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Chapter 1

Introduction

In algebraic geometry line bundles are particularly interesting as they can be
used to define rational maps to projective spaces. In particular, given a line
bundle (or equivalently a Cartier divisor) D on a complex projective variety X,
the first question arising is if D defines a map (i.e. if it has global sections) and,
if this is the case, what are the indeterminacies of the map (i.e. the points where
all the global sections vanish). Note that in general we want to investigate the
asymptotic behavior of D, so that we denote by ¢p the rational map induced by
a sufficiently high and divisible multiple mD. The classical object that encloses
the basic information about ¢p is the stable base locus

B(D) = (1) Bs(lmD)).
meN

In fact B(D) is the (Zariski) closed subset of X where ¢p is not defined, so that
in particular B(D) = X if and only if no multiples of the given line bundle have
sections, whilst it is empty if mD defines an actual morphism for some m € N,
i.e. D is semiample.
Recently in [ELMNPO6] some modifications of the stable case locus have been
introduced to address more involved problems. For example the augmented base
locus
B (D) = N Supp(E)
E R-divisor,E>0
D—FE ample
is the closed subset where ¢p is not locally a closed immersion, or, in other
words, where D is not ample.
In particular B, (D) = § if and only if D is ample and B4 (D) = X if and only
if ¢p is not an isomorphism on the generic point of X, i.e. D is not big.
A natural generalization of the property of being ample leads to the notion of
nefness. A divisor (or line bundle) D is nef if and only if it non negatively
intersects every irreducible curve on X, that is proved to be equivalent to say
that its numerical class lies in the closure of the ample cone. Nef divisors are
particularly interesting for many reasons: their top self-intersection, for exam-
ple, asymptotically determine the number of their global sections (see [Laz04,
corollary 1.4.41]), while the nefness of the canonical divisor Kx is one of the
main issues in the context of the Minimal Model Program, as it corresponds to
the minimality of the variety X.



CHAPTER 1. INTRODUCTION

Hence many different tools have been introduced to study “where a divisor fails
to be nef”. In analogy with the augmented base locus we can consider the
restricted base locus
B_(D) = JB(D + A),
A

where the union is taken over all ample Q-Cartier Q-divisors on X (see def.
2.3.5).

Note that B_(D) = () if and only if D is nef. Also B_(D) contains every curve
C such that (D - C) < 0, but it can be strictly bigger than the union of such
curves.

Moreover, by definition, B_(D) is a countable union of closed subsets; we do
not know whether it is closed in general or not.

A more classical approach is to look for a Zariski decomposition of D, i.e. to
try to decompose it as the sum of a nef divisor P that encodes the positivity of
D in some sense and an effective divisor N that represents the non-nef part of
D.

More precisely we say that a Q-Cartier Q-divisor D on a projective variety X
admits a Q-Zariski decomposition in the sense of Cutkosky-Kawamata-Moriwaki
(or a Q-CKM Zariski decomposition) D = P + N if

e P and N are Q-Cartier Q-divisors;
e P is nef and N is effective;

e There exists an integer £ > 0 such that kD and kP are integral divisors
and for every m € N the natural map

HY(X,0x(kmP)) — H°(X,Ox(kmD))
is bijective.

Every pseudoeffective divisor on a smooth projective surface admits a Zariski
decomposition (see [Fuj79]). On the other hand in higher dimension there exist
big divisors such that no birational pullbacks admit a Zariski decomposition,
as shown by Cutkosky in [Cut86], even if we allow P and N to be R-divisors
(see[Nak04]).

Note that the restricted base locus of D is strictly related to the existence of
such decompositions. In fact if D is big and D = P + N is a Q-CKM Zariski
decomposition, then Supp(N) = B_(D), which implies that B_(D) is a divisor
in this case.

If D admits a Q-CKM Zariski decomposition, then, up to pass to a multiple, the
graded ring R(X, D) := @,,cn H* (X, Ox(mD)) is isomorphic to R(X, P), so
that in order to check its finite generation it suffices to study the finite generation
of the ring associated to the nef divisor P. This implies that the semiampleness
of P, the so-called positive part of the Zariski decomposition of D, is a sufficient
condition for the finite generation of R(X, D). Moreover the semiampleness of
P gives that B(D) = Supp(N) = B_(D). See [Mor87, (9.11)] for the importance
of the Zariski decomposition in the context of the Abundance Conjecture.

In this work in chapter 3, whose main results appear in the paper [Cacl0], we
try to extend to the LC case the main theorem of Kawamata’s paper [Kaw87],
stating that if the canonical divisor Kx of a smooth projective variety admits



a CKM Zariski decomposition then the positive part P of the decomposition is
semiample.
More precisely a simple generalization of this theorem says that:

Theorem 1.0.1 (Kawamata). Let X be a normal projective variety and let A
be a Weil effective Q-divisor such that (X, A) is a KLT pair. If D is a Q-Cartier
Q-divisor such that

A: D is big;

B: aD — (Kx + A) is nef for some rational number a > 0;

C: D admits a Q-CKM Zariski decomposition D = P + N

then the positive part P is semiample, so that R(X, D) is finitely generated.

The same theorem is no longer true in general if (X, A) is an LC pair, as shown
in section 3.11, so that we have to assume more. For this reason we use the
notion of logbig divisors, introduced by Miles Reid.

A big Q-Cartier Q-divisor is logbig for an LC pair if its restriction to every LC
center of the pair is still big (see definition 2.2.7).

We state the following conjecture:

Conjecture 1. Let (X,A) be an LC pair, with A effective.
If D is a Q-Cartier Q-divisor on X which satisfies A, B and C, and P is logbig
for the pair (X, A), then P is semiample.

In the case N = 0, a very similar result was stated by Miles Reid in [Rei93] and
was proved by Florin Ambro in the more general setting of quasi-log varieties
in [Amb01, theorem 7.2] (see also [Fuj09c, theorem 4.4]). Moreover, when X is
smooth and A and N are SNCS divisors Conjecture 1 is true and follows from
[FujO7b, theorem 5.1].

Note that a sufficient condition for the positive part P to be logbig for the pair
(X, A) is that the augmented base locus B (D) does not contain any LC center
of the pair. Hence conjecture 1 would imply the following:

Conjecture 2. Let (X,A) be an LC pair, with A effective.
If D is a Q-Cartier Q-divisor on X which satisfies A,B and C, and B (D)
does not contain any LC center of the pair (X, A), then P is semiample.

On the other hand, note that, for a divisor D, the existence of a Zariski de-
composition is a very strong property in general, while it is more likely that a
birational pullback of D admits one. In other words we want to replace hypoth-
esis C with the following:

C/: There exists a projective birational morphism f : Z — X such that f*(D)
admits a Q-CKM Zariski decomposition f*(D) =P + N.

We can thus generalize Conjecture 1 and Conjecture 2 as follows (the “b” stands
for “birational”):

Conjecture 1b. Let (X,A) be an LC pair, with A effective.

Let D be a Q-Cartier Q-divisor on X satisfying A,B and Cy, for some f :
Z — X. If P is logbig for the pair (Z,Az), where Ay is a Q-divisor on Z such
that Kz + Az = f*(Kx + A), then P is semiample.

9
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Conjecture 2b. Let (X,A) be an LC pair, with A effective.

Let D be a Q-Cartier Q-divisor on X satisfying A,B and Cy, for some f: Z —
X. If BL.(f*D) does not contain any LC center of the pair (Z,Az), where Ay
is a Q-divisor on Z such that Kz + Ay = f*(Kx +A), then P is semiample.

In this thesis we easily deduce from [Fuj07b, theorem 5.1] that Conjecture 1b
holds if a suitable pair on Z is DLT (see theorem 3.3.11), which in particular
implies that Conjecture 1 holds if (X, A) is DLT. Moreover, as a corollary of
more general results (see 3.7.5 and 3.7.7), we prove the following:

Theorem 1.0.2 (see corollary 3.7.8). Conjecture 1b holds if dimX < 3.

Also we prove that Conjecture 2 holds if we assume some standard very strong
conjectures concerning the Minimal Model Program, namely the abundance con-
jecture (for semi divisorial log terminal pairs) and the existence of log-minimal
models (in lower dimension) for DLT pairs of log-general type (see theorem
3.8.1). As a corollary we get that

Theorem 1.0.3 (see corollary 3.8.2). Conjecture 2 holds if dimX < 4.
In section 3.9 we consider a relative version of DLT pair:

Definition 1.0.4 (see definition 3.9.1). Let (X, A) be a pair, with A = >~ a; D,
where the D;’s are distinct prime divisors and a; € Q for every i. Let D €
Divg(X).

We define the non-simple normal crossing locus of (X, A) as the closed set

NSNC(A) = X\ U,

where U is the biggest open subset of X such that A, has simple normal
crossing support.
We say that (X, A) is a D-DLT pair if

1. V & Sing(X)UNSNC(A) for every LC center V of the pair (X, A) such
that VNIB(D) # 0;

2. a; <1 for every i such that D; N B(D) # 0;

In particular a D-DLT pair is not necessarily LC. Inspired by [Amb05, Theorem
2.1] we prove the following:

Theorem 1.0.5 (see corollary 3.9.10). Let (X,A) be a pair such that A is
effective. Let D be a Q-Cartier Q-divisor on X satisfying A,B and Cy, for some
f:Z—= X, and let Az be a Q-divisor on Z such that Kz + Ay = f*(Kx + A).
If (Z,Az) is f*(D)-DLT and B (f*(D)) does not contain any LC center of the
pair (Z,Az), then P is semiample.

Note that in many statements of chapter 3 we do not need a > 0 in hypothesis
B. Moreover, as shown in section 3.10, some of the theorems hold under the
more usual hypotheses

B’: aD — (Kx + A) big and nef for some a € Q;

C: D admits a Q-CKM Zariski decomposition D = P + N.

10



In chapter 4 we consider a different approach to the asymptotic study of linear
series, by means of geometric valuations. The results of this chapter come from
a joint work with Lorenzo Di Biagio (see [CD11]).

In [ELMNPOG6] the authors, inspired by the work of Nakayama in [Nak04], define
an asymptotic measure of the singularities of a linear series: if v is a geometric
discrete valuation on X then the asymptotic order of vanishing of a big Q-divisor

D along v is

o(||D]]) ;= lim M

p—o p

(see def. 2.6.3).
They notice that v(||D]|) is a numerical invariant and, by passing to limits, it
is possible to define a numerical order of vanishing on every pseudoeffective R-
Cartier divisor on X that, following the notation of [BBP09], we will denote by
Unum (D) (see section 2.6). We define the non-nef locus NNef (D) as the subset of
X given by the union of all the centers of the valuations v such that vy, (D) > 0
(see definition 2.6.1 and [BBP09, definition 1.7]). Note that this corresponds
to the numerical base locus NBs(D) defined by Nakayama in [Nak04, definition
II1.2.6] in the smooth case.
We know that NNef(D) = @ if and only if D is nef, as the name itself suggests,
and NNef(D) = X if and only if D is not psuedoeffective. Therefore, as the
same holds for the restricted base locus B_ (D) and considering that NNef(D) C
B_(D) for every R-Cartier divisor D (cf.[BBP09, lemma 1.8]), it is natural to
wonder if these two loci coincide in general.
Note that NNef(D) behaves well with respect to birational morphisms, meaning
that NNef(u*(D)) = u~*(NNef(D)) for every p birational, so that the same
would hold for the restricted base locus if we knew the equality of the two sets.
By [ELMNPO06, theorem 2.8] we have the following:

Theorem 1.0.6 (ELMNP). Let X be a smooth projective variety and let D be
a big Q-Cartier Q-divisor. Then B_(D) = NNef(D).

It is then trivial to show that, passing to limits, the same equality holds for
pseudoeffective R-divisors.

In this paper we generalize this result to normal varieties that are not too
singular:

Theorem 1.0.7 (see theorem 4.2.7). Let X be a normal projective variety and
suppose that there exists an effective Q-Weil divisor A such that (X, A) is a
KLT pair.
Then for every R-Cartier pseudoeffective divisor D on X we have that B_ (D) =
NNef (D).

This is a partial answer to a conjecture of Boucksom, Broustet and Pacienza
(see [BBP09, Conjecture 1.9]).

The hypothesis of the existence of a KLT boundary is necessary in our proof be-
cause this is the only context where asymptotic multiplier ideals are not strongly
influenced by the singularities of X, so that they reflect the asymptotic be-
haviour of the base loci. We could avoid it only in the case of surfaces (corollary
4.1.5). See also cor. 4.2.10 and cor. 4.2.12 for slight generalizations.

On the other hand we define asymptotic orders of vanishing v(||D]||) for every
effective divisor. These are in general different from numerical orders of van-
ishing (remark 2.6.5) and we have that v(]|D||) = 0 for every geometric discrete

11



CHAPTER 1. INTRODUCTION

valuation v if and only if D is nef and abundant (lemma 2.6.6). In analogy to
the definition of the non-nef locus we use these asymptotic orders of vanishing
to define a non-nef abundant locus NNA(D) (see def. 2.6.7). In particular we
prove that for every effective Cartier divisor on a variety X that admits a KLT
boundary A it holds that

NNA(D) = | Z(T((X,A) [mD])).
meN

(see theorems 4.2.5 and 4.3.1). Note that, when D is big, this means that
B_(D) = Z(J (X, A); [[mDl])),

so that, in particular, we get a generalization of [ELMNPO06, Cor. 2.10].
Moreover, as a corollary of this result, we give a characterization of nef and
abundant divisors in terms of triviality of asymptotic multiplier ideals (see corol-
lary 4.3.2), generalizing to the KLT case the main theorem of F. Russo’s paper
[Rus09].

12



Chapter 2

Preliminaries

2.1 Basics

Notation and conventions

We will work over the field of complex numbers C. As in [Laz04] a scheme is
a separated algebraic scheme of finite type over C and a wvariety is a reduced,
irreducible scheme. A curve is a variety of dimension 1. A surface is a variety
of dimension 2.

Given a variety X and a coherent sheaf of ideals J C Ox we denote by Z(J)
the closed subset of X defined by J, without any scheme structure.

We denote by WDiv(X) the group of Weil divisors and by Div(X) the group
of Cartier divisors, while, for K = Q, R, we denote by Div(X)k the group of
K-Cartier K-divisors and by N1(X )k the vector space given by the quotient of
Div(X)x by the subgroup of numerically trivial divisors. Note that N!(X)g is
a finite dimensional R-vector space. Moreover we consider a norm || - || on this
space.

Given a variety X and a Cartier divisor (or a line bundle) D we denote by
k(X, D) its Kodaira dimension. Given a smooth variety X and D € Divg(X),
we denote by mult, D the multiplicity at * € X of D, in the sense of [Laz04,
Def. 9.3.1].

Definition 2.1.1. Let X be a normal projective variety over C and let A be a
Weil Q-divisor on X. We say that (X, A) is a pair if Kx + A € Divg(X). A
pair is effective if A > 0.

Remark 2.1.2. Note that from now on we will always consider normal projec-
tive varieties. Then, in our setting, the cycle map

Div(X) — WDiv(X)
is injective.
Hence, with a slight abuse, we will use the same notation to indicate a Cartier

divisor and the Weil divisor obtained as the image through the cycle map.

Definition 2.1.3. Let X be a normal projective variety and let D be a Weil
divisor on X. We define the sheaf Ox (D) by putting, for every open subset
UCX,

13
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Ox(U) = {f € k(X) : divyf + D}, > 0}.

Definition 2.1.4. Let X and Y be normal varieties and let p : Y — X be a
proper birational morphism.
If U C Y is the biggest open subset such that y, is an isomorphism, we define

exc(p) =Y\ U.

We say that a prime divisor £ on Y is p-exceptional (or simply exceptional) if
Supp(FE) C exc(p).
If Fy, ..., E; are all distinct the prime p-exceptional divisors on Y, we define

divexc(p) = Supp(Ey + ... + Ey).

Note that, with a slight abuse of notation, we will use the same the notation to
indicate the reduced divisor E; + --- + E; itself.
Note also that, by convention, we define Supp(0) = .

Remark 2.1.5. Note that if F is an exceptional prime divisor for a proper bira-
tional morphism p : ¥ — X between normal varieties, then codimu(Supp(E)) >
2, that is F is contracted by u, so that u.(E) = 0. Moreover note that

=t (plexce(p))) = exc(p).
For the proof of this facts see [Deb01, 1.40].

Some useful lemmas

In this section we recall some basic well-known lemmas that will be useful in
the following chapters:

Lemma 2.1.6. Let X,Y be normal varieties and let f :' Y — X be a proper
birational map. Let J be an ideal sheaf on'Y. Then Z(f.J) C f(Z(J)).

Proof. Let W :=Y \ Z(J) and V := X \ f(Z2(J)). For every V' C V open
subset of X we have that f~1(V’) C W, hence (f.J)(V') = J(f~*(V')) =
Oy (f~2 (V") = £.0y (V') =2 Ox (V') by Zariski’s main theorem (cf. [Har77,
Cor. II1.11.4]).

Let z € Z(f.J). By contradiction suppose that x € V. Since (f.J)s € Ox 4
then there exists an open subset P C V such that « € P and (f.J)(P) &
Ox(P). But by the previous argument we have also that (f..J)(P) = Ox(P).
Hence = must be in f(Z(7)). O

Lemma 2.1.7. Let X and Y be projective varieties such that Y is smooth and
X is normal. Let pu:Y — X be a proper birational morphism.
If D € Div(Y), E € Div(X) are such that

M*D S Ea
then there exists an effective p-exceptional Cartier divisor I' on'Y such that

D<p*E+T.

14



2.1 Basics

Proof. Let Eq, ..., Ey be all the prime p-exceptional divisors on Y. Then, there
exists a finite set of prime divisors on X, say {D, ..., Ds}, such that we can
write

s t s t
D:ZQZD,Z—FZZ)JE], [L*(E):ZCiD;—FZejEj,
i=1 j=1 j=1

i=1

where the D} are the birational transforms of the D;, and a;, ¢;, b;, € € Z.
By hypothesis we have that

S S
ZaiDi =D < E = p. (" (E)) = ZCiDi.
i=1 i=1

which implies that a; < ¢;, for alli =1,...,s.
Now, for each j =1, ...,t, we define v; = max{0,b; — ¢;}, and let

t
j=1

Then, by definition, I' is an effective, u-exceptional Cartier divisor on Y.
Moreover

S t S t
p(E)+T > e;Dj+> bjE; > a;Dj+» bE; =D.
i=1 j=1 i=1 j=1

O

Lemma 2.1.8. Let X and Y be normal projective varieties, such that Y is
smooth and let p:' Y — X be a proper birational morphism.

Suppose Dy € Div(Y'), D is a Weil divisor on X and B is a Cartier divisor on
X. If uu. Dy < D, then

h°(Y, Oy (1*(B) 4+ Dy)) < h°(X,Ox (B + D)).

Proof. We use the standard fact that p.Oy (Dy) C Oy (uxDy ).
Together with projection formula this implies that

BO(Y, Oy (4" (B) + Dy)) < B(X, Ox (B + u.(Dy))).

But h°(X, Ox (B + u«(Dy))) < h°(X,0x (B + D)) by hypothesis, so that the
lemma is proved.

O

Lemma 2.1.9. LetY and X be normal projective varieties. Let p:Y — X be
a composition of blowings-up of smooth centers of codimension greater than 1.

If A € Divg(X) is ample and Ex, . .., Ey are all the u-exceptional prime divisors
on'Y, then for every i = 1,...,k there exist arbitrarily small positive rational
numbers §;, such that

w(A) — Z 0i s

is an ample divisor on'Y .

15



CHAPTER 2. PRELIMINARIES

Proof. We work by induction on the number £ of the blowings-up composing p.
To prove the base of the induction we consider Z C X a smooth subvariety of
codimension greater than one and p:Y = BlzX — X as in the hypothesis.
Let J = Jz be the ideal sheaf defining the subvariety Z. Then there exists
an effective Cartier divisor £ on Y such that y=17 = Oy (—FE), so that, in
particular, Supp(E) = u~1(Z).

Moreover, by [Har77, II ex. 7.14(b)], we have that u*(mA) — E is ample for
every m > 0, so that

1
wWA——F
m

is ample for every m > 0.
Note that, by the properties of the blowings-up, p is an isomorphism outside F,
so that exc(u) C Supp(E).
Moreover every prime divisor whose support is contained in Supp(E) is p-
exceptional, because its image is contained in Z, so that it is contracted by u
on a subvariety of codimension greater than 1. Hence Supp(FE) = divexc(u) =

exc(f).
Then there exist some integers a; > 0 such that

E=) a/E},

where the E} are all the p-exceptional prime divisors, so that

al
W) -3 B
is ample for every integer m > 0. Thus we get the base of the induction.
Let us now prove the inductive step:
Let p1 : X’ — X be a composition of k¥ — 1 blowings-up as in the hypothesis,
let ps : Y — X’ be the blowing-up along a smooth subvariety Z’ C X’ of
codimension greater than 1 and let p = pq o ps.

If Fy,..., Es are all the prime exceptional divisors of p1, by induction we can
suppose that there exists arbitrarily small rational numbers 61, ...,ds > 0 such
that

,U,T(A) — 51E1 — e — 63ES
is ample.

If we denote F; all the exceptional prime divisors of uo, we have to prove that
pH(A) = S1py By =+ Sopa By = 6,

is ample for positive arbitrarily small rational numbers ;.
The base of the induction shows that

p(pi(A) = 1By — - = 0,Eo) = Y eiF;

is ample for 0 < d1,...,0, < 1,0, € Qand 0<e; < 1, ¢; € Q.
But
p(pi(A) = 1By — - — 0,Eo) = Y eiF; =

p(A) — Zéjm*_lEj - Z(Z a;id0; + e;) Fy,
j=1 j=1

%

16
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where the a;; are non-negative integer numbers not depending on the J;. Thus
if for each 7 we put

S
€ = E aji(Sj +e;
j=1

we are done because each ¢; is a positive rational number if the §;’s and e; are
such and we can make the ¢;’s arbitrarily small by suitably choosing the §;’s
and the e;’s. O

Lemma 2.1.10. (¢f. [Cac08, lemma 5.3]). Let X be a normal projective variety
and let D € Divg(X). Then there exists a sequence {Apm}tm>1 of ample R-
Cartier divisors such that ||A,|| — 0 in NY(X)r and D + A,, is a Q-Cartier
divisor for every m > 1.

Proof. Let A be an ample R-divisor and let 7 € RT be such that, if we denote
by B,(A) the ball in N'(X) centered at the class of the divisor A with ray r,
then B,.(A) C Amp(X) C N}(X).

Since B,.(D + A) N NY(X)g # 0 then there exists a Q-Cartier divisor D’ such
that || D' — (D 4+ A)|| < r. Therefore D’ — D is ample and can be written as
25:1 ¢;P; with ¢; € RT and P; is an ample Cartier divisors for every i.

Let gi.m € QT be such that for every i, ¢;,m < ¢; and limy, 00 Gim = ;. Let
Ay =37 (¢i—qi,m)P;. Tt is then easily seen that || A,,|| — 0 and that D+ A,,
is Q-Cartier. 0

2.2 Some remarks about singularities of pairs

Definition 2.2.1. Let X be a normal projective variety of dimension n. A
reduced divisor D = > D; has simple normal crossings (and it is an SNC
divisor) if each D; is smooth and if D is defined in a neighborhood of any point
by an equation in local analytic coordinates of type

for some k < n. A Weil Q-divisor Y a;D; has simple normal crossing support
(and it is an SNCS divisor) if Y D, is an SNC divisor.

Definition 2.2.2. Let (X, D) be a pair, let |V| be a non-empty linear series on
X and let J C Ox be a nonzero ideal sheaf on X. Then a log-resolution of the
pair (X, D) is a projective birational morphism

w: X' =X

such that the exceptional locus exc(u) is a divisor, X’ is smooth and the Q-
divisor p; (D) + exc(u) is SNCS.

A log-resolution of |V is a birational morphism v : X’ — X such that exc(v)
is a divisor, X" is smooth and v*|V| = |W| + F, where |W]| is a linear series
without base points and F + exc(v) is SNCS.

A log-resolution of J C Oyx is a projective birational morphism ¢ : X" — X
such that exc(¢) is a divisor, X" is smooth and

¢—1(j) = j . OX“/ = OX”’(_F),
where F is an effective Cartier divisor on X such that F + exc(u) is SNCS.

17



CHAPTER 2. PRELIMINARIES

LC centers

Definition 2.2.3. Let X and X’ be normal projective varieties and let £ C X'
be a prime divisor. We say that E is a prime divisor over X if there exists a
proper birational morphism p: X' — X.

Definition 2.2.4. Let (X, A) be a pair. Then, for every prime divisor E over
X we consider the discrepancy a(E, X, A) € Q as in [KMO0O, 2.3] (note that we
will use the same notation of [KMO00, Notation 2.26]).

We say that the pair (X,A) is Kawamata log terminal or KLT (resp. log
canonical or LC) if a(E, X,A) > —1 (resp. a(E, X,A) > —1) for every prime
divisor E over X. We say that the pair (X, A) is purely log terminal or PLT if
(X,A) is LC and a(E, X,A) > —1 for every exceptional prime divisor E over
X.

We say that a subvariety V' C X is a log canonical center or a LC center of
the pair (X, A) if it is the image, through a proper birational morphism, of a
divisor F over X such that a(F, X, A) < —1.

We define CLC(X, A)={LC centers of the pair (X,A)} and we consider the
non-klt locus of the pair (X, A) defined as the closed subset of X

NKIt(X, A) = U
VeCLC(X,A)

Definition 2.2.5. Let X be a normal variety and let D be a Weil Q-divisor on
X. If we write D = Y d; D;, where the D, are distinct prime divisors, we define

D>' =" d;D;, D='=>"D..
di=1

d;>1

Remark 2.2.6. Let (X, A) be a pair such that X is smooth and A is SNCS.
Then, set-theoretically,

Nkt (X, A) := U V = Supp(A=1).
VECLC(X,A)

In fact on the one hand if E is a prime divisor in Supp(A=1!) then a(E, X, A) =
—OI'dE(A) < —1.

On the other hand if V' C X is a subvariety that is not contained in Supp(A=1),
i : X' — X is a proper birational morphism and £ C X’ is a prime divisor
such that u(E) =V, then

a(E,X,A) =a(E,X,A — A=Y) —ordg(p* (A=) = a(E, Z, A — A=),
because V ¢ Supp(A=1) implies that ordg(u*(AZ1)) = 0. But (X,A—A=Z1)is
a KLT pair because X is smooth, A — AZ! is SNCS and all its coefficients are

smaller than 1.
Thus a(E, X, A — A=) > —1, so that V ¢ CLC(X, A).

Now let (X,A) be any LC pair, let 4 : Y — X be a log-resolution of the pair
(X,A) and let Ay € Divg(Y) be such that

Ky +Ay =p*(Kx+A) and puAy =A.

18



2.2 Some remarks about singularities of pairs

Then Ay=' = Ay™' and the LC centers of the pair (X,A) are exactly the
images on X of the irreducible components of the finite intersections of prime
divisors in the support of AF!.

We give here the definition of logbig divisor with respect to a pair.

Definition 2.2.7. Let (X, A) be a pair and let L € Divg(X).

We say that L is logbig for the pair (X, A) if L is big and L, is big for every
V e CLC(X,A).

Moreover given an integer k € {1,...,n} we say that L is logbig in codimension
k if L is big and L, is big for every V € CLC(X,A) such that codimxV = k.

In the following three lemmas we remark how the LC centers of a log canonical
pair (X, A) change when we modify A by subtracting an effective divisor.

Lemma 2.2.8. Let (X, A) be a pair.
If N € Diug(X) is effective, then

1. (X,A—=N) is LC if (X, A) is such;
2. CLC(X,A — N) C CLC(X, A).

Proof. Let F be a prime divisor over X, say F'is contained in a normal projective
variety Y and p: Y — X is a proper birational morphism.
We have that

Ky =p*(Kx +A)+ Y _a(E, X,A)E;

Ky =p*(Kx + A= N)+ Y a(E,X,A - N)E.

Hence
a(F,X,A~ N) = a(F,X,A) +ordp u*(N),

which implies that
a(F, X,A—=N)>a(F,X,A)

thanks to the effectivity of N.
If a(F,X,A — N) < —1, then a(F,X,A) < —1 so that every LC center of
(X,A — N) is also an LC center of (X,A).
Moreover if (X, A) is LC then a(G, X, A) > —1, for every prime divisor G over
X, so that, by the previous inequality, we get the same inequalities for the pair
(X,A — N), that is (X,A — N) is an LC pair.

O

Lemma 2.2.9. Let (X,A) be an LC pair, let B € Divg(X) be effective, B # 0,
and take V € CLC(X,A).

Then the following statements are equivalent:
1. Supp(B) D V;
2. VZCLC(X,A —cB) for every rational number ¢ > 0;

3. V&Z&CLC(X,A —cB) for some rational number ¢ > 0.
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Proof. (1 = 2) Let E be a prime divisor over X such that V is the center of
E on X.
In other words there exists a projective normal variety Y and a proper birational
morphism g : Y — X such that E CY and u(F)=V.
We have to show that a(E, X, A — ¢B) > —1 for every c € Q™:
We can write

Ky =p"(Kx +A)+ ) a(E,X,A)E,

Ky =p*(Kx +A—cB)+ Y _a(E,X,A - cB)E.

Hence
a(E, X,A —¢B) =a(E,X,A) 4+ cordg(u*(B)).

But V = u(E) C Supp(B), so that ordg(p*(B)) > 0. Thus
a(E, X,A —cB) >a(E,X,A) > —1.

(2 = 3) Trivial.
(3= 1) As V € CLC(X,A) there exists a prime divisor E over X such that
a(E, X, A) = —1. Using the same notation as before we find again that

a(E, X,A —cB) =a(E,X,A)+ cordg(p*(B)) = -1+ cordg(u*(B)).

Hence a(F,X,A — ¢B) > —1 for some ¢ > 0 implies that ordg(u*(B)) > 0,
which in turn implies that V' = u(E) C Supp(B). O

Lemma 2.2.10. Let (X,A) be an LC pair and let B € Divg(X) be effective,
B #0.
Then the following statements are equivalent:

1. Supp(B) contains all the LC centers of the pair (X, A);
2. (X,A —¢B) is a KLT pair for every rational number ¢ > 0;
3. (X,A —¢B) is a KLT pair for some rational number ¢ > 0.

Proof. The lemma follows from lemma 2.2.9 and the fact that CLC(X, A —
¢B) C CLC(X,A) for every ¢ > 0 because B is effective. O

Standard log-resolutions and applications

It can be sometimes useful to consider log-resolutions of pairs (or ideals) that are
isomorphisms on the locus where the pair (or the ideal) is already “log-resolved”.
For this reason in this subsection we introduce the notion of standard log-
resolutions. With this purpose we begin by giving the definition of non-simple
normal crossing locus of a divisor:

Definition 2.2.11. Let X be a normal variety and let D be a Weil R-divisor
on X. If U is the biggest open subset of X such that D), is SNCS we define
the non-simple normal crossing locus of D as the closed set

NSNC(D) = X\ U.

Note that NSNC(D) only depends on the support of D and we always have
that NSNC(D) C Supp(D).
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Lemma 2.2.12. Let (X,A) be an LC pair, let N € Diug(X) be effective, let
W C X be an (irreducible) subvariety. If W € CLC(X,A — N) and W C
NSNC(A — N), then W C NSNC(A).

Proof. We begin by noticing that (X, A — N) is LC by lemma 2.2.8. Moreover
note that NSNC(X,A — N) C NSNC(A) U Supp(N).

Then, as W is irreducible by hypothesis, it suffices to show that W & Supp(N).
Let © : Y — X be a proper birational morphism and let ' C Y be a prime
divisor such that p(F) =W and a(F, X,A — N) = —1. We can write

Ky =p*(Kx +A)+ Y a(E,X,A)E,

Ky =p*(Kx + A= N)+ Y a(E,X,A - N)E,
As N € Divg(X) we can deduce that

> a(B,X,A)E =Y a(E,X,A~N)E — p*(N).
Hence
—1<a(F,X,A)=0a(F,X,D— N)—ordpu*(N) = -1 —ordpp*(N).
Thanks to the effectivity of N this implies that ordpp*(N) = 0, so that W ¢
Supp(N). O

Definition 2.2.13. Let X be a normal projective variety, let L be a Cartier
divisor on X and let V C H°(X,Ox (L)) be a subspace. Consider the evaluation
morphism

ey : V®0Ox(—L)— Ox.

Then the base ideal of the linear series |V, denoted by b(]V|), is the ideal sheaf
defined as the image of the map ey .

The base scheme of |V|, Bs(|V]), is the scheme defined by the base ideal b(|V]),
so that, in particular, it is supported on the set Z(b(|V]))

Before giving the definition of standard log-resolution we recall the following
easy lemma:

Lemma 2.2.14. Let X be a normal projective variety, let |L| be a non empty
linear series on X and let b(|L|) be its base ideal. Suppose p : X' — X is a
log-resolution of the ideal b(|L|) . Then

1. b(|p* (L)) = n= (B(I L)
2. pis a log-resolution of the linear series |L|.

Proof. 1. By [Gro60, 4.4.5] we have that the ideal p~1(b(|L|)) defines the scheme
p~1(Bs(|L|)). Now let |L| =< s1,...,s, >. Then

,LL*(L) =< M*(sl)v ,,LL*(Sk) >=< 810 y...,5,0 k>

Then Bs(|p*(L)|) is the scheme defined by sy 0 p, ..., sk o i, so that it is the
inverse image of the scheme defined by < s1,...,sr >.
In other words Bs(|u*(L)|) = u=(Bs(|L])).
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Therefore we obtain that u~!(b(|L)) defines the base scheme Bs(|u*(L)]|), that
is = (b(|IL)) = b(|n* (L))

2. By hypothesis X’ is smooth and there exists a SNCS divisor F' on X’ such
that u=1(b(|L|)) = Ox:(—F). Thus, by the first part we have that b(|u*(L)|) =
Ox/(—F).
In other words the base scheme Bs(|p*(L)|) = F.
Thus we can write |u*(L)| = |u*(L) — F|+ F, where the linear series |p*(L) — F|
is free.

O

Definition 2.2.15. Let X be a normal projective variety and let D be a reduced
Weil divisor on X.

A standard log-resolution of the pair (X, D) is a log-resolution f of the pair
(X, D) such that

e f is a composition of blowings-up of smooth subvarieties of codimension
greater than 1 up to isomorphisms;

* fi,-1, is an isomorphism, where U = X \ (NSNC(D) U Sing(X)).

Definition 2.2.16. Let X be a smooth projective variety and let J C Ox
be a non zero ideal sheaf. A standard log-resolution of the ideal sheaf 7 is a
log-resolution g of J such that g is a composition of blowings-up of smooth sub-
varieties of codimension greater than 1 contained in Z(J) up to isomorphisms.

In particular 91 xv =) is an isomorphism.

Remark 2.2.17. Note that, by definition, a standard log-resolution of a pair
or an ideal sheaf has a divisorial exceptional set.

In fact this is true for every composition of blowings-up of smooth subvarieties
of codimension greater than 1:

It suffices to prove that for a single blowing-up 7 of a smooth subvariety Z of
codimension greater than 1.

But, in this case, by the properties of the blowing-up we have that 771(2) is a
divisor and exc(w) C 7~1(Z). On the other hand every prime divisor in 7~1(Z)
is contracted by m because its image, being contained in Z, has codimension
greater than 1.

Thus 771(Z) C divexc(n) C exc(r), so that 771(Z) = divexc(n) = exc(7).

Theorem 2.2.18. Let X be a normal projective variety and let D be a re-
duced Weil divisor on X. Then there exists a standard log-resolution of the pair
(X,D).

Proof. Let f: X’ — X be a resolution of singularities of X obtained by blowing
up smooth subvarieties of X contained in Sing(X) (see for example [Laz04,
theorem 4.1.3]). As X is normal codimSing(X) > 2, so that f is a composition
of blowings-up of subvarieties of codimension greater than 1.

Now, as X’ is smooth, thanks to [Fuj07a, theorem 3.5.1] there exists a log-
resolution of the pair (X', f-1(D) + divexc(f)), say g : Y — X', such that g is
a composition of blowings-up of smooth subvarieties and ¢ is an isomorphism
outside NSNC(f (D) + divexc(f)).
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Let = f og. Then p is a log-resolution of (X, D) because
iy (D) + divexce(p) = g, (f7 "D + divexc(f)) + divexc(g)

is SNC by definition of g.

We have that p is a composition of blowings-up of smooth subvarieties because
the same holds both for f and g and we can suppose their codimension is greater
than 1:

In fact we have already proved this for f. As for g, note that every smooth
subvariety Z of X’ of codimension 1 is a Cartier divisor because X' is smooth.
Hence the blowing-up along Z is an isomorphism.

Let us prove now that g is an isomorphism outside =} (NSNC(D)U Sing(X)):
First of all we note that

NSNC(f'(D) + divexc(f)) C divexc(f) U fH(NSNC(D)) :

In fact if £ (D) + divexc(f) is not simple normal crossing in a point = outside
divexc(f), then f;1(D) is not simple normal crossing in . But f is an iso-
morphism in a neighbourhood of 2 because = ¢ divexc(f) = exc(f) by remark
2.2.17, hence D is not simple normal crossing in f(z).

Now, by definition, p is an isomorphism outside

exc(p) = divexc(p) = divexc(g) U g~ (divexc(f)).

On the other hand we have that divexc(f) C f~1(Sing(X)). Hence we get that
1 is an isomorphism outside
divexc(g) U g~ " (divexc(f)) C divexc(g) Ug ' (f~!(Sing(X))) C
C g ' (NSNC(f1(D) + divexc(f))) U p~ " (Sing(X)),

because of the definition of g. Thus, using the previous observation we have
that

exc(p) C g~ (divexe(f)) Ug™ (f"{(NSNC(D))) U~ (Sing(X)) =

=p H(NSNC(D)) Up~ ! (Sing(X)).
O

Theorem 2.2.19. Let X be a smooth projective variety and let J C Ox be a
non zero ideal sheaf. Then there exists a standard log-resolution of J.

Proof. Apart from [Hir64], this is proved, for example, in [Kol05, theorem 35
] or [Kol05, theorem 21] (together with theorem 2.2.18). Note that we can
suppose the log-resolution being composed, up to isomorphisms, by blowings-
up of varieties of codimension greater than 1 because every prime divisor on X
is a Cartier divisor, by the smoothness of X itself. Thus blowing up a smooth
codimension one subvariety on X gives rise to an isomorphism. O

The following lemma is based on the existence of standard log-resolutions:
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Lemma 2.2.20. Let (X, D) be a pair and let |L| be a linear series on X.
Then there exists a common log-resolution of the pair (X, D) and of the base
ideal b(|L|), say pu: Z — X, such that

1. p is an isomorphism on Z \ p~Y(Bs(|L|) U Sing(X) U NSNC(D));

2. w is a composition of blowings-up of smooth subvarieties of codimension
greater than 1, up to isomorphisms.

In particular, by lemma 2.2.14, p is a log-resolution of the linear series |L|.

Proof. Let b = b(|]L|). Let f : X’ — X be a resolution of singularities of X
obtained by blowing up smooth subvarieties of X contained in Sing(X) (see for
example [Laz04, theorem 4.1.3]). Note that all the varieties we blow up have
codimension greater than 1, because codimSing(X) > 2 as X is normal.

As X' is smooth, by theorem 2.2.19 there exists g : X" — X' a standard log-
resolution of the ideal sheaf f~1(b). Then g is a composition of blowings-up
of smooth subvarieties of codimension greater than 1 contained in Z(f~1(b)).
Moreover there exists an effective divisor F' on X" such that g~ 1(f~1(b)) =
Oxn(—F).

Now, by theorem 2.2.18 we can consider h : Z — X" a standard log-resolution
of the pair (X", Supp(F) + Supp(g; ' (f ' D)) + divexc(f o g)).

Again h is a composition of blowings-up of smooth subvarieties of codimension
greater than 1.

Let u= fogoh:Z — X. Then pu is a composition of blowings-up of smooth
subvarieties of codimension greater than 1 because the same holds for f, g and

h.

Let us show that 4 is a common log-resolution of (X, D) and |L|: We begin by
noting that Z is smooth by definition.

Now we have that u=1(b) = h=(Ox»(=F)) = h*(Ox»(—F)) by [Har77, 1I
7.12.2] because Ox~(—F) is an invertible sheaf. Then we have to show that

Supp(, (D)) U Supp(h*(F)) U divexc(u)

is SNC. But
Supp(p; ' (D)) U Supp(h*(F)) U divexc(u) =

= hiH(Supp(g,  (f1(D)))) UL (Supp(F)) U divexc(h) U hy divexe(f o ),
so that it is SNC thanks to the choice of h.
It remains to show that p is an isomorphism on Z \ p~!(Bs(|L|) U Sing(X) U
NSNC(D)).
We will equivalently show that
divexc(p) = exc(u) € p~*(Bs(|L|) U Sing(X) U NSNC(D)).
We use that, by definition,
divexc(p) = divexc(h) U h™" (divexc(g)) U h™" (g~ (divexc(f))).

But divexc(f) C f~!(Sing(X)) by definition of f, so that h=! (g~ (divexc(f))) C
p~H(Sing(X)).

24



2.2 Some remarks about singularities of pairs

On the other hand, by the definition of g and using [Gro60, 4.4.5], we have that
h™(divexe(g)) € A~ (g7 H(Z(F (1) ShTH (g™ (FTHEW)) = n~ (Bs(IL]).

It remains to study the exceptional locus of h:

Let U C X" be the biggest open subset such that

(Supp(F) + Supp(g ™ (£ D)) + divexce(f o g))

is SNC.

Then, as h is a standard log-resolution, we have that divexc(h) C Z \ h=1(U).
Now let V' be the biggest open subset of X such that D, is SNCS, so that
NSNC(D) =X\ V.

We have to show that

Z\KTHU) € (Z\ =1 (V) Up~ (Sing(X)) U p~ (Bs(|L])).
This is equivalent to say that
BLU) 2 p (V) 0 (20 1 (Sing(X))) 0 (Z\ i Bs (L)) =
=hHg TNV nATHXT\ gTH(F T (Sing(X))) N
NAH(X"\ g~ (f T Bs(|L])).
Hence we have to show that

U2 g7 (f7H V) N (X" \ g7 (F 71 (Sing(X)))) N (X" \ g~ (f 7' Bs(IL]))) =

n

In other words this is equivalent to say that

(Supp(F) + Supp(g;* (f,' D)) + divexc(f o g))
is SNC. But
divexc(f o g) = divexc(g) U g~ " (divexc(f)) C g~ (f " (Bs(|L]))) U
U gt (f1(Sing(X)))
and Supp(F) C g~ (f~!(Bs(|L[))) by definition. This implies that

(Supp(F) + Supp(g; ™ (£, D)) + divexc(f o g)) - = (Supp(g;* (/' D)), -

s

Now note that Supp(D)) s, 18 SNC, as (fog)(S) C V.
On the other hand we have just noticed that divexc(f o g) C X\ S, so that
f o g is an isomorphism on S. Thus (Supp(g; !(f.'D)))|, remains SNC. O

s

Remarks on DLT pairs
We recall, first of all, the definition of a DLT pair:

Definition 2.2.21. (cf. [KMO0O, definition 2.37]). Let (X, A) be a pair such that
if we write A = > a;D;, with the D;’s distinct prime divisors, then 0 < a; <1
for every i. We say that (X, A) is divisorial log terminal (or DLT) if there exists
a closed subset Z C X such that:
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1. X'\ Z is smooth and A, , is SNCS

2. If f:Y — X is birational and F C Y is an irreducible divisor such that
f(E) C Z then the discrepancy a(E, X, A) > —1.

Definition 2.2.22. Let (X, A) be a pair, let Y be a normal variety and let
f Y — X be a projective birational morphism. We say that f is a DLT
morphism for the pair (X, A) if

e fis a composition of blowings-up of smooth centers of codimension greater
than 1;

e We have that

a(E, X,A) > —1 for every prime divisor E C Y exceptional on X.

Following [Sza95] we give in the next theorem a useful multiple characterization
of the property of DLTness:

Theorem 2.2.23 ([Sza95]). Let (X,A) be an effective LC pair. Then the fol-
lowing statements are equivalent:

1. (X,A) is DLT:

2. There exists a log-resolution of (X,A) that is a DLT morphism for the
same pair;

3. There exists a standard log-resolution of (X, A) that is a DLT morphism
for the same pair;

4. For every V€ CLC(X,A) we have that V € Sing(X)UNSNC(A).

Proof. (1 = 4) By definition there exists a closed subset of X, say Z, such
that X \ Z is smooth, A|X\Z is SNCS and Z does not contain any LC center
of (X,A). Then NSNC(A) C Z because A|,, , is SNCS and Sing(X) C Z
because X \ Z is smooth. Thus if V € CLC(X, A), since V € Z we have that
V & Sing(X) UNSNC(A).

(4 = 3) Let u be a standard log-resolution of the pair (X, Supp(A)), whose
existence is assured by theorem 2.2.18.

Then, by definition, p is an isomorphism on p=1(X \ (NSNC(A) U Sing(X))).
Hence divexc(u) € p~H(NSNC(A) U Sing(X)), so that if E is a u-exceptional
prime divisor we have that pu(E) € NSNC(A) U Sing(X). Thanks to the
hypothesis, this implies that u(E) ¢ CLC(X,A), so that a(E, X,A) > —1. In
other words p is a DLT morphism for the pair (X, A).

(3 = 2) Trivial.

(2=1) Let f: Y — X be the a log-resolution as in the hypothesis and let U
be the biggest open subset of X such that f|f71(u> is an isomorphism. Then

Y\ f7HU) = exc(f) = divexc(f)

thanks to the properties of DLT morphisms.

Define Z = X \ U. Then A|X\Z = A, is SNCS because f is an isomorphism
over U and f!(A) is SNCS. Moreover X \ Z = U ~ f~}(U) is smooth because
Y is such.
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In order to prove that (X,A) is DLT it remains to show that there are no LC
centers of (X, A) contained in Z.
Suppose, by contradiction, there exists V' € CLC(X,A) such that V C Z.
Define

Ay ==Y a(E,X,A)E,

where the sum is taken on all prime divisors E on Y. Then, by remark 2.2.6,
V = f(W), where W is an irreducible component of a finite intersection of
prime divisors in the support of AJ!. But, by definition of DLT morphism,
a(E,X,A) > —1if FE is f-exceptional.

Then W is an irreducible component of a finite intersection of strict transforms of
divisors in the support of A, so that W ¢ divexc(f) because pu; 1 (A)+divexc(f)
is a SNCS divisor.

Thus W ¢ exc(f), so that V = f(W) € f(exc(f)) = fY)\U =X\U = Z,
and we get the contradiction. O

In the rest of this subsection we list some good properties of DLT pairs.

Lemma 2.2.24. Let X be a normal projective Q-Gorenstein variety, and let
A € Divg(X) be such that the pair (X,A) is DLT. Then (X, (1—¢€)A) is a KLT
pair for every rational number € > 0.

Proof. By theorem 2.2.23 there exists a birational morphism g : Y — X such
that u is a log-resolution of the pair (X, A) and a DLT morphism for the same
pair.

As A is Q-Cartier we have that, for every rational number € > 0, the Q-divisor
Kx + (1 —€)A is Q-Cartier.

Then we can write

Ky =p*(Kx +A)+ Y _a(E,X,A)E,
KY = M*(KX + (1 - G)A) +ZG(E’X7(1 _€)A) =

=p (Ex +A) — e’ (D) + > a(E, X, (1—¢)A).
Hence, if A. := —=> a(E, X, (1 — €¢)A)E, then, thanks to [KMO00, lemma 2.30],
we have that
a(D,X,(1—-¢€A)=a(D,Y,A,) V D prime divisor over X.

Thus, for every e € QT, (X, (1 —¢)A) is KLT if and only if the same holds for
(Y, A,).

But Y is smooth and A, is SNCS, whence (Y, A.) is KLT if and only if all the
coefficients of A, are less than 1, that is a(E, X, (1 —€)A) > —1 for each prime
divisor £ on Y.

But, for every prime divisor £ on Y we have that

a(E, X, (1-¢e)A)=a(E,X,A)+ cordgu*(A).

Now, as p is a DLT morphism, if a(F, X, A) = —1, then FE is not p-exceptional.
Then, by definition of discrepancies, if a(E, X, A) = —1 we have that

E C Supp(u; '(A)) € Supp(p*(4A)),

so that ordgp*(A) > 0.
Thus we obtain that

27



CHAPTER 2. PRELIMINARIES

o if a(E, X, D) > —1, then a(FE, X, (1 —€)A) > a(E,X,D) > —1;
e if a(E, X, D)= —1, then a(F, X, (1 —€)A) > a(E,X,D) > —1;
so that we are done. O

Remark 2.2.25. It is very easy to see that the converse of the last lemma does
not hold, even if we add the effectiveness of the boundary.

In other words there exist pairs (X, A) such that A is effective and (X, (1—¢€)A)
is KLT for every € > 0, but (X, A) is not DLT.

It suffices to consider a smooth variety X and A € Divg(X) effective, such that
(X,A) is LC but not DLT. For example take X to be the plane and A = %A,
where A is the cuspidal cubic curve (see [Laz04, Example 9.2.15]).

Lemma 2.2.26. Let (X,A) be an LC pair.
If A’ € Divg(X) is effective and Supp (A") does not contain LC centers of the
pair (X, A), then there exists Ag > 0 such that for all A € QN [0, Ag), we have

1. (X, A+ AA") is an LC pair and CLC(X,A 4+ AA") = CLC(X, A);
2. If (X,A) is DLT then (X,A + AA') is also DLT.
Proof. 1. Let p: Y — X be a common log-resolution of (X, A) and (X, A’), so
that Y is smooth and for every A > 0 we have that
Supp(p*(A)) U Supp(p*(AA")) U exc(u)

is SNC.
We can write
Ky =p"(Kx +A)+ ) _a(E,X,A)E,

Ky = p*(Kx + A+ ) + > a(E,X,A + AA)E.

Hence, if Ay = —> a(E,X,A + AA")E, thanks to [KMO00, lemma 2.30] we
have that

a(D, X, A+ \A")=a(D,Y,A)) V D prime divisor over X.

Thus, if we show that (Y,;A,) is LC for 0 < A < 1, then the same holds for
(X, A+ A

But Y is smooth and Ay is SNCS, because Supp(Ay) C Supp(p*(A)) U
Supp(p*(AA")) U exc(u), whence it suffices to show that all the coefficients of
A, are less than or equal to 1, that is a(E, X, A + AA’) > —1 for each prime
divisor £ on Y.

But we have that

a(E, X,A+\A") = a(E, X,A) — X ordg(u*(A")),

and, moreover, if a(E, X, A) = —1 then u(E) € CLC(X,A), so that u(E) €
Supp(A’), that is ordg(u*(A")) = 0.

Hence, if we define

1+a(E, X, A)}

Xo = i R Sl et L)
0 m-dE{Birifpo{ ordg (1 (A7)

then Ag > 0, and for each A € [0, \g) we have that
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o If a(E, X,A) = —1 then a(E, X, A + AA") = —1;
e If a(E, X,A) > —1 then a(E, X, A + \A') > —1.

Thus (X,A + AA') is LC and CLC(X,A + MAA’") = CLC(X,A) thanks to
remark 2.2.6, because AT! = AF.

2. If (X, A) is DLT we have that A 4+ AA’ is effective and we know, by the first
part, that the pair (X, A + AA’) is LC. Hence, by theorem 2.2.23, it suffices to
show that there exists a log-resolution of the pair (X, A + AA’) that is a DLT
morphism for the same pair.

As the pair (X,A) is DLT, by theorem 2.2.23 there exists a log-resolution
f: X" — X of the pair (X, A) that is a DLT morphism for (X, A).

Let g : Y — X’ be a standard log-resolution of the pair (X', Supp(f*(A) +
F*(A") Udivexc(f)).

Then Supp(g*(f*(A+A")))Udivexc(fog) is SNC, so that fog is a log-resolution
of the pair (X, A + A\A').

Note also that f o g is a composition of blowings-up of smooth subvarieties of
codimension greater than 1, because the same holds for f and g.

Moreover, if E is a prime (f o g)-exceptional divisor, then, E is g-exceptional or
f-exceptional (identifying E with g.(E) in the latter case).

If E is f-exceptional, then a(F, X,A) > —1 because f is a DLT morphism for
(X,A), that is f(E) is not a LC center of the pair (X, A). Hence (by part 1)
f(E) is not a LC center of (X, A+ AA'), so that a(E, X, A+ AA") > —1.

Let now E be g-exceptional. Then, by definition of standard log-resolution, as

(Supp(f*(A) + f*(A) Udivexe(/)| oo, eian) =
— (Supp(f* (A)) U divexc(f)( e oan,

is SNC, we have that g is an isomorphism on g=1(X’\ Supp(f*(A’))).

Hence g(E) C Supp(f*(A’)), that is f(g(F)) C Supp(A’). Then f(g(E)) is not
a LC center of (X, A), which implies, by step 1, that f(g(E)) is not a LC center
of (X,A+ A\A'), that is a(F, X, A + \A") > —1.

We have thus shown that fog is a DLT morphism for the pair (X, A+AA’). O

Lemma 2.2.27. Let (X,A) be a DLT pair and let N € Diug(X) be effective.
If |L| is a linear series on X such that Bs(|L|) does not contain LC centers of
the pair (X, A), then there exists pn: Z — X, a common log-resolution of the
pair (X, A — N) and of the linear series |L|, such that p is a DLT morphism
for the pair (X,A — N).

In particular (X,A — N) is DLT if A > N.

Proof. Let pu: Y — X be a common resolution of (X, A—N) and |L| as in lemma
2.2.20. In order to prove that p is a DLT morphism for (X, A — N) we have
only to show that every p-exceptional prime divisor £ on Y has discrepancy
a(E,X,A — N) > —1, the other property following by lemma 2.2.20.

Let E be a p-exceptional prime divisor on Y. Lemma 2.2.20 implies that

w(E) C Bs(|L]) U Sing(X) UNSNC(X,A — N).

Hence, as F is irreducible, we have that p(FE) is contained in Bs(|L|) or in
Sing(X) or in NSNC(X,A — N).
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If u(E) C Bs(|L]), then u(E) ¢ CLC(X,A) by hypothesis, so that u(E) ¢
CLC(X,A — N) by lemma 2.2.8. This implies that a(F, X,A — N) > —1.

If u(E) C Sing(X), then u(E) ¢ CLC(X, A) thanks to theorem 2.2.23, because
(X,A) is DLT. Then, as before, u(F) ¢ CLC(X,A — N) by lemma 2.2.8, so
that a(E, X,A — N) > —1.

Suppose now p(E) C NSNC(A — N). If, by contradiction, p(E) €
CLC(X,A — N), then, by lemma 2.2.12, u(F) € NSNC(A). This implies,
by theorem 2.2.23 that u(E) ¢ CLC(X,A) so that u(F) ¢ CLC(X,A — N)
using again lemma 2.2.8, and we reach a contradiction.

Therefore a(E, X, A — N) > —1 because u(E) ¢ CLC(X,A — N).

2.3 Asymptotic base loci

We recall the following well-known definitions:
Definition 2.3.1. Let X be a normal projective variety, let D € Divg(X).
1. |D|z := {E € Divg(X), E effective, E = D};

2. |D|g := {E € Divg(X), E effective, E ~g D}, where E ~g D means that
E — D is an R-linear combination of principal divisors (f), f € C(X);
3. |D]g :={F € Divg(X), E effective, E ~g D}.

Definition 2.3.2. (cf. [BCHMI10, Def. 3.5.1]). Let X be a normal projective
variety, let D € Divg(X). The (real) stable base locus of D is

B(D):= () Supp(E),
E€|D|r

where, by convention, we put B(D) = X if |D|g = 0.

Remark 2.3.3. Notice that if D is Q-Cartier then by [BBP09, Prop. 1.1] the
real stable base locus coincide with the usual stable base locus defined as in
[Laz04, Rmk. 2.1.24].

Following [ELMNPO06] we introduce two perturbations of the stable base locus:
the augmented and the restricted base locus.

Definition 2.3.4. (cf. [ELMNPO06, Def. 1.2]). Let X be a normal projective
variety, let D € Divg(X). The augmented base locus of D is

B.D):= ()  Supp(E),
EeDivr(X),E>0
D—FE ample

if D is big; otherwise B, (D) := X by convention.

Definition 2.3.5. (cf. [ELMNPO06, Def. 1.12]). Let X be a normal projective
variety, let D € Divg(X). The restricted base locus of D is

B_(D):= |J B(D+A).

A€eDivr(X)
A ample
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In the rest of the section we gather some lemmas involving augmented and
restricted base locus that we will use in the next chapters.

Lemma 2.3.6. Let X be a normal projective variety. Let D € Divg(X). Let
{An}m>1 be any sequence of ample R-Cartier divisors such that || A, || — 0 in
NYX)r. Then

B_(D) =Up>1B_(D + Ap,).

Proof. By definition B_(D) = U4 ampie B(D + A) and hence it can be easily
seen that we also have that B_(D) = U, apple B- (D + A). For any A ample
divisor let m4 be sufficiently large so that A — A,,, is still ample. Hence
B_(D+A)=B_(D+Ap, +A—A,,) CB_(D+ A4,,). O

The following lemma allows us to turn big and nef divisors on LC pairs, whose
augmented base locus has good properties with respect to the pair itself, into
ample ones, by perturbing the pair without worsening its singularities:

Lemma 2.3.7. Let (X,A) be a LC pair. Let L € Divg(X) be big and nef and
such that B4 (L) does not contain any LC center of the pair (X, A).
Then there exists an effective Cartier divisor I' on X, not containing any LC

center of (X, A) in its support, and a rational number g > 0 such that Bs(|T'|) =
B, (L) and for each A € QN (0, o), we have that

1. L — A" € Divg(X) and it is ample;
2. (X,A+AT) is an LC pair;
3. CLC(X,A+ \") = CLC(X, A).
4. (X, A+ M) is DLT if (X, A) is such.
Moreover I' can be chosen generically in its linear series.

Proof. By [ELMNPO06, Prop. 1.5] there exists H, an ample Q-divisor on X,
such that

B, (L) = B(L — H).
Moreover there exists mg € N such that

B. (L) = B(L — H) = Bs(Imo(L — H)]).

Then Bs(|mo(L — H)|) does not contain LC centers of the pair (X, A). Hence,
as CLC(X, A) is a finite set (see for example [Kol07, par. 8.1]), we can choose a
general divisor I' in |mo(L — H)| such that Supp(I") does not contain LC centers
of (X,A).

Thus, by lemma 2.2.26, there exists A; > 0 such that if A € QN (0, A1), then
(X,A+ AT") is an LC pair and CLC(X,A + A\I') = CLC(X, A).

Moreover, by part 2 of the same lemma, it follows that (X, A + AT') is DLT if
(X, A) is such.

Now, for all A € QN (0, 1], we have that

L— )\ ~Q (1 — /\’ITLQ)L + AmoH
is ample if A < m%) because L is nef and H is ample.
Thus, if we define Ay = min{\, %0}7 we are done.
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Lemma 2.3.8. Let p : Y — X be a proper birational morphism of normal
projective varieties and let D € Divg(X) be a big divisor. Then

B (4" (D)) = exc(u) U~ (B+(D)).

Proof. See [BBP09, proposition 1.5].
O

Lemma 2.3.9. Let X be a normal variety and let P € Divg(X) be big and nef.
1. IfV C X is a subvariety such that B (P) 2V, then P, is big.
2. If E is a prime divisor on X such that P, is big, then B, (P) 2 E.

Proof. 1.) As V ¢ B, (P) we can find an ample divisor A € Divg(X) and an
effective divisor F' € Divg(X) such that P = A+ F and V ¢ Supp(F'). Then
B, = A, + F},, where A, is ample and F},, is effective. Thus P, is big.

2.) Let p2: X’ — X be a resolution of singularities of X and let E be the strict
transform of E through p. Then

(u(P)""'-E)=(P" - E)=(P,)" >0,

because P, is big and nef.

Now, by [Laz04, 10.3.6], as p*(P) is big and nef, Null(p*(P)) is a closed proper
subset of X’. Again by [Laz04, 10.3.6], E is not an irreducible component of
Null(u*(P)).

But dimE = dimX' —1 > dimNull(u*(P)), so that E cannot be strictly
contained in an irreducible component of Null(u*(P)). Thus E € Null(u*(P)).
Thanks to Nakamaye’s theorem (see [Laz04, theorem 10.3.5]) this implies that
E¢B ((P). )

Then, by lemma 2.3.8, E =1 (B4 (P)), so that E = u(E) B, (P). O

Remark 2.3.10. The first part of the last lemma implies that if (X, A) is a
pair and P is a big and nef divisor on X such that B, (P) does not contain any
LC center of the pair (X, A) then P is logbig with respect to the pair (X, A).

2.4 Multiplier ideals on singular varieties

We recall here the standard definition of multiplier ideal associated to a pair
and a divisor or a line bundle (see [Laz04, Section 9.3 GJ])

Definition 2.4.1. (see [Laz04, Definition 9.3.56]) Let (X, A) be a pair, let
D € Divg(X) and let us denote by 1 : ¥ — X a log-resolution of the pair
(X, A) such that p*(D) + divexc(u) is SNCS. Then for every prime divisor E
on Y we can consider the discrepancy a(E) = a(E, X,A) € Q and uniquely
defined rational numbers b(E) such that p*(—D) = > b(E)FE, so that

Ky —p*(Kx + A+ D)= (a(E) +b(E))E.
We define the multiplier ideal of D on the pair (X, A) as the sheaf
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J((X,A); D) = 1.0y () Ta(E) + b(E)E).
With a slight abuse of notation we can also write
J((X,A); D) = p Oy (Ky — [0 (Kx + A+ D))).
Note that we will use the standard notation J(X,A) := J((X,A);0) .

Definition 2.4.2. Let (X, A) be a pair, let ¢ be a non negative rational number
and let |L| be a non empty linear series on X. Consider p : ¥ — X a log-
resolution of the pair (X, A) and of the linear series |L|, so that we can write

pILL = W[+ F,

where |W| is a base-point free linear series and F' + divexc(yu) is SNCS.
For every prime divisor E on Y we can consider the discrepancy a(E) =
a(E,X,A) € Q and uniquely defined rational numbers b(E) such that —F =

S b(E)E.

We define the multiplier ideal associated to ¢ and |L| on the pair (X, A) as
T((X,A);e|L]) = 1.0y (D) _Ta(E) + cb(E)7).
With a slight abuse of notation we can also write
T((X,A); e|L]) = 1.0y (Ky — [ (Kx + ) + cF)).
Note that we will use the standard notation J(X,c|L|) := J((X,0);c|L|) and

we use the convention that J((X,A);c|L|) =0 if |L| = 0.

Asymptotic multiplier ideals

In this subsection we define asymptotic multiplier ideals on (possibly singular)
pairs. See [Laz04, chapter 11] for details about the same construction in the
case of smooth varieties.

Lemma 2.4.3. (¢f. [Laz04, Lemma 11.1.1]) Let (X,A) be an effective pair,
¢ > 0 a rational number, p € N and L a Cartier divisor on X such that
k(X,L) > 0. For every integer k > 1 one has the inclusion

7 (e Spr) €. (xn) S,

Proof. We may assume that |[pL| # 0 (and hence also [pkL| # 0). Choose
w:Y — X alog-resolution of the pair (X, A) and of the linear series |pL| and
|pkL|. Hence we can write

w*(lpL]) = |Wp| + Fp,

w(IpkL|) = |ka| + Fpk,

where W, and W, are base-point free linear series. Let us write F}, =
— Y bp(E)E and Fp, = — Y byr(E)E, where the sums are taken on all prime
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divisors on Y. Note that k - F,, > Fp, so that b,(E) < bp’“T(E) for every prime
divisor E.

Thus, if we denote by a(F) = a(F, X, A) the discrepancies of the pair (X, A),
we find that

7 (e Epr) = pov (Lrate) + £ 0,818 <

C 1Oy <Zra(E) + ﬁ bpk(E)“E) - J <(X, A); pckpkL|) .
O

Lemma 2.4.4. Let (X, A) be a pair, ¢ > 0 a rational number and L a Cartier
divisor on X such that (X, L) > 0. Then the family of ideals

{ateea s o)

peN
has a unique maximal element.

Proof. We first consider the case when (X, A) is an effective pair. In this case
each of the sheaves J((X,A); 2 [pL|) is an actual ideal sheaf, i.e. it is contained
in Ox. Hence the existence of at least one maximal member follows from the
ascending chain condition on ideals. On the other hand if J((X,A); & [pL]) =
j((X,A);g lgL]) for some p,q € N, then, by lemma 2.4.3 they must both
coincide with J((X, A); .= [pgL]|).

Let us consider now the general case. Let A be an ample Cartier divisor on X
and take m € N sufficiently high such that Ox (mA)@Ox ([A]) ~ Ox(mA+[A])
is a globally generated coherent sheaf. This implies that there exists a Cartier
divisor E ~ mA such that E + [A] > 0, so that £+ A > 0 as well.

Hence if we consider consider the family of ideals

L CIN

peEN

by the previous part of the proof we know that it has a unique maximal element,
whence there exists pp € N such that for every integer p > 0

J((X,A + E); ]; IpL|) C J((X,A+E>;pi0 IpoLl).

Now note that for every integer p > 0 we have that J((X,A + E); 1%|pL|) =
J((X,A); $IpL|) ® Ox (—E) by [Laz04, Prop. 9.2.31] (see also pag.185, volume
2), so that we have

c c
j((Xaﬁ);]; IpL]) ® Ox(=E) € T((X, A); o lpoL|) ® Ox (—E).
Thus, tensoring by Ox (FE), we get that
c ¢
J((X,A); — |pL]) € T (X, A); — |po L)),
p Po
whence J((X,A); 5= [poL|) is the unique maximal element of our family. [
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2.5 Q-CKM Zariski decompositions

Definition 2.4.5. Let (X, A) be a pair, consider a complete linear series |L|
on X such that x(X,L) > 0 and a rational number ¢ > 0. The asymptotic
multiplier ideal sheaf associated to ¢ and |L| on the pair (X, A), denoted by

T (X, A); el LI,

is defined as the unique maximal member in the family of ideals
{T(x )5 LD}
Note that J((X,A);¢c||L||) C Ox if the pair (X, A) is effective.

In the following definition we associate to every effective pair (X, A) two b-
divisors A(A) and L(A). This will be useful every time we consider birational
transformations of pairs.

Definition 2.4.6. Let (X,A) be an effective pair. We define the b-divisors
A(A) and L(A):

For every proper birational morphism f : Z — X, if E and F are effective Weil
Q-divisors on Z without common components such that

Kz;+E=f"(Kx+A)+F and f.(E-F)=A,
we put the trace A(A)z = F — F and the trace L(A); = E.

Lemma 2.4.7 (Birational transformation rule for asymptotic multiplier ideals).
(cf. [Laz04, Prop. 9.3.62]). Let (X,A) be a pair and let f: Y — X be a proper
birational morphism. If D is any Cartier divisor on X such that (X, D) > 0,
then

J((X,2); D)) = £ (T (Y, A(A)y); 1 £ D))

Proof. By definition of asymptotic multiplier ideal we have that 7 ((X, A); || D]|)
= sup{J((X,A); 2|kD|)}. When k > 2 and |kD| # 0, by [Laz04, Prop.
9.2.26] (see also [Laz04, volume 2, p. 185]) we have that J((X,A); |kD|) =
J((X,A); %Dk), where Dy is a general element in |kD|. By [Laz04, Prop.
9.3.62] we have that, for every k& € N such that [kD| # 0, J((X,A); D) =
fe (T((Y,A(A)y); £f*Dy)). Since Dy, is general in [kD| then f*Dj, is general
in [k DI, so that J((Y, A(A)y): Lf*Dy) = T((Y, A(A)y ); L[kf* D).

Since f, preserves inclusions we also have that

sup { . (7A@ kD) ) b= 1. (suw { (v A LrreD) ).

Hence the lemma follows. O

2.5 Q-CKM Zariski decompositions

For our purposes we need to extend the classical definition of Zariski decom-
position in the sense of Cutkosky-Kawamata-Moriwaki to some non Q-Cartier
cases. Hence we will adopt the following definition:

Definition 2.5.1. Let X be a normal projective variety and let D be a Weil
Q-divisor on X. We say that D admits a Q-Zariski decomposition in the sense of
Cutkosky-Kawamata-Moriwaki (or a Q-CKM Zariski decomposition) D = P+N
if
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e P € Divg(X) and N is a Weil Q-divisor;
e P is nef and N is effective;

e There exists an integer k£ > 0 such that kP is Cartier, kD is an integral
Weil divisor and for every m € N we have an isomorphism

HY(X,0x(kmP)) ~ H°(X,0x (kmD)).

Note that kmD might not be a Cartier divisor but it still makes sense to consider
the reflexive sheaf Ox (kmD) and its H (see definition 2.1.3). In particular if
D is Q-Cartier and it admits a CKM Zariski decomposition in the usual sense
(see for example [Cut86]) with P and N in Divg(X) then it admits a Q-CKM
Zariski decomposition in our sense.

Lemma 2.5.2. Let X be a normal projective variety and let D € Divg(X). If
D = P+ N is a Q-CKM Zariski decomposition and D' ~g D then D' = P'+ N
is a Q-CKM Zariski decomposition, where P' = (D' — D) + P.

Proof. As D' ~g D there exists an integer ko € N such that kgD’ ~ koD, so
that kgP’ ~ koP, in particular note that P’ is nef. Also by our definition of
Q-CKM Zariski decomposition there exists mg € N such that mgD and moP
are Cartier divisors and H°(X, mmoD) ~ H°(X,mmgP) for every m € N.

But for every m € N we have that mkomoD’ ~ mkomoD and mkomoP’ ~
mkomoP, so that HY(X, mkomoD') ~ H®(X, mkomoD) ~ H°(X, mkomoP)
~ I{O()(7 kamOP’). O

The following technical lemma will be very useful to treat the case when a
birational pullback of a given divisor admits a Zariski decomposition.

Lemma 2.5.3. Let (X,A) be an effective pair, take D € Diug(X) and a € Q.
If there exists a projective birational morphism f : Z — X such that f*(D) =
P+ N is a Q-CKM Zariski decomposition, then there exist Weil Q-divisors
D', P',N', Ay such that

e Ay =L(A)z ifa>0 and Ay = L(A)z —aN if a < 0, so that, in any
case, Ay is effective;

e D'=P + N is a Q-CKM Zariski decomposition;

e Ay — N'=A(A)z —aN, so that in particular (Z, Az — N') is a pair;
e P’ =bP for some b > 0;

o t¢oP'— (Kz+ Az —N')=P+ f*(aD — (Kx + A)) for some ty € Q.

In particular if D is big and aD — (Kx + A) is nef or if aD — (Kx + A) is big
and nef, then
top/ — (KZ + Az — Nl)

s big and nef.
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Proof. Define a’ = —min{0,a} and a” = max{0,a}, so that ' >0, a” > 0 and
a = a" — a’. Moreover we can write A(A)z = AT — A~, where AT and A~ are
effective and without common components, so that A~ is f-exceptional. We
define Ay := AT +ad/N, N':=a’N+ A~, P':== (a" +1)P and D' :== P' + N'.
Then it is immediate to compute Az and to see that Ay — N' = A(A)z — aN
and P’ is a positive rational multiple of P.

Moreover P’ is a nef Q-Cartier Q-divisor, N’ is effective and by using the hy-
pothesis and Fujita’s lemma (see for example [KMMS85, lemma 1.3.2]) we can
see that there exists &’ € N such that

HY(Z,04(k'mP")) ~ H(Z,04(k'mD’))

for every m € N.

In fact we know that there exists k& € N such that kD and kP are Cartier and
H°(Z,0%(f*(kmD))) ~ H°(Z,Oz(kmP)) for every m € N. Let ¢ € N be such
that [ := c¢(a” + 1) € N and ¢N’ is integral and define k¥’ = k¢, so that kP’ is
Cartier and kN’ is an integral Weil divisor.

Then for every m € N

HY(Z,07(K'mP")) ~ H(Z,0z(kmlP)) ~ H*(Z,Oz(f*(kmlD))) ~
~ HY(Z,Oz(f*(kmiD) + kmlA™))),

by Fujita’s lemma, because A~ is effective and f-exceptional. On the other
hand

H(Z,07(K'mP")) C H(Z,0z(kK'mD")) = H*(Z,0z(kmlP + kema" N +
+kemA™)) C HY(Z,07(f*(kmiD) 4+ kmlA™))).

Hence D' = P/ + N’ is a Q-CKM Zariski decomposition.
Now note that

P+ f*(aD— (Kx +A))=(a+1)P+aN — (Kz+A(A)z) =
=(a+1)P+ad"'N—(Kz+A(A)z +d'N)=(a+1)P— (Kz+Az —N') =
=tyP' = (Kz +Az —N'),

where ty = ;’7111 € Q.

O

The following lemma shows that the augmented base locus has good properties
with respect to Q-CKM Zariski decompositions.

Lemma 2.5.4. Let X be a normal projective variety, let D € Divg(X) and
suppose there exists a Q-CKM Zariski decomposition

D=P+N.
Then B4 (D) =B, (P) and Supp(N) C B, (D).

Proof. If D is not big then P is also not big, so that B, (P) =B, (D) = X. We
can thus assume that D is big.

Then the decomposition D = P + N is also a Fujita-Zariski decomposition (see
for example [Pro02, proposition 7.4]). Hence, given an ample R-divisor A such
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that A < D, by definition of Fujita-Zariski decomposition we have that A < P,
so that D — A > N. Now

B (D) = (") Supp(D — A),

where the intersection is taken over all the ample R-divisors A such that A < D.
Then

B, (D)= () Supp(D —A) = [ (Supp(D — A — N)USupp(N)) =
A<D A<D

= Supp(N) U (] Supp(P — A) = Supp(N) UB, (P).
A<P

In order to complete the proof it suffices to prove that Supp(N) C B (P):

We first prove this in the case when X is smooth:

In particular, denoted by n the dimension of X, we will show that for every
divisorial component F' of the support of N we have that (P"~1 . F) = 0. This
will imply, as is well known, that F' C B, (P), so that Supp(N) C B, (P).

Let @ € N be such that aD, aP and aN are Cartier divisors and
HY(X,0x(maD)) ~ H°(X, Ox(maP)) for all m € N.

Let us consider now, for all m € N, the long exact sequence

0 — H(X,0x(maP)) = H*(X,Ox(maP+F)) — H°(F,Op((maP+F),,)) —

— HY(X,0x(maP)) — .

By the choice of a, as 0 < F < maN, we have that H°(X,Ox(maP)) ~
H°(X,0x(maP + F)).

This implies that the map H°(F, Op((maP + F)
injection, so that

) = HYX,Ox(maP)) is an

|r

RY(F,Op((maP + F);,)) < h' (X, O0x(maP))

|r

for all m € N.

But the bigness of D implies that P is also big (because (X, P) = k(X, D) = n).
Then, by a theorem of Fujita, there exists a constant C' > 0 such that
h' (X, Ox(maP)) < C-m" 2 for all m € N (see [Fta83, corollary 6.7]).

Hence, for every m € N,

h(F,Op((maP + F)|,.)) < C-m" 2

|F

On the other hand by asymptotic Riemann-Roch (see [Laz04, 1.4.41]) we get
that

(ajle)nfl . mnfl
(n—1)!
Therefore 0 = (aP,,,)" " = a(P""! - F) and we are done.

+O(m"2).

RO(F, Op((maP + F),)) =

In the general case take p: X’ — X to be a resolution of singularities of X.
Note that p*(D) = p*(P)+p*(N) is a Q-CKM Zariski decomposition of u*(D),
so that, by the previous case, we get that Supp(p*(NV)) C B4 (u*(P)).
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Now take F' to be a prime divisor contained in the support of N. Then

1L (F) € Supp(u*(N)) € By (1™ (P)) = exc(u) U p~ (B4 (P))

thanks to lemma 2.3.8.

But p;1(F) € exc(p) because it is a strict transform, so that, thanks to its
irreducibility, u;1(F) C p= (B4 (P)), that is F = pu(u; 1 (F)) € B (P) and we
are done. O

2.6 Asymptotic and numerical orders of vanish-
ing

Let X be a normal projective variety. We can consider a geometric discrete
valuation v on X as in [dFH09, section 2].
In other words a geometric discrete valuation on X is a discrete valuation of the
function field of X of the form v = ¢ valp, where ¢ > 0 is an integer and valp
is the valuation associated to a prime divisor F' over X.
Suppose 4 : X’ — X is a projective birational morphism such that F C X’. We
denote by cx (v) the center of the valuation v on X, which corresponds to the
image on X of the divisor F'.
Given D € Divg(X) we define the valuation v(D) of D as ¢ times the coefficient
of F in the divisor pu*(D).
If |L| is a non-empty linear series on X we define the valuation v(|L|) as the
valuation of a general divisor in |L|.
Moreover if J C Ox is a non-trivial ideal sheaf, we define the valuation v(7)
of J as

v(J) = min{v(¢) | ¢ € J(U), UNcx(v) # 0}

Note that for every linear series |L| # () we have that v(|L|) = v(b(|L])), where
b(|L|) is the base ideal of the linear series |L|.
Numerical orders of vanishing: the non-nef locus

If D € Divg(X) is big we define, as in [BBP09], the numerical order of vanishing

of D along v as
Unum (D) := inf{v(E), E € |D|=}.

When D € Divg(X) is pseudoeffective we set
Unum(D) = Eh_%vnum(D + EA),

with A ample. It is easy to see that the limit exists and the definition does not
depend on the choice of the ample divisor A. See [BBP09, §1.3].

Definition 2.6.1. (cf. [BBPO09, Def. 1.7]). Let X be a normal projective
variety, let D € Divg(X) and let us denote by ¢x(v) the center on X of a given
geometric discrete valuation v on X. The non-nef locus of D is

NNef(D) := U{CX(U),vnum(D) > 0}
if D is pseudoeffective. When D is not pseudoeffective we put NNef(D) = X.
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Note that, as the name itself suggests, D € Divg(X) is nef if and only if
NNef(D) = 0, i.e., if and only if vy, (D) = 0 for every geometric discrete
valuation v on X (see [BBP09, §1.3]).

Note also that the notation is not univocal and the restricted base locus itself,
B_(D), is called “non-nef locus” on some papers.

Lemma 2.6.2. Let X be a normal projective variety and let D € Divg(X). Let
{An.}m>1 be any sequence of ample R-Cartier divisors such that || A, || — 0 in
NY(X)r. Then

NNef(D) = UmleNef(D + Am)

Proof. Since clearly NNef(D) = U4 ampieNNef(D + A), then we can just apply
the proof of lemma 2.3.6, substituting B_ with NNef. O

Asymptotic orders of vanishing: the non nef-abundant lo-
cus

Definition 2.6.3. (cf. [ELMNPO06, Def. 2.2] and [Cac08, Def. 5.20]). Let X be
a normal projective variety and let D be a Cartier divisor such that x(X, D) > 0.
Let v be a geometric discrete valuation on X. If e = e(D) is the exponent of D
(cf. [Laz04, Def. 2.1.1]), we define the asymptotic order of vanishing of D along

o (1peD))
. u(|pe
o(||D]]) := lim ———.
p—oo  pe
Remark 2.6.4. The above definition can be generalized to Q-Cartier divisors
and it can be easily seen that the limit is also the inf, so that for every divisor

D € Divg(X) we have that
o([ID]]) = inf{v(E), E € | Do}
See [ELMNPO06] for details.

Remark 2.6.5. If D is a big Q-Cartier divisor then by [ELMNP06, Lemma
3.3] we have that v(||D]]) = vaum(D) = inf{v(E),E € |D|g}. More generally
when D is abundant we have that v(||D||) = vaum (D) by [Lehlla, Prop. 6.4].
See [Nak04, Def. V 2.23] for the definition of abundant divisor, see [Lehlla]
and [Leh11b] for some equivalent definitions and remarks.

In general, if D is an effective Q-Cartier divisor then by definition v(||D||) >
Unum (D) but equality does not hold in general. Take for example a nef irreducible
curve D on a smooth surface as in [Rus09, Ex. 1] and set v := ordp. We have
that vnum (D) = 0 by the nefness of D, while v(||D||) = 1.

Recall that given a nef Cartier divisor D on a normal projective variety X we
can define its numerical dimension as v(D) := max{k € N : D* £ 0}. If D is
nef we have that it is abundant if and only if the Kodaira dimension of D equals
its numerical dimension (see [Nak04, Prop 2.22 (5)]).

In this paper we will only deal with abundance of nef divisors. The following
lemma is a translation of [Rus09, Thm. 1] in terms of discrete valuations:

Lemma 2.6.6. Let D be a Cartier divisor on a projective normal variety X .
Then D is nef and abundant if and only if v(||D||) = 0 for every geometric
discrete valuation v on C(X).
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Proof. If D is nef and abundant, then by [MR97, Lemma 1] (see also [Kaw85,
Prop. 2.1]) there exist a birational morphism f : Z — X, where Z is a smooth
projective variety, an integer ky > 0 and a Cartier divisor N on Z such that
B, := mkof*(D) — N is semiample for every m € N. Moreover we can suppose
that kg is a multiple of the exponent e(D).

Now, given any geometric discrete valuation v on C(X), we have that v(||D]|) =
v(||f*D||) by [ELMNPO06]. But

o(llf Dl = (1 (ko D)) = 5 'mli“ﬁoow <
<1 iim (”“Bm') + “(ND) —0,
ko m——+0oo m m

because v(|B,,|) = 0 by the semiampleness of B,, and v(|N|) does not depend
on m.

Now suppose v(||D||) = 0 for every geometric discrete valuation v on C(X). If
p: X" — X is a desingularization of X, then v(||u*D||) = v(||D||) = 0 for every
v. On the other hand, as X’ is smooth, we have that for every (not necessarily
closed) point x € X’ we can consider the geometric discrete valuation ord, given
by the order of vanishing at x, so that ord,(||u*D||) = 0 for every x € X', which
is equivalent to saying that D is almost base-point free (cf. [Rus09, Def. 1}).
By [Rus09, Thm. 1] this implies that p*D is nef and abundant, which in turn
implies that D is nef and abundant. O

The previous lemma suggests the following definition:

Definition 2.6.7. Let X be a normal projective variety and let D be a Cartier
divisor such that (X, D) > 0. The non nef-abundant locus of D is

NNA(D) := | {ex(v) : o(|D]) > 0},

veV

where V' is the set of all geometric discrete valuations on C(X) and, for any
v €V, ex(v) is the center of v on X.

Remark 2.6.8. Trivially, by lemma 2.6.6, NNA(D) = ) if and only if D is nef
and abundant. When D is a big divisor NNef(D) = NNA(D) by remark 2.6.5.
By the same remark we see that if D is effective then in general NNA(D) D
NNef (D) and that equality does not hold in general if D is not big.

Lemma 2.6.9. Let X be a normal projective variety and let D be a Cartier
divisor such that K(X,D) > 0. Let f : X' — X be any birational map from a
normal projective variety X'. Then f(NNA(f*D)) = NNA(D).

Proof. The lemma follows from the easy fact that for any discrete geometric
valuation v on C(X) we have that v(||f*D||) = v(||D]|) (cf. [ELMNPO06]).
O
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Chapter 3

On the semiampleness of
the positive part of CKM
Zariski decompositions

In this chapter we work to some extensions of theorem 1.0.1 to the case when the
given pair (X, A) is not KLT. In particular the main results appear in section
3.3, where we prove Conjecture 1b for DLT pairs, in section 3.7 and 3.8, where
we consider lower dimensional cases and in section 3.9, where we give some
results for relatively DLT pairs. All the main theorems appear in [Cacl10].

3.1 The case N =0

In this section we show that in the case when D is nef, that is D admits the
trivial Zariski decomposition given by P = D and N = 0, Conjecture 2 follows
easily by a theorem of Fujino.

We begin the section by stating Fujino’s theorem, which generalizes the base-
point free theorem to the LC case.

Theorem 3.1.1. [Fuj09a, theorem 1.2/
Let (X, B) be an LC pair, with B effective. Let L be a nef Cartier divisor on X .
Assume that aL — (Kx + B) is ample for some a > 0. Then the linear system
|mL| is base-point free for every m > 0.

As a simple consequence of this theorem we find the following, which in partic-
ular implies Conjecture 2 in the case N = 0.

Theorem 3.1.2. Let (X, A) be an effective LC pair. If D € Divg(X), b € N is
such that bD is a Cartier divisor and

1. D is big and nef;
2. aD — (Kx + A) is nef for some a € Q*;
3. B (D) does not contain any LC center of the pair (X, A);

then |mbD)| is base-point free for every m > 0.
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Proof. We can assume without loss of generality that D is a Cartier divisor.
By lemma 2.3.7 there exist an effective Cartier divisor I and a rational number
A > 0 such that D — AT is ample and (X, A + AI') is an LC pair.

Then

(1+a)D— (Kx + A +AL) = (D — AT) + (aD — (Kx + A))

is ample because it is the sum of an ample divisor and a nef one.
Thus we can apply theorem 3.1.1 to the pair (X,A + AI') and we have the
assert. O

Theorem 3.1.3. Let (X,A) be an effective LC pair. If D € Divg(X) is such
that

1. D is nef;

2. aD — (Kx + A) is big and nef for some a € Q*;

3. Bi(aD — (Kx + A)) does not contain any LC center of the pair (X, A);
then D is semiample.

The proof is similar to the previous theorem.

Note that we cannot remove hypothesis 3. In fact [KMMS85, remark 3-1-2] gives
a counterexample.

On the other hand note that theorem 3.1.2 and theorem 3.1.3 also follow by
[AmbO01, theorem 7.2](cfr. [Fuj09c, theorem 4.4]). In particular we can lighten
hypothesis 3 in both theorems by assuming in theorem 3.1.2 that D is logbig
with respect to (X, A) and in theorem 3.1.3 that aD — (Kx + A) is logbig with
respect to (X, A).

Weak log Fano pairs

Definition 3.1.4. Let (X, A) be an effective pair. We say that (X, A) is a weak
log Fano pair if —(Kx + A) is big and nef.

By theorem 3.1.3 we obtain a sufficient condition for the semiampleness of the
anticanonical divisors on a LC weak log Fano pair:

Corollary 3.1.5. Let (X, A) be a weak log Fano LC pair.
If BL(—(Kx + A)) does not contain any LC center of the pair (X,A), then
—(Kx + A) is semiample.

Remark 3.1.6. Again in the above corollary the hypothesis on the B is nec-
essary: it is not sufficient that some LC centers of (X, A) are not contained in
B, (—(Kx + A)). See example 3.11.1 and example 3.11.2.

3.2 Direct consequences of a theorem of Fujino
In this section we easily get from theorem 6.1 of Fujino’s paper [FujO7b] a gen-
eralization of Kawamata’s theorem 1.0.1 in the LC case that goes in a different

direction with respect to Conjecture 1 and Conjecture 2. We require, in fact,
as additional hypothesis, that the positive part of the Zariski decomposition is
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semiample when restricted to the locus where the given pair is not KLT (see
corollary 3.2.3).
The following is a simplified version of theorem 6.1 of [Fuj07b]:

Theorem 3.2.1. Let (X, B) be an LC pair such that X is smooth and B is
SNCS.

Write B = By — B_, where By and B_ are effective Q-divisors, and they have
not common components. Let P € Diug(X) be such that

1. P is nef;
2. aP — (Kx + B) is big and nef for some rational number a > 0;
3. There exists kg € N such that koP is a Cartier divisor and for all m € N
we have
HY(X,Ox(mkoP)) ~ H°(X,Ox(mkoP +"B_7));
4. If (X, B) is not KLT then P ._, is semiample.
Then P is semiample.

Corollary 3.2.2. Let X be a normal projective variety and let A be an effective
Weil Q-divisor. Suppose D is a Weil Q-divisor that admits a Q-CKM Zariski
decomposition D = P + N such that

1. (X,;A —aN) is an LC pair some rational numbers a > 0;
2. If (X,A —aN) is not KLT then P, « a_.y, 18 sSemiample;

3. moP — (Kx + A —aN) is big and nef for some mgy € Q.
Then P is semiample.

Note that in particular we can replace hypotheses 1 and 2 by asking that (X, A)
is an LC pair such that Nklt(X, A) = () or or Pliix.a) 18 semiample.

Proof. Let u : Y — X be a log-resolution of the pair (X,A — aN) and let
B = A(A — aN)y S DiVQ(Y).

We will show that we can apply theorem 3.2.1 to the pair (Y, B) and the divisor
p*(P).

Note that Y is smooth, B is SNCS and (Y, B) is KLT if (X, A —aN) is such.
Moreover p*(P) is nef and

mop” (P) — (Ky + B) = " (moP — (Kx + A —aN)),
so that it is big and nef.

Now, by definition of Q-CKM Zariski decomposition, we can choose kg € N such
that kg > a, koP is Cartier, koD is integral and

H°(X,Ox(mkoP)) ~ H(X, Ox(mkoD))

for all m € N.
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Furthermore note that if we write B = By — B_, where B, and B_ are effec-
tive divisors and they have not common components, then p,("B_7) < TaN7,
because A is effective.

Thus we can apply lemma 2.1.8 and we get that for all m € N

hO(Y, Oy (u*(mkoP) +"B_7) < h%(X, Ox(mkoP) + "aN7) <
< (X, 0x(mkoD)) = h°(X, Ox (mkoP)) = h°(Y, Oy (u* (mko P))).

Hence property 3 is verified.
Now suppose (Y, B) is not KLT, define T = B~! and consider the following
commutative diagram:

Te——Y

i“T i#
NKIt(X, A — aN)—> X

Then p*(P); = 1}, (Plyux.a—any) 18 semiample, being the pullback of a semi-
ample divisor.
Thus we can apply theorem 3.2.1 and we get that p*(P) is semiample, which in

turn implies that P is semiample.
O

Corollary 3.2.3. Let (X,A) be an effective LC pair and let D € Diug(X).
consider the following assumptions:

1. D is big;
2. aD — (Kx + A) is nef for some rational number a > 0;
2’. aD — (Kx + A) is big and nef for some rational number a > 0;

3. There exists a projective birational morphism f : Z — X such that there
exists a Q-CKM Zariski decomposition f*(D) = P+ N and P|NkMZ’A(A)Z)
is semiample if (X, A) is not KLT.

If D satisfies 1, 2 and 3, or D satisfies 2° and 3, then P is semiample.

Proof. Let us apply lemma 2.5.3 and consider to, D', P', N', Ay as in the
lemma, so that D’ = P'+ N’ is a Q-CKM Zariski decomposition, Az is effective
and toP' — (K7 + Az — N’) is big and nef.

Note that the pair (Z, A(A)z) is LC because (X, A) is such, so that the pair
(Z,Az — N') = (Z,A(A)z — aN) is also LC by lemma 2.2.8. By the same
lemma we get that P . ., is semiample whenever (Z,Az — N') is not
KLT. Therefore the assert follows by applying corollary 3.2.2. O

3.3 DLT case

In this section we consider some generalizations of Kawamata’s thereom 1.0.1
in the case of DLT pairs. In particular by adapting the proof in [Kaw87] we
get Conjecture 2 for DLT pairs (see corollary 3.3.4). On the other hand in the
second part of the section, as a corollary of [FujO7b, theorem 5.1], we prove a
stronger result (see theorem 3.3.11) which, in particular, implies Conjecture 1
for DLT pairs.
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Generalizing Kawamata’s proof

Lemma 3.3.1. Let X be a normal projective variety and let A be a Weil Q-
divisor on X such that (X, —A) is a KLT pair.

Let P and N be Weil Q-divisors such that P € Divg(X) and it is nef, N is
effective and A < alN for some a € Q.

If D is a Weil Q-divisor such that

1. D=P+N;
2. There exists tg € Q such that
toP+A—-Kx
18 big and nef;
then h®(X,mD) > 0 for some m € N.

Proof. Thanks to the nefness of P we can assume tg > 0.
Now let ky be a positive integer such that koP is a Cartier divisor. We have
that kg P is nef and

t
k—z(kOP)+A7KX:tOP+A7KX

is big and nef.
Then, by Shokurov nonvanishing theorem ([KMO00, theorem 3.4]) we get that

H(X,0x(mkoP +"A7) #0

for every integer m > 0.
Consider k1 € N such that k1N is an integral divisor and k; > a. Hence
FTAT<TaN '<TkiN'T=k{N, so that

HY(X,O0x(mkoP +k1N) #0

for every m > 0.
Now take a sufficiently large integer mg such that mokg > k1. Then

mokoP + k1N < mokoP 4+ mokoN = mokoD.

Thus H°(X, Ox(mokoD)) # 0, so that the lemma is proved.
O

Theorem 3.3.2. Let (X,A) be a DLT pair. If D € Diug(X) admits a Q-CKM
Zariski decomposition D = P+ N such that

1. there exist two rational numbers to and a with a > 0 and
toP +aN — (Kx + A)
is ample;
2. B(P) does not contain LC centers of the pair (X, A);

then P is semiample.
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Proof.

We define A := alN — A so that A < alN.

By lemma 2.2.8, the pair (X, —A) is LC and CLC(X,—A) C CLC(X,A). Then
B(P) does not contain LC centers of the pair (X, —A). Moreover

t0P+A—KX:tQP+CLN—(KX—|—A)

is ample.

Now if (X, —A) is KLT then (X, D) > 0 by lemma 3.3.1. Hence, as (X, P) =
k(X, D) by definition of CKM Zariski decomposition, we have that «(X, P) > 0,
too.

If (X,—A) is not KLT then CLC(X,—A) # 0, so that B(P) # X, that is
k(X,P) > 0.

Then, if we denote

N(P) = {m € N such that mP € Div(X) e H*(X,Ox(mP)) # 0},

we have that N(P) # 0.

We suppose, by contradiction, that B(P) # () and we consider m; € N(P) such
that Bs(|m1P|) = B(P) # 0.

We will find m € N(P) and a subvariety V' such that V' C Bs(JmyP|) = B(P)
but V € Bs(|mP]), leading, in such a way, to a contradiction.

Let {D; }?:1 be the finite set of the prime divisors appearing in the support of
A or as base components of |my P|. We write A = Z?Zl a;D;, where the a; are
possibly zero rational numbers.

As Bs(]Jm1 P]) does not contain any element in CLC(X,A), by lemma 2.2.27,
there exists p: Y — X such that p is a log-resolution of the pair (X, —A) and
of the linear series |m;P| and p is a DLT morphism for the pair (X, —A).

Let {F; = D; }5_1 be the finite set of the strict transforms of the divisors D
and let {F; = E; }é‘:k 41 be the finite set of the y-exceptional prime divisors on
Y, so that Zé’:l F} is a SNC divisor.

Moreover we can write
Ky =p*"(Kx — A)+ > _b;F

where
bj>—-1 if 1<j5<k

because the pair (X, —A) is LC and
bj>—1 if k+1<j<I

because p is a DLT morphism for (X, —A).

On the other hand there exists an integral base-point free divisor L and co-
efficients r; € N U {0} such that p*(miP) = L+ > r;F; and p*|mP| =
‘L| + Z Tij.

Hence we have that Bs(JmiP|) = M(UT#O F}), so that we can suppose r; > 0
for some j because Bs(|miP|) # 0.

Moreover if r; # 0, then p(F;) € Bs(lmiP|) = B(P), which implies that
b; > —1, as B(P) does not contain any LC center of the pair (X, —A).
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Now, as toP + A — Kx is ample and p is a DLT morphism, by lemma 2.1.9
there exist, for each j = k + 1,...,[, rational, arbitrarily small numbers §; > 0,
such that

WtoP +A—Kx)— Z 5; F;
j=k+1
is still ample.
Thanks to the openness of the ample cone there exist also, for each j = 1,..., k,
positive rational numbers §; € Q such that if 0 < 5;- < 65 then

k !
,LL*(t()P‘F A — Kx) — Zé;Fj — Z 5ij
j=1 j=k+1
is ample.
Now we define
. bj +1- (5j
c= min ——.
{j:r;#0} rj

By choosing the ¢;’s small enough we can suppose that
bj +1—9; > 0 for all j such that b; > —1.

Hence ¢ > 0 because b; > —1if r; # 0.

Moreover, perturbing slightly the 6;’s if necessary, we can suppose that the
minimum is attained on a unique j, say j = jo. Define B := F,.

Now take s := tg + cmq, and

B, =p*(m—cm)P+A—-Kx)— Z 0, Fj.
j=k+1

Then, if 0 < 59 < 9, for each j =1,..., k, we have that for every integer m > s

k k l
By =Y 8 F;=p*((m—cm)P+A-Kx)=> §F— Y GF
Jj=1 j=1

j=k+1

is ample, because m — cmy > to and p*(P) is nef.
Let us consider now, for each j such that b; = —1, rational, arbitrarily small
numbers €; > 0, and define

A’::Z( crj +b; —9,)F;,

J#jo

A" = 3" (=erj+ b= ) F+ Y (—1+¢)F,

b;j>—1 bj=-1
J#jo

As r; =0 if bj = —1 we have that

A=A =Y (6 +6;)F;
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Now we define, for every m € N(P), the divisor

Qm = pu*(mP)+ A" — B—- Ky.

Qm =p (mP)+A —B—-Ky + (A" -A)=

= " (mP)+ Y (=erj+b;—8;)F;— Fjy— Y bFj—p* (Kx — A)+ (A" - A') =
J#jo

=p (mP+A-Kx)—- > erjFj— > §;F;+F — b))+ (A" —A) =
J#jo J#Jjo

=p* (m—em)P+A—Kx)+cL+Fj (crjy—1—b;)— Z 8 Fj+(A"-A") =
J#3jo

=p((m—em)P+A—Kx)+cL—> 05;Fj+ Y (+06;)F =
bj=—1

=p*((m—cm)P+A—-Kx)— Z 0;Fj +cL + Z €;F; =
bi>—1 bj=—1

=B~ Y 0iFj+cL+ Y ¢F,

jed bj=—1

where J = {j € N such that 1 < j <k and b; > —1}.

Let mo = min{m € N(P) such that m > s}. Then By, — > ;. ;d;F; is ample,
so that @, is also ample if the €; are small enough because L is nef.

Hence @, is ample for every m € N(P) such that m > s.

Thus, by Kawamata-Viehweg vanishing theorem (see [Laz04, Cor. 9.1.20]), we
find that H'(Y, Oy (u*(mP) +"A"7 — B)) =0 if m > s and m € N(P).

This implies that the restriction homomorphism

HO(Y, Oy (u*(mP) +TA"7)) — H(B,Op(u*(mP) +"A"7))

is surjective in this case.

Now we notice that p*(maP), + A, — Kp = Qm,|,, is an ample Q-divisor.
Moreover AY' is SNCS because A” is such and B intersects transversally all the
Fy’s with j # Jo-

Hence it suffices to verify that all the coefficients of A" are greater than —1 to
show that the pair (B, —A{,) is KLT.

But we have that

o if by = —1 then —1+4¢; > —1;

) lfbj > —1 andrj:0then 7CTj+bj7(5j:bj75j > —1 (bythechoice

of the §,’s);
. ., b+1 5;

o ifb; > —1,7; # 0and j # jo then —cr; +b; —9; > — Jr]—&—b —0;
—1.
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Hence the pair (B, —AI; ) is KLT. Thus, by Shokurov’s nonvanishing theorem
([KMOO, theorem 3.4]) for every integer k > 0 there exists p € N, such that
Wi > a, gk > S, g is a multiple of k and

HO(B,Op(* (1,P) + TA")) #0.

In fact this cohomology group is non zero for every sufficiently large multiple of
ma.

Now, by the definition of Q-CKM Zariski decomposition, there exists ky € N
such that koP and koD are integral and H°(X,tkoP) ~ H°(X,tkoD) for every
t € N. Let us define m := py,. Then

B ¢ Bs(|p*(mP)+"A"7) and H°(X,Ox(mP)) ~ H°(X,0x(mD)).

Now we verify the inequalities "A”™ > 0 and p,”A"7 < TaN7 < mN.

The first one holds because all the coefficients of A” are greater than —1.

The third one is verified because m > a and mN is integral (because mP and
mD are such).

As for the second one we have that

pa(TA ) = 3" ey + by = 6 (Fy) 4+ Y "1 46 (Fy) =

bj>—1 bj=-1
J#jo
= Y T—erj by — 8 wa(Fy) = Y T—ery +b; = 6;7D;,
b;>—1 jeJ’

J#Jjo
where J' = {j € Nsuch that 1 < j <k, b; > —1 e j # jo}.
But, if j € J' then "—erj +b; — 0, ' ="—cr; +a; — ;7 < Ta;".

Hence
k

ps(TA"T) < Zraj—'Dj < Zmax{o,’_aj—'}Dj <TaN"
jeJ j=1
as "TaN7>TA7=3%"Ta;"D; and "aN" > 0.

From these inequalities, thanks to lemma 2.1.7, it follows that

AT < 1 (mN) + T,

for a suitable p-exceptional effective Cartier divisor T'.
Moreover, as "A”7 > 0, we have that

HO(Y, Oy (u*(mP))) — H(Y, Oy (u*(mP) +"A"7)) —
— H°(Y, Oy (u*(mP +mN) + T)) ~
~ HY(X,Ox(mP +mN) @ u,Oy(T)) ~ H*(X,Ox(mD))
by Fujita’s lemma. But
HO(X, 0x(mD)) = H'(X,Ox(mP)) = H'(Y,Oy (u* (mP))).
Then the injection

HO(Y, Oy (" (mP))) = HO(Y, Oy (u* (mP) +"A"7))
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is an isomorphism. This implies that B € Bs(|u*(mP)|).
Hence u(B) € Bs(|mP]).
But p(B) = p(Fj,) € Bs(JmiP|) = B(P) and we have the contradiction.
O

Theorem 3.3.3. Let (X,A) be a DLT pair.
If D € Divg(X) is such that

1. D is big;
2. B (D) does not contain any LC center of the pair (X, A);
3. D admits a Q-CKM Zariski decomposition

D=P+N;

then there exists 5 > 0 such that if
aD — (Kx + A) is nef for some rational number a > —f3,

then P is semiample.

Proof. We begin by observing that 0 < dimX = (X, D). Moreover, by defini-
tion of CKM Zariski decomposition, k(X, D) = k(X, P), that is P is big.

Note also that, as B, (P) = B, (D) by lemma 2.5.4, we have that B, (P) does
not contain any LC center of the pair (X, A).

Hence, by lemma 2.3.7, there exists an effective Cartier divisor I' and a ra-
tional number A > 0 such that P — AT is ample, (X, A + AT') is DLT and
CLC(X,A+ \I')=CLC(X,A).

Now, as Supp(N) C B, (D) by lemma 2.5.4, thanks to lemma 2.2.26 there
exists 8 € Q1 such that if 0 < 8 < 8, then (X, A+ AI'+ 3'N) is still DLT and
CLC(X,A+ X+ §'N)=CLC(X,A).

Let a be a rational number such that a > —f and aD — (Kx + A) is nef.

We have that

(I1+a)P+aN—-A—-A'-Kx = (1+a)P+aN —-AI'—aD+ (aD—(Kx+A)) =

=(@P+aN)+ (P —-X)—aD+ (aD — (Kx +A)) =
=(P—AD)+ (aD — (Kx + A))

is ample because it is the sum of an ample and a nef divisor.
If @ > 0 we conclude by applying theorem 3.3.2 to the pair (X, A + AT'). In
fact, as B(P) C B (P), it does not contain any element of CLC(X,A) =
CLC(X,A+ AT).
If -8 < a < 0 we can apply theorem 3.3.2 to the pair (X,A + AI' — aN). In
fact, again, as B(P) C B, (P), it does not contain any element of CLC(X, A) =
CLC(X,A+ X' —aN).

O

The following corollary corresponds to Conjecture 2 in the case when the pair
(X,A) is DLT. Note that in the next subsection we prove a stronger result in a
different way (see theorem 3.3.11).
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Corollary 3.3.4. Let (X,A) be a DLT pair.
If D € Divg(X) is such that

1. D is big;

2. aD — (Kx + A) is nef for some rational number a > 0;

3. B (D) does not contain any LC center of the pair (X, A);
4. D admits a Q-CKM Zariski decomposition

D=P+N;

then P is semiample.

Remark 3.3.5. Note that in the above theorem the hypothesis that B (D)
does not contain any LC center of the pair (X, A) is necessary. It is not enough
to assume that some LC centers of (X,A) are not contained in B, (D). See
example 3.11.1 and example 3.11.2.

The following is a variant of corollary 3.3.4

Theorem 3.3.6. Let (X,A) be an effective LC pair.
If D € Divg(X) is such that

1. aD — (Kx + A) is big and nef for some rational number a > 0;

2. There exists a projective birational morphism f : Z — X such that
f*(D) =P+ N is a Q-CKM Zariski decomposition;

3. (Z,L(A)z) is a DLT pair;

B

. Bi(f*(aD — (Kx + A))) does not contain any LC center of the pair
(Z’L(A)Z);

5. B(P) does not contain any LC center of the pair (Z,L(A)z);
then P is semiample.

Proof. Let us apply lemma 2.5.3 and consider ty, D', P/, N, Az as in the
lemma. Note that (Z, Az) is a pair because (Z, L(A)z) is such. Hence N’ and
D’ are in Divg(X). Take L := f*(aD—(Kx+A)), so that by lemma 2.3.7 we can
find an effective Cartier divisor I' and a rational number A > 0 such that L — AT’
is ample, (Z,L(A)z+AI') is DLT and CLC(Z,L(A)z) = CLC(Z,L(A)z+Al).
Now we have that

toP'+ N' — (Kz+ Az +A) =P+ L— Al

is ample. Thus we conclude by applying theorem 3.3.2 to the Q-Cartier Q-
divisor D’ = P’ + N’ and the DLT pair (Z,L(A)z). O
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Nonvanishing theorems

By using the same ingredients of the proof of the main theorem of [Kaw87]
(see also [Mor86, step 2 of the proof of thm. 0]), we prove the following non-
vanishing, again in the context of DLT pairs.

Theorem 3.3.7. Let (X,A) be a DLT pair.
Let P,N € Divg(X) be such that P is nef and N s effective. If D € Diug(X)
s such that

1. aD — (Kx + A) is big and nef for some rational number a > 0;
2. By(aD — (Kx + A)) does not contain any LC center of the pair (X, A);
3. D=P+N;

then (X, D) > 0.

Proof. Let L :=aD — (Kx + A).

Thanks to lemma 2.3.7 we can find an effective Cartier divisor I' and a rational
number A > 0 such that L — AT is ample, the pair (X,A + AT') is DLT and
CLC(X,A) =CLCO(X,A+ ).

Now we define A :=aN — A — AI'. Then, thanks to lemma 2.2.8, we have that
(X,—A) is an LC pair and CLC(X,—A) C CLC(X, A).

Moreover if A # 0, we write A = Z§:1 a;D;, where the D;’s are prime distinct
divisors and the a;’s are non zero rational numbers.

Now for every integer t > a we have that

tP+A—Ky=tP+aN —A -\ - Ky =

(t—a)P+(aP+aN)—aD+aD—-A—-XN'-Kx =(t—a)P+L— Al

is ample because it is the sum of a nef and an ample divisor.

By lemma 2.2.27 (applied for example to the trivial linear series |Ox|) there
exists p : Y — X, a log-resolution of the pair (X, —A) such that u is a DLT
morphism for (X, —A).

Let {F; = ﬁj };?:1 be the finite set of the strict transforms of the divisors D;
and let {F; = E; }é':k 41 be the finite set of the p-exceptional prime divisors on
Y, so that 22:1 Fj; is a SNC divisor.

Moreover we can write

Ky =p*(Kx — A)+ > _b;F

where
b >—-1 if 1<j<k
because the pair (X, —A) is LC and
b>—1 if k+1<j<lI

because p is a DLT morphism for (X, —A).

Now, as aP+ A — Kx is ample and p is a DLT morphism, by lemma 2.1.9 there
exist, for each j = k 4 1,...,(, rational, arbitrarily small numbers §; > 0, such
that
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paP+A—Kx)— Z 5;F;
j=k+1
is ample.
Thanks to the openness of the ample cone there exist also, for each j = 1,..., k,
positive rational numbers ¢; € Q such that if 0 < 5; < 9, then

k l
/L*(GP+A—K)()—Z($;FJ— Z 6ij
Jj=1 j=k+1
is ample.
Moreover, by choosing the ;’s small enough we can suppose that

bj+1—5j>0 VJbJ>—1

Now for every m € N we define

By i=p*(mP+A—Kx) - ZéF
j=k+1

Hence, if 0 < 5; < 9, for every j =1,...,k, then for every integer m > a

Za' “(mP+ A —Kx) Zé’F— Z 6, F;

j=k+1

is ample, as p*(P) is nef.
Now, for each j such that b; = —1, we consider arbitrarily small rational num-
bers €; > 0, and we define

D SRR Sy Eeyr:
bi>—1 bj=—1
We also define, for every m € N, the Q-divisor
Q1= *(mP) + A —

Then
!
Qm=p" mP+Z F+Z —1+¢;)F (Kx —A) Z
bi>—1 bj=—1 J=1
pmP+A-Kx)— S §F+ Y ¢F=Bu-Y 5F+ Y ¢F,
bj>—1 bj=—1 jeJ bj=—1

where J = {j € Nsuch that 1 <j <keb; >—1}.

Let my = min{m € N\ {0} : m > aand mP € Div(X)}. Then B, —
> jey 0;F} is ample, so that Qm, = p*(m1P) + A’ — Ky is also ample if we take
the €; small enough.

Now we verify that the pair (Y, —A’) is KLT: as — A’ is a SNCS divisor it suffices
to verify that all the coefficients of —A’ are less than 1, or, equivalently, that all
the coefficients of A" are greater than —1.

But we have that
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o if by = —1 then —1+4¢; > —1;
e if b; > —1 then b; — J; > —1 thanks to our choice of the §;’s.

Hence, by Shokurov nonvanishing theorem ([KMOO, theorem 3.4]), we find that
HO(Y, u*(smy P) + "A’7) # 0 for every integer s > 0.

In particular, there exists a positive integer d > a such that dP and dN are
Cartier divisors (hence also dD) and

HO(Y, 5" (dP) + T A7) £ 0.

Now we verify the inequalities 0 < A7 <TaN" < dN.

The first one holds because all the coefficients of A’ are greater than —1. The
third one holds because d > a and dN is integral.

As for the second we have that, if A = 0, then p.("A’") = 0 because A’ is
p-exceptional, due to the fact that all the F}’s are y-exceptional prime divisors.
Hence the inequality holds because "aN" > 0.

If A #0 then
p(TAT) = 3 Tl = 6T (Fy) + D> T 146 i (Fy) =
bj>—1 bj=—1
= > "= 8 (F) = Y b —8;'D; < Y Ta; D <
bj>—1 i<k <k
bj>—1 a;>—1

k
< ZmaX{O, Ta;}D; <TaN™
j=1

because "TaN7>"A7=3""a;'D; and "aN" > 0.

Now, as us" A’7 < dN, by lemma 2.1.7 we get that there exists a u-exceptional
divisor T' > 0 on Y such that

TAT < p*(dN) + T

Hence
0 # h2(Y, Oy (u* (dP) + TA'T)) < B2(Y, Oy (u*(dP + dN) + T) =
= h%(X,0x(dD) ® p. Oy (T)) = h°(X, Ox (dD))
thanks to Fujita’s lemma. Thus (X, D) > 0. O

Definition 3.3.8. [Bir09, Def 1.3]
Let X be a normal projective variety and let D € Divg(X).
We say that D admits a weak Q-Zariski decomposition if there exists a projective
birational morphism g : Y — X, where Y is a normal projective variety, such
that

1. ¢*(D) =P+ N;

2. P,N € Divg(X);
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3. P is nef and N is effective.

Corollary 3.3.9. Let (X,A) be an effective PLT pair.
If D € Divg(X) is such that

1. aD — (Kx + A) is big and nef for some rational number a > 0;
2. Bi(aD — (Kx 4+ A)) does not contain any LC center of the pair (X, A);
3. D a admits a weak Q-Zariski decomposition;

then k(X,D) > 0.

Proof. Let g : Y — X be a projective birational morphism of normal projective
varieties such that ¢*(D) = P 4+ N is a weak Q-Zariski decomposition.
Let h: Z — Y be a log-resolution of the pair (Y, g;1(A) + exc(g)), so that Z is
smooth and go h : Z — X is a log-resolution of the pair (X, A).
Let us denote f:=goh:Z — X.
Then

£7(D) = I*(g" (D)) = " (P) + W*(N),

where h*(P) is nef and h*(N) is effective.
Now let F':= L(A)z — A(A)z. Then we have that

A(A)Z :L(A)Z —F;

L(A)z and F are both effective;

Supp(F) C divexc(f);

(Z,L(A)z) is a PLT pair and CLC(Z,L(A)z) = CLO(Z, A(A) ).

The first three assertions are obvious. As for the last one we have that
CLC(Z,L(A)z) = CLC(Z,A(A)z) by remark 2.2.6 because L(A) z and A(A)z
are SNCS and (L(A)z)™! = (A(A)z)~!. Hence (Z,L(A)z) is PLT because
(Z,A(A)z) is such by [KMO00, 2.30].

In particular (Z,L(A)z) is a DLT pair, because L(A) is effective.

Now (f*(aD) + F) — (Kz + L(A)z) = f*(aD) — (Kz 4+ A(A)z) = f*(aD —
(Kx + A)) is big and nef.

Moreover we can write

f*(aD)+ F = h*(aP)+ (h*(aN) + F) = P' + N,

where P’ := h*(aP) is nef and N’ := h*(aN) + F is effective.

We show now that By ((f*(aD)+ F) — (Kz +L(A)z)) does not contain any LC
center of the pair (Z,L(A)z).

We use that, as the B only depends by the numerical equivalence class,

B ((f*(aD) + F) = (Kz + L(A)z)) =B (f*(aD - (Kx + A4))) €

Cexc(f)U f'(By(aD — (Kx + A))),

thanks to lemma 2.3.8.

Let V € CLC(Z,L(A)z) = CLC(Z,A(A)z). Then V is a prime divisor
because (Z,L(A)z) is PLT and it is not contracted by f because f(V) €
CLC(X,A) and (X, A) is also PLT. Then, by remark 2.1.5, V € exc(f).
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Moreover, as f(V) € By(aD — (Kx + A)) by hypothesis, we have that V ¢
' (B(aD — (Kx + A))).

Thus, as V is irreducible, it follows that V' Z B ((f*(aD)+F)—(Kz+L(A)z)).
We can then apply theorem 3.3.7 and we find that x(Z, f*(aD) + F) > 0, so
that there exists m € N such that m(f*(aD) + F) is integral and

H(Z,0z(m(f*(aD) + F))) # 0.
Hence
0+#h%(Z,0z(f*(maD) +mF)) = h°(X, Ox(maD) ® f.Oz(mF)) =

= h%(X,O0x(maD))
thanks to Fujita’s lemma because F is f-exceptional. Thus (X, D) > 0. O

Logbig DLT case
The following theorem is a simplified version of theorem 5.1 of [Fuj07b]:

Theorem 3.3.10. Let (X, B) be an LC pair such that X is smooth and B is
SNCS.

Write B = By — B_, where By and B_ are effective Q-divisors, and they have
not common components. Let P € Divg(X) be such that

1. P is nef;

2. aP — (Kx + B) is logbig for the pair (X, B) and nef for some rational
number a > 0;

3. There exists kg € N such that koP is a Cartier divisor and for all m € N
we have
H°(X,0x(mkoP)) ~ H°(X,0x(mkoP +"B_7));
Then P is semiample.

From the above theorem we deduce in the DLT case the following result, that
generalizes corollary 3.3.4:

Theorem 3.3.11. Let (X,A) be an effective LC pair and let D € Divg(X).
Consider the following assumptions:

1. D 1is big;
2. aD — (Kx + A) is nef for some rational number a > 0;
(2°) aD — (Kx + A) is big and nef for some rational number a > 0;
3. There exists a projective birational morphism f : Z — X such that
ff(D)=P+N
is a Q-CKM Zariski decomposition and the pair (Z,L(A)z) is a DLT pair;
4. P is logbig for the pair (Z,L(A)z);
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8.3 DLT case

(4°) f*(aD — (Kx + A)) is logbig for the pair (Z,L(A)z).
If D satisfies 1,2,3,4 or 2°,3,4°, then P is semiample.

Proof. Let us apply lemma 2.5.3 and take tg € Q and D', P', N', Az Weil Q-
divisors on Z as in the lemma, so that in particular D’ = P’ + N’ is a Q-CKM
Zariski decomposition.

Define B := Ay — N' = A(A)z — aN < L(A)gz, so that toP' — (K7 + B) =
P+ f*(aD — (Kx + A)) is big and nef.

Moreover tgP' — (K7 + B) is logbig for the pair (Z,L(A)z) because, by hypoth-
esis, its restriction to every LC center of the pair (Z,L(A)z) is the sum of a
big and a nef divisor. Then we have that to P’ — (Kz + B) is logbig for the pair
(Z, B), because CLC(Z,B) C CLC(Z,L(A)z) by lemma 2.2.8.

Now thanks to the theorem 2.2.23, the DLTness of (Z,L(A)z) implies that
every LC center of (Z,L(A)z) is not contained in Sing(Z) U NSNC(L(A)z).
Thus by lemma 2.2.12 we have that every LC center of the pair (Z, B) is not
contained in Sing(Z) U NSNC(B).

Let p : Z/ — Z be a standard log-resolution of the pair (Z, B), so that
(Z',A(B)z/) is an LC pair, Z’ is smooth and A(B)z: is SNCS.

Now we choose kg € N such that kgP’ is a Cartier divisor, kgD’ is integral and

HY(Z,07(mkoP")) ~ H*(Z,0z(mkoD"))

for all m € N.
Moreover if we write A(B)z = (B'); — (B')—, where (B’); and (B’)_ are
effective divisors and they have not common components, then pu,("(B')_") <

TN'7, because Az is effective. Thus by lemma 2.1.8 we get that for all m € N

ho(Z', Oz (W (mkoP") +7(B')-")) < h(Z, Oz (mkoP" +"N'7)) <

S hO(Z, Oz(mk‘oD/)) = hO(Z, Oz(mk‘opl)) = hO(Z/, OZ/ (/J,* (kaP’))),
so that H(Z', Oz (u*(mkoP"))) =~ HY(Z', Oz (u* (mkoP') + " (B')_7)).
Note also that
ton™ (P') — (Kz + A(B)z/) = " (to P’ — (Kz + B))

is big and nef, being the birational pullback of a big and nef divisor.
We will prove that p*(toP’ — (Kz + B)) is logbig for the pair (Z’, A(B)z):
Let V € CLC(Z',A(B)z/). Then u(V) € Sing(Z) U NSNC(B). Thanks to

the choice of p this implies that V' & exc(u). Then p,, is birational.
Consider the following commutative diagram:

Ve——7

l”v \LH
p(V)——2
We know that tgP’ — (Kz + B) is logbig for the pair (Z, B), which implies that
(toP' — (K7 + B))h " is big.

Then, by birationality of 4, , we have that p ((toP'— (Kz+ B))
Q-divisor on V.

\u,(w) is a big
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But, by commutativity of the diagram, we have that
1y, ((toP' — (Kz + B))mv)) = (u*(toP' — (Kz + B)))lv.

Thus we have proved that p*(to P’ — (Kz+ B)) is big when restricted to each LC
center of the pair (Z’', A(B)z/), whence it is logbig for the pair (Z', A(B)z).
Hence tou*(P') — (Kz + A(B)z) is logbig for the pair (Z', A(B)z).
Therefore we can apply theorem 3.3.10 to the divisor p*(P’) and the pair
(Z',A(B)z), so that pu*(P’) is semiample, which implies that P is semiample.
0

3.4 LC pairs “approximated” by KLT pairs

The following theorem implies Conjecture 2 when X is a Q-Gorenstein variety
and we can “approximate” the pair (X, A) by KLT pairs.

Theorem 3.4.1. Let X be a normal projective Q-Gorenstein variety and let
A € Divg(X) be effective and such that (X, A) is an LC pair and (X, (1 —b)A)
is a KLT pair for some rational number b > 0.

If D € Divg(X) is such that

1. D is big;
2. B4 (D) does not contain any LC center of the pair (X, A);

3. D admits a Q-CKM Zariski decomposition

D=P+N;

then there exists 8 > 0 such that if
aD — (Kx + A) is nef for some rational number a > —f3,

then P is semiample.

Proof. First of all we can assume that A # 0:

In fact, if A = 0 the hypotheses imply that the pair (X, 0) is KLT. In particular
(X,0) is a DLT pair, so that we are under the hypotheses of theorem 3.3.3 and
we are done.

Being A # 0, we can apply lemma 2.2.10 and we have that Supp(A) contains
all the LC centers of the pair (X, A).

Moreover note that P is big because D is such and B (P) = B4 (D) by lemma
2.5.4. Then, thanks to lemma 2.3.7, we can find an effective Cartier divisor I'
and a rational number A > 0 such that P — A" is ample, the pair (X, A + AT)
is LC and CLC(X,A) = CLC(X,A + AI).

Now, as Supp(N) C B (D) by lemma 2.5.4, thanks to lemma 2.2.26 there exists
B € QT such that if 0 < 8/ < 3, then the pair (X,A + A\I'+ §'N) is LC and
CLC(X, A+ X'+ p'N)=CLC(X,A).

This implies that Supp(A) contains all the LC centers of the pair (X, A+ AT +
B'N).
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Hence, by applying again lemma 2.2.10, we have that for every rational number
e € (0,1), for every 8’ € [0, 3), the pair (X, (1 —€)A + A"+ §’N) is KLT and
(1—€)A+ AT+ f'N is effective.

Now we have that

(1+a)P+aN — (Kx+(1—€)A+ )= (P — M)+ (aD — (Kx + A)) + €A

is ample, thanks to the openness of the ample cone, for € > 0 small enough. In
other words there exists a rational number ¢y € (0, 1) such that

(1+a)P+aN — (Kx + (1 —€)A+ Al

is ample.

If a > 0 we conclude by applying theorem 3.3.2 to the pair (X, (1 —€p)A + AT).
If -8 < a < 0 we can apply theorem 3.3.2 to the pair (X, (1 — ¢)A + A" —
aN). O

Remark 3.4.2. Note that lemma 2.2.24 implies that, in the Q-factorial case,
theorem 3.4.1 is a generalization of corollary 3.3.4.

3.5 Reducing LC to DLT via DLT blow-up

In this section we try to reduce Conjecture 2 to the case when the pair (X, A)
is DLT, already proved in section 3.3. In order to do this we use a DLT blow-up
(see theorem 3.5.1) to turn our pair into a DLT one. The existence of DLT blow-
ups has been recently proved as a consequence of the main results of the paper
[BCHM10]. Unfortunately in the end we need to add supplementary hypotheses
on the LC centers of the pair (see theorem 3.5.3).

Theorem 3.5.1 (DLT blow-up). Let (X, A) be an effective LC pair. Then there
exists a projective birational morphism p 'Y — X, from a normal projective
variety, with the following properties:

1. Y is Q-factorial;
2. a(E,X,A) = —1 for every u-exceptional divisor E on'Y';

3. If we put
I=u'A+ > E,
)

ECexc(n
then (Y,T') is a DLT pair and Ky + T ~qg p*(Kx + A).
w is called a DLT blow-up of the pair (X, A).
For the proof see [Fuj09b, theorem 10.5].

Lemma 3.5.2. Let p: Y — X be a projective birational morphism of normal
projective varieties and suppose X is Q-factorial. Let L be an effective Cartier
divisor on'Y such that L is p-exceptional and —L is p-ample. Then there exists
mgo € N such that for all m > mg we have that

1. pu(Supp(L)) = Supp(p«(OL));
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2. R p.Oy(—mL) =0 for every j > 0;
3. u(Supp(L)) = Z(p+(Oy (—=mL))).

Proof. 1) We prove separately the two inclusions:

D) Take x € Supp(u«(Or)). Then (u.Or). # 0.

This implies that for every open set V' containing = there exists an open subset
U C V such that x € U and O (p=1(U)) = u.Or(U) # 0.

If, by contradiction, x € p(Supp(L)), then take V = X \ p(Supp(L)), and take
UcCV.

Hence p~H(U) C p= (V) = p= (X \ u(Supp(L))) € Y \ Supp(L).

Thus O (=1 (U)) = 0 and we find the contradiction.

C) Consider the morphism of schemes
py, o L= p(L).
and consider the induced morphism
uf s Ouwy = (w,)-0r

Then, by [Gro60, 9.5.2] we have that k‘eru?L = 0, that is M?L is injective.

Now note that Supp(L) D divexc(u), because L is effective and —L is p-ample,
and Supp(L) C divexc(p) by hypothesis.

Then Supp(L) = divexc(u) = exc(u) because X is Q-factorial (see [KMOO,
corollary 2.63]).

Hence Supp(L) = p~((Supp(L))) by remark 2.1.5, which implies that p. O =

(1,)+OL.
Thus

Supp (1« Or) = Supp((/,,)«Or) 2 Supp(Oy (1)) = u(Supp(L)).

2) Thanks to [KMO0O, Prop. 1.45], given an ample divisor A on X, we have that
w*(koA) — L is ample for some kg € N. Moreover p*(koA) is nef, as koA is such.
Then, thanks to Fujita’s vanishing theorem ( see[Laz04, theorem 1.4.35]), there
exists mg € N such that for all m > my

HI(Y, Oy (m(kop*(A) — L) + su*(koA))) =0  Vj >0, Vs€N.
Note that the integer mg does not depend on s.
Equivalently we have that, for all m > my,

HI(Y,Oy (u*((m + s)kgA) —mL)) =0  Vj>0, VseN,

that is nothing but saying that for all m > mg we have

HI(Y, Oy (u*(tkoA)) @ Oy (—=mL)) =0  ¥j >0, Vt>m
Hence, as koA is ample, by [Laz04, lemma 4.3.10] we get that R? 1, Oy (—mL) =
0 for all § > 0 and for all m > my.
3) Fix an integer m > mg and consider the short exact sequence

0— Oy(—mL) = Oy — Opp, — 0.
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By applying u. we get a long exact sequence

0 = 1Oy (—mL) = 1Oy — psOpp — R'p Oy (—=mL) — ...

But p.Oy = Ox because p is birational and Ry, Oy (—mL) = 0 by part 2 of
the lemma. Hence we get a short exact sequence

0 = 1Oy (—mL) = Ox — 1 Opp — 0.

Thus, by the first part of the lemma it follows that Z(u.(Oy(—mL))) =
Supp(ps+Omr) = p(Supp(mL)) = p(Supp(L)). O

Theorem 3.5.3. Let (X, A) be an effective LC pair such that X is Q-factorial.
Let D € Divg(X).
If

1. D is big;
2. D has a Q-CKM Zariski decomposition D = P + N such that

e B, (D)2V, for every V.e CLC(X,A);
e B.(D)NV =0, for every V€ CLC(X,A) such that V€ Supp(A);

then there exists > 0 such that if
aD — (Kx + A) is nef for some rational number a > —f3,

then P is semiample.

Proof. Note that, by definition of Zariski decomposition, k(X, P) = k(X, D) =
dimX, so that P is big.
Moreover by lemma 2.5.4 we have that B, (P) = B4 (D), so that By (P) does
not contain any LC center of the pair (X, A).
Then, thanks to lemma 2.3.7 there exist a Cartier divisor M > 0 and A € QT
such that P — AM is ample, (X,A + AM) is an LC pair and CLC(X,A) =
CLC(X,A+ \M).
Now, as Supp(N) C B (D) by lemma 2.5.4, thanks to lemma 2.2.26 there exists
B € (0,1) such that if 0 < 8’ < 3, then the pair (X, A+ AM + 5'N) is LC and
CLC(X,A)=CLC(X,A+ XM + §'N).
Suppose a > —f is a rational number such that aD — (Kx + A) is nef and
define ¢’ = —min{0,a}, so that 0 < a’ < 8. Note that a + 1 > 0, because
a>—0F>-1.
If A # 0, then, thanks to lemma 2.2.9; for every § € QT, if V € CLCO(X,A +
AM +a'N) is such that V' C Supp(A), then V & CLC(X, A+ AM —5A+d'N) =
CLC(X,(1—0)A+ AM +d'N).
The same thing trivially holds if A = 0, because Supp(0) = 0.
Let us define

Ay =(1-0)A+ M +dN,

and let
W,...,Vs} ={V e CLC(X,A) : V € Supp(A)}.

Then, by lemma 2.2.8, for every § € QT we get that (X, A}) is an LC pair such
that
CLC(Xa A:S) g {V17 LR VG}
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Moreover if we define a” = max{0,a} we have that a” > 0 and a” — o’ = a, so
that

(14a)P+a"N—(Kx+As) =(1+a)P+a"N—(Kx+(1-8)A+AM+d'N) =

— (P = AM)+ (aD — (Kx + A)) + 6A

is ample for § sufficiently small thanks to the openness of the ample cone. Let us
denote A’ = Aj, for a sufficiently small fixed ¢ such that the above ampleness
holds and A’ is effective.
Let 1 : Y — X be a DLT blow-up of the pair (X, A’), whose existence is assured
by theorem 3.5.1.
Take

y=pA+ ) E,

E p—exzc

so that Ky + A} ~q p*(Kx + A’) and (Y, A}) is a DLT pair.

If p is an isomorphism, then the pair (X,A’) is DLT. Hence we can apply
theorem 3.3.2 to the pair (X, A’) because we have verified that all the hypotheses
are satisfied and we are done.

Thus we can assume from now on that p is not an isomorphism.

By [KMO0O, lemma 2.62] there exists an effective p-exceptional Cartier divisor
G on Y such that —G is p-ample.
Hence Supp(G) C divexc(p) and G # 0 because —G is p-ample and p contracts

some curve.
Thus there exists a set J C {1,...,s} such that J # @ and

w(Supp(@)) = |J v,

jeJ

because, thanks to the properties of the DLT blow-up, every p-exceptional di-
visor on Y maps onto a LC center of the pair (X, A’).
Take

L =p"(D) - €G,

for a sufficiently small rational number € > 0.
We will show that the pair (Y, A} ) and the Q-divisor L on Y satisfy the hy-
potheses of theorem 3.3.2.

We begin by proving that the decomposition
L= (u"(P) = €G) + (u*(N))

is a Q-CKM Zariski decomposition.
The effectivity of p*(N) is trivial. Let us prove that u*(P) — €G is nef:

Let A’ be an ample divisor on X such that
B, (P) = B(P — A') = Bs(jmo(P — A"))
for some mg € N, so that, by lemma 2.5.4, B, (D) = Bs(|mo(P — A")]).
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Let T be a general divisor in the linear series |mo(P — A’)|, so that Bs(|T|) =
B, (P).

Thanks to the hypotheses on B (D), we can suppose that Supp(I") does not
contain any LC center of the pair (X, A).

Take A= P — miof, so that

1(P) — G = p*(A) + miomr) e

Then A = A’, so it is ample.

Hence, thanks to [KMO0O, 1.45], we get that u*(sA) — G is ample for every s > 0,
which implies that p*(A) — eG is ample for sufficiently small e € Q N (0, 1).
Moreover, pu*(A) + %ON*(F) = p*(P) is nef.

Let C be an irreducible curve on Y. We want to verify the nefness of p*(P) —eG
by checking that its intersection with C' is non-negative.

If C & Supp(p*(T)), then, by effectivity of T, we get that

(0" (P) — €G) - C) = ((u"(A) + miou*(F) —€G)-C) = (" (A) —eG)-C) >0

because p*(A) — G is ample.
If C' C Supp(p*(T")) and C is contracted by u, then

(0" (P) —€G) - C) = (1 (A) + miou*(l“) —eG)-C) =

— (5(A) — €G) - C) + — (I 1 (C)) = (4 (A) — €G) - C) > 0.

mo

Suppose C' C Supp(p*(T")) and C' is not contracted by .
If C' N Supp(G) = @, then

(W"(P) —€G) - C) = ((n"(P) - C) 2 0.

In order to conclude the check we just lack the case when C' C Supp(p*(T')), C
is not contracted by p and C N Supp(G) # 0:
In this case

pu(C N Supp(G)) € u(Supp(@)) = | JV; € V5.
JjeJ Jj=1

m

Hence

Bs(I01) 0 (€ 1 Supp(@) = B (P) 1 u(C 1 Supp(G)) € By (P) 1 (| V) = 0

j=1

by hypothesis.

Then we can choose an effective divisor IV ~ T such that Supp(I”) 2
w(C N Supp(G)), so that Supp(IV) 2 w(C), which in turn implies that
(I e (C)) > 0.

Hence 1
(™ (P) —€G) - C) = (1" (A) + mfou*(F’) —€G)-C) =
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— (4"(A) — €G) - C) + ——(I" - 1 (C)) > ((u"(A) — €G) - C) > 0.

mo
Thus we have that p*(P) — eG is nef.

In order to prove that we have a Q-CKM Zariski decomposition it remains to
show that there exists an integer £ > 0 such that kL and k(u*(P) — €G) are
Cartier divisors on Y and for every p € N the natural injective maps

H°(Y, Oy (pk(u*(P) — €G))) — H(Y, Oy (pkL))

are bijective.
But we know, by hypothesis, that there exists kg € N such that ko P and koD
are Cartier divisors on X and, for every integer p > 0 we have that

H°(X,Ox (pkoP)) ~ H°(X, Ox (pko D).
Moreover, by lemma 3.5.2 there exists an integer ki such that for all ¢ > k;

Z(u«(Oy (—t@))) = p(Supp(G)).

We choose an integer b such that g is an integer and we define k := % - ko - k1.
Then kp*(P), keG and kup*(D) are Cartier divisors. Hence, the same holds for
kL and k(u*(P) — €G).

Moreover, for every m € kN, we get that

HO(Y, Oy (m(u*(P) = €G))) = H*(X, Oy (m(p*(P) — €G)))) =
~ HY(X,Ox(mP) @ Oy (—meQ)).
In the same way
HY(Y,Oy(mL)) ~ H*(X, Ox(mD) ® p.Oy (—meG)).

Now, define J = p.Oy(—meG), so that, thanks to our choice of k, for all
m € kN we have that

2(J) = n(Supp(@)) = [J V-
jeJ

In other words, if we denote by Z the scheme defined by the sheaf of ideals 7,
then, set-theoretically,
z=Jv.

jeJ
Now note that Supp(N) C B4 (D) by lemma 2.5.4. Then, thanks to the hy-
potheses, we find that Supp(N) 2 V; for all j € J. Hence mN), is effective for

m € kN.
Thus, for every m € kN, we obtain the following commutative diagram

0 — = HYX,Ox(mD) ® J) — H(X, Ox(mD)) —2> H(Z,05(mD))

d |

0 — > H(X,O0x(mP) ® J) — HO(X, Ox(mP)) —'> H(Z,0(mP))
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where the rows are exact, g is an isomorphism thanks to the choice of k£ and i
is injective.

Commutativity of the above diagram leads, on the one hand, to the existence
of a map

f:H(X,0x(mP)® J) — H°(X,0x(mD)® J),

obtained by restricting g.

On the other hand if we denote by ® C HY(Z,0z(mD)) the image of ¢ and by
U C HY(Z,0z(mP)) the image of 1, it provides the existence of an injective
map b’ : ¥ — &, obtained by restricting h.

We obtain, in a such a way, the existence of the following commutative diagram:

0— = HX,0x(mD) @ J) — = H(X,Ox(mD)) —2>& — >0,

1 I

0 —> HO(X,Ox(mP) @ J) —> HO(X,Ox (mP)) —> ¥ —>0

where again the rows are exact, g is an isomorphism and b’ is injective because
h is such.

Therefore, thanks to the snake lemma, we get that the map f is surjective.
This implies that for every m € kN

KoY, Oy (m(p* (P) — €@))) = h°(X, Ox (mP) @ J) > h°(X,Ox(mD) ® J) =
= h%(Y, Oy (mL)).

Thus, for all m € kN, the injective maps

HO(Y, Oy (m( (P) - €G))) — HO(Y, Oy (mL))

are bijective.

Now we prove the additional hypothesis of theorem 3.3.2:
We have that

(L+a)(u"P — €G) + " (N) — (Ky + A}) =

=(1+a)(u*P—eG)+ad"u*(N) — p*(Kx + A') =

=p*[(1+a)P+a"N—(Kx +A")] - (1+a)eqG.
Then it is ample if € is sufficiently small thanks to [KMO0O, 1.45] because we
checked that (1+a)P+a”"N —(Kx+A’) is ample, —G is p-ample and 1+a > 0.

In order to apply theorem 3.3.2 it remains to show that B(u*(P) —eG) does not
contain any LC center of the pair (Y, Al ):

Let V € CLC(Y, A% ). Then u(V) € CLC(X,A") CCLC(X, A).

Now

B(u*(P) — €G) C By (u*(P) — €G) = (| Supp(u*(P) — €G — H),

67



CHAPTER 3. ON THE SEMIAMPLENESS OF THE POSITIVE PART OF
CKM ZARISKI DECOMPOSITIONS

where the intersection is taken over all the ample R-divisors H such that p*(P)—
eG—H >0.

We proved that p*(P) — eG = p*(A) + miou*(f‘) — €G, where p*(A) — €G is
ample and I is effective.

Hence

B(u" (P) — €G) < Supp(p*(I)).

But we have that Supp(I') does not contain any LC center of the pair (X, A).
Hence p(V') € Supp(T'), so that V' & Supp(p*(T")). Thus B(u*(P) —eG) 2 V.

All the hypotheses being satisfied, we can now apply theorem 3.3.2, so that we
get the semiampleness of p*(P) — €G.

In other words, there exists I € N such that [(p*(P) — €G) is a Cartier divisor
and Bs(|l(p*(P) — €G)|) = (). This implies that

Bs(|iu*(P)]) € Supp(G) = p~ (Bs(|LP|)) < Supp(G).
But p is surjective because it is a projective birational morphism. Thus

B(P) C Bs(|lP|) € p(Supp(G)) = |J V3
jeJd

But B(P) C B, (P). Hence, by hypothesis, B(P)NV; =0 for all j € J.
Therefore B(P) = (), that is P is semiample. O

3.6 Relatively KLT case

In this section we present a simplified version of the main theorem of [Amb05]
(see theorem 3.6.4) that corresponds to a generalization of Kawamata’s theorem
1.0.1 in the particular setting of relatively KLT pairs (see definition 3.6.2).

In the second part of the section we use Ambro’s theorem to generalize our
results of the previous sections in the case of Q-Gorenstein varieties.

Note that we will apply Ambro’s theorem 3.6.4 also in the proof of theorem
3.7.4.

Definition 3.6.1. Let (X, A) be a pair and let S C X be a closed subset. We
define
CLC(X,A,S)={V e CLC(X,A) : VNS #0}.

Definition 3.6.2. Let (X,A) be a pair, let S C X be a closed subset, let
D € Divg(X).

We say that the pair (X, A) is S-KLT if CLC(X, A, S) = 0.

We say that (X, A) is D-KLT if CLC(X,A,B(D)) =0

We remark that, given a closed subset S C X, an S-KLT pair might not be LC
in general.
Ambro’s theorem

Lemma 3.6.3. Let X be a normal variety and let V. C X be a subvariety.
Suppose P, L and M are Cartier divisors on X such that P < M and P+ L <
M.
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Let v € H°(M — P) be a section defining the effective divisor M — P and let
7€ H(M —P—L) be a section defining the effective divisor M — P— L. Denote

by
®, : H'(P) — H°(M)

and
@, : HY(P+ L) — H(M)

the injective maps defined by multiplication by v and by T respectively. If
1. ®,(H(P)) 2 . (H(P + L));
2. V& Bs(|P+ L|);
3. V& Supp(L);

then V¢ Bs(|P|).

Proof. By hypothesis there exists an effective divisor I' € |P + L| such that
ordy(I') = 0. Let 0 € H°(P + L) be a section defining I'.

Then o7 € ®,(H°(P + L)) C ®,(H°(P)), that is there exists u € H°(P) such
that o7 = wv. This implies that

'+ M—P—-L={or=0}={uw=0}={u=0}+M—P.

Hence P’ := {u = 0} is a divisor in |P| such that P’ =T — L, so that ordy P’ =
ordyT’ —ordy L = 0. Thus V € Bs(|P|). O

The following theorem is a simplified version of [Amb05, theorem 2.1]:

Theorem 3.6.4 (Ambro). Let (X,A) be a pair and let P € Diug(X) be such
that

1. P is nef
2. There exists a rational number ty such that
toP — (Kx + A)
is big and nef;

3. There exists kg € N such that ko P is a Cartier divisor and for allm € N
we have that

HY(X,0x(mkoP)) ~ H*(X,Ox(mkoP +"A_7)),

for some Q-divisor A_ such that A_ >0 and A+ A_ > 0;
4. (X,A) is P-KLT;

then P is semiample.
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Proof. Let N(P) = {m € N such that mP € Div(X) and H°(X,Ox(mP)) #
0}. Then N(P) # 0:

In fact if CLC(X,A) # 0, then B(P) # X, while if CLC(X,A) = 0§, that
is (X,A) is KLT, then H%(X,Ox(mkoP +"A_7)) # 0 for all m > 0 by
Shokurov’s nonvanishing (see [KMO00, theorem 3.4]), so that, by hypothesis,
H(X,Ox(mkoP)) # 0.

Now suppose, by contradiction, B(P) # @ and let m; € N(P) be such that
Bs(|m1P|) = B(P) # 0.

We claim that there exists p: Y — X, a log-resolution of the pair (X, A) and
of the linear series |m; P|, and a SNC divisor F' = Z;\le F; on Y such that

L. Supp(ui*(A)) U divexc(u) € Supp(F);

2. Forevery j =1,..., N there exist r; > 0 such that p*(mP) = L+ r;F}
and p*|my P| = |L|+>_ r;F;, where L is an integral base-point free divisor
onY.

3. For every j =1,..., N there exist arbitrarily small rational numbers §; >
0 such that p*(toP — (Kx + A)) — > §,F} is ample.

In fact, thanks to [KMMS85, corollary 0.3.6], there exists a proper birational
morphism f : X’ — X, with X’ smooth, and a SNC divisor > Ay on X’ such
that f*(toP — (Kx + A)) — Y e Ak is ample for ¢, € QT arbitrarily small.
Let g : X” — X’ be a log-resolution of the linear series |f*(mjP)|, so that
lg* (f*(m1P))| = | M|+ 3 s1B;, where M is an integral free divisor on X” and
> By is a SNC divisor on X”.

Now take

F' = Supp(g; " (£,'A)) + Supp(d_ s1B1) + Supp(g; ' > exAx) + divexc(f o g)

and let h: Y — X" be a log-resolution of the pair (X", F").

We define F' = h;!F' +divexc(h) and let u = fogoh:Y — X. Then F is SNC
thanks to its definition, p is a log-resolution of (X, A) because Supp(u;1(A))U
divexc pu C Supp(F'). In particular note that the assertion 1 holds. Moreover

W (maP)| = |B*(M)| +h* (Y siBy),

where |h*(M)| is free and Supp(h*(>_ s;B;)) C Supp(F). Hence p is a log-
resolution of |myP| and 2 holds.
As for the assertion 3, let divexc(go h) = > Cs. Note that

W gt (f*(toP — (Kx +A)) = > exAp) = > 7:Cs =

= 1 (0P — (Kx + A)) — (h*(g" (3 a6 An) + Y 7C)

is ample for rational numbers 0 < ¢, < 1, 0 < 73 < 1, because go h is a
morphism between smooth projective varieties (so that we can apply [KMOO,
lemma 2.62+ Prop. 1.45]).

But Supp(h*(g* (> exAk)) + D 7sCs) C Supp(F), and the coefficients can be
made arbitrarily small by suitably choosing the €;’s and the ~;’s.
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In particular we can suppose all the §;’s are strictly positive thanks to the
openness of the ample cone. Thus the claim is proved.

Now, thanks to the claim, we can write

N
KY = /«L*(KX + A) + ijFj,
j=1
where p(F;) € CLC(X,A) if b; < —1.
On the other hand we have that Bs(|m1P|) = pu(U,, o Fj), so that we can

suppose 1; > 0 for some j because Bs(|m1P|) # 0.
Moreover if r; # 0, then p(F;) C Bs(lmiP|) = B(P), which implies that
b; > —1, as B(P) does not contain any LC center of the pair (X, A), as (X, A)
is P-KLT.
Now we define
b+ 11—
¢c= min +————7
{j:r;7#0} T

By choosing the d;’s small enough we can suppose that
bj +1—39; > 0 for all j such that b; > —1.

Hence ¢ > 0 because b; > —1 if r; # 0.

Moreover, perturbing slightly the d;’s if necessary, we can suppose that the
minimum is attained on a unique j, say j = jo. Define B := F},.

Now let s :=tg + cmq, and let

B, = p"((m —cmq)P — (Kx + A)) Z(SF

Then B, is ample for every integer m > s, because m — cmy > to and p*(P) is
nef.
Define now

A'::Z( crj +b; — ;) Fj,
J#jo

and, for every m € N(P), let

Qm = p*(mP)+ A" — B — Ky

Then
Qm = u*(mP) +A -B-Ky =
EM*(mP)+Z(—CTj+bj ZbF w(Kx +A) =
J#jo
=p'(mP — (Kx +A)) = > erjFj = Y 6;F; + Fj,(—1 = bj,) =
J#3jo J#3jo
= p*((m —em1)P — (Kx + A)) + L+ Fjy(erjy — 1= bjy) — Y 6;F; =

J#3jo
= p*((m = em1)P — (Kx + A)) + ¢L =Y §;F; = By + cL.

Hence @,, is ample for every integer m > s because B, is such and L is free.
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Thus, by Kawamata-Viehweg vanishing theorem (see [Laz04, Cor. 9.1.20]), we
find that HY(Y, Oy (u*(mP) +"A"" — B)) =0 if m > s and m € N(P).
This implies that the restriction homomorphism

HO(Y, Oy (" (mP) +TA") = H'(B, O (" (mP) +A™)

is surjective in this case.

Let my = min{m € N(P) such that m > s}. Then p*(msP), + A|, — Kp =
szlB is an ample Q-divisor.

Moreover AT ., 18 SNCS because A’ is such and B intersects transversally all the
F;’s with j # jo. Hence, in order to show that the pair (B, —ATB) is KLT, it
suffices to verify that all the coefficients of ATB are greater than —1 .

But we have that

o if b; > —1 and r; = 0 then —cr; +b; — ; = b; — d; > —1 (by the choice

of the §,’s);
o ifb; > —1,7; #0and j # jo then —cr; +b; —d; > —@rj—&-bj—&j =
~1. ’

o if b; < —1 then p(F;) € CLC(X,A). On the other hand u(B) C B(P), so
that p(B) N p(F;) = 0 because CLC(X,A,B(P)) = (. Then BN F; = 0,
that is Fle =0.

Hence the pair (B, —ATB) is KLT.
Thus, by Shokurov’s nonvanishing theorem ([KMO00, theorem 3.4]), for every
integer k > 0 there exists uy € N, such that ux > a, pur > s, pg is a multiple of
k and

H°(B,Op(u*(uxP) + A7) # 0.

In fact this cohomology group is non zero for every sufficiently large multiple of
mao.
Now, by hypothesis, there exists kg € N such that ko P is integral and

HY(X,O0x(tkoP)) ~ H*(X,Ox (tkoP +"A_7))

for every t € N.
Let us define m := pg,. Then

B ¢ Bs(|p*(mP)+"A"7) and H*(X,Ox(mP)) ~ H*(X,Ox(mP +"A_7)).
Now define
T = Z max{O, r—C?"j =+ bj — (Sj—l}Fj.
J#jo
Then T is an effective Cartier divisor on X’, "A’" < T by definition and we
have that p., 7 <TA_™

In fact note that, by its choice in the hypothesis, "TA_7>"—A7 and A_ > 0.
Moreover by definition of the b;’s it follows that

N
—A = bju(Fy).
j=1
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Hence N
FA_T > Z max{0, b, . (F;)
j=1
Thus
(1) =Y max{0,"—cr+b;—0; . (Fj) < > max{0,7b; . (Fj) < TA_T
J#Jo J#jo

From these inequalities, thanks to lemma 2.1.8 it follows that
RO(Y, Oy (u*(mP) +T) < h°(X,0x(mP +"A_7)).
But, by hypothesis,
hY(X,Ox(mP +"A_7)) = h%(X, Ox (mP)) = h°(Y, Oy (u* (mP))).
Then the injection
HO(Y, Oy (u* (mP))) < H(Y, Oy (u* (mP) 4+ T))

is an isomorphism. Note also that B € Supp("A’™) by definition.

Hence we can apply lemma 3.6.3 and we get that B ¢ Bs(|p*(mP)|), which
implies that u(B) € Bs(|mP|). Therefore, as u(B) C Bs(Jm1P|), we get that
Bs(JmP|) does not contain Bs(|myP|) = B(P), and we find a contradiction. [

We can easily apply the previous theorem to the positive part of a Q-CKM
Zariski decomposition:

Theorem 3.6.5 (Ambro). Let X be a normal projective variety and let A be
an effective Weil Q-divisor. Let D be a Weil Q-divisor such that

1. There exists a Q-CKM Zariski decomposition
D =P+ N;
2. There exist a and to, rational numbers, with a > 0, such that (X, A—aN)
is a P-KLT pair and
toP — (Kx + A —aN)
1s big and nef,

then P is semiample.

Proof. Let B=A —aN and let B_ = aN. Then B + B_ = A is effective and
toP — (Kx + B) is big and nef.
Moreover, by definition of Q-CKM Zariski decomposition there exists kg € N
such that kg > a, koP is a Cartier divisor, koD is integral and

H°(X,Ox (mkoP)) ~ H(X, Ox(mkoD))

for all m € N.
But "B_7="TaN"< kgN. Hence, for all m € N, we get that

HY(X,O0x(mkoP)) ~ H°(X,Ox(mkoP +"B_7)).

Thus we can apply theorem 3.6.4 and we get the semiampleness of P.
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Corollary 3.6.6. Let (X,A) be an effective pair and let D € Divg(X). Con-
sider the following assumptions:

1. D 1is big;
2. aD — (Kx + A) is nef for some rational number a € Q;
(2°) aD — (Kx + A) is big and nef for some rational number a € Q;

3. There exists a projective birational morphism f : Z — X such that f*(D)
admits a Q-CKM Zariski decomposition

f*(D)=P+N
and (Z,A(A)z —aN) is P-KLT.
If D satisfies 1,2, and 3, or D satisfies 2’ and 3, then P is semiample.

Proof. Let us apply lemma 2.5.3, and consider tg € Q and D', P', N', Az Weil
Q-divisors on Z as in the lemma. Then tgP' — (Kz + Az — N’) is big and nef
and (Z,Az — N’) is P’-KLT.

Thus we can apply theorem 3.6.5 and we are done. O

Using Ambro’s theorem in the QQ-Gorenstein case

Let us consider now the Q-Gorenstein case. Making use of Ambro’s theorem we
can give the following more general version of theorem 3.5.3:

Theorem 3.6.7. Let (X, A) be an effective LC pair such that X is Q-Gorenstein.
Let D € Diug(X) be such that

1. D 1is big;
2. BL(D) 2V, for every V.e CLC(X,A);
3. D has a Q-CKM Zariski decomposition
D=P+N
such that B(P)NV = 0 for every V € CLC(X,A) such that V'€ Supp(A);

then there exists § > 0 such that if
aD — (Kx + A) is nef for some rational number a > —f3,

then P is semiample.

Proof. Note that P is big because D is such and B, (P) = B4 (D) by lemma
2.5.4. Then, thanks to lemma 2.3.7, we can find an effective Cartier divisor I"
and a rational number A > 0 such that P — A" is ample, the pair (X, A 4+ AI')
is LC and CLC(X,A) = CLC(X,A+ AT").

Now, as Supp(N) C B4 (D) by lemma 2.5.4, thanks to lemma 2.2.26 there exists
B € QT such that if 0 < 8 < B, then the pair (X, A + AT' + 8'N) is LC and
CLC(X, A+ X'+ B'N)=CLC(X,A).

Suppose a > —f is a rational number such that aD — (Kx + A) is nef.
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Define a’ = — min{0, a}, ¢’ = max{0,a}, sothat a = a”"—a’, a”" > 0,0 < o’ < S.
Moreover we define A’ = A 4+ A" + a/N, so that A’ is effective, (X, A’) is LC
and CLC(X,A") = CLC(X,A).

Hence, if A # 0, thanks to lemma 2.2.9 and lemma 2.2.8, we get that for every
eeQt

CLC(X,A" —eA —a"N) C{V € CLC(X,A) such that V' ¢ Supp(A)},

so that, by hypothesis, B(P) does not intersect any LC center of the pair (X, A’—
eD —a”N).

If A =0, then Supp(0) = 0, so that the same result holds by hypothesis because,
by lemma 2.2.8, CLC(X,A’ —eA —a”N) C CLC(X,A’) = CLC(X,0) .
Moreover

(1+a)P+a"N—(Kx+A'—eA) = (1+a)P+a"N—(Kx+A+AT'+a'N—eA) =

= (P—=AT)+ (aD — (Kx + A)) + €A

is ample if € is sufficiently small thanks to the openness of the ample cone.
Thus we obtain the semiampleness of P by applying theorem 3.6.5 to the pair
(X, A" —€eA).

O

3.7 Nklt and Nklty: Dimension 3

In this section we generalize the results obtained so far towards Conjecture 1 and
Conjecture 2 by making a more careful study of the non-klt locus of the given
pair (X, A). As a corollary we obtain Conjecture 1b for varieties of dimension
less than or equal to 3 (cf. corollary 3.7.8).

Definition 3.7.1. Let (X, A) be a pair, then we define

NKlt(X,A) = U V.
VeCLC(X,A)
VCNSNC(A)USing(X)

Definition 3.7.2. Let (X, A) be a pair such that dimX = n. For every integer
ke{l,...,n} we define

Nty (X,A) = |J W
VeCLC(X,A)
dimV<n—k

Remark 3.7.3. Given a pair (X,A) note that, by definition, Nklt(X,A) =
Nklt; (X, A).

Note also that I\TEl/t(X, A) C Nklto(X, A) because of the normality of X. More-
over if (X, A) is DLT then NKIt(X, A) = () by theorem 2.2.23.

Theorem 3.7.4. Let (X,A) be a pair and suppose that A =3, ;
all the D;’s are distinct prime divisors and d; < 1 for every i € I.
Moreover suppose that P € Divg(X) and we can write A = Ay — A_, where
AL and A_ are effective Q-divisors and the following properties are satisfied:

d;D;, where
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~

. P is nef;

2. toP — (Kx + A) is ample for some tg € QT;

3. There exists kg € N such that koP is a Cartier divisor and for all m € N
it holds that

HY(X,O0x(mkyP)) ~ H(X,Ox(mkoP +"A_7));
4. mt(X, A) =0, or P‘Nm(x A B8 semiample;

5. There exists p: X' — X, a standard log-resolution of the pair (X, A) such
that a(E, X, A) > —2 for every prime divisor E C X'.

Then P is semiample.

Proof. Let 1 be as in the hypothesis. Note that Nklt(X', A(A)x/) =
Supp((A(A)x/)Z1), because X’ is smooth and A(A)x: is SNCS.

Now by the ampleness of toP — (Kx + A), thanks to lemma 2.1.9, for all p-
exceptional divisors E1,...,Es on X’ there exist arbitrarily small coefficients
81,...,05 € QT such that

,u*(t()P - (KX + A)) - ZéjEj
j=1

is ample.
Then, if 0 < € < 1 we have that

p(toP) — (Kxr + (1— ) A(A)x + Y 0E))

is still ample.
Now for every e sufficiently small such that the above condition holds we define

35 = (1 — E)A(A)X/ + Z(%Ej,

so that p*(mP) — (Kx: + A.) is ample for every integer m > to thanks to the
nefness of P.
Now we can write

A(A)X/ = Z cp Xy + ZalYi — Z b Zoms

keK leL meM

where, for every k € K ;1 € L and m € M, we have that Xy, Y}, Z,,, are pairwise
distinct prime divisors, and

e b, >0 Vme M,
e 0<a <1 Viel;

e 1< <2 VkeK:
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In fact all the coefficients of A(A)x. are smaller than 2 because of the choice
of u.

Moreover we can suppose that divexc(p) € Supp(>. Xx + >V, + > Z,), by
considering among the Y;’s also the prime p-exceptional divisors not appearing
in Supp(A(A)x), with coefficient 0.

Now let us define

A’Jr = Z cp Xy + ZalYl; Al = Z b Zoms

keK leL meM

so that A’ and A’ are effective, they have no common components and
A(A)xr = A, — A’,. Moreover for every k € K, | € L and m € M we
define

[ ifXe=E (& i€vi=E [ & ifZy,=FE
=1 0 otherwise ' 7)1 0 otherwise ' '™~ ) 0 otherwise

so that we can write

Ac= > (1=er+m)Xp+ Y (1= +m)Yi— Y (1= €bm — ) Zm.

keK leL meM

Now we choose € and the §;’s small enough such that the following inequalities
hold:

o ¢, =(1—€cr+1 <2 VkeK,
sa:=(1—-€a+m <1l Viel
o b, :=(1—€bp—ym>0 YmeM,
and we define A := A,. Hence A = Y. ¢, Xj, + S aY; — S0, Zpn, and
e 0< ¢, <2 VkeK;
e 0<a; <1 VieL;
¢ 0<b, <bn VmeM.

Note that R
w*(mP) — (Kx + A)

is ample for every integer m > to and A is a SNCS divisor because Supp(ﬁ) -
Supp(A(A)x/) Udivexc(u), so that Nklt(X’, A) = Supp((A)Z1).
Now let us define

£+ = ZC;CXIC + Za;Yl; A= Zb:an,

so that EJF and A_ are effective and A = £+ —A_.

We claim that u*'—ﬁ_—' <TA_T:

In fact, note that A_< A’ | so that it suffices to show that pu,”A” T<TA_™.
In particular we will show that p,A’” < A_, which implies that p,”A” 7 =
T AT < TALT
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Now the required inequality holds because, by definition,

A= > aEX,AE.
a(E,X,A)>0
Hence
[ (A) = > aw'Di, X, A)Di= > —diD; < A_,
a(py ' Di, X,A)>0 d;<0

because A_ is effective and A_ = A, — A/ so that, for every i, we have that
OI‘dDi A_ = OI‘dDi AJr — dl > —di.
Thus the claim is proved.

Thanks to the claim we can use lemma 2.1.8 and we obtain that if kg is as in
the hypothesis, then

KoY, Oy (p* (komP) + TA_T)) < h%(X, Ox (komP + "A_T))
for all m € N. But, by hypothesis,

hO(Y, Oy (u* (komP))) = h°(X, Ox (komP)) = h°(X, Ox (komP +"A_7))
for all m € N. Therefore
HO(Y, Oy (u* (komP))) ~ HO(Y, Oy (u* (komP) + "A_7))
for all m € N.

We will show the semiampleness of P by applying theorem 3.6.4 to the pair
(X’,A) and the divisor p*(P). This will imply the semiampleness of p*(P),
leading, in such a way, to the semiampleness of P itself. N

In particular, in order to apply the theorem it remains to show that (X', A)is a
p*(P)-KLT pair. In other words we have to prove that B(p*(P)) N

Nklt(X’, A) = 0:
Note that

NKIE (X', ) = Supp((B)21) € | Xy = Supp((A(A)x)2") =
keK
= NKIt(X’, A(A)x).

Moreover NkIt(X’, A) C exc(p):

In fact if k € K is such that X}, is not exceptional, then X = u;'G, for some
prime divisor G on X. Then ¢; = a(u; G, X, A) = —ordgA > —1, thanks to
the hypotheses on A.

On the other hand ~; = 0 because X}, is not exceptional, so that

¢ =1—-€c, <cp <1
Thus we get that Nklt(X’, A) C Nklt(X', A(A)x) N exc(p).
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Now we define

T=>" X
c.>1

so that T is reduced and T = Supp((A)=1) = Nklt(X', A).
In particular T C Nklt(X', A(A)x/) Nexc(p).
Let Ty be a prime divisor in the support of 7. Then, on the one hand,
To C Supp((A(A)x/)21), that is a(Tp, X, A) < —1, which implies that u(Tp) €
CLC(X,A).
On the other hand Ty C exc(u) implies that u(Tp) C Sing(X) U NSNC(A),
because p is a standard log-resolution of the pair (X, A).
Hence we get that u(Tp) C l\fTﬁt(X ,A). But the same holds for every component
of T, so that we have

pu(T) € NKIt(X, A).
If NKIt(X,A) = 0, then u(T) = 0, so that T = Nklt(X’,A) = @ and there is
nothing to prove. We can thus assume that NT{T‘L(X, A) # 0.
Then, as by hypothesis P|N,IMXYA) is semiample, we get that P o 18 semiample.
Now we consider the commutative diagram:

T— X'

\L”T lu
() ——X

As P, ., is semiample, we have that ul*T(P‘MT)) is semiample, which, by com-

mutativity of the diagram, implies that p*(P), is semiample.

Now we claim that "—A7T="A_7_ T

In fact N
AT = Z rb;n—lzm + ZF_C;q—le _|_Zr—_a;—|Y2.
meM keK leL
But, for all [ € L, we have that 0 > —a; > —1, so that "—a; " = 0.
Moreover for all k € K, 0 > —cj, > —2, so that

e -1 if c% >1
k 0 ifef, <1
Thus R R
A= Y Tz - S X =rA-T,
meM cj>1

and the claim is proved.

Take k1 € N such that k; > tg and k; is a multiple of kg, so that k1 P is a
Cartier divisor and

HO(Y, Oy (5" (kymP))) = H(Y, Oy (" (kymP) + TA_7)

for every m € N. Let us consider, for every k € k1N, the following commutative
diagram:
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HO(X', O (u* (kP) + A7) > HO(T, O (4" (kP) , +TA_T,))

4 ]

H(X', Ox(u* (kP))) ————= H(T, Or (u*(kP);,))

where the vertical arrow on the left is an isomorphism thanks to the choice of
kl.

Note that iy is injective for every k € k1N because FA,T‘T is effective:

In fact "A_7is effective and Supp(rﬁ,j) = Supp(ﬁ,) = UZ,, does not contain
any component of T'.

Let us prove that 8, is surjective for every k € k;N. In particular we prove that
HY X', Ox:(u*(kP) +TA_7—T)) = 0:

Note that zu* (kP)— (K x/+A) is ample, thanks to the choice of k1, and {p* (kP)—
(Kx' +A)} = {—A} is SNCS.

Then, by Kawamata-Viehweg vanishing theorem (see [Laz04, 9.1.20]), we get
that H'(X', Ox/(u*(kP) + A7) = 0.

But "—A" = TA_7—T. Then HY(X',Ox:(u*(kP) + TA_7 = T)) = 0, as
required.

By the commutativity of the diagram, the surjectivity of Sy implies that ¢) is
surjective, that is i; is an isomorphism. Thus «; is also surjective for every
k € k1N,

But p*(P), is semiample, whence there exists ko € k1N such that p*(koP)),.
is base-point free.

Then the surjectivity of oy, implies that Bs(u*(keP)) NT = (.

Therefore B(u*(P)) N Nklt(X’, A) = (), so that we can apply theorem 3.6.4 to
the pair (X, 3) and the divisor p*(P) and we are done. O

Corollary 3.7.5. Let (X, A) be an effective pair.
Let D € Diug(X) be such that

1. D is big;
2. aD — (Kx + A) is nef for some a € Q;

3. There exists a projective birational morphism f : Z — X such that
f*(D) =P+ N is a Q-CKM Zariski decomposition and

e (Z,A(A)z —aN) is an LC pair;

e B, (f*(D)) does not contain any LC center of the pair (Z, A(A)z —
aN);

o NKIt(Z,A(A)z —aN) =0, or P is semiample.

Nklt(Z,A(A); —aN)
Then P is semiample.

We remark that if @ > 0 the LCness of the pair (Z, A(A)z — aN) holds if we
suppose that (X, A) is an LC pair.
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Proof. Let us apply lemma 2.5.3 and consider ty, D', P/, N, Az as in the
lemma, so that toP’ — (Kz + Az — N') is big and nef.

Note that B4 (P’) = B4 (P) = B4 (f*(D)) by lemma 2.5.4. Hence we can apply
lemma 2.3.7 to the big and nef Q-divisor P’ and to the pair (Z,Az — N') =
(Z,A(A)z —aN) and we find a Cartier divisor I" and a rational number A > 0
such that P'— AT is ample, (Z,Az—N'+AT") is LC and CLC(Z,Az—N'4+)T") =
CLC(Z,Az — N').

Furthermore, we can choose I' generically in its linear series and we have that
Bs(|T'|) = B4 (P’). Then, by Bertini’s theorem, we can suppose that, outside
B, (P’), T is smooth and it intersects Az — N’ in a simple normal crossing way.
Let us put B = Az — N’ + A\ We will show that the pair (Z, B) and the
Q-Cartier Q-divisor P’ satisfy the hypotheses of theorem 3.7.4.

First of all we have that (tg + 1)P' — (Kz + B) = (P’ — AI') + (tcP' — (Kz +
Az — N')) is ample, so that property 2 holds.

By the LCness of the pair (Z, B) we get that all the coefficients of B are less than
or equal to 1 and property 5 holds. Moreover property 1 is trivially verified and
property 3 follows by the definition of Q-CKM Zariski decomposition because
Ay is effective.

In order to prove that property 4 holds we will show that mt(ZB) -
1\7151;(2, Az — N = mt(Z,A(A)Z — aN), so that we can use the hypothe-
sis of the corollary:

By the choice of T' we have that CLC(Z,Az — N') = CLC(Z,B) and
NSNC(B) C NSNC(Az — NYUBL(P).

Then, it V € CLC(Z,B) and V C Sing(Z) U NSNC(B), we get that V ¢
CLC(Z,Az—N'")and V C Sing(Z)UNSNC(Az— N')UBL(P’). This implies
that V C Sing(Z) UNSNC(Az — N'). Hence V C NKIt(Z, Ay — N'), and we
get the required inclusion. Therefore we can apply theorem 3.7.4. O

Theorem 3.7.6. Let (X,A) be an LC pair, with dimX > 2. Suppose that
P € Divg(X) and we can write A = Ay — A_, where Ay and A_ are effective
Q-divisors, and the following are satisfied:

1. P is nef;

2. toP — (Kx + A) is nef for some ty € QT;

3. There exists kg € N such that ko P is a Cartier divisor and for all m € N
we have

HY(X,O0x(mkoP)) ~ H°(X, Ox(mkoP +"A_7));
4. NKlto (X, A) =0, or P, « 5, 15 semiample.

5. P is logbig in codimension 1 for the pair (X,A), or toP — (Kx + A) is
logbig in codimension 1 for the pair (X, A)

Then P is semiample.
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Proof. Let
I_ P if P is logbig in codimension 1 for the pair (X, A)
"] toP — (Kx +A) otherwise

Then L is nef and logbig in codimension 1 for the pair (X, A), so that, thanks
to lemma 2.3.9, we have that B (L) does not contain any divisorial LC center
of the pair (X, A).

By [ELMNPO06, Prop. 1.5] there exists H € Divg(X), ample, such that

B, (L) =B(L — H).
Moreover there exists mg € N such that
B. (L) = B(L — H) = Bs(|Imo(L — H)]).

Then Bs(|mo(L — H)|) does not contain any divisorial LC center of the pair
(X,A). Hence, we can choose a general divisor I' in |mo(L — H)| such that
Supp(T") does not contain any divisorial LC center of (X, A).

Note that we have

L—\I ~Q (1 - )\’ITL())L + )\moH

is ample if A € (0, m%)} because L is nef and H is ample.

Now, for every A € (0, m%)], let us define Ay = A+ AI". We will prove that there
exists Ag € Q% such that if A € QN (0, \g), then P and the pair (X, Ay) satisfy
the hypotheses of the theorem 3.7.4.

First of all note that

(to+1)P—(Kx+A\) = (to+1)P—(Kx+A+A') = P+(toP—(Kx+A))—=AL' =

_J L—XT'+ (toP — (Kx +A)) if P is logbig in codimension 1
Tl P+ (L—=AD) otherwise

is ample in both cases for every A € (0, , being the sum of an ample and a
nef divisor.

Now let us define

1
o)

(A)\)Jr = A+ + )\F, (A)\), =A_.

Then Ay = (Ay)+ — (Ax)—, and (Ay)+ and (Ay)_ are effective Q-divisors for
every A > 0, because I is effective.

Moreover note that, with these definitions, hypotheses 1 and 3 of theorem 3.7.4
are trivially verified.

Now take a rational number A > 0 such that Supp(A) 4+ Supp(T") = Supp(A +
AT) for every A € (0,)). and let p: X’ — X be a standard log-resolution of
the pair (X, A + AI).
For every prime divisor £ C X’ we have that

a(E,X,A\) =a(E, X, A+ ') =a(F, X,A) — dordg(pu* (1),
where a(E, X, A) > —1 because (X, A) is an LC pair.
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Suppose E is a divisor on X’ such that F is not p-exceptional and a(F, X, A) =
—1.

Then p(F) is a divisorial LC center of (X, A), so that ord,gI'" = 0, that is
ordg(p*(I")) = 0, which implies a(E, X, Ay) = —1.

Now define

1 FE X A
A= +a(kE, X, ),1}

min _—
ordp (p*(I))>0 { ordE(u* (F))
a(E,X,A)>—1
Then A\; > 0 and, if A € Q N (0, A1), we have that a(E, X,A)) > —1 for every
prime divisor E C X’ such that a(F, X, A) > —1.
Define
. {2+a(E,X7A) }

min _—
ords (u*(1)>0 L ordp (p*(I))
a(B,X,A)=-1
Then A > 0 and, if A € QN (0, \z), we have that a(E, X, Ay) > —2 for every
prime divisor £ C X’ such that a(F, X,A) = —1.
We put A\g = min{\, A1, Az, m%)}v so that if A € QN(0, Ag) then (X, Ay) satisfies
hypothesis 5 of theorem 3.7.4.
Furthermore we can write

/\2 =

Ay =) —a(p'Bi, X,A\)B;,

where the B;’s are distinct prime divisors on X. By definition, for every i, u; 1 B;
is not an exceptional divisors, so that, it follows by the previous calculation that
fa(u;IBi, X, A)\) <1.

Thus, in order to apply theorem 3.7.4, it just remains to prove that hypothesis
4 is satisfied for every A € QN (0, A\p):
Let us consider

AA)x = > —a(BE,X,A)E; AAy)x = Y —a(BE,X,A))E.
ECX’ ECX’

Thanks to the choice of p and A we have that A’ and A are SNCS.
Let us put

F = > (-a(B,X,A)) - 1E;
a(E,X,Ax)<—1
A:=A(A))x —F = > —aEX,A)E+ > E
a(E,X,Az)>—1 a(E,X,Ax)<—1

Then we have that F is effective, Supp(A) C Supp(A(Ax)x/) and all the co-

efficients of A are less than or equal to 1. In particular the pair (X ,ﬁ) is
LC.

Moreover, by the previous calculations, we have that F' is exceptional, Supp(F) C
Supp((A(A)x)~") and A= = (A(A)x)~".

Let us show that l\ﬁJ‘E(X7 A)y) C Nklto (X, A):

We will actually prove that Nklto(X, Ay) C Nklto(X, A).

Let V be an LC center of the pair (X, Ay) of codimension greater than one.
Then V = p(W) for some W € CLC(X, A(A))x/).
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If W Z Supp(F), then W € CLC(X’,A). But X’ is smooth, A is SNCS and the
pair (X, ﬁ) is LC, whence W is an irreducible component of a finite intersection
of prime divisors in the support of A=! = (A(A)x/)=L.

Hence W € CLC(X', A(A)x/), which implies that V = u(W) € CLC(X, A),
so that V' C Nklto(X, A), because the codimension of V' is greater than 1.

If W C Supp(F) then there exists a prime divisor Fy € Supp(F') such that
W C Fp.

Then Fy C Supp(F) € Supp((A(A)x/)=!). Hence Fy € CLC(X', A(A)x/), so
that u(Fp) € CLC(X, A). Moreover codimu(Fy) > 2, because Fy is exceptional,
as I is exceptional.

Thus

V = (W) C pu(Fo) € Nklta(X, A).

This shows that mt(X, Ay) C Nklto (X, Ay) C Nklto(X, A), which implies, by
the hypotheses, that 1\,H\<Tt(X, Ay)=0or P‘NE(XAA)
Therefore all the hypotheses of theorem 3.7.4 are satisfied and we get the semi-
ampleness of P. O

is semiample.

Corollary 3.7.7. Let (X,A) be a pair and dimX > 2 and let a € Q.
Let D € Diug(X) be such that:

1. D is big
2. aD — (Kx + A) is nef;
3. There exists a projective birational morphism f : Z — X such that
ff*(D)=P+N
is a Q-CKM Zariski decomposition and

e (Z,A(A)z —aN) is an LC pair;
e B, (f*(D)) does not contain divisorial LC centers of the pair
(Z,A(A)z —aN);

o Nklta(Z, A(A)z —aN) is semiample;

= Q’ or PlNkth(Z,A(A)Z—aN)
Then P is semiample.

Note that in the case a > 0 we can just assume that the pair (X,A) is LC in
order to have the LCness of the pair (Z, A(A)z — aN).

Proof. Let us apply lemma 2.5.3 and consider ¢y, D', P/, N', Az as in the
lemma, so that D' = P/ + N’ is a Q-CKM Zariski decomposition and (Z, Az —
N')=(Z,A(A)z—aN). Then the Q-Cartier Q-divisor P’ and the pair (Z, Az —
N') satisfy all the hypotheses of theorem 3.7.6. In fact we can take Ay as the
positive part (Az — N’); and N’ as the negative part. Conditions 1 and 2 are
direct consequences of lemma 2.5.3, condition 3 holds because D’ = P’ + N’ is
a Q-CKM Zariski decomposition and condition 4 holds by hypothesis. As for
condition 5 note that B, (P’) = B (P) = B, (f*(D)) by lemma 2.5.4, so that
P’ is logbig for the pair (Z, Az — N') thanks to lemma 2.3.9. Therefore theorem

3.7.6 applies and we are done.
O
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Corollary 3.7.8. Let (X, A) be an effective pair such that dimX < 3, leta € Q.
Let D € Divg(X) be such that

1. D is big;
2. aD — (Kx + A) is nef;

3. There exists a projective birational morphism f : Z — X such that
f*(D) =P+ N is a Q-CKM Zariski decomposition and

e (X,A) is an LC pair and a > 0 (resp. (Z,A(A)z —aN) is an LC
pair);

e P is logbig for the pair (Z,A(A)z) (resp. P is logbig for the pair
(Z,A(A)z —aN)).

Then P is semiample.

Proof. Begin by noting that if dimX < 1 then the theorem is trivial because
every big divisor on a curve is ample. We can thus assume that 2 < dimX < 3.
Note also that if @ > 0 and (X, A) is LC then, by lemma 2.2.8, (Z, A(A)z —aN)
is LCand CLC(Z,A(A)z —aN) C CLC(Z,A(A)z). Thus we can assume that
P is logbig for the LC pair (Z, A(A)z —aN).

Hence by lemma 2.3.9 we get that B, (P) does not contain divisorial LC centers
of the pair (Z, A(A)z — alN), so that the same holds for B, (f*(D)) by lemma
2.54.

Then, in order to apply corollary 3.7.7, it just remains to show that
Pl (2 aa), —any 18 semiample if Nklta(Z, A(A)z — alN) # 0.

Equivalently we will show that P is semiample when restricted to each connected
component of this closed subset:

Let C be a connected component of Nklto(Z, A(A)z — aN). Then, by hypoth-
esis, we have that 0 < dimC < 1.

If dimC = 0 then P, is trivially semiample.

If dimC = 1 then we can write C' = Ué?:lC’j, where the Cj’s are irreducible
curves.

Then we have that C; € CLC(Z, A(A)z —aN) for every j € {1,...,k}, so that
ch is big, because P is logbig for the pair (Z, A(A)z — aN).

But, as C; is an irreducible curve, this implies that P ¢ is ample for every
Jj={1,...,k}. Hence P, is ample, because ampleness can be checked on the
irreducible components (see [Laz04, 1.2.16]), so that in particular it is semi-
ample.

Therefore we can apply corollary 3.7.7 and we are done. O

3.8 Dimension 4

In this section we show in theorem 3.8.1 that Conjecture 2 holds if we assume
some strong standard conjectures in the field of the Minimal Model Program.
By using that these conjectures hold true in low dimension we obtain Conjecture
2 in dimension less than or equal to 4 (cf. corollary 3.8.2).

Before stating the theorems let us fix some notation and definitions:

o We say that a pair (X, A) is of log-general type if Kx + A € Divg(X) is
big;
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e We refer to [KMO0O, definition 3.50] for the definition of log minimal model
of a DLT pair. More precisely given a DLT pair (X, A) we say that the
pair (X', A’) is a log minimal model of the pair (X, A) if there exists a
birational map ¢ : X --» X’ such that

1. ¢! has no exceptional divisors;

2 A = 6.(A);

3. Kx/ + A’ is nef;

4. o(E, X,A) < a(E, X'A") for every ¢-exceptional divisor E.

e We refer to [Fuj00, Definition 1.1] for the definition of semi divisorial log
terminal (or sDLT) n-fold: More precisely let X be a reduced Sz scheme
and assume it is pure n-dimensional and normal crossing in codimension
1. Let A be a Weil Q-divisor on X such that Kx + A is Q-Cartier.
Let X = JX; be a decomposition into irreducible components and let
p: [I1X! — X = |JX; be the normalization. A Q-divisor ©® on X’ is
defined by K% +0 = p*(Kx+A) and a Q-divisor ©; on X/ by ©; = O,

We say that (X, A) is semi divisorial log terminal n-fold if X; is normal
for every 4 (so that X/ is isomorphic to X;) and (X’,®) is DLT.

e We say that sDLT-abundance holds in dimension n if for every sDLT n-fold
(X, A) such that Kx + A is nef we have that Kx + A is semiample.

Theorem 3.8.1. Let (X, A) be an effective LC pair of dimension n. Let D €
Divg(X) be such that

1. D is big;

2. aD — (Kx + A) is nef for some rational number a > 0;

3. D admits a Q-CKM Zariski decomposition D = P 4+ N;

4. B (D) does not contain any LC center of the pair (X,A);

Also suppose that log minimal models exist for every Q-factorial DLT pair of
dimension n of log-general type and that sDLT-abundance holds in dimension
n—1.

Then P is semiample.

Proof. Note that By (P) = B, (D) by lemma 2.5.4. Then we can apply lemma
2.3.7 to P and we find a Cartier divisor I' and a rational number A > 0 such
that P — A" is ample, (X, A + ATI') is LC and CLC(X,A) = CLC(X,A + AI).
Then aD + P — (Kx + A+ AT') = (aD — (Kx + A)) + (P — AT') is ample.
Thus if D’ = aD + P, then D’ is big and D’ admits a Q-CKM Zariski decom-
position D’ = P’ 4+ N’, where P’ := (a + 1)P and N’ := aN. Furthermore
D' — (Kx + A+ AI') is ample, P is semiample if and only if P’ is such and
B, (D) =B (D").
This implies that, if we replace D by D’ and A by A+ A", we can suppose that
D — (Kx + A) is ample.
Hence by [KMO0O, lemma 5.17] there exists an effective ample Q-Cartier Q-divisor
H such that

D*(Kx+A) ~q H,
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and (X,A + H) is an LC pair.

In other words, if we put Ag := A+ H, then D ~g Kx + Ag and (X, Ag) is an
LC pair.

Therefore, thanks to lemma 2.5.2, we are reduced to show that if Kx + A =
P+ N is a Q-CKM Zariski decomposition, Kx + A is big and (X, A) is LC,
then P is semiample. Moreover up to performing a DLT blow-up (see theorem
3.5.1) we can suppose that X is Q-factorial and the pair (X, A) is DLT.

Then by hypothesis we have a log minimal model (X', A’) of the pair (X, A),
so that there exists ¢ : X --» X’ a birational map, A’ = ¢.(A), Kx, + A’ is nef
and (X', A’) is LC. If we resolve the indeterminacies of ¢ we find two birational
morphisms f: Z — X and g : Z — Y such that

where E is g-exceptional and effective.

Hence, by Fujita’s lemma (see for example [KMMS85, lemma 1.3.2]), this is
a Q-CKM Zariski decomposition of f*(Kx + A). By the uniqueness of the
Q-CKM Zariski decomposition for big divisors (see [Pro02, Proposition 7.4])
this implies that f*(P) = ¢*(Kx/ + A’). Thus we are reduced to prove that
Kx 4+ A’ is semiample. Note that we can assume that the pair (X', A’) is DLT
by performing again a DLT blow-up if necessary.

Let V = Nklt(X’, A’). Then there exists a Q-divisor A{, on V such that

(Kx + A, =Ky + Ay

and (V,A},) is an sDLT (n — 1)-fold (see for example [Fuj00, Remark 1.2(3)]).
Hence by sDLT-abundance we have that (Kx/+A")|, = Ky +Aj, is semiample.
Moreover for every sufficiently divisible m > 2 we have that

HY (X', Ty (m(Kx + A))) = 0

by Nadel vanishing (see [Laz04, theorem 9.4.17]), because Kx: + A’ is big and
nef.
Therefore we can lift sections and we find that B(K x/ + A") "Nklt (X', A") = (.

Thus Kx/ + A’ is semiample (see for example theorem 3.6.5) and we are done.
O

Corollary 3.8.2. Let (X, A) be an LC pair of dimension less than or equal to
4. If D € Divg(X) is such that

1. D is big;

2. aD — (Kx + A) is nef for some rational number a > 0;

3. D admits a Q-CKM Zariski decomposition D = P 4+ N;

4. B (D) does not contain any LC center of the pair (X, A);

Then P is semiample.

Proof. sDLT-abundance in dimension 3 holds by [Fujo0, theorem 0.1], while
every DLT Q-factorial pair of dimension 4 of log-general type has a log minimal
model by [AHKO7, corollary 3.6]. Hence we can apply theorem 3.8.1 and we are
done. O
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3.9 Relatively DLT case

In this section we consider a relative version of DLT pairs (see definition 3.9.1).
After investigating some properties of this notion we prove some generalizations
of Kawamata’s theorem 1.0.1 in the context of relatively DLT pairs (cf. theorem
3.9.9 and 3.9.10).

Relatively DLT pairs

Definition 3.9.1. Let (X,A) be a pair, with A = 3" a;D;, where the D,’s
are distinct prime divisors and a; € Q for every i. Suppose S C X is a closed

subset.
We say that (X, A) is a S-DLT pair if

1. V€ Sing(X) UNSNC(A) for every V € CLC(X, A, S);
2. a; < 1 for every i such that D; N S # (;

Now let D € Divg(X). We say that (X,A) is a D-DLT pair if (X,A) is a
B(D)-DLT pair.

Remark 3.9.2. Let S C X be a closed subset. Then it is immediate to see
that a S-KLT pair is S-DLT. Moreover by theorem 2.2.23 a DLT pair is S-DLT.

Lemma 3.9.3. Let (X,A) be a pair and let D € Divg(X). Suppose m € N is
such that mD is a Cartier divisor and, set-theoretically, Bs(|mD|) = B(D).

If (X, A) is a D-DLT pair and B(D) does not contain any LC center of the pair
(X, A), then there exists a common log-resolution of (X,A) and of the linear
series |/mD)|, say u:Y — X, such that

1. o(E, X,A) > —1 for every p-exceptional prime divisor E C'Y such that
u(E) NB(D) # 0;

2. a(E,X,A) > —1 for every non-u-exceptional prime divisor E C'Y such
that p(E) NB(D) # 0;

3. 1 is a composition of blowings-up of smooth subvarieties of codimension
greater than 1

Proof. Fix m € N as in the hypothesis and consider i : Y — X a log-resolution
of (X,A) and |mD| as in lemma 2.2.20.
Let us prove that u satisfies all the given conditions:
Write A = 3" a;D;, where the D;’s are distinct prime divisors and a; € Q.
We have that
Ky =p*(KEx +A)+ Y _a(E,X,A)E

1) Suppose E is a u-exceptional prime divisor on Y such that u(E)NB(D) # (.
As F is p-exceptional, by the choice of u, we get that

W(E) € B(D) U Sing(X) UNSNC(A).

If, by contradiction, a(F,X,A) < —1, then pu(E) € CLC(X,A,B(D)). Then,
by hypothesis, u(E) € Sing(X) U NSNC(A). Thus, by the irreducibility of
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w(E), we get that u(E) C B(D), so that we get a contradiction, because B(D)
does not contain LC centers of the pair (X, A).

2) Let E be a non p-exceptional prime divisor on Y such that u(E)NB(D) # 0,
then E = p;1(D;) for some i, whence u(E) = D;, so that D; N B(D) # 0.
Then —a(E, X,A) = a; < 1, that is a(F, X, A) > —1.

3) Follows by the choice of p.

In the following lemmas we prove some good properties of S-DLT pairs:

Lemma 3.9.4. Let (X,A) be a pair and let S C X be a closed subset.
If (X,A) is a S-DLT pair, then CLC(X, A, S) is a finite set.

Proof. Write A = 3" a;D;, where the a;’s are rational numbers and the D;’s are
distinct prime divisors on X.

Let p: Y — X be a standard log-resolution of the pair (X, A).

If ECY is a p-exceptional prime divisor, then p(E) C Sing(X)U NSNC(A),
so that, by hypothesis u(E) ¢ CLC(X, A, S).

Thus, if p(E)NS # 0, then a(E, X, A) > —1.

Now define

Ay ==Y a(B,X,NE == a(u;"(D:),X,Mp; (D)~ > a(E,X,A)E,
E exc.

so that for every V. € CLC(X,A,S) we have that V = pu(Z), where Z €

CLC(Y, Ay) is such that u(Z)N S # 0.

But, if Z is such, then u(Z) ¢ w(E) for all prime divisor E on Y such that

uw(EYNS =0,s0that Z Z Eif u(E)NS =10.

Now, if F' is a prime divisor on a normal variety Y’ such that h : Y’ — Y is

birational and h(F) = Z, then

a(F7 Y, AY) = a’(F7Y7_Za(ﬂ:l(Di)aX7A)ﬂ:l(Di) - Z a(E,X, A)E) =

FE exc.
=a(F,Y,~ > a(p'(Di), X, M) (D) = Y a(B,X,A)E)+
D;NS#D E exc.
1(E)NS#£D
+ > a(BE X, A)ordp(h(E)).

w(E)NS=0

But, if u(E)NS = 0, then we have seen that Z = h(F) € E, that is ordz(E) = 0,
so that ordp(h*(E)) = 0. Thus if we define

A/Y = Z a(:u;l(DL)vX7A):u;1Dt_ Z O’(EaXaA)Ev
D;NS#0 E exc.
u(B)S#0

then

a(F,Y,Ay) = a(F,Y,— Y a(u;" (D), X,A)u; ' D; —

- > a(B.X,A)E)=a(F,Y,A}).
FE exc.
w(E)NS#D
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Hence, Z € CLC (Y, Ay) implies that Z € CLC (Y, A}), so that V is the image
of an element in CLC(Y, A}).

But (Y, A}) is an LC pair because Y is smooth, A} is SNCS and its coefficients
are all less than or equal to 1:

In fact, by hypothesis of S-DLTness of (X, A), we have that —a(u; (D), X, A) =
On the other hand we have proved that if E is p-exceptional and u(E)N.S # 0,
then a(E, X, A) > —1.

Therefore CLC(Y, A}/) is finite, so that CLC(X, A, S) is finite as well, because
every element in CLC(X, A, S) is the image of an element in CLC (Y, A}). O

Lemma 3.9.5. Let (X,A) be a pair, let S C X be a closed subset and let
A" € Divg(X) be an effective divisor.

If (X,A)is S-DLT and, Supp(A’) 2V, for every V. € CLC(X,A,S) , then
there exists a rational number Ao > 0 such that for every A € QN [0, o], we
have that (X, A+ AA") is S-DLT and CLC(X,A 4+ AA',S) = CLC(X, A, S).

Proof. Let us write

A:ZaiDi, A/ :szDu

where the D;’s are distinct prime divisors on X, the a;’s and the b;’s are (possibly
zero) rational numbers. In particular, as A’ is effective, b; > 0 for all i. Hence,
for every A > 0,

A+ A = (a; + Ab;)D;.

Now let ¢ : Y — X be a standard log-resolution of the pair (X, Supp(A) +
Supp(A')).
Define, for every A > 0,

A== a(E, X,A+)A)E,
ECY

so that, the LC centers of (X, A+ AA’) are the images of the LC centers of the
pair (Y, Ay).
We have that
Av=—>" a(E,X,A)E + u*(AA"),
ECY

so that, for every prime divisor E C Y, we get
a(B, X,A +\A") =a(E,X,A) — Xordg(u*(A")).

Claim 1 There ezists N € QN (0,1] such that for every rational number
A €10, X) we have the following:
If E CY is a prime divisor such that u(E) NS # 0, then

1. a(E, X, A) > —1;
2. e a(E,X,A)>-1=aE,X,A+I\A")>—1;
e a(E, X,A)=—-1=a(E, X, A+ I\A") =—-1.
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Proof of claim 1.

1) If E C Y is a p-exceptional prime divisor and p(E) NS # (), then, by
choice of u, we have that u(F) C Sing(X) U NSNC(Supp(A) + Supp(A )) C
Sing(X) U NSNC(A) U Supp(A).

If, by contradiction a(E, X, A) < —1, then pu(E) € CLC(X, A, S).

By S-DLTness of (X, A) this implies that u(E) € Sing(X) U NSNC(A). But
w(E) € Supp(A’) by hypothesis, so that we find a contradiction.

On the other hand if F C Y is a prime divisor, it is not u-exceptional and
uw(E)NS # 0, then E = p;1(D;) for some prime divisor D; on X such that
D; NS # 0. Then, as (X,A) is S-DLT, we have that a(F, X,A) = —a; > —1.

2) Let A = {F C Y : Eis a prime divisor, a(E, X,A) > —1, u(E)NS #
0, ordpp*(A) £ 0},
Then we put

ordgu*(A’)
1 ifA=10

Let E be a prime divisor on Y such that u(E)NS # 0 and a(E, X, A) > —1. If
0< A< X, then a(E, X,A+ M) =a(E, X,A) = dordgp*(A) > —

Vo { mingea {71+Q(E’X’A) if A0

Now suppose E C Y is a prime divisor such that u(E)NS # 0 and a(E, X, A) =
—1. Then u(E) € CLC(X, A, S). Hence Supp(A’) 2 u(E), that is ordE( *(AN) =
0. Thus, for every A > 0,

a(B, X,A+\A")=a(E,X,A) = —

This proves claim 1.
Claim 2 For every A € QN [0,X), we have that

CLC(X,A+ A, S) C CLO(X, A, S).

If the claim holds, then, for every A € QN [0, \'), we have that
CLC(X, A+ )A",S)=CLC(X,A,S)

because CLC(X,A+AA") D CLC(X, A) by lemma 2.2.8, so that CLC(X, A+
A S) D CLC(X,A,S).

Moreover we can deduce the S-DLTness of (X, A + AA’), for A € QN [0, \'):
Property 1 holds because if V € CLC(X,A+\A’,S), then V € CLC(X, A, S).
Then, thanks to the hypotheses,

V & Sing(X)UNSNC(A) U Supp(A”).

But NSNC(A+AA") C NSNC(Supp(A)+Supp(A’)) € NSNC(A)USupp(A).
Therefore V' & Sing(X) U NSNC(A + \A').

Now suppose D; NS # (). Then
a; + Ab7 = 7(1(#;1(D1'), X, A + AA/) S 1
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thanks to claim 1. Thus property 2 is satisfied for A € Q N[0, \').
The lemma follows by choosing Ag € Q such that 0 < A\g < min{mio, N}

Proof of claim 2. Suppose V € CLC(X,A + AA',S).

Then V = pu(W), for some W € CLC(Y, Ay), and (W) N S # 0.

Hence, if E CY is a prime divisor such that u(E) NS =@, then W € E, that
is ordw (E) = 0.

This implies that, for every prime divisor F' over W, for every x € Q,

a(F,Y,Ay + zE) = a(F,Y, Ay).
Therefore, if we define

Ayi=— Y alBX,A+AA)E,
H(B)NSHAD

we get that

WeCLOY,Av+ Y. a(B,X,A+)A\)E) =
w(E)NS=0

=CLC(Y,~ Y a(E,X,A+\A)E) = CLO(Y, A}).
w(E)NS#D

Note that the pair (Y, A!) is LC, because Y is smooth, A} is SNCS and all its
coefficients are less than or equal to 1 by claim 1.

Thus, by remark 2.2.6, all the LC centers of this pair are irreducible components
of intersections of prime divisors in the support of (A})=!.
But, again by claim 1, we get that

Supp((A4)™") € Supp((— Y a(B, X, A)E) ™) = Supp((Ag) ).

Thus W _is an irreducible component of a finite intersection of prime divisors in
Supp((Ap)™1), that is W € CLC(Y, (Ag)™1).
Moreover, as . ANO is SNCS, W is not contained in any other prime divisor in the
support of Ag, so that W € CLC(Y, Ay).
This implies that V = u(W) € CLC(X, A, S), because we had chosen V' such
that VNS # 0.

O

The following lemma is an improvement of lemma 2.3.7.

Lemma 3.9.6. Let (X, A) be a pair and let S C X be a closed subset such that
(X,A) is an S-DLT pair. Suppose L € Divg(X) is big and nef and B4 (L) does
not contain any element in CLC(X, A, S).

Then there exists an effective Cartier divisor I' on X, and a rational number
Ao > 0 such that Bs(|T'|) = B4 (L) and for each A € QN (0, Ag], we have that

1. L — XTI € Divg(X) and is ample;
2. CLCO(X,A+ XI',S) =CLC(X,A,S);
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3. (X, A+ AT) is an S-DLT pair.

Proof. By [ELMNPO06, Prop. 1.5] there exists H, an ample Q-divisor on X,
such that
B.(L)=B(L - H).

Moreover there exists mg € N such that
B. (L) = B(L — H) = Bs(|Imo(L — H)]).

Let T € [mo(L — H)| be a general divisor, so that Bs(|T'|) = B (L).
Now, for all A € Q N (0, 1], we have that

L — AT ~g (1 — Amo)L + AmoH

is ample if A < m%) because L is nef and H is ample.

As CLC(X, A, S) is a finite set by lemma 3.9.4, and as, by hypothesis, Bs(|T'|) =
B, (L) does not contain any element in CLC(X, A, S), we can choose I' such
that Supp(T") does not contain any element of CLC(X, A, S), as well.

Then we can apply lemma 3.9.5 and we find a rational number Ay > 0 such
that for every rational number A € (0, Ag] the pair (X, A + AT") is S-DLT and
CLC(X,A+ \',S)=CLC(X,A,S). O

Lemma 3.9.7. Let (X,A) be a pair, let S C X be a closed subset and let
N € Divg(X) be effective.
If (X,A) is S-DLT, then (X,A — N) is also S-DLT.

Proof. Trivially, (X, A — N) satisfies the property 2, because, by effectivity of
N, the coefficients of A — N are not bigger than the coefficients of A.

Let us prove that (X, A — N) satisfies the property 1:

Suppose there exists V€ CLC(X,A — N, S), (otherwise there is nothing to
prove). Then, as V € CLC(X,A,S), V € Sing(X) UNSNC(A).

In order to prove the property 1 we have to show that V¢ NSNC(A — N):

Claim There exists a proper birational morphism f : Y — X, and an irre-
ducible divisor F' on'Y such that f(F) =V and

a(F, X,A)=a(F,X,A—N)=-1

If the claim holds, then, as usual, we have that
a(F,X,A)=a(F,X,A—N)—ordp(f*(N)).

Then, by the claim, ordpg(f*(N)) = 0, so that V = f(F) € Supp(N).

Hence V' Z Supp(N)UNSNC(A). As NSNC(A—N) C Supp(N)UNSNC(A),
we get that V€ NSNC(A — N), so that property 1 holds. Thus the lemma
will be proved once we prove the claim.

Proof of the claim. Let p : X' — X be a standard log-resolution of the pair
(X, Supp(A)).
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Let Ey, ..., E) be prime divisors on X’ such that, for all j € {1,...,k}, we have
a(E;, X,A)#0 and pu(E;)2V.

Note that the set of the prime divisors on X’ with this properties is nonempty
because V € CLC(X, A).

Suppose, furthermore, that E1, ..., Ey are the only prime divisor on X’ with
both these properties.

Now suppose there exists j € {1,...,k} such that E; is u-exceptional.

Then, by definition of standard log-resolution,

w(E;) € Sing(X)UNSNC(A) = V C Sing(X) UNSNC(A).

But we have proved before the claim that this is not possible.
Thus, all the E; are non p-exceptional. Moreover, as V NS # (), we have that
p(E)NS #Oforal j=1,... k.
Then
a(E;, X,A) > -1 Vi=1,...k,

thanks to the S-DLTness of (X, A) (property 2).

Let v : X" — X’ be a proper birational morphism such that there exists a prime
divisor F' C X" such that u(v(F)) =V and a(F, X,A — N) < —1.

Note that we can find such a morphism because V € CLC(X,A — N).
Moreover, composing, if necessary, v with a suitable log-resolution, we can sup-
pose that X" is smooth and that the divisor

v A v exe(p) + exc(v)

is SNCS.
Now, as usual, we find that

a(F,X,A) = a(F,X',~> a(E,X,A)E) =

k
a(F,X',=> a(E;,X,N)E;)+ Y a(E,X,Aordpv*(E).
Jj=1 E+E;

Let us show that if £ C X’ is a prime divisor such that E # E; for all j =
{1,...,k}, then, either a(E, X, A) =0, or ordpv*(E) = 0:
In fact, if ordpr*(E) # 0 then

F C Supp(v*(E)) C v Y E) = v(F) CE =V =uv(F)) CuE).
Then a(F, X, A) = 0 because of the choice of the E;’s. This shows that
k
a(F, X,A) = a(F,X',= Y a(E;, X, A)E;).

j=1

But (X’,fzg?:la(Ej,X,A)Ej) is an LC pair, because the divisor

—Z?zl a(E;, X,A)E; is SNCS (as p is a log-resolution of (X,A)), and we
have seen that a(E;, X,A) > —1for all j € {1,...,k}.
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Therefore
k
~1>a(F,X,A~N)>a(F,X,A)=a(F,X',= Y a(E;, X,A)E;) > -1,
j=1
so that a(F, X, A — N) = a(F, X,A) = —1, and the claim is proved by putting
f=povand Y :=X". O

Main theorems

Theorem 3.9.8. Let X be a normal projective variety and let A be an effective
Weil Q-divisor. If D is a Weil Q-divisor such that

1. D admits a Q-CKM Zariski decomposition D = P + N;
2. (X,A—aN) is a P-DLT pair;
3. There exist two rational numbers ty and a, with a > 0 such that
toP — (Kx + A —aN)
is ample;
4. For every V. € CLC(X,A — aN) we have that V € B(P);

then P is semiample.

Proof. We define A := aN — A. Then (X, —A) is a pair and
toP‘i’A*KX :tOP—(KX+A—aN)

is ample.

Now if (X, —A) is KLT then (X, D) > 0 by lemma 3.3.1. Hence, as (X, P) =
k(X, D) by definition of CKM Zariski decomposition, we have that «(X, P) > 0,
as well.

If (X,—A) is not KLT then CLC(X,—A) # (), so that, B(P) # X, because of
4. Hence, again, (X, P) > 0.

Then, if we denote

N(P) = {m € N such that mP € Div(X) e H*(X,Ox(mP)) # 0},

we have that N(P) # (. Take m; € N such that m; P is a Cartier divisor and
Bs(|m1P|) = B(P), as closed sets.

We suppose, by contradiction, that B(P) # 0.

We will find m € N(P) and a subvariety V' C X such that, set-theoretically,
V C Bs(lmiP|) = B(P) but V. ¢ Bs(JmP]), leading, in such a way, to a
contradiction.

Let {D; };?:1 be the finite set of the prime divisors appearing in the support of
A or as base components of |my P|. We write A = Z?:l a;D;, where the a; are
possibly zero rational numbers.

Now, as (X, —A) is P-DLT and B(P) does not contain LC centers of the pair
(X,A —aN), we can apply lemma 3.9.3, so that we find p : ¥ — X, a log-
resolution of the pair (X, —A) and of the linear series |m P| such that:
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e 4 is a composition of blowings-up of smooth subvarieties of codimension
greater than 1.

e a(E,X,—A) > —1 for every p-exceptional prime divisor E C Y such that
u(E) NB(P) # 0;

e a(E,X,—A) > —1 for every non-u-exceptional prime divisor £ C Y such
that u(E) NB(P) # 0;

Let {F; = ﬁj };?:1 be the finite set of the strict transforms of the divisors D;
and let {F; = E; }é':k 41 be the finite set of the p-exceptional prime divisors on
Y, so that 22:1 F}; is a SNC divisor.

We can write

l
Ky =p*(Kx — A)+ > b;Fj,
j=1

where b; = a(Fj;, X, —A) for every j =1,...,1L

Moreover we can consider an integral base-point free divisor L and coefficients
r; € NU{0} such that p*(m,P) =L+ Y r;jF; and p*|m,P| =|L|+ ) r;Fj.
Hence we have that Bs(jmiP|) = M(Urﬁéo F}), so that we can suppose r; > 0
for some j because Bs(|myP|) # 0.

Moreover if r; # 0, then p(F;) € Bs(lmiP|) = B(P), which implies that
b; > —1, as, by hypothesis, B(P) does not contain any LC center of the pair
(X,-A).

Now, as toP + A — Kx is ample and p satisfies the hypotheses of lemma 2.1.9,
there exist, for each j = k4 1,...,[, arbitrarily small, rational numbers J; > 0,
such that

1
/L*(t0P+ A — Kx) — Z (;ij
j=k+1
is still ample.
Thanks to the openness of the ample cone there exist also, for each j = 1,..., k,
positive rational numbers ¢; such that if 0 < 5; < 9, then

k l
,u*(toP—F A— Kx) — Z(S;Fj - Z 5ij
j=1 j=k+1

is ample.

Now we define

. by +1—9;
c= min ———.
{g:r;#0} T

By choosing the d;’s small enough we can suppose that
bj +1—9; > 0 for all j such that b; > —1.

Hence ¢ > 0 because b; > —1 for every j such that r; # 0.

Moreover, perturbing slightly the d;’s if necessary, we can suppose that the
minimum is attained on a unique j, say j = jo. Let B := F},.

Now we define
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Ji ={j € {1,...,k} such that b; > —1},

Jo={j € {1,...,k} such that b; = —1 and D; NB(P) # 0},
J3:{]€+1,...,l},
Jy={j€{1,...,k} such that b; < —1 and D; NB(P) = 0}.

Note that J; II Jo I J3 IT J4 = {1,...,1}, because, by choice of u, b; > —1 if
1<j<kand D;NB(P)#0.

Moreover jo € J1 11 J3 as bg > —1, being r¢ # 0.

Now let s := tg 4+ ¢my, and let

B, i=p"(m—cm)P+A—-Kx)— Z 0, F;.
Jj€J3

Then, if 0 < ¢} < 4, for each j € {1,...,k} = J; I Jo I Jy, we have that for
every integer m > s

Bpn— Y 0F;=p"((m—cm)P+A-Kx) Zé’F— Z 6, F;
JIJo11Jy j=k+1

is ample, because m — cmy > to and p*(P) is nef.
Let us consider now, for each j € J,, rational, arbitrarily small numbers €; > 0,

and define

A'::Z( crj +b; — ;) Fj,

J#jo
A=A+ (e +6;)F;
JEJ2
Asr; =0if b; < —1 we get that
A" = Z (—CTj+bj —5j)Fj+Z(—1+6j)Fj,
(J1 s Ja)\{do} Jo

Now we define, for every m € N(P), the divisor

Qm :=pu (mP)+ A" — B - Ky.

Then
Qm =p"(mP)+A —B—-Ky + (A" -A)=
= p*(mP)+ Y (—crj+b;—0)) o= Y biF—pt(Kx —A)+ (A" = A') =
J#jo
=p'(mP+A-Kx)— Y erjFj— Y §;F + Fj,(—=1—bj,) + (A" = A') =
J#jo J#jo

— ‘LL*((TTL*le)Pﬁ*A*Kx)+CL+FjO(CTjO 71717]‘0)7 Z (Sij+(A//7A/) =

J#jo
=p((m—em)P+A—Kx)+cL—> 0;F;+> (& +0;)F; =

Ja
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=u*((m—cm)P+A—Kx)— Z 5ij+cL+Zeij =
J1HJ3HJ4 J2

Z 0; F; JrcLJrZe]

J11Jy

Let my = min{m € N(P) such that m > s}. Then B,,, —ZJ1HJ4 0, F; is ample,
so that @, is also ample if the €; are small enough because L is nef.

Hence @, is ample for every m € N(P) such that m > s thanks to the nefness
of P.

Thus, by Kawamata-Viehweg vanishing theorem (see [Laz04, Cor. 9.1.20]), we
find that HY(Y, Oy (u*(mP) +"A"7 — B)) =0 if m > s and m € N(P).

This implies that the restriction homomorphism

HO(Y, Oy (1" (mP) +TA")  HY(B, O (i (mP) + ")

is surjective in this case.

Now we notice that p*(maP), + A, — Kp = Qm,|,, is an ample Q-divisor.
Moreover AY' is SNCS because A” is such and B intersects transversally all the
Fj’S with ] 7& jo.

Hence it suffices to verify that all the coefficients of Aﬁ; are greater than —1 to
show that the pair (B, —A[)) is KLT:

Note that if j € Jy, then p(F;)NB(P) = D;NB(P) = 0, so that u(F;)Nu(B) = 0,
as u(B) C B(P).

This implies that BN F; = 0, that is Fy, =0.

Moreover if j € J3 and b; < —1, then p(F;)NB(P) = 0, because of the properties

of u, so that, as before, we obtaln again that F. ils =0.
Thus
= D (et b =)+ (Cl4g)F, =
(J10J3)\{jo } J2
= Z (767’3‘ + bj - 6j)Fj\B + Z *CT]' + bj - 5j)Fj|B + Z(*l + Gj)FjIB.
Ji\{jo} J3\{Jol} J2
bj>—

In particular we can suppose that j € Jo or b; > —1. But we have that

e if b; > —1 and r; = 0 then —cr; +b; — 6; = b; — 6; > —1 (by the choice

of the §;,’s);
.ifbj>7177”]'#Oandj#jothenfcff’j+bj75j> b+1 51"j+b 5 =
—1.

o if j € Jy then —1+4¢; > —1;

Therefore the pair (B, —AT’B) is KLT.

This enables us to use Shokurov’s nonvanishing theorem ([KMO0O, theorem 3.4]),
so that for every integer k > 0 we can find ux € N(P), such that px > mao,
Wi > a, pg is a multiple of k£ and

H°(B,Op(p* (uxP) +"A")) # 0
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In fact this cohomology group is non zero for every sufficiently large multiple of
mao.

Now, by the definition of Zariski decomposition, there exists kg € N such that
koP is Cartier, koD is integral and H(X, tkoP) ~ H°(X,tkoD) for every t € N.
Let us define m := pg,. Then

B ¢ Bs(|p*(mP)+"A"7) and H*(X,Ox(mP)) ~ H°(X,0x(mD)).

Now let us write "A”7 = AT — A=, where AT and A~ are effective divisors
without common components. Note that "A”™ = > 117 117,\ (o —€T5 + 05 —

0;'F}, so that if we put x; :="—cr; +b; — ;" for every j = 1,...,1, we have
that
A+ = Z Jiij, A_ = — Z JZij.
JILJ5 T4\ {Go} JILJ3ILI4\{Go}
;>0 ;<0

Note that B € Supp(A™) and B € Supp(A~), so that in particular B ¢
Bs(|p*(mP) + A*)).
Moreover we have that p.(AT) <TaN7 < mN:

In fact
pe(AN) = Y )= Y 4D;
J1ILJ3 114 \{jo } J1llJa\{jo}
$J'>0 T >0

But, if j € Jy I Jy then x; ="—crj +a; — ;' < "a; . Hence

k
ps(AT) < Z "a;"D; < ZmaX{O,rajj}Dj <TaN"
LI o} =1
z;>

as "TaN7>TA7=3"Ta;"'D; and "aN" > 0.

From these inequalities it follows that RO(Y,Oy(u*(mP) + A1) <
h(X,Ox(mD)), by using lemma 2.1.8.

But

H(X, Ox (mD)) = H(X, Ox (mP)) =~ H(Y, Oy (1" (mP))) —

= H°(Y, Oy (" (mP) + A™)),

so that HO(Y, Oy (u*(mP))) ~ HO(Y, Oy (u*(mP) + A*)).
Therefore we see that B  Bs(|u*(mP)|), which implies that p(B) € Bs(|mP)),
giving a contradiction. O

Theorem 3.9.9. Let (X, A) be an effective pair. If D € Diug(X) is such that
1. D 1is big;
2. aD — (Kx + A) is nef for some a € Q;

3. There exists a projective birational morphism f : Z — X such that f*(D)
admits a Q-CKM Zariski decomposition f*(D) = P+ N and

e (Z,A(A)z —aN) is a P-DLT pair;
o For every V.€ CLC(Z,A(A)z — aN,B(P)) we have that V ¢
B (f*(D));
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then P is semiample.

Proof. We apply lemma 2.5.3 and we consider to, D', P’, N', Az as in the
lemma, so that in particular D' = P’ + N’ is a Q-CKM Zariski decomposition
and tg P’ — (Kz+ Az — N') is big and nef. Moreover P’ is big and nef, B, (P’) =
By (P) =B, (f*(D)) by lemma 2.5.4 and the pair (Z,Az — N') = (Z,A(A)z —
aN) is P-DLT.

Then, by lemma 3.9.6, there exists an effective Cartier divisor I' on Z and a
rational number A > 0 such that P’ — A" is ample, (Z, Az +AI'— N') is P’-DLT
and CLC(Z,Az + X' = N')=CLC(Z,Az — N')=CLC(Z,A(A)z — aN).
Thus

(1+t))P — (Kz+Az+ X[ —N')=P — X[+ t,P' — (Kz+Az —N')

is ample, being the sum of an ample and a nef divisor.
Moreover, as B(P’') C By (P') = By(f*(D)), we have that B(P’) does not
contain any element in CLC(Z, Az + A\I' — N’ B(P")), so that B(P’) does not
contain any LC center of the pair (Z, Az + AI' — N').
Therefore we can apply theorem 3.9.8 and we get that P is semiample. O

The following corollary is a generalization of corollary 3.3.4.

Corollary 3.9.10. Let (X,A) be an effective pair. If D € Diug(X) is such
that

1. D is big;

2. There exists a projective birational morphism f : Z — X such that
f*(D) =P+ N is a Q-CKM Zariski decomposition and

e (Z,A(A)z) is a f*(D)-DLT pair;
o For every V. € CLC(Z,A(A)z,B(f*(D))) we have that V ¢
B (f*(D));

then there exists 5 > 0 such that if
aD — (Kx + A) is nef for some rational number a > —f

then P is semiample.

Proof. Note that Supp(N) C B, (f*(D)) by lemma 2.5.4. Then by lemma 3.9.5
we can find 8 > 0 such that if 0 > a > —f, then the pair (Z, A(A)z —aN) is
f*(D)-DLT and CLC(Z,A(A)z—aN,B(f*(D))) = CLC(Z, A(A)z,B(f*(D))).
On the other hand if @ > 0 then (Z, A(A)z—aN) is a f*(D)-DLT pair by lemma
3.9.7 and CLC(Z,A(A)z — aN,B(f*(D))) € CLC(Z,A(A)z,B(f*(D))) by
lemma 2.2.8 because of the effectivity of V.

Thus, as B(P) C B(f*(D)), for every a > — we have that (Z, A(A)z—aN)isa
P-DLT pair and B, (f*(D)) does not contain any LC center in CLC(Z, A(A)z—
aN,B(P)). Therefore we can apply theorem 3.9.9. O

Remark 3.9.11. Note that in theorem 3.9.9 we may change our hypothesis 3
by assuming that there exists a Q-CKM Zariski decomposition f*(D) = P+ N
such that
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e (Z,A(A)z —aN) is a f*(D)-DLT pair;
e B, (f*(D)) does not contain any element in CLC(Z,A(A)z — aN,
B(/*(D)))-

In fact we have that B(P) C B(f*(D)), so that these assumptions imply hy-
pothesis 3 of the theorem.

On the other hand note that in corollary 3.9.10 we may replace the hypothe-
sis 2 with the assumptions that there exists a Q-CKM Zariski decomposition
f*(D) = P+ N such that (Z,A(A)z) is a P-DLT pair and B, (f*(D)) does
not contain any LC center in CLC(Z, A(A)z,B(P)). This follows by the proof
of the corollary itself.

Corollary 3.9.12. Let (X,A) be a weak log Fano pair. Suppose that
o (X,A) is a —(Kx + A)-DLT pair;
o for every V € CLO(X,A,B(—(Kx +A)) we have V L B (—(Kx + A));

then —(Kx + A) is semiample.

3.10 Alternative hypotheses

In this section we state some of the theorems in the previous chapters with more
common “base-point free type” hypotheses. Proofs are very similar.
The following is a different version of theorem 3.4.1:

Theorem 3.10.1. Let X be a normal projective Q-Gorenstein variety and let
A € Divg(X) be effective and such that (X, A) is an LC pair and (X, (1 —0b)A)
is a KLT pair for some rational number b > 0.

If D € Divg(X) is such that

1. aD — (Kx + A) is big and nef for some rational number a > 0;
2. By(aD — (Kx + A)) does not contain any LC center of the pair (X, A)

3. D admits a Q-CKM Zariski decomposition
D=P+N
such that B(P) does not contain any LC center of the pair (X, A).

Then P is semiample.

Proof. First of all we can assume that A # 0:
In fact, if A = 0 the hypotheses implies that the pair (X, 0) is KLT. In particular
(X,0) is a DLT pair, so that we are under the hypotheses of theorem 3.3.6.

Being A # 0, we can apply lemma 2.2.10 and we have that Supp(A) contains
all the LC centers of the pair (X, A).

Now, thanks to lemma 2.3.7, we can find an effective Cartier divisor I' and
a rational number A > 0 such that aD — (Kx + A) — AT is ample, the pair
(X, A+ AT') is LC and CLC(X,A) = CLO(X, A + AD).
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This implies that Supp(A) contains all the LC centers of the pair (X, A + AT').
Hence, by applying again lemma 2.2.10, we have that for every ¢ € QT the pair
(X, (1 —€e)A+ AT') is KLT.

Now we have that

aP+aN — (Kx+ (1 - A+ Al) = (aD — (Kx +A) = AT') + €A

is ample, thanks to the openness of the ample cone, for € > 0 small enough. In
other words there exists ¢y € Q1 such that

aP +aN — (Kx + (1 - €)A + AT)

is ample.
Thus we can apply theorem 3.3.2 to the pair (X, (1 — eg)A + AI).

The following is a different version of theorem 3.6.7:

Theorem 3.10.2. Let (X, A) be an effective LC pair such that X is Q-Gorenstein.
Let D € Divg(X) be such that

1. aD — (Kx + A) is big and nef for some a € QT U{0};
2. By(aD — (Kx +A)) 2V, for every V € CLC(X,A);
3. D has a Q-CKM Zariski decomposition
D=P+N
such that B(P)NV = 0 for every V € CLC(X, A) such that V'€ Supp(A);
then P is semiample.

Proof. Thanks to lemma 2.3.7, we can find an effective Cartier divisor I' and
a rational number A > 0 such that aD — (Kx + A) — AL is ample, the pair
(X,A+ AT")is LC and CLC(X,A) = CLC(X,A 4+ \I).

Hence, thanks to lemma 2.2.9 and lemma 2.2.8, we get that for every e € QF

CLC(X,(1—€)A+ A —aN) C{V € CLC(X,A) such that V ¢ Supp(A)},

so that, by hypothesis, B(P) does not intersect any LC center of the pair
(X, (1 —€)A+ AT"). Moreover
aP+aN — (Kx+(1—e) A+ Al) = (aD — (Kx +A) = AT') + €A

is ample if € is sufficiently small thanks to the openness of the ample cone.
Thus we obtain the semiampleness of P by applying theorem 3.6.5 to the pair
(X,(1—€e)A+AT).

O

The following is a different version of corollary 3.7.5:

Corollary 3.10.3. Let (X, A) be an effective pair.
Let D € Diug(X) be such that

1. aD — (Kx + A) is big and nef for some a € Q;
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2. there exists a projective birational morphism f : Z — X such that f*(D) =
P+ N is a Q-CKM Zariski decomposition and

o (Z,A(A)z —aN) is an LC pair;

e B, (f*(aD — (Kx + A))) does not contain any LC center of the pair
(Zﬂ A(A)Z - (IN),‘

o NKIt(Z,A(A)z —aN) =0, or

P s semiample.
NKIt(Z,A(A) z —aN)

Then P is semiample.

Proof. Define L := f*(aD — (Kx + A)). Then we can apply lemma 2.3.7 to the
big and nef Q-divisor L and to the pair (Z, A(A)z —aN) and we find a Cartier
divisor I" and a rational number A > 0 such that L — AT is ample, (Z, A(A)z —
aN + AT") is LC and CLC(Z,A(A)z —aN + A\I") = CLC(Z,A(A)z —aN).
Furthermore, we can choose I' generically in its linear series and we have that
Bs(|I'|) = B4+(L). Then, by Bertini’s lemma, we can suppose that, outside
B, (L), T is smooth and it intersects A(A)z — aN in a simple normal crossing
way.

Now we apply lemma 2.5.3, we consider to, D', P', N', Az as in the lemma and
define B := Az — N’ + AT'. We will show that the pair (Z, B) and the Q-Cartier
Q-divisor P’ satisfy the hypotheses of theorem 3.7.4:

First of all we have that toP’ — (Kz + B) = toP' — (Kz + Az + A\' = N') =
P + L — AT is ample, being the sum of a nef and an ample divisor.

By the LCness of the pair (Z, B) we get that all the coefficients of B are less than
or equal to 1 and property 5 holds. Moreover property 1 is trivially verified and
property 3 follows by the definition of Q-CKM Zariski decomposition because
Ay is effective.

In order to prove that property 4 holds we will show that Nklt(Z,B) C
l\fTﬁt(Z, Az — N') = l\fTﬁt(Z,A(A)Z — aN), so that we can use the hypothe-
sis of the corollary:

By the choice of T' we have that CLC(Z,Az — N') = CLC(Z,B) and
NSNC(B) S NSNC(Az — N')UBL(L).

Then, it V. € CLC(Z,B) and V C Sing(Z) U NSNC(B), we get that V €
CLC(Z,Az—N'")and V C Sing(Z)UNSNC(Az — N')UB,(L). This implies
that V C Sing(Z) UNSNC(Az — N'), because by hypothesis B4 (L) does not
contain LC centers of the pair (Z, Az — N’). Hence V' C Nklt(Z, Az — N'), and
we get the required inclusion. Therefore we can apply theorem 3.7.4 and we are
done. O

The following is an alternative version of corollary 3.7.7:

Corollary 3.10.4. Let (X,A) be an effective pair, with dimX > 2.
Let D € Divg(X) be such that:

1. aD — (Kx + A) is big and nef for some rational number a > 0;

2. there exists a projective birational morphism f : Z — X such that f*(D) =
P+ N is a Q-CKM Zariski decomposition and

o (Z,A(A)z —aN) is an LC pair;
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e B, (f*"(aD — (Kx + A))) does not contain divisorial LC centers of
the pair (Z,A(A)z —aN);

e Nklty(Z, A(A)z —aN) is semiample.

= @7 or ‘PlNkth(Z,A(A)Z—aN)
Then P is semiample.

Note that if @ > 0 it suffices that (X, A) is an LC pair for the pair (Z, A(A)z —
aN) to be LC.

Proof. Let us apply lemma 2.5.3 and consider ¢y, D', P/, N, Az as in the
lemma, so that D’ = P’ + N’ is a Q-CKM Zariski decomposition, Az is effective
and the pair (Z,Az — N') = (Z,A(A)z —aN) is LC.

Note that by lemma 2.3.9, we have that f*(aD — (Kx + A)) is logbig in codi-
mension 1 for the pair (Z,Az — N'), so that tocP' — (Kz + Az — N') = P +
f*(aD—(Kx +A)) is nef and logbig in codimension 1 for the pair (Z, Az — N').
Thus we can apply theorem 3.7.6 to the Q-Cartier Q-divisor P’ and to the pair
(Z, Az — N') because all the hypotheses are satisfied and we get the semiample-
ness of P. O

3.11 Examples

Basic construction

The following general construction is due to Hacon and McKernan (see [Laz09,
theorem A.6]). The choice of the surface S is due to Gongyo (see [Gon09,
Example 5.2]).

Let S be the surface obtained by blowing up P? in 9 very general points, so
that —Kg is nef but not semiample. Let S C PV be a projectively normal
embedding.

Let Xy be the cone over S and let ¢ : X — X be the blowing-up at the vertex.
We have that X ~ Pgs(Og @ Og(—H)), where H is a sufficiently ample divisor
on S. Now we denote by m : X — S the natural projection, and by F the
¢-exceptional divisor, so that F ~ S.

Note that —(Kx + F) is big and nef. Hence (X, E) is a weak log Fano DLT
pair of dimension 3 and F is the only LC center of (X, F); in particular it is a
PLT pair.

Now, by adjunction, we have that

—(Kx +E), = —Kg,

whence —(Kx + F) is not semiample because —Kg is not semiample.

Applications

In example 3.11.1 we will show that, with the notation of the previous subsec-
tion, E C By (—(Kx + E)), but E € B(—(Kx + E)).
Then we have that (X, E) is a PLT (hence DLT) pair such that

1. =(Kx + E) is big and nef;
2. B(—(Kx + E)) does not contain the only LC center of the pair (X, E);
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3. —(Kx + E) is not semiample.

Thus it shows that in many of our theorems, e.g. theorem 3.3.3, theorem 3.3.6,
theorem 3.1.2, theorem 3.5.3 and corollary 3.7.5, the hypothesis about the B
cannot be removed or replaced with the same hypothesis on the stable base
locus.

In example 3.11.2 we will construct, for arbitrary large & € N, a Q-divisor P
and a Q-divisor A on X such that (X, A) is DLT and the following conditions
are satisfied:

1. P is big and nef;
2. P—(Kx + A) is big and nef;

3. The pair (X, A) has m > k LC centers and m — 1 LC centers among these
are not contained in B (P);

4. P is not semiample.

Note that, by lemma 2.3.9, property 3 implies that there is one LC center of
(X, A), say V, such that P remains big when restricted to every LC center in
CLC(X,A)\{V}.

This shows that in many of our theorems, e.g. theorem 3.3.3, theorem 3.5.3 and
corollary 3.7.5, we cannot lighten the hypothesis on B, in the sense that we
must assume that it does not contain any LC center.

Similarly we cannot sharpen the hypothesis of logbigness of P in corollary 3.3.11,
in theorem 3.7.6 and in corollary 3.7.8.

Example 3.11.1. Let us show that E C B (—(Kx + E)):

We identify E ~ S = Bl,, . ,,P?, we denote by € : E — P? the blowing-up
in 9 very general points, we denote by H an hyperplane section on P2 and by
Fy, ..., Fy the 9 distinct prime e-exceptional divisors.

As —(Kx + E) is big and nef, thanks to Nakamaye’s theorem we have that

B, (—(Kx + E)) = Null(~(Kx + E)).
Hence, it suffices to show that (—(Kx + E)?- E) = 0.

But (—(Kx+E)*E) = (—(Kx+E)|,)? = (-Kg)?* = 3" (H)—F1—..— Fy)? =
0.

On the other hand we have that £ Z B(—(Kx + E)):
Note that

hW(E,—(Kx + E)|,) =h"(E,—Kg) = h°(E,3¢"(H) — Fy — ... — Fy) =

= hO(PQ, J{pl,...pg}(g)) 7é 0.

Now consider the exact sequence
0— HX,—(Kx+E)-E) = H'(X,—(Kx+E)) > HY(E,—(Kx + E)|,) =
— H' (X,—~(Kx +E)—E) — ...
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We have that —(Kx + E) — F = Kx — 2(Kx + E), where —2(Kx + FE) is big
and nef. Hence, by Kawamata-Viehweg vanishing (see [Laz04, theorem 4.3.1]),
HY(X,—(Kx + E)—E)=0.

Thus we obtain the surjectivity of the restriction map

H°(X,—(Kx + E)) = H°(E,—(Kx + E)|,,) #0,

which implies that E ¢ Bs(| — (Kx + E)|), so that in particular E ¢
B(—(Kx + E)).

Example 3.11.2. Let Ay,..., Ax be smooth hyperplane sections on X, such
that v € A; for every ¢ = 1,...,k and the ample divisor A := >  A; is SNC.
Bertini’s theorem assures the existence of such divisors. Let

P:=—(Kx +E)+¢*(A).

Moreover define A := E + ¢*(A) = E + ¢, ' (A).

Note that the pair (X, A) is DLT, because X is smooth and E+¢, (A) is a SNC
divisor, and the LC centers of (X, A) are exactly the irreducible components of
finite intersections of prime divisors in the support of A, namely E and ¢*(A;)
for every i € {1,...k}.

Note also that P is big and nef because it is the sum of two big and nef divisors
and

P (Kx +A) = —(Kx + E) + 6"(A) - (Kx + E + ¢"(4)) = 2(~(Kx + E))

is also big and nef.
Now, by lemma 2.1.9 there exists € > 0 such that ¢*(A) — eE is ample.
Then we can write

P=(—(Kx+E)+¢*(A) — €E) + ¢E,

where —(Kx + F) + ¢*(A) — €F is ample.

This implies that B4 (P) C E. On the other hand ¢*(A) N E = (), so that the
only LC center of the pair (X, A) contained in F is E itself.

Thus the only LC center of the pair (X, A) contained in B, (P) is E.
Moreover ¢*(A)|, = 0 because ¢*(A) N E = 0.

Then P, = —(Kx + E)|, = —KF is not semiample, because E' ~ S. Therefore
P is not semiample.
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Chapter 4

Asymptotic base loci on
singular varieties

The aim of this chapter is to generalize theorem 1.0.6 to the case when the
variety X is not smooth. In particular in section 4.1 we study some particular
cases, we prove the main theorems in section 4.2, while in section 4.3 we give,
as an application, a characterizarion of nef and abundant divisors. All the main
results of this chapter appear in [CD11].

Throughout the chapter, unless otherwise stated, by divisor we mean a Cartier
divisor and, for K = Q, R, by K-divisor we mean an element of Divg(X).

4.1 Some special cases

In this section we investigate the relationship between B_ (D) and NNef (D) just
exploiting the fact that, by [ELMNPO06, Prop. 2.8], we already know that they
are equal on smooth varieties. After few lemmas about the behaviour of the
restricted base locus under birational maps, we prove that B_ (D) and NNef(D)
agree on the smooth locus of X. Some considerations will then allow us to
conclude that B_ (D) = NNef(D) on any normal surface.

Lemma 4.1.1. Let X and Y be normal projective varieties and let f: Y — X
be a birational morphism. If A is an ample R-divisor on X and x € X is not
contained in the image of the exceptional locus exc(f), then f~1(x) & By (f*A).

Proof. The lemma immediately follows from lemma 2.3.8. O

Lemma 4.1.2. Let X and Y be normal projective varieties and let f: Y — X
be a birational morphism. If D is an R-divisor on X and x € X is not contained
in f(exc(f)), then x € B_(D) = f~*(z) € B_(f*D).

Proof. Take x € B_(D). By definition, there exists Ay, an ample R-divisor on
X, such that x € B(D + Ax). This implies that f~(z) € B(f*D + f*Ax): In
fact, if by contradiction there exists E’, an effective R-divisor on Y, such that
f~Y(x) ¢ Supp(E’) and E' ~g f*(D + Ax) then f.E' ~g D+ Ax as R-Weil
divisor; but D + Ax is an R-Cartier divisor, hence f,FE’ is an effective R-Cartier
divisor such that x & Supp(f.E’'), i.e., x € B(D + Ax).
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By lemma 4.1.1 there exists Ay, an ample R-divisor on Y, and Ey, an effective
R-divisor on Y, such that f*Ax = Ay + Ey and f~(x) ¢ Supp(Ey). Hence
[~Yz) e B(f*D+ Ay) CB_(f*D). O

We can now compare B_ (D) and NNef(D) on the smooth locus of X. To this
purpose define Xy, to be the smooth locus of X, i.e., Xgp := X \ Sing(X). The
following holds:

Proposition 4.1.3. Let X be a normal projective variety and let D be an R-
divisor on X. We have that B_(D) N Xgn = NNef(D) N Xgp.

Proof. In general NNef(D) C B_(D) (see [BBP09, lemma 1.8]), thus it is enough
to show that B_(D) N Xy, C NNef(D).

Let f: Y — X be a resolution of the singularities of X constructed as a series
of blowings-up along smooth centers contained in Sing(X) (this is possible by
Hironaka’s theorem - cf. [Laz04, Th. 4.1.3]). By lemma 4.1.2, f(B_(f*(D)) 2
B_(D) N Xgm- Since Y is smooth then B_(f*D) = NNef(f*D) by [ELMNPO06,
Prop. 2.8], therefore NNef(D) = f(NNef(f*(D))) = f(B_(f*D)) 2 B_(D)N
Xsm, where the first equality is a straightforward consequence of [BBP09, Lemma
1.6]. O

Note that in the following section we will give a generalization of this result (see
corollary 4.2.10 and remark 4.2.11).

Recall that for every normal variety X and R-divisor D on X we have that both
B_(D) and NNef(D) are at most a countable union of Zariski closed subsets of
X (see, for example, [BBP09]).

In particular if the W,’s are irreducible subvarieties of X such that B_(D) =
Uien Wi, we say that the components of B_ (D) are the subvarieties W; that
are maximal with respect to inclusion. It is easy to see that this definition does
not depend on initial the choice of the W;’s. In the same way we define the
components of NNef(D).

We have that the following holds:

Corollary 4.1.4. Let X be a normal projective variety and let D be an R-divisor
on X. If B_(D) has only divisorial components, then B_(D) = NNef(D).

Proof. As before, we need only to show that B_(D) C NNef(D). Take z €
B_(D). By hypothesis, there exists a prime divisor E such that z € E and
E C B_(D), upon identifying E with its support. Write NNef(D) = U;enVi,
where the V;’s are the components of NNef(D). By prop. 4.1.3, EN X, C
Uien(V; N E), but, since codim(Sing(X)) > 2, we also have that E N Xgpy, is
countably dense in E (cf. [DiB11, Def. 2.1, Lemma 2.2(2)]). Therefore there
must exist j € N such that V; = E, i.e., E C NNef(D). Thus 2 € NNef(D). O

Corollary 4.1.5. Let X be a normal projective surface and let D be an R-
divisor on X. Then B_(D) = NNef(D).

Proof. We can assume that D is pseudoeffective, so that B_(D) is strictly con-
tained in X. We can write B_ (D) = |UJB(D + A), where the union is taken over
all ample R-divisors A such that D + A is a Q-divisor. By [ELMNPQ9, Prop.
1.1] it follows that for every ample A as above B(D + A) has no isolated points,
that is B(D + A) has no irreducible components of dimension 0, which implies
that the same holds for B_ (D). Since X is a surface this is equivalent to saying
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that B_(D) has only divisorial components, so that we can conclude by cor.
4.1.4. O

We can also prove the following:

Proposition 4.1.6. Let X be a normal projective variety and let D € Divg(X)
be such that D is big and D admits a Q-CKM Zariski decomposition D = P+ N.
Then B_(D) = NNef(D) = Supp(N).

Proof. We have that NNef(D) C B_(D) by [BBP09, lemma 1.8], whence it is
enough to show that B_(D) C Supp(N) and Supp(N) C NNef(D).

We begin by showing that B_(D) C Supp(V):

In fact if A € Divg(X) is ample, then P+ A is also ample, so that the stable base
locus B(P + A) = (). Hence B(D + A) C B(P + A) U Supp(N) C Supp(XN). But
B_(D)=U,B(D + A), where the union is taken over all ample A € Divg(X),
so that B_(D) C Supp(N).

Let us show now that Supp(N) C NNef(D):

We can suppose N # 0, otherwise there is nothing to prove. Write N = > a; N,
where the a;’s are rational positive numbers and the N;’s are prime divisors. We
will show that, for every 4, (ordy, )num (D) > 0, which implies that Supp(N) =
JN; C NNef(D) .

As D is big by [Pro02, proposition 7.4] we know that D = P 4+ N is a Fujita-
Zariski decomposition. Moreover if £ € |D|=z, Then D — E = 0 is nef and
D—FE<D. Hence D— FE < P, so that E > N. Thus for every i we have that
ordy, (E) > ordy, (N) = a; > 0, which implies that (ordy;, )num (D) > 0. O

Corollary 4.1.7. Let X be a normal projective variety and suppose D €
Divg(X) is big. If f : Z — X is a projective birational morphism from a
normal variety Z such that f*(D) = P+ N is a Q-CKM Zariski decomposition
and P is semiample, then NNef(D) =B_(D) = B(D) = f(Supp(N)).

Proof. NNef(D) = f(Supp(N)) because NNef(D) = f(NNef(f*(D))) by [BBP09,
lemma 1.6] and NNef(f*(D)) = Supp(/N) by proposition 4.1.6. Moreover
B(D) C (Supp(N)) because B(D) = f(B(f*(D))) and B(f*(D)) C Supp(N)
by the semiampleness of P. Therefore the statement follows by noting that by
[BBP09, lemma 1.8] we always have that NNef(D) C B_(D) C B(D). O

Remark 4.1.8. In most of the main theorems of chapter 3 we prove the semi-
ampleness of the positive part of a Q-CKM Zariski decomposition of a birational
pullback of a big Q-divisor D enjoying some good given properties.

Corollary 4.1.7 shows that in all these cases the stable base locus of D coincides
with the restricted base locus and the non-nef locus.

4.2 Main results
In this section we will prove theorem 1.0.7, this is done in theorem 4.2.7.
The idea is to prove that given an effective KLT pair (X, A) and an effective

integral divisor D then we have that

B_(D) € |JZ(T((X,A);|pDll)) € NNA(D).
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The former inclusion is a consequence of Nadel’s vanishing theorem and the
proof is just an easy generalization to singular varieties of some arguments in
[ELMNPO06, Prop. 2.8]. This is the content of lemma 4.2.1.

To prove the latter inclusion we notice that by considering a suitable log-
resolution we can reduce to the smooth case and get rid of the boundary A
at the same time (see lemma 4.2.2 and proposition 4.2.3), so that the result fol-
lows by some considerations in [ELMNPO06] (see prop. 4.4 and theorem 4.2.5).
The rest of the section is devoted to slight generalizations and resumptive corol-
laries.

Lemma 4.2.1. Let (X,A) be an effective pair. Let D be an integral divisor.
Then B_(D) € U, Z2(J ((X,A); [[pD]))).

Proof. We will follow [ELMNPO6, proof of Prop. 2.8], taking into account the
fact that X may be singular. Take z € X and suppose that, for every p > 1,
J((X,A);|IpD|)s = Ox,z. Let A be a fixed very ample divisor such that
A— (Kx + A) is ample.

Recall that for every p > 1, J((X,A);[|pD|]) = J((X,A); +Dpi) where k is
sufficiently large and divisible and D, is a general element of [pkD|. In partic-
ular %Dpk ~g pD. Hence, if dim X = n, by Nadel’s vanishing theorem in the
singular setting (see [Laz04, Theorem 9.4.17]), we have that for every i > 1

H'(X,0x ((n+1)A+pD) ® Ox (—id) @ J((X, A); [pDl])) = 0.

Thus, by Mumford’s theorem (see [Laz04, Thm. 1.8.5] or [Laz04, volume 2, p.
194]), we have that Ox ((n+ 1)A+ pD) ® J((X, A); ||[pD])) is globally gener-
ated. In particular, since J((X,A);|pD|)s = Ox,, and J((X,A);||pD])) is
an ideal sheaf, this implies that « ¢ Bs|(n + 1)A + pD| for every p > 1, i.e.,
z & B_(D). O

Lemma 4.2.2. Let X be a normal variety and let A be a Q-Weil divisor such
that (X,A) is a KLT pair. Then there exists a log-resolution of (X,A), say
f:Y = X, such that for everyy € Y

mult, (L(A)y) < 1.

Proof. By [KMO00, Proposition 2.36] there exists a log-resolution f : Y — X
such that Supp(L(A)y) is smooth. By definition

L(A)Y = Z —G(E7 X7 A)E7
ECY
a(B,X,A)<0

and, by hypothesis, —a(E, X,A) < 1 for any prime divisor E C Y. Since
the support of L(A)y is smooth, for any y € Y either y does not belong to
Supp(L(A)y) or y belongs to only one irreducible component of Supp(L(A)y),
say E,. In the latter case this means that mult, (L(A)y) = —a(E,, X, A) < 1.

O

Proposition 4.2.3. Let (X,A) be an effective KLT pair such that X is smooth
of dimension n and for every x € X mult,(A) < 1. Let D be a Cartier divisor
on X such that K(X,D) > 0. For every x € Z(J(X,A);||D]|)) there exists
pe € N such that x € Z(J (X, ||p.D|)). In particular Z(J((X,A);||D])) C

Upen Z2(T (X; [[pDI]))-
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Proof. Take x € Z(J((X,A);||D|])). By definition, J((X,A);||D||) is the
unique maximal element of the family of ideals {7 ((X, A); £ |kD]) }keN+' More-
over for every k > 2, by [Laz04, Prop. 9.2.26] (see also p. 185, volume 2) and
[Laz04, Ex. 9.3.57(i)], we have that J((X, A); £|kD|) = J (X, A+ £ Dy) where
Dy, is general in |kD|. Therefore z € Z(J(X,A + +Dy)) for every k > 2.
Hence, by [Laz04, Prop. 9.5.13], we must have that mult, (A + +Dj) > 1. Since
mult, is additive and, by the hypothesis on A, mult,(A) =1 — ¢, for a certain
¢, > 0, then for any k > 2, multm(%Dk) > g

Set p, be any positive natural number such that p, > 2. By [Laz04, Th.
11.1.8(i)] and arguing as before 7 (X, |p.D|) = J (X, p.||D|]j = T (X, 2= =|hD|) =
J (X, 5= Dy,) for h sufficiently large. Since mult, (5= Dy) = p,mult, ( Dy) >
PzCe = n then by [Laz04, Prop. 9.3.2], J(X, &= D) is non-trivial at z, i.e.,
7€ Z(T(X, |p.Dl). 0

Proposition 4.2.4. Let X be a smooth variety and let D be a Cartier divisor
on X such that K(X, D) > 0. We have that, for everyp € N, Z(J (X, ||[pD]])) C
NNA(D).

Proof. Note that by [ELMNPO6, section 2] we have that for every geometric
discrete valuation v on X

aup MDD (I (X, (D)

<wv(||D]),
p S Jim SEZREI) <41

where the first equality strongly relies on the subadditivity theorem of Demailly,
Ein, Lazarsfeld (cf. [DEL00]). Hence if x € Z(J (X, |pD||)) for some p € N,
then ord, (7 (X, ||[pD])) > 0, so that ord, (]| D||) > 0, i.e., x € NNA(D). O

Theorem 4.2.5. Let (X, A) be an effective KLT pair. If D is a Cartier divisor
on X such that k(X,D) > 0, then

Uz )i IpD]))) € NNA(D).
peN

Proof. We will show that for every integer p we have that
Z(J (X, A);[[pD]))) € NNA(D). (4.1)

Since by definition NNA(pD) = NNA(D), without loss of generality we can
furthermore assume that p = 1.

Let f : Y — X be alog-resolution of (X, A) chosen as in lemma 4.2.2. By lemma
247, JUX,A); |ID)) = f (TY,A(A)y); | f*D]])). Moreover since L(A)y >
A(Ay) then J((Y, A(A)y); [If/*Dl) 2 T((Y,L(A)y);[[f*D|)). Recall that f.
preserves inclusions, therefore J((X,A);||D]]) 2 f« (JU(Y,L(A)y); ||f*DJ))
and hence, as by effectivity of L(A)y the latter is an actual ideal sheaf, we have
that Z (T((X, A): | D])) € Z (f. (T, L(A)y):||f*D]]))). Since, by lemma
2,16, Z (fo (F((V;L(AW): [7°DI)) € (2 (T((Y. LA )1 £*DIIY) and, by
lemma 2.6.9, f(NNA(f*D)) = NNA(D), then in order to prove (4.1) it is sufﬁ-
cient to prove that

Z(J((Y,L(A)y); [/ D]))) € NNA(f*D).

This last inclusion comes from the combination of proposition 4.2.3 and propo-
sition 4.2.4.
O
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If the effective pair (X, A) is not KLT, the same statement does not hold in
general, because the zeros of the asymptotic multiplier ideals depend also on
the singularities of the pair. In fact we have that Nklt(X,A) = Z(J (X, A)).
Anyway, we can still recover the previous result outside the non-klt locus.

The following holds:

Corollary 4.2.6. Let (X,A) be an effective pair. If D is a Cartier divisor on
X such that (X, D) > 0, then

U Z2(7((X, A);[lpD]) \ NKIt(X, A) € NNA(D).
peN

Proof. As in the proof of theorem 4.2.5 we can suppose p = 1, i.e., it is enough
to show that Z(J((X,A);|| D) \ Nklt(X,A) C NNA(D). Let f: Y — X be a
log-resolution of (X, A). Set A(A)y = > a(E)E, where the sum is taken on all
prime divisors on Y, and define

7= > aB)E Af = > aBE)E Ay= > —aE)E,

a(E)>1 0<a(E)<1 a(E)<0

so that L(A)y := AZ' + A, and A(A)y = L(A)y — Ay. Note also that
FINKIE(Y, L(A)y)) = F(NKIt(Y, A(A)y)) = NKIt(X, A).

As in the proof of theorem 4.2.5, by the birational transformation rule, lemma
2.1.6 and lemma 2.6.9, it is then enough to prove that

Z(T (Y, L(A)y); |77 DID) \ NKIt(Y, L(A)y) € NNA(f*D).

At this point, notice that for any y ¢ Nklt(Y,L(A)y) = Supp(A%l) we have
that J((Y,L(A)y); |f*D|), = J(Y,A{);||f*D|), (see [DiB10, proposition
1.35]). Therefore we are just left to prove that

Z(J((Y, A7) [1f*DI) € NNA(f*D),

but, since (Y, A¥) is an effective KLT pair, this is just an instance of thm. 4.2.5,
and we are done. O

Theorem 4.2.7. Let (X, A) be an effective pair and let D be an R-divisor on
X. Then NNef(D) \ Nklt(X,A) =B_(D) \ Nklt(X,A). In particular if (X, A)
is an effective KLT pair then NNef(D) = B_(D).

Proof. If D is not pseudoeffective there is nothing to prove. Thus let us assume
that D is pseudoeffective. Let {A4,,} be a sequence of ample R-divisors as in
lemma 2.1.10. By lemmas 2.3.6, 2.6.2 it is then clear that we can furthermore
assume that D is a big Q-divisor. Since, clearly, for every ¢ > 0, B_(cD) =
B_(D), and analogously for NNef, we can also assume that D is integral. By
[BBP09, Lemma 1.8] and lemma 4.2.1 we have that NNef(D) C B_(D) C
U, Z2(J (X, A); [[pD]]). Since D is big, by remark 2.6.8, NNA(D) = NNef(D),
whence by corollary 4.2.6 we have that (J, Z(J((X, A); [[pD]])) \ Nklt(X,A) C
NNef(D) and we are done. O
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Remark 4.2.8. When X is smooth theorem 4.2.7 follows by [ELMNPO06, the-
orem 2.8].

If (X, A) is a KLT pair the theorem 4.2.7 has been proved to hold for the divisor
Kx + A by Boucksom, Broustet, Pacienza in [BBP09, Proposition 1.10] using
[BCHM10].

In general it has been conjectured that theorem 4.2.7 holds for every normal
projective variety: see, for example, [BBP09, Conj. 1.9].

Remark 4.2.9. Note also that theorem 4.2.7 implies that B_(D) = NNef(D)
for every R-divisor D on a variety X such that (X,0) is a log-terminal pair in
the sense of [dFHO09, definition 7.1]. In fact by [dFH09, proposition 7.2] this
property is equivalent to the existence of an effective Q-Weil divisor A such
that (X, A) is a KLT pair.

Since NNef (D) and B_ (D) do not depend on the chosen boundary divisor A, if
we set Xnuie := [aer NkIt(X, A), where

F :={F Q-Weil divisor s.t. (X, E) is an effective pair},
then the following holds:

Corollary 4.2.10. Let X be a normal projective variety and let D be an R-
divisor on X. Then NNef(D) \ Xnuit = B (D) \ XNt -

Remark 4.2.11. As Y. Gongyo kindly pointed out to us, for every normal
variety X and any smooth closed point x € X we can find an effective Q-Weil
divisor A, such that (X, A,) is a pair and = & Supp(A,).

In fact if H is an ample Cartier divisor then there exists m € N such that the
coherent sheaf Ox (—Kx+mH) = Ox(—Kx)®Ox(mH) is globally generated.
On the other hand, as x € X is a smooth point, we have that Ox(—Kx +
mH), ~ Ox., so that there exists a section s, € H*(X,Ox(—Kx + mH))
such that s, does not vanish on . Take A, = {s, =0}. Then Kx + A, ~mH
is a Cartier divisor, so that (X, A,) is a pair and x & Supp(A,).

Therefore prop. 4.1.3 follows also directly by cor. 4.2.10.

Note that as B_ (D) does not contain isolated points (see [ELMNPO09, Prop.1.1])
by corollary 4.2.10 we deduce the following:

Corollary 4.2.12. Let X be a normal projective variety such that XNy has
dimension 0. Then for every R-divisor D on X we have that NNef(D) = B_(D).

4.3 Nef and abundant divisors

Characterization of nef-abundant divisors

In [Rus09, Theorem 2] F. Russo states a characterization of nef and abundant
divisors on a smooth projective variety X by means of asymptotic multiplier
ideals. Given theorem 4.2.5 and its counterpart below (theorem 4.3.1) we can
extend the same characterization to KLT pairs.

Theorem 4.3.1. Let (X,A) be an effective pair. If D is a Cartier divisor on
X such that (X, D) > 0, then

NNA(D) € | Z(I((X, A); [pD])).
peN
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Proof. Note that if e = e(D) is the exponent of D, then, by definition, v(||eD||) =
e-v(||D|]), so that v(||D||) > 0 if and only if v(|leD]|) > 0. Moreover

U 27X, A)lpeD)|)) < | 2(T((X, A); [pD]).
peEN peN

Hence, potentially multiplying D by its exponent e(D), we can suppose that D
has exponent 1.
Let x € X be such that there exists a discrete geometric valuation v with

v(||D]]) =S >0 and z € cx(v).

Then
0<5=o(|D])) =;gg{““§f”}.

We can suppose that v corresponds to a prime divisor F, over X, so that there
exists a birational morphism p : X’ — X such that £, € X’ and for every k € N,
if Dy, € |kD] is a general divisor, we have that v(|kD|) = v(Dy) = ordg, p*(Dy).
Thus infkeN{o”iE“#"*(Dk)} =5 > 0, so that for every k € N, ordg, u*(Dy) > kS.
Let a(E,, X, A) be the discrepancy of the pair (X, A) along the divisor E, and
let

_f [He] fa=a(B, X A) > —
Po=11 if a(E,, X,A) < —

Then, in any case, a(F,,X,A) — psS < —1. Let k& € N be such that
J((X,A); lpoD|)) = T ((X,A); +Drp,), where Dy, is a general divisor in
|kpoD|. We have that

a <EU7X,A + ;ka0> =a(E,, X,A) — %ordEv 1 (Dipy) <
g a(EvaXa A) SPO -1

This implies that the subvariety u(E,) = cx(v) is an LC center of the pair
(X, A+ £Dpp, ), so that Z(J((X, A+ 1 Drp,); 0)) 2 ex (v).
Therefore z € Z(J((X, A+ £ Dy, ); 0)) = Z(T (X, A); £ Dy ))- O

Corollary 4.3.2. Let (X, A) be an effective KLT pair. Suppose D is a Cartier
divisor on X such that x(X, D) > 0. Then D is nef and abundant if and only
if T((X, A); [[pD|]) = Ox for every p € N.

Proof. We know that D is nef and abundant if and only if NNA(D) = (). On
the other hand by theorem 4.3.1 and corollary 4.2.6 it follows that NNA(D)

Upen Z(T (X, 8); [[pDI]))-

oo

It is also interesting to notice that, by the same token, also the following holds:

Corollary 4.3.3. Let D be a Cartier divisor on a normal projective variety X
such that k(X, D) > 0. Let A, A’ be any two effective divisors such that (X, A),
(X,A") are KLT pairs. Then

U 2 ((x,2):1pD1) = | 2 (T (X, A); [IpDI))) -
peEN peN
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Applications

It is a general simple trick, when dealing with big and nef divisors up to linear
equivalence on a klt pair (X, A), to reduce oneself to studying a slightly different
klt pair, in which the boundary A “has absorbed” the divisor. In view of
corollary 4.3.2 this is pretty much the same if we just have nef and abundant
divisors instead of big and nef ones. In fact when L is nef and abundant we
get, in particular, that J((X,A),||L||) = Ox, so that the hypotheses of the
following lemma are verified:

Lemma 4.3.4. Let (X, A) be an effective KLT pair and let L be a line bundle on
X. Then J((X,A),||L||) = Ox if and only if there exists an effective Q-Cartier
divisor D such that D ~g L and (X,A+ D) is a KLT pair.

Proof. By definition J((X,A), ||L||) = J((X, A), %|pL|) for some p € N. More-
over by [Laz04, Prop. 9.2.26] (see also p. 185, volume 2) and [Laz04, Ex.
9.3.57(ii)], we have that J((X,A); +|pL[) = J(X, (A + $L,);0), where L, is
a general divisor in |pL|. Hence % ~g L and, if J((X,A),|L]|) = Ox, then
J (X, (A + 5 Ly);0) = Ox, so that (X, A+ L) is a KLT pair.

On the other hand if there exists D such that D ~g L and (X,A + L) is a
KLT pair, then kD ~ kL for some k € N. Thus Ox = J(X,(A + D);0) =
J((X,A), +kD) € J((X,A), £]kL]). In fact if o : X’ — X is a suitable log-
resolution, so that in particular |p*(kL)| = |W/|+ F, where |W| is base point
free and F is effective, we have that p*(kD) > F', so that

T((X,8), kD) = 503 (Y a(B, X, A)E — 1" (kD)) €
E

1 1
C puOx (" E,X,AN)E——F) = J((X,A), —|kL|).
€ 1:0x (T3 (B, X, A)E = pF7) = (X, 4), plkL)

Hence J((X,A), t|kL|) = Ox, which implies that J((X,A),|L|) = Ox as

well.
O

To illustrate the general principle touched on before we give a slight generaliza-
tion of a theorem by F. Campana, V. Koziarz, M. Paun, but only in the case of
KLT pairs (see [CKP10, corollary 1]).

Theorem 4.3.5 (Campana, Koziarz, Paun). Let (X, A) be an effective KLT
pair, let p be a Q-Cartier divisor on X such that p =0 and let L be a nef and
abundant line bundle on X. Then k(Kx + A+ L) > k(Kx + A+ L+ p).

Proof. Since L is nef and abundant then by lemma 4.3.4 there exists A’ such
that (X,A’) is an effective KLT pair and Kx + A’ ~¢9 Kx + A + L. Hence
K(Kx+A+L)=r(Kx+A") > r(Kx+ A" +p), by [CKP10, corollary 1]. O

Therefore we just have the following corollary:

Corollary 4.3.6. Let (X, A) be an effective KLT pair of dimension n. Let L
be a nef line bundle such that k(L) > n — 1 and let p be a numerically trivial
Q-Cartier divisor. Then K(Kx + A+ L) > k(Kx + A+ L+ p).
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Proof. The hypothesis on the Kodaira dimension actually implies that L is nef
and abundant. Hence the corollary follows by theorem 4.3.5. O

Notice that the hypothesis (L) > n — 1 is necessary. In fact for every n we can
find examples of smooth varieties of dimension n and line bundles of Kodaira
dimension n — 2 for which corollary 4.3.6, with A = 0, does not hold:

Example 4.3.7. We will first of all construct an example for n = 2.

Let C' be a smooth elliptic curve and let n € PicO(C) be a non-torsion divisor
on C. Let & := Oc ® Oc(—n). Take X := P(E) and let 7 : X — C be the
related projection. As in [Har77, V.2.8.1] let Cy be a section o9 : C — X. Set
p:=—7"(n) and L .= —Kx +7*(n).

By [Har77, Lemma V.2.10], Kx ~ —2Cy + p and L ~ 2Cy + 27*(n), so that L
is nef because C3 = 0 and n = 0.

Hence for any m > 1, H*(X,mL) = H°(X,2mCy + 2mn*(n)). By projection
formula H°(X,mL) = H°(C,S* (&) @ 2mn) = H°(C,(Oc & Oc(—n) @ --- @
Oc(—2mn)) ® 2mn) = C. Therefore k(L) = 0.

Moreover Kx+L+p = 0, hence c(Kx—+L+p) = 0. On the contrary x(Kx+L) =
—00, because for any m > 1, H*(X,mn*(n)) = H*(C,mn) = 0.

To produce examples in every dimension just build them up inductively taking
products X x C. Call w1 the first projection and mwo the second one. Fix any
point ¢ on C and define pxxc = 75(p), Lxxc = 71(L) @ 75(q).
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