Lectures on the 4Bc conjecture over function fields
C. Gasbarri

1 Introduction.

One of the main objectives in mathematics is solving algebraic equations. Given a
system of algebraic equations G(X) = 0 defined over a ring A, may we know if there are
solutions of it on A? and, in case, may we explicitly find them? Of course the prototype
of such a ring is Z or rings finite over it, but the theorem of Matiyasevich tells us that
we cannot find a general method to answer to the question in this situation.

Never the less one can try to see if it is possible to answer to the question for some
class of systems of algebraic equations.

Since long time we know that there is an interesting analogy between the ring Z and
the ring k[t] where k is a field:

— They are both principal ideal domains with Krull dimension one.

— In both rings a product formula holds: Over Z the product of the all the possible
absolute values of an element is one; over k[t] every rational functions has as many poles
as many zeroes on the projective line.

Essentially all the technics one can develop to study the system of polynomial equa-
tions over Z may be developed also for studying the same theory over k[t]. But on the
ring k[t] we can use a new tool: we can compute the derivative of a polynomial. Thus
one can hope that the study of the diophantine equations may be easier to solve over
k[t] then over Z. Consequently before we attack the theory of systems of polynomial
equations over Z, we can try to study the same theory over k[t]. In most of the cases,
a statement which is false in the theory of polynomial equations over k[t] is also false
(often for the same reasons) in the theory over Z.

Of course over k[t] we can use all the strength of the algebraic and analytic geometries.

In these notes we will overview some of the known results and technics used in the
theory of the polynomial equations over k[t]. Essentially nothing is original, up perhaps
the mistakes, the inaccuracies and the choice of the presentation.

Instead of studying systems of polynomial equations over k[t] we will begin by study-
ing the same problem over its field of fractions F' := k(t). Given a system of polynomial
equations G(X) = 0, say in n variables over F', we can see the set of its solution as an
affine variety X. As it is customary in algebraic geometry, we can compactify this affine
variety to obtain a projective variety X. Moreover, since G(X) has its coefficients in F,
we may consider it as a system of polynomial equations in the variables (¢, X)) and look
its set of zeroes as an affine variety X defined over k. The variety X is equipped with a
rational map to the affine line A} given by the projection (¢, X) — t. We will see that
the morphism X — A} and its compactifications will be a main tool in the subject.
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In the first part of these notes we will try to translate the problem we are interested in,
in terms of algebraic geometry. We will see, how the derivative will play an interesting
role. Then we will introduce the theory of heights: this is a machinery which is very
useful and it is essentially the classical intersection theory reinterpreted in the language
of arithmetic geometry.

Once we developed the language and the tools, we will introduce the main conjecture:
this is a conjecture due to Vojta and, a proof of it will allow to qualitatively solve all the
systems of polynomial equations. In the simpler case it is the classical ABC' theorem
proved by Mason.

Using the analogy between the number fields arithmetic and the function fields arith-
metic we can translate the ABC' conjecture in the arithmetic contest. In this case the
ABC conjecture is widely open even in the simplest case. Let’s state it:

1.1 Conjecture. Let ¢ > 0, then there exists a constant C(¢) for which the following
holds: Let a, b and ¢ three integral numbers such that (a,b) =1 and a + b = ¢ then

1+€

max{|al, |b],|c|} < C(e) H p

p/abc
where the product is taken over all the prime numbers dividing abc.

Once one state the conjecture in an algebro geometric language and generalize it to
an arbitrary curve it becomes:

1.2 Conjecture. Let € > 0, and K be a number field, m : X — Spec(Ok) a regular
arithmetic surface and D — X an effective divisor on X. Denote by Kx 0, the relative
dualizing sheaf. Then there exists a constant C := C(X, ¢, D) for which the following
holds: let L be a finite extension of K and P : Spec(Or) — X, not contained in D,
then

hicxo (0)(P) < (14 (NS (P) +log |A]) + C[L : K]

where hKX/OK(D)(P) is the height of P with respect to Kx o, (D) and Ar is the
relative discriminant.

One should compare this conjecture with the conjecture 6.2.

We will provide some different approaches to the ABC' conjecture 6.2 in the function
fields case. Approaches developed essentially by Vojta, Moriwaki, Kim, McQuillan and
others. We will concentrate our attention to the case of curves. In this case we will
see that analytic tools will essentially completely solve the conjecture. Since one would
like to translate the methods in the arithmetic context (over Z) we would be interested
in a purely algebraic proof of it. Thus we will see what we can obtain in this case
and, and we will see some counterexamples in positive characteristic. The existence of
these counterexamples shows that it is impossible to find an algebraic proof of the ABC'
conjecture which is independent on the characteristic.
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We tried to keep these notes as self contained as possible. We suppose that the
reader is acquainted with a standard text in algebraic geometry (for instance [Hal)
Unfortunately we did not completely succeed on this: the last sections require a little
bit more of background. We tried nevertheless to recall the properties of the objects we
use.

2 Rational points, models and integral points.

Let k be an algebraically closed field and B be a smooth projective curve over it. In
the sequel we will denote by F' the field k(B).

Unless it is expressively declared, we will suppose from now on that £ is of charac-
teristic zero.

The field B is a non algebraically closed field. We would like to study the geometry
and the arithmetic of varieties defined over it.

Let f: Xp — S := Spec(F) be a variety defined over F.

If L/F is a finite extension, we will denote by X (L) the set of L-rational points of
X F.

2.1 What is a rational point?. In arithmetic geometry we are interested on study the
set Xz (F) of F rational points of Xz. More generally, suppose that L/F is a finite
extension, we are interested on the study of Xp(L) of L rational point of Xp.

First of all we would like to understand more geometrically what is a rational point.

2.1 Example. Let F' = k(t) and Xp be the line {X +tY +tZ = 0} C P2. Then the
point [0: 1: —1] is a rational point of Xr. But also [—t; 1;0] is a rational point of Xp.

In the example above we see that the two points on the variety X are of different
nature: the first one has coordinates in the small field £ and the second had coordinates
over the field F. Also notice that, in order to define the points and the curve, we used
coordinates (thus an embedding inside a projective plane). We want give a geometric
definition of rational point, which do not depend on the coordinates and that is intrinsic.

We make another example:

2.2 Example. Let k be any field. Let X be the variety A} := Spec(k[t]). A k rational
point on X is simply an element a € k. It correspond to the maximal ideal (t—a) C k[t].

It also corresponds to a k—morphism k[t] — k. And it also corresponds to a k—morphism
a : Spec(k) — X.

In general we see that the example above generalize to any affine variety: If A is a
k algebra and X = Spec(A); Suppose that X C AY. A point (ay,...,ay) of AY with
coordinates in k which is contained in X corresponds to a maximal ideal m, C A such
that A/m, ~ k; thus:



There is a bijection between k—rational points of X and morphisms of k-schemes
Spec(k) — X.

From this observation, it is natural to give the following definition:

2.3 Definition. Let F be a field and f : Xp — Spec(F') be a F—variety. A F-rational
point of X is a morphism of F'—Schemes

P : Spec(F) — Xp.

The set of F-rational points of X is denoted Xp(F).

2.4 Remark. Observe that, if L/K is a field extension and X is a variety defined
over F', denoting X, the L—variety Xz X p Spec(L), we have that

Xp(F) € Xo(L).

(prove this by exercise).

2.6 Models of varieties. At the beginning of this section we used an intuitive argument
using specified values of parameters. In this subsection we would like to formalize this.
A variety X over, for instance, the field F' = k(t), is defined by some equations where the
coefficients are elements of F'. If we consider the constant ¢ as a variable, the equations
defining X define a variety over k. This variety will be a model of X.

2.6 Example. Consider the X curve over field k(t) defined by the equation y? =
23 +t2. We may consider ¢ as a variable and associate to X the surface X defined over
k defined by the same equation (the variables will be x, y and t). The surface X’ has
a k-morphism f : X — Al; sending (z;y;t) to t. Each time we fix a point tq € Al we
may look to the fibre of f over tg; it will be the k—curve X;, := {y? = 23 +t2}. Observe
that the curve X;, is smooth if ¢y # 0 and singular if ¢ty = 0. Observe also that the
surface X is singular exactly where the curve X is singular. If we blow up the singular
point and then we blow up once again the singular point of the strict transform of X be
obtain a smooth surface X. This is another model of X. Observe that this model has
again a map over A! but this time the fibre over 0 is a reducible curve.

On the other side if you consider the curve Y2 = X3 4 ¢, we the model we associate
to it is a smooth surface but the fibre over 0 remains singular.

We fix our function field in one variable F' over k. Let X be a variety over F. A
model of X over k will be a k variety which generalize the example above. We will see
that the models are not unique and we will study the relations between them. As the
example above shows, there are models which are better then others (for instance they
are smooth k—varieties if Xp is smooth).



Recall that F' is the field k(B) where B is a smooth projective curve over k. The
field F' is equipped with a map of k—schemes 7 : Spec(F) — B. The image is a point
everywhere dense called the generic point of B.

2.7 Definition. Let f : Xp — Spec(F) be a variety. A model of Xp over B is a
k—variety X equipped with a flat surjective map of k varieties g : X — B and such that
Xp = X xp Spec(F); in other words the following diagram is cartesian:

XF — X
/| 5

Spec(F) - B

2.8 Main properties of the models.

(a) by definition, X is the fibre over the generic point of B. Since 7 is dense in B,
we have that the image of Xy in X is dense.

(b) Let F(Xp) be the fraction field of X, then F(Xr) = k(X)) (prove it by exercise)

(c) Let p € B be a closed point and Y C X be a subvariety contained in the fibre
over p; Let X — X be the blow up of Y; then X is another model of Xp.

(d) More generally prove the following fact:

2.8 Proposition. Let X' be a k variety with an isomorphism of fields F(Xp) ~ k(X))
then, there is a variety X birational to X with a flat surjective map X — B which is a
model of Xp.

(e) A natural model for the projective space P} is the product B xj P}.

(f) Suppose that X is projective, an easy (but not always good) way to construct a,
model of X is the following:

Embed Xp < PY. Consider the model of PX constructed in (e) and take the Zariski
closure of X5 inside it. The Zariski closure X — B X, IP’{CV is then a model of Xr.

(g) Other natural models of P¥ are constructed as follows: Let E be a vector bundle
of rank N + 1 over B, then P(E) — B is a smooth projective model of PY; of course
we can apply (f) to this situation and construct in this way other models of projective
Xp.

(h) Suppose that R is a k—scheme such that k(R) = F. Typical examples R are affine
open sets of B or the spectra of local rings of closed points of B. As before we have a
natural map 7 : Spec(F) — R. We can generalize the notion of model to R: It will be a
faithfully flat R—scheme Xr — R such that Xz ~ Xr X g Spec(F). In this case we will
say that Xr is a model of X over R.

(i) Suppose that X' is a model of X over, say B. Let pg : Spec(k) — B be a closed
point. Then we may consider the k—variety Xp, := X X p pg. This construction is the
formal version of the argument of ”specializing the parameters” used at the beginning
of this section.



(j) Suppose that h : B" — B is a finite covering of curves. Let F’ be the field of
functions of B’ (it is a finite extension of F'). Let X — B be a model of Xp. Let Xp
be the F'—variety Xp X Spec(F’). Then X' =: X xp B’ is a model of Xp/ over F”.
Warning: even if X' is a k—smooth variety, in general X’ will not be a smooth variety.

(k) By the theorem of resolution of singularities (We suppose to be in characteristic
zero), every projective variety Xz over F' has a model which is a smooth k-variety.

(1) Suppose that Xr is smooth. From now on we will always suppose that the models
of it are normal. Observe that every model is dominated by a normal model.

(m) The following terminology will be useful in the sequel:

2.9 Definition. Given an object A defined over X (a vector bundle, a subvariety, a
cycle...), we will denote by A,, its restriction to Xr via n; the corresponding object A,
over the generic fibre, is called the restriction to the generic fibre of A.

2.11 Models and rational points. We would like to understand the relations between
models and rational points. We show now that, if we are in presence of a projective
variety X g over the function field F', the F' rational points of Xz may be describe even
more geometrically in terms of models and morphisms of k—varieties. Let f : Xp —
Spec(F’) be a smooth projective variety over F.

We want to study an easy case first.

Suppose that X is a trivial variety; thus there is a k curve Xy and an isomorphism
Xp ~ Xo Xp Spec(F'). A natural model for Xp is then p: Xg x B — B. Each time we
have a k—morphism of curves P : B — X, we can look to its graph I'p : B — Xy X B.

The restriction of T'p to the generic point Spec(F') of B give rise to a point Pp €
Xp(F).

Thus we get an inclusion Homy(B; Xg) € Xg(F). Since X is projective, this
inclusion is indeed an equality:

2.11 Proposition. If X is projective then Homy(B; Xo) = Xp(F).

Proof: We need to prove that any point p € X (F') comes from a morphism P : B — X.
We first do the case when Xy = PV. Fix coordinates on PY. A rational point p € PV (F)
corresponds to N + 1 rational functions [fo;...; fx] up to a non trivial scalar factor.
By definition [fo;...; fn] defines a morphism from an affine open set of B to P¥. Since
B is smooth, this extends to a morphism from B to PV.

2.12 Exercise. In the proof of the proposition above we used the following fact: Let
B be a smooth projective curve and U be a Zariski open set of it. Let f: U — PV be
a morphism. Then f extends to a morphism f’: B — P~. Prove it.

The general case is a consequence of the case of PV and the Lemma below.
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2.13 Lemma. Let f : X — B be a model of Xp. Suppose that X is a smooth k-
variety. Then the morphism f : X — B can be factorized as f = poi withi: X — PN xB
a closed immersion and p : PV x B — B is the second projection.

Proof: Since X is projective over k; we can embed it inside some projective space
tX — P™. The map i := (1; f) : X — PN x B has the searched properties.

The lemma above is useful because it will reduce the verification of many properties
to the "easy” case of P¥ with the corresponding trivial model. Observe that X is a
closed subvariety of PN x B. This is a special case of property (e) of 2.8. One should
notice the following difference: here we started with a model X and then we constructed
the embedding; in (e) of 2.8 we made the converse.

It is important to notice that the same proof applies in the general case:

2.14 Theorem. Let X be a projective variety over F and f : X — B be a projective
model of it. Then there is a bijection:

{Points p € Xp(F)} «— {k — morphisms P: B — X s.t. foP =1Id}.

The theorem above give a geometric interpretation of F' rational points of a projective
variety: they correspond to k morphisms of the projective curve B to a model of the
variety which composed with the structural morphism are the identity.

2.15 Remark. Observe that a rational point is the generic fibre of a section.

The following example shows that the hypothesis of projectiveness is essential.
2.16 Example. Let F := k(t). The corresponding curve is P}. Consider the variety
Xp = AL. Consider the point p € X (F) with coordinate t. This point do not extend

to a morphism P : P — Pi x Ai. Indeed such a point will give a non trivial morphism
from P; to A} and this is impossible.

2.18 Integral points. One of the main subjects of diophantine geometry, is the study
of diophantine equations:

2.18 Example. Suppose that R = k[t] and consider the equation
fX)=X"4+a, 1 X" " +...a0=0 (2.18.1)

with a; € R. We may ask if there are solutions in R to such an equation. Observe
that, since R is a normal ring, every solution of 2.18.1 which is in k(%) is actually in
R. Thus a solution of 2.18.1 is a factor of the polynomial ag(t). Consequently, up to
the problem of factorizing ag(t), we can explicitly solve an equation of type "monic
polynomial equal to zero”. Observe that if f(X) is not monic, the problem is already
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harder. The reader may try to find a procedure to find the solutions in R of an equation

of the kind f(X) = 0 with f non monic.

If we consider systems of equations in more then one variable, the problem is more
complicated and algebraic geometry helps. Before we start to deal with this problem
we have to understand what a solution of an equation is.

In the example above, we were interested in solutions in R = k[t] of a monic equation.
Incidentally, due to the normality of R we could look for the solutions in the field &(¢)
which coincide with the solutions in R. When the polynomial is not monic, there may
be solutions in k(t) which are not in R.

2.20 Example. Let
Fi(t,X1,...,X,)=0

: (2.20.1)
Fon(t,X1,...,X,) =0

with F;(t, X1,...,Xn,) € k[t][Xq, ..., Xy], be a system of polynomial equations. An in-
tegral solution of 2.20.1 is a n—uple (f1(t),..., fn(t)) such that F;(¢, f1(t),..., fa(t)) =
0 for every i. Consider the ideal I := (Fi(t,X1,...,X5), ., Fn(t, X1,...,X,)) C
klt][X1,...,Xn]. We can associate to an integral solution of 2.20.1 a morphism P :
k[t][X1,...,Xn]/I — k[t], thus a morphism of schemes A} — Spec(k[t][X1,..., X,]/I).
Conversely for every such a morphism we can construct an integral solution of 2.20.1.
Observe that, via the natural inclusion k[t] — Ek[t][X1,...,X,] and the projection
klt)[Xq,...,Xn] = Ek[t][ X1, ..., Xn]/1, the scheme Spec(k[t][ X1, ..., X,]/I) is naturally
a scheme over Spec(k[t]) and the morphism P is a section of the structural morphism.

We see that the example above is very similar to the interpretation of the rational
points of a variety defined over a function field given in the previous section. We simply
changed Spec(k(t)) with Spec(kl[t]). It is natural then to expect an interpretation of the
integral solutions in terms of sections and models.

With this in mind we can give the following

2.22 Definition. Let U be a scheme and f : X — U be a U-scheme. A U-—integral
point of X is a morphism p : U — X such that f op = Id. The set of the U-integral
points of X is denoted by X (U).

2.23 Remark. (a) If U = Spec(F') then a U integral point of X is a F-rational point
of X.

(b) The case we are interested in is when U is an open set of a smooth projective
curve B. For instance in the example 2.20, U is an open set of B = P}. From now on,
we suppose that U is a regular scheme of dimension at most one. In this case S := B\ U
is a divisor and we speak about S—integral points.
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(c) Let n : Spec(F') — U be the generic point of U. Then the restriction X'z of X' to
Spec(F') is a F—variety. The restriction to F' of a U integral point of X’ give rise to a
F-rational point. Thus we get an inclusion X' (U) C Xp(F).

(d) Suppose that f : X — U is a projective morphism, then 2.14 tells us that the
inclusion X'(U) C Xr(F') is in fact a bijection.

(e) The following example is important: Suppose that U = A} \ {a1,...,a,}. An
U-integral point of AV is a N-uple (f1(t),..., fn(t)), where f;(t) € k(t) are such that
the denominators of them are divisible only by (¢ — a;). Thus an U-integral point is a
F := k(t)-rational point with ”controlled” denominator.

Let F' and B as before and U C B be a Zariski open set. Denote S := B\ U.

Consider X = AN, then X C PV and PV \ AV is the divisor at infinity H,,. Of
course X := AN x B and PV x B are models of A¥ and PY. Observe that AN x B =
PN x B \ Hoo X B and Hy, X B, which is a divisor in PV x B, is a model of Hy F.

Let P: U — X be an U integral point. It corresponds to an algebraic point p €
PN (F) thus to a map P : B — P¥ x B. Since the image of U is contained in X,
we have that P*(H. x B is an effective divisor on B with support contained in S.
Also the converse is true: if p € PV (F) is a point for which the corresponding section
P : B — PN x B is such that P*(H,, x B) is a divisor with support contained in S,
then p is an U integral point of X.

2.24 Example. Suppose that F = k(t), B = P! and U = A!; thus S = [1: 0. A
point P of PL(F) is a couple of homogeneous polynomials [f1(z;y) : f2(z;y)] having
the same degree and no common factors. Suppose that P is an U integral point. By
construction P*(Hy, X B) is the set of zeros of fo(z,y); thus P is an integral point if
and only if fo(x;y) = y™; consequently P is nothing else then the choice of a polynomial
as explained in the definition 2.22.

With this in mind the definition below become clear: Let f : X — B be a flat
projective morphism. Let D — X be an effective divisor.

2.25 Definition. An (D;S)-integral point of X is a point p € (Xr)(F') such that,
denoting by P : B — X the corresponding section, we have that P*(D) is an effective
divisor with support contained in S.

Of course, if we take Y = X'\ D, a (D, S) integral point of X' is a U—integral point of
V.

We can give, without pain, variations of the definition above in the case of algebraic
points. For instance

2.26 Definition. Let L/F be a finite extension and By, the corresponding curve. Let
Sy, be a closed set of By,. A L point p € Xr(L) is an (D, S, )—integral point if, denoting
by P : By, — X the map corresponding to p, we have that Supp(P*(D)) C S.
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As one can see the definition of (D, .S) integral point is something which depends on
the model of the variety defined over F' and not only on the variety itself. Never the
less we have the following

2.27 Proposition. Suppose that X and D are as before. Let h : X' — X be a
birational morphism and D' := h*(D) then the set of (D; S)—integral points and (D'; S)—
integral points coincide.

The proof is left as exercise.

2.28 Remark. If we take S = (), then (D,()—integral points are points whose cor-
responding section do not intersects D. If we take D = (), then (), S) points are just
F-rational points of Xr. Thus the study of F-rational (or more generally L-rational)
points is just a particular case of the study of (D, S) integral points.

3 The Kodaira Spencer class.

We will denote by X be the variety X, seen as a variety defined over L: by
definition X, := Xp Xgpee(r) Spec(L).

Within the varieties defined over F' there are the varieties defined over k seen as
varieties defined over F: if X}, — Spec(k) is a variety, then Xy Xgpec(r) Spec(F) —
Spec(F') is a variety defined over F. We will call such a variety a k—trivial variety.

Of course for this kind of varieties many questions have an easy answer or may be
reduced to classical questions of algebraic geometry. For instance, since X (k) C Xp(F)
thus X (F) is always infinite.

3.1 Exercise. Prove that Xy (k) is a subset of Xp(F).

There are varieties which are not k—trivial, but they become trivial after isomorphism
or after a base change.

3.2 Example. Let F = k(t). It is the field of fractions of P!. Consider the Curve
C :={Y? = X3 +t}. A priori it looks as a curve which is not defined over k but:
consider the extension L := F[t'/2 t'/3]; over L the change of variables X = t'/3X,

and Y = t1/2Y] give rise to an isomorphism of C' with the curve Y? = X7 4 1 which is
defined over k.

3.3 Example. Again F = k(t) and Xp = {(X +tY)*+Y* = 1}. Observe that X (F)
is an infinite set; indeed for every couple (a,b) € k% such that a* 4+ b* = 1 (there are

infinitely many because k is algebraically closed), the couple (a — tb,b) defines a point
of X F-
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For this reason we give the following definition:

3.4 Definition. Let Xy be a variety defined over F'. We will say that it is isotrivial if
there exists a variety Xy, defined over k, a finite extension L of F' and an L isomorphism

X1 ~ Xj Xgpec(k) Spec(L).

Thus a variety is isotrivial if it is a trivial variety when we see it over the algebraic
closure of F.

One would like to give some geometrical way to know if the variety is or not isotrivial.

Observe that, a variety defined over F' is, roughly speaking a system of of polynomial
equations where the coefficients of the polynomials are in F'. Thus each coefficient may
be seen as a function in some variables. If we give to each variable a value in k, we
obtain a variety over k. For instance if F' = k(t) and Xp = {(X +tY)* +Y* = 1},
for each value of t € k we obtain a plane curve defined over k. Each time we specify
the value of ¢, we obtain a quadric plane curve X;; but the morphism X = X; — tY,
Y = Y; induces an isomorphism of X; with the curve X{ + Y{* = 1.

This can generalized to any isotrivial variety. Suppose that Xg is a k—trivial curve,
then X3, ~ X} Xgpec(k) SPec(F). Thus every time we give specific values to the variable
t, we obtain a k variety which is indeed isomorphic to X;. Of course this argument may
be generalized to any field F'.

3.5 Exercise. Prove that, for every a € k*, the curves Y2 = X3 +q are all isomorphic
between them.

Thus we understand the following:

Isotrivial varieties are varieties defined over F which do not mowve in moduli when
we specify the parameters.

We recall that, since F' is a field of transcendence degree one over k, we may find an
element ¢ € F which is transcendental over k. Every other element of F' is algebraic
over k(t).

3.6 The Kahler differentials. Let’s recall the definition of the module of Kahler differ-
entials Q% Ik of F over K. It is a vector space over F' of dimension one generated by the
symbol dt. We have a differential map:

d: F — Qp,

defined in the following way: d(t) = dt; if f € F and G(X) := >_ a;(t) X" is the minimal
polynomial of f over k(t) then define

I SAGY
W= Siamr™
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Where if a(t) € k(t) then a'(t) := L - a(t).

3.6 Exercise. Prove that:

— d is well posed (do not depend on the choices);

— d is k—linear;

1t f,g € F then d(fg) = fd(g) + gd(f);

— If M is a F—vector space and h : F' — M is a k—linear map such that h(fg) =
fh(g)+gh(f) then there exists a unique F-linear map h : Q}?/k — M such that h = hod.

More generally, we recall from [Ha| the properties of the Kéhler differentials of a
scheme.

Let S be a scheme. Let p: X — S be a S—scheme. Let M be a quasi coherent sheaf
over X. A S—derivation is a Og—linear morphism of sheaves

v:0x — M
such that ¥ (ab) = a®(b) + byp(a) (Liebnitz rule).

3.7 Definition. There exists a quasicoherent sheaf Qk/s, called the sheaf of Kahler
differentials of X over S, with the following properties:
(a) There is a S—derivation
d: Ox — Q/g;
(b) For every S—derivation 1 : Ox — M there exist a O x —linear map d : Q%{/s - M
such that 1 = dy o d.

It is easy to prove that such a sheaf of Kéahler differentials is unique up to isomor-
phism.

We will recall now the main properties of the Kahler differentials, the proofs may be
found in [Ha] and [Ma] (or the reader may try to prove them, at least in some particular
cases by exercise).

3.8 Theorem. Let X,Y and S be schemes.
(a) (First fundamental exact sequence) Suppose we have a sequence of morphisms

v L xo S, then there is an exact sequence
f*(Q})(/S) - Q%//s - Q%//X — 0.

(b)(Second fundamental exact sequence) Suppose that, in the hypotheses of (a), the
morphism f :Y — X is a closed immersion, Let Zy be the ideal sheaf of Y in X then
there is an exact sequence on Y

Iy /z2 &, F(Qx/s) — Qyys = 0;

where dy is defined as follows: let f € IY/I%’ lift it to an element f in Iy, then dy (f)
is the image in f*(Q_l)f/s) of d(f).
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Observe that in (b), Zy /72 has naturally a structure of Oy module.

3.10 Examples and properties of relative differentials.

(a) Uy, x =

(b) It is easy to see that, if U <» X is a open immersion then, i (Qk/s) = Q}]/S.

(c) Let X = A} := Spec(k[t]) then Q}(/k = Ox - dt and, for every f(t) € k[t] we have
d(f) = f'(t)dt.

(d) More generally, if X = A} := Spec(klt1,...,t,] then Qk—/k = Ox-dt1®...Ox-dty;
for every f € k[t1,...,t,] we have that d(f) =), gtf dt;.

(e) Yet more generally, Let X; and X5 be two S—schemes; let Z := X; xg Xo, then
Qg =pi(Q, g) ©03(Q, /5), pi : Z — X; being the projections.

(f) Suppose that X := {F = 0} C A?, is an affine plane curve, then by the second
fundamental sequence,

Ok ), = Oxdty & Oxdtz/(Fy,dty + Fy,dto)

where Fy, = g—fz. In particular observe that, if p € X is a point where at least one
of the partial derivatives of F' do not vanishes (a smooth point) then the restriction of
Qk/k to a neighborhood of p is free.

(g) One can show that X is a smooth k scheme if and only if Q3 /i 1 locally free. If
X is a k variety (it is locally of finite type) then Q% /i 1s of rank dim(X).

(h) The sheaf Iy/I2 is called the conormal sheaf of Y in X. Suppose that X = A?
and Y = {t; = 0}, then one easily see that Ty /72 is the free sheaf generated by dt;,
while QY Ik is the free sheaf generated by dt,. Thus one can see the conormal sheaf as
the sheaf of the infinitesimal displacements which are orthogonal to Y. Consequently,
a global section of it will be an infinitesimal deformation of Y inside X.

(i) If X = Spec(F') where F is a field of transcendence degree n over k, then Q% n
is free of rank n and if ¢1,...,t, is a transcendence basis of F' over k, then a basis of
Q% Xy is {dty, o dty )

(j) Differentials commute to base change: Suppose we have a cartesian diagram

z L x
| |
S — S
where Z = X xg S’; then
Oy = [ (Qx/s-

(k) Suppose that f : X — S is a smooth morphism. Then, by (g), Qﬁ(/s is locally
free.

3.10 Definition. The dual ’TX/S = Homoy (Qﬁqs; Ox) is called the relative tangent
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bundle of X over S. A local section § € T'(U, Ty / ) is, by definition a S-linear morphism
d : Oy — Oy such that §(ab) = ad(b) + bd(a) and it is called a derivation of X over S.

3.12 . Let Xp — Spec(F) be a variety defined over F'. Via the composition Xp —
Spec(F') — Spec(k), we may also see X as as scheme over k. Suppose from, from now
on, that Xr is a smooth F—variety (this hypothesis is here just to simplify, many things
may be done in a much general situation); by property (g) above, QkF /F is locally free
of rank dim(Xp).

Let n — Xpg be the generic point of Xr. The residue field of n is a field of tran-
scendence degree dim(X ) over F, thus it is of transcendence degree dim(Xr) + 1 over
k.

Since the composite of smooth morphisms is smooth, Xz is also a smooth k£ scheme
(not of finite type in general), thus Qﬁ(F /i I8 locally free. By property (j), it is locally
free of rank dim(X) + 1.

What we just remarked plus the first fundamental exact sequence allows to prove:

3.12 Theorem. Let F be a field of transcendence 1 over k. Let f : Xxg — Spec(F)
be a smooth F variety. Then, over X there is an exact sequence of locally free sheaves

0— f*(Qp/) — U — e — 0 (3.12.1)

Observe that:

(a) If ¢ is a transcendence basis of F over k, then f*(Q1} /i) is free generated by dt.
The tangent bundle of Spec(F’) over k is generated by an element § such that §(t) = 1;
let a € F; and F(X;Y) € k[X;Y] is the mininal polynomial such that F(a,t) = 0 then

__ Fy(a,t)
d(a) = _F;(a,t)'

3.14 Exercise. check that the definition make sense.

(b) The exact sequence is exact on the left because f*(Q1 /i) 1s free of rank one and
Q%F /k is locally free.

(c) The tangent bundle of Spec(F') over k is a F—-vector space of dimension one
generated by %.

The exact sequence defined in theorem 3.12 is one of the fundamental tools used in
the study of the arithmetic of varieties defined over function fields (we hope that the
reader will be convinced of this at the end of these lectures). In some way it must
be seen as a canonical object attached to Xg seen as a variety defined over a field of
functions.

Thus we give the following definition:

3.15 Definition. Suppose that f : Xp — Spec(F') is a smooth variety. Then the exact
sequence 3.12.1 defines an element K(f) in Extl(QﬁcF/F; f*(Q}?/k)) This element is
called the Kodaira Spencer class of X over F.
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3.16 Remark. Observe that the Kodaira Spencer class of P¥ is zero.

3.17 Remark. (very important) If Xp is projective, then Ext! (Q&F/F; Ox,) is
canonically isomorphic to the F finite dimensional vector space H'(Xp; f*(Q} k) ®
(Qﬁ(/F)v); thus the Kodaira Spencer class may be seen as:

(a) Either an element K(f) € H'(Xp; f*(QF ) ® (Qx/p)");

(b) or as a linear map of I vector spaces K (f): (p/)" — H' (Xri (U, p)")-

We will see that the Kodaira Spencer class of a variety over F' measure the non
1sotriviality of the variety. It will be a cohomological invariant which vanishes if and
only if the variety is isotrivial. Let’s see some properties of the Kodaira Spencer class.

We start with a smooth projective variety f : Xz — Spec(F'). Denote by K(f) €
HY(Xp; [*(Qp);,) ® (Qx/p)") the Kodaira Spencer class of Xr over F.

3.19 k—trivial varieties. Suppose that X is a k—trivial variety, then K(f) = 0.

Indeed, there is a k—variety Xj and an isomorphism X ~ X} ®j Spec(F'). Thus, by
property (e), Q. = pi(Qx, /) ®p3(Q ;) and by property (i), Qx,/r = p1(Qx, /1)
thus the exact sequence 3.12.1 split and consequently K (f) = 0.

3.20 Examples of non isotrivial varieties. To construct example of non isotrivial va-
rieties one needs to use in general some knowledge of algebraic geometry. Usually the
strategy is the following: one fix a smooth projective variety X over a function field
F. We consider a model f: X — B of it. If X is not isotrivial then, for general points
p1 and ¢; in B, the fibres X, and X,,, are not isomorphic.

3.20 Example. Consider the elliptic curve E over F' = k(t) given by the equation
Y? = X(X —1)(X —t). One can verify that the j invariant of E, depends on p so F is
not isotrivial.

3.21 Example. If C is a non hyperelliptic curve of genus three, then the map associ-
ated to the canonical linear system H°(C, K¢) is an embedding of C in P?. The image
is a smooth curve of degree four. Any smooth curve of degree four in P? is obtained in
this way. If C; and Cs are two such curves, then any isomorphism between them give
rise to an isomorphism H°(Cy,K¢,) — H°(Cy, K¢,). This implies that two smooth
curves of degree four in P? are isomorphic if and only if there is a linear isomorphism
of P? sending one curve in the other. If C' is a smooth curve of degree four, then the
curves isomorphic to it are given by its orbit under the action of PGL3 on P2. The
curves of degree four of P? are classified by the projective space of dimension 14 and
the set of smooth curves is a open set inside it. and the group PGLs has dimension
9. Consequently given a curve of degree four, the space of curves isomorphic to it has
dimension at most 9 thus we can find a curve of degree 4 which is not isomorphic to it.
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Take a line in P which is not contained in the orbit of a fixed curve. The corresponding
family of curves of genus three is not isotrivial.

A variation of this example, but which requires the knowledge of the theory of the
Hilbert schemes shows that there exists non isotrivial curves of any genus.

Being isotrivial is not a birational invariant of a variety. The following example
will show a non isotrivial surface birational to the projective plane (which is evidently
isotrivial).

3.22 Example. Let ¢1,...,¢. be r > 4 general lines on PZ. Each ¢; correspond to a
point P; of P?(k(t)). Let X — IP%( 1) be the surface obtained by blowing up these points.
We claim that X is not isotrivial.

It is easy to see that the fibre over a general point of B of a model of X is the blow
up of P? on r points. Thus since the the lines are general, in order to prove that X is
isotrivial, it suffices to prove the following:

3.22 Proposition. Let {pi,...,p,} and {qi1,...q.} be two sets of points of P?; let X
be the surface obtained blowing up all the p;’s and X5 be the surface obtained blowing
up all the g;’s. Then X, is isomorphic to X5 if and only if there is an element ¢ € PG L3

such that ¢({p1, ...,pe}) = {a1,.r}-

Proof: Of course if there exists such a ¢ then X; is isomorphic to X5. Let’s prove the
converse.

Suppose that there exists such an isomorphism ¢ : X; — X5. Denote by E; the
exceptional divisors of X;, by F} the exceptional divisors of X,, by H; (resp. Ha)
the pull back of the tautological bundle of P? on X; (resp. X3). If we show that,
¢*(Hz) = H; and for every j there exists a ¢ such that ¢*(F;) = E; we are done.

The canonical line bundle of X; (resp. X3) is K1 = —3H; + >_ E; (resp. Ky =
—3Hy + > Fj).

Suppose that ¢*(Hs) = dH1+ ) a; E; and ¢*(Fj) = mjH+ ), nj; ;. Since ¢ is an
isomorphism, then ¢*(K5) = K;. Consequently, computations give: > jmy =3d—3
and Zj n;; =1—a;.

Since (Fj; Hy) = 0 we obtain dm; — > . nj;a; = 0. Summing up all the m; we obtain

1
S = LY S,
J Jj ot
1
S Y
i J
= éZai(l —a;).

Consequently 3d(d — 1) = Y. a; — a? which gives d = 1 and a; = £1 or a; = 0.
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Since we have (Hs; H2) = 1, we have 1 — Y. a? = 0 thus a; = 0. Consequently
©*(Hy) = Hy. From the equality (Hs; Fj) = 0 we obtain then m; = 0 and from the
equality (Fj; Fj) = —1 we obtain — ), n%; = —1 thus the conclusion follows.

3.25 Base change. Suppose that L/F is a finite field extension. Since we are in
characteristic zero, QlL/k = Q}/k ®p L.

Consider the L variety fr : X := Xp xp L — Spec(L). Its Kodaira Spencer Class
K(fr) is an element in H'(Xp; f7(Qr ) ® (2, ,1)"). By cohomology of the base
change, this vector space is H'(Xp; f*(Q};/k) ® (Qﬁ(/F)V) ® L; then via the natural
inclusion H'(Xr; f*(Qp/) ® (Qx/p)Y) — H' (X1 f1(QL 1) @ (, ,1)"), we obtain
K(f) = K(fr).

3.25 Exercise. Prove this.

This means that the Kodaira Spencer class commutes to the base change of fields.
From 3.19 and 3.25 we get the important

3.26 Theorem. Suppose that f : Xp — Spec(F) is an isotrivial variety, then K (f) =
0.

The important fact is that also the converse is true: we will prove that a variety
is isotrivial if and only if its Kodaira Spencer class vanishes. This is very important
because it give us a specific object in a specific vector space which can tell us if the
variety is or not isotrivial.

3.27 Theorem. Suppose that g : Y — Spec(F') is a smooth projective isotrivial
variety and h : Y — Xp is a dominant F'—morphism; then the Kodaira Spencer class of
X vanishes: K(f) =0.

3.28 Remark. The theorem above tells us essentially that if a variety over F' is
dominated by a variety defined over k, then itself is defined over k& (up to extensions).
Remark that we can develop a the theory of Kodaira Spencer class over fields of arbitrary
characteristic; but in positive characteristic there are some caveat; for instance the
theorem above is false

3.29 Exercise. (for the reader who knows positive characteristic) Let E; and Es be
two elliptic curves defined over a field of characteristic p > 0. Suppose that a,, is a
subgroup of E;. Consider the family...
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Proof: (Of 3.27) By 3.25 we may suppose that there is a projective k—variety Z and an
isomorphism Y ~ Z x; F. Over Y we have the following exact diagram:
0— g*(Q},/k) — h*“%(p/k) — h*(Qﬁ(F/F) —0
|

0— 9*(9%/0 - Q%//k - Q%//F — 0
! !
Q%’/XF = Q%//X
l !
0 0.

Where the first row is the pull back, via h, of the first exact sequence over X, the second
row is the first exact sequence over Y (which, by hypotheses is a split exact sequence);
the first column is the first exact sequence associated to the morphism h where we see
X and Y as k—schemes; the second column is the first exact sequence associated to the
morphism h where we see X and Y as F'—schemes.

Observe that since X is smooth, Q&F /F is a locally free vector bundle; in particular
it is a flat Ox,—module. Thus the pull back to Yof an exact sequence of Ox,—modules
with cokernel Q%F /F is again an exact sequence (if QkF /F Was not flat, since a priori h
is not flat, the pull back of an exact sequence is just a complex). This implies that we
have a natural map h* : Extl(Qﬁ(F/F; f*(Q}:/k)) — Ewtl(h*(Qﬁ(F/F); f*(Q};/k))

The diagram above shows that, the natural map
Ext'(Qy )/ p; 9" (Qpy)) — Eat' (0 (Qx/r); 6" (1))

send the Kodaira—Spencer class K (h) to h*(K(f)).

Thus the conclusion follows if we prove that the map
W (X (@)Y © 15 (@) — H(V3h (%, 0) @ ()

is injective.

3.30 Lemma. Let h:Y — X be a dominant map between smooth varieties over a
field of characteristic zero. Let E be a vector bundle over X. Then the natural map

h*: HY(X;E) — HY(Y;h*(E))
is injective.
Proof: Since X and Y are both projective, by Bertini theorem, we may take a sufficiently

generic hyperplane section of Y and thus we may suppose that h is a generically finite
morphism.

Since h is finite, we have that H*(Y; h*(F)) = H'(X;h.(Oy) @ E).
the natural map h* : HY(X;E) — H'(X;h.(Oy) ® E) is obtained by tensorizing
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by E the exact sequence
0—0Ox — he(Oy) — B—0

and taking the H*.
Since we are in characteristic zero, the trace map give a splitting of the exact sequence
above. The conclusion follows.

3.32 . Before we continue with properties of the Kodaira Spencer class we need to
understand the relations between the Kodaira Spencer Class and the models of a variety:

(a) Suppose that f : X — B is a model of Xy, and suppose that X is a smooth &
variety. Then we have an exact sequence

0— f*(Qpm) — Qi — Qx5 — 0. (3.32.1)

By property (j) of differentials, the base change to Spec(F') of this exact sequence, is
the exact sequence 3.12.1. Observe that, in general Q7 /B is not locally free.

(b) Suppose that X is smooth and projective and that f : X — B is a model which
is a smooth projective k—variety. The exact sequence 3.32.1 is an extension to which we
can associate an element Kx (f) € H'(X; (Qx/p)" ® f*(Qp/;)). The relation with the
Kodaira Spencer class of f : Xp — Spec(F) is the following:

The Leray spectral sequence associated to the morphism f : X — B give rise to an
exact sequence

0 — HY(B; f(Qx/p)" © [*Qp)) = H (X; (Qy8)Y @ [ (Qp,,)) —
— H°(B; (Qx8)" © f*(Qp ) — 0.

Thus we may consider the image a of Kx(f) in H°(B; (Qx/p)" ® [*(Q,;,)). Taking
the base change via the map 7 : Spec(F) — B we deduce a morphism

a: H(B; (Qx/p)" © f*(QllB/k)) ®r F— H'(XF; (QkF/F)v ® f*(Q}r/k))

Thus the image of a via this morphism is the Kodaira Spencer class K(f). Observe
that, since X and Spec(F) are both flat over B, the map « is injective; thus the Kodaira
Spencer class of X is zero if and only if it is zero Ky (f). A similar property holds in
a situation as in (h) of the properties of models 2.8.

3.34 . We will prove now that if a curve defined over F' has vanishing Kodaira Spencer
class, then it is isotrivial. The theorem holds for arbitrary smooth projective variety
but the proof is more involved. This part is freely inspired by the notes [Gi].

The theorem we want to prove is the following:

3.34 Theorem. Let f: Xp — Spec(F) be a smooth projective curve over F. Then
K(f) =0 if and only if X is isotrivial.
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Observe that:

(1) By remark 3.16 we may suppose that the genus of X is at least one. We will
give details when the genus is a least two and explain what one have to do in the genus
one case.

(2) By 3.26 we need to prove that the vanishing of K (f) implies the isotriviality of
X F-

The idea of the proof is the following: Suppose that the Kodaira Spencer class
vanishes. If Xp is isotrivial then every time we specify the parameters, we will find
always the same curve. This means that, we may fix a model of Xz and a point of B
the fibre over which is smooth. That fibre will be the candidate for the isotrivial curve.
Call such a curve X, we need to prove that, up to extension, X g is isomorphic to (Xo) .
We will show that the vanishing of the Kodaira Spencer class allows to construct such
an isomorphism by successive approximations.

Before we start the proof, we would like to explain it in terms of differential algebra.

The field F' is equipped with the relative tangent bundle T}} Jk which is a vector space
of dimension one. If we fix a transcendence basis ¢t of F' over k, we can find a generator
de TI} k- The function d : F' — F' is a k—derivation. An important observation is the
following;:

3.35 Proposition. Let L be the kernel of d : F — F', then L = k.

Proof: 1t is clear that &k C L. If FF = k(t) then the proposition is clear. Suppose
that F' is a finite extension of k(t). Let y € L, there are polynomials a;(t) € k[t] such
that D1 ,a;(t)y* = 0. We may suppose that the n—uple of positive integral numbers
(deg(ap(t)),...,deg(a,(t))) is minimal between all the polynomials with that property.
Since d(y) = 0, we have that >, d(a;(t))y’ = 0 but since deg(d(a;(t)) = deg(a;(t)) if
and only if deg(a;(t)) = 0 the conclusion follows.

The proposition above tells us that we can recover k from F' and the derivation on
it.

Suppose that f : Xp — Spec(F) is a curve of genus bigger or equal then two with
vanishing Kodaira—Spencer class. By definition the exact sequence

0— T)%F/F - T)%p/k - f*(TFl/k) —0

is split. Thus the derivation d over F' lifts to a global derivation over Xp.

When we have a k algebra A equipped with a k derivation §, we may consider the
subring Ay := {a € A / §(a) = 0} and we have a dominant morphism Spec(A) —
Spec(Ap). This globalizes to k—schemes equipped with a global k derivation. Thus,
from X and the global k—derivation on it, we may construct a k—curve Xy with a k
morphism Xgp — Xy. We will prove that, up to taking a finite extension of F', the
morphism induces an isomorphism Xp ~ Xy xj Spec(F).

Observe that the non vanishing of the Kodaira—Spencer class, tells us exactly that
the derivation d do not lift to a global derivation on Xp.
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Proof: (of 3.34) Let t be an element of F' which is transcendental over k. Without loss
of generality we may suppose that there is a closed point py which is a simple zero of
t. The tangent bundle 7} /5 18 generated by a derivation d : F' — F' such that d(t) = 1.
Let Op,p, be the local ring of py over B and let @Bm be its completion. Since t has
a simple zero in pg, the derivation d induces a k derivation d : O, — Opp,.- The
derivation extends to a k-derivation d : O B.po — (’A)B,po.

Fix a model f : X — B of the curve; up to changing ¢ and py if necessary, we
may suppose that the fibre Xy := X),, is smooth. Consider the @B,po—scheme Xy =
X xp Spec(@BmO). We show now that it suffices to prove that Xy ~ Xg X Spec(@BmO).
Indeed, since X has genus bigger then one, over the algebraic closure of F', the group
of its automorphism is finite. We may take a finite extension of F' and suppose that
all the automorphisms of X are defined over F. Consider the set I'somz(Xp; Xo xp
Spec(F)) of the isomorphisms between X and X defined over the algebraic closure of
F. This set, either it is empty or it has the same cardinality of Aut(Xp). If K is an
extension of the algebraic closure of F', denote by Isomy(Xr x K; Xy X K) the set of
isomorphisms between Xp x K and Xy x K defined over K. We have a natural inclusion
Isomz(XF; Xo X Spec(F')) — Isomy (Xr x Spec(K); Xo X Spec(K)). Since they are
set of the same cardinality, the two sets coincide. Consequently, suppose that there is
an isomorphism of X and X defined over the field of fraction of O B.p,, then we can
find an isomorphism between them defined over a finite extension of F'.

3.36 Remark. The reduction above is where we used the fact that the the genus of
the curve is bigger or equal then two. The same argument apply to a variety with finite
set of automorphisms. The general case is more involved (it requires the use of the so
called Artin Approximation theorem).

To prove the theorem we are reduced to prove the following:
3.37 Proposition. Let f : X — Spec(k[t]) be a smooth projective curve defined

over Spec(k[t]). Denote by X, the special fibre of X (the fibre over the closed point).
Suppose that the Kodaira Spencer Class K(f) vanishes. Then there is an isomorphism

X ~ X x, Spec(k[t]).
Remark that, mutatis mutandis, we can naturally define a Kodaira Spencer class in
this contest.

Proof: Denote by k,, the artinian ring k[t]/¢t"*! and by X,, the scheme X X Spec(k[t]) Fn-
By induction on n we may suppose that there exists an isomorphism

in Xy — Xo Xg kn;

and we will show that the vanishing of the Kodaira Spencer Class implies that there is
an isomorphism 4,41 : X, 11 =~ Xo X kny1 whose reduction mod(t" 1) is i,,.
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In order to prove this we need to introduce the formal flow of a vector field. Let’s
describe it in the affine context: Let A be a ring with a derivation § (we work in
characteristic zero). Then the map

exp(9) :A — Alx]
= "(a
P L O

n!
n=0

is a ring homomorphism. This is due to the fact that, iterating the Leibnitz rule, we

obtain that "
5" (ab) =Y (7;) 5% (a)d" i (b).

i=0
Since the definition of exp(d) is intrinsic, it globalizes to schemes: suppose that we
have a scheme X with a global derivation ¢, then there is a formal flow

exp(d) : X x Ag — X

characterized by the fact that

Aexp(®) (1) =&

T

3.38 Exercise. Consider the maps hy : X X fAO X &0 — X x &0 and ho : X X ,&0 X
Ay — X x Ay defined respectively as hi(a,z1,22) := (a,x1 + x2) and ho(a,x1,x2) :=
(exp(a,x1),x2). Prove that exp(d)(h1) = exp(d)(h2).

The exercise above shows that the map exp(d) is the analogue of the flow of a vector
field defined in differential geometry.

3.39 Proposition. Let X — Speck[t] be a k[t]-scheme. Suppose that X is equipped
with a global derivation ¢ extending the natural derivation d on k[t]. Denote by/(\X ) the
formal completion of X with respect to the ideal (t) and by X¢ the k-scheme X @y k.
Then there is a canonical isomorphism

X ~ X, x5, Spec(k[t]).

Proof: Suppose that A is a k[t] algebra equipped with a derivation 0 extending the
natural derivation d of k[t], denote by A the completion of A with respect to the ideal
(t). Denote by Ag the k—algebra A/(t) and by A,, the algebra A/(t"*1). Then, it suffices
to prove that there is a sequence of canonical compatible isomorphisms

A, ~ Ay ®p K[t]/ (™).

22



Denote by ¢ the composite map
exp(9)
A — Alx] — Ao[z]

and by « the composite of ¢ with the reduction Ag[z] — Ag. Since exp(d)(t) = t+x, we
have that ¢(t) = . Thus we obtain natural compatible maps ¢,, : 4,, — Ag[x]/(z™T1).
It suffices to prove that each ¢, is an isomorphism. Of course ¢ is an isomorphism,
thus we may assume, by induction that ¢, _; is an isomorphism. Denote by I the
ideal (t) of A and by J the ideal (x) of Ap[z]. The map ¢, induces a map of Ay—
modules ¢, : I"/I"tY — Jn/Jn+l Tt suffices to prove that, for every n, the map ¢,
is an isomorphism of Ay modules. Since the Ag—modules I"/I"*! and J"/J"*! are
generated by the class of t" and =™ respectively and ¢(t") = x™, the conclusion follows.

Thus we may conclude the proof of 3.37 as follows: Since the Kodaira Spencer class
of X' vanishes, the derivation d on k[t] extends to a global derivation on X. Thus, by
proposition 3.39, there is an isomorphism

X ~ X, x5, Spec(k[t]).

But since X' is projective, by the formal GAGA, the isomorphism above is algebraic.
Consequently, the conclusion follows.

4 The theory of heights.

In this section we will describe the theory of heights over function fields. Indeed this
theory is only an interpretation of the intersection theory but one need to develop it in
a language appropriate for the arithmetic purposes. Our aim is to keep the language
and the methods very geometric but, in the meanwhile, to keep the analogy with the
number fields case in mind. The dictionary between height theory over number fields
and intersection theory over function fields is where the analogy number field /function
fields has the best success. One should notice that this is the starting point of an entire
theory: the Arakelov theory.

Heights theory over function fields is intersection theory over models. We want to
introduce now some measure of the complexity of an algebraic point of a variety defined
over a function field.

We start with a smooth projective variety Xp defined over our function field F.
Denote by F the algebraic closure of F.

Let P € Xp(F). First of all, we see that there exists a minimal finite extension L/F
such that P € Xp(L).

4.1 Definition. We will denote by F(P) such extension and by [F(P) : F] the degree
of F(P) over F.
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The degree of F(P) is a first measure of the complexity of the algebraic point P.

The point P is by definition a morphism Spec(F) — X. The field of definition of P
is the minimal extension L of F', such that there is a point Spec(L) — Xp X p Spec(L)
whose base change to F is P. Notice that the projection give rise to a map Spec(L) —
Xp.

The second measure of complexity is the height and it depends on the choice of a
line bundle on Xr.

We can extend the variety Xr to the algebraic closure F of F: X := X x p Spec(F).

We introduce now the notion of ”functions up to bounded functions”:

4.2 Definition. Let F(X(F);Z) be the group of functions from X(F) to 7Z and
B(X(F);Z) be the subgroup of bounded functions (a function is bounded if the image
is contained in [n;m] for some integer n and m). We denote by

F(X(F);2)

H(X(F);Z) := BX(F).Z)

the group of functions modulo bounded function. If h : X(F) — Z is a function in

F(X(F);Z), we denote by h(-) + O(1) its image in H(X (F);Z).
The height will be a function, depending on a line bundle, modulo bounded function.
Let Lg be a line bundle over Xg. First of all we introduce the notion of a model for
the line bundle. Fix a model f : X — B of X over B. In the sequel, we will denote
by : X — X the natural inclusion.

4.3 Definition. A model of Ly is a line bundle L over X such that, ifn: Xp — X is
the natural inclusion, then n*(L) ~ Lp.

4.4 Remark. (a) Suppose that Xp is a curve. The degree of the restriction of the
line bundle £ to the fibre over a closed point of B do not depend on the point. This
number coincide with the degree of the line bundle L.

(b) Observe that a model of L is a line bundle on X whose restriction to the generic
fibre is isomorphic to Lp.

(c) If X is P then a natural model of O(1) over the model PY x B is p;(O(1))
where p; : IP’{X X B — IP’{J is the the first projection. We will denote this model, again
by O(1).

It is very important to observe that models of line bundles always exist over suitable
models of Xp:

4.5 Theorem. Let Xr be a smooth projective variety over I' and L be a line bundle
over it. Let f : X — B be a model of Xg. Then there is a blow up X of X and a model
L of L over X.
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Proof: Every line bundle Lr on X may be written as Lrp = M @ N®~! where M is
generated by global sections and N is very ample (thus generated by global sections).
Consequently it suffices to prove the theorem when L is generated by global sections.

Since L is generated by global sections, it defines a morphism gy, : Xr — Pg for
a suitable N; moreover g7 (O(1)) = Lp. This morphism extends to a rational map
g: X -—» PN x B. Consequently there is a commutative diagram

X1

/ N\
Xl -—3 P{CV x B

where the continuous arrows are morphisms. The variety & is birational to X and is
it model of X over B. The line bundle g*(O(1)) is a model of Lp.

In order to give the definition of the height function, we need to generalize the relation
between rational points and sections to algebraic points.

Let P € X(F). Let F(P) its field of definition. We can associate to F(P) a smooth
projective curve Bp and the natural inclusion F' C F(P) give rise to a finite covering
Bp — B.

Observe that, strictly speaking, the curve Bp is a model of the F—variety P. This
model is actually, the unique model of it; this is due to the fact that there is a unique
smooth model of a field of transcendence one. In in general the fact that there is more
then one model, corresponds to the fact that, given a field of transcendence bigger then
one, there is more then one smooth variety with that field as function field.

The same proof of 2.14 allows to prove the following:

4.6 Theorem. Let L/F be a finite extension. Let h : By, — B be the corresponding
smooth projective curve and the corresponding finite morphism. There is a bijection:

{Points p € Xp(L)} «— {k — morphisms P : By, —» X s.t. foP =h}.

We fix a smooth projective variety Xg over I’ and a line bundle Ly over it. The
hetght function with respect to L is defined as following:

Fix a model X — B of Xr and a model L of L over it.

The point P give rise to a k—morphism P : Bp — X. Thus we may consider the
number

hi(P) = m deg(P*(L)).

4.7 Definition. The height function with respect to Ly is the class in H(X (F);Z) of

the function P — h(P) and it is denoted by hr(P) + O(1).

Of course one must show that this definition do not depend on the choices: in par-
ticular we have to show that:
(a) it is independent on the model £ of Lp;
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(b) it is independent on the the model X of Xp;
(¢) It do not vary if we consider the point P as defined over a bigger field.

We start by proving (a). For this we need a lemma which tells us about the shape of
the different models of a line bundle Lg over Xr.

4.8 Definition. Let B be a curve and f : X — B be a morphism from a normal
variety to B. Let D be a reduced irreducible divisor on X':

(i) D is said to be horizontal, if f|p : D — B is dominant;

(ii) D is said to be vertical if f|p : D — B is a point.

Observe that every divisor D := n;D; has a unique decomposition D = H + V with
H which is a sum of horizontal divisors and V' is a sum of a vertical divisors. The divisor
H will be called the horizontal part of D and V will be called the vertical part of D. It
is very important to notice that D, = H,,. Indeed, the image on B of the generic point
of an irreducible vertical divisor is a closed point.

The relation between two different models of a line bundle is resumed in the following.

4.9 Proposition. Let Xp a smooth projective variety over F' and let Ly be a line
bundle over it. Let f : X — B be a model of Xr and L, and Lo be two models of Lg
over it. Then there is a vertical Cartier divisor V over X such that

£2 ~ ,Cl &® OX(V)

Proof: Consider M := £ ® £ *. By construction M is a model of Ox,.. It suffices to
prove that the models of Ox,. are Oy (V) with V a vertical divisor.

First of all observe that Ox (V) is a model of Ox,: we may suppose that V is
effective. Indeed, write V' = V; — V5, with V; effective. It suffices to prove that Ox (V;)
is a model of Ox,. The restriction to the generic fibre of the global section section V'
of Ox (V) is nowhere vanishing (indeed, the projection of V' on B do not contains the
generic point) thus the restriction to the generic fibre of Ox (V') is isomorphic to Ox,..

Let M be a model of Ox,.. Write M = Ox (D) for some divisor D. By hypothesis,
D,, is principal, thus there is a meromorphic function f € F(Xp) = k(X) such that
D,, = (f),. Since the decomposition in vertical and horizontal part is unique, D}, = (f)
thus D = (f) + V with V a vertical divisor. From this we deduce that M ~ Oy (V).

The proposition above implies that the height function do not depend on the choice
of the model of the line bundle:

4.10 Theorem. Let Xp be a smooth projective variety over B and Lr be a line
bundle over it. Let f : X — B be a projective model of X over B and £y and Lo be
two models of L over it. Then there is a constant C' for which the following holds:
Let L/F be a finite extension and p : Spec(L) — Xp be a L rational point. Let
h : By, — B be the finite covering corresponding to L and P : By, — X the morphism
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associated to p; then

1 1
" deg(P* . deg(P* <c.
In particular the height function hy . (+)(as a function modulo bounded functions) do
not depend on the choice of the model of the line bundle L.

Proof: By hypothesis, we may find two effective vertical divisors V; and V5 such that
L1(V1) = L2(Va). Thus we may suppose that there is an effective vertical divisor V'
such that £ = L5(V). We may find an effective divisor D on B such that f*(D) > V.

Observe that P*(f*(D)) = h*(D) consequently ﬁ - deg(P*(f*(D))) = deg(D);
thus ﬁ -deg(P*(f*(D))) is independent on P.

The image of By, is not contained in a fibre, consequently, for every effective vertical
divisor V, we have that deg(P*(V)) > 0. Since f*(D) > V, we have that ﬁ :
deg(P*(f*(D))) > iy - deg(P*(V)) > 0. Since that deg(P*(£1)) = deg(P*(L2)) +
deg(P*(V')) the conclusion follows.

Now we come to the proof of (b).

4.11 Proposition. Let Xp be a smooth projective variety over F' and Lr be a line
bundle over it. Suppose that (f1 : X1 — B;L1) and (fy : X — B, Ls) are two models
of Xr and L respectively. Then there is a constant C for which the following holds:

Let L/F be a finite extension and p : Spec(L) — Xp be a L rational point of Xp;
let P; : By, — X; be the corresponding sections. Then

1 1

———— ~deg(P; (L)) — —— - deg(P5(L <C.

[LF] eg( 1( 1)) [LF] eg( 2( 2)) >~

In particular the height function associated to Lp is independent on the choice of the
models.

Proof: The two models are projective varieties with the same field of rational functions.
Thus they are birational varieties. Consequently we may find a variety X3 and a diagram

of birational morphisms
A3

. N
X Xs.

Observe that X3 may be chosen to be a model of X . Thus we may suppose that there
is a birational morphism g : X3 — X, and P, = g o P,. Consequently deg(P;(L2)) =
deg(P5f(g*(L2)). Since g*(L2) are models of L over X, the conclusion is a consequence
of 4.10.

The proof of (c) is a consequence of this easy lemma (which we already implicitly
used in the proof of 4.10):
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4.12 Lemma. Let L/F be a finite extension and h : By, — B be the corresponding
finite covering of curves. Let M be a line bundle on B then

1
[L: F]

- deg(h”(M)) = deg(M).

The proof is left to the reader.

The height of a rational point is the second measure of its complexity. As one can
see from the definition, the computation of the height requires global information over
the curve naturally associated to the field of definition of the point. This is why the
height has an arithmetic nature.

4.13 Example. Let Xp =PY and Ly = O(1). A natural model of it is X := PY x
B — B. A model of L is p;(O(1)), where p; : X — P¥ is the natural projection. Let
L/F be a finite extension and p : Spec(L) — X be a rational point. Let P : B, — X
the corresponding section. The composite of P with p; give rise to amap T : Bp — Pfj .
The height hr, (p) of p is deg(T*(O(1)).

Suppose that H is an hyperplane of PY; thus H is a global section of O(1). The fact
that T" do not factorize trough H is equivalent to say that the algebraic point p is not
contained in H. In this case, the height of p is the degree of the effective divisor T*(H);
thus it is lower bounded.

4.13 Properties of heights.
(a) The height function:

h.(:) : Pic(Xp) — H(Xp(F);Z)
is a morphism of groups (proof left to the reader).

(b) Functoriality: Let g : Xp — Yp be a morphism of F—varieties. Let Lp be a line
bundle on Y and pSpec(L) — X be an algebraic point. Then

hg« (L) (P) = hr(9(P))-

Observe that g(p) := g op : Spec(L) — Y is naturally a point in Yp(L).

Proof: Choose models X and ) of Xz and Yy respectively. The morphism g : Xp — Yp
extends to a rational map g : X --+ ) (why?). Thus we can find a variety X; birational
to X and a commutative diagram

where the continuous arrows are morphisms, and not just rational maps. The variety
X, is a model of X, thus we may suppose that the morphism g : Xp — Yr extends to
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a morphism g : X — ) between suitable models. The point p extends to a morphism
P : By, — X and the point g(p) extends to the morphism go P : By, — ). We may
suppose that there is a model £ of Lg over Y. Then ¢*(L£) is a model of g* (L) over
X. The conclusion follows.

(c) Suppose that D € HY(Xr; L) is a non zero global section. Then, for every point

p € Xp(F) we have that
hLF (p) > 0(1)

By the formula above we mean that, each time we fix a representative h(-) of the

height function hy . (-), then there is a constant C such that h(p) > C for every algebraic
point p not in D.
Proof: Fix models X of X and £ of Lr. The global section D extends to a global
section D € HO(X; L(V) for some vertical divisor V. Observe that £(V') is a model of
Lp. Let pe Xp \ D. It extends to a section P : B, — X. The fact that p ¢ D implies
that the image of B, is not contained in D. We have that P*(D) is a non zero global
section of P*(L(V')). Thus deg(P*(L(V)) is positive. The conclusion follows.

Property (c) has many formal consequences:

(d) Suppose that there is a power of Ly which is generated by global sections, then
hie () = O(1).
Proof: Since h/L%n(‘) =nhr.(-)+0O(1), we may suppose that Lp is generated by global
sections; this means that we can fix global sections D,...,D,, of Lr such that, for

every p € Xp(F) there is D; such that p ¢ D;. The conclusion follows from (c).
(e) If Ly is ample, then hy . (-) > O(1).
This is just a particular case of (d).
(f) Suppose that L is ample and M is another line bundle, then there is a constant
A such that
hip(-) > Ahpra () + O(1).

Proof: Tt suffices to remark that there is a positive integer n such that L®" @ M®~1! is
ample.

(g) If Lp is an ample line bundle and M is a line bundle numerically equivalent to
zero, then, for every € > 0 we have that

hare ()] < € (4) + O(1).

Proof: Since Mp is numerically equivalent to zero, by the Nakai Moishezon criterion,
for every constant A, the line bundle Ly @ M®4 is ample. The conclusion follows from
(f).

Properties (b)—(g) essentially tell us that, up to some error term, the height associated
to a line bundle depends only on its numerical class. Beware that it is not true that the
height depend only on the numerical class.

(h) Suppose that L is a line bundle and Y is the intersection of the base loci of
HO(Xp, L") for n € N, then for every p € (Xr \ Y)(F) we have hz,(p) > O(1) where

29



the involved constant is independent on p. The proof of this is again an application of
(c) and left as exercise.

4.14 Bounded families. The most important property of height is that, if we can
bound the height of a set of rational points on a projective variety, then this set is
”controllable”. In the best situation, this set will be finite.

4.14 Example. Let F = k(t), thus B = P}, and Xp = PL. We take L = O(1). As
model of Xr we take p; : X := P} x Pt — P} and as model of L we take £ := p}(O(1)),
where py : X — Pi is the second projection. Rational points p € X (F') correspond to
algebraic maps ¢, : P}, — P} (project on the second factor).

Let p € X(F) and P : P, — X the corresponding section. Then

hi(p) = deg(pp(O(1))) = deg(pp).

Suppose that S C Xp(F) is a set of rational points and suppose that it is a set of
bounded height. This means that there exists a constant C' such that, for every p € S
we have that hy(P) < C. Consequently, the corresponding set of maps ¢, for p € S is
a set of rational maps of bounded degree from P}, to Pj.

Fix a positive integer n. The set of degree n maps from P} to P}, is in bijection with
the set of lines in H°(P%; O(n)); thus it is in bijection with the k rational points of P}~

From the observation above, we deduce that there exists a variety Y over k£ and a
natural injection S C Y (k).

The example above can be generalized. We will see that the set of rational points of
bounded height of a variety can be parametrized by the k-rational points of a variety
defined over k. If the variety is not isotrivial then we can say even more: The set of F’
rational points of a non isotrivial variety is not Zariski dense (for simplicity here we will
prove only the case of curves). This is very important, because it explain to us why we
are interested on bounding the height of rational points.

We concluded the example above by saying that there is a "natural inclusion” S C
Y (k). We would now clarify what we mean by "natural inclusion”. As usual this is
done by looking to models.

4.15 Definition. Let X and Y be two varieties over k. Suppose that f; : X — Y and
fa: X — Y are two morphisms. We will say that f, is equivalent to fs are equivalent
if there exist isomorphisms ¢ : X — X and v : Y — Y such that the following diagram
is commutative:

x Iu oy
‘| [
x = v
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Suppose that X and Y are projective varieties. Let U a quasi projective variety.
A morphism F : X x U — Y may be seen as a family of morphisms from X to Y
parametrized by U. For every point v € U the map

F,:X —Y
p— F(p,u)

is a morphism from X to Y.

4.16 Definition. Let X and Y be projective varieties over k. Let S be a set of
morphisms from X toY. We will say that S is a bounded family of morphisms if there
exists a quasi projective variety U a morphism F : X x U — Y a subset V. C U(k) such
that every s € S is isomorphic, as morphism, to a morphism F,, for some u € V.

Essentially, a bounded family of morphisms is a set of morphism which appear as a
subset of a parametrized family of morphisms.
Of course the definition above has a counterpart for rational points of varieties:

4.17 Definition. Let Xp be a variety defined over a function field F'. Let S C Xp(F)
be a set of rational points. Fix a model X — B of Xp. Let S be the set of sections
B — X deduced from S. We will say that S is bounded if the set S is a bounded family.

A set of rational points is bounded if it can be parametrized by the set of points of
a variety over k.
The first theorem about points of bounded heights is the following:

4.18 Theorem. Let X be a projective variety and L be an ample line bundle over
it. Suppose that S is a set of F' rational points of Xr. Then S is bounded if and only
if there is a constant C' such that, for every point p € S, we have that hr(p) < C.

Of course, when we say that the height is bounded, we mean that, for every repre-
sentative of hy, there is a constant depending on the representative which bound the
representative of the height.

The proof of the theorem is similar to example 4.14, the main difficulty is that, for
an arbitrary curve, there are many line bundles of fixed degree.

Before we start the proof we recall the definition of the Jacobian of a curve.

4.19 The Jacobian of a curve. Let B be a curve over an algebraically closed field k.
We recall that there is an exact sequence

0 — J(B)(k) — Pic(B) <& 7 — 0.

Where J(B) is a smooth projective group variety (an abelian variety) called the Jacobian
of B. The dimension of J(B) is equal to the genus g(B). The set of closed points of
J(B) is in natural bijection with the set of isomorphism classes of line bundles of degree
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zero over B. For every integer d, the set of isomorphism classes of line bundles of degree
d over B is in bijection with the set of rational points of a smooth projective variety
J4(B) non canonically isomorphic to J(B).

Let T be a k—scheme; and a line bundle L over B x T is said to be of relative degree
d if for every field K and morphism p : Spec(K) — T the line bundle p*(L) over the K
curve B X K has degree d.

The variety J%(B) has the following universal property. There is a line bundle P¢ —
B x J%(B) such that the following holds: suppose that we have a line bundle L of
relative degree d over B x T'; then there is a morphism fr : T — J%(B) and a line
bundle M on T such that (id x fr)*(P9) ~ L ® p5(M).

Proof: of 4.18 First of all observe that, by property (f) of heights, if the height of
the elements of S, with respect of an ample line bundle L is bounded by a constant
depending only on L and S (and the chosen representative of the height function), then
for every line bundle M, the same property holds.

Suppose that S is bounded. Thus there is a model X of X g, a quasi projective variety
U and a morphism F': B x U — & such that, for every point p € S there is a point
up, € U(k) such that the section corresponding to p is isomorphic to F'(-,up) : B — X.
We may suppose that U is irreducible.

We may compute the heights with respect to L by choosing an ample line bundle £
on X. The projection p : B x U — U is smooth, in particular it is flat; consequently
the degree of the restriction of F*(L) to the fibres of p do not depend on the fibre. The
height of p with respect to L is the degree of F(-,u,)*(L), thus independent on p and
in particular bounded.

We prove now that a set of F—rational points with bounded height is bounded.
Fix a model p: X — B of X and a model £ of L.

We may suppose that Xr is PV, X = B x PN and £ = O(1). Indeed, since L is very
ample, we may embed ¢ : X — P¥ in such a way that :*(O(1)) = L. The claim follows.

Let p € S. From the reductions above, either hr(p) = 0 or hr(p) > 0. The set of
points p such that hz(p) = 0 correspond to constant morphisms P : B — P¥; thus they
are parametrized by a subset of PV (k).

Thus we may restrict our attention to points p with hr(p) > 0.

Taking a suitable Veronese embedding, we may suppose that for every point p € S,
we have that hr(p) > 2¢g(B) — 1.

The theorem will be a consequence of the following proposition:

4.20 Proposition. Let B a smooth projective curve of genus g. Let d > 2g—1 and N
be positive integers. Then the set of morphisms f : B — P such that deg(f*(0O(1))) =
d is a bounded family.

Proof: We recall that the set of morphism with the property stated is in bijection with
the the set of couples (V'; L) where L is a line bundle of degree d and V' is a subspace of
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H(B; L) of dimension N + 1 and such that the natural restriction map V ® Op — L
is surjective.

Let J4(B) and P? be the variety and the line bundle which parametrize all the line
bundles of degree d over B.

For every line bundle L of degree d on B, we have h°(B, L) = d+1— g (by hypothesis
on the degree and Riemann—Roch), in particular the dimension of the space of global
sections depends only on d. Consequently, if p : B x J4(B) — J4(B) is the projection,
we have that p,(P?) is a vector bundle of rank d + 1 — g.

Since every line bundle of degree d on B is generated by global sections, we have a
surjective morphism

p*(p«(P?) — P? — 0.

Let g : Gr™ (p.(P?)) — J4(B) be the relative grassmanniann of sub bundles of rank
N of p.(P?). Over Gr¥(p.(P?9)) we have a universal subbundle N' — g*(p.(P9)).
Since Gr¥ (p.(P%)) xx B = GrN(p.(P?)) x ja(p) (J4B) xi B), if we denote by ¢
the projection q; : Gr¥ (p.(P9)) xx B — Gr¥(p.(P?)) and by g2 the projection g :
GrN (p.(P?)) xi, B — B, we have a natural morphism over Gr" (p,(P?)) x B

01 (N) — g3(P).

By the universal property of J%(B) and of the relative grassmannian, every couple
(V, L) with L line bundle of degree d on B and V subspace of dimension N of H°(B; L)
corresponds to a closed point of Gr¥ (p.(P%). The couples which correspond to mor-
phisms B — PY of degree d, are the couples for which the natural map V ® Op — L is
surjective.

Let @ be the cokernel of ¢ and Z be the support of ). The lemma of Nakayama
implies that Z intersect the fibre of g1 : Gr¥ (p.(P?9)) xx B — Gr¥ (p.(P?)) over the
point (V, L) € Gr¥ (p.(P?)) if and only if the morphism V ® Op — L is not surjective.
Let U be the open set complementary to the image of Z via ¢;. It is non empty because
we know that there exist morphisms of degree d of B in P"™. The morphisms of B of
degree d in PN are in bijection with the set of closed points of U. The conclusion follows.

When Xp is a non isotrivial family we can say even more. The existence of too
many [F'-rational points of bounded height implies that the Kodaira Spencer class of
X vanishes. Observe that if X is trivial then, surely all the points ”coming from k”
have bounded height. Thus the existence of many points of bounded height is essentially
equivalent with the fact that the variety is isotrivial.

Proposition 4.20 tells us that there is a quasi projective variety which classifies mor-
phisms of fixed degree from a projective curve to the projective space. Before we can
study rational points of bounded height over an arbitrary non isotrivial variety we need
to prove that there is a variety classifying morphisms of fixed degree from a smooth
projective curve to an arbitrary variety. Usually one can deduce the existence of such a
variety appealing to the theory of the Hilbert schemes. Here, for sake of self complete-
ness we will deduce it from 4.20 and some considerations in projective geometry.
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4.21 Theorem. Let X be a smooth projective variety, L be an ample line bundle over
it and d a positive integer. For every curve B, the set

Si={f:B—X/ deg(f"(L)) = d}

is a bounded family.

Proof: First of all we may suppose that L is very ample, thus it induces an inclusion
i: X — PN. Consequently the set S is a subset of the set Sp of morphisms from B
to PV of degree d. Since, by proposition 4.20, Sp is the set of closed points of a quasi
projective variety U, it suffices to prove that S is the set of closed points of a closed
subvariety of U.

This will be a consequence of the following two lemmas:

4.22 Lemma. Let Y be a smooth projective variety and Z — Y be a closed sub-
scheme. Let F': U x B — 'Y be a morphism and q € B(k) be a closed point. Then
there exists a closed subscheme N, — U with the following property: let u € U(k) then
F(u,q) € Z if and only if u € Ny(k).

4.23 Lemma. LetY be a smooth projective variety Z — Y be a closed subscheme, L
an ample line bundle on Y and d a positive integer. Then there exists a positive integer
a with the following property: let f : B — Y be a morphism such that:

—deg(f*(L)) = d;

— there exist a distinct points p1,...,p, € B(k) such that f(p;) € Z.

Then f(B) C Z.

We show how the two lemmas imply the theorem: appy Lemma 4.23 to Y = PV
and Z = X. Let a be the number deduced from the lemma. Fix a distinct points
q1,---,qq € B(k). Apply lemma 4.22 to the variety U constructed in proposition 4.20
and the points ¢;. We deduce the existence of a subvarieties Ny, ,..., N, . Let N :=
Ny, Xy -+ xy Ng, — U. The scheme N is the schematic intersection of the N, ’s.
Consequently, u € N(k) if and only if F/(g;,u) € Z for every i. By lemma 4.23, the
morphism F(-,u) : B — PY factorizes through X if and only if u € N(k). The

conclusion follows.

Proof: of 4.22: Denote by i, the inclusion U — U x B obtained by u — (u, q) and by F,
the morphism Foi, : U — Y. Let N, be the variety obtained by the cartesian diagram

N,:=Uxy 2 — Z

! l

U Fay

A simple diagram chasing shows that /N, has the searched properties.

Proof: of 4.23: By induction on the codimension, we may suppose that Z is an effective
divisor of Y. We may find a effective smooth ample divisor D and a positive integer n
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such that L™ = Oy (Z + B). Take a = nd+ 1. Let f : B — Y be a morphism then
deg(f*(O(Z))) < nd because deg(f*(O(Z)) + deg(f*(O(D)) = nd and D is ample.
Suppose that f(B) ¢ Z, then deg(f*(Z)) > a. The conclusion follows.

Unfortunately we cannot prove that a variety with a dense set of rational points with
bounded height is isotrivial. We can prove it in a very interesting situation.

4.24 Definition. We will say that a variety X over a field is general if it do not
contains rational curves.

4.25 Remark. A general variety is not a variety of general type in general. For
instance an abelian variety is general from this point of view.

The main theorem of this subsection is the following which tells us that a non isotrivial
projective general variety cannot have a Zariski dense set of rational points of bounded
height.

4.26 Theorem. Let X be a smooth projective general variety defined over F' and L
be an ample line bundle over it. Suppose that there is a constant A such that the set

Xp(F)<a=A{pe Xp(F) / hp(p) < A}

is Zariski dense. Then the Kodaira Spencer class of X vanishes.

4.27 Remark. By 3.34 this implies that, if a curve has an infinite set of rational
points with bounded height, then it is isotrivial.

Proof: We may fix a smooth and projective model f : X — B of Xrp and we may
suppose that L has an ample model £ over X'. The set S extends to a set of sections

S={P:B—X /| foP=1d}.

Taking a suitable subset of & we may suppose that:
(a) For every P € S, we have that deg(P*(L)) = d, for a suitable positive integer d.
(b) The union of the images of the P’s for P € S is dense in X.
Point (b) is due to the fact that S is Zariski dense on the generic fibre.
By theorem 4.21 the set S is a bounded family, thus there is a quasiprojective variety
U and a commutative diagram
BxU-%x

NS
B.

The first oblique arrow is the natural projection, second is f and G is dominant. Let U
be a smooth compactification: the variety U := U x Spec(F) — Spec(F) is an isotrivial
variety. We can find a blow up U of Up with exceptional divisor E and a dominant
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map G : U — X. Since Xy is general and E is covered by rational curves, G(E) is
contained in a vertical divisor of X'. Since the Kodaira Spencer class of U vanishes on
U \ E, the conclusion follows by 3.27.

It interesting to generalize the statement before a little bit: Recall that a line bundle
M on a smooth projective variety is said to be big if there is a positive integer n, an
ample divisor L and an effective divisor D such that M®" = L(D).

4.28 Proposition. Let Xp be a smooth projective variety over F' and M be a big
divisor on it. Suppose that there is a constant A and the set

{pe Xp(F) / hu(p) < A}

is Zariski dense. Then the Kodaira Spencer class of X vanishes.

The proof is left as exercise.
The following exercise shows that the hypothesis that X do not contain rational
curves is essential.

4.29 Exercise. (a) Let X be the surface defined in the example 3.22 prove that the
set of points with bounded height is Zariski dense: an infinite family of such points is
the family of lines in P% different to the lines ¢;.

(b) (A non rational example) Take F' to be the field of rational functions of a curve
B having genus at least two without automorphisms. Let X be the surface (B x B)p.
Let A : B — B x B; It corresponds to a point Pxn € Xg(F'). Let Xr — Xr be the
blow up of Xp in Pa.

— Prove that the Kodaira Spencer class of X is different from zero.

For each point p := (a,b) € B x B(k), consider the map ¢, : B — B x B given by
x +— (a,b).

— Prove that if a # b then ¢, corresponds to a point P, € Xp(F) with bounded
height.

— Prove that the P, are dense in XF.

(c) Let Ey and Fs be two elliptic curves over k which are not isogenous and such
that End(E;) = Z. Let B be a curve with two non trivial morphisms ¢; : B — E;.
Let F' be the function field of B. Consider the points Py := (1, p2), P1 = (¢1,0) and
Py := (0, ¢3) over the surface (Ey x Ey)p over F. Let Y — (E1 X E3)F be the blow up
over the points P;’s.

— Prove that Y is not isotrivial.

— For every point ¢ € Ey x Es(k) let P, := Py + q. Prove that if ¢ is torsion then
the height (with respect to a symmetric line bundle) of p, is the same then the height
of P().

— Deduce that the set of points of bounded height on Y is Zariski dense.
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5 Logarithmic differentials.

When we consider a variety X with a divisor D over it and we want to study (D, S)
integral points over it. we may think the divisor D as the divisor at infinity of the
variety. An important tool in this case is the the sheaf of differentials with logarithmic
poles around D. First of all we suppose that D is a simple normal crossing divisor:

5.1 Definition. Let X be a variety and D an effective divisor over it. We will say that
D is simple normal crossing (snc for short) if D := ) D; with D; smooth and, for every
closed point p € X, denoting by m,, the maximal ideal of Ox , and by {z1,...,z,} a
set of generators of m;,/ mf) as Ox p/m,—vector space, there is an integer r < n such that

the restriction of D to Spec(@x,p) isx1 -z, = 0.

Simple normal crossing divisors are important because we can define the sheaf of
differentials with logarithmic poles around them. We recall the main definition (cf. [DI
chap. I1.3] for details and more)

Let X be a variety (over any field k) and D be a snc divisor over it. Denote by U
the open set X \ D and by ¢ : U — X the inclusion. the sheaf 1.(Q¢;) coincide with the
sheaf of differentials of order i over X with poles along D. The de Rham complex on U
induces a map d : t,(Qf;) — 1 (Q%).

5.2 Definition. The sheaf QY /x(10g(D)) of differentials with logarithmic poles around
D is the subsheaf of 1.(Q;) locally generated by w such that w and d(w) have at most
a simple pole around D.

We resume here some properties of the logarithmic differentials:

(a) The sheaf of logarithmic differentials is locally free of rank n = dim(X); more
precisely, suppose that D = > D;, for every p € X choose local parameters fi,..., f,
in such a way that locally around p the divisor D; is given by f; =0 (i = 1,...7); then
a local basis for Qﬁc/k(log(D)) is given by Cﬁ{c—ll, e %, dfri1, .. dfp.

(b) There is a natural inclusion Q% e Q% /x(log(D)). The quotient is canonically
isomorphic to Op; the map Qk/k(log(D)) — Op is called the residue map.

(c) The line bundle A" Q}(/k(log(D)) is Kx/i(D) the line bundle of differential forms
of maximal degree with at most simple poles around D.In particular, if X is a curve, then
deg(Qﬁc/k(log(D))) = 2¢g(X)—2+deg(D). Observe that, in this case, deg(Q}X/k(log(D)))
is the Euler characteristic of the affine curve U := X \ D.

(d) Suppose that B is a curve, F' = k(B), and f : X — B is a flat projective
morphism. Then the restriction D, to the generic fibre X, of D is a snc divisor. The
natural inclusion (coming from property (b) above and theorem 3.8 (a)) f*(02} K <

Q% /i (log(D)) restricted to the generic fibre give rise to an extension of vector bundles
0 — £*(h ) — (2 108(D)))y — Ok (log(Dy)) — 0 (5.3.1).
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(e) Suppose that Y is a curve and h : Y — X is a morphism whose image is not
contained in D, then the pull back to Y of a differential with logarithmic pole around
D is a differential with a logarithmic pole around the support of A*(D). Thus we get a
map

W (Qx (log(D))) — Qy . (I*(D)])

where |h*(D)| is the reduced divisor with the same support then A*(D).

(f) Suppose that Xp is a smooth projective variety defined over F' and Dp is a
simple normal crossing divisor over it. Fix a model f : X — B of Xz and D of Dp.
By Hironaka theorem of resolution of singularities, we may take a blow up of X and
suppose that Dp has a model which is simple normal crossing. In particular, by 2.27,
when we want to study (D; S)—integral points, we may always suppose that X is smooth
and D is simple normal crossing.

(g) Suppose that we are in the situation of (d). Then the exact sequence 5.3.1 allows
to define a Kodaira Spencer class KS(x, p,) € Extl(Q_lxn (log(Dy)); f*(Q};/k)) Observe
that, by functoriality, the inclusion in (b) give rise to a map

a1 Bxt' Q% (log(Dy)): f* (i) — Ext' (i £* (1)

and a(KSx py) = KS(f). In particular, if the latter is not zero, the former cannot
vanish. If the latter vanish, then it may happens that the former do not vanish; this
corresponds to a family of divisors on a fixed variety parametrized by B.

6 First approaches to ABC .

At this point we can state the main conjecture which, in case of a positive solution
will solve more or less all the qualitative diophantine problems over function fields.
Using the analogy between number fields and function fields, an analogue conjecture
can be stated over number field, but, in this case, the solution of it is even more far
away.

Before we state the conjecture we need another definition.

6.1 Definition. Let X be a smooth projective variety and D an effective divisor on it.
Let Y be a smooth projective curve. If f : Y — X is a morphism such that f(Y) Z D.
Suppose that f*(D) = > n;P;. Then we define

NS () = me{mi}.

Observe that x(Y) + Ny (f) = x(Y \ {/~1(D)}).
The main conjecture is the following:

6.2 Conjecture. Let B be a smooth projective curve and X a smooth projective
variety. Let D be a simple normal crossing divisor on X. Suppose that f : X — B

38



is a flat morphism. Then, for every ¢ > 0 there is a constant C' and a proper closed
subvariety Z C X such that the following holds: for every curve smooth projective curve
Y with a finite morphism h : Y — B and for every morphism P : Y — X whose image
is not contained in D U Z we have that

deg(P*(Kx(D))) < (1 +e)(x(Y) + N5 (P)) + C deg(h).

The conjecture is about the couple (X, D,)) defined over the function field F' and can

be stated as follows there. First of all one have to notice that, up to bounded functions,

(1)
the function S’?Tg?] do not depend on the chosen model.

6.3 Proposition. Suppose that Xp is a variety over F' and D is an effective divisor
over it. Let f; : X; — B and D; be models two models of X and D respectively (D; are
divisors in X;). Then there is a constant C' for which the following holds: Let P € Xp(F)
be an algebraic point such that P ¢ D. Let h : Bp — B be the corresponding curve

and P; : Bp — X; be the models of the point. Then

(1) (1)
@) F (Vo (B = N, ()] < C

Proof: The proof is similar to 4.11. We may suppose that there is a dominant map
g : X1 — Xy. The divisor ¢*(D3) — Dy is vertical. Thus there is a positive constant C'
and an effective divisor A on B such that —Cf{(A) < ¢*(D;) — Dy < Cf;(A). Thus,

since Ngz)(Pg) = Néi)(,Dz)(Pl) and Nﬁxl)(h) < deg(A)[F(P) : F], the conclusion follows.

Consequently we may give the following definition: Let Xz be a smooth projective
variety. Let Divg,.(Xr) be the set of simple normal crossing divisors of Xp. For every

D € Divgp(XF), choose a model h: X — B of X and D of D such that D is snc.

6.4 Definition. Let L/F be a finite extension and p € Xr \ D(L). Let P : B, — X
N7 (P)

be the extension of the point. The class of the function o)A o H((Xp \ D)(F);Z)

depends only on p, Xr and D; We call it the truncated counting function of D.
We also need the definition of the ramification term:

6.5 Definition. Let L/F be a finite extension and B;, — B be the associated covering

of curves. We will denote by x(p) the number ’féi;’]).

One observe that x(p) measure the ramification of the covering B, — B. Indeed, if
such a covering is non ramified, x(p) is just x(B).

6.6 Conjecture. (Strong ABC conjecture) Let F' be a function field and f : Xp — B
be a smooth projective variety over F'. Let D be a simple normal crossing divisor. Let

39



€ > 0. Then there is a proper closed subset Z C X such that, for every p € (Xr\D)(F)
we have

hicy, (0y(P) < (1+ ) (x(p) + N5 () + O(1).

The involved implicit constant may depend on e.

This conjecture is very deep and perhaps it is not true in such a generality. Perhaps
the factor (14€) is too ambitious and a more prudent conjecture is obtained by replacing
this factor by some bigger one. In any case, since at the moment we cannot prove or
disprove it in general we leave here the most ambitious version of the conjecture.

6.7 Consequences of the main conjecture and remarks.

(a) Suppose that X is an general non isotrivial variety of general type, this means
that Kx, is big and X do not contain rational curves. Then, if the conjecture is true
for Xz and D = (), for every finite extension L/F, the set X (L) is not Zariski dense.
To prove this, it suffices to apply the conjecture and proposition 4.28.

(b) Suppose that X is general, non isotrivial and D is a snc divisor on it such that
Kx, (D) is big. In this case we will say that the quasiprojective variety U := Xp \ D is
a general variety of log—general type. Fix a model X of X and D of D without vertical
components. If the conjecture is true, then for every finite extension L/F and finite set
of points S C By, the subset of (D, S)-integral points of Xz (L) is not Zariski dense.
Observe that, if X is isotrivial we can only conclude that the (D, S)-integral points
form a bounded family (even if D is not isotrivial).

(c) Suppose that X is a variety over F' and Dx is a snc divisor on it for which the
main conjecture holds. Then we have

6.7 Proposition. Suppose that the conjecture holds for the couple (X, D). Let
f :Yr — Xp be a finite morphism whose branch locus is D. Suppose that Yg is non
isotrivial and of general type. Then for every finite extension L/F' the set Yr(L) is not
Zariski dense.

6.8 Remark. This proposition is essentially due to Elkies in the one dimensional case.

Proof: Let Dy = f*(D). Let p € Yr(L), one easily sees that N(Dly (p) = Ng)(f(p)).
Thus, since the conjecture holds for (X, D) we have that, outside the involved closed
set f~1(2),
1
by (0 (P) < (L4 O(X(p) + Np) (b)) + O(1).

On the other direction, the Hurwitz formula gives
Ky, (Dy) = Ky, (log Dy) = f*(Kx (log D)).
Thus, since N(Dli (p) < hp, (p) + O(1), we obtain
hicy (p) < (14 €)(x(p) + €hp, (p)) + O(1).
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Since, by hypothesis, Ky, is big we may find a divisor H on Yr and a constant C'
such that, for every point ¢ € (Yr \ H)(F)

hKYF (Q) > C- hDY (Q)

Consequently, taking € so small that € :=¢-C < 1, we get

(1 —=€)hry (p) < (14 €)x(p) +0(1).

The conclusion follows.

6.9 Remark. Observe that, in order to have the previous consequence, the factor
(1 + €) is essential. a different bigger factor is not enough.

As corollary of the proof we proved

6.10 Corollary. Let f : Y — Xp be a finite morphism. Suppose that the branch
locus Dx is a snc divisor. Let Dy = f*(Dx). Then the conjecture holds for the couple
(Xp, Dx) if and only if it holds for the couple (Yg, Dy ).

(d) Let L/F be a finite extension, X; and Dy the base change of Xr and D re-
spectively. Then the conjecture holds for the couple (Xg, D) if and only if it holds for
(X1, Dr). The proof of this is straightforward and left as exercise.

(e) (Very important complement to (d)) When (Xp, D) is a isotrivial curve with a
isotrivial divisor, then the conjecture reduces to the Hurwitz formula:

6.11 Proposition. Suppose that Xp is an isotrivial curve and D is an isotrivial
divisor. Then, for every p € (Xp \ D)(F) we have that

hice, (0)(P) = x(p) + NS () +0(1).

Thus, we see that in this one dimensional isotrivial case, the conjecture holds even
with an equality and € = 0.
Proof: By (d) we may suppose that Xz and D are trivial. We may find a curve X, over
k and a divisor Dy over it such that Xp =~ X, X Spec(F) M X =0and D=h* (Dy).
Thus every point p € Xr(L) corresponds to a map P : B, — Xo and hg, (p)(p) =
deg(P*(Kx,(D))). Denote by Dp the divisor P~1(Dy) i.e. the unique reduced divisor
and having the same support then P*(Dy). Observe that deg(Dp) = N 1(71 )(p). Hurwitz
formula gives

P*(Kx,(D)) = Kg,(Dp)
thus, taking degrees, the conclusion follows.

(e) Suppose that X = PL, and D is the the divisor [0 : 1]+[1 : 0]4+[—1 : 1]. Then the
conjecture becomes the theorem by Mason which is the analogous of the abc—conjecture

41



over function fields: If B is a curve and f € k(B); let (f)o = >_,_o~ 1i¢i; we define
deg(f) := >, n; and N(f) to be the number N := ) inf{l,n;}:

6.12 Proposition. Let fi1, f2, f3s € k(B) rational functions such that fi1 + fo = f3
then

max{deg(f;)} < x(B) + N(f1) + N(f2) + N(fs) + C.

6.13 Exercise. Show that the statement above is equivalent (in this case) to the
statement of conjecture 6.6.

6.14 Remark. This is the reason why conjecture 6.6 is called the strong abc conjecture.

6.16 The weak version of the conjecture..
We will state now a weaker version of the conjecture (but still very interesting and
open) and prove it in an interesting case.

6.16 Conjecture. (Weak ABC conjecture) Let F' be a function field and f : Xp — B
be a smooth projective variety over F'. Let D be a simple normal crossing divisor.

Then there is a constant A and a proper closed subset Z C Xp such that, for every
p € (Xr \ D)(F) we have

hice, (0)(P) < Alx(0) + NS () + O(1).

6.17 Remark. Observe that consequences (a) and (b) holds also in this case. Conse-
quence (c) of the strong ABC' conjecture is not consequence of the weaker version of it.
Nevertheless a version of corollary 6.10 holds.

Let’s restrict our attention to the case of curves. We will start with a very easy proof
of the conjecture 6.16. In the proof of it we will introduce many of the tools which are
used to prove stronger versions of the conjecture.

6.18 Theorem. (Weak ABC for curves) Let X be a curve over F' and D be a reduced

divisor over it. Then there is a constant A such that, for every p € (Xp \ D)(F)
1
hicx, (0)(P) < AC(p) + N (0) + O(1).
This theorem has as a corollary the Mordell conjecture over function fields:

6.19 Theorem. Let Xp be a curve of genus at least two over the function field F'.
Suppose that Xp is not isotrivial, then, for every finite extension L/F, the set X (L)
is finite.
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It also implies an analogue of Siegel theorem on elliptic curve.

6.20 Theorem. Let F' be a function field and S be a finite set of points of Br. Let
FEr be a non isotrivial curve of genus one over F' and D a reduced effective divisor over
it. Then for every model & — Bp of E and D of D, the set of (D, S) points of £ is
finite.

Theorem 6.18 is a particular case a more general statement, which is essentially due
to Moriwaki [Mol]. Before that we need a definition.

6.21 Definition. Let X be a smooth projective variety and FE be a vector bundle over
it. We will say that E is an ample vector bundle if the tautological line bundle Op(1)
over the variety P(E).

We observe the following properties of ample vector bundles:

(a) If £ is ample over X and Y C X is a subvariety, then E|y is ample over Y
(b) If E — @ and @ is a vector bundle, then @ is ample.

(c) if h: Y — X is a finite covering, then A*(F) is ample.

6.22 Exercise. Prove (a), (b) and (c) above.

The theorem we prove now is the following:

6.23 Theorem. Let Xp smooth non isotrivial projective variety over F' and D be a
snc divisor over it. Suppose that Q&F/F(log(D)) is ample, then there is a constant A

and a proper closed subset Z C X such that for every p € (Xr \ Z)(F) we have that

hicx () (P) < A(x(p) + N5 (p)) + O(1).

6.24 Corollary. In the same hypothesis as theorem 6.23. If X is general, then for
every finite extension L/F the set X p(L) is not Zariski dense.

The proof of the corollary is a straightforward application of the height theory.

6.25 Remark. (a) Observe that if X is a variety with ample cotangent bundle, then
by the properties of ample bundles, it cannot contain rational or elliptic curves.

(b) If Xp has ample cotangent bundle and Y < X is a closed subvariety, then Y
has ample cotangent bundle. One can find examples of varieties with ample cotangent
bundles in [Db].

Proof: (of Theorem 6.23) Fix a model f : X — B of Xp and D of D such that X is
smooth projective over k£ and D is snc. By construction we have a non trivial extension

over Xp
0 — f*(Qp) — € — Dy, p(log(D)) — 0.
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The vector bundle Q}/k(log(D)) is a model of £ over & and h : P(Qk/k(log(l)))) — X
is a model of h : P(£) — Xp.

Let L/F be a finite extension and p € (Xp \ D)(L). Let P : B, — X be the model
of the point p. By the functorial properties of the logarithmic differentials, we obtain a
map

o P(Q,(10g(D))) — D, (log(P*(D)).

Thus, by the functorial properties of relative differentials, a commutative diagram

P(Q2% 1. (log(D)))
P/ Jh
B, = X

such that ho P = P.

The image of « is a sublinebundle £ of Q}BL/,{(Iog(P* (D))). Moreover Px(Op(1)) = L
and we obtain the important inequality

deg(P*(Os(1)) < x(BL) + NJ(P).

The theorem will be consequence of the following general theorem:

6.26 Theorem. Let X be a smooth projective variety and M be an ample vector
bundle over it. Suppose that

0—-—O0Ox —FE—M-—0

is a non trivial extension and N is a line bundle over X. Let h : P(E) — X be the
projective bundle associated to E and O(1) the tautological line bundle over it. Let Bl,,
be the base locus of HO(P(E), h*(N)®O(n)). Then, for n >> 0 the map h|p,, : Bl, — X

is not dominant.

Let’s show how theorem 6.26 implies 6.23. Consider the line bundle N := h*(Kx (D))
on ]P(Q}Y/k(log(l)))). It is a model of h*(Kx, (D)) over P(£). Denote by Bl,, the base
locus of H° (I[J’(Qig/k(log(D)))7 O(n)® N~1). By theorem 6.26, the for n > 0, restriction
to the generic fibre of h(Bl,) is a proper closed subset, denote it by Z. Suppose that
p & Z(L). Then P(BL) ¢ Bl,. Consequently the degree of P*(O(n) ® N1 is bigger

or equal then zero. The conclusion follows.

Proof: (Of Theorem 6.26) By hypothesis we have an inclusion Z := P(M) — P(F) and
Opg)(P(M)) = O(1)., Consequently, the line bundle O(1)|z is ample. Thus, as soon
as n is sufficiently big, the linear system H°(Z,O(n) @ N) is without base points and
without higher cohomology. The exact sequence

0—-0n—-1)®N —0On)®@N — O(n)®@Nl|ly —0
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give rise, for n > 0, to a surjection
a: HY(P(E);O(n—1)® N) — HY(P(E); O(n) ® N) — 0.

Thus for all n > 0, the dimension h!(P(E),O(n) ® N) is constant and the map « is an
isomorphism; in particular it is injective. Consequently the restriction morphism

H°((P(E); O(n) ® N) — H°(Z,0(n) ® N)

must be surjective. This implies that the base locus Bl,, cannot intersect Z. A similar
argument shows that if Y is a sufficiently ample divisor of X, the natural restriction
map

HY X, MY) — HYY,M"|y)

is injective. Thus, by induction on the dimension, If C' is a general curve in X, the
extension
0—Oc — E|lc — M|c—0

is not split. Suppose that h|g;, :— X is dominant. we may find a very general curve
C C X and a curve C' C Bl, such that C = h(C"). Since C' N Z = () we have that
(O(1),C") = 0. The conclusion will follows from the following lemma:

6.27 Lemma. Suppose that, in the hypothesis of theorem 6.26, we have that X is a
smooth projective curve, then for every curve C' C P(E) we have that (O(1),C") > 0.

Proof: Let ¢ : C" — P(E) be a curve. Then g := h|cr : ¢/ — C' is a finite morphism (we
omit the trivial case when C” is contained in a fibre). By the functorial properties of
P(E), the inclusion ¢ corresponds to a line bundle L on C” with a surjection 8 : g*(E) —
— L; moreover deg(L) = (O(1);C"). The exact sequence of the hypothesis give rise
to an inclusion i : O¢ — ¢*(E). Thus either foi: Ocs — L is the zero map or it is
injective. In the first case, we get a non zero map h*(M) — L,thus, since M is ample,
by properties (b) and (c) of ample vector bundles, deg(L) > 0. In the second case either
B oi is injective or it is an isomorphism. If it is not an isomorphism, again deg(L) > 0;
otherwise, it give rise to a splitting of the the pull back of the exact sequence to C’; but
this is not possible by 3.30.

7 The Vojta approach and counterexamples in positive characteristic.

In this section we will show the approach essentially due to Vojta and Kim to the
ABC' conjecture for curves over function fields. Instead of the factor (1 + €) in front
of the characteristic class of the point, one obtain the factor (2 + €) in characteristic
zero and 2g — 2, where g is the genus of the curve, in arbitrary characteristic when the
Kodaira Spencer class is not vanishing. We will also show, with an example, that if the
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curve dominates an isotrivial curve, then, in positive characteristic, the factor 2g — 2 is
optimal (this example is due to Voloch).

Even if in all the notes we supposed that the ground field k has characteristic zero,
here we will not suppose it (if not explicitly said). This is important because the example
we will describe shows that a proof of the general ABC conjecture (if it is true) must
use considerations which hold only in characteristic zero.

In this section k will be an algebraically closed field of arbitrary characteristic. F will
be a field of transcendence degree one over k. We recall (cf. for instance [Ei Corollary
A.1.7]) that there is an element ¢ € F such that F' is a separable finite extension of k().
Thus Q}V k= F - dt. We denote as usual with B the smooth projective curve over k
having as field of functions F' (we will in general use the same notations as before).

Most of the theory developed in the previous sections carry on in this case. The main
difference is that one cannot prove the finiteness theorem 4.26. In particular the we can
define a Kodaira Spencer class for varieties defined over F.

One also have to be careful because at the moment we are not able to prove the
resolution of singularities for varieties of dimension bigger or equal then 3 in arbitrary
characteristic thus the theory of models of the varieties is more delicate. Never the less
observe that we can perform many arguments using the alteration theorem by deJong
[dJ].

Let f : X — Spec(F) be a smooth projective curve of genus g and D be an effective
closed divisor over it. Associated to this there is an exact sequence

0 [*(Qhyy) — Uk, 4 (l0g(D)) — Kxp/m(D) — 0. (7.1.1)

We will denote by KSp(f) € Ext'(Kx,./r(D), f*(Q};/k)) the class of this extension;
it generalize the Kodaira Spencer class, we already used it in §4.
Notice that we can also consider the exact sequence

0— F-dt - H*(Xp,Q%, ,(log(D)) = H*(Xp, Kx, /r(D)) ko p.dto HY(Xp, Ox,)

directly deduced from the exact sequence 7.1.1. Of course K Sp(f) vanishes if and only if
ksp vanishes. We will say that (X, D) have strong variation if the map ksp is injective.
Notice that, since h’(Xp; Kx,/r(D)) = g +deg(D) — 1 and h' (Xp; OXp) = g, strong
variation can happen only if deg(D) < 1.

7.1 Theorem. Let e > 0. Suppose that the Kodaira Spencer class KSp(f) do not
vanishes. Then for every p € Xp(F)\ D we have that

hicy,, w0y (P) < (20 — 2+ deg(D) + &) (x(p) + N5 (p)) + Oc(1)

(The involved constant depends on €, the choice of the height and Ng)(-)).
If, moreover, (X, D) has strong variation, then

hice. o0y (B) < 2+ ) (x(p) + Ny (0) + O(1).
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7.2 Remark. One should notice that, in arbitrary characteristic, a point is a morphism
p: Spec(L) — Xp such that, if ¥ — B is a projective model of Xr and P : B, — X' is
the model of it, then the natural map P* (Q}Y/k) — Q}Bp/k is not identically zero.

Proof: Since the resolution of singularities for surfaces is available in any characteristic,
we can take a model f: X — B of Xy which is regular and a snc divisor D in it which
is a model of D. We can take a suitable blow up of X in such a way that The exact
sequence 7.1.1 extends to an exact sequence

0— A — Ay — A3 — 0

where Ay, Ay and Aj are locally free and they are models of f*(Q ), k., (log(D))
and Kx, /i(D) respectively. Let U C B be the open set where the restriction of the
morphism f : X — B and the projection f|p : D|y — U are smooth; we may suppose
that the restriction of A; to V := f~1(U) is isomorphic to f* (Q}B/k)\v, the restriction
of Ay to V' is isomorphic to Qﬁ(/k(log(l)))h/ and the restriction of A3 to V' is isomorphic
to Kx/p(D)lv.

Let p € X(F') and L, be its field of definition. The lemma below tells us that we can
suppose that the extension L, /F is separable.

7.3 Lemma. Suppose that the extension L,/F is inseparable, then

hicx, e (0)(®) < x(0) + N5 (p) + O(1).

Proof: Let P : B, — X be the model of the point p. Let h : B, — B be the projection.
Since L, /F is inseparable, the natural morphism dh : h*(Qp) — Qf s zero.
As in the proof of 6.23, we have a map

a: P (Qy ;. (log(D))) — Qp, /i (log(P*(D))).

Since the morphism dh vanishes, the morphism « induces an inclusion P*(C) —

Q}BLp/k(log(P*(D))). Thus deg(P*(C)) < x(B,) + N(Dl)(p). Since C' is a model of

Kx, /r(D) the conclusion follows.

Denote by £ the vector bundle QY /i (log(D)). Consider the ruled surface p : P(€) —
Xp. Let O(1) be the tautological bundle over it. The self intersection (O(1); O(1)) is
the degree of € so it is 2g — 2 + deg(D). If deg(E) < 0 there is nothing to prove so we
will suppose that it is positive.

The self intersection of the Q-line bundle O(2+¢€) @p* (K x,./r(D) 1) is (2+€)*(2g —
24+ deg(D)) —2(2+€)(2g — 2+ deg(D)) = €(2 + €)(29g — 2 + deg(D)) > 0. Since P(€)
is ruled, there is no H? in the cohomology of line bundles, consequently, for n > 0 the
line bundle (O(2+¢€) @ p*(Kx,/rp(D)~!))®" has global sections. Denote by Y, the base
locus of HY(P(E); (O(2 + €) ®@ p*(Kx,/r(D)~'))®") and by Y the intersection of the
Y,.’s. We just shown that Y is not P(E).
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The ruled threefold p : P(A2) — X is a model of P(E). Denote by O(1) the tauto-
logical line bundle over it. it is a model of the tautological line bundle O(1) on P(&).

As in the proof of 6.23, for every point p € Xp(F)\ D, the natural map « :
P*(Q) ), (log(D))) — Q. ;. (log(P*(D))) induces a commutative diagram

P(A»)
P/ lp
B, X X
such that po P = P. Consequently, we can find a positive constant A such that
deg(P*(O(1)) < x(B,) + NS (p) + A[L, : F].

Denote by p : Spec(L,) — P(£) the generic fibre of P. Suppose that p do not belong
to Y, then by property (h) of heights and the formula above we have that

hicy,, (o)) < 2+ €)(x(p) + N§ () + O:(1).

Now we have to deal with the points p such that p € Y.

From now on, we will denote by Z an irreducible component of the base locus Y.

— First case. The morphism p|z : Z — X is not dominant: In this case the image is
either a closed point, thus it does contain any F point or it is a finite union of curves.
The height of these curves can be inclosed in the constant. Thus the proof is finished
in this case.

—Second case. The morphism p|z : Z — X' is dominant and separable: Over Z there
is a splitting

0—-M—p(A) — N —0 (7.5.1)

induced by the corresponding splitting on P(A,).

Let 7 : Z — Z be a desingularization of the surface Z where the divisor (p o r)*(D)
is snc. The surface Z is equipped with a fibration 7 : Z — B. Taking the Zariski
decomp051t10n of m we find a covering ¢ : B’ — B and a fibration with connected fibres

. Z — B’ such that 7 = ¢ o s. Suppose that P : B, — X is a point whose generlc
pomt of P is in Z. Then, since B, is smooth, the map P lifts to a map B, — Z,
which, by abuse of notation, we denote again by P. By, 7.3, we may suppose that
the covering ¢ : B — B is separable; indeed, otherwise the morphism B, — B, which
factorizes through B’ is also inseparable and we may apply loc. cit. Consequently we
may suppose that B’ = B. Denote by h the map por: Z — X.

The splitting 7.5.1 induces a splitting of Ay := h*(As):

0—M— Ay — N — 0. (7.6.1)

Suppose that p € X(F) is a point such that P € Z. Then, again as in the proof of
6.23, we have that deg(P*(N)) < x(B,) + N( )( ) + O(1). Suppose that 2deg(N,) >
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deg(h*(Kx,/r(D))) then property (g) of heights implies that

hhh*(KXF/F(D))(') < (2 + e)hﬁn(') + 0(1)

and the conclusion follows.
Thus we may suppose that

2deg(NV,) < deg(h*(Kx,/r(D)))-

7.6 Proposition. The restriction to the generic fibre of the splitting 7.6.1 is the pull
back to Z, of a splitting

S:0—-M, —&—N,—0 (7.7.1)
on Xp.

We show now how the proposition above implies the theorem, in this case. taking
a suitable blow up, we may suppose that the exact sequence 7.7.1 extends to an exact
sequence

0—-M-—FE—N—0
of vector bundles over X. Observe that E is a model of £. Following the diagrams one
sees that if a point p € Xp(F) is such that P € Z, then
deg(P*(N)) < X(By) + Np (p)-

The degree of the line bundle N, is positive otherwise the exact sequence 7.1.1 would
be split against the hypothesis: the composite of the inclusion of f* (Q}m / ) in £ and the
projection of £ to N, would give a splitting. Consequently, again by property (g) of
heights

hicx, e ) () < (29 =2+ deg D +e)h, () + O(1)
and the conclusion follows.

The Proposition 7.6 will be consequence of the two lemmas below:

7.8 Lemma. Let X be a smooth projective curve. Let E be a vector bundle of rank
two over X. Then If E is not direct sum of two line bundles A and B such that A B!
is torsion, there is at most one splitting

0—A—F—B—0

with A ® B~ is of positive degree or torsion.

7.9 Lemma. Let h:Z — X be a Galois morphism between curves and E be a vector
bundle over X. Let M — h*(M) a sub line bundle such that, for every o € Gal(Z/X)
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we have that o*(M) = M < h*(E). Then there is a sub line bundle Mx — E such
that h*(Mx) = M.

Let’s see how the lemmas imply proposition 7.6. The condition on the degree of Nn
implies that deg(M,) — deg(N,,) is positive. Thus M, is the line bundle of the unique
splitting of A*(€) having the properties of lemma 7.8. Since h : Zn — X is separable,
there is a covering g : 7 — Zn such that h o g is Galois. We may apply then 7.8 and
7.9 to the morphism h o g and conclude.

Proof: (of Lemma 7.8). Suppose that we have two splitting
0

Ay
0= Ay, 2E2, B, - 0
J1

By

0

with 4; ® B, L of positive degree or torsion. then the composite map j; o is and jo o 44
give rise to an effective divisor D such that B; = Ay(D) and By = A;(D). Thus
Ay ® B{' = (A; ® By ') (—2D). Then A; ® B! may be both positive or torsion if
and only if D =0, A; = By, By = A and F is direct sum of A; and B;.

Proof: (of Lemma 7.9). 1t suffices to prove the following: let L/F be a Galois extension
of fields. Let K — L & L a subspace such that, for every ¢ € G := Gal(L/F) we have
that o(K) = K then there is a subspace Kp of F & F such that K = Kr ® L. To
prove this it suffices to show that there is an element of K which belongs to F'&® F': Let
(a,b) € K be a non zero element. By hypothesis, for every o € G there is an element
fo € L such that (o(a),o(b)) = f,(a,b). A simple calculation shows that, for o and
T € G we have that f., = 7(fs)f-. Consider the element v:=3_ . fs(a,b) € K. For
every 7 € G, 7(v) = > o T(fs) fr(a,b). Thus, by the observation above, we have that
7(v) = > cq fro(a,b) = v. The conclusion follows.

— Third case. The morphism p|z; : Z — X is dominant but inseparable: Factor

plz:Z — X as Z L7 A X , where s is separable and ¢ purely inseparable.

The map Qg /i (log(s*(D))) — i*(le/k(log(p*(D)))) is not injective because i is
inseparable. Let L be a saturated line bundle containing the kernel. Consider the
map p/ = io0p : B, — Z'; we claim that the induced map between differentials
P (Q z 1 (log(s*(D)))) — Q}Bp/k(log(p*(l)))) factorizes through the quotient G :=
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Qz i (log(s*(D)))/L. Indeed, by functoriality we get a commutative diagram

0= (L) — i* (Qu(log(s* (D)) —  i*(i(QL, (log(p"(D)))))
\ !
QL , (log(p" (D))

and since 7 0 p = p’ the claim follows.
Since s : Z' — X is separable, generically s*(Q}wk(log(D))) — le,/k(log(s*(l)))) is
an isomorphism and thus the splitting

0 — L — Q4 (log(s*(D))) — G — 0

induces a splitting on s*(Q;/k(log(D))) and the natural map p'™* (s*(Q}Y/k(log(D)))) —
Qgp / . (log(p*(D))) factorizes through the kernel of it. We are now in a situation which
is identical to the one in we treated in the separable case. Thus the conclusion follows
in the same way.

We now come to the proof of part (b).

Let p € Xp(F)\ D. We see from the proof of part (a) that, either we can find a
constant A and a splitting

0—L— Q}\g/k(log(D)) — G—0
independent on p, such that

hicy, p)(®) < 2+ €)(x(p) + NS (p) + A

or the natural map
p* (% x(log(D))) — Qp, i (log(p* (D))

factorizes through p*(G). In the last case deg(p*(G)) < (x(Bp) + Ng)(p)).

If deg(Gy)) > 3-(29—2-+deg(D)) then again property (g) of heights allow to conclude
that

hicx, r(0)() < (2+ €)ha(:)
thus we conclude.
If deg(G,) < 3 - (29 — 2 + deg(D)), then deg(Ln) > g (or deg(Ly) > 0 if g = 0);
consequently h®(Xp, L) > 0. In this case we get a commutative diagram



The composite map b o a cannot be zero otherwise the inclusion L — (Q}‘(/Ig(log(l?)))?7
would factorize through f *(Q}; / ) which has degree zero and this is impossible because
deg(L,) is positive. Consequently the map ksp cannot be injective. The conclusion
follows.

7.10 Counterexamples in positive characteristic.

We want to show here that, in positive characteristic, we cannot obtain better then
what we obtained in theorem 7.1.

Let p be a prime number and F, be a field with ¢ elements where ¢ = p". Let X/p,
be a variety defined over it. We recall that the Frobenius morphism is the morphism
Fx : X — X which is the identity on the topological space and f — f? on functions.
Let Fq be the algebraic closure of F, and Fj : Fq — Fq the Frobenius morphism of it.
Denote X the Fq variety X ®r, Spec(Fq). We may consider the commutative diagram

X=X X7, Spec(F,) — X
L L
Spec(F,) —  Spec(F,).

The Frobenius morphism F= : X — X give rise to a Fq —morphism F% X — 7(1),

usually called the geometric Frobenius.

Since X comes from a variety defined over Fg, then 7(1) is isomorphic to X thus
the geometric Frobenius is a Fq—endomorphism F,: X — X of X. Remark that the
geometric Frobenius is purely inseparable.

Suppose that X is a smooth projective curve defined over F,. The geometric Frobe-

nius of X is a flat morphism of degree p. In particular, if L is a line bundle over X,
then deg(F, (L)) = pdeg(L).

From now on, in this section £ will be the algebraic closure of F,.

7.10 First example. Suppose that C' and S are smooth projective curves defined over
F,. We denote by the same symbol the base change of them to k. Denote by F' the
function field of C'. Suppose that we have a separable morphism g : S — C. Denote by
d the degree of g. The graph of ¢ is an F point pgy of the curve S, seen as a trivial curve
over F'. The product S x C'is a model of S over C.

Denote by Fg : S — S the geometric Frobenius of S and consider the points p,, :
S — S x C given by the morphism (F¢,g).

We see that:

(a) hicsyr(pn) = 3 deg(p;(Ks)) = 4x(9);

(b) x(By,,) = x(9).

Thus we constructed a sequence of points on a trivial curve whose height goes to
infinity but the Euler characteristic class of them remains constant. Consequently, if
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the Kodaira Spencer class vanishes, even the analogue of the weak abc conjecture cannot

hold.

7.11 Second example.

We will show an example of curve which is not isotrivial but over it the strong version
of the ABC' conjecture do not holds. This example is due to Voloch.

Fix two smooth projective curves C' and S. We fix a totally ramified morphism
g: S — C of degree d < p (the fact that g is totally ramified is not necessary but it
simplify the proof). Denote by I'; the graph of g in S x C.

We will show that there is an étale covering o : C’ — C and a generically finite

morphism of degree d
b: X — S x ('

ramified only over (Id x o)*(T'y).

Denote F' the function field of S and by Xz — Spec(F') the curve deduced from X.
The curve X is not isotrivial. Indeed, fix a generic point € S the fibre X, of X over
it is a curve with a morphism b, : X, — C’ of degree d whose branch locus is the set of
points y such that a(y) = g(x). If the family were isotrivial, the family of morphisms
b, were an infinite set of distinct morphisms from a fixed curve to another. And this
cannot exists. Remark that the morphisms would be distinct because the branch locus
varies.

The cover « give rise to a commutative diagram

/7

T L.
AR
s L c.

Since « is étale and g totally ramified, the morphism ¢’ is of degree d. Denote by
Fr : T — T (resp. Fg, resp. F¢)the Frobenius morphism of 7' (resp. of S, resp. of
(). The morphism p,, := (h,g' o F}¥) : T — S x C’ give rise to a cartesian commutative
diagram

Q, T

ﬁnl lpn
X X oxs.

Notice that p,, is a sequence of points in Xp(F'). The morphism hob, : Q, — S
is separable. The branch locus of it is contained in the set of x € S for which there
exists y € S such that ¢g(z) = g(y) and Fg(x) = F&(y). since Fs(g(x)) = g(Fe(x)),
we obtain that such a branch locus is contained in the set ¢g='(C(F,=)). By the Weil
estimate on the number of rational points of a curve over a finite field, we have that
Card(C(Fgn)) ~ ¢". Consequently, the cardinality of the branch locus of hob, is upper
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bounded by dgq™ (plus error terms). From this we deduce that

X(Qn) <A+ deg(bn) . deg(h) q"-d

On the other side, the property (g) of heights tells us that there is a constant B such
that

d- x(C") deg(p;,(Kx/s)) = x(Xp) - deg((pn o h)* (Kcrxs/s)) + B.

Thus deg(p;,(Kx/s)) ~ xX(XF)q" deg(b,). Consequently,
deg(7,(Kx/s)) _ x(Xr)
X(@n) — ddeg(h)

as soon as n > 0. Thus the strong ABC conjecture cannot hold for X.

We explain now how to construct such a X. This is a variation on a classical con-
struction due to Kodaira. We keep the notations of the first example.

Let S be a smooth projective curve of genus bigger or equal then two. In 4.19 we
introduced the Jacobian J(S) of S and the universal line bundle P° over S x J(S). One
can show that, for every integer n, the morphism multiplication by n, [n] : J(S) — J(S)
is such that

(Id x [n])*(P%) =~ (PY)®". (7.11.1)

7.11 Lemma. Suppose that the morphism g is of degree n and that (n,p) = 1. Denote
by T'y the graph of g. There is an étale covering m : C' — C and a line bundle L on
C’" x S such that

L®" ~ (1 x 1d)*(O(Ty)).

Proof: Fix a point t € S(k). The line bundle L := O(I'; —n{t}) x C' is of relative degree
zero over C'. By the universal property of the Jacobian, we can find a line bundle M
on C and a morphism f, : C — J(S) such that

(Id x fr)*(P°) = L @ p5(M).

Let [n] : J(S) — J[s] be the morphism multiplication by n. Let C’ be the curve
obtained by the cartesian diagram

o g
r [n]
c It g(s).

Suppose for the moment that C is connected. The line bundle r*(M) is of degree
divisible by n thus we can find a line bundle N’ on C” such that (N')®" ~ r*(N). By
formula 7.11.1 we conclude in this case. In the general case we take an étale cyclic
covering of a connected component of C’ and apply the same argument.
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The morphism 7 : ¢/ — C give rise to an étale covering mg : Cp — Cp. The
morphism g corresponds to a point pg € Cr(F'). We just proved that there exists a line
bundle L on C% such that 75(O(po)) ~ L®". Let s € H°(Cr,O(py))) vanishing only
on pp. We may find a open covering {U;} of C% and a cocycle {g;;} for this covering
which corresponds to the line bundle L. By definition we may suppose that s is given
by local sections s; such that s; = g;s;. Suppose that U; = Spec(A;) and consider the
covering V; := Spec(A4;[z]/ (2] — s;) — Spec(A;). We can glue together the V’s via the
isomorphism 2z; — g;;z; to obtain a covering f : X — Sps. Since the s; vanish only on
Po, one easily (exercise: here we use that d < p) verify that the branch locus of f is po.
The curve X is the searched curve.

7.14 The Jouanoulou theorem. In this subsection we suppose that k is a field of
characteristic zero. In the proof of Theorem 7.1 we saw the following:

Suppose that f : Xp — Spec(F) is a smooth projective curve and D C Xp is a
reduced effective divisor. Let f : X — B and D be models of Xz and D respectively.
Let € > 0. Then there is a constant A and finitely many rank one locally free sub
bundles L; — Q2 /k such that the following happens:

Let p € Xp(F) \ D then,

(a) Bither hyc, ,(p)(P) < (2+ ) (x(p) + N (0) + 4;

(b) Or there is i such that the map p*(L;) — Q}Bp /x> induced by the differential map
P () — Qép/k is the zero map.

The theorem by Jouanoulou is an interesting tool coming from the theory of foliations
which tells us that, up to change the constant A, even in the situation (b) we may
suppose that an inequality as in (a) holds.

7.14 Definition. Let X be a surface over the field k. A foliation over X is an exact
sequence
F: O—>L—>Q_1X/k—>G—>O

where L is locally free and G is without torsion.

A foliation is essentially a differential equation on X.

7.15 Example. Let X be a smooth surface and B be a curve. Suppose that we have
a flat morphism 7 : X — B. The morphism 7 induces a foliation on X given by the
exact sequence

O—>L—>Q§(/k—>G—>O.

where L the smallest subbundle of Q% /x> containing ™ (Q5 /%) and such that Q% /L
is without torsion. Observe that, due to the possibility to have multiple fibres, it may
happen that Q% , /7*(Qp ;) has torsion. A foliation constructed in this way is called
a fibration. More generally, we will say that a foliation is a fibration, if there is a blow
up of X such that, the foliation induced on it is a fibration.
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7.16 Definition. Let
F: 0=-L—0Q%, —G—0

be a foliation on a surface X. Let C be a curve and h : C' — X be an algebraic
morphism. We will say that C', or more precisely h is tangent to F if the composite
map

h*(L) = p" () — Qi

is the zero map. In this case we say that C' is a compact leaf of the foliation.

Observe that situation (b) tells us that there are finitely many foliations on X’ such
that a point p : B, — X, either satisfy the inequality in (a) or p is tangent to one of
these foliations.

7.17 Remark. More generally, given a foliation, and a morphism of a disk D — X,
we may say that the disk is tangent to the foliation: the definition is given in this case
as in definition 7.16 mutatis mutandis. We know, by the theorem of the existence and
unicity of the solution of differentials equations, that, if the quotient sheaf is locally free
around a point p € X, then there is a unique disk D and a morphism A : D — X such
that h(0) = p and the image of D is tangent to the foliation. The image of h may be
non algebraic, in particular Zariski dense.

The Jouanoulou theorem tells us that, given a foliation on a surface, then either there
are only finitely many compact leaves or it is a fibration.

7.18 Theorem. Let X be a smooth projective surface and F be a foliation over it.
Suppose that F has infinitely many compact leaves, then F is a fibration.

The theorem above has the following important consequence in characteristic zero:

7.19 Theorem. Let Xp be a smooth projective curve and D be a reduced effective
divisor over it. Let € > 0. Then there is a constant A. such that, for every p €
(Xr \ D)(F) we have that

hxr ey (0) < (246 (x(p) + NS (p) + A..

Because of points (a) and (b) above, to prove it we have to deal only with points
whose models are leaves of a given foliation. In this case, either they are only finitely
many, so we may suppose that their height is less then the involved constant A. or they
are infinitely many. In this case we apply theorem 7.18 and we deduce that there is
a smooth projective curve C' and a map g : X — C such that the model of each of
these points are contained in the fibres of h. By Zariski decomposition theorem, we
may suppose that the fibres of h are connected. But since the fibres of a morphism from
a variety to a curve are numerically equivalent, the heights of these points is uniformly
upper bounded. The conclusion follows.
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Proof: (of Theorem 7.18) We start with a local remark: Let Dy be a two dimensional
ball, D; be a one dimensional ball and f : Do — D; be an analytic map. Let w € Q}Drz;
it defines a foliation on Ds. Then each fibre of the map f is a leaf of the foliation if and
only if d(f) Aw = 0. More precisely, w will vanish along the fibres of f if and only if there
are an holomorphic function h and a holomorphic 1 form « such that w = h-d(f)+ f-a.
From this we deduce that each fibre of f is a leaf of the foliation defined by w if and
only if w A % is holomorphic.
Suppose that
F: 0—>L—>Q§(/k—>G—>O

is the given foliation. It defines a global section w € H%(X, QY ,, ® L¥"!). By the
remark above, we will conclude the proof if we show that the hypotheses imply that
there is a non constant meromorphic function f such that d(f) Aw = 0.

Suppose that D is an effective divisor on X; suppose that over the open set U the
divisor D is defined by the equation f = 0. The same argument given above tells us that
D is a leaf of the foliation F if and only if d—f Aw € HO(U, Kx ® L~'). Consequently, if
D is snc, we have a natural map

Aw Qﬁ(/k,(log(D)) — Kx® L%

Let Dq,..., D, be effective divisors on X which are compact leaves of F. Taking a
suitable blow up of X we may suppose that the divisor D := >_ D, is snc. Consider
the map - A w defined above and denote by N, the kernel of it. Observe that N,, is of
generic rank one.

A local computation (left as exercise) shows that, if X — X is a blow up, F the
induced foliation on X, and L the involved sub line bundle of Q%, then h° (X Ky ®
L) < WO(X,Kx ® L="). Consequently, if n is sufficiently big, then h°(X,N,) > 2.
Thus we may find two C-linearly independent logarithmic differential forms o and as
such that:

—a; ANw=0;
— there is a meromorphic function h such that a; = h - as. Moreover, h is not
constant.

The lemma 7.20 below assures us that «; are closed. Consequently
0= d(al) = d(h) Noag —h - d((lfg) = d(h) N Qo.

From this we conclude that h is a non constant meromorphic function on X such
that d(h) Aw = 0. Thus the conclusion follows.

7.20 Lemma. Let o be a global logarithmic form on a compact complex surface.
Then d(a) = 0.

Sketch of Proof: The forms « and d(«) are integrable on X because they have only
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logarithmic poles. Consequetly, by Stokes Theorem

foao= e

Since X is without border, the last integral vanishes, consequently d(a) = 0.

8 the proof of the 1+ ¢ conjecture by McQuillan.

In this section we will give some details of the proof by McQuillan of the abc conjecture
6.6 in the case of curves. The proof uses tools from analytic geometry and the so called
Semistable reduction theorem.

Let’s recall the theorem we would like to prove:

8.1 Theorem. Let F' be a function field, X be a smooth projective curve over it and

D be a reduced divisor on Xp. Let € > 0. Then, for every p € Xp(F') we have that

1
hiy,,r(0)(P) < (1+€)(x(p) + NS (p) + O (1).
The involved constant depending only on € and on the couple (Xp, D).

First of all we need to recall the semistable reduction theorem for curves. Let F' be
a function field and X be a curve over it. We saw that it is possible to find a surface
X — B with is is a model of Xr. The model is not unique and, even if it is a smooth
surface, the morphism f : X — B may be not very nice: fibers of it may be singular
curves, or even non reduced. The semistable reduction theorem tells us that, making a
finite extension of B if necessary, we can find a model such that the fibers of f are as
nice as possible (in general we cannot hope that they are all smooth).

We need a definition:

8.2 Definition. Let F' be a function field, Xr be a smooth projective curve over it
and D be an effective reduced divisor over it. A model (X, D) of the couple (X, D) of
the couple (Xp, D) is said to be semistable if, denoting by f : X — B the structural
morphism:

— X is a smooth projective surface and the fibres of f are connected;

— Let S C B be the divisor where f is not smooth; then the divisor D + f*(S) is a
simple normal crossing divisor;

—if C is a rational curve contained in a fibre of f such that (C; D) = 0 then C? # —1.

8.3 Remark. (a) Notice that in particular every fibre of f is a reduced simple normal
crossing divisor;

(b) the third condition means that we cannot contract a rational curve contained in
the fibre keeping X smooth.
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The semistable reduction theorem is the following (and we admit it in this section)

8.4 Theorem. Let Xrp be a smooth projective curve over F' and D be a reduced
effective divisor over it. Then

— If the couple (Xp, D) admits a semistable model and L/F is a finite extension,
then the couple (Xr ® L, D ® L) over L admits a semistable model.

— There exists a finite extension F’ /F such that the couple (Xp ® F', D® F") admits
a semistable model over the curve Bp:.

The second tool we will use is specific of the analytic geometry: the theory of currents.
We cannot develop here all the details of the theory but we refer to for instance to [De]
(or any other book on analytic geometry).

Let’s recall some of the properties of the currents that we need.

Let X be a smooth variety of dimension n defined over the complex numbers.

— A (p,q)—form w on X (or on a open set of it) is something which locally may be
written as

w= Z fridzr Ndz;
II=p,|J1=q
where

(i) I = (i1,---,0p), J = (J1,---,Jq) are multi indices,

(i) (1] :=p, |J] :==q,

(iii) dzy means dz;, A...Adz;,, dZ; means dz;, \...\dZz;,, where zy,. .., 2z, are local
holomorphic coordinates,

(iv) frs are local C* functions.

We will denote by A2 (X) the space of the (p,q) forms of X.

— A (p,q) current T is something which locally may be written as

T = Z Trydzy Ndzy

|[T|=n—p,|J|=n—q

where everything is as above up to the fact that the T7; are local distributions. We
will denote by D®9)(X) the space of the currents of type (p,q) over X. We can see
DP9 (X) as the topological dual of the space AP (X).

~If T'is (p,q) current and w is a (r,s) C* form, we can define T' A w. It will be a
(p —7r,q — s) current.

— if w is a form of type (p, ¢) with compact support and 7" is a current of type (p, q)
then T'(w) € C. We will use the notation T'(w) := [, T Aw.

— As in the case of forms and in the theory of distributions, we can differentiate
currents: If T is a current of type (p,q) then 0T is of type (p — 1,q) while 9T is a
current of type (p,q—1). We will denote by d the operator -+ on currents. A evident
version of the Liebnitz law holds : Be careful: one can multiply only forms and currents,
and not two currents. We have that d? = 0.
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— If w is a form of type (n — p,n — q) it naturally defines a current T,, of type (p, q):
Tu(a) = [y wAa. A current of this kind is said to be smooth. Thus we have a natural
inclusion AP0 (X) < Dr=pn=a)(X),

— A current T is said to be closed if dT" = 0. Observe that, by definition, if 7T is
closed, then (da) = 0. A current of type (1, 1) is said to be positive if, for every positive
(1,1) form a with compact support we have that fX TANa>0.

—If f: X — Y is an analytic morphism and T is a current of type (p,q) on X, then
we can naturally define f.(T) as f.(a) := T(f*(«)). The current f,(T') is naturally a
(p,q) form on Y.

— If Z C X is an analytic subvariety, of dimension p, it naturally defines a current
[Z] of type (p,p); it is defined as [Z](a) := [, a. If Z is compact then the current [Z]
is closed.

— Suppose that X is compact. If L is a line bundle on X, we define its first Chern
class in the following way: fix a smooth metric || - || on L, let s be a local holomorphic
section of L, then the Poincaré-Lelong formula holds:

dd®log ||s||* = [div(s)] — c1(L; || - ||)

where ¢1(L) is a (1,1)—form depending only on L and the chosen metric, in particular

independent on s. If we choose another metric || - ||; on L then there is a C*° function
f such that

(Lo |- M) = ea(Ls [ - 1la) = ddo(f).

Consequently, if T is a closed (1,1) form on X we may define unambiguously T'(L) as
Jx T Nei(L, || - ||) where || - || is an arbitrary smooth metric on L.

— Suppose that X is compact. A Kéhler metric w on X is a closed positive (1,1)
form. It easily defines a measure on X. The Fubini-Study form on the projective space
is Kahler. Consequently every projective variety is equipped with such a Kéhler form.

— Let X be a compact complex manifold. Fix a finite covering « = {U;} by open sets
of X each of which is biholomorphic to a open ball of the right dimension. For each U;
fix an biholomorphic isomorphism of it with the ball. Let a be a (p, ¢) form over X. We
may define the LP norm of «, by taking the sup of LP norms of the restriction of it to
each U;. This is not an intrinsic definition, but the topology on AP (X) associated to
it is intrinsic. In this way we may also define the space JLI(DP D of forms with coefficients in
the spaces LP (in particular with p = 00). A current of type (p, q) defines an element of
the topological dual of L(()%q). We denote the topological dual (with the weak topology)
of L&Y by (L&)

An important tool we will need is the following:

8.5 Theorem. Let X be a compact complex manifold equipped with a Kéahler form
w. Suppose that T, is a sequence of closed positive currents of type (1,1) on X. The
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T,.’s define currents

R, :L®»? — C
Th()
To(w)
Then, for every sequence (Q,) of closed positive currents of type (1,1) currents such
that, for every positive (1,1) form alpha we have that Q,(a) < R,(«), there exists a
subsequence @), converging, in the weak topology, to a closed positive current.

o —

Proof: The only point is to prove that we can extract a sequence from the @),,’s which
is convergent. The limit will be closed because each of the @, is closed.

Since X is compact and w is positive, for each (1,1) form « there exists a constant A
such that Aw+a is positive. Moreover, since the property of being positive is open, there
is a sufficiently small € > 0 such that, if || — a|| < € then Aw + Bis again positive. This
implies that we may find a constant C' such that the norm of (),, in the weak topology is
bounded by C'. Consequently, by the Banach—Alaoglu theorem, the conclusion follows.

8.6 Remark. The Banach-Alaoglu theorem sais that the unit ball of (LE,%‘”)* in the
weak topology is compact.

— Suppose that X is as before. If A C X is a subset, we will denote by I4 the
characteristic function of A. Let E be an analytic subvariety of X. Let T be a closed
positive current of type (1,1). Consider a sequence of functions f,, which are smooth,
frn =1 in a neighborhood of F, with compact support and such that lim,,_. f, = Ig.
The limit lim,, .. f,T is a closed positive current denoted by Ig7T. This is called the
Skoda—El Mir Theorem. Denote by U the open set X \ U then we denote by IyT the
current T'— IgU. The current [T is again closed and positive.

— Suppose that T is closed positive of type (1,1) over X. Let ¢ : E' < be a smooth
divisor on X. Then there is a closed positive current S on E such that [gT = .(5).
For a proof of this cf. [Ga theorem 6.6].

8.7 The proof of the strong ABC' conjecture for curves. We begin the proof of Theorem
8.1. First of all we remark that in order to prove the theorem we can make a suitable
extension of F' if necessary. Thus, by theorem 8.4, we may suppose that the couple
(X, D) has a semistable model f : X — B with divisor D.Tensoring Ky /(D) with the
pullback of a line bundle on B with suitably big degree, we may suppose that the model
M of Kx, ,p(D) used to compute heights is nef and of the form Ky /(D) ® f*(M).
In particular we can fix a Kéhler form w on X and a metric on M in such a way that
c1(M) > w possibly only outside some vertical divisors.

8.8 Construction of the currents. Denote the projective bundle Proj(2} /x(log D)) —
X by m : P — X, by L the tautological bundle over it and by IL; the line bundle
L® (fom)*(M).
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Let Y be a smooth projective curve and g : ¥ — A be a morphism. The couple
(Y, g) defines a closed positive current Ty of type (1,1) over X:

Ty ALY (X)) — C
a— Ty(a) = /Yg*(a).

Remark that Ty is closed by Stokes theorem and the projectivity of Y.
Let {(Y,, gn)} be a sequence of curves and morphisms whose image is not contained
in D. By the remark above,

T () Tv()
=70 = Ty, (@)

Consequently, we may apply theorem 8.5 and deduce that we can find a subsequence
R, converging to a closed positive current T of type (1,1) on X.
Each of the g, lifts to a morphism g/, : ¥;, — P such that w o g/, = g,. Thus the
sequence (Y, g;,) define a sequence of closed positive currents Ty, of type (1,1) over P.
In order to prove the theorem it suffices to prove the following theorem:

8.8 Theorem. For every sequence (Y,,, gy) as above and such that f o g, is dominant,

Ty (1)
liminf =—>—2 > (1 — ¢).
Wt oy = (9

we have that

8.9 Exercise. Prove that 8.8 implies 8.1.
In the sequel, we fix a sequence (Y, ¢g,) as in theorem 8.8 and such that

lim inf —T{/" (L) = lim —T}//" (L) =
no Ty, (M) o Ty, (M)
Of course, if a = +oo there is nothing to prove, thus we can suppose that a < 4o0.
Theorem 8.8 is proved if we show that a > 1 — e. We may suppose that

Ty, (M)
deg(f o gn)

otherwise there is nothing to prove. Observe that, if p, € Xp(F) is the point corre-
ding to gn, then 2o —p
sponding to gn, then g rrrs = KXF/F(D)(pn)-
We can find a positive constant A such that L; @ 7*(M®4) is nef on P. Consequently,

the same argument of the proof of 8.5 gives that the currents

— 400 (8.10.1)

R, : AWD(P) —C




are uniformly bounded. Thus we can find a subsequence of the R), converging to a
closed positive current T on of type (1,1) on P. By construction we have

7.(T") = T.
The conclusion will follow if we show that
T(L®m*(Kx,p(D))"") > —e. (8.11.1)

Let Z C X be the set of points where the morphism f is not smooth. It is a finite
set. Let Iz be the ideal sheaf of Z.

8.13 Restriction around the singularities. Since f : X — B is semistable, a local
computation shows that the cokernel of the natural inclusion f*(Q} / p) = QL Ik (log(D))

is Iz @ Kx/p(D). Let h: X — X be the blow up of X in Z and let E be the exceptional
divisor on it. Thus we have an exact sequence

0— f*(Qp/m) — Qx1,(log(D)) — Iz © Kx;p(D) — 0 (8.13.1)

and the surjection s give rise to a surjection h*(Qﬁc/k(log(D))) — W (Kx,p(D)(—E)
thus to an inclusion
L: X — P (8.14.1)

By construction 7ot = h and *(L) = h*(Kx,p(D)(—E). Let A = ((X); it is a divisor
in P. Denote by U the open set P\ A.
A main step of the proof is the following important lemma:

8.15 Lemma. We have that
T (HU’]T’) = 0.

This lemma is crucial: we may think about it in the following way: A corresponds to
the tangent vectors of X which are vertical with respect to f. We will see in the proof,
that if a form o on X is such that 7*(a) has support in U, then « is dominated by
a positive form coming from B. consequently, condition 8.10.1 will imply the lemma.
Observe that we can also give an informal explanation of the lemma as follows: suppose
that there is a sequence of curves that contradict the strong ABC conjecture, then these
curves have to be not so ramified over B and with a very big area with respect to the
relative dualizing sheaf. The only way to have that is that they become more and more
vertical over B. Notice also that in this lemma we use the strength of the theory of
currents.

Proof: We fix Kahler forms w on X and 7 on B. In order to prove the proposition it
suffices to prove the following: Let V be an open set of P such that VN A = 0 (V
being the closure of V' in the Euclidean topology), then 7. (Iy7") = 0. To prove this we
claim that there exists a constant Ay (depending on V' and the metrics) such that the
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following holds: if W is an open Riemann surface and A : W — X is an holomorphic
map such that the image of ' : W — P is contained in V', then h*(w) < Ay (f o h)*(n).
The claim implies the proposition. Indeed, let a be a form on X such that the support
of 7*(a) is contained in U. Denote by Z the support of 7*(«); we may find a constant
B such that Bw 4 « is positive. Moreover we can find a smooth positive function ¢ on
P which is always less or equal then one, it is identically one around Z and identically
zero around A. This implies that Bon*(w) + 7*(«) is still positive. Let Y be a smooth
projective curve and ¢g : Y — X be a morphism such that fog is dominant, the image of
which is not contained in D. Let ¢’ : Y — P the induced map. By construction we have
that |7y (7*(«))| < BTy (¢7*(w)). By the claim, we can find constants A4;, depending
only on the support of ¢, such that

T/ (on* (W) < A /Y (f 0 9)*(n) < Az deg(f o g).

The conclusion follows because of property 8.10.1.

Fix such a V, Observe that w(V') is a closed set of X which do not contains the

singular points of the fibers P;. By compactness of X, we can cover (V') by a finite set
of disks B; not containing the P;’s. We may restrict our attention to each of the B;:
thus we may suppose that:

~X={(z,w)€C?/|z|<1|w| <1}, B={2€C /|z| <1} and p(z,w) = z;
—w=+v—-1(dzANdzZ+ dw A dw) and n = /—1(dz A dZ);

— D = {w = 0} and the exact sequence 8.13.1 is the split exact sequence

d d
0— Oxdz — OdeEBOX% — OX%U — 0;

— consequently P = X x P! and A = X x {[0 : 1]}; we may then suppose that there
exists a positive constant a such that V C {(z,w) x [z : y] / |z|* > aly|*}.
ho

2

- W :={z/|2| <1} and h(z) = (h1; ho) and h'(2) = (h1;h2) x [h] : 32].

2
hy
2

The image of W via I’ is contained in V, we have that |h}(2)]* > a |+

O < L Since h(w) = V=I(|By]? +|hh[2)dz Adz and h(n) = V=1(|hy|?)dz A d the
proposition follows.

. Thus

We can find an ample line bundle N on X such that L ® 7#*(N) is ample on P,
consequently, IyT/(L @ 7*(N) > 0. By lemma 8.15, Iy T (7*(N)) = 7. (IyT'(NV)) = 0,
thus Iy T/(L) > 0.

On the other side, By the general properties of the closed positive currents, we may
find a current S on A such that ¢.(S) = IAT’. By construction, and again by lemma
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8.15, h.(S) = T. Consequently

T'(L®7*(Kx/p(D) ™) = (Iy +1a)T' (L@ 7" (Kx/5(D)) ™)
> IAT (L@ 7" (Kx/p(D)) )
= S(* (L) ® h*(Kx p(D))™")
— S(-E).

8.16 Remark. If f is smooth, then the proof is complete. The general case is more
involved and as we can see the difficulties are localized around the singularities of f.

8.18 Roots of the singular fibres. In this subsection we will deal with the singular
fibres of f : X — B. We should notice the following things:
— The problem is localized near the points of X where the projection f is singular.
— Here we will use in an essential way that the model f : X — B is semistable.

This part also requires a delicate machinery: the theory of Deligne-Mumford stacks.
The reader who do not like stacks may refer to [Ga] where a proof without stacks is given
(nevertheless one should observe that on that proof one has to use singular varieties).
The main idea is to take roots of the divisors which are the singular fibres.

In the sequel we will denote by F' = > F; a singular fibre of f; observe that it is a
s.n.c. divisor. Over F' there are the points P where the morphism f is not smooth. For
each of these points, denote by B and C' the two components of the fibre which intersect
in P.

The main tool we need is the following:

8.18 Theorem. Let m > 0 be an integer. There is a Deligne-Mumford stack p,, :
X,, — &, smooth over C such that:
— X,,, is proper.
— Denote by V' C X the open set X \ F' then p,,|v : X,,|v — V is an isomorphism.
— Pm : Xy, — X s a finite morphism.
- pi(F;) = mF; and > F, is a simple normal crossing divisor on X,,.

Before we start the proof we need the following construction: Let G,, act on A! by
multiplication. Then [;11 /G, the associated Artin Stack. A local computation shows
that if X is a scheme (or more generally a stack), a morphism X — [Al / Gm} is a couple
(L,s) where L is a line bundle over X and s € H(X, L). In particular over [A!/G,,]
we have the line bundle A* — [A!/G,,] with the section z (where A! = Spec(Cl[z])).

The raise to the m-th power on A! and G,, induces a map ¢, : [Al/Gm] —
[A'/G,,]. If X is a scheme and (L, s) is a map from it to [A'/G,,], then ¢, o (L, s) is
the map giving the couple (L®™, s™) on X.

Similarly the group of the m-th roots of unity u,, acts on A! and [Al / ,um} is a
Deligne-Mumford stack (observe that we are using the fact that we are in characteristic
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zero). If Z is a scheme ands € Oy is a global section over it, we may consider the finite
Z-scheme Y ., := Spec(Oz[z]/(2™ — s)) — Z. Over Y; ., there is a natural action
of p,, as follows: the action is trivial on Oz and if ¢ is a m—th root of unity, then
C(2) = ¢ 2. Let [Ys/pm] be the associated Deligne Mumford Stack. A map from
Z to [A'/pp,] is the datum of a global section s € Oz, and the stack [Ys /).

We have natural maps ¢ : [Al/um] — [Al/Gm} and j,, : [Al/,um] — A'. From the
description above we deduce that the following diagram is cartesian:

[AY ] —— [AY/Gy]

]ml lﬂpm
Al — [Al /Gm] .
Denote by H,, the preimage of G,, via j,,. Observe that the map j,,|g,, — G, is an

isomorphism: usually one can informally describe this fenomenon by saying that the
stacky structure of [A!/u,,] is concentrated in 0.

8.19 Definition. Let X be a scheme, L be a line bundle over it and s € H°(X, L).
By construction we have a map k : X — [A'/G,,]. Consider the cartesian diagram

X —— [Al/Gm]
k:ml lwm

X — [AYG,].

We will call the stack k,, : X,,, — X the stack of the m—th root of s.
By construction, a map from a scheme Z to X,, is a set (h, M, ¢,t) where h : Z — X is

a morphism, M is a line bundle over Z, ¢ : M — h*(L) is an isomorphism of line bundles
and t € H°(Z, M) is a global section such that +(t®™) = h*(s). Let U := X \ {s = 0};
then, as before, k1(U) "% U s an isomorphism; thus the stacky structure of X,, is
concentrated over {s = 0}.

8.20 Lemma. X, is a Deligne-Mumford stack.

Proof: We know that it is an Artin Stack. Thus to verify the lemma we may work étale
locally on X. Consequently we may suppose that L is trivial so the map X — [Al / Gm}
lifts to a map X — A!. This implies that X,, = X X1 [Al/um}. Since [Al/,um} is a
Deligne-Mumford stack, the conclusion follows.

In general X,,, may be singular, even not normal, but if X is smooth and {s = 0} is
a smooth divisor, then we have:

8.21 Lemma. Suppose that X is a smooth variety and {s = 0} is a smooth divisor,
then X,,, is smooth.

Proof: We may work locally in the analytic topology. Let D = {x € C / |z| < 1}.
Suppose that X = D and s = z; in this case we see that X,, = [D/u,]| where if { is an
m-root of unity then the action is ((x) := ("1 - .
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In general may suppose that X = D" with coordinates x1,...,z, and s = x1. Denote
by p : X — D the projection on the first factor. We have have a cartesian diagram

X ——  [D/pm]

| |

X - D
Since [D/ ] is smooth and the morphism p is smooth, the conclusion follows.

We can now prove theorem 8.18:

Proof: (Of theorem 8.18) Let {Pi,..., P.} be the set of points of X where f is not
smooth and let X = X \ {Py,...,P.}. The restriction F? of F to X is a smooth
divisor.

Let X% — X0 be the stack of m-roots of FV. By lemma 8.21, X,, is a smooth
Deligne-Mumford stack.

We now study the local structure of X, in the preimage of a neighborhood of the
P;’s.

Let Z C A3 be the variety given by z™ = zy; i, acts over it by ((z) = (7! - 2,
((z) = z and ((y) = y. Let B3 be the unit ball in C3 and B3 := B3\ {(0,0,0)}. Denote
by Z; the analytic variety Z N B3 and by Zy the analytic variety Z N B3. Eventually
denote by Zy the smooth Deligne Mumford stack [Z/ tim,].

Let D5 be a open neighborhood of one of the P;’s which is biholomorphic to a 2-
dimensional ball centered in P;. We may suppose that z; and z, are coordinates on Dy
and that F' is given by the equation z120 = 0. Let D} := Dy \ {P}. The restriction of
X% to Dj is isomorphic to the stack Zy. The stack Zy is an open set inside the stack
[Z1/ t4m] which is normal but not smooth.

We will now construct a smooth Deligne Mumford stack W with an open set Wy
such that:

— W, is isomorphic to Zy;

— There is a finite map W — D,.

This is enough to conclude the proof: Indeed, in order to obtain X,,, we glue the
stack X0, with the stacks W’s along the Zy’s.

Let A be the 2 dimensional unit ball with coordinates £ and 7. Denote by A* the
surface A\ {(0,0)}. Let G be the group pu, x p, and H the subgroup p, x {1}. We let
act G on A in the following way: (1, () (€) := ¢ 1€, (¢, G)(n) == ¢ -n. We have
that A/H ~ Z; via the map (&,n) — (£™,n™,£&n). Since the action of H on A* is free,
we deduce that [A*/H| ~ Z,. The action of u,, ~ G/H on Z; coincide with the action
of piy, on it induced by the stack structure of X,,,. Consequently [A*/G]| ~ [Zy/m].
Observe that, by construction, A is a smooth Deligne-Mumford stack.

The map A — Dy given by (§,71) — (£™,1n™) give rise toamap k : [A/G]| — Ds. The
restriction of k to [A*/G] coincide with the restriction of the projection p,, : X9 — &x°
to the preimage of Dj. Consequently we may put W := [A/G] and conclude.

The idea of the proof now is the following: We repeat the argument we made before
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with X,,, replacing X,,. Since F; = %p;"n(Fz) we will see that the contribution given
by the singularities will be smaller then before. Thus, taking m sufficiently big, the
conclusion will follow.

Let D,, be the divisor p}, (D) over X,,. It is a snc divisor. Denote by Q%im / . (log(Dyy,))
the sheaf of logarithmic differentials over X,,, with poles along D,,,, by 7, : P, — X,,,
the projective bundle Proj <Q§1gm /£(108(Din))) — X, and by Ly, the tautological line
bundle over it. We also fix a Kéhler form w,, on X,,.

For every smooth projective curve Y with a morphism g : ¥ — X such that fog:
Y — B is surjective denote by Y,, the normalization of a irreducible component of the
stack Y x y X,,,. Local computations give that:

— The projection Y, — Y is finite.

— By the Hurwitz formula we obtain that

X(Yim) < x(Y) + Cdeg(fog) (8.22.1)

For a suitable constant C. Indeed the projection r,, : Y,, — Y is ramified at most over
the points where the image of Y intersects the singular fibres F;. Moreover, a local
computation shows that over these points, the index of ramification is m. Since g(Y)
intersect the singular fibres in at most deg(f o g) points and over each of these points
the local degree of the ramification point is 1 — % the conclusion follows.

—If N is a line bundle over Y, then deg(r} (N)) = deg(N).

The following definition is natural:

8.23 Definition. Let Y be a smooth proper Deligne-Mumford of dimension one. For
each closed point P on Y denote by Gp the stabilizer of P in Y; notice that it is a
finite group. Let D) .npP be an effective divisor on it, then we define NS)(Y) =

> @ minl, np.
Of course the definition above naturally generalize to stacks the corresponding defi-

nition on smooth projective curves. Moreover we have:
— There is a constant C' such that

1
NS (Vo) < NJ(Y) + —C.

From the sequence (Y}, g) we can construct a sequence (Y5, m; Gn,m)-
We will denote by f,, : X,,, — B the map f o k,,. A local computation shows that

Ky, /(D) = pr (Kx /(D)) ((m — 1) Z F).

Consequently, the remarks above imply that if we prove that

lim inf X( : ) + ( ’ )
n—oo deg(gs, n(Kx,, /k(Dm)))

then Theorem 8.1 follows.

>1—c¢
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As before, we can find a line bundle M,,, on B such that ci(Kx,, /x(Dm)® for, (M) >
awy, and c1(p}, (Kx/x(D))) > aw,, (for a suitable positive ) outside some vertical
divisors. Denote by M., the line bundle Kx_ /1(Dm) ® frr, (Mm).

From the sequence sequence (Y, ;gn.m) We may construct a sequence of closed
positive currents

Ty,

n,m

ALY(X,,) — C

9@
o — Tynym(()é) = deg(gn’m(Mm)) .

As before, we may take a subsequence of the Y,, ,,, and the sequence of the Ty, , will
converge to a current T,, on X,, which is closed and positive of type (1,1). Observe
that (pm)s«(Ty) = T.

The maps gy, lift to maps g;%m : Yy m — P, and as before we can construct a
closed positive current T’ of type (1,1) on P, such that (m,,) * (T},) = T,,.

As in the case of X', the map f,, give rise to an exact sequence
0—A— Qp (log(Dp)) == Iz, ® Kx,;5(Dm) — 0 (8.24.1)

A is the saturated of the image of Q}B/k inside Qém/k (log(D,y)) via f* and Z,, is a
zero cycle supported on the fibres over the P; and locally given by the ideal (£, n™).
Denote by Z,, cycle which near Z,, is given by the ideal (£,7) (it is as if we take the
reduced cycle associated to Z,,).

Let h,, : Xm — X,, be the blow up of X,, on Z,, and by FE, the exceptional divisor
on it. The exact sequence 8.24.1 give rise to an inclusion

Lm:Xm—>Pm

which is the analogue of 8.14.1. Of course, again we have 7, o t,, = h,,,. Again to check
this it suffices to work locally, thus we may suppose that X,, = D, with coordinates
(&,m) and the projection is (§,17) — (£n)™ (the details are left as exercise). Denote by
A, the image Lm(Xm) and by U,, the open set Pps \ A,,.

In the same way of 8.15 we can prove the following:

8.25 Lemma. We have that

()« (I, Tpy) = 0.

Moreover, there is a closed positive current S, on X, such that
(tm)«(Sm) = 1A, T

The conclusion will follow if we prove that Sy, (—E,,) > —e.
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Again a local computation shows that we have a commutative diagram

X m E— Xm
qml lpm
X N X

with the following properties:

- (Qm)*<Sm) = S;
— qm * (E) = mE,,.
Indeed, if Dy with coordinates (£,7) is a open set of X,,, and D, with coordinates

(21, 22) is a open set of X; then the map p,, is the map p,,,(§,17) = (£™,7n™). The blow
up of Dy are locally given by (£,v) — (§,&v) on X,,, and by (z1,u) — (21,21u) on X
with exceptional divisors & = 0 and z; = 0 respectively. The commutative diagram and

the properties follow.

The conclusion of the proof is now straightforward:

Since we can take m as big as we want, the conclusion follows.

[Db]
]
DI
[De]
B
[EL

Gal
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