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Introduction

As the history of algebraic geometry shows, a mainstream problem has al-
ways been the classification of algebraic varieties. One of the most common
ways to classify varieties is through studying algebraic objects associated to
each variety.

Maybe the simplest example of this kind is given by the coordinate ring of a
projective variety X. In this ring are contained basic geometrical properties
of X such as its dimension and its degree. In particular, denoting by H a
hyperplane section on X, we see that the coordinate ring of X is strictly
related to

R(X,H) = P H*(X,mH).

m>0

and in fact they have the same Hilbert polynomial.
Looking for other geometrical properties of X, this suggests us the idea
of considering an arbitrary divisor D on X and defining the graded ring
associated to D as

R(X,D) = @ H°(X,mD).

m>0

One of the purposes of this thesis is to study the relation between the ge-
ometrical characteristics of the couple (X, D) and the algebraic properties
of the ring R(X, D). For example, denoting by Kx the canonical divisor,
we have that an n-dimensional variety X is of general type if and only if,
asymptotically, dim R(X, Kx)n = O(m™).

The most significant property that R(X, D) might have is the finite gener-
ation as a C-algebra and the divisor D itself is said to be finitely generated
if its graded ring R(X, D) is such.

In particular the finite generation of R(X, K x ) has been considered for a long
time, especially because it holds a particular role in the theory of minimal
models. Given an algebraic variety X the idea is that a minimal model of X
is the “simplest” variety birational to X. The existence of minimal models
for surfaces was shown by the Italian school (Castelnuovo, Enriques, etc.)
in the 30’s. Passing to dimension n things get more complicated. However
an important very recent theorem of Birkar, Cascini, Hacon and McKernan
proves the existence of minimal models for smooth n-dimensional varieties



of general type and the finite generation of the graded ring R(X, Kx) (see
[BCHMOT7]). Moreover the importance of considering arbitrary divisors and
not just the canonical one is given by the tight link between the finite gen-
eration of R(X, Kx) and the properties of rings of kind R(X, Kx + A), for
suitable divisors A.

Another remarkable historical reason that led to consider the rings R(X, D)
is the connection between their finite generation and Hilbert’s fourteenth
problem. We can formulate Hilbert’s 14th problem in these terms: given a
field k, a polynomial algebra k[x1, ..., z,] and a subfield of the rational func-
tions in n-variables over k, K C k(x1,...,2,), is the ring K N k[x1,. .., ;]
finitely generated as a k-algebra?

The answer is negative and, in a famous counter-example given in 1959,
Nagata considers the surface X obtained by blowing up P? in r general
points pi,...,p, and finds a suitable divisor D on X such that R(X, D) is
not finitely generated and it is of kind K N k[x1,...,zy].

We now come to the description of the work of this thesis.

We study how the notion of finite generation can be related to different
geometrical properties of the couple (X, D). Our approach will often be
asymptotic, in the sense that we study a divisor looking at all its sufficiently
large multiples and the graded ring R(X, D) helps us in this sense, since, by
definition, it depends on all the multiples of D.

A first step consists in analyzing the geometrical behaviour of (X, D) and
observing how it reflects in the graded ring associated to D. With this goal
in mind we first study divisors.

While in the first chapter we essentially follow [Har77] (except for the defini-
tion of intersection numbers, for whom we refer to [Kle66]), from the second
one our point of view is that of [Laz04]. The reader will find in these books
lacking proofs of some results presented and more explanations.

We begin with the classic theory of ample divisors before passing to the more
recent one of nefness and we generalize the concept of divisor introducing
Q and R-divisors. Then we pass to the description of some important prop-
erties and notions, such as bigness, mainly developed in the last 30 years,
closely linked to base loci and projective morphisms defined by divisors.
We begin by defining the stable base locus:

Definition 0.1. Let X be a variety and let D be a Cartier divisor on X.  [Def. 3.5]
The stable base locus of D is the algebraic set

B(D) = (] Bs(jmD))
m>1
where we disregard the structures of schemes and consider the intersection

just like an intersection of closed subsets.

Then we pass to the definition of semiampleness:



Definition 0.2. Let X be a variety. A Cartier divisor D on X is semiample [Def. 3.9]
if mD is globally generated for some m € N, or, equivalently, if B(D) = ().

Finally we introduce the notion of bigness:

Definition 0.3. Let X be a variety. A Cartier divisor D on X is big if [Def. 3.19]
there exists an ample Q-divisor A, together with an effective Q-divisor F,
such that D ~g A+ F.

Note that if D is semiample then it is finitely generated and it is easy to
check that every divisor on a curve is finitely generated. On the contrary,
when passing to surfaces, a famous example of Zariski provides a big and
nef divisor D whose graded ring is not finitely generated. Already in this
example one can observe how the fundamental reason not allowing finite
generation is that the multiplicity of a curve in the base locus of |mD] is
bounded. This drives us to the following definition:

Definition 0.4. Let X be a variety and let D be a Cartier divisor on X. [Def. 4.12]
Given a linear series |V| C |D| and a point € X we define the multiplicity
of |V| at x, denoted by mult,|V], as the multiplicity at x of a general divisor
in [V].
Equivalently
mult,|V| = min {mult,D'}.
D’e|V|

Using this definition we prove the following original characterization of semi-
ampleness in terms of finite generation and boundedness of the multiplicity
at every point:

Theorem 0.5. Let X be a normal variety and let D be a Cartier divisor [Theorem
on X. 4.16]
Then D is semiample if and only if D satisfies the following three conditions:

1. D is finitely generated.
2. k(X,D) >0.

3. There exists a constant C' > 0 such that for all m > 0, with [mD| # 0,
and for all z € X, we have

multy/mD| < C.

Then we note that the multiplicity of a linear series is nothing but a particu-
lar discrete valuation on the function field K (X). Hence the idea developed
in the fifth chapter is to generalize the previous result in terms of valuations,
along the lines of recent works of Ein, Lazarsfeld, Mustata, Nakamaye and
Popa.

In these matters a relevant role is played by the restricted base locus:



Definition 0.6. Let X be a normal variety and let D be an R-divisor on
X. The restricted base locus of D is

B_(D) =|JB(D + A),
A

where the union is taken over all ample R-divisors A such that D + A is a
Q-divisor.

Then, following [ELMNPO06], we adopt the language of valuations to gener-
alize the concept of multiplicity at a point of a linear series:

Definition 0.7. Let X be a variety with function field K = K(X), let v be
a discrete valuation on K/C with valuation ring R, and center £ € X.
If D is a Cartier divisor on X, with |D| # ), we put

v(|D]) = v((6(I1PDe)r,),

where b(|D]) is the base ideal of D and ((b(|D|)¢)r
by the stalk (b(|D|)¢ in the ring R,.

is the ideal generated

v

In analogy with Theorem 0.5 we define a v-bounded divisor, that is a divisor
D such that the center of the valuation v is asymptotically contained in the
base locus of mD with bounded multiplicity. In other words:

Definition 0.8. Let X be a normal variety and let v be a discrete valuation
on K(X)/C. If D is a Cartier divisor on X with k(X, D) > 0 we say that
D is v-bounded if there exists a constant C' > 0 such that

v(lpD)) < C

for every p > 0 such that [pD| # 0.

Moreover we generalize the concept of semiample divisor with the weaker
one of v-semiample, that is a divisor not containing the center of v in its
stable base locus:

Definition 0.9. Let X be a normal variety with function field K = K(X),
let v be a discrete valuation on K/C, having center Z, C X, and let D be
a Cartier divisor on X with k(X, D) > 0.

Then D is v-semiample if there exists a positive integer [ such that |lgD| # ()
and v(|lpD]) = 0, or equivalently if Z, € B(D).

These last two notions are not equivalent but they are linked by the following
result:

[Def. 5.1]

[Def. 5.15
& 5.17]

[Def. 5.35]

[Def. 5.39]



Theorem 0.10. Let X be a normal variety with function field K = K(X),
let v be a discrete valuation on K/C and let D be a Cartier divisor on X
with k(X, D) > 0.

o If D is v-semiample, then D is v-bounded.

e If D is finitely generated and v-bounded, then D is v-semiample.

Actually for the second statement it is not necessary to take D v-bounded,
but it suffices the hypothesis of “v-sublinearity”, that is v(|mD|) can go to
infinity but in a “sublinear” way with respect to m (see Proposition 5.42).
As a corollary, considering all the discrete valuations on K(X)/C together
and noting that D is semiample if and only if D is v-semiample for every
valuation v, we can generalize Theorem 0.5 with a different characterization
of semiampleness involving v-boundedness:

Theorem 0.11. Let X be a normal variety with function field K = K(X)
and let D be a Cartier divisor on X with k(X, D) > 0.
Then the following statements are equivalent:

1. D is semiample
2. D is finitely generated and there exists a constant C' > 0 such that
multy/mD| < C
for every m > 0 such that |mD| # 0, for every = € X.

3. D is finitely generated and, for every discrete valuation v on K/C, D
is v-bounded.

On the other hand we extend the notion of asymptotic order of vanishing of
a divisor along a valuation v, defined in [ELMNPO6] only in the big case, to
non-big divisors:

Definition 0.12. Let X be a normal variety with function field K = K(X),
let D be a Cartier divisor on X with k£(X, D) > 0 and let v be a discrete
valuation on K/C.

We define the exponent of D as

e(D)=g.cd{meN : |mD| # 0}.

If e = e(D) is the exponent of D, the asymptotic order of vanishing of D

along v is

D
o(IDI)) = tim 2meDl)

me

[Pr. 5.41
& 5.42]

[Theorem
5.46]

[Def. 5.20]



We can simply extend this definition to Q-divisors. In particular we fix as
the right work environment the set of Q-linearly effective Q-divisors:

Definition 0.13. Let X be a variety and let D be a Q-divisor on X. We
define the Q-linear series |D|g as the set of all the effective Q-divisors that
are Q-linearly equivalent to D.

D is Q-linearly-effective if |D|g # 0.

Finally, we present the main result in [ELMNPO06, §2] about the asymptotic
order of vanishing of big Q-divisors.

Theorem 0.14. Let X be a smooth variety with function field K = K(X)
and let v be a discrete valuation on K/C, having center Z, on X.
If D is a big Q-divisor on X, then the following conditions are equivalent:

1. D is v-bounded;
2. v([|D]]) = 0;
3. Zy, L B_(D).

One of the aims of this thesis is, using Definition 0.12, to study which
implications of the above theorem are still true in the non-big case. In
particular, if D is a Q-linearly effective QQ-divisor, we first observe that

(i) D is v-bounded = v(||D]|) = 0;
(ii) v(||D]l) =0 = Z, £ B (D)

are still true, using the same argument of [ELMNPO06].

On the other hand the reverse implication of (ii) does not hold and we
provide a counter-example in Section 5.6.

Finally we outline the questions that, at the moment, remain unsolved:

Open questions:

e We do not know whether D is v-bounded whenever the asymptotic
order of vanishing of D along v is zero. However it is true if D is a
divisor on a curve or a normal surface (see Remark 5.44).

e [t remains an open problem how we can weaken the hypothesis of the
second statement of Theorem 0.10 in order to have the viceversa.

Remark 0.15. Besides Theorem 0.5, the original results in this thesis are
Theorem 0.10 and Theorem 0.11 (which are inspired by Theorem 0.5) and
the example in Section 5.6.

[Def. 5.23]

[Theorem
5.36]



Notation and conventions

e We always work throughout over the field of complex numbers C.

e When speaking about a scheme we mean a projective scheme over C,
that is a scheme with a closed immersion ¢ : X < Pg.

e By variety we mean an irreducible, reduced (projective) scheme.

e Unless clearly specified, a point of a scheme or a variety is a closed
point.

e A curve is a variety of dimension one, a surface is a variety of dimen-
sion two.

e With the word ring we mean a commutative ring with the identity
element.

e When speaking about a divisor, unless clearly specified, we always
mean a Cartier divisor (see Definition 1.1).

e We denote by “RT” (respectively “Q*”,“N”) the set

{z € R (respectively Q, Z): = > 0}

e Given a function f : N — R and an integer £k > 0, we say that

F(m) = O(m*) if
F(m)]

mk

lim sup < 00

m—00



Chapter 1

Divisors, line bundles and
linear series

1.1 Divisors and line bundles

Cartier divisors

Definition 1.1. Let X be a scheme. For every open set U C X, let S(U) =
{s e I'(U,Ox) : s is not a zero-divisor in Ox, , Vo € U} C I'(U,Ox). Let
K x be the sheaf of total quotient rings of Oy, that is the sheaf associated
to the presheaf S(U)~'T(U, Ox).

Let K% be the subsheaf of invertible elements in Kx and let O% be the
subsheaf of invertible elements in Ox.

A Cartier divisor on X is a global section of K% /O%.

We observe that a Cartier divisor can be described by giving a collection
{(Ui, fi) }ier, where {U;} is an open covering of X and f; € I'(U;, %) for
all i € I, such that f;/f; e (U; N U;,0%) Vi, j € 1.
In order to describe the operation of the group of Cartier divisors we find
additive notation more comfortable. For this reason, from now on, we use
the following convention:
If Dy and Dy are such that D; < {(Ui7fi)}i617 Dy — {(Vj,gj)}jej
We put

Dy + Dy «— {(Ui NV}, fig;)}

Dy — Dy «— {(Us NV, ﬁ)}-

j

The group of Cartier divisors is denoted by Div(X).

Definition 1.2. A Cartier divisor is principal if it is in the image of the
natural map I'(X, K% ) — I'(X, K% /O%).

We say that two Cartier divisors D, D’ are linearly equivalent (written D ~
D) if their difference D — D' is a principal divisor.



~ is an equivalence relation, whence we can consider the quotient group

Div(X)/ ~.

Welil divisors

Definition 1.3. Let X be a scheme of dimension n. A k-cycle on X is a
finite Z-linear combination of subvarieties of dimension k.

Z(X) is the group of all k-cycles.

A Weil divisor on X is an (n — 1)-cycle.

We will denote the group of Weil divisors by W Div(X).

Definition 1.4. Let X be a variety of dimension n, regular in codimension
one and let f € K, the function field of X.
We define the Weil divisor of f, denoted by (f), by

(f) =D ordy(f)Y

where the sum is taken on all irreducible subvarieties of codimension one.

It is a well defined divisor because the sum is finite for every f € K. Divisors
of functions are called principal.

The subset of all principal Weil divisors is a subgroup of W Div(X) and, as
for Cartier case, we can consider the quotient group WDiv(X)/ ~.

Now we observe that there is a cycle map

Div(X) — W Div(X)

D+— Z ord,(D)V

where the sum is taken on all irreducible codimension one subvarieties and
ordy (D)is the order of D along V.
In particular:

Theorem 1.5. For any normal variety X the cycle map above is injective.
It is an isomorphism if X is non-singular.

Proof. See [Har77, 11, 6.11]. O

Moreover, when X is regular in codimension one, since the cycle map sends
principal Cartier divisors to principal Weil divisors, we can use it to define
a cycle map of isomorphism classes that satisfies again the theorem.
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Line bundles

For any divisor D on a scheme X we can consider a line bundle (that is a
locally free Ox-module of rank 1) associated to it in the following sense:

Definition 1.6. Let D be a (Cartier) divisor represented by {(U;, fi) }ier-
The line bundle associated to D, denoted by Ox (D), is the subsheaf of Kx
generated by fl-_1 on any U;.

Since f;/f; is an invertible element, f; and f; determine the same module
on U; NUj, then Ox (D) is well-defined.
Moreover linearly equivalent divisors give rise to isomorphic line bundles.

Theorem 1.7. For any (projective) scheme X, if we denote by Pic(X) the
group of isomorphism classes of line bundles, the correspondence

Div(X) — Pic(X)
D +— Ox(D)
is surjective and it determines an isomorphism Di%(x) ~ Pic(X).

Proof. See [Har77, 11, 6.13]. O

1.2 Linear series

Definition 1.8. Let X be a scheme, let £ be a line bundle on X and let
V C H°(X, L) be a vector subspace.

We denote by |V| = P(V) the projective space of all one-dimensional sub-
spaces of V' (if L = Ox (D) we use to write |£| or simply |D| in place of
HO(X, £)]).

With this convention |V is called a linear series, |D| is a complete linear
series.

Now let X be a nonsingular variety.

In this case there is a natural correspondence between global sections of
L = Ox (D) and effective divisors linearly equivalent to D.

In fact, for each global section s in H(X, Ox (D)) we can define the effective
divisor (s)g as follows:

For every open set U C X such that Ox (D) is trivial on U, let ¢(s) be the
image of s under the isomorphism ¢ : Ox (D), — Oy.

(s)o is the effective divisor determined by the collection {(U, ¢(s))}, as U
ranges over a covering of X.

Through the map s — (s)g we can identify |D| with the set of the effective
divisors linearly equivalent to D, equipping, in a such a way, this set with a
structure of projective space.

Using the same map, for every V C H°(X,0x (D)), |V| will be identified
with a subspace of this set.

11



Base points

Let X be a scheme, let £ be a line bundle on X and let V C H°(X, L) be
a subspace.
Then V determines a morphism

VecOx — L

locally defined by
V ® OX,p e [:p

5®@ fpr— 5p- fp.
Tensoring by the inverse line bundle £* we find a morphism
ey : VL — Ox

Definition 1.9. The base ideal of |V|, denoted by b(|V|), is the ideal sub-
sheaf of Ox image of the map ey .

The base locus of |V|, written Bs(|V|), is the closed subset of X determined
by the ideal sheaf b(|V]).

Each point p € Bs(|V]) is called a base point of |V].

Equivalently p is a base point of |V if and only if all sections of V' vanish
in p.
Note that we put Bs(|V]) = X if and only if [V| = 0.

Proposition 1.10. Let X be a scheme. If D,E € Div(X) are such that
|D| # 0, |E| # 0, then there is an inclusion of ideal sheaves

b(|1D]) - b(|E]) € b(|D + E).
Moreover equality holds if the natural map
pup,e: H(X,0x(D)) ® H'(X,0x(E)) — H°(X,0x(D + E))
determined by multiplication of sections is surjective.

Proof. See [Laz04, I, 1.1.9]
]

Definition 1.11. A linear series |V| is free, or base-point free, if its base
locus is empty. A divisor D (or its line bundle Ox (D)) is free, or base-point
free, if the corresponding linear series |D] is such.

We can observe that a divisor is free if and only if its line bundle is globally
generated.

12



Definition 1.12. Let X be a variety and D € Div(X). Then, looking at D
as a Weil divisor on X, we define Supp(D) as the union of all subvarieties
of codimension one Y; such that ordy, (D) > 0.

Remark 1.13. A point p in a variety X is a base point of a linear series
|V] if and only if p € Supp(D) for all D € |V].

Rational map defined by a linear series

Assume now V C HY(X, £) such that dim(V) > 0 and B = Bs(|V|).
Then |V| determines a morphism

=9y : X\B—=PV)=P".

If we choose a basis {so, s1,...,5-} of V| we can describe this map, using
homogeneous coordinates, with the expression

o(x) = [so(x),...,s(x)] VeeX\B.
If |V] is free, then ¢ is defined on all X. In this case there is an isomorphism
$*(O(1)) ~ L.

Conversely if ¢ : X — P" is a morphism, then ¢*(O(1)) is a free line bundle
on X generated by the the linear series |V| =< ¢*(x0), ..., ¢*(x,) >.
Furthermore ¢ is identified with the morphism ¢y/|.

Remark 1.14 (Projection). Assume now V C H?(X, L) is a linear series,
W C V is a linear subspace.

Then Bs(|V|) C Bs(|W]), so that ¢|y| and ¢y are both defined on X \
Bs(W]).

Considering them as morphisms on this set, one has the relation

S| = To Py

where
7 :P(V)\P(V/W) — P(W)
is the linear projection centered along the subspace P(V/W) C P(V'). More-

over if |W| (whence also |V|) is free, then LIPS is finite.

1.3 Intersection numbers

Let X be a variety. Given Dy, ..., Dy € Div(X) and V a subvariety of X of
dimension k, we want to define an integer number (Dy - -- - - Dy, - V), called
intersection number of D1,..., D along V.

We start with a definition.

13



Definition 1.15. Let X be a scheme and let F be a coherent sheaf on X.
The Euler characteristic of F is

dimX

X(F)= Y (1) WX, F).

=1

Before giving the next theorem, that will allow us to define intersection
numbers in a very general setting, we recall that:

e Given a coherent sheaf F on a scheme X, by Supp(F) we mean the
subset of p € X such that the stalk 7, # 0.

e A polynomial f with rational coefficients is numerical if f(nq,...,ng)
is an integer whenever n; € Z for every ¢t = 1,... k.

Theorem 1.16 (Snapper). Let X be a scheme, let F be a coherent sheaf
on X with dim(Supp(F)) = s and let L4, ..., Ly be line bundles on X.
Then the Euler characteristic x(F @ L' ® --- @ L}*) is a numerical poly-
nomial in n1,...,ng of degree s.

Proof. See [Kle66, I, §1]. O

Definition 1.17. Let L£q,...,L; be line bundles on a scheme X and let
F be a coherent sheaf on X such that dim(Supp(F)) < k. We define the
intersection number

(L1 Lk F)

as the coefficient of the monomial n; ---ng in x(F @ LT @ --- @ LIIF).

Thanks to Snapper’s theorem and to the properties of numerical polynomials
we have that (£q----- Ly - F) is always an integer.
Moreover we have:

Proposition 1.18. (£ ----- Ly -F)=01if dim(Supp(F)) < k.
Proof. See [Kle66, I, §2, Prop. 1]. O

Definition 1.19. Let V C X be a subvariety of dimension s < k and let
L1,..., Ly be line bundles on X. We define

(Ly- oLy V)=(Ly---- Ly, - Oy).
Similarly if Dy,..., Dy € Div(X) we define

(Dl ..... DkV):(OX(Dl)OX(Dk)V)

14



For every s-cycle Y € Z(X) the intersection number (D - ---- Dy - Y) is
defined, in obvious way, by linearity.

Thanks to Proposition 1.18, if Y € Z4(X) we have (Dy - ---- Dy - Y)=0
whenever s < k, thus the only interesting case is when s = k.

Notation. Let X be an n-dimensional variety. Then we will write

n times

Theorem 1.20 (Properties of intersection numbers). Let X be an n-dimensional
variety, let Dy, ..., Dy € Div(X) and let Y € Zi(X). Then

1. (Dy----- DY) is a symmetric function of the D; and it is multilinear
with respect to divisors and k-cycles.

2. (Dy----- Dy -Y) depends only on the linear equivalence class of the
D;.
3. If Dy,...,D, are effective divisors meeting transversely, then

(Dy----- D,) = Card{DyN---N Dy}

4. If f:Y — X is a finite surjective morphism, then

Proof. See [Kle66, I, §2] and [Laz04, I, 1.1.13] O

1.4 Numerical equivalence

Definition 1.21. Let X be a scheme. Two divisors Dy, Dy on X are nu-
merically equivalent (we write D1 = Dy) if

(D1-C)=(D2-C)

for every irreducible curve C C X.
A divisor is said to be numerically trivial if it is numerically equivalent to
zero. Num(X) C Div(X) is the subgroup of all numerically trivial divisors.

Remark 1.22. Note that:

e We can deal with linear equivalence classes in the definition thanks to
the properties of intersection numbers.

15



e Equivalently we could define Dy = Dy if (Dy-v) = (D2 -7), Vv €
Z1(X).

e We can define numerical equivalence classes of line bundles in the same
way.

Definition 1.23. The Neron-Severi group of a scheme X is

NY(X) = Div(X)/Num(X).

Theorem 1.24. For any X scheme, N'(X) is a free abelian group of finite
rank.

Proof. See [Laz04, I, 1.1.16]. O

Lemma 1.25. Let X be a scheme and let D1, ..., Dy, D4,..., D) € Div(X)
be such that D; = D} for alli =1,... k. Then

(Dy--+++Dp-Y)=( ’1 ..... ;ﬂy)
for every k-cycle Y € Zy(X).
Proof. See [Laz04, I, 1.1.18]. O

Thanks to this lemma we can define intersection numbers of numerical equiv-
alence classes:

Definition 1.26. Let Y € Z,(X) and let d1,...,0; € N*(X) be numerical
equivalence classes of divisors, the intersection number

is the intersection number of any representatives of this classes.
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Chapter 2

Ample and nef divisors

2.1 Ample divisors

Definition 2.1. Let X be a scheme. A line bundle £ on X is very ample if
there exists a closed immersion ¢ : X «— P for some r such that

L=i"(0(1))
In other words £ is very ample if and only if the morphism ¢ : X —
P(H(X, £)) defined by L is a closed immersion.

Definition 2.2. Let X be a scheme. A line bundle £ on X is ample if for
any coherent sheaf F on X, there exists a positive integer m(F) > 0 such
that F ® L™ is globally generated for any m > m(F).

A divisor D is ample if Ox (D) is such.

The following theorem gives different characterizations of ampleness, using
cohomology and very ample line bundles:

Theorem 2.3. Let X be a scheme and let L be a line bundle on X.
Then the following statements are equivalent:

o L is ample.

e For any coherent sheaf F on X, there exists a positive integer my(F)
such that for every m > my(F) we get H(X,F ®@ L™) = 0 for all
1> 0.

o There exists a positive integer mo > 0 such that L™ is very ample for
every m > ma.

e There exists a positive integer mg > 0 such that L™ is very ample.

Proof. See [Laz04, I, 1.2.6]. O
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Corollary 2.4. Let X be a scheme, let D be an ample divisor on X and
let E € Div(X) be an arbitrary divisor. Then there exists a positive integer
mo > 0 such that mD + E s very ample for all m > mg.

Proof. See [Laz04, I, 1.2.10]. O
The next proposition shows how ampleness is preserved when passing to
reduced and irreducible components or restricting to subvarieties:

Proposition 2.5. Let f: Y — X be a finite morphism of schemes and let
L be a line bundle on X.
Then

o [f L is ample on X, then f*(L) is ample on Y.

In particular for any Y subscheme of X, the restriction Ly, is ample
onY.

o L is ample on X if and only if L,eq is ample on X,eq.

o L is ample on X if and only if the restriction of L to each irreducible
component of X is ample.

Proof. See [Laz04, I, 1.2.13 and 1.2.16]. O
Theorem 2.6 (Nakay-Moishezon). Let X be an n-dimensional scheme and

let D € Div(X).
Then D is ample if and only if for all k =1,...,n we have

(DF- V) >0
for every V. C X drreducible k-dimensional subvariety.
Proof. See [Laz04, I, 1.2.23]. O
Corollary 2.7. Ampleness of divisors only depends on numerical equiva-
lence classes.

Proposition 2.8. Let X be a scheme and let D and E be ample divisors
on X.

Then there is a positive integer mg such that the natural maps
H°(X,0x(aD)) ® H*(X,0x(bE)) — H°(X,Ox(aD + bE)

defined by multiplication of sections are surjective whenever a,b > my.
More generally, for any coherent sheaves F,G on X, there is a positive
integer m1(F) such that the maps

HO(X, F © Ox(aD)) ® H'(X,G ® Ox (bE)) —
— HY(X, F®G® Ox(aD + bE))

are surjective for all a,b > mq(F).

Proof. See [Laz04, I, 1.2.22]. O
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Asymptotic Riemann-Roch

Definition 2.9. Let X be an n-dimensional variety and let F be a coherent
sheaf on X.
The rank of F is

rank(F) = dimg(x)F @ C(X).

Theorem 2.10 (Asymptotic Riemann-Roch). Let X be a variety of dimen-
sion n and let D € Div(X). Then
DTL
x(©x(mD) = P 1 o),
Moreover, for any coherent sheaf F on X we have

(")

n!

X(F ® Ox(mD)) = rank(F) m™ +O0(m™ ).

In particular in the case of ample divisors, thanks to Theorem 2.3, we can
re-formulate the theorem as follows:

Theorem 2.11 (Ample asymptotic Riemann-Roch). Let X be a variety of
dimension n and let D € Div(X) be an ample divisor, then

WO(X, Ox(mD)) = (ij)m" +O(m™Y.

Moreover, for any coherent sheaf F on X

(X, F ® Ox(mD)) = rank(F) (];);)m” +O0(m" ).

Corollary 2.12. Let X be an n-dimensional variety and let E € Div(X).
Then there exists a constant C > 0 such that

(X, 0x(mE)) < C -m"

for all m > 0.

Castelnuovo-Mumford regularity

Definition 2.13. Let X be a variety and let £ be an ample globally gener-
ated line bundle on X.
A coherent sheaf F on X is m-reqular with respect to £ if

H(X,F® L™ ") =0
for all 7 > 0.

With this definition we have the following theorem:

Theorem 2.14 (Mumford). Let £ be an ample globally generated line bundle
on a variety X. If F is an m-reqular sheaf with respect to £, then F @ L™+
is globally generated for every k > 0.

Proof. See [Laz04, I, 1.8.5]. O
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2.2 @Q-Divisors

Definition 2.15. Let X be a scheme. We define a Q-divisor as an element
of the Q-vector space Divg(X) = Div(X) ® Q.

We can represent any Q-divisor D as a finite sum

D= ZcZDi

for suitable ¢; € Q, D; € Div(X).
Clearing denominators we can always find ¢ € Q and E € Div(X) such that
D =cFE.

Definition 2.16. Let D € Divg(X) be a Q-divisor. Then:
e D is integral if D € Div(X) C Divg(X).

e D is effective if there exist ¢; € QT and D; effective integral divisors
such that D = > ¢; D;.

We can naturally extend to Q-divisors operations and properties defined in
the integral case:

e D1, Dy € Div(X) are Q-linearly equivalent if there is a positive inte-
ger r such that rD; and rDs are integral and linearly equivalent in
Div(X), that is (D — D2) is principal as a Z-divisor.

e Given Di,...,D; € Div(X) and V irreducible k-dimensional subva-
riety of X, the intersection number (Dy ----- Dy - V) is defined via
Q-multilinearity from the same operation in Div(X).

e Dy, Dy € Divg(X) are numerically equivalent (D = Do) if
(Dy-C) = (Dy-C)

for any irreducible curve C' C X.
The group of numerical equivalence classes of Q-divisors is denoted by
N1(X)g. In particular it is a finite-dimensional Q-vector space.

e Let f:Y — X be a finite morphism and let D € Divg(X).
We define the pullback divisor f*(D) € Divg(Y') by Q-linearity from
the usual pullback of the integral divisors in a representation of D.

Now, we can also extend to the Q-divisors environment the notion of am-
pleness:

Definition 2.17. A Q-divisor D € Divg(X) is ample if any of the three
following equivalent statements is satisfied:
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1. D =Y c¢;A;, with ¢; € Qt, A; ample integral divisors.
2. There exists a positive integer r such that r - D is ample and integral.

3. For every irreducible subvariety V' C X of dimension &
(D¥. V) >0,

that is D satisfies Nakay-Moishezon criterion.

As for Z-divisors, thanks to the third characterization, we observe that am-
pleness is preserved by numerical equivalence, thus it makes sense to speak
of ample classes in N1(X)g.

The next proposition shows how, in the context of Q-divisors, ampleness is
preserved by small perturbations:

Proposition 2.18. Let X be a variety, let H be an ample Q-divisor and E
an arbitrary Q-divisor.

Then, for all sufficiently small rational numbers 0 < |¢| << 1, we have that
H + eF is ample.

More generally, if Eq, ..., E, € Divg(X) are arbitrary divisors,

r
H + Z e F;
i=1

is ample for all sufficiently small rational numbers 0 < |e;| << 1.

Proof. See [Laz04, I, 1.3.7]. O

2.3 R-Divisors

The construction of the group Divg(X) of R-divisors faithfully follows that
of Divg(X). In particular:

Definition 2.19. Divg(X) = Div(X) ® R.

Concretely, we can represent any R-divisor D by a finite sum D = ) ¢;D;
for suitable ¢; € R, D; € Div(X) for all i.

D is effective if there exist ¢; > 0 and D; effective integral divisors such that
D= z CiDZ'.

Intersection numbers and pullbacks are defined by linearity as before. More-
over, in obvious way, we can extend to R-divisors the relation of numeri-
cal equivalence = and we can consider the group of numerical equivalence
classes, denoted by N'(X)g. As before, N'(X)r is a finite-dimensional
R-vector space. Furthermore we have the following lemma:
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Lemma 2.20. Let X be a scheme. Then, for all D € Divg(X), with D =0,
there exist r; € R and D; integral divisors, with D; =0 for alli=1,...,m,

such that
m
=1

In other words we have an isomorphism
N'(X)r ~ N (X)®R.
Proof. See [Laz04, 1, 1.3.10 and proof of Prop. 1.3.13]. O

Definition 2.21. Let X be a scheme. An R-divisor D is ample if we can

represent it by
D= Z CiAi

with ¢; € RT, A; ample Z-divisors for all i.

In this case it is not easy to understand if we can characterize ample R-
divisors by using a Nakay-Moishezon-type criterion. In particular if D €
Divg(X) is ample, then (D%mV . V) > 0 for every V C X irreducible
subvariety, but the opposite implication is not obvious because D is not, in
general, proportional to an integral divisor. However a theorem of Campana
and Peternell shows that, even for R-divisors, positivity of intersection with
every irreducible subvariety of X gives ampleness (see [Laz04, I, 2.3.18]).

Proposition 2.22. Let Dy, Dy € Divg(X) such that D1 = Ds.
Then D1 is ample if and only if Ds is such.

Proof. See [Laz04, I, 1.3.13]. O

Also for R-divisors ampleness is an open condition, that is it is not affected
by small perturbations:

Proposition 2.23. Let X be a variety, let H € Divg(X) be ample and let
Fh, ..., E, be arbitrary R-divisors.
Then for all sufficiently small real numbers 0 < |¢;| << 1

r
H + Z & F;
i=1

s ample.
Proof. See [Laz04, I, 1.3.14]. O

Corollary 2.24. The finite-dimensional vector space N'(X)r is spanned
by the classes of ample R-divisors.

Proof. See [Laz04, I, 1.3.15] O
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2.4 Nef divisors

Definition 2.25. Let X be scheme. A divisor D € Div(X), Divg(X) or
Divg(X) is nef if
(D-C)>0

for every irreducible curve C' C X.
A line bundle £ is nef if there is a nef Z-divisor D such that £ = Ox(D).

As this definition only depends on numerical equivalence classes we can
speak of nefness of classes in N*(X), N'(X)g and N*(X)g.

Proposition 2.26 (Properties of nefness). Let X be a scheme, let L be a
line bundle on X and let f:Y — X be a morphism.
Then

o If L is nef on X, then f*(L) is nef on Y.

In particular for any Y subscheme of X, the restriction L), is nef on

Y.
o If f is surjective and f*(L) is nef, then L is nef.
o L is nef if and only if Lreq s nef on Xyeq.

o L is nef if and only if the restriction of L to each irreducible component
of X 1is nef.

Proof. See [Laz04, I, 1.4.4]. O

Theorem 2.27 (Kleiman). Let X be a scheme and let D be a nef divisor.
Then
(D¥-V)>0

for every irreducible subvariety V' of X of dimension k.

Proof. See [Laz04, I, 1.4.9]. O

Theorem 2.28 (Fujita’s vanishing theorem). Let X be a scheme and let
H € Div(X) be an ample divisor.
For any coherent sheaf F on X, there exists an integer m(F, H) such that

H'(X,F®Ox(mH + D)) =0
for alli >0, m >m(F,H) and for every nef integral divisor D on X.

The essential point is that the integer m(F, H) does not depend on the nef
divisor D.

Proof. See [Laz04, I, 1.4.35]. O
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Proposition 2.29. Let X be a variety of dimension n and let D be a nef
divisor on X. Then

h'(X,O0x(mD)) = O(m™™").
Proof. See [Laz04, 1.4.40]. O

Corollary 2.30 (Nef asymptotic Riemann-Roch). Let X be a variety of
dimension n and let D be a nef divisor on X. Then

h(X,Ox(mD)) = (?j)m” +O(m™ ).

2.5 Ample and nef cones

Definition 2.31. Let V be a finite-dimensional real vector space. A subset
K C V is a cone if positive linear combinations of vectors of K are still in
K.

Denoting by Amp(X) the set of all ample R-divisor classes in N'(X)g, and
by Nef(X) the set of all nef R-divisor classes, we observe that Nef(X) and
Amp(X) are cones.

The following theorem shows how these two cones are closely related.

Theorem 2.32. Let X be a scheme, then
1. Nef(X) = Amp(X).
2. Amp(X) = Int(Nef(X)).
Proof. See [Laz04, I, 1.4.23]. O

Definition 2.33. Let X be a scheme, we define the R-vector space of real
1-cycles on X by

For any v € Z1(X)r, we can write 7 as a finite linear combination vy =
> a; - Cy, with a; € R and C; irreducible curves on X.
We say that two one-cycles 1 and 7o are numerically equivalent if

(D-m)= (D7)
for any D € Divg(X).

Definition 2.34. N;(X)g is the real vector space of numerical equivalence
classes of real one cycles.
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By construction there is a perfect pairing
NYX)g x M(X)r — R

(6,7) — (6-7).
In particular N1(X)g is a finite dimensional real vector space on which we
put the Euclidean topology.

Definition 2.35. Let X be a scheme. We define the cone of curves NE(X) C
N7 (X)g as the cone spanned by the classes of effective one cycles on X. Its
closure NE(X) is the closed cone of curves in X.

In other words each element v € NE(X) is of the form

v =2 alC]
with a; € RT U {0} and C; irreducible curves.
Proposition 2.36. For any variety X we have

NE(X)={ye M(X)z | (5:7)20 Vi€ Nef(X)).
We can express this property saying that NE(X) is the closed cone dual to
Nef(X).
Proof. See [Laz04, I, 1.4.28]. O
Now for any R-divisor D € Divg(X), not numerically trivial, we can define
a linear map
¢D : N1 (X)R — R

v+ (D - 7).

We put
Dt = Ker(¢p)={ye Ni(X)r | (D-v)=0}.

Dso={yeN(X)r [ (D-7)>0}.

D is the disjoint union of D+ and D+y.

Do and D<g are defined similarly.

Now, after observing that, as Nj(X)g = R"™ as a vector space, any two
norms on it are equivalent, we fix a norm || - || and we put

S={yeNXk | Ihll=1}
With this notation we have the following theorem:
Theorem 2.37 (Kleiman). Let X be a variety and let D € Divg(X). Then
D is ample <= NE(X)\ {0} C D~y.

Equivalently L
D is ample<= NE(X)NS C DsgNS.

Proof. See [Laz04, I, 1.4.29]. O
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Chapter 3

Semiample and big line
bundles

3.1 Iitaka dimension and stable base locus

Definition 3.1. Let X be a variety and let £ be a line bundle on X. The
semigroup of L is

N(L) =N(X, L) ={m e N| H(X,L™) # 0} u{0}.
The semigroup N(D) of a divisor D is the semigroup of Ox (D).
N(£) is actually a semigroup because if 0 # s € H(X,L£™), and 0 # t €

HO(X, L"), then HY(X,L£™*™") contains the section s -t # 0 obtained by
multiplication.

Definition 3.2. Assuming N(£) # 0, the ezponent of L, denoted by e or
e(L) is the g.c.d. of all the elements of N(L).

The exponent e(D) of D € Div(X) is defined again by passing to the line
bundle Ox (D).

Obviously all elements in N(£) are multiples of e(L£), while, on the other
hand, all sufficiently large multiples of e(L) appear in the semigroup of L.

Notation. Let X be a variety, let £ be a line bundle on X and let m € N(£).
Then we can view the morphism associated to the complete linear series
|£™|, that, from now on, we denote by

Sm + X\ Bs(|L™|) — P(H(X,L™))
as a rational mapping

bm 2 X - P(HY(X, L™)).
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Moreover, for the rest of this chapter, we denote by Y, or ¢,,(X) the closure
of the image of ¢,,.

Definition 3.3. Let X be a variety and let £ be a line bundle on X. We
define the litaka dimension of L, denoted by k(X, L), as follows:

If X is normal

o If N(L) #0

k(X, L) = mrgg()z){dim Pm(X)}.

e If N(£) = 0 (that is H*(X, £L™) = 0 for all m > 0)

E(X, L) = —o0.

If X is not normal, we consider v : X’ — X to be the normalization of X
and set

k(X, L) = k(X',v*(L)).

Finally, we can define the Iitaka dimension of a divisor D € Div(X) as

k(X,D) = k(X,0x(D)).

Proposition 3.4. Let X be a normal variety. If k(X,L) = k € N, then
there exists a positive integer mo such that dim ¢n,(X) =k, Ym > mq in
N(L).

Proof. As all sufficiently large m € N(L£) are multiples of the exponent e(L),
we can replace £ by £¢), so that we have e(L)=1.

Then there exists a positive integer pg such that H°(X,LP) # 0 for all
p > po. Now we fix h € N(L) such that dim ¢,(X) = k and we consider for
every p > pg the embedding

HO(X, £ € HO(X, L")

determined by a non-zero section in H°(X, £P).
This in turn gives rise to a factorization ¢;, = v, o ¢p4p, Where v, is the
rational mapping arising from the linear projection

HO (X, £h+p)

PHO(X, %) \ B~ s

) — PHO(X, £h)

associated with the above embedding itself.
Therefore we can find an open subset U C Y}, such that

V=

» VplU:U—>Yh
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is a dominant morphism.
Then dimY}4, > dimY) = k and the reverse inequality holds by definition.
O

Definition 3.5. Let X be a variety and let D be an integral divisor on X.
The stable base locus of D is the algebraic set

B(D) = () Bs(jmD)
m>1

where we disregard the structures of schemes and consider the intersection
just like an intersection of closed subsets.

Proposition 3.6. Let X be a variety and let D be an integral divisor on
X. Then:

1. The stable base locus B(D) is the unique minimal element of the family
of closed sets {Bs(|mD]|)}m>o-

2. There exists a positive integer ng such that, for all k € N, we have

B(D) = Bs(|knoD)).

Proof.

1. We have that X (if only considered as a topological space) is a noetherian
space, thus every non-empty family of closed subsets in X has a minimal
element. Then in particular the same holds for the family {Bs(|mD|)}m>o-
On the other hand, given any natural numbers m, [, there is a set-theoretic
inclusion

Bs(|ilmD|) C Bs(|mD])

arising from the reverse inclusion b(|mD|)! C b(|lmD|) on base ideals (Propo-
sition 1.10). Then the minimal element is unique, because if Bs(|pD|) and
Bs(|gD|) are each minimal they both coincide with Bs(|pgD)|); therefore, by
definition, it must coincide with B(D).

2. Let mg € N be such that Bs(|moD|) = B(D). Then for all k € N we get
Bs(kmoD) € Bs(jmoD]) = B(D)

and the reverse inclusion follows by definition.

Corollary 3.7. Let X be a variety and let D € Div(X). Then
B(pD) = B(D)

for all p € N.
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Proof. By the second statement of Proposition 3.6 there exists a positive
integer mg such that B(D) = Bs(JkmoD|) for all £ € N. Analogously we
can find m; € N such that B(pD) = Bs(|k'mipD|) for all ¥ € N. In
particular

B(pD) = Bs(lmomipD)|) = B(D).

O]

The previous corollary suggests a natural definition of stable base locus of
a Q-divisor:

Definition 3.8. Let D be a Q-divisor on a variety X. We define B(D) =
B(kD), where k € N is such that kD is integral.

3.2 Semiample line bundles

Definition 3.9. Let X be a scheme. A line bundle £ on X is semiample if
L™ is globally generated for some m € N.
A divisor D is semiample if Ox (D) is such.

Definition 3.10. Let £ be a semiample line bundle on a scheme X,
we denote by M (X, L) = M(L) C N(L) the sub-semigroup

M(L)={m e N(L) | L™ is globally generated}.

The exponent of M (L), denoted by f or f(L), is the g.c.d. of all the elements
of M(L).

Note that, for any line bundle £, we conventionally put £° = Ox, whence
we always have 0 € M (L).

Besides, as for the exponent e(L), we see that every sufficiently large multiple
of f appear in M (L), that is £*/ is free for every k >> 0.

Definition 3.11. Let X and Y be varieties. An algebraic fibre space is a
surjective morphism f : X — Y such that f,Ox = Oy.

Remark 3.12. Note that, given any surjective morphism of varieties g :
V' — W, the Stein factorization expresses g as a composition
V- zbw

where a is an algebraic fibre space and b is finite (see [Har77, III, 11.5]).
Thus g itself is an algebraic fibre space if and only if the finite part of its
Stein factorization is an isomorphism.

29



In particular, all the fibres of an algebraic fibre space f are connected.
Conversely, if Y is normal, then any surjective morphism f : X — Y with
connected fibres is an algebraic fibre space.

Moreover if X is normal, f : X — Y is an algebraic fibre space and pu :
X' — X is a birational mapping, then the composition fopu: X' — Y is
again an algebraic fibre space (see [Har77, 111, 11.3, 11.4)).

The following lemma gives a very useful property of algebraic fibre spaces:

Lemma 3.13. Let X and Y be varieties, let f : X — Y be an algebraic
fibre space and L a line bundle on Y .
Then for every m > 0 we have

HO(X, f*L™) = HO(Y, L™).
In particular k(Y, L) = k(X, f*L).
Proof. In general we have
HO(X, f*L™) = HO(Y, fo(f*L™)).
But, thanks to the projection formula
(L) = f.O0x @ L™

and f,Ox = Oy since f is a fibre space.
O

Corollary 3.14. Let X and Y be varieties and f : X — Y an algebraic
fibre space. Then the induced homomorphism

f*: Pic(Y) — Pic(X)
18 1njective.

Proof. Let £ be a line bundle on Y such that f*£ ~ Ox. Then, thanks to
Lemma 3.13
HO(Y. L) = H°(X, f*L) = H(X, Ox)

and similarly
HYY, ™) = HY(X, (™) = H'(X, (f*£)"") = H'(X, Ox).
Therefore H(Y, £) # 0 and H(Y,£L~!) # 0, thus £ ~ Oy. O

Proposition 3.15. Let f: X — Y be an algebraic fibre space.
If X is normal, then Y is such.
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Proof. Let v : Y/ — Y be the normalization of Y. Then, as v is a finite
morphism and the algebraic fibre space f factors through v, by Remark 3.12
we must have that v is an isomorphism. O

From now on, given a line bundle £ on a variety X, adopting a slight abuse
of notation, we consider ¢,, as a dominant rational map

(lsm X -2 Y, = ¢m(X)

In particular, if £ is semiample, for m € M (L), ve can view ¢, as a surjective
morphism
Om : X — Y.

The following theorem shows how, in this case, ¢, stabilizes to a constant
algebraic fibre space ¢ for sufficiently large m € M(L).

Theorem 3.16 (Semiample fibrations). Let X be a normal variety and let
L be a semiample line bundle on X.

Then there exists a variety Y and an algebraic fibre space ¢ : X — Y such
that for any sufficiently large m € M (L)

Y=Y and Om = ¢.
Furthermore there is an ample line bundle A on Y such that
¢*(A) = L),
where f(L) is the exponent of L.

Proof. We prove the theorem in four steps.

1. Preliminary observations.
Let m > 0 such that £™ is globally generated and let k be a positive integer.
Then we can consider the two morphisms

Gm: X — Y, CPHY(X, L™) =P
brm : X — Yy CPHO(X, LF™).
Moreover we have a map
v 2 Yy — vp(Yy) C PHO(P", Opr (k)

obtained by restricting the morphism on P" determined by the free linear
series |Opr (k)|, that is vg(Yy) is the k™" Veronese re-embedding of Y;,,.
Now, denoting by S*H°(X, £™) the k*" symmetric power of H(X, L™), we
have a map

SFHO(X, L™) — Vi, € HO(X, £F™)

31®...®Skp_>81.....3k
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where Vj is simply defined as the image of the map.

In particular, using the definition of Veronese embedding, one can easily
check that vy (Yin) =~ ¢y, (X).

Hence we have the following situation

$m ~ ~
X —=> Yo —> (Vi) — ¢y (X)——P(V)

Pk A
cm TV,
Bly, | TV,

|
Yim—— PHO(X, L™F)
where, using Remark 1.14, the projection 7y, follows by the inclusion Vj, C

HO(X,L™) and TVily is actually a morphism and makes the diagram
km

commute. Moreover, again by Remark 1.14, it is finite and, looking at it as
a morphism on Y,,, we find a factorization of ¢,, given by

d)m = T © ¢km

where we define 7, = 7rvk|ykm Y — Yo

Note also that Y;,, carries a very ample line bundle A,,, given by the restric-
tion of the hyperplane bundle on P" = PH?(X, £L™), such that ¢, (A,,) =
L™ and HY(X,L™) = HO (Y, An).

2. Lemma. Let m € M(X,L), then for all sufficiently large integers
k > 0, the composition

X Prkm Yk-m

Tk

Yin

gives the Stein factorization of ¢m, so that G, is an algebraic fibre space. In
particular, Yi, and ¢ry, are independent of k for sufficiently large k € N.
To prove the lemma let

XLV*M>Ym

be the Stein factorization of ¢,,, so that, in particular, ¢ is a fibre space,
V is normal (see Proposition 3.15) and p is finite. Moreover we have just
proved the existence of a very ample line bundle A, on Y, that pulls back
to L™ on X. Since p is finite, thanks to Proposition 2.5, we have that
B = u*(A,,) is an ample line bundle on V. Thus B¥ is very ample for all
sufficiently large k € N.

On the other hand

and, being v an algebraic fibre space, thanks to Lemma 3.13, we find

PHO(X, £Fm) = PHO(V, BF) % P
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Hence, we have that
G (Op(1)) = LI = ¢*(BY) = (i 09)*(Op(1))

where i : V < PH?(V, B¥) is the embedding defined by B*.
Then we obtain ¢p,, = ¢ o ¥; therefore V is the image of X under the
morphism ¢g,,, that is Yz,,, = V and ¢, = ¥. This proves the lemma.

Replacing, if necessary, £ by £/(£) we assume from now on in the proof of
the theorem that f(L£) = 1, so that every sufficiently large multiple of L is
free.

3. We define ¢ and produce an ample line bundle A that pulls back to L.
Thanks to the Lemma we can fix two relatively prime positive integers p and
q such that for all £ > 1 we have Yy, =Y, ¢rp, = ¢p, Yig = Yy, g = ¢4.
Thus in particular

Yo=Y =Y, 2V and ¢,=dp=0,Z0:x —v
Now, thanks to the first step of the proof, Y carries very ample line bundles
A, and A, such that ¢*A, = LP and ¢* A, = L. But, since p and ¢ are
relatively prime, we can find r, s € Z such that 1 = rp + sq.
Then we define

A=A, @ A;.

We easily see that ¢*A = L. Furthermore, as ¢ is a fibre space, then
¢* : Pic(Y) — Pic(X) is injective by Corollary 3.14, whence A, = AP
and A, = A% Therefore A is ample because it has a very ample positive
multiple.

4. We show that Y, =Y and ¢, = ¢ for all m >> 0.
Fix positive integers ¢, d > 1. Then the product SCH(Y, AP) 2 SIHO(Y, A7)
determines a free linear subseries of

HO(Y, AP+99) = HO(X, LP+9).

Arguing as in the first step of the proof we get that ¢ factors as the composi-
tion of ¢cptqq With a finite map. Thus, being ¢ a fibre space, it follows that
¢ = Geptdq- But, as any sufficiently large integer m is of the form cp + dg
for suitable ¢,d € N, we obtain the assert.

O

We have a birational analogue of the last theorem considering all m € N(£):

Theorem 3.17 (litaka fibrations). Let £ be a line bundle on a normal
variety X with k(X, L) > 0.
Then there exists an algebraic fibre space of normal varieties

¢00Xoo—>yoo
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such that ¢ : X --+ Yy is birationally equivalent to ¢ for all sufficiently
large k € N(L) and the restriction of L to a very general fibre of ¢oo has
Iitaka dimension zero.

Corollary 3.18. Let L be a line bundle on a normal variety X and set
kE=k(X,L).
Then there are two constants c¢,C > 0 such that for all sufficiently large
m € N(L)

c-mP < WX, ™) < C-mF.

3.3 Big line bundles and divisors

Definition 3.19. Let X be a variety. A line bundle £ on X is big if
k(X,L) =dimX. A divisor D € Div(X) is big if Ox (D) is such.

The following very useful theorem gives different characterizations of big
divisors.

Theorem 3.20. Let X be a variety and let D € Div(X).
Then the following conditions are equivalent:

1. D is big.

2. For any ample divisor A € Div(X) there exists a positive integer m
and an effective divisor N such that

mD ~ A+ N.

3. There exists an ample divisor A € Div(X), a positive integer m and
an effective divisor N such that

mD = A+ N.

In particular, since the third characterization of the theorem is numerical,
we see that bigness of a divisor only depends on its numerical equivalence
class.

Proof. (1 = 2) Let H be a very ample divisor on X and let k¥ € N be
such that dim Yy = n. Then, in particular, ¢y (H) is strictly contained in
Y, € PV for a suitable N € N. Hence there exists a hypersurface of PV
containing ¢y (H) and not containing Y;. Namely there exists a positive
integer « such that |akD — H| # (). Thus for every very ample divisor H
on X there exists an effective divisor E and a positive integer m = ak,
depending on H, such that

mD~H+ E.
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Now, if A is ample, we can choose an integer rg > 0 such that rA is very
ample for any r > rg. Then, in particular, for a suitable m € N, there exists
an effective divisor E such that

mD~(r+1)A+E~A+ (rA+E).

But, since rA is very ample it is effective. Therefore the assert follows.
(2 = 3) Trivial.

B3=1)mD=A+ N = mD — N = A, with A ample. Then mD — N
is ample itself, because ampleness only depends by numerical equivalence
classes (see Corollary 2.7). After possibly passing to an even larger multiple
of D we can assume that

mD ~ H + N’

with H very ample and N’ effective. Then
k(X,D) > k(X,mD) = k(X, H + N') > k(X, H) = dim X.

Therefore D is big.

Corollary 3.21. If D is big, then the exponent e(D) = 1.

In other words, if D is big, then every sufficiently large multiple mD is
linearly equivalent to an effective divisor.

Proof. Thanks to Corollary 2.4 we can choose a very ample divisor H on
X such that H — D is very ample, so that H — D ~ H; is effective. By
Theorem 3.20 there is an integer m > 0 and an effective divisor IV such that

mD~H+ N ~ N’
with N’ effective. On the other hand
(m—1)D~(H—-D)+N~H +N

with H1 + N effective.
In other words the two consecutive integers m — 1 and m both lie in the
semigroup N(D). Then

e(D)=gcd{n>0|neN(D)}=1.
0

Now, using Theorem 3.20 and Corollary 3.21 we can characterize bigness of
D through birationality of the map defined by a multiple of D, and studying
the asymptotic behaviour of the rings of global sections of mD:
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Proposition 3.22. Let X be an n-dimensional variety, let D be a divisor
on X and let L = Ox (D). Then the following statements are equivalent:

1. D is big.

2. The rational map ¢., defined by L™ is birational onto its image for
some m > 0.

3. There exists a constant C > 0 such that for all sufficiently large m € N
we have

h(X,0x(mD)) > C-m™.
Proof.

1=2)
Let H be a very ample divisor. By Theorem 3.20, since D is big, there exists
an integer m > 0 and E € Div(X) effective such that

mD ~H+ E.

Hence ¢,, is a birational mapping because it gives an inclusion on X \
Supp(E).
(2 = 1) Trivial.

(1 = 3) As above we choose an integer mg > 0 such that moD ~ A + E,
with A ample and F effective.

Then we can fix a positive integer ko(X, D) such that for all k& > ko(X, D)
we have

RY(X,Ox(kmoD)) > h*(X, Ox (kA)) > C'k"

for a suitable positive constant C’ only depending on X and D.
Moreover, by Corollary 3.21, there exists a positive integer mq(X, D) such
that for all m > mq(X, D), we have

h2(X, Ox(mD)) # 0.
Hence there exists an integer sg > 0 such that for all s > sg we can write
s =qmo +1 = (¢ —ag)mo + agmo + 7
with
e 0 <1 < my,
e agmo+ 1 >myi(X,D),

i q_GOZkO(XaD)'
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Therefore
h(X,0x(sD)) > h°(X, 0x((g — ag)moD)) > C'(q — ag)" > Cs"

for a suitable positive constant C' > 0.

(83 = 1) Let D satisfy the hypothesis and let F' be an effective divisor on
X. Then for all sufficiently large integers m we have

(X, 0x(mD — F)) #0:
In fact consider the exact sequence
0— Ox(mD —F)— Ox(mD) — Op(mD) — 0.

By hypothesis there exists a positive constant C such that h°(X, Ox(mD)) >
C' - m" for any sufficiently large m € N.

On the other hand, since F', considered with its structure of closed sub-
scheme, has dimension n — 1, then, thanks to Corollary 2.12, we have that

hO(F,Op(mD)) = O(m"™1). Therefore
h'(X,0x(mD)) > h’(F,Op(mD)),

and, using to the exact sequence above, we find that h%(X, Ox(mD—F) # 0.
In particular, choosing F' very ample, there exists an effective divisor £ such
that

mD ~ F + E.

Therefore D is big by Theorem 3.20. O

Now, in order to extend the notion of bigness to Q-divisors, we note that a
Z-divisor D € Div(X) is big if and only if kD is big for some integer k > 0.
Thus we introduce the following definition:

Definition 3.23. A Q-divisor D on a variety X is big if there exists an
integer n > 0 such that nD is integral and big.

We have again that bigness of a Q-divisor D only depends by its numerical
equivalence class.
The next theorem gives a useful characterization of bigness for nef divisors.

Theorem 3.24. Let D be a nef divisor on an n-dimensional variety X.
Then
D is big <= (D") > 0.
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Proof. Thanks to Proposition 3.22 we have that D is big if and only if there
exists a constant C' > 0 such that

(X, 0x(mD)) = C-m™ +O(m™1).
But, as D is nef, using Corollary 2.30, we have that

(D")
n!

K2 (X, Ox(mD)) = m" + O(m™ ).

Therefore D is big if and only if (D™) > 0.

3.4 Pseudoeffective and big cones

We begin this section extending the notion of bigness to R-divisors.

Definition 3.25. Let X be a variety, let D € Divg(X).
D is big if it can be written in the form

where each D; is an integral big divisor and a; € RT.

We can give a numerical characterization of bigness also for R-divisors:

Proposition 3.26. Let D and D’ be R-divisors on a variety X. Then
1. If D= D', D is big if and only if D' is such.

2. D is big if and only if there exist an ample R-divisor A and an effective
R-divisor N such that D = A+ N.

Proof.

1. It suffices to show that if D is a big R-divisor and B is a numerically
trivial R-divisor, then D + B is big. But, thanks to Lemma 2.20, we can
write B = > r;B; with r; € R and B; integral divisors such that B; = 0
for all 7. Thus, if we prove that for any integral divisors A, B, with A big
and B = 0, the R-divisor A 4+ rB is big for all » € R, then the requested
statement follows by induction.

Let A and B be as above and r € Q, then A + rB is big because bigness
of Q-divisors only depends by numerical equivalence classes. In general, we
can fix two rational numbers rq, ro, with 1 < r < 79, together with a real
number ¢t € [0, 1] such that r = try + (1 — t)re. Then

A+rB= t(A—I—TlB) + (1 — t)(A—FTgB),

that is A+ rB is a positive R-linear combination of big Q-divisors, therefore
A+ rB is a big R-divisor.
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2. If D is big, then D = Y | a;D;, with a; € RT and D; big integral
divisors.

By Theorem 3.20 for all ¢ = 1,...,n there exists a positive integer m; such
that m;D; = A; + N; (with A; ample and N; effective). Then, denoting by
m the product m = mq --- - m, we have that

=1

/- . ,
where a; is the positive real number defined by a; = a;mq -+ --m_1mqgq----
My

Therefore

n / n !
_ @i 4. Qi A

exhibits D as a sum of an ample R-divisor and an effective one.
For the converse we reduce to show that if B and N are integral divisors,
with B big and N effective, and s € R™, then B + sN is big (combined
with the hypothesis, this easily implies the assert). If s € QQ there exists a
multiple of B+ sN that is a sum of an integral ample divisor and an integral
effective divisor, then we conclude thanks to Theorem 3.20.
In general we can choose two positive rational numbers s1, s2 and ¢ € [0, 1],
such that s; < s < s and s = ts; + (1 — t)s2. Then we proceed as in the
proof of the first point and write B + sIN as a positive linear combination
of big Q-divisors, whence B + sN is big.

O

As a corollary we find that bigness is an open condition. In other words:

Corollary 3.27. Let D be a big R-divisor on a variety X and let Fr, ..., E,
be arbitrary R-divisors on X. Then

r
D+ Z & F;
=1

is big for all sufficiently small numbers 0 < |¢;| << 1.

Proof. This follows from the second statement of the previous proposition
thanks to the open nature of ampleness (Proposition 2.23).
O

Now, thanks to Proposition 3.26 it makes sense to talk about a big R-divisor
class in N'(X)g. Moreover we see that the subset of all numerical classes
of big R-divisors is a cone and we adopt the following definition:
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Definition 3.28. The big cone
Big(X) € N'(X)r

is the convex cone of all big R-divisor classes in N!(X)g.
The pseudoeffective cone

Eff(X) € N'(X)r

is the closure of the cone of all effective R-divisors.
A divisor D € Divg(X) is said to be pseudoeffective if its numerical equiv-
alence class lies in Ef f(X).

The next theorem shows the relation between the two cones just defined.

Theorem 3.29. Let X be a variety. Then

1. Big(X) = int(Eff(X)).

2. Eff(X) = Big(X).

Proof. We begin by observing that the pseudoeffective cone is closed by
definition, the big cone is open by Corollary 3.27 and Big(X) C Eff(X)
because every big R-divisor is a sum of an effective divisor and an ample
one (whence it is effective) (Proposition 3.26). It remains to establish the
inclusions

Eff(X) € Big(X),
int(EFF(X)) € Big(X).
For the first, given n € Ef f(X), we can write n as a limit n = limg n; of

classes of effective divisors. Then, fixing an ample class a € N'(X)g, we
have

1
— 1 = q).
= lim (g + - a)

Since each of the classes 7y + % « is big thanks to Proposition 3.26, then n

is a limit of big classes, whence n € Big(X).
The first inclusion implies that int(Eff(X)) C int(Big(X)), so that, in
order to prove the second one, it suffices to show that

int(Big(X)) C Big(X).

By absurd let = € int(Big(X)) \ Big(X) and fix a norm || - || on N1(X)g.
Then, as int(Big(X)) is open, there exists an € > 0 such that the ball of
center z and radius €

D-(X) C int(Big(X)) = D-(X) C Big(X).
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Moreover, as Big(X) is dense in its closure and D.(X) is a non-empty open
subset of Big(X), we have

Big(X) N D.(X) = A

where A is a non-empty open set.
Now let
A ={2x—yl|ye A}

We observe that A’ is open and A’ C D.(X) C Big(X); moreover we claim
that
A'NBig(X)=10

so that we obtain a contradiction because Big(X) intersects all the open
sets contained in its closure.

To prove the claim, if by absurd there is an element ¢ = 22 —y € A'N
Big(X), then, as Big(X) is a cone, we get %y + %y’ =z € Big(X), leading
again to a contradiction.

O]
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Chapter 4

The graded ring R(X,D)

4.1 Algebraic preliminaries

Definition 4.1. A graded ring is a ring R, together with a decomposition
R= @izo R;, with the R; subgroups of R for all ¢ > 0, such that

Rm Rn g Rm+n

for all n, m > 0.

Thus Ry is a subring of R (in particular it contains the identity element)
and each R, is an Rg-module.

Definition 4.2. Given a graded ring R, a graded R-module is an R-module
M, together with a decomposition M = ®i20 M;, with the M; subgroups
of M for all 7 > 0, such that

RmMn g Mm-‘,—n

for all m, n > 0.
An element x € M is homogeneous if © € M, for some n (n=degree of x).

We observe that each element y € M can be written uniquely as a sum
Y =Y Yn, where y, € M, for all n > 0 and all but a finite number of the
Yn are 0.

Definition 4.3. Let R = P, R be a graded ring.
For all p > 1 we define the Veronese subring

R?) = D Rp.

i>0
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Lemma 4.4. Let A be a graded ring such that A is generated by A1 as an
Ap-algebra (in other words A = Ag[A1]), let M be a graded A-module and let
{yi}icr be a system of homogeneous generators of M such that deg(y;) < ng
Viel.

Then, for all n > ng, for all k >0

Mn+k - Ak;Mn

Proof. Let n > ng, k > 0 and x € M, 1. Since the y; generate M, there
exists a finite set I C N and a family {a;}ies of elements of A such that
T = ) ,cra;y; we can further suppose that each a; is homogeneous and
of degree n + k — deg(y;). As A = Ap[A1] and deg(a;) > 0, we can write
each a; as a sum of elements of the form bb’, with b € A; and ¥’ € A, thus
S Aan+k,1.

Therefore

My = AtMp g1

and the lemma follows by induction on k.
O

Lemma 4.5. Let A be a graded ring such that A = Ag[A1] and let S =
P, Si be a graded A-algebra, which is finitely generated as an A-module.
Then there exists an ng € N such that

1. Spyp = Sk - Sp for alln > ng and k > 0.
2. 8@ = So[S4] for all d > ng.

Proof.

1. We can always suppose that S is generated by a finite number of ho-
mogeneous elements. Hence, applying Lemma 4.4, there exists an integer
np > 0 such that, for n > ng and k > 0, S,,+x = ArS,. Then

2. For d > ng and m > 0, we have that S,,q = (S4)™, as follows by induction

on m applying the first statement. This implies that S(® = Sy[S,].
]

Theorem 4.6. Let R = @, Ri be a graded ring, which is a finitely gen-
erated Ry-algebra. B

Then there exists an integer | > 1 such that the Veronese subalgebra R
is generated by Ry, as an Rg-algebra for all m > 1.

In other words R™) = Ry [Ryi] Ym > 1.

(ml)
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Proof. Let {xj}1<j<s be a set of generators of R as an Ry-algebra. Without
loss of generality we can assume Vj = 1,...,s that z; is an homogeneous
element and h; = deg(x;) > 0. Let ¢ = m.c.m.{h;} and ¢; = ¢/h; for all
j=1,...,s.
Let B be the graded Ry-subalgebra of R generated by all the x?j . All these
elements have degree ¢, thus B; = 0 if ¢ is not a multiple of ¢, so that R
is a graded B-module.
In order to have a ring generated by its part of degree one, we define the
graded ring A by putting A; = B;,. With the same spirit we consider S as
the graded ring such that S; = R;,. In other words A (respectively S) and
B (respectively R@) contain the same elements, but we have changed the
graduation so that A = Ag[A;] and S is a graded A-module.

a1 Q9

Now we consider all the elements of R of the form z{" 3> ---z$* such that

e 0<a; <gj for 1 <j<s,
e athi+ -+ ashs =0 (mod q).

The number of elements of this type is finite and we claim that they generate
R@ as a B-module. In fact it is enough to show that every element of R(?
of the form zj*ay? - - - a7
But, for every j = 1,...,s, we can write n; = k;q; + r;, for suitable non

negative integers k;, r;, with r; < ¢;. Then we have

is a B-linear combination of the above elements.

Bl = @R )R @),

As these elements are in R(@| their degree is a multiple of ¢, whence

D higiki+ Y rihi = ¢ ki) + > rihi =0 (mod g),
i=1 i=1 i=1 i=1

so that we have .

Z rih; =0 (mod q).

i=1
This proves our claim because the a:?j belong to B by definition.

Therefore, since R@ is a finitely generated B-algebra, analogously S is a
finitely generated A-algebra. Applying Lemma 4.5, we find an ng € N such
that S(@ = So[S4) for all d > ng, that is Rld) — Ro[Rg4q). The theorem
follows by taking [ = gnyg. O
4.2 Finitely generated line bundles

Definition 4.7. Let X be a variety and let £ be a line bundle on X.
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The graded ring associated to L is the graded C-algebra

R(X, L) = P H(X,L™).

m>0

Analogously, the graded ring associated to a divisor D is

R(X,D) = @ H°(X,mD) = R(X,0x(D)).

m>0

Definition 4.8. A line bundle £ on a variety X is finitely generated if its
graded ring R(X, L) is finitely generated as a C-algebra. A divisor D is
finitely generated if the line bundle Ox (D) is such.

Lemma 4.9. Let X be a normal variety and let L be a globally generated
line bundle on X.
Then there exists an integer mo(L) > 0 such that ¥V a,b > mo(L) the map-
pings

HO(X, L% @ H)(X, £b) — H (X, £L7Y)

determined by multiplication of sections are surjective. More generally, for
any coherent sheaf F on X, there exists an integer mo(F, L) > 0 such that
for any a,b > mo(F, L)

HY X, F® L% @ H (X, L) — H(X,F @ £L4?)
18 surjective.

Proof. Thanks to Theorem 3.16 there is an algebraic fibre space ¢ : X —

Y C P" and an ample line bundle A on Y such that £ = ¢*A, whence we

have HY(X, £L™) = HY(X, ¢*(A™)) = HO(Y, A™).

Thus, for the first statement, we can suppose £ ample, so that the assertion

follows by Proposition 2.8.

For the second, using projection formula, we observe that H°(X, F ® L) =

HY(X,F ® ¢*(A")) = HY(Y, 9 F @ A"), where ¢, F is a coherent sheaf on

Y. Therefore we reduce again to the ample case and use Proposition 2.8.
O

Theorem 4.10. Let X be a normal variety, let L be a line bundle on X.
If L is semiample, then it is finitely generated.

Proof. As L is semiample there exists an integer k > 0 such that £F is free.
Hence, applying Lemma 4.9, we obtain that the Veronese subalgebra

R(X, L) = P H(X, L)

m>0
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is finitely generated. In fact there exists an integer mg such that it is gen-
erated by the generators of HO(X, £%*), for i =0,...,mq.

Now we use the second statement of the same lemma (taking F in turn to
be each of the sheaves £, £2, ..., £¥~1) to find the finite generation of the
graded ring R(X, L) itself. O

Theorem 4.11 (Wilson). Let X be a normal variety and let D € Div(X)
be a big and nef divisor.
Then there exists an effective divisor N and a natural number mg such that

for any m > my
|mD — N|

s a free linear series.

Proof. Let dim(X) = n. Since D is big, thanks to Theorem 3.20, for every
very ample line bundle B there is an integer my > 0 and an effective divisor
N such that

moD ~ (n+1)B + N.

Then
mD — N ~ (m —mg)D + (n+1)B~ B+nB+ kD,

where kK = m — mg > 0, whence kD is nef.
Thus, for all t =1,...,n, we get

mD — N —iB~kB+ P

with £ > 0 and P nef. Hence, using Fujita’s vanishing theorem (2.28), we
have that
HY(X,0x(mD—N —iB))=0 Vi>0.
In other words mD — N is O-regular with respect to B, whence it is globally
generated by Theorem 2.14, that is [mD — N| is a free linear series.

O

Definition 4.12. Let X be a variety and let D € Div(X). Given a linear
series |V| C |D| and a point z € X we define the multiplicity of |V| at z,
denoted by mult,|V], as the multiplicity at x of a general divisor in |V].
Equivalently

mult,|V| = Dmilr‘l/‘{multxD’}.
=

Note that, in the above definition, we use the convention that, denoting by
0 the trivial divisor on X, mult;|0] = mult,0 =0 for all x € X.

Note also that, being £ a line bundle on X and |V| C |£]| a linear series, a
point x € X is a base point of |V| if and only if mult,|V| > 0. In particular
L is globally generated if and only if mult,|£| =0 for all z € X.

Using Wilson’s theorem we can give a bound on multiplicity of big and nef
divisors at every point:
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Corollary 4.13. Let D be a nef and big divisor on a variety X. Then there
exists a constant C > 0 (not depending on m and x) such that

multy/mD| < C
VeeX,VmeN(D).

Proof. Wilson’s theorem allows us to take an effective divisor N such that
mD — N is free Vm > my.

Thus, for all z € X, multylmD — N| = 0, whence multy|/mD| < mult, N
for all m > mg. The assertion follows because the multiplicity of a single

divisor at any point is finite.
O

Lemma 4.14. Let X be a normal variety and let D € Div(X).
Ifk(X, D) > 0 and D is finitely generated, then there exists a positive integer
n € N(D) such that

multy|knD| = k - multy|nD|
Vk > 1,Vx € X.

Proof.

(L) For this inequality we do not need the hypothesis of finite generation
and it holds for all n € N(D). In fact let z € X and let E € |[nD| be an
effective divisor such that mult;|nD| = mult,E. Then, for every integer
k>0, kE € |knD|, whence

multy|knD| < mult,(kE) = k - mult, E = k - mult,|nD|.

(>) D finitely generated means that the graded ring R(X, D) is finitely gen-
erated as an R(X, D)g-algebra. By Theorem 4.6 there is an integer [ > 0 such
that H°(X, Ox(mlD)) generates the Veronese subring R(X, D)(™) ¥m > 1.
Moreover since k(X, D) > 0 we have that N(D) # (0). Thus, being e = e(D)
the exponent of D, ae € N(D) Va >> 0.

Now, if h is a sufficiently large natural number, and putting n = hel, we
have that HO(X,Ox(nD)) generates the Veronese subring R(X, D)™ and
n € N(D) (so that, in particular, |knD| # 0 for all k£ > 1).

Then, for all k¥ > 0, we can write every section f € H°(X,Ox(knD)) as
f=fi---- fx, for suitable f; € H(X, Ox(nD)).

Thus for each E € |knD| there exist Fi, ..., Fy € [nD| such that E = > F;,
whence

k
mult, E > Zmulthi > k- mult;|nD|
i=1
for all x € X. Therefore

multy|knD| > k - mult,|nD)|
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for all k> 1, for all z € X.
O

Corollary 4.13 and Lemma 4.14 allow us to give a partial converse of Theo-
rem 4.10 in the case big and nef.

Theorem 4.15. Let X be a normal variety and let D € Div(X) be a big
and nef divisor. Then D is finitely generated if and only if it is semiample.

Proof. If D is semiample it is finitely generated by Theorem 4.10.
For the converse as D is big we have that k(X, D) > 0, then we can apply
Lemma 4.14 to find that there exists n € N(D) such that

multy,|knD| = k - mult,|nD)|

for all k > 1, for all z € X.
But, since D is big and nef, V z € X the left-hand side is bounded when
k — oo (Corollary 4.13), therefore multy|nD| = 0, that is x is not in the
base locus of [nD|, whence [nD] is free.

O

The following theorem gives a characterization of semiampleness in a general
setting. A possible generalization, involving discrete valuations, is presented
in Chapter 5, Theorem 5.46.

Theorem 4.16. Let X be a normal variety and let D be a divisor on X.
Then D is semiample if and only if D satisfies the following three conditions:

1. D is finitely generated.

2. k(X,D) > 0.
3. There exists a constant C > 0 such that ¥V m € N(D), Vx € X, we
have
multy/mD| < C.
Proof.

(«=) As D satisfies the hypothesis of Lemma 4.14, we can find a positive
integer n € N(D) such that

multy|knD| = k - mult,|nD)|

for all k > 1, for all x € X.

But the third hypothesis assures that the left-hand side is bounded as
k — oo, whence we must have multy|nD| = 0. Therefore nD is globally
generated, that is D is semiample.
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(=) D is finitely generated thanks to Theorem 4.10.

k(X, D) > 0 because we can consider [ € N such that [D is globally gener-
ated, so that H°(X, Ox(ID)) # 0.

We concentrate on the third statement.

As D is semiample there exists an integer [y such that [oD is free.

Now let r € {0,...,lp — 1}, so that, thanks to Lemma 4.9, there exists an
integer mgo(r, D) such that whenever a, b > mq(r, D) the multiplication map

HO(X, (alo + r)D) @ H°(X, bloD) — H(X, ((a + )lo + ) D)

is surjective.

We define
Xp ={re{0,...,lp — 1} such that |(mo(r, D)ly +r)D| # 0}

while we denote by m; the integer m; = maxo<,<j,{mo(r, D)}.
Hence, for all r € Xp we can choose an effective divisor D, € |(mg(r, D)lo+
r)D.
Let
C' = max{mult, D, |r € Xp; = € X},

C" = max{mult,/mD| | m € N(D), m < (2m1 + 1)lp; = € X},
C = max{C’, C"}.
Now we fix x € X, m € N(D), and we want to show that mult,/mD| < C.
If m < (2mq + 1)ly, then mult,/mD| < C" < C.
If m > (2mq + 1)lg we can write m = qlo+r, with ¢ e Nand 0 < r <[y—1,

or equivalently m = (¢ —mo(r, D))lo +mo(r, D)lp + r, where ¢ — mq(r, D) >
mo(r, D). In fact

m — mo(r, D)lo — lo S mo(r, D)lo

q_mo(raD) 2

= my(r, D).

lo lo

Then we can apply Lemma 4.9 to the map
HY(X, (mo(r, D)lg + r)D) @ H*(X, (¢ — mo(r, D))lgD) — H°(X,mD)

and we find it is surjective.

Hence, being H°(X,mD) # 0, we get H(X, (mq(r, D)lo + r)D) # 0, that
isre Xp.

Let T € |(g — mo(r, D))loD| be a general divisor, then mult,T = 0 because
|(g — mo(r, D))lpD] is a free linear series. Moreover T'+ D, ~ mD and, in
particular, as T" and D, are effective divisors, T'+ D, € |/mD)|.

Therefore

mult,mD| < mult, (T + D,) = mult,(D,) < C' < C.
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4.3 Curves

Let us consider the case of a smooth curve X, let D be a divisor on X.
Properties like semiampleness and finite generation of D are easy to verify
and they are very closely related to its degree and Iitaka dimension.

We can consider three cases:

degD > 0:
One easily checks

degD > 0 <= D ample <= D big < k(X,D) = 1.

In particular thanks to ampleness D is nef and semiample, so that it is
finitely generated.

degD = 0:
Certainly we have that D is nef and it is not ample nor big.
In order to study semiampleness we must distinguish two cases:

o k(X,D)=0.

This is equivalent to say that D is a torsion divisor, that is there is an m > 0
such that mD ~ 0.
D is semiample because mD is free, then it is finitely generated.

o k(X,D)=—oc.

This is the case of a non-torsion divisor, that is mD ¢ 0 for any integer
m > 0, then H*(X,Ox(mD)) =0 Vm > 0.

In particular D cannot be semiample but it is finitely generated because
R(X,D)=C.

degD < 0:
In this case we cannot find an effective divisor linearly equivalent to any
multiple of D, then the litaka dimension k(X,D) = —oo and D is not

semiample nor nef.

Anyway D is again finitely generated.

We observe that these four situations all really occur. In fact the following
proposition assures the existence of a degree-zero non-torsion line bundle on
a curve.

Proposition 4.17. Let C be a smooth curve of genus g > 1 and let Pic’(O)
be the group of isomorphism classes of line bundles on C of degree zero.
Then Pic’(C) has a structure of abelian variety and all but numerably many
classes of Pic’(C) are represented by non-torsion line bundles.

Summarizing we have:
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1. Any divisor D on a smooth curve X is finitely generated.
2. D is semiample if and only if k(X, D) > 0.

3. We can have a finitely generated nef divisor that is not semiample.

4.4 Zariski’s construction

We have seen in the last section how properties like finite generation and
semiampleness of a divisor D on a smooth irreducible curve are very easy
to verify. In fact the first is trivial while the second holds whenever D has
non-negative litaka dimension.

When passing to surfaces things become more complicated. In particular in
this section we deal with an example, provided by Zariski, of a nef and big
divisor on a surface, that is not semiample nor finitely generated.

Let us consider a nonsingular cubic plane curve Cy and let [ be a hyperplane
section on P2. Thanks to Proposition 4.17 we can choose twelve points
Py, ..., P12 € Cy such that n = O¢,(P1 + -+ + P12 — 4l) is a non-torsion
line bundle of degree zero (in fact it suffices to fix Ps,..., P12 € Cp, let Py
vary on all X and use the fact that two points on Cj are linearly equivalent
if and only if they are the same point to find a not numerable quantity of
isomorphism classes of line bundles in Pic’(C)). Let

12X = Blip...ippyP? — P

be the blowing up of P? in these twelve points.
Denoting by E the exceptional divisor, we can decompose it as £ = Zgl E;,
where E; is the exceptional component over P;.
We put H = p*l, the pullback of the hyperplane section on P?, and we
denote by C' the proper transform of Cy under pu, thus C' ~ Cj.
We have that

C € |3H — F|

because C ~ p*(Cy) — E and p*(Co) ~ 3H (in fact 31 ~ Cy on P?).
Now we consider on X the divisor

D=4H — E.
Note that
* (C?)=((BH - E)?) = -3,
e (D-C)=(H-C)+(C*)=(H-(3H—-FE))-3=0.
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We will show that D is big and nef but it is not finitely generated (then, in
particular, it is not semiample by Theorem 4.10).

D is big: D ~ H + C, then it is a sum of a big and effective divisors,
whence it is big.

D is nef: We observe that H = D — C is free because it is the pullback
under p of a hyperplane section on P2, so that it is nef.

If by absurd D is not nef, we can find an irreducible curve C’ such that
(D-C") < 0. But D = H+C, thus we have (H-C")+ (C-C") < 0. H being
nef, we must have (C - C") < 0, so that we get C' = C. Therefore we find
the contradiction (D - C) < 0.

D is not finitely generated: We will prove that for all m > 0 the linear
series |mD| contains C' in its base locus, but [mD — C| is free.

This is enough to show that D is not finitely generated because, by Lemma
4.14, finite generation implies that the multiplicity of a point in a base curve
of /mD| must go to infinity with m.

C C Bs(|mD]|) because, identifying C' ~ Cy through u, we have O¢(D) =
n~!, whence Oc(mD) = n~™ has no sections (because deg = 0 and it is
not a torsion line bundle).

To show that |mD — C| is free we work by induction:

For m = 1 we have that mD — C' = D — C ~ H is globally generated.

We assume now |(m — 1)D — C| free and we prove |mD — C| is such.

We begin observing that mD — C ~ (m — 1)D + H, thus we can consider
the exact sequence

0 — Ox((m—1)D — C + H) — Ox(mD — C) — Og(mD — C) — 0.

The line bundle on the right has degree three on the elliptic curve C, whence
it is free. That on the left is free because both (m — 1)D — C and H are
free. Thus, passing to cohomology, we find that Bs(|mD — C|) C C.

Now, if, by absurd, there exists x € Bs(|mD — C|), then, as x € C, there
exists a non-zero section 7 € H°(C,Oc(mD — C)) such that 7(x) # 0.

If we prove that the restriction map

§: HY(X,O0x(mD — C)) — H°(C,O0c(mD — C))

is surjective, we find that there exists a non-zero section
s € HY(X,Ox(mD — C)) not vanishing at z, and this leads to a contradic-
tion.

The following lemma completes the proof assuring the surjectivity of 4.

Lemma 4.18. Let X,D,C,H be as above.
Then HY(X,Ox((m —1)D —C + H)) =0 for all m > 1.
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Proof. We begin observing that C' ~ —K x, where Kx is the canonical sheaf
on X, then we must prove that H'(X,Ox(Kx + (m —1)D + H)) = 0.

We proceed by induction:

For m = 1, HY(X,Ox(Kx + H)) = HY(X,Ox(—H)) thanks to Serre’s
duality theorem. We use the exact sequence

0—Ox(—H) — Ox — Oy — 0.

Passing to cohomology and observing that H°(X,Ox) goes isomorphically
into H°(H,Og) and that H'(X,0x) ~ H'(P?,Op2) = 0 we have the in-
duction base.

Now, assume that the assertion holds for m—2. Thanks to the exact sequence

0—-Ox(Kx+(m—-2D+H)— Ox(Kx+(m—-1)D+H)—
— Op(Kx+(m—-1)D+H)—0

it is enough to show that H*(D,Op(Kx + (m —1)D + H)) = 0.

Now, we observe that Bs(|D|) = C. In fact C C Bs(|D]) and the other
inclusion follows because D = H + C' and H is free.

Then, considering D as a closed subscheme, there exists I' € |H| such that
D=TUCand T ~ P!

Hence there is an exact sequence

0— Op(—C) — Op — O¢ — 0.
And tensoring by Kx + (m — 1)D + H we obtain
0— Or(2Kx + (m —1)D+ H) — Op(Kx + (m —1)D + H) —
— Oc(Kx +(m—1)D+ H) — 0.
But
deg Or2Kx+(m—-1)D+H)=4m—-9>29(I') =2 Vm>1

and
deg Oc(Kx +(m—1)D+H)=6>2¢(C)—2 Ym>1.

Therefore the assert follows because both the term on the left and that on
the right have h! = 0.
O
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Chapter 5

Valuations

5.1 Restricted base locus

Definition 5.1. Let X be a normal variety and let D be an R-divisor on
X. The restricted base locus of D is

B_(D) =|JB(D + A),
A

where the union is taken over all ample R-divisors A such that D + A is a
Q-divisor.

We recall that, given a Q-divisor E, we denote by B(E) the stable base locus
of E (see Def. 3.5 and Def. 3.8).

Remark 5.2. Note that if D is an R-divisor and ¢ € RT, then B_(D) =
B_(¢D), see [ELMNPO6, 1.15].

Lemma 5.3. Let X be a normal variety, let || - || be a norm on N'(X)r
and let D be an R-diwisor on X. Then

1. There exists a sequence { Ay }men of ample R-divisors such that

o lim,, . |[|[Am|| =0,

e D+ A, is a Q-divisor for every m € N.
2. D is nef if and only if B_(D) = (.

Proof.

1. Let A be an ample R—divisor. Since the ample cone Amp(X) C N1(X)g
is open by Proposition 2.23, we have that there exists an ¢y > 0 such that
D.,([A]), the ball of radius €y and centered in the numerical class of A, is
contained in Amp(X).

On the other hand for every € > 0 we have that
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De([D + A NN (X)g # 0,
so that there exists a Q-divisor D’ such that ||[D" — D — A|| < €.
Hence [D' — D] € D, ([4]) € Amp(X), that is A’ = D’ — D is ample and
D+ A’ = D' is a Q-divisor.

Thus we can write
S

A'=>"cA]
i=1
for suitable ¢; € RT and A’ ample integral divisors.
Moreover, for all ¢ = 1,...,s, we can consider a sequence {¢m}men such
that

* ¢im €QT VmeN;
® Qim <c¢; YmeN;
o limy, oo Gim = ;.

We define

S S
Am = A, - Z szA; = Z(Cl - Qim)Agv
i=1 i=1
so that, for all m € N, we have that A,, is ample and D + A,, is a Q-divisor.
Moreover ||Ap,|| — 0, so that the assertion follows.

2. (=) Let A be an ample R-divisor on X such that D + A is a Q-divisor.
By the nefness of D it follows that D + A is ample, whence there exists an

integer m > 0 such that m(D + A) is integral and very ample.
Thus B(D + A) C Bs(|m(D + A)|) = 0.

(<) Let D be an R-divisor with B_(D) = (). Then B(D + A) = () for all
ample R-divisors A such that D + A is a Q-divisor.

Let {A;, }men be the sequence of ample R-divisors found in the first part of
the lemma. Then, for all m € N, we can choose an integer b,, > 0 such that
b (D + Ay,) is integral and

B(byn (D + Am)) = B(D + Ay,) = 0.

Hence by, (D + A,,) is semiample, so that D + A,, is nef for all m > 0.
Thus, for every irreducible curve C' on X we have

(D+A4,)-C)>0.

In other words
(D-C)>—(A,, - -0),

and, passing to limit, as ||A,,|| — 0, we obtain(D - C) > 0.
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Proposition 5.4. Let X be a normal variety, let ||-|| be a norm on N*(X)g
and let D be an R-diwvisor on X.
If {Ap bmen is a sequence of ample R-divisors such that

o lim,, . ||An|| =0,
e D+ A, is a Q-divisor for every m € N,
then
B_(D) = B(D+ Ap).
m
In particular B_(D) is a countable union of Zariski closed subsets of X.

Proof. By definition we obviously have that B_(D) D J,, B(D + A,,).

For the converse let A be an ample divisor such that D + A is a Q-divisor.
Then, as || A, || — 0, there exists a sufficiently large m € N such that A— A,
is ample (Proposition 2.23). Hence, as D+ A = (D + A,,) + (A — A,,,) and
B(A— A,,) =0, we get

B(D + A) CB(D + A,) UB(A — A,) =B(D + Ay,).

We find the assert. O

5.2 Discrete valuations and linear series

We begin this section by recalling some basic algebraic notions about discrete
valuations that we will need later.

Definition 5.5. Let B be an integral domain and let K be its field of

fractions. B is a valuation ring of K if, for every x € K*, either x € B or
-1

r € B.

Definition 5.6. Let K be a field. A discrete valuation on K is an applica-
tion v : K* — Z such that

o v(zy) =v(z) +oly) Vr,ye K",
e v(z+y)>min{v(x),v(y)} Vz,y € K*such that x +y # 0.

If k£ C K is a subfield, a discrete valuation on K/k is a discrete valuation v
on K such that v(z) =0 for all z € k.

Given a discrete valuation on K we observe that the set consisting of 0
and all z € K* with v(z) > 0 is a valuation ring of K. This justifies the
following:
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Definition 5.7. Let v be a discrete valuation on a field K. The ring
R, ={f € K" u(f) > 0} U {0}

is called the wvaluation ring of v.

In the next proposition we list some basic properties of the ring R,,.

Proposition 5.8. Let v be a discrete valuation on a field K and let R, be
the valuation ring of v. Then

1. R, is a local domain with mazximal ideal
mn, = 1f € K o(f) > 0} U {0},
2. Ry is a PID and each ideal is generated by any element of the ideal of
mantmum valuation.
3. Spec Ry = {(0),mg, }.
Proof. See [AMO00, Chapter 9, page 94]. O

Definition 5.9. Let v be a discrete valuation on a field K with valuation
ring R,. Let a C R, be an ideal, a # (0). Then we define

v(a) = min{v(f): f €a, f#0}.

Equivalently, by Proposition 5.8 (2), we have v(a) = v(f) for any f such
that a = (f).

Proposition 5.10. Let K be a field, let v be a discrete valuation on K and
let a,b C R, be non-zero ideals. Then

1. a Cb= v(a) > v(b),
2. v(ab) = v(a) + v(b),
3. v(a) =0<=a=R,.

Proof.

1. Let a = (f) and b = (g). Then f € (f) C (g), so that there exists a
non-zero element h € R, such that f = hg.

Hence v(a) = o(f) = v(hg) = v(h) + v(g) = v(g) = v(b).

2. Let f,g € R, be such that a = (f) and b = (g), then it is easy to see
that ab = (fg).

Hence v(ab) = v(fg) = v(f) + v(g) = v(a) + v()
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3. Leta=(f). Then
v(ia) =0<=v(f)=0<=(f) =R, <= a=R,.
O

From now on we deal with discrete valuations of the function field of a
variety that are zero on the subfield of complex numbers. Passing through
the notion of center we will be able to use them to define “valuations” of
ideal sheaves and linear series.

We begin by recalling the relation of domination between two local rings:

Definition 5.11. Let A and B be local rings, respectively with maximal
ideal m 4 and mp. We say that B dominates A if

« ACB,

e my Cmp.
Now, for any variety X, we can define the center of a valuation on the
function field K (X):

Definition 5.12. Let X be a variety, let K = K(X) be the function field
of X and let v be a discrete valuation on K/C.
We say that v has center { € X if R, dominates Ox.

Proposition 5.13. Let X be a variety with function field K = K(X) and
let v be a discrete valuation on K/C. Then v has a unique center £ € X.

Proof. See [Vaq00, Prop. 6.2 and Prop. 6.3] O

From now on, with a slight abuse of notation, when speaking about the
center of v we consider the subvariety Z, C X with generic point £.

Note that every subvariety Z of a variety X is the center of a discrete
valuation on K (X)/C.

Definition 5.14. Let X be a variety and let Z be a non-zero quasi-coherent
sheaf of ideals. We denote by Z(Z) the closed subset of X defined by Z.

Definition 5.15. Let X be a variety with function field K = K(X), let v
be a discrete valuation on K/C with center Z, C X and let £ € X be the
generic point of Z,,.

If 7 C Ox is a non-zero quasi-coherent sheaf of ideals, we put

v(Z) = v((Ze)R.,)s

where (Z¢)R, is the ideal generated by the set Z¢ in the ring R,.
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Note that the definition makes sense because 7 € Ox ¢ C R,. Moreover
T¢ is an ideal of Ox ¢, but it is not, in general, an ideal of R,, whence it is
necessary to pass to (Z¢)g, -

Proposition 5.16. Let X be a variety with function field K = K(X), let v
be a discrete valuation on K/C with center Z, C X and let T,7' C Ox be
non-zero quasi-coherent ideal sheaves. Then

1. () =0 Z, ¢ Z(T),
2. ICT =) >v(T),
3. v(Z-T) =v(T)+v(T).

Proof.

1. v(Z) = 0 if and only if, by definition, v((Z¢)g,) = 0. Thanks to Propo-
sition 5.10(3), this is equivalent to say that (Z¢)r, = R,. Hence it remains
to show that (Z¢)r, = R, if and only if Z, € Z(I) or, equivalently, that
(If)Rv = Rv if and only if Ig = Ox’g.

Assuming (Z¢)g, = Ry, if by absurd Zg # Oxg, then I C m¢ C mg,.
Hence (Z¢)r, € mp, and we find a contradiction.

On the contrary, if Ze = Ox¢, then 1 € Z¢, so that (Z¢)r, = R..

2. ICT =TI CI; = (Ie)r, C (TR,

By Proposition 5.10(1) it follows that v(Z) > v(Z).
3. By definition v(Z-7') = v((Z-Z")¢)r,)- But (Z-I')¢)r, = (Ze IR, =
(Ze)r, - (Z{) R, Therefore, using Proposition 5.10(2), we get
v(T- 1) = v((Ze)r, - (Z)r,) = v(Ze)r,) + 0(Ze)r,) = v(T) +v(T").
O

Definition 5.17. Let X be a variety with function field K = K(X), let
v be a discrete valuation on K/C and let D be a divisor on X such that
|D| # 0. Then we put

v(|D]) = v (b(|D])),

where b(]D|) is the base ideal of the linear series |D| (Definition 1.9).

Proposition 5.18. Let X be a variety with function field K = K(X), letv
be a discrete valuation on K/C having center Z, on X and let D and E be
divisors on X such that |D| # 0, |E| # 0. Then

1. v(|D]) = 0 < Z, ¢ Bs(|D)),
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2. v(|D+ E]) <v(|D])+v(|E|) and equality holds if the map of multipli-
cation of sections

ppr: HY(X,0x(D)) ® H(X,0x(E)) — H°(X,0x(D + E))
18 surjective.
3. Zy L Bs(|E|) = v(|D + E|) < v(|D]).

Proof.

1. v(|D]) = 0if and only if, by definition, v(b(|D|)) = 0. But, by Proposition
5.16 (1), this happens if and only if Z, € Z(b(|D|)) = Bs(|D]).

2. By Proposition 1.10 we have that b(|D|) - b(|E|) C b(|D + E|). Hence,
thanks to Proposition 5.16 (2),(3), we find

o(|D + E[) < v(b(|D]) - b(|E])) = v(b(|D])) + v(b(|E])) = v(|D]) + v (| E])-

Moreover, again by Proposition 1.10, if the map of multiplication of sections
i,k is surjective, then b(|D|)-b(| E|) = b(|D+ E]|), so that we get the assert.

3. Follows immediately combining the first and the second part. O

5.3 Asymptotic order of vanishing

Now, given an integral divisor D with non negative litaka dimension on a
normal variety X, we will define an “asymptotic valuation” of D, that is a
measure of the order of vanishing of |mD]| at the center Z, of a valuation v
as m — oo. Before carrying on we recall the following lemma:s:

Lemma 5.19. Let {o }m>m, be a sequence of real numbers such that
¢ apyp >0 Vm > my,
o apg < aptay Vp,qg>myg.

Then there exists the limit

lim 2™ = inf {a—m .
m—oo M m>mo M
Proof. See [Mus02, Lemma 1.4]. O

Definition 5.20. Let X be a normal variety with function field K = K(X),
let D be an integral divisor on X with k(X, D) > 0 and let v be a discrete
valuation on K/C.

If e = e(D) is the exponent of D, we define the asymptotic order of vanishing

of D along v as

- w(|meD))
o(ID) = Jim S,
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In particular if D is big, since, by Corollary 3.21, D has exponent e(D) = 1,
we have (ImD))
. v(lm
v(||IDI]) = mlgnoo o
Remark 5.21. The existence of the limit in Definition 5.20 follows by
Proposition 5.18 and Lemma 5.19:
In fact, if D has exponent e = e(D), then there exists an integer mg > 0
such that [meD| # () for all m > mg. Hence we can use Proposition 5.18 (2)
to find that v(|(p + q)eD|) < v(|peD|) + v(|geD|) for all p,q > my.
Moreover, for all m > my, we have v(|meD|) > 0 by definition.
Therefore Lemma 5.19 applies to the sequence {v(|meD|)}m>m,, so that
there exists
D 1 D 1 D
o(meDl) 1 wmeD) 1 vmeD)

lim ——=—-- lim —— = -
m—oo me e m—oo m e m>mg m

.

Thus the asymptotic order of vanishing v(||D||) is well defined.

Proposition 5.22. Let D be an integral divisor on a normal variety with
kE(X,D) > 0. Then for any k € N we have

v([[EDI]) = k- v([[DI])-

Proof. Denoting by e; the exponent of D and by e the exponent of kD, we
begin noting that key/e; is an integer number:
In fact it is easy to see that ex = e1/g.c.d.(e1, k), whence

ke k

— == N.
er  gecd(ek) ne

Thus, by the definition of v(||D]|) as a limit it follows that

kek
D v(ler=EmD
oDl = tim 2emPD oy vlergimDl)
m—00 etm m—00 €1m?1k
1 kD 1
_ 1 YllesmkD)) v(||kD]|)
k  m—oo exm

O]

The property of Q-linearly-effectiveness described in the following definition
has to be considered in analogy to the property of non negativity of the
Titaka dimension for integral divisors.

Definition 5.23. Let X be a variety and let D € Divg(X), we define
the Q-linear series |D|g as the set of all the effective Q-divisors that are

Q-linearly equivalent to D.
D is Q-linearly-effective if |D|g # 0.
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Thanks to Proposition 5.22 we can give a natural definition of asymptotic
order of vanishing of Q-linearly-effective Q-divisors:

Definition 5.24. Let X be a normal variety with function field K = K(X),
let D be a Q-linearly-effective Q-divisor on X and let v be a discrete valua-
tion on K/C.

Then the asymptotic order of vanishing of D along v is

o(IDI) = - o(lfmD])).

where m € N is such that mD is integral.

As D is a Q-linearly-effective Q-divisor we have that k(X,mD) > 0 when-
ever mD is a Z-divisor, so that v(||mD]|) is well defined. Moreover by
Proposition 5.22 the definition does not depend on the integer m such that
mD is integral.

Proposition 5.25. If D and E are two Q-linearly-effective Q-divisors on
a normal variety X, then

v([|D + Elf) < o([[D]]) + o([|E]])-

Proof. Tt is enough to check the statement for integral divisors.

Let e(D) and e(F) be the exponents of D and E respectively and let
e = e(D) - e(E), so that eD, eE and e(D + E) are all divisors with ex-
ponent one.

Thus using Proposition 5.18 (2), we have that

v(lpe(D + E)|) < v(|peD]) + v(|peE|)

for all p >> 0.
Dividing by p and passing to limit for p — co we obtain

v(|le(D + E)[]) < v(lleDl]) + v(||eE]]),

so that the assert follows by Proposition 5.22. O

5.4 Computation via multiplier ideals

In this section we will show how the asymptotic order of vanishing of divisors
can be computed by using multiplier ideals.

Some important results about asymptotic multiplier ideals, that we will use
in this chapter, are briefly presented in Appendix A, but for a complete
treatment we refer to [Laz04, Part Three].
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Remark 5.26. Note that if f: X’ — X is a birational morphism of normal
varieties with function fields K(X) = K(X’) and v is a discrete valuation
on K(X)/C, then for any Q-linearly-effective Q-divisor D on X we get

vo([[D[]) = (Il (D)) :

In fact we restrict to the integral setting and we use the fact that for all
p € N(D) we have H(X',Ox:(p- f*(D))) = H°(X,Ox(pD)) (see Remark
3.12 and Lemma 3.13), so that v(|p - f*(D)|) = v(|pD]).

In particular by taking f such that X’ is smooth we reduce the computation
of the asymptotic order of vanishing along v to the case of a smooth variety.
In this case we can make use of multiplier ideals.

Notation. Let X be a smooth variety with function field K = K(X) and
let v be a discrete valuation on K /C whose center is the subvariety Z, with
generic point £ € X.

Then if D is an integral divisor on X with k(X,D) > 0 we denote by
Z(X,||D]|) the asymptotic multiplier ideal associated to |D| (see Defini-
tion A.6). We recall that Z(X, |[pD||) is a non-zero quasi coherent sheaf of
ideals for all p > 0 (see Remark A.7), so that it makes sense to consider
W(Z(X, |[pDI)).

Moreover, for all p € N, we write

jp = jpD = (I(X’ HpDH)E)Rw

so that by definition we get v(Z(X, ||pD]|)) = v(jp)-
Analogously, whenever |pD| # (), it will be useful to define

ap = app = (b(|pD|)¢) R,
so that, denoting by e the exponent e(D), we have v(|pD|) = v(ap) and
o(|IDI]) = limy oo 22

The following proposition translates in the language of valuations some im-
portant properties of asymptotic multiplier ideals (see Appendix A).

Proposition 5.27. Let X be a nonsingular variety and let D be an integral
divisor on X with k(X,D) > 0. Then

1. U(.jp-i-q) > U(jp) + U(j(I) VP7q S N7
2. v(jp) <vliq) p<q
2. v(jp) < v(ap) Vp € N(D).

Proof.
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1. By using Theorem A.9, we have
Z(ll(p + a)DII) < Z([lpDI]) - Z(llgDI[)

for every p,q € N. Hence by Proposition 5.16(2),(3) we have

o(Z(ll(p + @) DII) = v(Z([lpDI]) - Z([l¢DI1) = v(Z([lpDI]) + v(Z([l¢DI])),

or equivalently
V(Jptq) = v(dp) + v(Jg)-
2. We use Theorem A.8(1) to find that

Z(llpDIl) 2 Z(ll¢DID)

whenever p < g. Thus the assert follows again by Proposition 5.16 (2).
3. Follows by Theorem A.8(2) and Proposition 5.16 (2). O

Lemma 5.28. Let {f}men be a sequence of real numbers such that
¢ 5,20 VmeN,
® Bm < Bm+1 VmeN,
® Bmp >mpB, Vm,peN.

Then there exists the limait

BB
im — = sup{—1}.
m—oo M meN T

Proof. See [Mus02, Lemma 2.2]. O

Remark 5.29. Combining Proposition 5.27 and Lemma 5.28 we deduce
that for any integral divisor D with k(X, D) > 0 there exists

lim 0Up) = sup{w}.

p—oo P peN D

Proposition 5.30. Let X be a smooth variety, let D be an integral divisor
on X and let v be a discrete valuation on K(X)/C. Then

1. if k(X,D) >0 we have

o(ID) = Tim 22,
p—oo P

2. if D is big we have
_ v(Jp)
v(||D|]) = lim —22,

p—oo D
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Proof.
1. Let us denote by e the exponent e(D). Thus if p is sufficiently large
then ep € N(D), so that, thanks to Proposition 5.27(3), we find

V(Jep) < v(aep)

for all p >> 0.
v(Jjp)

Now, by Remark 5.29 we have that there exists lim,_. =
Therefore

tim 2U2) _ gy V) g, ) iy
p—oo P p—oo  €ep p—oo  ep

2. If D is big, then by Theorem A.11, there exists an effective divisor E
on X such that
Z(|lpDl]) ® Ox(=E) C b(|]pD])

for all integers p >> 0. Hence, by using Proposition 5.16 (2),(3), we get
v(lpD]) < v(Z(X, [|pDI])) + v(Ox (= E)) = v(jp) + v(Ox(—E)).
Then, as D has exponent e(D) = 1,

o101 = tim 222D oy W) +UOXCE) _  0Uy),

The opposite inequality is given by the first part of the proposition. O

Remark 5.31. Let D be an integral big divisor. Then by Proposition
5.30(2) and Remark 5.29 we find that v(||D||) = 0 if and only if v(j,) =0
for every p € N.

Hence, denoting by Z,, the center of the discrete valuation v, by Proposition
5.16 (1) we get

u([ID]]) = 0 <= Z, £ Z(Z(X, |[pDl])) VpeN.

Now let D be an integral divisor with k(X, D) > 0. By Proposition 5.30(1)
and Remark 5.29 we have that if v(||D||) = 0, then v(j,) = 0 for every
p € N. Thus, in this case, we can just say that

v(|IDI]) = 0= 2, £ Z(Z(X, [[pDI])) VpeN.

We are now able to show how the asymptotic order of vanishing of big
divisors only depends on numerical equivalence classes.

Corollary 5.32. Let X be a normal variety with function field K = K(X),
let D and E be big Q-divisors on X such that D = F and let v be a discrete
valuation on K/C. Then

v([|D]1) = o(||£]])-
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Proof. First of all, by definition of asymptotic order of vanishing for a Q-
divisor, we can suppose D and E be numerically equivalent integral divisors.
Now let u : X’ — X be a resolution of singularities, so that, since u is
birational, we have that p*(D) = p*(E) and v(||D||) = v(||u*(D)]|) (see
Remark 5.26). Hence, without loss of generality, we can suppose that X is
smooth. Thus, thanks to Theorem A.12, we have

(X, |lpDI]) = Z(X, [[pEl])

for every integer p > 0. Therefore v(j,p) = v(jpr) for every p € N, so that,
v(||D|]) = v(|| E||) thanks to Proposition 5.30(2). O

Proposition 5.33. Let X be a smooth variety with function field K = K(X)
and let v be a discrete valuation on K/C, having center Z, on X.
If D is a Q-linearly-effective Q-divisor on X, then

o([ID])) =0 = 2, £ B_(D)

Proof. First of all note that, using Remark 5.2 and Proposition 5.22, we can
assume, without loss of generality, that D is an integral divisor.
Now let £ € X be the generic point of Z,. Using Remark 5.31 we have that
Zy L Z(Z(X,||pD||)) for every p € N, whence Z(X, ||pD||)¢ = Ox .
On the other hand if we denote by n the dimension of X and by Kx be
the canonical divisor on X, by Corollary 2.4 we can choose a suitable ample
divisor A such that G = Kx +(n+1)A is ample. Hence, thanks to Theorem
A.10, we have that Z(X, ||pD||) ® Ox (G + pD) is globally generated for all
peN.
This shows that £ is not contained in the base locus of |G + pD|, or, equiv-
alently, that

Zy € Bs(|G+pD|) VpeN.

Now, setting A, = % - G, we have that the sequence of divisors {4, }pen
satisfies the hypothesis of Proposition 5.4, so that
B_(D)=JB®D+4,)=JB(G+pD),
peEN pEN
using Corollary 3.7 for the last equality.
Therefore, if by absurd Z, C B_(D), then
Zo= | J®ED +6)n2,),
peN
whence there exists an integer py > 0 such that Z, = B(poD + G) N Z,, that
is Z, C B(poD + G) C Bs(|poD + GY), so that we find a contradiction. I

Remark 5.34. The opposite implication in the proposition above is not
true in general (see Section 5.6 for a counter-example), but it holds if D is
big (see Theorem 5.36).
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5.5 wv-bounded and v-semiample

Definition 5.35. Let X be a normal variety and let v be a discrete valuation
on K(X)/C. If D is an integral divisor on X with k£(X, D) > 0 we say that
D is v-bounded if there exists a constant C' > 0 such that

v([pD]) <C

for every p € N(D).

If D is a Q-linearly-effective Q-divisor on X we say that D is v-bounded if
there exists a constant C' > 0 and an integer n € N such that nD is integral
and v-bounded.

Theorem 5.36. Let X be a smooth variety with function field K = K(X)
and let v be a discrete valuation on K/C, having center Z, on X.
If D is a big Q-divisor on X, then the following conditions are equivalent:

1. D is v-bounded;
2. vo(||D]) = 0;
3. Z, L B_(D).
Proof. First of all without loss of generality we assume that D is an integral
divisor.
(1 = 2) Trivial.
(2 = 3) See Proposition 5.33.

(2 = 1) Let dim X = n and let A be a suitable very ample divisor such
that G = Kx + (n + 1)A is ample. Repeating the first part of the proof of
Proposition 5.33 we see that

Zy, € Bs(|G+pD|) VpeN.

On the other hand, since D is big, by Theorem 3.20, there exist an integer
po > 0 and an integral effective divisor E such that pgD ~ G + E, so that,
for every p > po, pD ~ (p — po)D + G + E.

Note that, for every p € N, |G + pD| # () because Z, € Bs(|G + pD|),
whence, by Proposition 5.18 (2), for every p > pg, we have

v([pD|) < o(|(p — po) D + GI) + v(|E]).

Now, by Proposition 5.18 (1), we have that v(|(p — po)D + G|) = 0, so that
v(|pD|) < v(|E|), that is D is v-bounded
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(3 = 2) Since D is big, by Theorem 3.20, we can find an integer pg > 0
and integral divisors A and E, with A ample and FE effective, such that
poD is linearly equivalent to A + E, so that, for every p > pg, we get
pD ~ (p—po)D+ A+ E.

Hence, by Proposition 5.25, we have

o(llpDl]) < v([|(p = po) D + All) + (|| E]]).

Now, for p > pg, we put A, = p%poA. Since limy . ||Ap|| = 0, we can use
Proposition 5.4 to find that

B_(D)= |J B(D+4,) = |J B((p— po)D + A).

Thus, using the hypothesis, we get that Z,  B((p — po)D + A), for every
D > po-

By Proposition 3.6, we find that there exists an integer mo € N((p—po)D+A)
such that for all k > 1, Z,,  Bs(|kmo[(p—po)D+A]|). Hence, by Proposition
5.18(1), v(|kmo[(p — po)D + A]|) = 0 for all k € N, so that

v(|[mo[(p — po) D + A]|[) = 0.

Then, thanks to Proposition 5.22, we get

o(lltp =)D+ Al = - o({lmaltp = po)D + A} = 0.

Therefore

v((lpDI]) < o([[E]])  ¥p > po,
or, equivalently, using again Proposition 5.22, v(||D||) < % for every
p > po, that is v(||D||) = 0. O

As a corollary we find the following characterization of the restricted base
locus of a big divisor:

Corollary 5.37. Let X be a smooth variety and let D be a big integral
divisor. Then we have the equality of sets

B_(D) = |J 2@(x,|ImDI))).
meN

Proof. Let x € X, then there exists a valuation v; on K(X)/C such that
T = Zy,.
Hence, by Theorem 5.36, x ¢ B_(D) if and only if v,(||D||) = 0. Using
Remark 5.31, this is equivalent to say that Z,, ¢ Z(Z(X,|/mD]||)) for all
m € N, that is z € U,, Z(Z(X, ||mD]])).

O
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Note that the corollary does not hold if D is not big (see Remark 5.47).

Remark 5.38 (Non-big divisors). If we remove the hypothesis of bigness
in Theorem 5.36 only some implications survive.
In particular, if D is a Q-linearly effective QQ-divisor, we have that:

e D is v-bounded = v(||D||) = 0, trivially.
e u(||D|]) =0= Z, £ B_(D), as we have shown in Proposition 5.33.

o
e v(||D||) = 0= D is v-bounded.

We do not know whether D is v-bounded whenever v(||D||) = 0. However
it is true if D is a divisor on a curve or a normal surface (see Remark 5.44).
* Zy £B_(D) # o(||D]) = 0.

See Section 5.6 for a counter-example.

Definition 5.39. Let X be a normal variety with function field K = K(X),
let v be a discrete valuation on K/C, having center Z, C X, and let D be
an integral divisor on X with k(X, D) > 0.
Then D is v-semiample if there exists a positive integer Iy € N(D) such that
v(|[loD|) = 0, or equivalently if Z, Z B(D).

Remark 5.40. Note that if D is v-semiample, that is v(|lpD|) = 0, then,
thanks to Proposition 5.18(2), we have that v(|kloD|) = 0 for all k € N.
Note also that D is semiample if and only if D is v-semiample for every
discrete valuation v on K(X)/C.

Proposition 5.41. Let X be a normal variety with function field K = K(X),
let v be a discrete valuation on K/C and let D be an integral divisor on X
with k(X, D) > 0.

If D is v-semiample, then D is v-bounded.

Proof. Let lp € N(D) be such that v(|lpD|) = 0 and let e = e(D) be the
exponent of D. Then, by definition, there exists an integer my > 0 such
that, for all n > mge,

n € N(D) < e|n,

and, in particular, for all r € {0,...,lp—1}, we have that (mglo+7)e € N(D).
Hence we can define

C' = max{v(|/mD|) | m € N(D), m < (mglo + lp)e}

C" = max {v(|(molo + r)eD|)}

0<r<lo
C = max{C’,C"}.

We will show that, for every m € N(D), v(|mD|) < C.
If m < (moly + lo)e, then v(mD|) < C' < C.
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If m > (molo+1lo)e, then, as m € N(D), there exists an integer k > molo+ o
such that m = ke.

Thus there exist ¢ € N and r € {0,...,lp — 1} such that k = qlg +r =
lo(qg — mo) + molo + 7, so that

mD = keD = lyp(q — mo)eD + (mplo + r)eD.

Note that (molo+r)e € N(D), while v(|lo(g—mo)eD|) = 0 because v(|lpD|) =
0 and g — mg > 0:

In fact

k—r k— lo > molo

—mg > —moy =
lo 0 0

—mg = 0.

Therefore, by Proposition 5.18(2), we have v(|mD|) < v(|lo(¢ — mo)eD|) +
v(|(molp + r)eD|) < v(|(moly +r)eD|) < C" < C.
O

The following proposition describes what happens when we add the hypoth-
esis of finite generation:

Proposition 5.42. Let X be a normal variety with function field K =
K(X), let v be a discrete valuation on K/C and let D be an integral divisor
on X with k(X,D) > 0. If D is finitely generated, then

1. there ezists an integer n € N(D) such that

(i) = 2D

2. v(||D]||) = 0 if and only if D is v-semiample.

Proof.

1. D is finitely generated if and only if the graded ring R(X, D) is such.
Hence, by Theorem 4.6, we have that there exists an integer [ > 0 such that
H%(X,0x(miD)) generates the Veronese subring R(X, D)™ for all m > 1.
Now if e = e(D) is the exponent of D and h is a sufficiently large natural
number, we put n = hel, so that n € N(D) and H°(X,Ox(nD)) generates
the Veronese subring R(X, D). Thus we find that for all k¥ > 1 the map
of multiplication of sections

p: HY(X,0x((k —1)nD)) ® H(X,0x(nD)) — H°(X,Ox(knD))

is surjective.
By Proposition 5.18(2) we get

v(|(k = nD]) +v([nD]) = v([knD])
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for all k > 1, so that, working by induction, we find
v(|knD|) = k - v(|nD]).

e 1 L. w(knD)) _ u(nD)
. v(|kn v(|n

o(IDI) = - w(lnDl)) = = - i XERED_ onDL)
2. If v(||D]|) = 0, then it follows immediately from the first part of the
lemma that D is v-semiample.
For the opposite implication we do not need the hypothesis of finite genera-
tion: In fact if D is v-semiample, then there exists an integer | € N(D) such
that v(]lD|) = 0. Hence, noting that {D has exponent e(ID) = 1, thanks to

Proposition 5.22 we have that

w(IDl) = ~o.

~| =

1 .. w(lmlD|)
-v(||ID]]) = 7 lim ———*

m—oo m

O]

Remark 5.43. Note that, in particular, it follows by Proposition 5.42 and
Proposition 5.41 that, under the hypothesis of finite generation, a divisor
D with non-negative litaka dimension is v-bounded if and only if D is v-
semiample if and only if v(||D||) = 0.

Remark 5.44. Using Remark 5.43 we find that, if X is a normal surface
and D is an integral divisor on X with k(X,D) > 0, then v(||D||) = 0 if
and only if D is v-bounded.

In fact, considering a suitable birational modification of X, we can suppose
that X is smooth. Now a theorem of Zariski (see [Bad01, Theorem 14.19])
states that if D is a divisor on a smooth surface such that k(X, D) < 1, then
D is finitely generated. Hence, if v(||D||) = 0 and k(X, D) < 1, then D is
v-bounded by Remark 5.43. On the other hand if k(X, D) = 2, then D is
big and the assertion follows by Theorem 5.36.

Proposition 5.45. Let X be a normal variety, let Z be a subvariety of X
and let D be a big integral divisor on X.
If D is finitely generated and Z  B_(D), then Z  B(D).

Proof. Let v be a discrete valuation on K (X)/C such that v has center Z.
Then, by Theorem 5.36 we have that D is v-bounded. Hence, thanks to
Remark 5.43, we find that D is v-semiample, that is Z € B(D). O

The following theorem generalizes Theorem 4.16 giving a different charac-
terization of semiampleness.

Theorem 5.46. Let X be a normal variety with function field K = K(X)
and let D be an integral divisor on X with k(X, D) > 0.
Then the following statements are equivalent:
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1. D is semiample

2. D is finitely generated and there exists a constant C > 0 such that
multy/mD| < C

for every m € N(D), for every x € X.

3. D is finitely generated and, for every discrete valuation v on K/C, D
s v-bounded.

Proof.
(1 & 2) See Theorem 4.16.

(1 = 3) D is finitely generated by Theorem 4.16. Moreover, as D is semi-
ample, D is v-semiample for every discrete valuation v on K/C. Thus, by
Proposition 5.41, D is v-bounded.

(3 = 2) Follows immediately from the fact that for every z € X we have
mult,|/mD| = vy (ImD|), where v, is the discrete valuation whose center is
the point z. ]

5.6 An example

In the following example we provide an effective, non-big divisor D on a
smooth ruled surface X and a discrete valuation v on K(X)/C, such that
Zy € B_(D) but v(||D||) > 0. This shows how the hypothesis of bigness in
Theorem 5.36 is essential (see also Remark 5.38).

Let C be a nonsingular curve of genus ¢ > 1 and let P be a non-torsion
divisor of degree zero on C' (whose existence is assured by Proposition 4.17).
Let £ = Oc ® O¢(P). Then & is a locally free sheaf of rank two on C and
we consider the ruled surface X =P(€) (see [Har77, V, §2]).

Note that & is normalized, that is H°(C,&) # 0 and H°(C,E ® L) = 0 for
every line bundle £ of negative degree. Hence, by [Har77, V, 2.8], there
exists a section D such that Ox (D) ~ Ox(1), so that D is nonsingular and
(D?*) = deg £ = 0.

Now, let z € D and let v be the discrete valuation on K (X)/C whose center
is Z, = {z}.

We will show that B_(D) = ) (so that, in particular, Z, = {z} € B_(D)),
while v(||D|]) = 1.

B_(D) = 0: We will prove that D is nef, so that the assert follows by
Lemma 5.3.
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We denote by f a fibre of the morphism 7 : X — C. It follows by [Har77,
V, 2.20] that, if Y is an irreducible curve on X, then Y = aD + bf, with
b > 0. Thus

(D-Y)=(D-(aD +bf)) =b>0.

hO(X,Ox (kD)) = 1 for all k£ > 1: We denote by S*(&) the k' symmetric
power of £. By [Har77, II, 7.11], for all £ > 1 we have that 7.(Ox(k)) ~
Sk(€). Hence

k
HY (X, Ox (k) = H'(C, $"(€)) = (P H(C,0c(tP)) = H'(C, Oc).
t=0
Thus
h(X,0x (kD)) = h°(X, Ox (k) = h°(C,0¢) = 1

for all kK > 1. Note that, in particular, this implies that D is not big.

v(||D||) = 1: Since h%(X,Ox (kD)) = 1 for all k¥ > 1, we have that the
exponent e(D) = 1, while dimc|kD| = h%(X,Ox (kD)) — 1 = 0, that is
|kD| = {kD}.

Hence, for all £ > 1, we get

v(|kD]|) = mult,|kD| = mult, (kD) = k.

Therefore
v(|mD])

o(IDI]) = Jim ~ 1.

Remark 5.47. This example also proves that Corollary 5.37 does not work
if the divisor is not big. In fact, for all m > 1, we easily check that
Z(X,|/mD||) = Ox(—mD). Then, set-theoretically, we have

U 2@, |ImD|))) = D,

meN
while B_(D) = 0.
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Appendix A

Asymptotic multiplier ideals

Throughout this appendix, unless clearly specified, X denotes a nonsingular
variety.

Moreover, given a birational morphism u : X’ — X, we denote by exc(u)
the sum of the exceptional divisors of p.

We begin by giving some preliminary definitions that we will need to define
the asymptotic multiplier ideal associated to a linear series.

Definition A.1. Let D = Y a;D; be a Q-divisor on X, with D; prime
divisors. The integral part [D] of D is the integral divisor

where, for any x € Q, we denote by [z]| the greatest integer < x.

Definition A.2. Let D; be distinct prime divisors on X and let D = > D;
be an effective reduced divisor on X. D has simple normal crossings (and D
is an SNC divisor) if each Dj; is smooth and if D is defined in a neighborhood
of any point by an equation in local analytic coordinates of the type

Zl-..-.zk:()

for some k < dim X.
A Q-divisor E = )" a;D; has simple normal crossing support if the under-
lying reduced divisor ) D; is an SNC divisor.

Definition A.3. Let D be an integral divisor on X and let |V| C |D|
be a non-empty linear series. A log resolution of |V| is a birational map
i X' — X, with X’ nonsingular, such that

PV = W[+ F,

where F' + exc(p) is a divisor with SNC support, and |W] is a free linear
series.
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Given a non-empty linear series |V, the existence of a log resolution of V' is
assured by Hironaka’s theorem (see [Laz04, I, 4.1.3]).
Moreover, given a log resolution p : X’ — X, we denote by

KX’/X = KX/ — 'LL*KX
the relative canonical divisor of X' over X.

Definition A.4. Let D be a divisor on X, let |[V| C |D| be a non-empty
linear series and let p: X’ — X be a log resolution of |V| with

pVI= W[+ F.

Given a rational number ¢ > 0, the multiplier ideal associated to ¢ and |V/|
is

(e |V]) = I(X,c V) = 1 Ox (Kxrx — [e- F)).
If |V| = 0 we put Z(c- |[V]) = 0 for every ¢ > 0.
The definition makes sense because the multiplier ideal does not depend on
the log resolution considered (see [Laz04, II, 9.2.18]).

Lemma A.5. Let D be a divisor on X with k(X,D) > 0, let c € Q" and
let p e N. Then

1. For every integer k > 0 we have

(D) CI(

C
< 1pkDI).
; Ipk D)

2. The family of ideals
c
{I(]; ’ |pD]) }p21

has a unique maximal element.
Proof. See [Laz04, II, 11.1.1] O

We are now able to define the asymptotic multiplier ideal associated to a
linear series:

Definition A.6. Let D be an integral divisor on X with k(X, D) > 0 and
let cc Q™.
The asymptotic multiplier ideal associated to ¢ and |D|,

Z(c-|ID]]) = Z(X,c- [|D]]) € Ox,

is defined as the unique maximal element of the family of ideals {I (§| pD\) }
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Remark A.7. Note that for every divisor D on X with k(X, D) > 0 the
asymptotic multiplier ideal Z(X, ||D]|) is a non-zero quasi-coherent sheaf of
ideals.

We recall here some important results concerning the sheaves of ideals just
defined.

Theorem A.8. Let D be an integral divisor on X with k(X,D) > 0, and
let ¢ > 0 be a fized rational number. Then

1. For every m € N we have
Z(c- |lmDJ]) 2 Z(e- [|(m + 1)D]),
that is the ideals Z(c - ||mD]||) form a decreasing sequence in m.
2. For every m € N(D) we have

b(ImD]) € Z(X, [[mD]}).

Proof. See [Laz04, II, 11.1.8]. O

Theorem A.9 (Subadditivity). Let D be a divisor on X with k(X,D) > 0
and let c € QT. Then

Z(c-|l(m+k)DI||) € Z(c- [[mD][) - Z(c - |[kD]]).
for any integers m, k > 0.
Proof. See [Laz04, II, 11.2.4]. O

Theorem A.10. Let X be an n-dimensional nonsingular variety and let
D, B, A be integral divisors on X such that D has non-negative Ilitaka
dimension, B is globally generated and ample and A is big and nef.

Then, if we denote by Kx the canonical divisor on X, we have

1. H(X,0x(Kx+mD+A)®ZI(||mD||)) = 0 for any integers i,m > 0.

2. Ox(Kx +nB + A+ mD) @ Z(||/mD||) is globally generated for all
m € N.

Proof. See [Laz04, II, Theorem 11.2.12 and Corollary 11.2.13]. O

Theorem A.11. Let D be a big integral divisor on X. Then there exists
an effective divisor E on X and a positive integer to(D) such that

Z(|mDl|) ® Ox(=E) C b(|mD])

for every m > to(D).
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Proof. See [Laz04, 11, 11.2.21]. O

Theorem A.12. Let D1 and Dy be numerically equivalent big divisors on

X. Then
Z(X,c-|[D1]]) =Z(X, ¢ [|D2l])

for every c € Q.

Proof. See [Laz04, 11, 11.3.12]. O
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