(r)) e Sr}
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By the dimension theorem (for dominant ¢ : X — Y between irreducible, there
is open dense U C Y so y € Y implies dim(X,) = dim(X)—dim(Y)), we conclude
dim j,(C") = r. In particular, Proposition 3.7.2 implies j, is surjective. Moreover,
© = j,_,(C&") is indeed a divisor.

Themap j:C — J, P — [P]—[P,] is a closed embedding.

Proof. We may assume K is ACE Since g > 1, two points of C¢ are rationally equivalent
iff they are equal (use Riemann-Roch). Hence j is one-to-one. We claim dj induces an
injective map between tangent spaces. In order to prove this, its enough to show the
dual is surjective between cotangent spaces. We have seen for any a € J, a cotangent
vector in a extends canonically to a global section of Q} (Proposition 3.1.18). By
the isomorphism Eq. 3.7.1, its enough to show the evaluation map I'(C, Qé) - T&*’P
is surjective for P € C. Note the kernel of the evaluation map is F(C,Qé(—[P])).
By injectivity of j, we know I'(C, &([P])) has dimension 1. By the Riemann-Roch
theorem, we conclude that the kernel is g — 1 dimensional and hence the evaluation
map is surjective.

Since J is a projective variety (Corollary 3.5.8.1), we have a closed embedding
J — P%. In order to prove j is a closed embedding, we have to show the linear system
corresponding to the induced map C — P} separates points and tangent vectors. The
first (resp. second) conditions follows by injectivity of j (resp. dj).

¥

As a divisor on J, we also consider
e =[-1]'®e=—j(C)—...—j(C)

In Pic(J), we use 6 := 0(©) and 6~ = [—1]"0. For a € J, we set j, := T_,° ], i.e.
Jo(P)=j(P)—a.

The pull-back of a divisor D’ with respect to a morphism ¢ : X — X’ of irreducible
smooth varieties over K is well defined as a divisor if ¢ (X) is not contained in the
support of D'. In this case, viewing D" as a Cartier divisor on X" locally given on U/ by
a rational function f/, the pullback ¢*(D’) is given on ¢ ' (U’) by f/o ¢. Note ¢*(D")
is well-defined in CH'(X) (here CH denotes the Chow group of X, which is cycles on
X mod out by rational equivalence) for any divisor D’ on X. If ¢ is an isomorphism
(as [—1] is in the cases above) and if D’ is a prime divisor, then ¢*(D") = ¢'(D’)

Assume K is ACE For all (P, ..., Pg) € C8, we have the rational equivalence relation

[Pi] ~j:(®_)

g
=1

1
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I of divisors on C, where a = j,(P;, ..., P,).

Now for 1 <r < g, define

U, := {(Pl, wwP)EC :(Yi#j,P#P) /\dimr(cf, ﬁ(i“’ﬂ)) = 1}

j=1

One can prove this is open dense in C", but we will not prove it here.

For all (Py,...,P,) € U, and a = j,(P;, ..., P,), we have

[P ]=j:(©7)

g
=1

1

as an identity of divisors.

Proof. We may assume, by base change, K is ACE By Proposition 3.7.6 we see
g
D[P~ ji(©)
i=1

Both sides are effective divisors on C. By assumption, the linear system |Z‘l.g=1[Pi]| is
zero-dimensional proving the claim.

¥

For a € J = Pic’(C), we have

J(67)=j(67)=a

Proof. By base change and Corollary 3.4.2.1, we may assume K is ACE Then the claim
follows from surjectivity of j, (Remark 3.7.4) and Proposition 3.7.6.

¥

There are two Poincaré classes in the context of Jacobians. One is the Poincaré
class Z; € Pic(C x J), the other is the Poincaré class &, € Pic(J x J), where J is the
dual abelian variety of J. In the last part of this section, we will study those.

75



Let A be the diagonal of C x C. Then

(Ide xj)'(Pc) = O(A—C x {Py} —{Py} x C)

Proof By characterization of Poincaré class in Remark 3.4.3, we get for P € C:

(Idc Xj)*(‘@CNCX{P}"gZC|C><{j(P)}= O([P]—[Py])

Since the restriction of O(A —C x {P,} —{P,} x C) to C x {P} is in the same class ,we
get the claim by the seesaw principle in Corollary 3.4.1.1 (noting that the restriction
to {P,} x C of both classes are 0).

b2

Let m : J x J — J be addition and p,, p, two projections. For
Z =m0 —p;0 —p;0~ €Pic(J xJ)

we have
(j x1d))"(ZL)=—-2

Let ¢y, ¢y be the morphisms J — J defined before (i.e. for a € J, we define
¢ (L) =71(L)— ). Let

L =m0 —p6” —p,6~

Then
(Id; xpg-)"(2;) = (Id; x ) (F)) = &

Let us conclude our findings.

Given a curve C of genus g > 1 with base point P, € C(K), there is a natural
embedding j of C into the Jacobian variety. By Theorem 3.5.2 we have a dual homo-
morphism j : J — J. The theta divisor is defined by

g—1
© =j(C)+...+j(C) =) ,i(C)
=i

and the corresponding class in Pic(J) is denoted by 6. Let 6~ =[—1]"6 and ¢ : J — J
the natural morphism in Theorem 3.5.2. There are three canonical morphisms from
J x J to J, namely m, p, and p,. The pullback of the Poincaré class &, € Pic(J x J)
by Id; x ¢, is equal to the class

¢ :=m'0"—p0 —p,0~
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and it follows that

¢ =m"0—p;0—p,0

The map ¢, is an isomorphism of J onto J whose inverse is —). Moreover, 6 is
ample.
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There are many advantages of Weil’s normalized height h(x) on G,, compared with
more naive definitions: its homogeneous of degree 1, its not negative, and torsion
points on G,, are the points of height 0. In particular it gives a distance function on
G,,(Q)/tors. The heights associated to a divisor retain similar properties only if we
consider them up to a bounded function. Working with them is formally pleasing
because its functorial properties, but the price we paid is this equivalence relation is
too coarse for some of the most important applications.

It was a fundamental discovery of Néron that Weil’s equivalence class of heights
associated to a divisor on abelian varieties contain a unique representative with all the
nice functorial properties of Weil’s equivalence class. Then, it was Tate who gave an
elementary proof of the existence of a normalized height associated to a divisor class
on an abelian variety.

Thus, we will first construct the Néron-Tate height, and study the associated bilin-
ear form, then consider this height on the Jacobians, which we need for the proof of
Falting’s theorem.

Thus, we will only cover section 9.2 to 9.4 of the book here.

4.1 Néron-Tate Heights

Let X be complete variety over K. By Theorem 2.3.5 we have the height homomor-
phism B
h : Pic(X) —» R*®)/0(1)

which associates to a line bundle . its equivalence class of heights h .

In general there is no canonical height function associated to .¥ € Pic(X). They
are only determined up to a bounded function in O(1). But on an abelian variety, there
is a canonical choice h o of a height function in any class h, characterized by good
behaviour with respect to the group operation.

By the theorem of the cube 3.6.12, for every . € Pic(A), we have a quadratic
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function
Mor(X,A) — Pic(X), ¢ — ¢*Z

Note the decomposition . = .Z, +.Z_ in to an even part and an odd part (Corollary
3.6.16.1) gives a decomposition of our quadratic function into quadratic form ¢ —
¢*.Z,. Hence with the homogeneity property (Proposition 3.6.13)

(n$)(Z) =n*¢*(Z,)

and into a linear form ¢ — ¢*.% (Theorem 3.6.17). The composite of the height
homomorphism and the quadratic function is a quadratic function

q: Mor(X,A4) —» R*®/0(1), ¢ —hy. 4

We conclude that ¢ = g, + q_ for the quadratic form q,(¢) = hy. (¢, and linear

form q_(¢) = hy. ). Since 2 is invertible in the abelian group R*®)/0(1), this
decomposition is unique, in contrast to . = .Z, +.Z_, which is unique only up to
2-torsion in Pic(X).

By homogeneity, we see for any integer n, we have n*hy, = hy,;., and nhy, =
h;,;.» . Note hy represents an equivalence class of heights, for any representative h o,
by Theorem 2.3.5 there is a constant C(n) so that for every a € A we have

lh,(na) —n*h g, (a)|< C(n)

lhg (na)—nhy (a)l< C(n)

These conditions serve to choose a canonical height function.
Let us consider the abstract situation first.

Let N be a multiplicative closed subset of R (resp. R, ) acting on a set S by means
of a map such that n(mx) = nmx for x €S.

A function h: S — R is:

1. quasi-homogeneous of degree d € N (resp. d € R,) for N if forn € N
there is a positive constant C(n) such that

|h(nx) —nh(x)|< C(x) for every x € S (Eq. 4.1.1)

for every x € S
2. homogeneous of degree d for N if h(nx) = n?h(x)

The example we should keep in mind is S = f&f), h=h,, N =Z and the action of n
is multiplication by n in the abelian group A(K).

Let N act on the set S as before and h : S — R be quasi-homogeneous of degree d > 0.
If N has an element of absolute value > 1, then there is a unique homogeneous
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I function h:S—>R of degree d for N such that h — h is bounded.

Proof. Assume for a moment a homogeneous h of degree d for N exists, and h —his
bounded. Then for x € S and n € N/, we have

h(x)= lim n-diz(nx)zlllim n~h(nx)

In|—o00

as h — h is bounded. This proves uniqueness and gives us an idea of how to show
existence. Apparently, in order for this argument to work, we need C(n) = o(n),
a condition we do not want to impose a priori. On the other hand, note h(mnx) =
h(m(nx)) allows us to get control of C(mn) in terms of C(m) and C(n). This is enough
for proving the existence of the limit if we stay with a suitable subsequence, and this
suffices for the proof. The details are as follows.

Let us fix m € N/, m > 1. For a positive integer r, estimate Eq. 4.1.1 with n = m
and m"'x in place of x gives

|h(m"x) — m*h(m " x)|< C(m)

and hence

|h(m"x) —m"™h(x)| = Z mAEDp(m ™=+ x) — m¥h(m " x)
i=1

-
< Z mdi-1 |h(mr—i+1x) . mdh(mr—ix)|
i=1

e — 1)
md —1

Replacing x by m*x for any s € N we get

C(m)

mdr —1
|h(m™™x) —m™h(m’x)|< y C(m)
md—1
and we conclude
|m_(r+s)dh(mr+sx) e m—sdh(msx)| < L’n) (Eq 412)
(md — 1)mds

for every r,s € N. This shows
(m=h(m’x))sen

is a Cauchy sequence and we denote A(x) its limit. Using Eq. 4.1.2 for s = 0 and

r — 00, we get
C(m)

i =1l
If we use Eq. 4.1.1 again with m*x in pace of x and n € \/, we get

h(nx) = lim m~*4(h(m*nx) — n®h(m*x) + nh(m’x))

= nh(x)

|A(x) —h(x)|<

We have proved the existence of a homogeneous function h of degree d for AV, such
that h —h remains bounded.

¥
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The above prove is known as Tate’s limit argument.

If we combine the results above, then we obtain a canonical global height function
associated to every class of Pic(A).

Let £ € Pic(A) and . = £, + £ be a decomposition into even and odd parts.
Then:

1. the class hy, are independent of the choice of the decomposition

2. there is a unique homogeneous height function h ¢, in the class h 4, of degree
2 in the + case, and degree 1 in the — case

Now all the results about heights on abelian varieties is now true for Néron-Tate
heights as exact equations, not just up to bounded functions. More precisely, we have
the following theorem.

The Néron-Tate heights on abelian varieties has the following property:

1. The map
h : Pic(4A) » RO, & s flf

is a group homomorphism
2. If ¢ : A— B is a homomorphism of abelian varieties, then

i\l¢*$:i’\l$0¢

for any £ € Pic(B) i
3. Let .Z € Pic(A) be even. If .Z is base-point free or ample, then h, >0

Proof. Part (1) and (2) mostly just follow from Theorem 2.3.5 and Corollary 4.1.2.1.
For part (3), note we may just assume . is base-point free, as if . just ample, then
m.% is very ample (hence base-point free) for some m > 0, but mh o = flm . Thus
WLOG assume .Z is base-point free and even. This means it induces a morphism
¢ : A— P" for some n, so that ¢*0p.(1) = . Thus h, is in the class of hy. But we
have seen in the proof of Lemma 4.1.2 that

hy(a) = lim n*hg(na)

for any a € A. Since h, is non-negative, so is h o.

E——
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The Néron-Tate height h 4 1s the unique quadratic function in the class h .. Moreover,
2h 4, _is the associated quadratic form and 2h , s the associated linear form.

Proof. First, we note the function
b(a,a") = hy(a+a) ~hy(@)—hy(a)

is bilinear in a,a’. This follows from the Theorem of the cube 3.6.12, using Theorem
4.1.3. The associated quadratic and linear form are given by

hy(a) £ hy(—a) = hgi_13.4(a) = 2k 4, (a)
again by Theorem 4.1.3.

It remains to prove uniqueness. By definition, the quadratic function is determined
up to bounded functions. Hence the same is true for the associated quadratic/linear
forms. Corollary 4.1.2.1 shows they are unique.

¥

Now let A be an abelian variety over a field K with product formula.

Let M be an abelian group and b a real-valued symmetric bilinear form on M.
The example we have in mind is M = A(K) and certain bilinear form associated to a
Néron-Tate height. The kernel of b is the abelian group

N:={xeM:b(x,y)=0forall y e M}

Then b induces a symmetric bilinear form bonM = M/N and the kernel of b is zero.
Since b is real valued, M is torsion free and all torsion elements of M are contained
in N. We conclude I
M—> Mg, m—me®l
is injective. Let M be a f.g. subgroup of M. The restriction of b to the free abelian
— —/ — — —
group M " extends uniquely to a bilinear form b on M ;«- Let M TQ =M ®; Q. An easy
argument shows M:Q c MQ and M;Q C Myg. Since My, is the union of all M and the
— —

bilinear forms b agrees on the overlaps, we have a unique extension of b to a bilinear
form by on My.

Now we would like that the bilinear form by(x, y) determines a scalar product and
an associated norm ||x||* = bg(x, x) on M.

To this end, of course is necessary that E(x,x) > 0 for all 0 # x € M. Suppose
that is the case. By clearing denominators, b(x,x) > 0 for x € MQ\{O} and thus by

continuity we see bg(x,x) > 0 for x € M\{0}. Note however this is not enough for
by to be positive definite, as is seen in the following example.

Let a be a transcendental number in R, then the quadratic form in R? given by
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q(x) = (x; — ax,)? is positive semidefinite. We have g(a,1) = 0 but q(x) > 0
whenever x € @2\{0} as a is transcendental.

With the notation and assumptions as above, the bilinear form by, is positive definite
J— —_—
if and only if for every finitely generated subgroup M of M and every C > O the set

{x €M : bg(x,x) < C}

is finite.

Proof We may assume M is finitely generated. Since M is torsion-free, its a lattice
in My. If by is a scalar product, then there are only finitely many lattice points in a
bounded set. This proves the result in one direction.

Conversely, assume that by is not positive definite. We may assume that by is
positive semidefinite. Otherwise, the set

{x €M : bg(x,x) < C}

is clearly infintie. There is a y € M\{0} such that bg(y,y) = 0. For by positive
semidefinite, the Cauchy-Schwarz inequality is valid. Thus y is in the kernel of b. By
construction, the restriction of by to M x M has trivial kernel and hence y ¢ M.

Choose a basis xi, ..., x, of M. Its also a basis of M. For any n € N there is a
¥, € M such that the coordinates of y, —ny are in the interval [0,1]. The elements
¥, —ny are contained in the compact cube

D ax;:0<q <1}
i=1

while on the other hand

b(¥u, ¥n) = b(y,—ny,y,—ny)

Since by is continuous, its bounded on that cube, say C. Since y ¢ MQ, the set
{y, : n € N} is infinite and contained in

{x € M : bg(x,x) < C}

This proves the lemma.

¥

Now we will apply these considerations to M = A(K). Let .Z € Pic(A) and b the
bilinear form associated to the quadratic function h . The associated quadratic form
and hence b itself depend only on .Z, by Theorem 4.1.4. Hence we may assume .Z is
even. In view of the paragraphs above (and below Theorem 4.1.4), we get a symmetric
bilinear form by on M.

Assume ¢ is also ample. Then h & is non-negative function by Theorem 4.1.3 and
hence by, is positive semidefinite. There are now two problems:
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1. we would like to know the kernel N of b
2. we would like to have at our disposal the necessary and sufficient condition of
Lemma 4.1.6 for a scalar product

The latter is satisfied if there are only finitely many L-rational points of bounded height
relative to . for any finite field extension L/K. By Northcott’s theorem 2.4.4, this
holds for a number field.

Now we assume the condition of Lemma 4.1.6 holds. Our goal is to determine N.
Let x € A be a point with i ,(x) = 0. Then for every integer n we have h,(nx) =
n2h o(x) =0, hence the set {nx : n € Z} is finite. By the pigeon-hole principle, there
will be two distinct integers m,n so nx = mx. Hence x is a torsion point. We have
already seen above the torsion elements of M are contained in side N, and hence N is
the torsion subgroup of M = A(K).

Let K be a number field and £ ample and even. Then h » vanishes exactly on the
torsion subgroup of A(K). Moreover, there is a unique scalar product (,-) on the
abelian group A(K) ®, R so

hy(x)={(x®1,x®1)

for every x € A(K).

Proof. This follows from the above discussion, as My :_M®Z R is canonically isomor-
phic to M ®, R, as N is the torsion subgroup of M = A(K).

¥

In the next result, we relate b to the Néron-Tate height of the Poincaré class.

Let £ € Pic(A) and b the symmetric bilinear form associated to h 4. Moreover; let
& € Pic(A x A) be the Poincaré class of A and ¢ o : A — A the homomorphism of
Theorem 3.5.2. Then

b(a,a’) =h(a, ¢ +(a))
for every a,a’ € A(K).

Proof. By definition
b(a,a’) =hy(a+a)—hy(a)—hy(a)
=hyoty(@)~hy(@)—hy(a)

For the moment, let us keep a’ fixed and view the above as functions of a. By Theorem
2.3.5, we conclude
h.f + b() Cl/)
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is a representative in the class h.. . Then the representative above is a quadratic

function too, being a sum of a quadratic function and a linear form. Now Theorem
4.1.4 says
h.. 4(a) =hgy(a)+ b(a, a’)

and hence by Theorem 4.1.3 we see
bla,a’)=hy ()
It follows that its enough to prove
hy =hau(,.2") (Eq. 4.1.3)
for &' € A :=Pic°(A).

On the other hand, the point .#” is the pullback of & to A x {£’} (see Theorem
3.4.5), hence Eq. 4.1.3 holds up to a bounded function on A(K) (by Theorem 2.3.5).
In order to get equality, by Theorem 4.1.4 it is enough to show that h » is bilinear. If
a € A, then applying Theorem 4.1.3 to the homomorphism ¢ : A — A x A given by
¢(a) =(a,0) and using ¢* & =0 (Theorem 3.4.5), we get

hy(a,0) = hy. (@) =0

In the same way we see
hg(o, a/) =0

for a’ € A. We conclude the bilinear form associated to the quadratic function h P>
evaluated at ((a,0),(0,a")), is equal to h ,(a,a”). This proves bilinearity.

¥

With the notation of the proof of Proposition 4.1.8, it holds

h.e (@) =hy(a)+b(a,a’)

i\lg/ = i\lg(',g/)

Let ¢ € Pic®(A) and £ € Pic(A) be an even ample class. Then

hy =0(h'?)

Proof Let a € A(K). Corollary 4.1.8.1 shows
hy(@)=hy(a, 2"

By previous results, we know there is a’ € A so .¥’" = ¢ ,(a’). Let b be the bilinear
form associated to h . Then applying Proposition 4.1.8 we conclude

hy(a) = b(a,a’)
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We seen above (see here) that b induces a symmetric bilinear form on A(K )®,R, which
is positive semidefinite because h o is non-negative (see here and Theorem 4.1.3). So
we can apply Cauchy-Schwarz to get

Iy (@))*< b(a,a) - b(a’,a’) = 4h y(a) - hy(d 4(a)

This proves the claim.

¥

Let X be a projective smooth variety over K, £ € Pic(X) be ample and .¢’ € Pic(X)
be algebraically equivalent to .£. Then

Recall we say two line bundles .¥},.%, on variety X are algebraically equivalent if
there is irreducible smooth variety T and line bundle . on X x T so .£; = .Z| X, and
2z, = iflxt2 for some t,, t, € T(K), where X, is the fiber of X at ¢.

4.2 Néron-Tate Heights on Jacobians

This section is not needed until the proof of Falting’s theorem.

Let C be an irreducible smooth projective curve of genus g > 0 over a field K with
product formula. By base change, we assume C has K-rational base point P,. We
denote the Jacobian of C by J and identify J with its dual J as in Theorem 3.7.10 and
the paragraph above it. Then the Poincaré class & correspond to

P =m*60 —pi0 —p;0 € Pic®(J x J)

where 6 is the theta divisor defined in Definition 3.7.3, m the multiplication and p;
the projections.

The Néron-Tate height h 5 2 J(K) = J(K) — R is a symmetric positive semidefinite
bilinear form.

Proof. Using the above identification of J and J by ¢, Proposition 4.1.8 asserts h P
is the symmetric bilinear form associated to the quadratic function h,. It remains to
show positive semidefinite.

Let A : J — J x J be the diagonal homomorphism. Proposition 3.6.13 shows
[2]¥0 =360 + 6~ where 6~ =[—1]"60 as usual. Thus
A0 =(moA)'0—(p,0A)0—(pyoA)0
=[2]"6 —26
=0+0"
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For a € J(K), we see ) )
hy(a,a) = hg,e-(a)

by Theorem 4.1.3 again. Since 6 is ample (see Theorem 3.7.10), we see 6~ =[—1]*60
is also ample. Thus 6 + 6~ is an ample even class and the corresponding Néron-Tate
height is a non-negative function (Theorem 4.1.3).

¥

In light the above result, we will use the following notation for a,a’ € J(K)
<a, a’> :=hy(a,a’)

la|=h,(a,a)/? = hy,e-(a)'/?

The symmetric positive semidefinite bilinear form (-,-) is called the canonical
form of J.

In the following, for a divisor D, we will also use h;, to mean h p).

Let A be the diagonalin CxC and j : C — J,P — [P]—[P,] the natural embedding
from Remark 3.7.4. Then for any P,Q € C(K),

ha(BQ) = iuwmimaw— (P, J(Q)

_ zi;a@_@(j(p)) — L s @) +0(1)
g 28

Proof. We denote z := j(P) and w := j(Q). By what was proved in Proposition 3.7.7
to Proposition 3.7.9, we see

(%) =0(C x{Py} + {P} x C—A)
By Theorem 2.3.5 we see
ha(P,Q) = hexp (B Q) + hypyxc (P Q) — (z,w) + O(1) (Eq. 4.2.1)
By Theorem 2.3.5 again, we have
hewipy (B Q) = hysp ) (BQ) = hyp 1(Q) + O(1) (Eq. 4.2.2)

and similarly
hipyxc(PQ) = hyp (P) +0(1) (Eq. 4.2.3)
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Now Proposition 3.7.6 shows g[P,] is in the class j*6~ and Theorem 2.3.5 implies
1,
hip(P) = Ehe_(z) +0(1)
1, ., 1
= —|z]*—=—hg_g-(2) + O(1
ngZI 2g 0 (z) +0(1)

Now just substituting this in Eq. 4.2.2 and Eq. 4.2.3, and putting the result in Eq.
4.2.1 we are done.

¥

Since 6 —60~ is an odd class and 6460~ is an even ample class, we get by Corollary
4.1.8.2

ha(BQ) = il]’(ﬂlqilJ’(Q)lz— (i(P), j(Q) + O(lj(P)+]j(QI+1)

As shown by Mumford, this formula has some rather interesting consequences for
curves of genus g > 2.

Assume C has genus g > 2 and let cosa € (é, 1), € > 0. Then there is a constant B =

B(C, Py, €) > 0 so for any pair (B,Q) € C(K)?, one of the following four possibilities
occurs:

1. P=Q

2. (j(P), j(Q)) < cosa-[j(P)|1j(Q)I

3. min(|j(P)], [j(QI) <B

4. (2g cosa—1—e)min(|j(P)],[j(Q)]) < max(|j(P)I, [j(Q)])

Proof. We may assume (1),(2) do not hold. Then we need to prove either (3) or (4)
holds. Again, denote z = j(P) and w = j(Q) and assume |z|> |w|. By Remark 4.2.4
we have

1 1
(z,w) + ha(PQ) = —|z]*+—|w|*+O0(|z|+1)
2g 2g

Since P # Q and A is an effective divisor, we may assume by Proposition 2.3.6 that
hA(P.Q) = 0. Using the negation of (2), we conclude

1 1
(cos a)|z|-|w|< —|z|*+—|w|*+0(|z|+1)
28 28
We may also assume |z|> 1. We set r = |z|/|w| and find from the preceding inequality

that

1 1 1
cosa < —(r+-)+0(—)
2g r [w|
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We multiply the last inequality by 2g, note 1/r < 1 and find

1 |z
2gcosa—1—0(m)s r:m

If we choose B sufficiently large, then either (3) or (4) holds.

¥

With the notation as above, let P,Q be points on C. Then, if j(P)— j(Q) is in the
kernel of (-,-), either P = Q or |j(P)|= |j(Q)|< B. In particular if j(P)—j(Q) is a
torsion point and |j(Q)|> B, then P =Q.

The next goal of this section is to count rational points of C, assuming g > 2. As in
above, the canonical bilinear form b = h » extends to a symmetric positive semidefinite
bilinear form b on J(K) ®, R. Let Ny, be its kernel; then b induces a scalar product on
E := (J(K) ®, R)/Ng, again denoted by (-,-). By Corollary 4.2.5.1 we see the map

i:C(K)—=E, P—j(P)®1+Ng

is one-to-one on the subset of points P such that |j(P)|> B.

A point P € C(K) is called small if |j(P)|< B, otherwise its called large.

NowletusfixO<a < m/2ande>0s01/g <cosa<landA:=2gcosa—1—e >
1. In the euclidean space E = (J(K) ®, R)/Ng, we have the following geometric
interpretation of Proposition 4.2.5. If P,Q are different large points such that i(P) and
i(Q) includes an angle < a and if |j(P)|< |j(Q)|, then A|j(P)|< Alj(Q)|. THis shows
we have gaps between points on C pointing in approximatively the same direction.

Let us consider the cone
T:={x€E:(x,a)>cos(a/2)-|x||al}

with center 0, angle a/2 and axis through a € E. We order the large points in C(K)
mapping to T in a sequence Q,,Q;,Q,, ... such that

B <1j(Qo)I= i QI i(Qo)I< ...

The above shows [j(Q,)|= A%1j(Qo)| for every k. For H > B, let n;(H) be the number
of large points Q € C(K) mapping to T with |j(Q)|< H. We get

108(H/B)]

nT(H) < [ log A

The above bound for nT(Ii ) is uniform with respect to T (for a fixed angle) and
yields a counting of all large K-rational points of C mapping to T. This can be used,
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in some circumstances, to count all large points in C(K) with bounded height. To this
end, it is necessary to assume J(K) is finitely generated group. Another possibility
consists of fixing a pirori a finitely generated subgroup I of J(K), and consider only
the subset of large points P € C(K) for which j(P) € I'. The question whether we
can take J(K) for such a group T can then be examined independently. As we shall
see later, if K is a number field or function field over finite field then J(K) is indeed
finitely generated.

Thus let us fix a subgroup I' of J(K) of rank r = ranky(T'), where the rank is the
maximum number of Z-linearly independent elements of T

We associate to I' the finite-dimensional real vector subspace E| spanned by the
image of I in E, and its clear dim(E;) <r.

For x € E\{0}, we set ¥(x) = x/|x|. Then v maps cones to spherical caps and we
get a bound for the minimal number of cones needed to cover E;. from the following
lemma.

Let ||-|| be a norm on R". Let E be a subset of the ball B, := {x € R" : ||x]|| < t}.
Then for any € > 0, we can cover E with (1 + 2t/e)" translates, all centred on the
set E, of the ball B,.

Let ||-|| be anormon R" and p > 0. If X4, ...,X,, € R" have norm 1 and if|
pthenn<(1+2/p)"

x; — x| >

As a particular application of the above result, we get a finer bound on the number
of large points.

For p = 2sin(a/2) and r = rankqy(T'), the number np(H) of large points Q with
j(Q) €T and |j(Q)|< H does not exceed

log(H/B)

nr(H) < [ log A

] 11 +2/pY]

In particular, np(H) < logH.

Proof For any k € N, we count the number of Q € C(K) with A*B < |j(Q)|< A**!B.
By the above paragraph, the angle between two such points Q,Q’ is > a. We conclude
that |v(Q) — v(Q')|> p for p := 2sin(a/2). By Lemma 4.2.7.1, there are at most
(1+2/p)" such points. Now the interval (B, H] may be covered by [log(H/B)]| such
intervals, proving the claim.

¥
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Still assuming g > 2, take @ = ©/6, € > 0so A := 2gcosa—1—¢€ > 2 and
p =2sin(r/12) > % With this choice of parameters, we get the following result.

Let C be irreducible smooth projective curve of genus g = 2 over K with base point
P, € C(K) leading to a closed embedding j of C into the Jacobian J and T" a subgroup
of J of fintie Q-rank r. Then there is a constant B > 0 depending on C and P,, with
the following properties:

1. If we choose any cone T in E with center O and angle a/2 and if we order
{QeC:jQ)eT,|j(Q)> B,i(Q) € T} by increasing norm, then |j(Q,.1)|=
2[j(Qy)| for every n € N

2. For H > B, the number np(H) of points Q € C with j(Q) €T, B < |j(Q)|I<H
is bounded by

np(H) < [

3. In particular, n;(2H) —ny(H) <2-5"

log(H/B)"Sr
log 2

For small points, we must use a different method, which we will not include here.
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%W 5
Mot Woos! T rsern

The content of this chapter is to prove the following claim: the group of rational points
of an abelian variety defined over a number field is finitely generated. With this, we
can apply the counting we obtained in the end of last chapter to any abelian varieties.

The proof of the theorem consists of two stages:

1. we prove weak Mordell-Weil theorem: we show A(K)/¢ (A(K)) is finite for some
non-trivial isogeny ¢, normally ¢ = [m].
2. we use Fermat descent argument to conclude the proof

The explicit approach by Mordell (where he only proved for elliptic curves) used el-
liptic functions, and this is not practical enough to be carried out explicitly on elliptic
curves, not to mention general abelian variety A. Thus for us we will use what’s called
Galois cohomology instead.

We will first give an elementary proof of weak Mordel-Weil for elliptic curves (with
many parts skipped), then proceed to the actual proof of Mordel-Weil for general
abelian varieties.

5.1 Weak Mordel-Weil Theorem for Elliptic Curves

In this section we prove the finiteness of E(K)/2E(K), for an elliptic curve E over a
field K of characteristic char(K) # 2.

First recall we can view E as a plane curve in P2, given by
Y 4+ aixy +azy = X3+ a,x* + a,x +ag

for some a; € K. Replacing y by y — %(alx + a;) (which is allowed as char(K) # 2),
we may assume a; = a; = 0. Thus we can assume the affine part of E has equation

)’2 = (x —a)(x —ay)(x —as3)

for a; €K.
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The intersection of E with the line P2\ A2 is a divisor 30, and the point O = (0: 0
1) is an inflexion point of E, which is taken as the identity of the group multiplication.
The affine part of E is just E\{O}, and in what follows we often write a point P € E\{O}
as P = (x, y) in the affine coordinate.

Let a; € K for1<i<3andf(x)=[](x—a;). Then y? = f(x) is an elliptic curve
over K if and only if the discriminant

Dy := H(ai —a;)

of f is not 0.

Since char(K) # 2, we can actually describe the morphism [2] explicitly, which we
will do so now.

Let (x,y) be standard affine coordinates of E, recall the group law is given by
Proposition 3.3.4.

Let P = (x,, Y,), then —2P is equal to the third intersection point of the tangent at
P with E. If 2P = —2P = O, this tangent is vertical. Thus we get a description of the
2-torsion points:

The group E[2] of 2-torsion points of E consists of the identity element O and the
points (a;,0), i = 1,2,3, of order 2.

Now let P = (x,,y,) € E(K) and suppose P is not a 2-torsion point. The tangent
line at P has equation
y=ax+b

with a, b determined as in Proposition 3.3.4, i.e. a = f'(x,)/(2y,) and b = y,—ax,. In
order to determine the x-coordinate of the third intersection point —2P, we eliminate
y from the above equation and the equation y? = f(x), obtaining

(ax +b)* —(x —a;)(x —a,)(x —a3) =0 (Eq. 5.1.1)

The polynomial on the left has a zero at x, of multiplicity at least 2 (it is 3 if P is a
torsion point of order 3 on E), which accounts for two solutions. The third solution
X, is the x-coordinate of —2P. Hence factoring the left-hand side of the above into
linear terms gives

(ax +b)* — (x — a;)(x — a,)(x — a3) = —(x — x0)*(x — x)
of cubic polynomials in x. We specialize x to a;, and find
(aq; +b)* = —(a; — x0)*(a; — x;)

and

aa; +b)?
X,—a; = (Eq. 5.1.2)
Xo— @
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fori =1,2,3. In affine coordinates, we conclude

2P = (x;,—ax; —b)

Now suppose a; € K for i = 1,2,3. Then the above equation shows x; — a; is a
square in K for i = 1,2, 3. The following result gives the converse.

Under the hypotheses above, suppose a; € K. Let (x,,y,) be the affine coordinates
of a point Q € E(K), Q # O. Then Q € 2E(K) if and only if x; — a; is a square in K
fori=1,2,3.

Next, we consider addition. Let P;,P,, P; € E(K) such that P, + P, + P; = O and
P, #0 fori=1,2,3. Let y = ax + b be the line through P,, P,, P; and (x;, y;) be the
affine coordinates of the points P;. Say Equation Eq. 5.1.1 has roots x1, x5, X3, giving

& 3]
(ax+bP =] Jox—a) =] Jei—x) (Eq. 5.1.3)
i=1 i=1
Now set x = a; we get
(aa; +b)* = (x; — &) (x — ;) (23 — at3) (Eq. 5.1.4)

fori=1,2,3.
This gives us evidence for a group homomorphism ¢, : E(K) — K*/(K*)? given by
(x,y)—x—a; (mod (K*)*)

However, this is defined only for x # ;. If we proceed as before but with P, = (a;,0),
then differentiating Eq. 5.1.3 at the point a; gives the equation

_(ai_aj)(ai —a) =—(x;—a;)(xs—a;) (Eq. 5.1.5)

where j, k are the remaining two indices. Now, as we will verify in a moment, we
obtain a homomorphism

¢ = (¢1, P2, P3) : E(K) — (K*/(K*)*)°
with
1 ifP=0
¢(P)={x—a; (mod(K*)*) ifP=(x,y),x#a
(ai_aj)(ai — ) if P = (a;,0)

where j, k denotes the two other indices.

The map ¢ : E(K) — (K*/(K*)?)? is a group homomorphism with kernel 2E(K).
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Let R be a unique factorization domain with quotient field K. Assume char(K) # 2
and the group of units R* in R is finitely generated. Let E be the elliptic curve given

%
J’z =(x—a)(x —ay)(x —as)

where a; € R are distinct elements. Then
|E(K)/2E(K)| S 41‘ . 22i<j w(aj—ai)

where w(a) denotes the number of distinct prime factors of a € R\{0} and r is the
dimension of the F,-vector space R* /(R*)>.

Proof. By Lemma 5.1.4 we have a homomorphism ¢ : E(K) — (K*/(K*)?)® with
kernel 2E(K). We need to estimate the cardinality of the image.

Let S be a set of representatives of the primes of R and P € E(K)\{O} with affine
coordinates (x, y). Fori = 1,2, 3, there are b; € K, u; € R* and a; a product of distinct
primes of S such that

x —a; = blu;a; (Eq. 5.1.6)

It follows from
}’2 =(x—ay)(x —ay)(x —as)

that the primes of the denominator of x occur with even multiplicity. Therefore, a; is
coprime to the denominator of b; and, substituting Eq. 5.1.6 into the last equation, we
see a,a,a; and u,u,u, are squares in R. Hence there are ¢,, ¢,, ¢c; € R pairwise coprime
and product of distinct primes of S, such that

a; = CyC3, Ay =CiC3, d3 =010y

Let 7 be a prime of S dividing c;. Since a; and the denominator of b; are coprime, 7
divides the numerator of x — a; for j # i and it follows that 7 divides a; — a,, where
j, k are the other two indices. Therefore, the number of possibilities for 7 is bounded
by w(a; — a;) and there at most

2Zi<j w(a;j—a;)
such tuples (cq, ¢y, ¢3).
The image of R* in K*/(K*)? is isomorphic to F}, restricting the image of u; to 2
possibilities. We also know u;u,u, is a square, hence the number of triples (u;, u,, us)

is bounded by 4". Finally, its easily seen the points of ¢(E[2]) may be represented by
(155, U5C3Cy,U5Co Cy) for admissible choices of u; and c;.

¥

The following gives a special case of weak Mordell-Weil theorem for elliptic curves:
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Let E be an elliptic curve over a number field K with 2-torsion also defined over K.
Then E(K)/2E(K) is finite.

Proof. The ring of integers Oy is not necessarily a unique factorization domain. How-
ever, by the following Proposition, we can find a finite set of places S of K so for any
finite set of places T € My with T 2 S, the ring R of T-integers in K is a unique
factorization domain. Its group of units R* is finitely generated by Dirichlet’s unit
theorem 1.2.7. We have seen in the above discussion and Proposition 5.1.2 that E is
K-isomorphic to an elliptic curve of the form required in Proposition 5.1.5, because
we can always enlarge the ring R so as to ensure that every a; € R. The result now
follows from Proposition 5.1.5.

Y

Let K be a number field. Then we can find a finite set of places S of K such that for
any finite set of places T € My with T 2 S, the ring Oy is a principal ideal domain
and hence a unique factorization domain.

If the 2-torsion of E is not defined over the number field K, we can still prove the
finiteness of E(K)/2E(K) by base change to a finite extension L/K over which the 2-
torsion becomes rational. Then we use E(L)/2E(L) is finite to show E(L) is finitely
generated by Fermat descent, and to conclude, by general results about abelian groups,
that the subgroup E(K) is also finitely generated of rank not exceeding the rank of
E(L).

Let A be an abelian variety defined over K and L/K finite separable extension of
K. Let m be a positive integer and suppose A(L)/mA(L) is a finite group. Then
A(K)/mA(K) is a finite group.

Proof. Let d = [L : K] and & be a positive integer such that we can write d = d,d,
with d, | m®~! and ged(d;,m) = 1. Let & be the set of representatives of A(L)/mA(L)
in A(L).

The group A(L)/mP®A(L) is again a finite group, since a set of representatives for it
is contained in the finite set

EB)=E+mE+...+m°LE

Let F be the Galois closure of L over K, let G = Gal(F /K), let H be the subgroup of G
of index d fixing L, and denote by R a full set of representatives for the left cosets of
Hin G.
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Let x € A(K) CA(L). Then we see
x—m’y € &(6)
for some y € A(L). We apply the automorphisms o € R to this equation and deduce
dx —m®z € £'(5)

where z := >, oy and

£(5) = (Z a) £(5)

O€R

Clearly, z € A(K) because any element T € Gal(F/K) permutes the left cosets of H.
Since d, divides m®~!, we may divide by d,, getting

d,x —m(m°'/dy)z € A(K)N %5’(5)

and A(K) N dl—oé" (6) is still a finite set (use Proposition 3.6.14).

Finally, since d, and m are coprime, the euclidean algorithm produces integers u
and v so dyu —mv = 1. After multiplication by u, it follows

o (G s — ) A dlugf(A)
0

¥

Thus, combine this lemma with Corollary 5.1.5.1, we conclude the following the-
orem.

(for elliptic curves)

Let E be an elliptic curve defined over a number field K. Then E(K)/2E(K) is finite.

5.2 Weak Mordell-Weil For Abelian Varieties

Before we proceed to give a proof, we need the following results.

rem

Let K be a number field, K an algebraic closure of K, and ¢ : Y — X a finite
unramified morphism of K-varieties. If X is complete, then there is a number field
L, K C L CK such that P € Y(L) for any P € Y(K) with ¢ (P) € X(K).

The form we will need is for abelian varieties. Let A be an abelian variety over K. For a

non-zero integer m, we denote by %A(K ) the subset [m]A(K) of A(K). For S C A(K),
the field K(S) is the smallest intermediate field K € L C K with S C A(L).
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Let A be an abelian variety defined over a number field K. Then [K (%A(K ) :K]<
00.

Now, the main result we will prove in this section is the following.

Let A be an abelian variety over a number field K and let m be a positive integer.
Then A(K)/mA(K) is finite.

To begin with, we need to introduce some notation. As usual, Gal(L/K) is the
Galois group of L/K, where we fix an algebraic closure K and assume K/L. Let g €
Gal(L/K) and X a variety over K. We view a point x € X(L) as belonging to some
affine chart, with affine coordinates in L. Applying g~! to the coordinates, we get
well-defined point x¢ € X(L). Clearly x¢" = (x¢)" and hence we have an action of
Gal(L/K) on X(L). If ¢ : X — Y is a morphism over K, then ¢(x?) = ¢p(x)¢. If F
denotes the fixed field of Gal(L/K) (i.e. F :={x €L : gx =xVYg € Gal(L/K)}), then
x € X(F) is equivalent to x8 = x for all g € Gal(L/K). In particular, if X is abelian,
then we have (ma)® = ma® and (a + b)® = a8 + bé for a,b € X(L) and m € Z.

Recall A{m]is the m-torsion of A, i.e. the kernel of [m] : A — A. The next statement
is contained in the previous section (Lemma 5.1.7). We give an alternative proof using
methods of Kummer theory.

Let L be a finite Galois extension of K and 0 # m € Z. If A(L)/mA(L) is finite, then
A(K)/mA(K) is finite.

Proof. The inclusion A(K) € A(L) induces a homomorphism
A(K)/mA(K) — A(L)/mA(L)

of abelian groups. Let N be its kernel. Its enough to show N is finite. Choose a system
of representatives in A(K) for N. For each representative a, choose b, € A(L) such
that a = mb,. Consider an element g € Gal(L/K) and define

Aa(g) = bf - ba

By the above, we see
mla(g) = (mba)g - mba =af—a

By K-rationality of a, this is zero. Using our system of representatives, the rule a — A,
defines a map from N to the set of maps

Gal(L/K) — Alm]

That is, we have
N — Homyg,,)(Gal(L/K),A[m]), a— A

a
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We see N will be finite if this map is injective and the range if finite. The latter fol-
lows from Proposition 3.6.14. In order to prove the former, suppose A, = A, for
representatives a,a’. We have

b%, — b, = b¥ — b,

and hence
(ba/ — ba)g == ba/ — ba

for every g, or equivalently b, — b, € A(K). Thus, applying [m] we get a = a’.
An important step in the proof of weak Mordell-Weil is the generalization of some

aspects of Kummer theory to abelian varieties.

Let 0 # m € Z be not divisible by char(K) and assume A[m] C A(K). We denote
the separable algebraic closure of K in K by K*. For a € A(K), there is b € A(K*) such
that a = mb (using [m] is unramified from Proposition 3.6.14, every such b € A(K) is
in A(K*)). If g € Gal(K*/K), then we define

(a,g) =b*—b
By the above discussion, we see (a, g) € A[m].
Let a’ € A(K) and b’ € A(K*®) with a’ = mb’, then
(b+b)8—(b+b")=(b¥—b)+ (b —b)

This shows (a, g) is independent of the choice of b. Moreover, we see (-, -) is linear in
the first variable.

The map
(-,) :A(K) = Gal(K*/K) - A[m]

is called the Kummer pairing. The right-kernel of (-, ) is defined by
{g € Gal(K*/K) : {(a,g) = 0Va € A(K)}

and the left-kernel is defined similarly by
{a€A(K): (a,g) =0Vg € Gal(K*/K)}

As in Corollary 5.2.1.1, let K (%A(K )) be the smallest intermediate field K € L € K
such that for any b € A(K) with mb € A(K) is rational over L.

The Kummer pairing is bilinear, with left-kernel mA(K) and right-kernel the sub-
group Gal(K*/K(=A(K))) of Gal(K*/K).
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Proof. Let g, g’ € Gal(K*/K). Using the notation and arguments of above paragraphs,
we see
(a,g8')=b% —b=(b*—Db)* +b¢ —b

Since (a, g) is K-rational by assumption, we get

(a,g¢')=(a,g)+(a, &)
This proves linearity in the second variable and thus (-, -) is bilinear.

For a € mA(K), choose b € A(K) such that a = mb. By K-rationality of b, we have
(a,g)=b%5—b=0

for every g € Gal(K°/K). Conversely, say a is in the left-kernel. For any b € A(K*)
with a = mb, we have
0={(a,g)=b%—b

Since this is true for every g € Gal(K*/K) and since K is the fixed field of the Galois
group, we conclude b € A(K). So the left-kernel is equal mA(K).

Obviously Gal(K*/K (%A(K ))) is contained in the left-kernel H. On the other hand,
let g be an element of the right-kernel. For b € A(K*) with mb € A(K), we have
b¢ = b. It follows the restriction of g to the residue field x(b) is equal to the iden-
tity, hence the same is true for the restriction of g to K (%(A(K ))). This proves H C
Gal(K*/K (%A(K ))), which proves the result.

Y

It follows from Proposition 5.2.4 that the right-kernel is a closed normal subgroup
of Gal(K*/K). By Galois theory, K (%A(K )) is a Galois extension of K. By the same
Proposition 5.2.4, we conclude the Kummer pairing induces a non-degenerate
(i.e. left and right kernel equal zero) pairing

(A(K)/mA(K)) x Gal(K(%A(K))/K) — Alm]

Thus in order to prove the finiteness of the group A(K)/mA(K), its enough to
show Gal(K (%A(K ))/K) is finite.

Proof of Theorem 5.2.2. By Lemma 5.2.3 and Proposition 3.6.14, we may assume
Alm] C A(K)

Since K is a number field, we see K (%A(K ))/K is finite by Corollary 5.2.1.1. As we
have seen in Remark 5.2.5, this is enough to conclude the proof.

¥
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5.3 Mordell-Weil Theorem

We will prove the following result.

If A is an abelian variety over a number field K, then A(K) is a finitely generated
abelian group.

In order to prove this, we need the Fermat descent:

Let G be an abelian group and m > 2 a positive integer. Let also ||-|| a real function
on G satisfying
lx =yl < llxll + 1yl [Imx]] = m|lx]|

for any x,y € G. Assume S is a set of representatives for G/mG, bounded relative
to ||-|| by a constant C. Then for any x € C, there is a decomposition

|
52 = E m'y; + m'*z

i=0

where y; € S and z € G satisfies ||z|| < C + 1. In particular, G is generated by
elements in the ball
{xeG:|x||<C+1}

Proof. There are y, €S, x, € G such that x = y, + mx,. We have
1
lIx0ll < —(C +IxI))
m

Proceeding by induction, there are y; € S, x; € G such that x;_; = y; + mx; and

1+1 1 1
x| < (Z %) Ct — x|

i=1

We choose [ so large that ||x|| < m!*! and set z := x,, getting

llzll <

1
1C+1SC+1

Moreover, we have
x=y,+my, +..+mly +mtlz

which proves the first claim. The second claim is a trivial consequence of the first.

¥
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Proof of Theorem 5.3.1. Choose an integer m > 2. The weak Mordell-Weil 5.2.2 gives
finiteness of A(K)/mA(K). By Proposition 3.6.4 there is an even ample .Z € Pic(A).
By Theorem 4.1.7, the assumptions of Lemma 5.3.2 for ||-|| := fl}?{z on G :=A(K) are
satisfied. Thus Lemma 5.3.2 shows the group A(K) is generated by a bounded set.
Finally, Northcott’s theorem 2.4.4 shows A(K) is finitely generated.

¥
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