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1. INTRODUCTION

The way I am explaining and introducing the material is a little bit nonstandard
although it covers all the usual ingredients. Just keep that in mind.

We will work consistently with what are called logarithmic heights in the literature.

2. GOAL OF THE DISCUSSION
Let K be a field. We assume given for each n > 0 a function
hp :P"(K) — R
These functions have to satisfy some axioms (yet to be clarified).

Suppose given some projective variety X. Throughout variety will mean variety
over K. In particular P™ will mean projective n-space over K. Suppose given a
morphism of varieties
p: X —P"
Then we get a function
hy =h,op: X(K) — Rxo
1
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and we get an invertible module £, = ¢*Opn(1). Our goal is to have enough
axioms such that the following are true

(1) Given two morphisms ¢ : X — P™ and ¢ : X — P™ such that £, = L,
as invertible modules on X then there exists a constant C' > 0 such that
‘hsa - hw\ <C

(2) given three morphisms ¢ : X — P, ¢ : X — P, and ¢ : X — P™
such that £, ® L, = Ly as invertible modules on X then there exists a
constant C > 0 such that

‘h<p+hw’ —hw\ <C

Note that actually property (1) follows from property (2) as we can pick ¢’ : X —
PO the constant morphism.

Of course, conditions (1) and (2) are trivially true if we pick each h,, bounded. But
as soon as some A, is not bounded, then it is not clear that (1) and (2) are satisfied.

3. HEIGHTS OVER THE RATIONALS

It turns out that over the rationals, i.e., when K = Q we can construct interesting
natural functions

hn : Pn(Q) — RZO

Namely, suppose given a point

z=(x0:...:7,) € P*(Q)
Then elementary number theory tells us there is a unique ¢ = ¢, € Q% such that
cxg, ..., Ccx, € Z and ged(cxg, ..., cx,) = 1. We set

hn(z) = log(max;—o,... n |czi]), c=cy
For example we have
ho([1/2:1/3:1/5]) = ha([15 : 10 : 6]) = log(15)
Lemma 3.1. Let x = (zg : ... : x,) be a point of P™*(Q) and assume that x; € Z
for alli. Then hy,(z) < max|z;|.

Proof. This is true because h,,(x) is exactly equal to max |z;| divided by the ged of
the integers x;. (I

4. HEIGHTS OVER NUMBER FIELDS

Very briefly, suppose we have a number field K. Then we want to define
hn : Pn(K) — RZQ

in exactly the same manner as in Section This doesn’t work for the following
two reasons:

(1) since the ring of integers Ok isn’t a PID we cannot represent every point
x € P"(K) by a vector (g, ...,Z,) with 2; € Ok and ged(zg, ..., 2,) =1,
and

(2) even if we could do this, then what are we going to use for |x;|? Namely,
there are multiple archimedian places and we don’t want to just pick one!
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The standard solution is to choose absolute values || - ||, for every place v of K
satisfying the product formula ], ||c|[, = 1 for all ¢ € K*, and then to set

whenever x = (zg : ... : z,) € P"(K). See the discussion in Section [L5| for a more
general case.

Exercise 4.1. If K = Q and for the p-adic place v we take ||p||, = p~! and for the
archimedian place v of Q we use the usual absolute value on R, then the formula
above recovers the formula given in Section

Back to our general number field K. We can normalize the choice of the absolute
values || - ||, such that these functions h,, agree with the ones in Section [3| via the
inclusion Q C K, then we find actually height functions

hn : Pn(Q) — RZO

See discussion in lecture and see discussion in Section [19]

5. HEIGHTS OF RATIONAL FUNCTIONS

Let k be a field (for example a finite field). Then we can set K = k(t) the function
field in 1-variable ¢ over k. Exactly as in the case of Q we can define
hy, : P*(K) — Rx>g
by a procedure involving clearing denominators. Namely, suppose given a point
z=(x0:...:7,) € P*(K)
Then since k[t] is a PID there is a scalar ¢ = ¢, € K* unique up to k* such that
CLo, ..., Ccx, € k[t] and ged(cxg, ..., cr,) = 1. We set
hn(z) = max;—,. .. ndeg(cr;), c=cy
The result is independent of the choice of c¢. For example we have

ho([1/t:1/(t—1): 1)) =ho(t—1:t:t> —t]) =2

6. HEIGHTS ON FUNCTION FIELDS ON CURVES

Let C be a nonsingular projective curve over a field k. Set K = k(C). Then we
have an interesting geometric way to define height functions

ha: PY(K) — R
as follows. A point z € P"(K) is a sequence z = (fo,...,fn) of elements of
the function field K of C. Denote V = (fo,..., fn) the k-subvector space of K
generated by fo,..., fn. If dimp V =1, then we set h,(z) = 0. If dimy V > 1, then

in the lectures we constructed an invertible module £ C K generated by fq,..., fn.
Then we set

hn(x) = dege(£)
This has the following pleasing geometric interpretation: the point x corresponds
to a unique morphism
z:C — P}
of varieties over k. Then hy,(z) = degx(2*O(1)).
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Exercise 6.1. If K = k(t) and C' = P}, then the construction above recovers the
construction in Section

Many of the properties of the height functions h,, for function fields of curves can
easily be deduced from this geometric definition and a little bit of geometry.

7. AXIOM 1 AND THE SEGRE MAP
Consider the variety X = P" x o together with the Segre embedding
) X — print
which on coordinates is given by the rule
(@y)=((zo:...:2n),(Wo - 1Y) =2 QY= (ToYo ...  TilYj .. TnYn’)
Furthermore, denote ¢ : X — P™ and ¢’ : X — P" the projection morphisms.

Lemma 7.1. With notation as above we have L, ® L, = Ly as invertible modules
on X =P" x P

Proof. Discussed in the lecture. ([l

Thus if we want our goal to be true, more specifically if we want requirement (2)
to hold in the case described above, we need to asssume

(Axiom 1) For every pair of integers n,n’ > 0 there exists a constant C' = C(n,n’) > 0
such that for any points z € P*(K) and y € P (K) we have

|hn(x) + Ay (y) - hnn’+n+n’(x ® y)| <C

where x ® y is the point described above.

8. AXIOM 1 FOR THE RATIONALS

This is true because suppose that we have (xo, . .., z,) € Z"! with ged(zo, ..., 2,) =
1 and that we have (yo,...,yn’) € Z"' 1 with ged(yo, - -+, yn) = 1. Then of course
we have that z,y; € Z and ged(z,;y;) = 1. Thus we see that

Py (x ® y) = logmax |xiyj|
= log(max |z;]) (max [y;]))
= log(max [x;) + log(max |y;])
= hn(2) + ha (y)

and we have equality on the nose!

9. AXIOM 1 FOR THE RATIONAL FUNCTIONS

Here K = k(t) and we can argue in exactly the same manner as in the case of the
rational numbers.
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10. AXIOM 2 AND CHANGE OF COORDINATES

Consider the variety X = P". Consider a linear morphism
v: X —P™

given by a matrix A = (a;;) on coordinates as follows

x=(xg:...:2y) — Az = (Zaoﬂfi : Zalixi : ...:Zamixi)

For this to make sense we need to make sure that there is no point x such that the
output has all vanishing cooridates. In other words, we need to assume that the
rank of the (m + 1) X (n + 1)-matrix A has rank n+ 1. (In particular, this implies
that m > n of course.)

Lemma 10.1. With notation as above we have Opn (1) = L, as invertible modules
on X =P".

Proof. Discussed in the lecture. O

Thus if we want our goal to be true, more specifically if we want requirement (1) to
hold for X = P", for ¢ = idx, for ¢y : X — P™ a linear morphism, then we need
to asssume

(Axiom 2) For every pair of integers m > n > 0 and for A € Mat((m+1) x (n+1), K)
of maximal rank, there exists a constant C' = C (A, n,m) > 0 such that for
any point z € P"(K) we have

| (z) — han (Az)| < C

where Az is the point described above.

It turns out that we can reduce this a bit further.

Lemma 10.2. In the situation above Aziom 2 holds if and only if the following
conditions are satisfied

(1) For every pair of integers m > n > 0 there exists a constant C' = C(n,m) >
0 such that for all x € P™(K) we have

|hn(zo s i) —hm(zo: . .i2y:0:...:0)] <C

(2) For everyn >4 >0 and c € K* there exists a constant C = C(n,1,c) such
that for all x € P"(K) we have

[hn(xo oo ixn) —hp(zo:...ictii. i) < C

(3) For everym >0,4,5 €{0,...,n},7# j and A € K* there exists a constant
C =C(n,i,7,\) such that for all x € P"(K) we have

|hn(zo ... ixp) —hp(zo: .. i+ Azt i 2y,)| < C

Proof. See lectures. Hint: any square invertible matrix can be written as a product
of elementary matrices. [



6 NOTES ON HEIGHTS

11. AXIOM 2 FOR THE RATIONALS

Consider a pair of integers m > n > 0 and a matrix A € Mat((m+1) x (n+1),Q)
of maximal rank. Let d > 1 be a common denominator for the coefficients of A, so
dA has integer entries. Then we see that for x € P"(Q) the vectors

Az and (dA)x
define the same point in P™(Q). Thus we may assume A has coefficients in Z.

Assume A has coefficients a;; in Z. Choose C' > 0 such that |a;;| < C for all 4, j.
Suppose that we have z = (xy,...,z,) € Z"! with ged(xo,...,2,) = 1. Then we
see that

him(Az) < log(max;—o,...m | Zi a;jit;|)
<log((n +1)Cmax;=q, . n|x;|)
— log((n + 1)C) + hu(z)
Here the first inequality is Lemma [3.1} This gives us one of the two inequalities.

For the other inequality, since the integer matrix A has rank m + 1, it follows from
linear algebra that there exists a (n+1) x (m~+1)-matrix B = (b;;) with coefficients
in Q such that BA = 1,4;. Choose an integer e¢ > 1 such that eb;; € Z. Choose
a C’ > 0 such that |eb;;| < C’ for all 4,5. With x = (z¢,...,2z,) € Z""! as above,
writing y = Az so y; = ZZ aj;w; are in Z, we get
hn(x) = hy(eBAx)
= hy,(eBy)

< log(maxy=o,... n | Zj ebr;y;|)
<log((m + 1)C’' max;—o,... n |y;|)
=log((m + 1)C") + hum(y)
=log((m + 1)C") + hy,(Az)

Here the first inequality (on the third line) is Lemma This proves the other
inequality and the proof of Axiom 2 is done.

12. AXIOM 2 FOR THE RATIONAL FUNCTIONS

Here K = k(t) and we can argue in exactly the same manner as in the case of the
rational numbers.

13. USEFUL FACTS ABOUT INVERTIBLE MODULES

If X is a projective variety over K we say that an invertible O x-module L is very
ample if there exist sections sg,...,s, € I'(X, L) which generate £ such that the
morphism

PL.so,....8n - X —P"
(discussed in the lectures) is a closed immersion.

Fact I. If £ is very ample and if sq,...,s, € ['(X, L) span the K-vector space
I'(X, L), then sq, ..., s, generate £ and ¢, 5, s, is a closed immersion.

Fact II. For every invertible module £ there exist very ample invertible modules

M and N such that L2 M N®1,
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Fact III. If £ is globally generated and A is very ample, then £L&N is very ample.

Fact IV. For every invertible module £ and global sections sq, ..., s, which gener-
ate £ there exists a very ample invertible module N and global sections tg, ..., t,, €
I'(X,N) which span the K-vector space I'(X,N) and such that s;t; span the K-
vector space I'(X, L @ N).

14. HEIGHTS ASSOCIATED TO LINE BUNDLES

In this section we will show: given a field K and a collection of functions h,, as
in Section [2] satisfying Axioms 1 and 2 then for every projective variety X and
invertible Ox-module £ we obtain function h, : X(K) — R well defined up to a
constant]}] This construction will satisfy

(1) ho@y = hy on X =P7

(2) more generally if £ = ¢*O(1) then we have hy = h,, as defined above,

(3) for X and a pair of invertible modules £ and £’ we have the equality of

functions hy + her = heger,
(4) given a morphism f : Y — X of projective varieties we have hy-z = hpoo f.

In the rest of this section we explain the construction.

Step 1. Let £ be very ample on X. Then we claim that there exists a well defined
function hy : X — R constructed as follows: pick any n > 0 and global sections
80y.-+,8, € (X, L) which span T'(X, L) as a K-vector space. By Fact I the
morphism ¢ s,.... s, is defined and we may set hy = hy, 0 oz 5,5, Why is this
well defined? To see this it suffices to show that if ¢g,...,t, € T'(X, L) is a basis
then hpowr oo s, —hmo@L 1o, .. t,, is bounded. Namely, we can write s; = ) a;;t;.
Since o, ..., tny is a basis of and since s; span the K-vector space I'(X, L) we see
that A has maximal rank! We have a commutative diagram

Thus the bound we want follows from Axiom 2.

Step 2. Next, suppose that

(1) L is a invertible module,
(2) sgy...,8n € T(X, L) are global sections which generate £, and
(3) Snt1s---sSntn € T'(X, L) are some additional global sections.

By Fact III and IV we can find a very ample invertible module N such that £L QN
is very ample and global sections ¢, ...,t, € I'(X,N) which span the K-vector
space I'(X,N) and such that s;t; span the K-vector space I'(X, L ® N'). Then we
get a commutative diagram

(s 0N t5)
X P” x P™ 5 an+n+m

\/

PLRON st

ITechnically, the symbol hy is an element of the quotient Maps(X (K), R)/(bounded maps).
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Thus by Axiom 1 we see that

hn 0¥ so,....sn = heon —hy
up to bounded functions where the functions hyga and has are as defined in Step
1. But note that the same choice of NV, ty,...,t,, works for L, sg,..., S, . Hence
we also conclude that

hn O @PL,so,..., Sn hn+n’ C YL, sg,..., Sptn’
is bounded as both are equal to hyga — has up to bounded functions.
Step 3. Let £ be a very ample invertible module and let sg,...,s, € I'(X, L)
are global sections which generate £. Since we can find additional global sec-
tions Sp41, - -« Snpn € T(X, £) such that sg, ..., Snn generate the K-vector space
I'(X, £) we conclude from Step 2 that
he —hnowr so,... sm

is bounded where h, is as in Step 1.
Step 4. Let £L = N ® M with all three invertible modules very ample. Choose a
basis sq, . .., sp of (X, N). Choose a basis tg, ..., ¢, of ['(X, M). Then we do not
know if s;t; form a basis of I'(X, N ® M) or even if they generate I'(X, N ® M)
as a K-vector space. But we do know that they generate the invertible module
N ® M. Hence by Step 3 we conclude that

h£ - hnm+n+m o @N@M,sit]‘
up to bounded functions. On the other hand we have the commutative diagram

(WN,si #PM,tj)

X

P" x P™ 5 an+n+m

PNOM,s;t;
Thus by Axiom 1 we see that

h[: = hnm+n+m o @N@M,sitj = hN + hM
up to bounded functions.
Step 5. Next, suppose that £ is any invertible module. By Fact II there exist
very ample invertible modules M and N such that £~ M @ N®~1. Then we set
hre = hag — har where hag and has are as above. To show that this is well defined,

suppose that £ 2 K ® J®~ 1. for another pair of very ample invertible modules K
and J. Then we get

KoN=MeT
We know that these are very ample invertible modules by Fact III. Hence by the
previous paragraph we conclude that
YKt ON =Pm T o7
up to a bounded function and we conclude that our prescription is well defined.

Step 6. If £ and £’ are invertible modules and we write £ = M ® N®~! and
L =K@ J% ! then we see that

LOL=MK)® N ®JT)E!
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By Fact II the invertible modules M ® K and /' ® J are very ample. We find that
by construction in Step 5 that

hege = hpmex — hveg =hm +he —hy —hg =he + he
as desired.

Step 7. We still have to prove the functoriality in (4). If £ is globally generated,
say by So,...,8n € I'(X, L) then we see that

PL.50,...r8n © f = PFL,f*80,.. [*5n

and hence by Step 3 used twice we obtain that hz o f = hy«,. Since in general we
can write L as a difference of globally generated (very ample) invertible modules we
conclude from the additivity of height functions shown in Step 6 that hzo f = hy«p
holds for an arbitrary invertible module on X.

15. HEIGHTS FROM LOCAL FUNCTIONS

”

In Brian Conrad’s paper ”Chow’s K/k-trace...” and in Moriwaki’s paper ” Arith-
metic height functions...” there is a clever constructiorﬂ of heights by analogy with
the number field case.

Let K be a field. Suppose that we have a set M = Mg and for each v € M a
function

[ [lo: K — Rxo

We assume
(1) for c € K we have ||c||l, =0< ¢ =0,
(2) for ¢, € K we have |||, = ||c]|v]|¢]]v,

(3) for ¢ € K* we have ||c||, = 1 for all but a finite number of v € Mg and we
have the product formula [], .,/ |lel» = 1.

Then the formula

() = 1og (] maico,..n llaill) = 3 log (maxizo, ., [|zil)

whenever © = (zg : ... : z,) € P"(K) is at least well defined. Axiom 1 is automatic
with this choice. If Axiom 2 holds just for the morphism

P! — P! (1:a)— (1:1+aq)
then there exists a constant C' > 0 such that
(15.0.1) > log(ll1+all) <) log(max{1,|lall,}) + C

for all @ € K*. Thus it appears that we need some way to compare ||1 + al|, in
terms of the maximum of 1 and ||a||,. For example, suppose we have some real
numbers €, > 1 such that

(15.0.2) 11+ allo < e, max{1,|lal[,}

for all « € K* and such that we have
C= ZUeM log(ey) < 00

21t seems Moriwaki’s height function actually comes from a slightly more general construction
where the local functions are allowed to take negative values and perhaps do not exactly statisfy

an inequality as in (15.0.2)).
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Then we obtain (15.0.1). For example, if || - ||, is an absolute value, then we have
the triangle inequality ||a + b||, < ||a|lv + ||b]|v and we can take €, = 2. If || - ||,
is a non-Archimedian absolute value, then we have ||a + bl||, < max(||a|l,][b|])
and we can take €, = 1. Thus if all the || - ||, are absolute values, then we just
need to assume we have only finitely many v € M where || -||, is archmedian (since
otherwise the condition that C' < oo is violated); of course this is exactly what

happens in the number field case.
Lemma 15.1. Azxiom 2 holds if we have constants €, as above.

Proof. We use the criterion of Lemma [10.2} For the linear embeddings P — P™
sending © = (zg : ... : @y) to (X : ... 2, : 0:...:0) we actually have equality
with the definition of h, as above.. The existence of a bound is easy for diagonal
matrices (see lectures for details). Finally, the bound for a morphism of the form
(o:voimp)—> (ot o 1@t 1T+ AT I Tig1 . Ty

where i # j is done by a direct computation using the constants €, (see lecture for
details). 0

Remark 15.2. Let K be a field. Let || - || : K — R>( be a map such that (1) for
¢ € K we have ||c|]] =0 < ¢ =0, (2) for ¢, € K we have |[c|| = ||| - |||,
and (3) there exists a real number € > 1 such that ||1 + a|| < emax{1,]||a||} for all
a € K*. T don’t have an example of this where || - || isn’t a power of an absolute
value. Do you?

16. POSITIVITY

In the rational number field and rational function field cases the functions we have
constructed have nonnegative values. However, in those cases it turns out we have
the following even stronger fact.

Lemma 16.1. Let K = Q or K = k(t) with h,, as constructed in Section [ or
[l Given X and L denote B C X the base locus of of L. Then hg restricted to
X(K)\ B(K) is bounded from belouﬁ.

Proof. See discussion in lecture O

17. POINTS OF BOUNDED HEIGHT
If K =Q or K = k(t) with k finite(!) the sets
{x e P"(K) : hy(z) < C}

are finite for any real number C. See discussion in lecture.

18. HEIGHTS AND ABELIAN VARIETIES

Let K be a field and let {h,,} be a collection of functions satisfying axioms 1 and
2. Let X be an abelian variety over K. Recall that this means X is a smooth
projective variety over K, we are given a K-rational point O € X (K), we are given
a morphism m : X x X — X of varieties over K, and we are given an isomorphism
i: X — X such that

(1) m(z,m(y,z)) = m(m(z,y), z) for all scheme valued points z,y, z of X,

3Since our functions are only well defined up to a constant, this is the best we can ask for.
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(2) m(z,0) =m(0,x) = x for all scheme valued points x of X,

(3) m(i(x),x) = m(z,i(x)) = O for all scheme valued points = of X.
Under these assumptions it is always the case that m(z,y) = m(y,x). Thus we
write m(z,y) =z +y and i(z) = —z.
Fact. For any invertible module £ on X we have

Oxxxxx ZMiggL @M LE @M L2 @M, L8971 @ piL @ piL @ piL
where the morphisms mjs3,m12,...: X X X x X — X are the following ones

m123($7y,2):x+y+2> mlg(x,y,z):x-i-y

similarly for mi3 and ms3 and p1, p2, and p3 are the projections.
Conclusion: from our height machine in Section [14] we see immediately that there
exists a constant C' = C(X, £) such that
lhe(x+y+2) —he(z+y) —he(z+2) = he(y+2) + he(@) + he(y) +he(2)| < C

for all z,y,z € X(K). This isn’t quite enough to show that h, is a quadratic
function up to a bounded function. However, suppose that i*£ = £; we will say £
is symmetric. Then we also have a constant C’ such that

|he(z) —he(—)| < C7
for all z € X(K) since —z = i(x) by our conventions above.

Writing out what the long equality above means for x,y, z = =, z, —x and using the
bound from symmetry of £ in the previous paragraph we obtain

|hg(2$(:) — 4h£(l‘)| <C+
for all x € X(K). This suggests considering for n > 1 the function

g X(K) =R, gn(x)= w

Then one shows
(1) 192(O)| < |he(O)]/4™,
(2) |he(z) — gn(z)] < C + ' for all n for all x € X(K),
(3) we have

lgn(®+y+2) = gn(x +Y) — gn(T + 2) = gn(y + 2) + gn () + gn(y) + gn(2)| < C/4"

for all x,y,z € X(K),

(4) we have |g,(x) — gn(—x)| < C'/4™ for all z € X(K), and

(5) |gn(2z) —4gn ()| < (C + C")/4™ for all z € X(K).
Then for any finitely generated subgroup A C X (K) we can pick a sequence n; <
ng < ng < ... such that g,,|4 converges to a function g which is quadratic, i.e.,
satisfies g(O) = 0, g(—x) = g(=), and the map (,) : A2 — R given by (z,y) = g(z+
y) — g(z) — g(y) is symmetric bilinealﬁ Conversely, we then have g(z) = 3(z,z).
Now note that the bilinear from (,) on A is the unique bilinear map such that

A—-R, xv+— he(z)— %(z,x) = he(z) — g(x)

Because we have (z +y,2) — (z,2) — (,2) = gz +y+2) —g(e +y) —g(z +2) — gy +2) +
g(x) + g(y) + g(z) which is zero on A3 by our limit construction of g.
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is bounded (the reason being that different quadratic functions have unbounded
difference!). By the way, observe that the bound for |h.(x) — g(z)| is C + C’
independent of our choice of finitely generated subgroup A. Since X (K) is the union
of its finitely generated subgroups, we conclude g and (,) are defined canonically
on all of X(K).

Proposition 18.1. Let X,0,m,¢ be an abelian variety over K. Let L be a sym-
metric invertible module on X. There exists a uniquely defined symmetric bilinear
form

(): X(K)—R
and a constant C' > 0 such that

hele) — g @) < C
for all x € X(K).

Proof. See discussion above. |

Remark 18.2. Given any abelian variety X, O, m, over a field, it possesses at least
one very ample invertible module which is symmetric. Namely, let N” be any very
ample invertible module. Then i* N is very ample too, because 7 is an automorphism
of X. By Fact III of Section [I3] we see that £ = N ®i* is very ample. Of course
L is symmetric by construction.

19. APPENDIX: INDUCED HEIGHT ON THE ALGEBRAIC CLOSURE
Don’t read this!

Suppose we have a field K and functions h,, satisfying Axioms 1 and 2. Let K be
the algebraic closure of K. It seems that there is a canonical way to extend the
functions h,, (modulo bounded functions) to functions

En : Pn(?) — RZO

satisfying Axioms 1 and 2 although we haven’t found this in the literature. In this
section we discuss how to start doing this.

For example, we can define a map

h1 :PYK) — Rxg

as follows. Suppose that 2 = (2 : 7;) € P'(K). Let d be the minimal degree of
a nonzero homogeneous polynomial F' € K[Ty, T1] such that F(zg,z1) = 0. Note
that F' is unique up to a scalar. For example, if zg # 0, then d is the degree of the
field extension of K generated by o = x1/x¢ € K and F(1,T) is a multiple of the
minimal polynomial of a. We write

F=aT¢+a T T + ..+ agT]

for some a; € K. Since F is well defined up to a scalar we see that the point
(ag : ...:aq) € PYK) is well defined. Then we set

El(fﬂ) _ hd(ao d . ad)
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Example 19.1. If x € P}(K) then d = 1 and we can take F = 21Ty — 2Ty and
we see that

hl(x) = hl(fﬂl : —CL'())
which by Axiom 2 differs from hj(x) by a bounded amount.

Next, consider the surjective finite morphism
7: P x P — P? (z,y) — (oo : Toy1 + 21%0 : T1y1)

By Axioms 1 and 2 we have that hy(z) + h1(y) and ho(n(z,y)) differ by a constant
for z € P}(K) and y € P}(K). Motivated by this we define

EQ : Pl(?) — RZO

as follows. Given z € P?(K) pick # € PY(K) and y € PY(K) with 7(z,y) = 2.
Then we set

ha(2) = ha(z) + ha(y)
Now we have to check something: why is this well defined? Well, since 7 has degree
2 the only problem is if there is a second point mapping to z by w. But this can only
happen if © # y and then the second point is the point (y,z). Since the formula
above is symmetric in x and y this fine.

Example 19.2. Another sanity check is the following: suppose that we look at all
z € P?(K). Then we want to make sure, as in Example that hy(2) and hao(2)
have bounded difference. To see this we deal with two cases
(1) (z,y) is in PY(K) x PY(K). In this case ho(z) differs from hy(z) + hy(y)
by a bounded amount, h;(z) differs from h(x) by a bounded amount, and
hi(y) differs from h; (y) by a bounded amount. Thus this case is fine.
(2) (z,y) is defined over a quadratic extension of K. In this case a calculation
shows the equation F' we use to compute hy(z) is

Z2T02 — ZlTOTl + ZoT12
We conclude that hy(z) = (1/2)ha(2z2 : —21 : 20). The exact same result

holds for y by symmetry. Hence we see that hy(2) = ha(zo : —21 : 29) which
differs from hy(z) by a bounded amount.
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