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ABSTRACT. We prove that the canonical ring of a smooth projec-
tive variety is finitely generated.
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1. INTRODUCTION

The purpose of this paper is to prove the following result in birational
algebraic geometry:

Theorem 1.1. Let (X, A) be a projective kawamata log terminal pair.
If A is big and Kx + A is pseudo-effective then Kx + A has a log
terminal model.

In particular, it follows that if Kx + A is big then it has a log
canonical model and the canonical ring is finitely generated. It also
follows that if X is a smooth projective variety, then the ring

R(X,Kx) = @ H(X,0x(mKy)),
meN
is finitely generated.

The birational classification of complex projective surfaces was un-
derstood by the Italian Algebraic Geometers in the early 20th century:
If X is a smooth complex projective surface of non-negative Kodaira
dimension, that is k(X, Kx) > 0, then there is a unique smooth sur-
face Y birational to X such that the canonical class Ky is nef (that
is Ky - C > 0 for any curve C' C Y). Y is obtained from X simply
by contracting all —1-curves, that is all smooth rational curves E with
Kx - E = —1. If, on the other hand, x(X, Kx) = —oo, then X is
birational to either P? or a ruled surface over a curve of genus g > 0.

The minimal model program aims to generalise the classification of

complex projective surfaces to higher dimensional varieties. The main
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goal of this program is to show that given any n-dimensional smooth
complex projective variety X, we have:

o If K(X, Kx) > 0, then there exists a minimal model, that is
a variety Y birational to X such that Ky is nef.

o If K(X, Ky) = —o0, then there is a variety Y birational to X
which admits a Fano fibration, that is a morphism ¥ — Z
whose general fibres F' have ample anticanonical class —Kp.

It is possible to exhibit 3-folds which have no smooth minimal model,
see for example (16.17) of [37], and so one must allow varieties X
with singularities. However, these singularities cannot be arbitrary. At
the very minimum, we must still be able to compute Ky - C for any
curve C' C X. So, we insist that Ky is Q-Cartier (or sometimes we
require the stronger property that X is Q-factorial). We also require
that X and the minimal model Y have the same pluricanonical forms.
This condition is essentially equivalent to requiring that the induced
birational map ¢: X --» Y is Kx-non-positive.

There are two natural ways to construct the minimal model (it turns
out that if one can construct a minimal model for pseudo-effective Kx,
then we can construct Mori fibre spaces whenever Ky is not pseudo-
effective). Since one of the main ideas of this paper is to blend the
techniques of both methods, we describe both methods.

The first method is to use the ideas behind finite generation. If the
canonical ring

R(X,Kx) = @ H°(X,Ox(mKx)),

meN

is finitely generated and Kx is big, then the canonical model Y is
nothing more than the Proj of R(X, Kx). It is then automatic that
the induced rational map ¢: X --» Y is Kx-negative.

The other natural way to ensure that ¢ is K x-negative is to factor ¢
into a sequence of elementary steps all of which are Kx-negative. We
now explain one way to achieve this factorisation.

If Kx is not nef, then, by the cone theorem, there is a rational curve
C C X such that Kx - C' < 0 and a morphism f: X — Z which is
surjective, with connected fibres, on to a normal projective variety and
which contracts an irreducible curve D if and only if [D] € R*[C] C
Ni(X). Note that p(X/Z) = 1 and —Kx is f-ample. We have the
following possibilities:

e If dim Z < dim X, this is the required Fano fibration.
o [f dimZ = dim X and f contracts a divisor, then we say that

f is a divisorial contraction and we replace X by Z.
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o If dim Z = dim X and f does not contract a divisor, then we
say that f is a small contraction. In this case Kz is not Q-
Cartier, so that we can not replace X by Z. Instead, we would
like to replace f: X — Z by its flip f*: XT — Z where X*
is isomorphic to X in codimension 1 and K+ is fT-ample. In
other words, we wish to replace some K x-negative curves by
K x+-positive curves.

The idea is to simply repeat the above procedure until we obtain either
a minimal model or a Fano fibration. For this procedure to succeed, we
must show that flips always exist and that they eventually terminate.
Since the Picard number p(X) drops by one after each divisorial con-
traction and is unchanged after each flip, there can be at most finitely
many divisorial contractions. So we must show that there is no infinite
sequence of flips.

This program was successfully completed for 3-folds in the 1980’s by
the work of Kawamata, Kollar, Mori, Reid, Shokurov and others. In
particular, the existence of 3-fold flips was proved by Mori in [26].

Naturally, one would hope to extend these results to dimension 4
and higher by induction on the dimension.

Recently, Shokurov has shown the existence of flips in dimension
4 [34] and Hacon and M°Kernan [§] have shown that assuming the
minimal model program in dimension n — 1 (or even better simply
finiteness of minimal models in dimension n — 1), then flips exist in
dimension n. Thus we get an inductive approach to finite generation.

Unfortunately the problem of showing termination of an arbitrary
sequence of flips seems to be a very difficult problem and in dimen-
sion > 4 only some partial answers are available. Kawamata, Matsuda
and Matsuki proved [I§] the termination of terminal 4-fold flips, Mat-
suki has shown [25] the termination of terminal 4-fold flops and Fujino
has shown [5] the termination of canonical 4-fold (log) flips. Alexeev,
Hacon and Kawamata [I] have shown the termination of kawamata log
terminal 4-fold flips when the Kodaira dimension of —(K x +A) is non-
negative and the existence of minimal models of kawamata log terminal
4-folds when either A or Kx + A is big by showing the termination of a
certain sequence of flips (those that appear in the MMP with scaling).
However, it is known that termination of flips follows from two natural
conjectures on the behaviour of the log discrepancies of n-dimensional
pairs (namely the ascending chain condition for minimal log discrep-
ancies and semicontinuity of log discrepancies, cf. [35]). Moreover, if
k(X, Kx+A) > 0, Birkar has shown [2] that it suffices to establish acc

for log canonical thresholds and the MMP in dimension one less.
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We now turn to the main result of the paper:

Theorem 1.2. Let (X,A) be a kawamata log terminal pair, where
Kx + A is R-Cartier. Let m: X — U be a projective morphism of
quasi-projective varieties.
If either A is w-big and Kx + A is m-pseudo-effective or Kx + A is

m-big, then

(1) Kx + A has a log terminal model over U,

(2) if Kx + A is w-big then Kx + A has a log canonical model over

U, and
(3) if Kx + A is Q-Cartier, then the Oy -algebra

R(r, A) = P mOx (Lm(Kx + A).),
meN
18 finitely generated.

We now present some consequences of , most of which are known
to follow from the MMP. Even though we do not prove termination of
flips, we are able to derive many of the consequences of the existence of
the MMP. In many cases we do not state the strongest results possible;
anyone interested in further applications is directed to the references.
We group these consequences under different headings.

1.1. Minimal models. An immediate consequence of (1.2) is:

Corollary 1.1.1. Let X be a smooth projective variety of general type.
Then

(1) X has a minimal model,

(2) X has a canonical model,
(3) the ring

R(X,Kx) = P H°(X,Ox(mKx)),
meN
1s finitely generated, and
(4) X has a model with a Kdihler-FEinstein metric.

Note that (4) follows from (2) and Theorem D of [4]. Note that Siu
has announced a proof of finite generation for varieties of general type,
using analytic methods, see [36].

Corollary 1.1.2. Let (X,A) be a projective kawamata log terminal
pair, where Kx + A is Q-Cartier.
Then the ring

R(X,Kx +A) = @ H (X, Ox(tm(Kx + A).)),

meN
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s finitely generated.

Let us emphasize that in we make no assumption about Ky +
A or A being big. Indeed Fujino and Mori, [6], proved that
follows from the case when Kx + A is big.

We will now turn our attention to the geography of minimal models.
It is well known that log terminal models are not unique. The first
natural question about log terminal models is to understand how any
two are related. In fact there is a very simple connection:

Corollary 1.1.3. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Suppose that Kx + A is kawamata log ter-
minal and A is big over U. Let ¢;: X --»Y;, i =1 and 2 be two log
terminal models of (X, A) over U. Let I'; = ¢ A.

Then the birational map Y, --+ Y5 is the composition of a sequence
of (Ky, +TI'1)-flops over U.

Note that has been generalised recently to the case when A
is not assumed big, [I7]. The next natural problem is to understand
how many different models there are. Even if log terminal models are
not unique, in many important contexts, there are only finitely many.
In fact Shokurov realised that much more is true. He realised that
the dependence on A is well-behaved. To explain this, we need some
definitions:

Definition 1.1.4. Let m: X — U be a projective morphism of nor-
mal quasi-projective varieties, and let V' be a finite dimensional affine
subspace of the real vector space WDivg(X) of Weil divisors on X. Fix
an R-divisor A > 0 and define

Va={A|A=A+B,BeV},
LAaV)={A=A4+BecVy|Kx+ A islog canonical and B > 0},
Ear(V)={A € LAs(V)|Kx + A is pseudo-effective over U },

Naz(V)={A € LA(V)| Kx + A is nef over U }.
Given a birational contraction ¢: X --+Y over U, define
Woar(V)={A € &4,(V)| ¢ is a weak log canonical model for (X,A) over U },
and given a rational map : X --+ Z over U, define
Apa-(V)={A € &4,(V) |1 is the ample model for (X,A) over U },

(cf. (3.6.7) and (3.6.5)) for the definitions of weak log canonical model
and ample model for (X, A) over U).
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We will adopt the convention that £(V) = Lo(V). If the support
of A has no components in common with any element of V' then the
condition that B > 0 is vacuous. In many applications, A will be an
ample Q-divisor over U. In this case, we often assume that A is general
in the sense that we fix a positive integer such that kA is very ample
over U, and we assume that A = %A’ , where A" ~;; kA is very general.
With this choice of A, we have

NA’W(V) C 5,47”(‘/) - ,CA(V) = ﬁ(V) +ACV,=V+A,

and the condition that the support of A has no common components
with any element of V' is then automatic. The following result was
first proved by Shokurov [32] assuming the existence and termination
of flips:

Corollary 1.1.5. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Let V' be a finite dimensional affine subspace
of WDivg(X) which is defined over the rationals. Suppose there is a
divisor Ag € V' such that K x+Aq is kawamata log terminal. Let A be a
general ample Q-divisor over U, which has no components in common
with any element of V.

(1) There are finitely many birational contractions ¢;: X --»Y;
over U, 1 <1 < p such that

Eax(V) =W

where each W; = Wy, a.(V') is a rational polytope. Moreover,
if : X --»Y s a log terminal model of (X,A) over U, for
some A € Eo,(V), then ¢ = ¢;, for some 1 < i < p.

(2) There are finitely many rational maps ;: X --» Z; over U,
1 < j < q which partition Ea(V) into the subsets A; =
AerJ(V).

(3) For every 1 < i < p there is a 1 < j < q and a morphism
fii:Yi — Z; such that W; C Aj;.

In particular E4.(V) is a rational polytope and each A; is a finite
union of rational polytopes.

Definition 1.1.6. Let (X, A) be a kawamata log terminal pair and let
D be a big divisor. Suppose that Kx + A is not pseudo-effective. The
effective log threshold is

o(X,A,D)=sup{t € R| D+ t(Kx + A) is pseudo-effective }.

The Kodaira energy is the reciprocal of the effective log threshold.
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Following ideas of Batyrev, one can easily show that:

Corollary 1.1.7. Let (X,A) be a projective kawamata log terminal
pair and let D be an ample divisor. Suppose that Kx+ A is not pseudo-
effective.

If both Kx + A and D are Q-Cartier then the effective log threshold
and the Kodaira energy are rational.

Definition 1.1.8. Let 7: X — U be a projective morphism of normal
quasi-projective varieties. Let D®* = (Dy, Da, ..., D) be a sequence of
Q-dwvisors on X. The sheaf of Oy-modules

%(W,D.) = @ W*OX(LZ miDiJ),

meNk

15 called the Cox ring associated to D°®.

Using ([1.1.5) one can show that adjoint Cox rings are finitely gener-
ated:

Corollary 1.1.9. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Fiz A > 0 an ample Q-divisor over U. Let
A; = A+ B;, for some Q-divisors By, Bs,..., By > 0. Assume that
D; = Kx + A, is divisorially log terminal and Q-Cartier. Then the
Cox ring

R(r, D*) = P mO0x(LY _ miDi),
meNk
is a finitely generated Oy-module.

1.2. Moduli spaces. At first sight might seem a hard result to
digest. For this reason, we would like to give a concrete, but non-trivial
example. The moduli spaces M, of n-pointed stable curves of genus g
are probably the most intensively studied moduli spaces. In particular
the problem of trying to understand the related log canonical models
via the theory of moduli has attracted a lot of attention (e.g. see [7],
[24] and [11]).

Corollary 1.2.1. Let X = ngn the moduli space of stable curves of
genus g with n marked points and let A;, 1 < i < k denote the boundary
divisors.

Let A =", a;A; be a boundary. Then Kx + A is log canonical and
if Kx+A is big then there is a log canonical model X --+Y . Moreover
if we fix a positive rational number § and require that the coefficient a;
of A; is at least § for each i then the set of all log canonical models
obtained this way is finite.



1.3. Fano varieties. The next set of applications is to Fano varieties.
The key observation is that given any divisor D, a small multiple of D
is linearly equivalent to a divisor of the form Kx + A, where A is big
and Kx + A is kawamata log terminal.

Definition 1.3.1. Let m: X — U be a projective morphism of normal
varieties, where U is affine.

We say that X is a Mori dream space if h'(X,Ox) = 0 and the
Cox ring is finitely generated over the coordinate ring of U.

Corollary 1.3.2. Let m: X — U be a projective morphism of normal
varieties, where U is affine. Suppose that X is Q-factorial, Kx + A is
divisorially log terminal and —(Kx + A) is ample over U.

Then X is a Mori dream space.

There are many reasons why Mori dream spaces are interesting. As
the name might suggest, they behave very well with respect to the
minimal model program. Given any divisor D, one can run the D-
MMP, and this ends with either a nef model, or a fibration, for which
—D is relatively ample, and in fact any sequence of D-flips terminates.

was conjectured in [12] where it is also shown that Mori dream
spaces are GIT quotients of affine varieties by a torus. Moreover the
decomposition given in (|1.1.5)) is induced by all the possible ways of
taking GIT quotients, as one varies the linearisation.

Finally, it was shown in [I2] that if one has a Mori dream space, then
the Cox Ring is finitely generated.

We next prove a result that naturally complements (1.2)). We show
that if Kx + A is not pseudo-effective, then we can run the MMP with
scaling to get a Mori fibre space:

Corollary 1.3.3. Let (X,A) be a Q-factorial kawamata log termi-
nal pair. Let m: X — U be a projective morphism of normal quasi-
projective varieties. Suppose that Kx + A is not w-pseudo-effective.

Then we may run f: X --» Y a (Kx + A)-MMP over U and end
with a Mori fibre space g: Y — W over U.

Note that we do not claim in that however we run the (Kx +
A)-MMP over U, we always end with a Mori fibre space, that is we do
not claim that every sequence of flips terminates.

Finally we are able to prove a conjecture of Batyrev on the closed
cone of nef curves for a Fano pair.

Definition 1.3.4. Let X be a projective variety. A curve X is called

nefif B-3X > 0 for all Cartier divisors B > 0. NF(X) denotes the cone

of nef curves sitting inside Hy(X,R) and NF(X) denotes its closure.
9



Now suppose that (X, A) is a log pair. A (Kx + A)-co-extremal
ray is an extremal ray F of the closed cone of nef curves NF(X) on
which Kx + A is negative.

Corollary 1.3.5. Let (X, A) be a projective Q-factorial kawamata log
terminal pair such that —(Kx + A) is ample.

Then NF(X) is a rational polyhedron. If F = F; is a (Kx + A)-co-
extremal ray then there exists an R-divisor © such that the pair (X, 0©)
is kawamata log terminal and the (Kx + ©)-MMP w: X --» Y ends
with a Mori fibre space f:Y — Z such that F is spanned by the
pullback to X of the class of any curve X which is contracted by f.

1.4. Birational geometry. Another immediate consequence of ((1.2)
is the existence of flips:

Corollary 1.4.1. Let (X, A) be a kawamata log terminal pair and let
m: X — Z be a small (Kx + A)-extremal contraction.
Then the flip of m exists.

As already noted, we are unable to prove the termination of flips in
general. However, using ((1.1.5), we can show that any sequence of flips
for the MMP with scaling terminates:

Corollary 1.4.2. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Let (X, A) be a Q-factorial kawamata log
terminal pair, where Kx + A is R-Cartier and A is w-big. Let C' >0
be an R-divisor.

If Kx + A + C is kawamata log terminal and m-nef, then we may
run the (Kx + A)-MMP over U with scaling of C'.

Another application of ([1.2)) is the existence of log terminal models
which extract certain divisors:

Corollary 1.4.3. Let (X, A) be a log canonical pair and let f: W —
X be a log resolution. Suppose that there is a divisor Ay such that
Kx + Ay is kawamata log terminal. Let € be any set of valuations of
f-exceptional divisors which satisfies the following two properties:

(1) € contains only valuations of log discrepancy at most one, and
(2) the centre of every valuation of log discrepancy one in € does
not contain any non kawamata log terminal centres.

Then we may find a birational morphism w: Y — X, such thatY is
Q-factorial and the exceptional divisors of ™ correspond to the elements

of €.

For example, if we assume that (X, A) is kawamata log terminal and

we let € be the set of all exceptional divisors with log discrepancy at
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most one, then the birational morphism 7: ¥ — X defined in ([1.4.3)
above is a terminal model of (X, A). In particular there is an R-
divisor I' > 0 on W such that Ky + ' = 7*(Kx + A) and the pair
(Y,T') is terminal.

If instead we assume that (X, A) is kawamata log terminal but &
is empty, then the birational morphism 7: Y — X defined in (|1.4.3)
above is a log terminal model. In particular 7 is small, Y is Q-factorial
and there is an R-divisor I' > 0 on Y such that Ky + T = 7*(Kx + A).

We are able to prove that every log pair admits a birational model
with Q-factorial singularities such that the non kawamata log terminal
locus is a divisor:

Corollary 1.4.4. Let (X, A) be a log pair.
Then there is a birational morphism w: Y — X, where Y is Q-
factorial, such that if we write

Ky +T'=Ky + 11+ 1y =7 (Kx + A),

where every component of I'y has coefficient less than one and every
component of I'y has coefficient at least one, then Ky +1'1 is kawamata
log terminal and nef over X and no component of I'y is exceptional.

Even thought the result in ([1.4.3) is not optimal as it does not fully
address the log canonical case, nevertheless, we are able to prove the
following result (cf. [31], [21], [13]):

Corollary 1.4.5 (Inversion of adjunction). Let (X,A) be a log pair
and let v: S — S’ be the normalisation of a component S’ of A of
coefficient one.

If we define © by adjunction,

v (Kx +A) = Kg + 0,

then the log discrepancy of Kg 4 © is equal to the minimum of the log
discrepancy with respect to Kx + A of any valuation whose centre on
X is of codimension at least two and intersects S.

One of the most compelling reasons to enlarge the category of vari-
eties to the category of algebraic spaces (equivalently Moishezon spaces,
at least in the proper case) is to allow the possibility of cut and paste
operations, such as one can perform in topology. Unfortunately, it is
then all too easy to construct proper smooth algebraic spaces over C,
which are not projective. In fact the appendix to [10] has two very
well known examples due to Hironaka. In both examples, one exploits
the fact that for two curves in a threefold which intersect in a node,
the order in which one blows up the curves is important (in fact the

resulting threefolds are connected by a flop).
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It is then natural to wonder if this is the only way to construct such
examples, in the sense that if a proper algebraic space is not projective
then it must contain a rational curve. Kollar dealt with the case when
X is a terminal threefold with Picard number one, see [19]. In a slightly
different but related direction, it is conjectured that if a complex Kéhler
manifold M does not contain any rational curves then K, is nef (see
for example [30]), which would extend some of Mori’s famous results
from the projective case. Kollar also has some unpublished proofs of
some related results.

The following result, which was proved by Shokurov assuming the ex-
istence and termination of flips, cf. [33], gives an affirmative answer to
the first conjecture and at the same time connects the two conjectures:

Corollary 1.4.6. Let m: X — U be a proper map of normal algebraic
spaces, where X s analytically Q-factorial.

If Kx 4+ A is divisorially log terminal and © does not contract any
rational curves then 7 is a log terminal model. In particular © is pro-
jective and Kx + A is w-nef.

2. DESCRIPTION OF THE PROOF

Theorem A (Existence of pl-flips). Let f: X — Z be a pl-flipping
contraction for an n-dimensional purely log terminal pair (X, A).
Then the flip f+: Xt — Z of [ exists.

Theorem B (Special finiteness). Let m: X — U be a projective mor-
phism of normal quasi-projective varieties, where X is Q-factorial of di-
mensionn. LetV be a finite dimensional affine subspace of WDivg(X),
which is defined over the rationals, let S be the sum of finitely many
prime divisors and let A be a general ample Q-divisor over U. Let
(X, Ag) be a divisorially log terminal pair such that S < Ag. Fiz a
finite set € of prime divisors on X.

Then there are finitely 1 < i < k many birational maps ¢;: X --+Y;
over U such that if ¢: X --+ Y 1is any Q-factorial weak log canon-
ical model over U of Kx + A where A € Lg (V) which only con-
tracts elements of € and which does not contract every component of
S, then there is an index 1 < i < k such that the induced birational
map £:Y; --» Y is an isomorphism in a neighbourhood of the strict
transforms of S.

Theorem C (Existence of log terminal models). Let 7: X — U be a
projective morphism of normal quasi-projective varieties, where X has
dimension n. Suppose that Kx + A is kawamata log terminal, where

A is big over U.
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If there exists an R-divisor D such that Kx + A ~py D > 0, then
Kx + A has a log terminal model over U.

Theorem D (Non-vanishing theorem). Let 7: X — U be a projective
morphism of normal quasi-projective varieties, where X has dimension
n. Suppose that Kx + A is kawamata log terminal, where A is big over
U.

If Kx + A is w-pseudo-effective, then there exists an R-divisor D
such that Kx + A ~gy D > 0.

Theorem E (Finiteness of models). Let m: X — U be a projective
morphism of normal quasi-projective varieties, where X has dimension
n. Fiz a general ample Q-divisor A > 0 over U. Let V' be a finite
dimensional affine subspace of WDivg(X) which is defined over the
rationals. Suppose that there is a kawamata log terminal pair (X, Ay).

Then there are finitely many birational maps v;: X --» Z; over U,
1 <7 <1 such that if ¢: X --+ Z s a weak log canonical model of
Kx + A over U, for some A € LA(V) then there is an index 1 < j <1
and an isomorphism §: Z; — Z such that 1 = § o ;.

Theorem F (Finite generation). Let m: X — Z be a projective mor-
phism to a normal affine variety. Let (X,A = A+ B) be a kawamata
log terminal pair of dimension n, where A > 0 is an ample Q-divisor
and B > 0. If Kx + A is pseudo-effective, then

(1) The pair (X,A) has a log terminal model pu: X --» Y. In
particular if Kx + A is Q-Cartier then the log canonical ring

R(X,Kx +A) = @ H (X, Ox(Lm(Kx + A))),

meN

1s finitely generated.

(2) Let V.C WDivg(X) be the vector space spanned by the compo-
nents of A. Then there is a constant 6 > 0 such that if G is a
prime divisor contained in the stable base locus of Kx + A and
=€ La(V) such that ||Z — Al| < 9§, then G is contained in the
stable base locus of Kx + Z.

(3) Let W C V be the smallest affine subspace of WDivg(X) con-
taining A, which is defined over the rationals. Then there is
a constant n > 0 and a positive integer r > 0 such that if
= € W is any diwisor and k is any positive integer such that
|2 — Al < n and k(Kx + Z)/r is Cartier, then every compo-
nent of Fix(k(Kx + Z)) is a component of the stable base locus
Of KX + A.

13



The proof of Theorem [A] Theorem [B], Theorem [C| Theorem D] The-
orem [E] and Theorem [F] proceeds by induction:

e Theorem [F},_; implies Theorem |A},, see the main result of [9].

e Theorem |E}, ; implies Theorem , cf. .

e Theorem |[A}, and Theorem imply Theorem , cf. .

e Theorem [D},_;, Theorem [B}, and Theorem [C], imply Theo-
rem @n, cf. .

e Theorem |C}, and Theorem |D}, imply Theorem [E},, cf. (7.3)).
e Theorem |C}, and Theorem |D}, imply Theorem [F},, cf. (8.1)).

2.1. Sketch of the proof. To help the reader navigate through the
technical problems which naturally arise when trying to prove (1.2),
we review a natural approach to proving that the canonical ring

R(X,Kx) = @ H(X,0x(mKy)),

meN

of a smooth projective variety X of general type is finitely generated.
Even though we do not directly follow this method to prove the exis-
tence of log terminal models, instead using ideas from the MMP, many
of the difficulties which arise in our approach are mirrored in trying to
prove finite generation directly.

A very natural way to proceed is to pick a divisor D € |kK x|, whose
existence is guaranteed as we are assuming that Ky is big, and then
to restrict to D. One obtains an exact sequence

0 — HX,0x((I-k)Kx)) — H°(X,0x(IKx)) — H°(D,0p(mK)p)),

where [ = m(1 + k) is divisible by k + 1, and it is easy to see that it
suffices to prove that the restricted algebra, given by the image of the
maps

HY(X,0x(m(1+ k)Kx)) — H°(D,Op(mKp)),

is finitely generated. Various problems arise at this point. First D
is neither smooth nor even reduced (which, for example, means that
the symbol Kp is only formally defined; strictly speaking we ought to
work with the dualising sheaf wp). It is natural then to pass to a log
resolution, so that the support S of D has simple normal crossings, and
to replace D by S. The second problem is that the kernel of the map

H(X,Ox(m(1+ k)Kx)) — H°(S, Os(mKs)),
no longer has any obvious connection with

HY(X,Ox((m(1 +k) —k)Kx)),
14



so that even if we knew that the new restricted algebra were finitely
generated, it is not immediate that this is enough. Another significant
problem is to identify the restricted algebra as a subalgebra of

P H°(S, 0s(mKs)),

meN

since it is only the latter that we can handle by induction. Yet another
problem is that if C' is a component of S, it is no longer the case that
C is of general type, so that we need a more general induction. In
this case the most significant problem to deal with is that even if K¢
is pseudo-effective, it is not clear that the linear system |kKq| is non-
empty for any k£ > 0. Finally, even though this aspect of the problem
may not be apparent from the description above, in practise it seems as
though we need to work with infinitely many different values of k and
hence D = Dy, which entails working with infinitely many different
birational models of X (since for every different value of k, one needs
to resolve the singularities of D).

Let us consider one special case of the considerations above, which
will hopefully throw some more light on the problem of finite genera-
tion. Suppose that to resolve the singularities of D we need to blow
up a subvariety V. The corresponding divisor C' will typically fibre
over V and if V has codimension two then C will be close to a P!-
bundle over V. In the best case, the projection 7: C' — V will be
a Pl-bundle with two disjoint sections (this is the toroidal case) and
sections of tensor powers of a line bundle on C will give sections of
an algebra on V which is graded by N2, rather than just N. Let us
consider then the simplest possible algebras over C which are graded
by N2, If we are given a submonoid M C N? (that is a subset of N2
which contains the origin and is closed under addition) then we get a
subalgebra R C C?[z,y| spanned by the monomials

{2'y [ (i,5) € M }.

The basic observation is that R is finitely generated iff M is a finitely
generated monoid. There are two obvious cases when M is not finitely
generated,

M ={(i,j) eN*j >0}U{(0,0)} and {(ij)€N*|i>V2j}.

In fact, if C C R? is the convex hull of the set M, then M is finitely
generated iff C is a rational polytope. In the general case, we will be
given a convex subset C of a finite dimensional vector space of Weil

divisors on X and a key part of the proof is to show that the set C is
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in fact a rational polytope. As naive as these examples are, hopefully
they indicate why it is central to the proof of finite generation to

e consider divisors with real coefficients, and
e prove a non-vanishing result.

We now review our approach to the proof of . As is clear from
the plan of the proof given in the previous subsection, the proof of
is by induction on the dimension and the proof is split into various
parts. Instead of proving directly that the canonical ring is finitely
generated, we try to construct a log terminal model for X. The first
part is to prove the existence of pl-flips. This is proved by induction in
[8], and we will not talk about the proof of this result here, since the
methods used to prove this result are very different from the methods
we use here. Granted the existence of pl-flips, the main issue is to prove
that some MMP terminates, which means that we must show that we
only need finitely many flips.

As in the scheme of the proof of finite generation sketched above, the
first step is to pick D € |kK x|, and to pass to a log resolution of the
support S of D. By way of induction we want to work with Ky + S
rather than Kx. As before this is tricky since a log terminal model
for Kx + S is not the same as a log terminal model for Kx. In other
words having added .S, we really want to subtract it as well. The trick
however is to first add S, construct a log terminal model for Ky + S
and then subtract S (almost literally component by component). This
is one of the key steps, to show that Theorem [A], and Theorem [B],
imply Theorem [C},. This part of the proof splits naturally into two
parts. First we have to prove that we may run the relevant minimal
model programs, see 4 and the beginning of §5] then we have to prove
this does indeed construct a log terminal model for K, see §f]

To gain intuition for how this part of the proof works, let us first
consider a simplified case. Suppose that D = S is irreducible. In this
case it is clear that S is of general type and Ky is nef if and only if
Kx + 5 is nef and in fact a log terminal model for Kx is the same as a
log terminal model for Kx +S. Consider running the (Kx +.5)-MMP.
Then every step of this MMP is a step of the Kx-MMP and vice-versa.
Suppose that we have a (Kx + S)-extremal ray R. Let 7: X — Z
be the corresponding contraction. Then S - R < 0, so that every curve
Y contracted by m must be contained in S. In particular 7 cannot be
a divisorial contraction, as S is not uniruled. Hence 7 is a pl-flip and
by Theorem [A},, we can construct the flip of m, ¢: X --» Y. Consider
the restriction ¢: S --» T of ¢ to S, where T is the strict transform of

S. Since log discrepancies increase under flips and S is irreducible, v
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is a birational contraction. After finitely many flips, we may therefore
assume that 1) does not contract any divisors, since the Picard number
of S cannot keep dropping. Consider what happens if we restrict to .S.
By adjunction, we have

(Kx +95)|s = Ks.

Thus ¢: S --» T is Kg-negative. We have to show that this cannot
happen infinitely often. If we knew that every sequence of flips on S
terminates, then we would be done. In fact this is how special termina-
tion works. Unfortunately we cannot prove that every sequence of flips
terminates on S, so that we have to do something slightly different.
Instead we throw in an auxiliary ample divisor H on X, and consider
Kx + S+ tH, where t is a positive real number. If ¢ is large enough
then Kx + S + tH is ample. Decreasing ¢, we may assume that there
is an extremal ray R such that (Kx +S+tH) - R=0. If t = 0, then
Kx + S is nef and we are done. Otherwise (Kx+5)- R < 0, so that we
are still running a (Kx + 5)-MMP, but with the additional restriction
that Kx + S + tH is nef and trivial on any ray we contract. This is
the (Kx + 5)-MMP with scaling of H. Let G = H|g. Then Kg + tG
is nef and so is Ky + tG’, where G' = ¢,G. In this case Ky +tG’ is a
weak log canonical model for Kg + tG (it is not a log terminal model,
both because ¢ might contract divisors on which Kg+tG is trivial and
more importantly because T need not be Q-factorial). In this case we
are then done, by finiteness of weak log canonical models for (5,tG),
where ¢ € [0,1] (cf. Theorem [E},_;).

We now turn to the general case. The idea is similar. First we want
to use finiteness of log terminal models on S to conclude that there
are only finitely many log terminal models in a neighbourhood of S.
Secondly we use this to prove the existence of a very special MMP and
construct log terminal models using this MMP. The intuitive idea is
that if ¢: X --» Y is Ky-negative then Kx is bigger than Ky (the
difference is an effective divisor on a common resolution) so that we
can never return to the same neighbourhood of S. As already pointed
out, in the general case we need to work with R-divisors. This poses no
significant problem at this stage of the proof, but it does make some of
the proofs a little more technical. By way of induction, suppose that
we have a log pair Kx + A = Kx +5 + A+ B, where S is a sum of
prime divisors, A is an ample divisor (with rational coefficients) and
the coefficients of B are real numbers between zero and one. We are
also given a divisor D > 0 such that Kx + A ~r D. The construction
of log terminal models is similar to the one sketched above and breaks

into two parts.
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In the first part, for simplicitly of exposition we assume that S is
a prime divisor and Kx + A is purely log terminal. We fix S and
A but we allow B to vary and we want to show that finiteness of
log terminal models for S implies finiteness of log terminal models in
a neighbourhood of S. We are free to pass to a log resolution, so
we may assume that (X,A) is log smooth and if B = > b;B; the
coefficients (by, by, ..., b;) of B lie in [0,1]*. Let © = (A — 9)|s so that
(Kx +A)|ls = Ks+ 0.

Suppose that f: X --» Y is a log terminal model of (X, A). There
are three problems that arise, two of which are quite closely related.
Suppose that g: S --+» T is the restriction of f to S, where T is the
strict transform of S. The first problem is that g need not be a bi-
rational contraction. For example, suppose that X is a threefold and
f flips a curve X intersecting .S, which is not contained in S. Then
S-Y >0sothat T- E <0, where E is the flipped curve. In this case
E C T so that the induced birational map S --+ T extracts the curve
E. The basic observation is that £ must have log discrepancy less than
one with respect to (S, ©). Since the pair (X, A) is purely log terminal
if we replace (X, A) by a fixed model which is high enough then we
can ensure that the pair (S, ©) is terminal, so that there are no such
divisors £ and ¢ is then always a birational contraction. The second
problem is that if F is a divisor intersecting S which is contracted to a
divisor lying in 7", then N S is not contracted by S. For this reason,
g is not necessarily a weak log canonical model of (S, ©). However we
can construct a divisor 0 < = < © such that g is a weak log canonical
model for (S,=). Suppose that we start with a smooth threefold Y
and a smooth surface 7" C Y which contains a —2-curve ¥, such that
Ky + T is nef. Let f: X — Y be the blow up of Y along ¥ with
exceptional divisor E and let S be the strict transform of 7. Then f is
a step of the (Kx +S+eFE)-MMP for any e > 0 and f is a log terminal
model of Kx + S + eE. The restriction of f to S, g: S — T is the
identity, but ¢ is not a log terminal model for Kg + e, since Kg + e
is negative along . It is a weak log canonical model for K7, so that
in this case Z = 0. The details of the construction of = are contained
in (L1).

The third problem is that the birational contraction g does not de-
termine f. This is most transparent in the case when X is a surface
and S is a curve, since in this case g is always an isomorphism. To
remedy this particular part of the third problem we use the different,
which is defined by adjunction,

(Ky +T)|r = Kr + ®.
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The other parts of the third problem only occurs in dimension three or
more. For example, suppose that Z is the cone over a smooth quadric
in P and p: X — Z and ¢: Y — Z are the two small resolutions,
so that the induced birational map f: X --+ Y is the standard flop.
Let m: W — Z blow up the maximal ideal, so that the exceptional
divisor F is a copy of P! x P!, Pick a surface R which intersects E along
a diagonal curve X. If S and T are the strict transforms of R in X
and Y then the induced birational map ¢g: S — T is an isomorphism
(both S and T are isomorphic to R). To get around this problem, one
can perturb A so that f is the ample model, and one can distinguish
between X and Y by using the fact that g is the ample model of (5, E).
Finally it is not hard to write down examples of flops which fix =, but
switch the individual components of =. In this case one needs to keep
track not only of = but the individual pieces (¢.B;)|r, 1 <i < k. We
prove that an ample model f is determined in a neighbourhood of T
by g, the different ® and (f.B;)|r, see (£.3). To finish this part, by
induction we assume that there are finitely many possibilities for g and
it is easy to see that there are then only finitely many possibilities for
the different ® and the divisors (f.B;)|r and this shows that there are
only finitely many possibilities for f. This explains the implication
Theorem [E],_; implies Theorem [B],. The details are contained in

The second part consists of using finiteness of models in a neighbour-
hood of S to run a sequence of minimal model programs to construct a
log terminal model. We may assume that X is smooth and the support
of A+ D has normal crossings.

Suppose that there is a divisor C' such that

(*) Kx +A~ry D+ aC,

where Kx + A+ C is divisorially log terminal and nef and the support
of D is contained in S. If R is an extremal ray which is (Kx + A)-
negative, then D - R < 0, so that S; - R < 0 for some component S; of
S. As before this guarantees the existence of flips. It is easy to see that
the corresponding step of the (K x +A)-MMP is not an isomorphism in
a neighbourhood of S. Therefore the (Kx +A)-MMP with scaling of C'
must terminate with a log terminal model for Kx + A. To summarise,
whenever the conditions above hold, we can always construct a log
terminal model of Ky + A.

We now explain how to construct log terminal models in the general
case. We may write D = D; 4+ Dy, where every component of D is
a component of S and no component of Dy is a component of S. If
Dy is empty, that is every component of D is a component of S then

we take C' to be a sufficiently ample divisor, and the argument in the
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previous paragraph implies that Ky + A has a log terminal model. If
Dy # 0 then instead of constructing a log terminal model, we argue
that we can construct a neutral model, which is exactly the same as a
log terminal model, except that we drop the hypothesis on negativity.
Consider (X,0 = A + AD,), where A is the largest real number so
that the coefficients of © are at most one. Then more components of
LO, are components of D. By induction (X, ©) has a neutral model,
f: X --» Y. It is then easy to check the conditions in the paragraph
above apply, and we can construct a log terminal model ¢g: Y --» Z for
Kx+g.A. Itis then automatic that the composition h = gof: X --» Z
is a neutral model of Kx + A (since f is not (Kx + A)-negative it
is not true in general that h is a log terminal model of Kx + A).
However ¢ is automatically a log terminal model provided we only
contract components of the stable base locus of Kx+A. For this reason,
we pick D so that we may write D = M + F' where every component of
M is semiample and every component of F'is a component of the stable
base locus. This explains the implication Theorem[A], and Theorem [B},
imply Theorem [C},. The details are contained in

Now we explain how prove that if Ky + A = Kx + A+ B is pseudo-
effective, then Kx +A ~r D > 0. The idea is to mimic the proof of the
non-vanishing theorem. As in the proof of the non-vanishing theorem
and following the work of Nakayama, there are two cases. In the first
case, for any ample divisor H,

(X, Ox(Lm(Kx +A)+ H)),

is a bounded function of m. In this case it follows that Kx + A is
numerically equivalent to the divisor N,(Kx + A) > 0. It is then not
hard to prove that Theorem [C], implies that Kx + A has a log terminal
model and we are done by the base point free theorem.

In the second case we construct a non kawamata log terminal centre
for

m(Kx +A) + H,

when m is sufficiently large. Passing to a log resolution, and using
standard arguments, we are reduced to the case when

Kx+A=Kyx+S+A+B,

where S is irreducible and (Kx + A)|g is pseudo-effective, and the
support of A has global normal crossings. Suppose first that Kx + A
is Q-Cartier. We may write

(Kx +S+A+B)|s = Kg+C +D,
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where C' is ample and D > 0. By induction we know that there is a
positive integer m such that h°(S, Os(m(Kg + C + D))) > 0. To lift
sections, we need to know that h!'(X, Ox(m(Kx+S+A+B)—S)) = 0.
Now

m(Kx+A)—(Kx+B)—S=m—-1)(Kx+A)+ A

1
=(m—-1)(Kx+A+ — 1A).

As Kx + A+ A/(m — 1) is big, we can construct a log terminal model
¢: X --» Y for Kx+A+A/(m—1), and running this argument on Y,
the required vanishing holds by Kawamata-Viehweg vanishing. In the
general case, Kx + 5 + A+ B is an R-divisor. The argument is now a
little more delicate as h°(S, Og(m(Ks+C+ D))) does not make sense.
We need to approximate Kg + C + D by rational divisors, which we
can do by induction. But then it is not so clear how to choose m. In
practise we need to prove that the log terminal model Y constructed
above does not depend on m, at least locally in a neighbourhood of T,
the strict transform of S, and then the result follows by Diophantine
approximation. This explains the implication Theorem [D},_;, Theo-
rem [B}, and Theorem [C}, imply Theorem [D},. The details are in §6

Finally, in terms of induction, we need to prove finiteness of weak log
canonical models. We fix an ample divisor A and work with divisors
of the form Ky + A = Kx + A+ B, where the coefficients of B are
variable. For ease of exposition, we assume that the support of A and
B have global normal crossings, so that Kx + A = Kx + A+ >_b;B;
is log canonical if and only if 0 < b; < 1 for all 2. The key point is that
we allow the coefficients of B to be real numbers, so that the set of all
possible choices of coefficients [0, 1]* is a compact subset of R*. Thus
we may check finiteness locally. In fact since A is ample, we can always
perturb the coefficients of B so that none of the coefficients are equal
to one or zero and so we may even assume that Ky + A is kawamata
log terminal.

Observe that we are certainly free to add components to B (formally
we add components with coefficient zero and then perturb so that their
coefficients are non-zero). In particular we may assume that B is the
support of an ample divisor and so working on the weak log canoni-
cal model, we may assume that we have a log canonical model for a
perturbed divisor. Thus it suffices to prove that there are only finitely
many log canonical models. Since the log canonical model is deter-
mined by any log terminal model, it suffices to prove that we can find
a cover of [0, 1]¥ by finitely many log terminal models. By compactness,

it suffices to do this locally.
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So pick b € [0,1]*. There are two cases. If Ky + A is not pseudo-
effective, then Kx + A 4+ B’ is not pseudo-effective, for B’ in a neigh-
bourhood of B, and there are no weak log canonical models at all.
Otherwise we may assume that Ky + A is pseudo-effective. By induc-
tion we know that Ky + A ~r D > 0. Then we know that there is a
log terminal model ¢: X --» Y. Replacing (X, A) by (Y,T' = ¢.A),
we may assume that Ky + A is nef. By the base point free theorem it
is semiample. Let X — Z be the corresponding morphism. The key
observation is that locally about A, any log terminal model over Z is
an absolute log terminal model. Working over Z, we may assume that
Kx + A is numerically trivial. In this case the problem of finding a log
terminal model for Kx + A’ only depends on the line segment spanned
by A and A’. Working in a small box about A, we are then reduced
to finding a log terminal model on the boundary of the box and we are
done by induction on the dimension of the affine space containing B.
Note that in practise, we need to work in slightly more generality than
we have indicated; first we need to work in the relative setting and
secondly we need to work with an arbitrary affine space containing B
(and not just the space spanned by the components of B). This poses
no significant problem. This explains the implication Theorem [C}, and
Theorem [D}, imply Theorem [E},. The details are contained in

The implication Theorem [C},, Theorem [D], and Theorem [E], imply
Theorem [F], is straightforward. The details are contained in §g

Let us end the sketch of the proof by pointing out some of the techni-
cal advantages with working with kawamata log terminal pairs (X, A),
where A is big. The first observation is that since the kawamata log
terminal condition is open, it is straightforward to show that A is Q-
linearly equivalent to A+ B where A is an ample Q-divisor, B > 0 and
Kx+ A+ B. The presence of the ample divisor A is very convenient for
a number of reasons, two of which we have already seen in the sketch
of the proof.

Firstly the restriction of an ample divisor to any divisor S is ample,
so that if B does not contain S in its support then the restriction of
A+ B to S is big. This is very useful for induction.

Secondly, as we vary the coefficients of B, the closure of the set of
kawamata log terminal pairs is the set of log canonical pairs. However,
we can use a small piece of A to perturb the coefficients of B so that
they are bounded away from zero and Kx + A+ B is always kawamata
log terminal.

Finally, if (X, A) is divisorially log terminal and f: X — Y is a
(Kx+A)-trivial contraction then Ky 41" = Kx+ f.A is not necessarily

divisorially log terminal, only log canonical. For example, suppose that
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Y is a surface with a simple elliptic singularity and f: X — Y is the
blow up with exceptional divisor £. Then f is a weak log canonical
model of Kx + E, but Y is not log terminal as it does not have rational
singularities. On the other hand, if A = A+ B where A is ample then
Ky + T is always divisorially log terminal.

2.2. Standard conjectures of the MMP. Having sketched the proof
of , we should point out the main obstruction to extending these
ideas to the case when X is not of general type. The main issue seems
to be the implication Ky pseudo-effective implies (X, Kx) > 0. In
other words we need:

Conjecture 2.1. Let (X,A) be a projective kawamata log terminal
DaLT.
If Kx + A is pseudo-effective then k(X, Kx + A) > 0.

We also probably need

Conjecture 2.2. Let (X,A) be a projective kawamata log terminal
DaLT.
If Kx + A is pseudo-effective and

(X, Ox(tm(Kx + A)a+ H)),

is not a bounded function of m, for some ample divisor H, then k(X, K x+
A) > 1.

In fact, using the methods of this paper, together with some results of
Kawamata (cf. [I4] and [15]), (2.1) and (2.2]) would seem to imply one
of the main outstanding conjectures of higher dimensional geometry:

Conjecture 2.3 (Abundance). Let (X, A) be a projective kawamata
log terminal pair.
If Kx + A is nef then it is semiample.

We remark that the following seemingly innocuous generalisation of
(1.2) (in dimension 1+ 1) would seem to imply (2.3]) (in dimension n).

Conjecture 2.4. Let (X,A) be a projective log canonical pair of di-
mension mn.
If Kx + A is big, then (X, A) has a log canonical model.

It also seems worth pointing out that the other remaining conjecture
is:
Conjecture 2.5 (Borisov-Alexeev-Borisov). Fiz a positive integer n
and a positive real number € > 0.

Then the set of varieties X such that Kx + A has log discrepancy at
least € and —(Kx + A) is ample, forms a bounded family.
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3. PRELIMINARY RESULTS

In this section we collect together some definitions and results.

3.1. Notation and conventions. We work over the field of complex
numbers C. We say that two Q-divisors Dq, D, are Q-linearly equiv-
alent (Dy ~g Dy) if there exists an integer m > 0 such that mD; are
linearly equivalent. We say that a Q-divisor D is Q-Cartier if some
integral multiple is Cartier. We say that X is Q-factorial if every Weil
divisor is Q-Cartier. We say that X is analytically Q-factorial if every
analytic Weil divisor (that is an analytic subset of codimension one) is
analytically Q-Cartier (i.e. some multiple is locally defined by a single
analytic function). We recall some definitions involving divisors with
real coefficients.

Definition 3.1.1. Let m: X — U be a proper morphism of normal
algebraic spaces.

(1) An R-Weil divisor (frequently abbreviated to R-divisor) D on
X is an R-linear combination of prime divisors.

(2) AnR-Cartier divisor D is an R-linear combination of Cartier
divisors.

(3) Two R-divisors D and D' are R-linearly equivalent over U,
denoted D ~g y D', if their difference is an R-linear combina-
tion of principal divisors and an R-Cartier divisor pulled back
from U.

(4) Two R-divisors D and D' are numerically equivalent over
U, denoted D =y D', if their difference is an R-Cartier divisor
such that (D — D")-C =0 for any curve C contained in a fibre
of .

(5) An R-Cartier divisor D is ample over U (or m-ample) if it is
R-linearly equivalent to a positive linear combination of ample
(in the usual sense) Cartier divisors over U.

(6) An R-Cartier divisor D on X is nef over U (or m-nef) if
D -C >0 for any curve C' C X, contracted by .

(7) An R-divisor D is big over U (or w-big) if

WO(F, Op(umD.))

mdim F

lim sup > 0,

for the fibre F' over any generic point of U. Equivalently D is
big over U if D ~g v A+ B where A is ample over U and B > 0
(cf. |28, 11 3.16) ).
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(8) AnR-Cartier divisor D is semiample over U (or w-semiample)
if there is a morphism f: X — Y over U such that D is R-
linearly equivalent to the pullback of an ample R-divisor over
U.

(9) An R-divisor D is m-pseudo-effective if the restriction of D
to the generic fibre is the limit of divisors D; > 0.

Note that the group of Weil divisors with rational coefficients WDivg(X),
or with real coefficients WDivg (X ), forms a vector space, with a canon-
ical basis given by the prime divisors. Given an R-divisor, ||D|| denotes
the sup norm with respect to this basis. If A =" a;C; and B = b;C;
are two R-divisors,

Given an R-divisor D and a subvariety Z which is not contained in
the singular locus of X, mult; D denotes the multiplicity of D at the
generic point of Z. If Z7 = FE is a prime divisor this is the coefficient of
Ein D.

A log pair (X, A) (sometimes abbreviated by Kx + A) is a normal
variety X and an R-divisor A > 0 such that Ky + A is R-Cartier.
We say that a log pair (X, A) is log smooth, if X is smooth and the
support of A is a divisor with global normal crossings. A birational
morphism ¢: Y — X is a log resolution of the pair (X,A) if g is
projective, Y is smooth, the exceptional locus is a divisor and g~1(A)
union the exceptional set of ¢ is a divisor with global normal crossings
support. By Hironaka’s Theorem we may, and often will, assume that
the exceptional locus supports an ample divisor over X. If we write

where I'; are distinct prime divisors then the log discrepancy a(I';, X, A)
of I'; is 1 —b;. The log discrepancy of (X, A) is then the infimum of the
log discrepancy for every I'; and for every resolution. The image of any
component of I' of coefficient at least one (equivalently log discrepancy
at most zero) is a non kawamata log terminal centre of the pair (X, A).
The pair (X,A) is kawamata log terminal if for every (equivalently
for one) log resolution ¢g: ¥ — X as above, the coefficients of T
are strictly less than one, that is b; < 1 for all 7. Equivalently, the
pair (X, A) is kawamata log terminal if there are no non kawamata log
terminal centres. The non kawamata log terminal locus of (X, A) is the
union of the non kawamata log terminal centres. We say that the pair
(X, A) is purely log terminal if the log discrepancy of any exceptional

divisor is greater than zero. We say that the pair (X, A = ) §4,;),
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where 0; € (0, 1], is divisorially log terminal if there is a log resolution
such that the log discrepancy of every exceptional divisor is greater
than zero. By [22, (2.40)] (X, A) is divisorially log terminal if and only
if there is a closed subset Z C X such that
o (X\Z,A|x\z) is log smooth, and
o if f: Y — X is a projective birational morphism and £ C
Y is an irreducible divisor with centre contained in Z then
a(E, X,A) > 0.
We will also often write
Ky +I'=g"(Kx +A) + E,

where I' > 0 and F > 0 have no common components, g,[' = A and £
is g-exceptional. Note that this decomposition is unique.

We say that a birational map ¢: X --+ Y is a birational contraction
if ¢ is proper and ¢! does not contract any divisors. If in addition
¢~ is also a birational contraction, we say that ¢ is a small birational
map.

3.2. Preliminaries.

Lemma 3.2.1. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Let D be an R-Cartier divisor on X and let
D’ be its restriction to the generic fibre of .

If D' ~g B' > 0 for some R-divisor B’ on the generic fibre of 7, then
there is a dwisor B on X such that D ~gy B > 0 whose restriction
to the generic fibre of ™ is B'.

Proof. Taking the closure of the generic points of B’, we may assume
that there is an R-divisor By > 0 on X such that the restriction of B;
to the generic fibre is B’. As

D' — B ~3 0,
it follows that there is an open subset U; of U, such that

(D = By)ly; ~r 0,

where V; is the inverse image of U;. But then there is a divisor G on
X such that

D — By ~r Ga
where Z = w(SuppG) is a proper closed subset. As U is quasi-

projective, there is an ample divisor H > 0 on U which contains Z.
Possibly rescaling, we may assume that F' = 7*H > —G. But then

D ~g (Bi+ F+G) — F,
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so that
D~gy (Bi+F+G)>0. O

3.3. Nakayama-Zariski decomposition. We will need some defini-
tions and results from [28].

Definition-Lemma 3.3.1. Let X be a smooth projective variety, B
be a big R-divisor and let C be a prime divisor. Let

Uc(B) = mf{ multC(B') ‘ B/ ~Q B, B/ > 0 }

Then oc is a continuous function on the cone of big divisors.
Now let D be any pseudo-effective R-divisor and let A be any ample
Q-divisor. Let

O'C(D) = 11_1)% 0'0<D + GA)

Then oc(D) exists and is independent of the choice of A.

There are only finitely many prime divisors C' such that (D) > 0
and the R-divisor No(D) = > - 0c(D)C is determined by the numer-
ical equivalence class of D. Moreover D — N,(D) is pseudo-effective
and N,(D — N,(D)) = 0.

Proof. See §II1.1 of [28]. O

Proposition 3.3.2. Let X be a smooth projective variety and let D be
a pseudo-effective R-divisor. Let B be any big R-divisor.

If D is not numerically equivalent to N, (D), then there is a positive
integer k and a positive rational number B such that

RY(X, Ox(LmDJ+ LkBJ)) > fm, for all m > 0.

Proof. Let A be any integral divisor. Then we may find a positive
integer k such that

hO(X, Ox(LkBs— A)) > 0.

Thus it suffices to exhibit an ample divisor A and a positive rational
number (3 such that

RY(X, Ox(LmDJ+ A)) > fm forall — m>0.

Replacing D by D — N,(D), we may assume that N,(D) = 0. Now
apply (V.1.11) of [2§]. O
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3.4. Adjunction. We recall some basic facts about adjunction, see
[21], §16, §17] for more details.

Definition-Lemma 3.4.1. Let (X, A) be a log canonical pair, and let
S be a normal component of LAl of coefficient one. Then there is a
divisor © on S such that

(Kx +A)ls = Ks+©.

(1) If (X, A) is divisorially log terminal then so is Kg + ©.

(2) If (X, A) is purely log terminal then Kg + © is kawamata log
terminal.

(3) If (X, A = S) is purely log terminal then the coefficients of ©
have the form (r — 1)/r, where r is the index of S at P the
generic point of the corresponding divisor D on S (equivalently
r 15 the index of Kx + S5 at P or r is the order of the cyclic
group Weil(Ox p)). In particular if B is a Weil divisor on X,
then the coefficient of Bls in D is an integer multiple of 1/r.

(4) If (X,A) is purely log terminal, f: Y — X 1is a projective
birational morphism and T 1is the strict transform of S, then
(flr)«¥ = O, where Ky +T' = f*(Kx+ A) and V¥ is defined by
adjunction,

(Ky +D)|p = Kr + V.

3.5. Stable base locus. We need to extend the definition of the stable
base locus to the case of a real divisor.

Definition 3.5.1. Let m: X — U be a projective morphism of normal
varieties.

Let D be an R-divisor on X. The real linear system associated
to D over U is

|ID/Ulg ={C>0|C ~gy D}.

The stable base locus of D over U is the Zariski closed set B(D/U)
given by the intersection of the support of the elements of the real linear
system |D/U|g. If |D/U|g = 0, then we let B(D/U) = X. The stable
fixed divisor is the divisorial support of the stable base locus. The
augmented base locus of D over U is the Zariski closed set

B,.(D/U) = B((D - cA)/U),

for any ample divisor A over U and any sufficiently small rational
number € > 0 (compare [23, Definition 10.3.2])

Remark 3.5.2. The stable base locus, the stable fixed divisor and the
augmented base locus are only defined as closed subsets, they do not

have any scheme structure.
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Lemma 3.5.3. Let 7: X — U be a projective morphism of normal
varieties and let D be an integral Weil divisor on X.

Then the stable base locus as defined in coincides with the
usual definition of the stable base locus.

Proof. Let
[D/Ulg={C=0|C~qu D}

Let R be the intersection of the elements of |D/U|g and let @) be the
intersection of the elements of |D/U|qg. It suffices to prove that Q = R.
As |D/Ulg C |D/U]g, it is clear that R C Q.

Suppose that © ¢ R. We want to show that = ¢ . We may find
D' € |D/U|g such that mult, D" = 0. But then

D'=D+> r(fi)+7E,

where f; are rational functions on X, F is an R-Cartier divisor on U
and r; are real numbers. Let V' be the subspace of WDivg(X) spanned
by the components of D, D', 7*E and (f;). We may write £ = ) e, E;,
where E; are Cartier divisors. Let W be the span of the (f;) and the
7*E;. Then W C V are defined over the rationals. Set

P={D'e€V|D">0, milt, D=0, D"~ DeW} C|D/Ul.

Then P is a rational polyhedron. As D’ € P, P is non-empty, and so
it must contain a rational point D”. We may write

D"=D+) si(fi)+ Y fim"Ej,

where s; and f; are real numbers. Since D" and D have rational coef-
ficients, it follows that we may find s, and f; which are rational. But
then D” € |D/U|q, and so x ¢ Q). O

Proposition 3.5.4. Let m: X — U be a projective morphism of nor-
mal varieties and let D > 0 be an R-diwisor. Then we may find R-
divisors M and F' such that

(1) M >0 and F > 0,

(2) D ~py M+ F,

(3) every component of F' is a component of B(D/U), and

(4) if B is a component of M then some multiple of B is mobile.

We need two basic results.

Lemma 3.5.5. Let X be a normal variety and let D and D' be two

R-divisors such that D ~r D’.
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Then we may find rational functions fi, fa, ..., fr and real numbers
r1,T9, ...,k which are independent over the rationals such that

In particular every component of (f;) is either a component of D or
D'

Proof. By assumption we may find rational functions fi, fo,..., fi and
real numbers rq, 7, ..., 7, such that

k
=1

Pick k£ minimal with this property. Suppose that the real numbers r;
are not independent over . Then we can find rational numbers d;,

not all zero, such that

Possibly re-ordering we may assume that dj # 0. Multiplying through
by an integer we may assume that d; € Z. Possibly replacing f; by

f;, we may assume that d; > 0. Let d be the least common multiple

of the non-zero d;. If d; # 0, we replace f; by fid /di (and hence 7; by
d;ri/d) so that we may assume that either d; = 0 or 1. For 1 <i <k,

set
)il ifdi=1

Then
k—1

D= D/ + Z?}(gﬂ,
i=1
which contradicts our choice of k.
Now suppose that B is a component of (f;). Then

multz(D) = multg(D’) + Z ring,

where n; = multg(f;) is an integer and n; # 0. But then multg(D) —
multg(D’) # 0, so that one of multp(D) and multg(D’) must be non-
Z€ro. U

Lemma 3.5.6. Let m: X — U be a projective morphism of normal
varieties and let

D,NR,UDv DZO7 D/ZOa

be two R-divisors on X with no common components.
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Then we may find D" € |D/U|r such that a multiple of every com-
ponent of D" is mobile.

Proof. Pick ample R-divisors on U, H and H’ such that D + 7*H ~g
D' +7n*H and D+ n*H and D'+ 7*H' have no common components.
Replacing D by D + 7*H and D' by D' + n*H’, we may assume that
D'~y D.

We may write

D/:D+Zri(fi):D+Ra

where r; € R and f; are rational functions on X. By we may
assume that every component of R is a component of D + D’

We proceed by induction on the number of components of D + D’.
If g1,qs,...,q are any rational numbers then we may always write

C/=C+Q:C+ZQi(fi)7

where C' > 0 and C” > 0 have no common components. But now if
we suppose that ¢; is sufficiently close to r; then C' is supported on D
and C’ is supported on D’. We have that mC ~ mC" for some integer
m > 0. By Bertini we may find C” ~g C such that every component
of C” has a multiple which is mobile. Pick A > 0 maximal such that
Dy =D —XC >0and D} =D — \C" > 0. Note that

Dl NRD,17 DlZOJ D;ZO,

are two R-divisors on X with no common components, and that D+ D]
has fewer components than D + D’. By induction we may then find

Dlll € |D1|R7
such that a multiple of every component of D} is mobile. But then
D" =\C" + DY € |Dlg,
and every component of D" has a multiple which is mobile. O

Proof of ([3.5.4). We may write D = M + F, where every component
of F' is contained in B(D/U) and no component of M is contained in
B(D/U). A prime divisor is bad if none of its multiples are mobile.
We proceed by induction on the number of bad components of M.
We may assume that M has at least one bad component B. As B
is a component of M, we may find D; € |D/U|g such that B is not
a component of D;. If B = DA Dy then D) = D — E > 0 and
D) = Dy —FE > 0, D' and D] have no common components and
D' ~gy Dj. By there is a divisor D" € |D’/U|g with no bad
components. But then D"+ E € |D|g, B is not a component of D"+ E
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and the only bad components of D” + E are components of F, which
are also components of D. Therefore D"+ E has fewer bad components
than D and we are done by induction. 0

3.6. Types of model.

Definition 3.6.1. Let ¢: X --» Y be a proper birational contraction
of normal quasi-projective varieties and let D be an R-Cartier divi-
sor on X such that D' = ¢,D is also R-Cartier. We say that ¢ is
D-non-positive (respectively D-negative) if for some common res-
olutionp: W — X and q¢: W — Y, we may write

p*D — q*D/ ‘I’ E,
where E > 0 is q-exceptional (respectively E > 0 is q-exceptional and

the support of E contains the strict transform of the ¢-exceptional di-
visors).

We will often use the following well-known lemma.

Lemma 3.6.2 (Negativity of contraction). Let 7: Y — X be a pro-
jective birational morphism of normal quasi-projective varieties.

(1) If E > 0 is an exceptional R-Cartier divisor then there is a
component ' of E which is covered by curves X2 such that E-3 <
0.

(2) If "L = M+G+E, where L is an R-Cartier divisor on X, M is
a m-nef R-Cartier divisor on'Y, G > 0, E is m-exceptional, and
G and E have no common components, then £ > 0. Further
if F1 is an exceptional divisor such that there is an exceptional
divisor Fy with the same centre on X as F, with the restriction
of M to Fy not numerically w-trivial, then F| is a component
of G+ E.

(3) If X is Q-factorial then there is a m-exceptional divisor E > 0
such that —E is ample over X. In particular the exceptional
locus of 7 is a divisor.

Proof. Cutting by hyperplanes in X, we reduce to the case when X
is a surface, in which case (1) reduces to the Hodge Index Theorem.
(2) follows easily from (1), see for example (2.19) of [21I]. Let H be a
general ample Q-divisor over X. If X is Q-factorial then

E=n"r,H—H>0,
is m-exceptional and —FE is ample over X. This is (3). O

Lemma 3.6.3. Let X — U andY — U be two projective morphisms

of normal quasi-projective varieties. Let ¢: X --+ 'Y be a birational
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contraction over U and let D and D’ be R-Cartier divisors such that
D" = ¢,D is nef over U.

Then ¢ is D-non-positive (respectively D-negative) if given a com-
mon resolution p: W — X and q: W — Y, we may write

p*D:q*D/+E,

where p,E > 0 (respectively p,E > 0 and the support of p.E contains
the union of all ¢-exceptional divisors).

Further if D = Kx + A and D' = Ky + ¢, then this is equivalent
to requiring

a(F, X, A) < a(F,Y,p.A) (respectively a(F, X, A) < a(F,Y, $.A)),
for all ¢p-exceptional divisors F' C X.
Proof. Easy consequence of (3.6.2]). O

Lemma 3.6.4. Let X — U andY — U be two projective morphisms
of normal quasi-projective varieties. Let ¢: X --+'Y be a birational
contraction over U and let D and D’ be R-Cartier divisors such ¢,D
and ¢, D" are R-Cartier. Letp: W — X and ¢: W — 'Y be common
resolutions.

If D and D" are numerically equivalent over U then

In particular ¢ is D-non-positive (respectively D-negative) if and only
if ¢ is D'-non-positive (respectively D'-negative).

Proof. Since

p" (D= D) —q"¢.(D - D),
is g-exceptional and numerically trivial over Y this follows easily from
(13.6.2)). O

Definition 3.6.5. Let m: X — U be a projective morphism of normal
quasi-projective varieties and let D be an R-Cartier divisor on X.

We say that a birational contraction f: X --+Y over U is a semi-
ample model of D over U, if f is D-non-positive, Y is normal and
projective over U and H = f,D is semiample over U.

We say that g: X --+ Z is the ample model of D over U, if g is
a rational map over U, Z is normal and projective over U and there
1s an ample divisor H over U on Z such that iof p: W — X and
q: W — Z resolve g then q is a contraction morphism and we may
write p*D ~py ¢*H + E, where E > 0 and for every B € |p*D/U|g
then B > E.
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Lemma 3.6.6. Let 7: X — U be a projective morphism of normal
quasi-projective varieties and let D be an R-Cartier divisor on X.

(1) If g;: X --» X, i =1, 2 are two ample models of D over U then
there is an 1somorphism x: X1 — Xo such that go = x 0 g;.

(2) Suppose that g: X --+ Z is the ample model of D over U and
let H be the corresponding ample divisor on Z. If p: W — X
and q: W — Z resolve g then we may write

p*D ~R,U q*H + E7

where £ > 0 and if F' is any p-exceptional divisor whose centre
lies in the indeterminancy locus of g then F is contained in the
support of E.

(3) If f: X --» Y is a semiample model of D over U then the ample
model g: X --+» Z of D over U exists and g = h o f, where
h:Y — Z is a contraction morphism and f.D ~gy h*H. If
B is a prime divisor contained in the stable fized divisor of D
over U then B is contracted by f.

(4) If f: X --» Y is a birational map over U then f is the ample
model of D over U if and only if f is a semiample model of D
over U and f.D s ample over U.

Proof. Let g:' Y — X resolve the indeterminacy of g; and let f; =
giog: Y — X; be the induced contraction morphisms. By assumption
g*D ~ry f7H;+ E;, for some divisor H; on X; ample over U. Since the
stable fixed divisor of f;H; over U is empty, £ > E5. By symmetry
E, = Ey and so f{H, ~py f5H,. But then f; and f; contract the
same curves. This is (1).

Suppose that g: X --» Z is the ample model of D over U. By
assumption this means that we may write

p'D~ryq'H+ E,

where 2 > 0. We may write £ = E) + E,, where every component of
E5 is exceptional for p but no component of F; is p-exceptional. Let
V = p(F). Possibly blowing up more we may assume that p~*(V) is a
divisor. Since V is contained in the indeterminancy locus of g, there is
an exceptional divisor F’ with centre V' such that dim¢(F’) > 0. But
then ¢*H is not numerically trivial on F’ and we may apply .
This is (2).

Now suppose that f: X --+ Y is a semiample model of D over U. As
f«D is semiample over U, there is a contraction morphism h: Y — Z
over U and an ample divisor H over U on Z such that f,D ~gy h*H.
Ifp: W — X and ¢: W — Y resolve the indeterminacy of f then
p*D ~gy r*H+E, where I/ > 0 is g-exceptional and r = hog: W —
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Z. It Be|p*D/Ul|g then B > E. But then g =ho f: X --» Z is the
ample model of D over U. This is (3).

Now suppose that f: X --» Y is birational over U. If f is a
semiample model of D over U then (3) implies that the ample model
g: X --» Z of D over U exists and there is a contraction morphism
h:Y — Z, such that f,.D ~gy h*H where H on Z is ample over U.
If f.D is ample over U then h must be the identity.

Conversely suppose that f is the ample model. Suppose that p: W —
X and ¢q: W — Y are projective birational morphisms which resolve
f. By assumption we may write p*D ~gry ¢*H + E, where H is ample
over U. We may assume that there is a g-exceptional Q-divisor F' > 0
such that ¢*H — F' is ample over U. Then there is a constant 6 > 0
such that ¢*H — F +0F is ample over U. Suppose B is a component of
E. As B does not belong to the stable base locus of ¢*H — F +§ E over
U, B must be a component of F'. It follows that F is g-exceptional. If
C is a curve contracted by p then

0=C-pD=C-¢dH+C-FE,

and so C is contained in the support of E. Thus if G is a divisor
contracted by p it is a component of £ and G is contracted by gq.
Therefore f is a birational contraction and f is a semiample model.
Further f,D = H is ample over U. This is (4). O

Definition 3.6.7. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Suppose that Kx + A is log canonical and
let ¢: X --+Y be a birational contraction of normal quasi-projective
varieties over U, where Y 1is projective over U. Set I' = ¢, A.

o Y is a weak log canonical model for Kx + A over U if ¢ is
(Kx + A)-non-positive and Ky + T is nef over U.

o Y is the log canonical model for Kx + A over U if ¢ is the
ample model of Kx + A over U.

e Y is a log terminal model for Kx+A overU if ¢ is (Kx+A)-
negative, Ky +1" is divisorially log terminal and nef over U, and
Y is Q-factorial.

Remark 3.6.8. Note that there is no consensus on the definitions given
in (3.6.7).

Lemma 3.6.9. Let 7: X — U be a projective morphism of normal
quasi-projective varieties. Let ¢: X --+ 'Y be a birational contraction
over U. Let (X,A) and (X,A") be two log pairs and set I' = ¢, A,
[ = ¢, A Let u> 0 be a positive real number.

o [fboth Kx+A and Kx+A' are log canonical and Kx+A" ~g ¢/

W Kx + A) then ¢ is a weak log canonical model for Kx + A
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over U if and only if ¢ is a weak log canonical model for K x+ A’
over U.

o [f both Kx + A and Kx + A" are kawamata log terminal and
Kx + A =y w(Kx + A') then ¢ is a log terminal model for
Kx + A over U if and only if ¢ is a log terminal model for
Kx + A over U.

Proof. Note first that either Ky + 1" ~gppy p(Ky + 1) or YV is Q-
factorial. In particular Ky + I' is R-Cartier if and only if Ky + IV is
R-Cartier. Therefore implies that ¢ is (Kx + A)-non-positive
(respectively (Kx + A)-negative) if and only if ¢ is (Kx + A’)-non-
positive (respectively (Kx + A’)-negative).

Since Ky + A" =y u(Kx + A) and pFE — E' =y 0, it follows that
Ky + TV =y p(Ky 4+ T), so that Ky + T is nef over U if and only if
Ky + 1" is nef over U. O

Lemma 3.6.10. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Let ¢: X --+Y be a birational contraction
over U, where Y is projective over U. Suppose that Kx + A and Ky +
oA are divisorially log terminal and a(F, X, A) < a(F,Y, $.A) for all
¢-exceptional divisors FF C X.

If o:' Y --» Z is a log terminal model of (Y, ¢.A) over U, then
n=wo¢: X --» Z is a log terminal model of Kx + A over U.

Proof. Clearly 7 is a birational contraction, Z is Q-factorial and K +
1A is divisorially log terminal and nef over U.

Let p: W — X, ¢ W — Y and r: W — Z be a common
resolution. As ¢ is a log terminal model of (Y, ¢.A) we have that
¢ (Ky + ¢A) —1r*(Kz +n.A) = E > 0 and the support of E contains
the exceptional divisors of ¢. By assumption Kx +A —p.q*(Ky + ¢.A)
is an effective divisor whose support is the set of all ¢-exceptional
divisors. But then

(Kx +A) —pr*(Kz +n.A) = Kx + A — p.¢"(Ky + ¢.A) + p. E

contains all the n-exceptional divisors and ([3.6.3) implies that 7 is a
log terminal model of Kx + A over U. U

Lemma 3.6.11. Let 7: X — U be a projective morphism of normal
quasi-projective varieties. Let (X, A) be a kawamata log terminal pair,
where A is big over U. Let f: Z — X be any log resolution of (X, A)
and suppose that we write

Kz + @0 = f"(Kx +A)+ E,
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where &y > 0 and E > 0 have no common components, f.®y= A and
E s exceptional. Let F' > 0 be any divisor whose support is equal to
the exceptional locus of f.

If n > 0 is sufficiently small and ® = &y + nkF then Kz + ® is
kawamata log terminal and ® is big over U. Moreover if ¢p: Z --» W
1s a log terminal model of Kz + ® over U then the induced birational
map Y: X --» W is in fact a log terminal model of Kx + A over U.

Proof. Everything is clear but the last statement. Set ¥ = ¢,®. By
(13.6.10]), possibly blowing up more, we may assume that ¢ is a mor-
phism. By assumption if we write

Kz +®=9¢"(Kw+V)+G,

then G > 0 and the support of G is the union of all the ¢-exceptional
divisors. Thus

f{(Kx +A)+ E+nF =¢"(Kw + V) +G.

By negativity of contraction, (3.6.2), applied to f, G — E —nF > 0.
In particular ¢ must contract every f-exceptional divisor and so v is a
birational contraction. But then v is a log terminal model over U by
(13.6.3)). O

Lemma 3.6.12. Let m: X — U be a projective morphism of nor-
mal quasi-projective varieties, where X is Q-factorial kawamata log
terminal. Let ¢: X --» Z be a birational contraction over U and
let S be a sum of prime divisors. Suppose that there is a Q-factorial
quasi-projective variety Y together with a small birational projective
morphism f:Y — Z.

If V is any finite dimensional affine subspace of WDivg(X) such
that Ls(V') spans WDivg(X) modulo numerical equivalence over U and
Wy sx(V) intersects the interior of Ls(V') then

Wes2(V) = Ag52(V).

Proof. By (4) of (3.6.6) Wss(V) D Aps(V). Since Wy (V) is
closed, it follows that

W¢7S7W(V) D A¢757W(V).
To prove the reverse inclusion, it suffices to prove that a dense subset
of Wy s-(V) is contained in Ay g(V).
Pick A belonging to the interior of Wy s,(V). If ¢: X --» Y is
the induced birational contraction then v is a Q-factorial weak log
canonical model of Kx + A over U and

KY +I'= f*(KZ + Qb*A)a
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where I' = ¢, A. As Lg(V') spans WDivg(X) modulo numerical equiva-
lence over U, we may find Ag € Lg(V') such that Ag— A is numerically
equivalent over U to puA for some p > 0. Let

A =A+e((Ag—A)— uA) = (1 —e)vA + €Ay,

where
V= 1_6—_6M < 1.
1—e€

Then A’ is numerically equivalent to A over U and if € > 0 is sufficiently
small then A" > 0. As (X, vA) is kawamata log terminal it follows that
(X, A’) is kawamata log terminal. In particular implies that v
is a Q-factorial weak log canonical model of Kx + A’ over U and so
Ky 4+ 1" is kawamata log terminal, where I = ¢, A’. As I" and I are
numerically equivalent over U, it follows that Ky + I is numerically
equivalent to zero over Z.

Let H be a general ample Q-divisor over U on Z. Let p: W — X
and q: W — Z resolve the indeterminacy locus of ¢ and let H' =
p«q*H. It follows that ¢ is H'-non-positive. Pick A; € Lg(V') such that
B = A; — A is numerically equivalent over U to nH’ for some n > 0.
Replacing H by nH we may assume that n = 1. If C' = ¢, B then C'is
numerically equivalent to f*H over U. Then both C and C' — (Ky +1")
are numerically trivial over Z, so that C' — (Ky + I'") is nef and big
over Z and implies that ¢, B = f.C is R-Cartier. implies
that ¢ is (Kx + A + AB)-non-positive and ¢,(Kx + A + AB) is ample
over U, for any A > 0. On the other hand, note that

A+AB=A+AA —A) e Lg(V),

for any A € [0,1]. Therefore ¢ is the ample model of Kx + A + AB
over U for any \ € (0, 1]. O

3.7. Convex geometry and Diophantine approximation.

Definition 3.7.1. Let V' be a finite dimensional real affine space. If
C is a conver subset of V and F is a convex subset of C, then we say
that F is a face of C if whenever > ryv; € F, where r1,7q,...,r are
real numbers such that > r; =1, r; > 0 and vy, vy, ..., vy belong to C,
then v; € F' for some i. We say that v € C is an extreme point if
F ={v} is a face of C.

A polyhedron P in 'V is the intersection of finitely many half spaces.
The interior P° of P is the complement of the proper faces. A poly-
tope P in V is a compact polyhedron.

We say that a real vector space Vy is defined over the rationals,
if Vo = V! % R, where V' is a rational vector space. We say that an
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affine subspace V' of a real vector space Vy, which is defined over the
rationals, is defined over the rationals, if V is spanned by a set of
rational vectors of V. We say that a polyhedron P is rational if it is
defined by rational half spaces.

Note that a polytope is the convex hull of a finite set of points and
the polytope is rational if those points can be chosen to be rational.

Lemma 3.7.2. Let X be a normal quasi-projective variety, and let V
be a finite dimensional affine subspace of WDivg(X), which is defined
over the rationals.

Then L(V) (cf. (1.1.4) for the definition) is a rational polytope.

Proof. Note that the set of divisors A such that Ky + A is R-Cartier
forms an affine subspace W of V', which is defined over the rationals,
so that, replacing V' by W, we may assume that Kx + A is R-Cartier
for every A € V.

Let m: Y — X be a resolution of X, which is a log resolution of
the support of any element of V. Given any divisor A € V', if we write

Ky +T =7*(Kx + A),

then the coefficients of I' are rational affine linear functions of the
coefficients of A. On the other hand the condition that Kx + A is
log canonical is equivalent to the condition that the coefficient of every
component of I' is at most one and the coefficient of every component
of A is at least zero. O

Lemma 3.7.3. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Let V be a finite dimensional affine subspace
of WDivg(X) and let A > 0 be a big R-divisor over U. Let C C LA(V)
be a polytope.

If B, (A/U) does not contain any non kawamata log terminal centres
of (X, A), for every A € C, then we may find a general ample Q-divisor
A" over U, a finite dimensional affine subspace V' of WDivg(X) and
a translation

L: WDivg(X) — WDivg(X),
by an R-divisor T R-linearly equivalent to zero over U such that L(C) C
LV and (X,A — A) and (X, L(A)) have the same non kawamata
log terminal centres. Further, if A is a Q-divisor then we may choose
T Q-linearly equivalent to zero over U.

Proof. Let Ay, As, ..., Ay be the vertices of the polytope C. Let 3 be
the set of non kawamata log terminal centres of (X, A;) for 1 <i < k.

Note that if A € C then any non kawamata log terminal centre of

(X,A) is an element of 3.
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By assumption, we may write A ~gy C + D, where C' is a general
ample Q-divisor over U and D > 0 does not contain any element of
3. Further (3.5.3)) implies that if A is a Q-divisor then we may assume
that A ~Q,U C+D.

Given any rational number 6 > 0, let

L: WDivg(X) — WDivg(X) given by L(A)=A+46(C+D—A),

be the translation by the divisor 7' = §(C' + D — A) ~g 0. Note that
T ~qu 01if Ais a Q-divisor. As C'+ D does not contain any element
of 3, if 0 is sufficiently small then

Kx+L(A)=Kx+A;+06(C+D—-A)=Kx+0CH+ (A;—3A+D),

is log canonical for every 1 < ¢ < k and has the same non kawamata
log terminal centres as (X, A; — A). But then L(C) C La/(V"), where
A" =0C and V' = V1_s)a4sp and (X, A — A) and (X, L(A)) have the

same non kawamata log terminal centres. U

Lemma 3.7.4. Let 7: X — U be a projective morphism of normal
quasi-projective varieties. Let V' be a finite dimensional affine subspace
of WDivg (X)), which is defined over the rationals, and let A be a general
ample Q-diwvisor over U. Let S be a sum of prime divisors. Suppose
that there is a divisorially log terminal pair (X, Ag), where S = LAgu,
and let G > 0 be any divisor whose support does not contain any non
kawamata log terminal centres of (X, Ay).

Then we may find a general ample Q-divisor A’ over U, an affine
subspace V' of WDivg(X), which is defined over the rationals, and a
rational affine linear isomorphism

L: VS+A — V.S,'+A’7
such that

o [ preserves Q-linear equivalence over U,

o L(Ls:a(V)) is contained in the interior of Leia(V'),

o for any A € L(Ls a(V)), Kx + A is divisorially log terminal
and LA =S, and

o for any A € L(Ls14(V)), the support of A contains the support
of G.

Proof. Let W be the vector space spanned by the components of A,.
Then Ay € Lg(W) and implies that Lg(W) is a non-empty
rational polytope. But then Lg(W) contains a rational point and so,
possibly replacing Ag, we may assume that Kx + A is Q-Cartier.
We first prove the result in the case that Kx+A is R-Cartier for every
A € Vsi4. By compactness, we may pick Q-divisors Ay, Ao, ..., A €
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Vs a such that Lgy 4(V) is contained in the simplex spanned by Ay, Ao, . ..

(we do not assume that A; > 0). Pick a rational number € € (0,1/4]
such that
E(Al — Ao) + (1 — QE)A,
is an ample Q-divisor over U, for 1 <1 < [. Pick
Ai ~Q,U €<Az — Ao) + (1 — 26)14,

general ample Q-divisors over U. Pick A" ~gy €A a general ample
Q-divisor over U. If we define L: Vg, 4 — WDivg(X) by

LA) =1 —)Ai+ A+ eAg+ A — (1 —)A ~gu A,

and extend to the whole of Vg, 4 by linearity, then L is an injective
rational linear map which preserves Q-linear equivalence over U. We
let V' be the rational affine subspace of WDivg(X) defined by Vg, 4, =
L(Vs4a). Note also that L is the composition L o Ly of

LiA) = A+ A J(1—)+ A~ A and  Ly(A) = (1—)Ate(A+Ay).

If A€ Lsia(V)then Kx + A+ A’ — Ais log canonical, and as A; is a
general ample Q-divisor over U it follows that Kx+A+4/3A4;+A'—A'is
log canonical as well. As 1/(1—¢) < 4/3, it follows that if A € Lg;4(V)
then Ky + Li(A) is log canonical. Therefore, if A € Lg,4(V) then
Kx + L(A) is divisorially log terminal and . L(A), = S.

Pick a divisor G’ such that S + A" + G’ belongs to the interior of
Lsia (V). As G+ G’ contains no log canonical centres of (X, Ay)
and X is smooth at the generic point of every log canonical centre of
(X, Ag), we may pick a Q-Cartier divisor H > G + G’ which contains
no log canonical centres of (X, Ag). Pick a rational number 1 > 0 such
that A’ —nH is ample over U. Pick A” ~qy A" —nH a general ample
Q-divisor over U. Let § > 0 by any rational number and let

T: WDivg(X) — WDivg(X),

be translation by §(nH+A"—A") ~gy 0. If V" is the span of V', A" and
H and 6 > 0 is sufficiently small then T'(L(Ls14(V))) is contained in
the interior of Lsav15(V"), Kx +T(A) is divisorially log terminal and
the support of T'(A) contains the support of G, for all A € L(Lga(V)).
If we replace L by To L, Vg, 4 by T(L(Vs44)) and A’ by 0 A” then this
finishes the case when Ky + A is R-Cartier for every A € Vg, 4.

We now turn to the general case. If

Wo={BeV|Kx+ S+ A+ B is R-Cartier },

then Wy C V is an affine subspace of V', which is defined over the
rationals. Note that L1 a(V) = Ls14(Ws). By what we have already

proved, there is a rational affine linear isomorphism Lg: Wy — W,
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which preserves Q-linear equivalence over U, a general ample Q-divisor
A" over U, such that Lo(Lsya(Wy)) is contained in the interior of
Lsia (W), and for every divisor A € Lo(Ls1a(Wh)), Kx + A is di-
visorially log terminal and the support of A contains the support of
G.

Let W} be any vector subspace of WDivg(X), which is defined over
the rationals, such that V' = Wy + Wy and Wo N W,y C {0}. Let V' =
W{+ Wi. Since Ly preserves Q-linear equivalence over U, Wy N W, =
WO N W1 and £S+A’(V/) = »CS—f—A’(Wé)- If we define L: VA e VA,, by
Sending A + BO + Bl to Lo(A + Bo) + Bl, where Bl € WZ’, then L is a
rational affine linear isomorphism, which preserves Q-linear equivalence
over U and L(Lg,4(V)) is contained in the interior of Lg, 4 (V'). O

Lemma 3.7.5. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Let (X,A = A+ B) be a log canonical pair,
where A >0 and B > 0.

If A is m-big and B (A/U) does not contain any non kawamata
log terminal centres of (X, A) and there is a kawamata log terminal
pair (X, Ag) then we may find a kawamata log terminal pair (X, A" =
A"+ B'), where A" > 0 is a general ample Q-divisor over U, B > 0
and Kx + A" ~py Kx + A, If in addition A is a Q-divisor then
Kx+ A ~qu Kx + A.

Proof. By (3.7.3) we may assume that A is a general ample Q-divisor
over U. If V is the vector space spanned by the components of A then
A € L4(V) and the result follows by (3.7.4). O

Lemma 3.7.6. Let V' be a finite dimensional real vector space, which
is defined over the rationals. Let A C 'V be a lattice spanned by rational
vectors. Suppose that v € V' is a vector which is not contained in any
proper affine subspace W C V' which is defined over the rationals.
Then the set
X={mv+AlmeNXeA}

1s dense in V.

Proof. Let
q:V—V/A,

be the quotient map and let G be the closure of the image of X. As GG
is infinite and V/A is compact, G has an accumulation point. It then
follows that zero is also an accumulation point and that G is a closed
subgroup.

The connected component GGy of G containing the identity is a Lie

subgroup of V/A and so by Theorem 15.1 of [3], Gy is a torus. Thus
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G() = W/A(), where
W = Hl(Go,R) = A()%R = HI(G(),Z)(%R C H1<G,Z)(§R = Hl(G,R),

is a subspace of V' which is defined over the rationals. On the other
hand, G/G is finite as it is discrete and compact. Thus a translate of
v by a rational vector is contained in W and so W = V. U

Lemma 3.7.7. Let C be a rational polytope contained in a real vector
space V' of dimension n, which is defined over the rationals. Fix a
positive integer k and a positive real number c.

If v € C then we may find vectors vi,vs,...,v, € C and positive
integers my, ma, . .., m,, which are divisible by k, such thatv is a convex
linear combination of the vectors vy, va, ..., v, and

(0] m;v; ..
lvi —v|| < — where —— s integral.
Proof. Rescaling by k, we may assume that £ = 1. We may assume
that v is not contained in any proper affine linear subspace which is
defined over the rationals. In particular v is contained in the interior
of C since the faces of C are rational.

After translating by a rational vector, we may assume that 0 € C.
After fixing a suitable basis for V' and possibly shrinking C, we may
assume that C = [0,1]* C R™ and v = (21, 22,...,2,) € (0,1)". By
, for each subset I C {1,2,...,n}, we may find

vy = (81,82,...,8,) € (0,1)"NQ",

and an integer m; such that myv; is integral, such that
o
lv—vr]] < — and s; < x; if and only if j € I.
my

In particular v is contained inside the rational polytope B C C gen-
erated by the v;. Thus v is a convex linear combination of a subset
U1, V2, ..., v, of the extreme points of B. O

3.8. Rational curves of low degree. We will need the following
generalisation of a result of Kawamata, see Theorem 1 of [16], which is
proved by Shokurov in the appendix to [29)].

Theorem 3.8.1. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Suppose that (X, A) is a log canonical pair
of dimension n, where Kx + A is R-Cartier. Suppose that there is a
divisor Ay such that Kx + Ag is kawamata log terminal.

If R is an extremal ray of NE(X/U) that is (Kx + A)-negative, then
there is a rational curve X spanning R, such that

0<—(Kx+A)-T<2n.
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Proof. Passing to an open subset of U, we may assume that U is affine.
Let V be the vector pace spanned by the components of A + Aq. By
the space L(V') of log canonical divisors is a rational polytope.
Since Ag € L(V), we may find Q-divisors A; € V with limit A, such
that Ky + A, is kawamata log terminal. In particular we may assume
that (Kx + Ap) - R < 0. Replacing 7 by the contraction defined by the
extremal ray R, we may assume that —(Kx + A) is m-ample.

Theorem 1 of [16] implies that we can find a rational curve ¥; con-
tracted by m such that

—(KX +AZ) . 21 S 2n.

Pick a m-ample Q-divisor A such that —(Kx + A+ A) is also m-ample.
In particular —(Kx + A; + A) is m-ample for ¢ > 0. Now

It follows that the curves ¥; belong to a bounded family. Thus, possibly
passing to a subsequence, we may assume that > = ¥; is constant. In
this case

—(Kx+A) % =1lim—(Kx +A;) - < 2n. 0

Corollary 3.8.2. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Suppose the pair (X,A = A+ B) has log
canonical singularities, where A > 0 is an ample R-divisor over U
and B > 0. Suppose that there is a divisor Ag such that Kx + Aq is
kawamata log terminal.

Then there are only finitely many (Kx + A)-negative extremal rays
Rl, RQ, . ,Rk Ofm(X/U)

Proof. We may assume that A is a Q-divisor. Let R be a (Kx + A)-
negative extremal ray of NE(X/U). Then

—(Kx+B)-R=—(Kx+A)-R+A-R>0.
By R is spanned by a curve X such that
—(Kx+ B)-X <2n.
But then
A-Y=—(Kx+B)- 2+ (Kx+A)-X<2n. O

Therefore the curve ¥ belongs to a bounded family.
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3.9. Effective base point free theorem.

Theorem 3.9.1 (Effective Base Point Free Theorem). Fiz a positive
integer n. Then there is a positive integer m > 0 with the following
property:

Let f: X — U be a projective morphism of normal quasi-projective
varieties, and let D be a nef R-divisor over U, such that aD — (K x+A)
is nef and big over U, for some positive real number a, where (X, A)
15 kawamata log terminal and X has dimension n.

Then D 1is semiample over U and if aD is Cartier then maD 1is
globally generated over U.

Proof. Replacing D by aD we may assume that a = 1. As the property
that D is either semiample or globally generated over U is local over
U, we may assume that U is affine.

By assumption we may write D — (Kx +A) ~p y A+ B, where A is
an ample Q-divisor and B > 0. Pick € € (0,1) such that (X, A + ¢B)
is kawamata log terminal. Then

D—(Kx+A+eB)=(1—-¢€)(D—(Kx+A))+e(D—(Kx+A+B)),

is ample. Replacing (X, A) by (X, A + eB) we may therefore assume
that D — (Kx + A) is ample. Let V' be the subspace of WDivg(X)
spanned by the components of A. As L(V) is a rational polytope,
cf. , which contains A, we may find A’ such that Kx + A’ is
Q-Cartier and kawamata log terminal, sufficiently close to A so that
D—(Kx+A') is ample. Replacing (X, A) by (X, A’) we may therefore
assume that Kx + A is Q-Cartier.

The existence of the integer m is Kollar’s effective version of the base
point free theorem [20)].

Pick a general ample Q-divisor A such that D — (Ky + A 4+ A) is
ample. Replacing A by A + A, we may assume that A = A+ B where
A is ample and B > 0. By there are finitely many (Kx + A)-
negative extremal rays Ry, Ry, ..., Ry of NE(X). Let

F={aeNEX)|D-a=0}.

Then F is a face of NE(X) and if @ € F then (Kx +A)-a < 0, and
so F'is spanned by a subset of the extremal rays Ry, R, ..., Ry. Let
V' be the smallest affine subspace of WDivg(X), which is defined over
the rationals and contains D. Then

C={CeV|C-a=0,Ya€eF},

is a rational polyhedron. It follows that we may find positive real

numbers 71,7, ...,1, and nef Q-Cartier divisors Dy, Do, ..., D, such
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that D = " r,D,. Possibly re-choosing Dy, D, ..., D, we may assume
that D, — (Kx + A) is ample. By the usual base point free theorem,
D, is semiample and so D is semiample. U

Corollary 3.9.2. Fiz a positive integer n. Then there is a constant
m > 0 with the following property:

Let f: X — U be a projective morphism of normal quasi-projective
varieties such that Kx + A is nef over U and A is big over U, where
(X, A) is kawamata log terminal and X has dimension n.

Then Kx + A is semiample over U and if r is a positive constant
such that r(Kx + A) is Cartier, then mr(Kx + A) is globally generated
over U.

Proof. By we may find a kawamata log terminal pair
Kx + A+ B ~py Kx + A,
where A > 0 is a general ample Q-divisor over U and B > 0. As
(Kx +A) = (Kx + B) ~ryu 4,
is ample over U and K x+ B is kawamata log terminal, the result follows

by (8.9.1). O

Lemma 3.9.3. Let m: X — U be a projective morphism of quasi-
projective varieties Suppose that (X,A) is a kawamata log terminal
pair, where A is big over U.
If o: X --»'Y is a weak log canonical model of Kx + A over U then
(1) ¢ is a semiample model over U,
(2) the ample model ip: X --» Z of Kx + A over U exists, and
(3) there is a contraction morphism h: Y — Z such that Ky +
I' ~gy h*"H, for some ample R-divisor H over U, where I' =

WA
Proof. Ky + T is semiample over U by (3.9.2). (3) of (3.6.6) implies
(2) and (3). O

3.10. The MMP with scaling. In order to run a minimal model
program, two kinds of operations, known as flips and divisorial con-
tractions are required. We begin by recalling their definitions.

Definition 3.10.1. Let (X, A) be a log canonical pair and f: X — Z
be a projective morphism of normal varieties. Then f is a flipping
contraction if
(1) X is Q-factorial and A is an R-divisor,
(2) [ is a small birational morphism of relative Picard number
p(X/Z)=1, and
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(3) —(Kx + A) is f-ample.
The flip f*: XT — Z of a flipping contraction f: X — Z is a
small birational projective morphism of normal varieties f*: X+ — Z

such that Kx+ + A" is fT-ample, where A" is the strict transform of
A.

Lemma 3.10.2. Let (X, A) be a kawamata log terminal pair, let f: X —
Z be a flipping contraction and let f*: X+t — Z be the flip of f. Let
¢: X --+» X be the induced birational map.

Then

(1) ¢ is the log canonical model of (X, A) over Z,
(2) (XT, AT = ¢, A) is log canonical,

(3) X is Q-factorial, and

() p(X*+/Z) = 1.

Proof. As ¢ is small, implies that ¢ is (Kx + A)-negative and
this implies (1) and (2).

Let B be a divisor on X and let C' C X be the strict transform
of B. Since p(X/Z) = 1, we may find A € R such C' + A\(Kx + A) is
numerically trivial over U. But then implies that C' + A(Kx +
A) = f*D, for some R-Cartier divisor D on Z. Therefore B+ A (K x+ +
A1) = f*D, and this implies (3) and (4). O

Remark 3.10.3. Results of Ambro and Fujino imply that the results
of (3.10.2) hold in the case when (X, A) is log canonical.

In terms of our induction, we will need to work with a more restrictive
notion of flipping contraction.

Definition 3.10.4. Let (X, A) be a purely log terminal pair and let
f: X — Z be a projective morphism of normal varieties. Then f is
a pl-flipping contraction if

(1) X is Q-factorial and A is an R-divisor,

(2) f is a small birational morphism of relative Picard number

p(X/Z) =1,
(3) —(Kx + A) is f-ample, and
(4) S = LA is irreducible and —S is f-ample.

A pl-flip is the flip of a pl-flipping contraction.

Definition 3.10.5. Let (X, A) be a log canonical pair and f: X — Z
be a projective morphism of normal varieties. Then f is a divisorial
contraction if

(1) X is Q-factorial and A is an R-divisor,
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(2) f is a birational morphism of relative Picard number p(X/Z) =
1 with exceptional locus a divisor, and
(3) —(Kx + A) is f-ample.

Remark 3.10.6. If f: X — Z s a divisorial contraction, then an
argument similar to (3.10.2)) shows that (Z, f.A) is log canonical and
Z is Q-factorial.

Definition 3.10.7. Let (X, A) be a log canonical pair and f: X — Z
be a projective morphism of normal varieties. Then f is a Mort fibre
space if
(1) X is Q-factorial and A is an R-divisor,
(2) f is a contraction morphism, p(X/Z) =1 and dim Z < dim X,
and

(3) —=(Kx + A) is f-ample.

The objective of the MMP is to produce either a log terminal model
or a Mori fibre space. Note that if Kx + A has a log terminal model
then Kx + A is pseudo-effective and if Kx + A has a Mori fibre space
then Kx + A is not pseudo-effective, so these two cases are mutually
exclusive.

There are several versions of the MMP, depending on the singulari-
ties that are allowed (typically, one restricts to kawamata log terminal
singularities or divisorially log terminal singularities or terminal singu-
larities with A = 0) and depending on the choices of negative extremal
rays that are allowed (traditionally any choice of an extremal ray is
acceptable).

In this paper, we will run the MMP with scaling for divisorially log
terminal pairs satisfying certain technical assumptions. We will need
the following key result.

Lemma 3.10.8. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Suppose that the pair (X,A = A+ B) has
kawamata log terminal singularities, where A > 0 is big over U, B > 0,
D is a nef R-Cartier divisor over U, but Kx + A is not nef over U.
Set
A=sup{p|D+ u(Kx + A) is nef over U }.
Then there is a (Kx + A)-negative extremal ray R over U, such that
(D+XMKx+A4))-R=0.

Proof. By (13.7.5) we may assume that A is ample over U.
By (3.8.2)) there are only finitely many (Kx + A)-negative extremal

rays Ry, Ry, ..., Ry over U. For each (Ky + A)-negative extremal ray
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R;, pick a curve ¥; which generates R;. Let

= min D- 2
P T ke 1 A) -5

Then D + pu(Kx + A) is nef over U, since it is non-negative on each
R;, but it is zero on one of the extremal rays R = R;. Thus A = pu. 0

Lemma 3.10.9. Let 7: X — U be a projective morphism of normal
quasi-projective varieties and let (X, Ag) be a kawamata log terminal
pair. Suppose that (X, A = A+ B) is a log canonical pair, where A > 0
is big over U, B > 0, B, (A/U) contains no non kawamata log terminal
centres of (X,A) and C is an R-Cartier divisor such that Kx + A is
not nef over U, whilst Kx + A+ C' is nef over U.

Then there is a (Kx + A)-negative extremal ray R and a real number
0 < A <1 such that Kx + A+ \C is nef over U but trivial on R.

Proof. By (3.7.5) we may assume Ky + A is kawamata log terminal
and that A is ample over U. Apply (3.10.8) to D = Kx + A+ C. O

Remark 3.10.10. Assuming existence and termination of the relevant
flips, we may use to define a special minimal model program,
which we will refer to as the (Kx + A)-MMP with scaling of C.

Let m: X — U be a projective morphism of normal quasi-projective
varieties, where X is Q-factorial, (X,A+C =S+ A+ B+ C) is a
divisorially log terminal pair, such that LAy =S, A >0 is big over U,
B (A/U) does not contain any non kawamata log terminal centres of
(X,A), and B >0, C > 0. We pick A\ > 0 and a (Kx + A)-negative
extremal ray R over U as in above. If Kx + A is nef over
U we stop. Otherwise A > 0 and we let f: X — Z be the extremal
contraction over U defined by R. If f is not birational, we have a
Mori fibre space over U and we stop. If f is birational then either f
15 divisortal and we replace X by Z or f is small and assuming the
existence of the flip f*: X+t — Z, we replace X by X*. In either
case Kx+A+\C is nef over U and Kx + A is divisorially log terminal
and so we may repeat the process.

In this way, we obtain a sequence ¢;: X; --+ X1 of Kx + A flips
and diwvisorial contractions over U and real numbers 1 > Xy > Ay > - -
such that Kx, + A; + NGy is nef over U where A; = (¢i—1).Ai—1 and
Ci = (¢i-1)+Ci_1.

Note that by , each step of this MMP preserves the condition
that (X, A) is divisorially log terminal and B, (A/U) does not contain

any non kawamata log terminal centres of (X, A) so that we may apply
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(3.10.9). By (3.10.2)) and (3.10.6), (X, A+ \C) is log canonical. How-
ever the condition that B, (A/U) does not contain any non kawamata
log terminal centres of (X, A + AC') is not necessarily preserved.

Lemma 3.10.11. Let 7: X — U be a projective morphism of nor-
mal quasi-projective varieties. Suppose that Kx + A is divisorially log
terminal, X is Q-factorial and let ¢: X --+ 'Y be a sequence of steps
of the (Kx + A)-MMP over U.

IfI' = ¢, A then

(1) ¢ is an isomorphism at the generic point of every non kawamata
log terminal centre of Ky +T. In particular (Y,T") is divisorially
log terminal.

(2) If A = S+ A+ B, where S = LAL4, A > 0 is big over U,
B (A/U) does not contain any non kawamata log terminal cen-
tres of Kx + A, and B > 0 then ¢.S = (I'4, ¢.A is big over
U and B, (¢.A/U) does not contain any non kawamata log ter-
minal centres of Ky + 1.

In particular I' ~g i I where (Y,I") is kawamata log termi-
nal and I is big over U.

Proof. We may assume that ¢ is either a flip or a divisorial contraction
over U. We first prove (1). Let p: W — X and ¢: W — Y be
common log resolutions, which resolve the indeterminacy of ¢. We
may write
pPr(Ex +A)=q¢(Ky +1)+ E,

where F is exceptional and contains every exceptional divisor over the
locus where ¢! is not an isomorphism. In particular the log discrep-
ancy of every valuation with centre on Y contained in the locus where
¢! is not an isomorphism with respect to Ky + I is strictly greater
than the log discrepancy with respect to Ky + A. Hence (1).

Now suppose that A = S+ A+ B, A is big over U and no non kawa-
mata log terminal centre of (X,A) is contained in B, (A/U). Pick
a divisor C' on Y which is a general ample Q-divisor over U. Possi-
bly replacing C' by a smaller multiple, we may assume that B((A —
¢;1C)/U) does not contain any log canonical centres of (X, A). Thus
A — ¢;'C ~py D > 0, where D does not contain any non kawa-
mata log terminal centres of (X, A). If € > 0 is sufficiently small, then
(X, A" = A +¢D) is divisorially log terminal, (X, A) and (X, A’) have
the same non kawamata log terminal centres and ¢ is a Kx+A’flipor a
divisorial contraction over U. (1) implies that (Y, IV = ¢,A’) is diviso-
rially log terminal and hence ¢, D does not contain any non kawamata
log terminal centres of (Y,I"). (2) follows as ¢, A—C ~gpy ¢.D > 0. O
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Lemma 3.10.12. Let 7: X — U be a projective morphism of quasi-
projective varieties. Suppose that (X, A) is a divisorially log terminal
pair. Let S be a prime divisor.

Let f;: X; --+ X411 a sequence of flips and divisorial contractions
over U, starting with X, := X, for the (Kx + A)-MMP, which does
not contract S. If f; is not an isomorphism in a neighbourhood of the
strict transform S; of S, then neither is the induced birational map
X; --» Xj, 7>,

Proof. Since the map f; is (Kx, + A;)-negative and X;1; --» Xj is
(Kx,,, + Aij1)-negative, there is some valuation v whose centre inter-
sects S;, such that

a(u, X@,AZ) < CL(I/, Xi+17Ai+1) and G(V, Xi+17Ai+1) S CL(I/, XJ,AJ>

But then a(v, X;,A;) < a(v, X;,4;), so that X; --» X, is not an
isomorphism in a neighbourhood of S;. U

3.11. Shokurov’s polytopes. We will need some results from [32].
First some notation. Given a ray R C NE(X), let

R-={AcL(V)|(Kx+A)-R=0}.

Theorem 3.11.1. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Let V be a finite dimensional affine subspace
of WDivg(X), which is defined over the rationals. Fiz an ample Q-
divisor A over U. Suppose that there is a kawamata log terminal pair
(X7 AO) :

Then the set of hyperplanes R+ is finite in Lo(V), as R ranges over
the set of extremal rays of NE(X/U). In particular, Na (V) is a ra-
tional polytope.

Corollary 3.11.2. Let m: X — U be a projective morphism of nor-
mal quasi-projective varieties. Let V' be a finite dimensional affine
subspace of WDivg(X), which is defined over the rationals. Fiz a gen-
eral ample Q-divisor A over U. Suppose that there is a kawamata log
terminal pair (X, o). Let ¢: X --» Y be any birational contraction
over U.

Then Wy (V) is a rational polytope. Moreover there are finitely
many morphisms f;: Y — Z; overU, 1 < i <k, such thatif f: Y —
Z 1s any contraction morphism over U and there is an R-diwvisor D on
Z, which is ample over U, such that Ky +T' = ¢.(Kx + A) ~py f*D
for some A € Wy 4 ,(V), then there is an index 1 < i < k and an
isomorphism n: Z; — Z such that f =no f;.
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Corollary 3.11.3. Let m: X — U be a projective morphism of nor-
mal quasi-projective varieties. Let V' be a finite dimensional affine sub-
space of WDivg(X), which is defined over the rationals. Fiz a general
ample Q-divisor A over U. Let (X,A) be a kawamata log terminal
pair, let f: X — Z be a morphism over U such that Ag € LA(V)
and Kx + Ag ~ry f*H, where H is an ample divisor over U. Let
¢: X --»Y be a birational contraction over Z.

Then there is a neighbourhood Py of Ag in LAo(V') such that for all
A € Py, ¢ is a log terminal model for Kx + A over Z if and only if ¢
1s a log terminal model for Kx + A over U.

Proof of (.11.1]). Since L4(V) is compact it suffices to prove this lo-
cally about any point A € L4(V). By we may assume that
Kx + A is kawamata log terminal. Fix € > 0 such that if A" € L4(V)
and ||A" — A|l <€, then A’ — A + A/2 is ample over U. Let R be an
extremal ray over U such that (Kx + A’) - R = 0, where A" € L4(V)
and ||A" — Al < e. We have

(Kx+A—-A/2)- R=(Kx+A")-R—(A"-—A+A4/2)-R<0.

Finiteness then follows from (|3.8.2)).

Na-(V) is surely a closed subset of L4(V). If Kx + A is not nef
over U then (3.8.1)) implies that Kx + A is negative on a rational curve
¥ which generates an extremal ray R of NE(X/U). Thus Ny (V) is
the intersection of £4(V) with the half-spaces determined by finitely
many of the extremal rays of NE(X/U). O

Proof of (3.11.2)). Since L£4(V) is a rational polytope its span is an
affine subspace of Vy, which is defined over the rationals. Possibly

replacing V', we may therefore assume that £4(V') spans V4. By com-
pactness, to prove that W, 4 (V') is a rational polytope, we may work
locally about a divisor A € Wy 4.(V). By we may assume
that Kx + A is kawamata log terminal in which case Ky + I is kawa-
mata log terminal as well. Let W C WDivg(Y') be the image of V.
If C = ¢,A then C is big over U and by and , we may
find a rational affine linear isomorphism L: W — W’ and an ample
Q-divisor C" over U such that L(I") belongs to the interior of Lo (W)
and L(¥) ~gu W for any ¥ € W. implies that Nev (W) is a
rational polytope, where ¢): Y — U is the structure morphism, and
so Nc (W) is a rational polytope locally about I'.

Let p: Z — X be a log resolution of (X, A) which resolves the

indeterminacy locus of ¢, via a birational map ¢: Z — Y. We may
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write

Kz+\I/=p*(Kx+A)
Kz 4+ ®=q(Ky +T).

Note that A € Wy 4,(V) if and only if I' = ¢.A € N (W) and
U — & > 0. Since the map L: V — W given by A — ' = ¢, A is
rational linear, the first statement is clear.

Note that if f: Y — Z and f': Y — Z' are two contraction
morphisms over U then there is an isomorphism 7: Z — Z’ such that
f'=mno fif and only if the curves contracted by f and f’ coincide.

Let f: Y — Z be a contraction morphism over U, such that

Ky +T' =Ky + ¢.A ~py [*D,

where A € Wy 4-(V) and D is an ample over U R-divisor on Z. T
belongs to the interior of a unique face G of Ng (W) and the curves
contracted by f are determined by G. Now A belongs to the interior
of a unique face F' of Wy 4 (V) and G is determined by F. But as
W a.-(V) is a rational polytope it has only finitely many faces £. O

Proof of (3.11.3)). By (3.11.1]) we may find finitely many extremal rays
Ri,Ry,..., Ry of Y over U such that if Ky +T' = Ky + ¢,A is not nef

over U, then it is negative on one of these rays. If I'y = ¢.A then we
may write

Ky +T =Ky +Tg+ (' =T0) ~rv ¢"H + ¢.(A — Ay),

where g: Y — Z is the structure morphism. Therefore there is a
neighbourhood Fy of Ay in £4(V') such that if Ky + I' is not nef over
U then it is negative on an extremal ray R;, which is extremal over Z.
In particular if ¢ is a log terminal model of Kx + A over Z then it is
a log terminal model over U. The other direction is clear. U

4. SPECIAL FINITENESS

Lemma 4.1. Let m: X — U be a projective morphism of quasi-
projective varieties. Let (X,A = S + A+ B) be a log smooth pair,
where S = LA is a prime divisor, A is a general ample Q-divisor over
Uand B> 0. Let C = Als and © = (A — 5)|s. Let p: X --» Y be
a birational map over U which does not contract S, let T be the strict
transform of S and let 7: S --+ T be the induced birational map. Let
I' = ¢.A and define ¥ on T by adjunction,

(Ky +T)|r = Kr + .
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If (S,0) is terminal and ¢ is a weak log canonical model of Kx + A
over U then there is a divisor C < Z < © such that T is a weak log
canonical model of Kg + Z over U, where 17,2 = V.

Proof. Let p: W — X and ¢: W — Y be log resolutions of (X, A)
and (Y, I"), which resolve the indeterminacy of ¢, where I' = ¢, A. Then
we may write

Ky +A'=p"(Kx +A)+FE and Ky +I'=¢(Ky+T)+F,

where A’ > 0 and £ > 0 have no common components, IV > 0 and
F > 0 have no common components, p, A" = A, ¢.,I" =T, p,E = 0 and
¢.F = 0. Since ¢ is (Kx + A)-non-positive, we have ' — E+A'—T1" > 0
and so

F>F and <A

If R is the strict transform of S on W then there are two birational
morphisms f = p|g: R — S and g = q|g: R — T. Since (X, A) is
purely log terminal, (Y,I') is purely log terminal. In particular (7', V)
is kawamata log terminal. It follows that

Kr+0 =f(Ks+0)+E and Krp+V' =g (Kr+W¥)+F,

where ©' = (A’ — R)|g, E' = E|g, ¥/ = (I' — R)|g and F' = F|p.
Moreover, every component of F’ is g-exceptional, by (4) of (3.4.1).
As p and ¢ are log resolutions
F'>F and v <O

Suppose that B is a prime divisor on R which is f-exceptional but
not g-exceptional. Then B is not a component of F’, and so it is not
a component of £’. But then the log discrepancy of B with respect to
(S, ©) is at most one, which contradicts the fact that (S, ©) is terminal.
Thus 7 is a birational contraction.

As g.FE' =0,

7.0 = g,0 > g,V =,

Let = < © be the biggest divisor on S such that 7,= = W. In other
words, if a component of © is not 7-exceptional, we replace its coefhi-
cient by the corresponding coefficient of ¥ and if a component of © is
T-exceptional, then we do not change its coefficient. As A is a general
ample Q-divisor over U, C' is not contained in the locus where ¢ is not
an isomorphism. It follows that C' < =. We have

[ (Ks+E)=g"(Kr + V) + L,
where g,L = 0. Contrast this with

f{(Ks+0©)=g"(Kr+ %)+ M.
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We have already seen that M = F' — E' + © — ¥’ > 0. By definition
of =, f.L and f,M agree on the T-exceptional divisors. Since f,L is
T-exceptional, it follows that f,L > 0. But then implies that
L > 0 and so 7 is a weak log canonical model of Kg + = over U. [

Lemma 4.2. Let X — U and Y — U be two projective morphisms
of normal quasi-projective varieties, where X and Y are Q-factorial.
Let f: X --»Y be a small birational map over U. Let S be a prime
divisor on X, let T be its strict transform on Y, let g: S --+ T be the
induced birational map and let H be an ample R-divisor on'Y over U.
Let D be the strict transform of H in X.

If g is an isomorphism and D|s = g*(H|r) then f is an isomorphism
in a neighbourhood of S and T.

Proof. If p: W — X is the normalisation of the graph of f and
q: W — Y is the induced birational morphism then we may write

p'D=q¢H+FE,

where E' is p-exceptional. Since f is small the exceptional divisors of
p and ¢ are the same. Since X and Y are Q-factorial the exceptional
locus of p and ¢ are divisors by (3) of (3.6.2). Notice also that if F is
a p-exceptional divisor then it is covered by a family of p-exceptional
curves which are not contracted by ¢q. Thus the image of F' is contained
in the indeterminancy locus of f and also in the support of E by (2)
of . Putting all of this together, the support of F is equal to the
inverse image of the indeterminancy locus of f and of f~1.

Let R be the strict transform of S in W and let p; = p|p: R — S
and ¢; = q|r: R — T. Since

pi(D]s) = (p*D)|r = (¢"H + E)|r = ¢;(H|r) + E|g,

we have E|gr = 0. Thus S does not intersect the indeterminancy locus
of f and T does not intersect the indeterminancy locus of f~! and so
f is an isomorphism in neighbourhood of S and T U

Lemma 4.3. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Let (X,A;) be two i = 1, 2, purely log ter-
minal pairs, where S = LA;J is a prime divisor, which is independent
of i. Let ¢;: X --+Y; be Q-factorial log canonical models of Kx + A;
over U, where the ¢; are birational and do not contract S fori =1, 2.
Let T; be the strict transform of S and let 1;: S --+ T; be the induced
birational maps. Let ®; be the different

(Ky, +T5)

T; - KTi + q)l
If
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(1) the induced birational map x: Yy --+ Ys is small,
(2) the induced birational map o: T --+ Ty is an isomorphism,
(3) O'*(bg = (I)l, and
(4) for every component B of the support of (Ag — S), we have
(¢1*B)|T1 = U*(<¢2*B)|T2)7
then x is an isomorphism in a neighbourhood of Ty and T5.
Proof. Let I'; = ¢4 A; and define ¥; by adjunction,
(Ky, + Ty)|r, = K, + V5.
We have
Kp +V¥, = (Kyi —i—Ti—i—Fi—Ti)
= Kg, + & + (I = T3) |z,
so that U; = ®; + (¢ (A; — 5))|r,. Conditions (3) and (4) then imply
that
oWy = 0" (P2 + (d2.(A2 = 5))[1,) = 1 + (d1(A2 = 5))[m-
It follows that
(X" (Ky, + o))l = (X 2. (Kx + A2)) |y
= (¢1*(KX + A2))|T1
= (Ky; + T1 + ¢1.(A2 = 5)) |y
= K, + @1 + (¢1.(A2 = 9))|ny
= U*(KT2 + \112)

Thus (4.2) implies that y is an isomorphism in a neighbourhood of T}
and T5. O

Lemma 4.4. Theorem [E},_, implies Theorem[B},.

T;

Proof. Suppose not. Then there would be an infinite sequence of Q-
factorial weak log canonical models over U, ¢;: X --+ Y, for Ky +
A; where A; € Lg14(V), which only contract components of & and
which do not contract every component of S, such that if the induced
birational map f;;: Y; --» Y} is an isomorphism in a neighbourhood
of the strict transforms S; and S; of S then 7 = j. Since € is finite,
possibly passing to a subsequence, we may assume that f;; is small.
Possibly passing to a further subsequence, we may also assume that
there is a fixed component T of S such that ¢; does not contract 7" and
fi; 1s not an isomorphism in a neighbourhood of the strict transforms

of T'. Replacing S by T', we may therefore assume that S is irreducible.
56



Pick Hy, Hs, ..., H; general ample over U Q-divisors which span
WDivg(X) modulo numerical equivalence over U and let H = H; +
Hy + -+ + Hj, be their sum. We may replace V' by the subspace of
WDivg(X) generated by V and Hy, Hs, ..., H,. Passing to a subse-
quence, we may assume that limA; = A, € Lgya(V). By
we may assume that Kx 4+ A, is purely log terminal and A is in
the interior of Lgy4(V). Possibly passing to a subsequence we may
therefore assume that A; and A, have the same support. We may
therefore assume that Kx + A; is purely log terminal and A; contains
the support of H. By we may therefore assume that ¢; is the
ample model of Kx + A; over U. In particular A; = A; implies 7 = j.

Pick A € Lg,4(V) such that Ky + A is purely log terminal and
A; < Aforalli>0. Let f: Y — X be a log resolution of (X, A).
Then we may write

Ky +T = f"(Kx +A)+ F,

where I' > 0 and £ > 0 have no common components, f,I' = A and
f«l£ = 0. Let T be the strict transform of S. Possibly blowing up
more, we may assume that (7', ©) is terminal, where © = (I' — T')|7.
We may find F' > 0 an exceptional Q-divisor so that f*A — F' is ample
over U, (Y,T + F) is purely log terminal and (7,0 + F|r) is terminal.
Let A" ~gu f*A — F be a general ample Q-divisor over U. For every
1, we may write

Ky +1, = f"(Kx +A) + E;,

where I'; > 0 and E; > 0 have no common components, f.I'; = A; and

Then Ky + I'; is purely log terminal and (3.6.9)) implies that f o ¢; is
both a weak log canonical model, and the ample model, of Ky + T
over U.

Replacing X by Y we may therefore assume that (X, A) is log smooth
and (S, 0) is terminal, where © = (A — 5)|s. Let

C=As<= < (A -9)]s <O,

be the divisors whose existence is guaranteed by so that 7, =

Gils: S --+ S; is a weak log canonical model (and the ample model)

of Kg + =; over U, where S; is the strict transform of S. As we are

assuming Theorem [E]},_;, possibly passing to a subsequence we may

assume that the restriction g;; = fi;|s,: S; --» S is an isomorphism.
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Since Y; is Q-factorial, we may define two R-divisors on S; by ad-
junction,

(Kyi+1“2-)|5i = Kg, + ¥, and (KK+S,)|SZ = Kg, + @,
where I'; = ¢;,A;. Then
0<®;, <V, = 7,5 <7,0.

As the coefficients of ®; have the form @ for some integer r > 0, by
(3) of (3.4.1)), and the coefficients of © (and hence also of 7;,0) are all
less than one, it follows that there are only finitely many possibilities
for ;. Let B be a component of the support of A; — S and let G =
(¢ix(B))]s,- By (3) of (3.4.1), the coefficients of G are integer multiples
of 1/r. Pick a real number § > 0 such that the coefficients of B in

A; — S are at least (. As
ﬂG < ¢z*(Az - S)|Sz < Ti*@;

there are only finitely many possibilities for GG. Possibly passing to a
subsequence, we may assume ®; = f®; and that if B is a component
of the support of A; — S then (¢ (B))]s, = g5((¢5:B)]s,)- im-
plies that f;; is an isomorphism in a neighbourhood of S; and S;, a
contradiction. O

5. LOG TERMINAL MODELS

Lemma 5.1. Assume Theorem[B,.
Let m: X — U be a projective morphism of normal quasi-projective
varieties, where X is Q-factorial of dimension n. Suppose that

Kx+A+C=Kx+S+A+B+C,

15 divisorially log terminal and nef over U, where S is a sum of prime
divisors, B4 (A/U) does not contain any non kawamata log terminal
centres of (X,A+C) and B> 0, C > 0.

Then any sequence of flips and divisorial contractions for the (Kx +
A)-MMP over U with scaling of C, which does not contract S, is even-
tually disjoint from S.

Proof. We may assume that S is irreducible and by we may
assume that A is a general ample Q-divisor over U. Let f;: X; --+» X1
be a sequence of flips and divisorial contractions over U, starting with
X; = X, for the (Kx + A)-MMP with scaling of C.

Let € be the set of prime divisors in X which are contracted by any
of the induced birational maps ¢;: X --+ X;. Then the cardinality of
¢ is less than the relative Picard number of X over U. In particular &

is finite.
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By assumption there is a non-increasing sequence of real numbers
A1, Ag, ... €0, 1], such that Kx, +A; + \;C; is nef over U, where A; is
the strict transform of A and C; is the strict transform of C'. Further
the birational map f; is (Kx, + A;)-negative and (Kx, + A; + \C;)-
trivial, so that f; is (Kx, +A; + AC;)-non-positive if and only if A < ;.
By induction, the birational map ¢; is therefore (Kx + A + \;C)-non-
positive. In particular ¢; is a Q-factorial weak log canonical model over
U of (X,A+ \C).

Let V' be the smallest affine subspace of WDivg(X) containing A —
S — A and C, which is defined over the rationals. As A + \,C' €
Ls:4(V), Theorem |B}, implies that there is an index k and infinitely
many indices [ such that the induced birational map X, --» X is
an isomorphism in a neighbourhood of S and S;. But then (3.10.12)
implies that f; is an isomorphism in a neighbourhood of §; for all
i > k. O

We use (5.1)) to run a special MMP:

Lemma 5.2. Assume Theorem[A], and Theorem [B),.

Let m: X — U be a projective morphism of normal quasi-projective
varieties, where X is Q-factorial of dimension n. Suppose that (X, A+
C =S+ A+ B+ C) is a diwisorially log terminal pair, such that
LAL =S, A >0 is big over U, BL(A/U) does not contain any non
kawamata log terminal centres of (X,A 4+ C), and B > 0, C > 0.
Suppose that there is an R-divisor D > 0 whose support is contained
in S and a real number o > 0, such that

(*) KX‘FANR’UD-FO(C.

If Kx+A+C is nef over U, then there is a log terminal model ¢: X --+
Y for Kx + A over U, where B, (¢.A/U) does not contain any non
kawamata log terminal centres of (Y,T' = ¢.A).

Proof. By (3.10.9) and (3.10.11]) we may run the (Kyx + A)-MMP with

scaling of C' over U, and this will preserve the condition that B, (A/U)
does not contain any non kawamata log terminal centres of (X, A).
Pick ¢ € [0, 1] minimal such that Kx + A + ¢tC' is nef over U. If t =0
we are done. Otherwise we may find a (Kx + A)-negative extremal ray
R over U, such that (Kx + A+tC)-R=0. Let f: X — Z be the
associated contraction over U. Ast >0, C-R>0andso D-R <0.
In particular f is always birational.

If f is divisorial, then we can replace X, S, A, B, C' and D by their
images in Z. Note that continues to hold.

Otherwise f is small. As D - R < 0, R is spanned by a curve X

which is contained in a component 7" of S, where T"- ¥ < 0. Note that
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Kx+S+A+B—¢(S—T) is purely log terminal for any € € (0, 1), and
so f is a pl-flip. As we are assuming Theorem [A],, the flip f': X' — Z
of f: X — Z exists. Again, if we replace X, S, A, B, C' and D by
their images in X', then continues to hold.

On the other hand this MMP is certainly not an isomorphism in a
neighbourhood of S and so the MMP terminates by . U

Definition 5.3. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Let (X, A = A+ B) be a Q-factorial diviso-
rially log terminal pair and let D be an R-divisor, where A >0, B >0
and D > 0. A neutral model over U for (X,A), with respect to A
and D, is any birational map f: X --+Y over U, such that

e f is a birational contraction,

e the only divisors contracted by f are components of D,

o Y is Q-factorial and projective over U,

e B, (f.A/U) does not contain any non kawamata log terminal
centres of (Y,I' = f.A), and

o Ky + T is divisorially log terminal and nef over U.

Lemma 5.4. Assume Theorem[A], and Theorem [B),.

Let m: X — U be a projective morphism of normal quasi-projective
varieties, where X has dimension n. Let (X, A = A+ B) be a divisori-
ally log terminal log pair and let D be an R-divisor, where A > 0 is big
over U, B> 0 and D >0 and D and A have no common components.

If
(i) Kx +A~gry D,
(i) (X, Q) is log smooth, where G is the support of A+ D, and

(iii) B4+(A/U) does not contain any non kawamata log terminal cen-
tres of (X, G)

then (X, A) has a neutral model over U, with respect to A and D.

Proof. We may write D = Dy + D5, where every component of Dy is
a component of LA and no component of Dy is a component of LA .
We proceed by induction on the number of components of Ds.

Suppose Dy = 0. If H is any general ample Q-divisor over U, which
is sufficiently ample then Kx + A + H is divisorially log terminal and
ample over U. As the support of D is contained in LA, implies
that (X, A) has a neutral model f: X --» Y over U, with respect to
Aand D.

Now suppose that Dy # 0. Let

A =sup{t>0|(X,A+tD,) is log canonical },
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be the log canonical threshold of Dy. Then A > 0 and (X, 0 = A+ADy)
is divisorially log terminal and log smooth, Kx +© ~g gy D+ XD, and
the number of components of D+ AD, that are not components of LO
is smaller than the number of components of D,. By induction there
is a neutral model f: X --» Y over U for (X, 0), with respect to A
and D.

Now

Ky + LA ~ry fuDi + fiDo,
KY + f*® = KY + f*A + )\f*D27

where Ky + f.© is divisorially log terminal and nef over U, and the
support of f,D; is contained in L f,AL. Since B, (f.A/U) does not con-
tain any non kawamata log terminal centres of (Y, f,0), implies
that (Y, f.A) has a neutral model g: Y --+» Z over U, with respect to
f+Aand f,D. The composition go f: X --» Z is then a neutral model
over U for (X, A), with respect to A and D. O

Lemma 5.5. Let m: X — U be a projective morphism of normal
quasi-projective varieties. Let (X, A = A+ B) be a Q-factorial diviso-
rially log terminal log pair and let D be an R-divisor, where A > 0 1is
big over U, B >0 and D > 0.

If every component of D 1is either semiample over U or a component
of B(Kx + A)/U) and f: X --» Y is a neutral model over U for
(X, A), with respect to A and D, then f is a log terminal model for
(X,A) over U.

Proof. By hypothesis the only divisors contracted by f are components
of B((Kx +A)/U). Since the question is local over U, we may assume
that U is affine. Since B, (f.A/U) does not contain any non kawamata
log terminal centres of (Y,I' = f.A), implies that we may find
Ky + 1" ~py Ky + T where Ky +I" is kawamata log terminal and I"
is big over U. implies that Ky + I' is semiample over U.

Ifp: W — X and ¢: W — Y resolve the indeterminacy of f then
we may write

p(Kx+A)+ E=q"(Ky +T)+F,

where £/ > 0 and F' > 0 have no common components, and both F
and I are exceptional for q.

As Ky + T is semiample over U, B((¢"(Ky +T') + F)/U) and F
have the same support. On the other hand, every component of F is a
component of B((p*(Kx + A) + E)/U). Thus E = 0 and any divisor
contracted by f is contained in the support of F, and so f is a log
terminal model of (X, A) over U. O
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Lemma 5.6. Theorem[4}, and Theorem B}, imply Theorem [(,.

Proof. By we may assume that A = A+ B, where A is a general
ample Q-divisor over U and B > 0. By we may assume that
D = M + F, where every component of F'is a component of B(D/U)
and there is a positive integer m such that if L is a component of M
then mL is mobile.

Pick a log resolution f: Y — X of the support of D and A, which
resolves the base locus of each linear system |mL|, for every component
L of M. If ® is the divisor defined in (3.6.11)) then every component of
the exceptional locus belongs to B((Ky +®)/U) and replacing ® by an
R-linearly equivalent divisor, we may assume that ¢ contains an ample
divisor over U. In particular, replacing mn*L by a general element of
the linear system |mn*L|, we may assume that Ky + ® ~gy N + G,
where every component of N is semiample, every component of G is a
component of B((Ky + ®)/U), and (Y, ® + N + G) is log smooth. By
3.6.11)), we may replace X by Y and the result follows by and
5.5)). O

6. NON-VANISHING

We follow the general lines of the proof of the non-vanishing theorem,
see for example Chapter 3, §5 of [22]. In particular there are two cases:

Lemma 6.1. Assume Theorem [(,. Let (X,A) be a projective, log
smooth pair of dimension n, where LAL = 0, such that Kx + A is
pseudo-effective and A — A > 0 for an ample Q-divisor A. Suppose
that for every positive integer k such that kA is integral,

hO(X, Ox(Lmk(Kx + A)a+ kA)),

1s a bounded function of m.
Then there is an R-divisor D such that Kx + A ~r D > 0.

Proof. By (3.3.2)) it follows that Kx + A is numerically equivalent to
Ny(Kx+A). Since N, (Kx +A)— (Kx +A) is numerically trivial and
ampleness is a numerical condition, it follows that

A"=A+ N,(Kx +A) — (Kx + A),

is ample and numerically equivalent to A. Thus, since A” is R-linearly
equivalent to a positive linear combination of ample Q-divisors, there
exists 0 < A" ~p A” such that

Ky+A =Kx+ A+ (A— A),
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is kawamata log terminal and numerically equivalent to Kx + A, and
Kx + A" ~g N,(Kx +A) > 0.

Thus by Theorem [C],, Kx + A’ has a log terminal model ¢: X --» Y,
which, by , is also a log terminal model for Kx + A. Replacing
(X,A) by (Y,TI') we may therefore assume that Kx + A is nef and the
result follows by the base point free theorem, cf. (3.9.2). O

Lemma 6.2. Let (X, A = A+ B) be a projective, log smooth pair where
A is a general ample Q-divisor and L B1 = 0. Suppose that there is a
positive integer k such that kA is integral and

RO(X, Ox(Lmk(Kx + A)s+ kA)),

s an unbounded function of m.
Then we may find a projective, log smooth pair (Y,I') and a general
ample Q-divisor C' on'Y, where

e Y s birational to X,

o ['—C>0,

o T =11 is an irreducible divisor, and

e ' and N,(Ky +T') have no common components.

Moreover the pair (Y,I') has the property that Kx + A ~g D > 0 for
some R-divisor D if and only if Ky + 1" ~g G > 0 for some R-divisor
G.

Proof. Pick m large enough so that

hO(X, Ox (Lmk(Kx + A)s+ kA)) > (k”; ")

where n is the dimension of X. By standard arguments, given any point
x € X, we may find a divisor H' > 0 which is R-linearly equivalent to

Lmk(Kx + A)s+ kA,

of multiplicity greater than kn at z. In particular, we may find an
R-Cartier divisor

0< H~pm(Kx+A)+ A,

of multiplicity greater than n at x. Given t € [0, m], consider
m—t 1
(t+ 1)(Kx + A) :KX—FTA—I—Bth(KX%—A—FEA)

m—t t
~r Kx+——A+B+—H
m m

Fix 0 <e<1,let A= (¢/m)A and u =m — e. We have:
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(1) Kx + Ay is kawamata log terminal,

(2) Ay > A’ for any t € [0, u] and

(3) the non kawamata log terminal locus of (X, A,) contains a very
general point x of X.

Let 7: Y — X be a log resolution of (X, A + H). We may write
KY + \I[t = W*(KX + At) + Et7

where F; > 0 and ¥; > 0 have no common components, 7, V; = A; and
E; is exceptional. Pick an exceptional divisor F' > 0 such that 7* A’ — F'
is ample and let C' ~g m* A’ — F' be a general ample Q-divisor. For any
t € [0,ul, let

O, =V~ A+C+F~g ¥, and T, =d,—&AN,(Ky+3,).
Then properties (1-3) above become

(1) Ky + Ty is kawamata log terminal,

(2) Ty > C, for any t € [0, u], and

(3) (Y,T',) is not kawamata log terminal.
Moreover

(4) (Y,T) is log smooth, for any ¢ € [0, u], and

(5) Ty and N,(Ky 4 T';) do not have any common components.

Let
s =sup{t € [0,u] | Ky + I'; is log canonical }.

Note that

N, (Ky + ®;) = No(Ky + ¥y)
Ny (m"(Kx + Ay)) + Ey

No((t+ 1) (Kx + A)) + Ey

=(t+ 1)N, (7" (Kx + A)) + E;.
Thus Ky + I'; is a continuous piecewise affine linear function of ¢.
Setting I' = I'y, we may write

r=T+C+H,
where T = L.I's # 0, C' is ample and B’ > 0. Possibly perturbing

I', we may assume that T is irreducible, so that Ky + I' is purely log
terminal. 0

We will need the following consequence of Kawamata-Viehweg van-
ishing:
Lemma 6.3. Let (X, A = S+ A+ B) be a Q-factorial projective purely
log terminal pair and let m > 1 be an integer. Suppose that

(1) S =LA is irreducible,
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) m(Kx + A) is integral,

) m(Kx + A) is Cartier in a neighbourhood of S,

) (S, Os(m(Kx + A))) > 0,

) Kx + G + B is kawamata log terminal, where G > 0,
) A~g (m—1)tH + G for some tH, and

) Kx + A+ tH is big and nef.

Then h°(X, Ox(m(Kx + A))) > 0.

Proof. Considering the long exact sequence associated to the restriction
exact sequence,

0 — Ox(m(Kx+A)—-S) — Ox(m(Kx+A)) — Os(m(Kx+A)) — 0,
it suffices to observe that

H'(X,0x(m(Kx +A) = 5)) =0,
by Kawamata-Viehweg vanishing, since

m(Kx+A)—S=(m—-1)(Kx+A)+ Kx+A+B
~og Kx+G+B+(m—1)(Kx+A+tH),

and Ky + A+ tH is big and nef. O

Lemma 6.4. Let X be a normal projective variety, let S be a prime
divisor and let D; be three, i = 1, 2, 3, R-Cartier divisors on X.
Suppose that f;: X --+ Z; are ample models of D;, 1 =1, 2, 3, where f;
1s birational and f; does not contract S. Suppose that Z; is Q-factorial,
1 =1, 2, and the induced birational map Z; --+ Zy is an isomorphism
in a neighbourhood of the strict transforms of S.

If D3 is a positive linear combination of Dy and Dy then the induced
birational map Z; --+ Zs is an isomorphism in a neighbourhood of the
strict transforms of S.

Proof. By assumption D3 = A\ D1+ Mo D5, where \; > 0. If g;: 7 — Z;
is the normalisation of the graph of Z; --+ Z, then g; is by assumption
an isomorphism in a neighbourhood of the strict transforms of S, for
1=1,2. Let f: X --» Z be the induced birational map. Let g: W —
X resolve the indeterminacy of f and f3. Replacing X by W and D;
by ¢*D;, we may assume that f and f3 are morphisms.

Let H; = fi.D;, i = 1, 2, 3. As the ample model is a semiample
model, by (4) of , E; =D, — ffH; > 0 is fi-exceptional. As H;
is ample, i = 1 and 2, H = A\ g7 H1 + A\2g3 Hy is semiample. Let ¥ C Z
be a curve. As ¥ is not contracted by both ¢; and ¢o, g/ H; - X > 0,
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with equality for at most one ¢. Thus H is ample. Now
J3Hz + B3 = Ds
=MDy + XDy
= MfiHi+ X fs Ho + M EL + A Eo
= f*(Mgi Hy + XagsHa) + M Ey + A By
= f"H + ME; + \Es.

Note that F3 < M E; + M\ Fs, as f*H has no stable base locus. Let
T = f(S). We may write

f"H = fiHs+ E5 — (M Ey + Ao E»).

Since A\ F; + Ay B is f-exceptional in a neighbourhood of f~1(T), B3 =
A Ey + A2 E5 in a neighbourhood of f~(T), by (3.6.2). But then f and
f3 contract precisely the same curves in the same neighbourhood and

so Z is isomorphic to Z3 in a neighbourhood of the strict transforms
of S. O

Lemma 6.5. Assume Theorem[B,, and Theorem[Q,.

Let (X, Ag = S+ A+ By) be a log smooth projective pair of dimension
n, where A > 0 is a general ample Q-divisor, LAgs = S is a prime
divisor and By > 0. Suppose that Kx + Aq is pseudo-effective and S
is not a component of N,(Kx + Ag). Let Vi be a finite dimensional
affine subspace of WDivg(X) containing By, which is defined over the
rationals.

Then we may find a general ample Q-divisor H > 0, a log terminal
model ¢: X --+Y for Kx + Ag + H and a positive constant a, such
that if B € Vy and

1B — Bo|| < at,
for some t € (0,1], then there is a log terminal model ¥: X --+ Z of
Kx+A+tH = Kx +S+ A+ B+ tH, which does not contract S,
such that the induced birational map x: Y --+ Z is an isomorphism in
a neighbourhood of the strict transforms of S.

Proof. Pick general ample Q-Cartier divisors Hy, Hs, ..., Hy, which
span WDivg (X)) modulo numerical equivalence, and let V' be the affine
subspace of WDivg(X) spanned by Vi and Hy, Hs, ..., H,. Let C C
Ls14(V) be a convex subset spanning V', which does not contain Ay,
but whose closure contains Ay, such that if A € C then Kx + A is
purely log terminal, A — A is ample and the support of A — A con-
tains the support of the sum Hy+ Ho+- - -+ Hy. In particular if A € C
then N,(Kx + A) < N,(Kx + Ag). As the coefficients o¢ of N, are

continuous on the big cone, (3.3.1)), possibly replacing C by a subset,
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we may assume that if A € C then N,(Kx + A) and N,(Kx + Ap)
share the same support. Moreover, if A € C then Kx + A is big and
so, as we are assuming Theorem [C},, Kx + A has a log terminal model
¢: X --+ Y, whose exceptional divisors are given by the support of
N,(Kx + Ap). In particular ¢ does not contract S.

Given ¢: X --» Y, define a subset S, C C as follows: A € S, if and
only if there is a log terminal model ¥: X --+ Z of Kx + A such that

e the induced rational map x: Y --» Z is an isomorphism in a
neighbourhood of the strict transforms of S.

Define a subset S, C Sy by requiring in addition that

® ¢ is isomorphic to the ample model of Kx + A in a neighbour-
hood of the strict transforms of S.

As we are assuming Theorem [B],, there are finitely many 1 < j <1
birational maps ¢;: X --»Y; such that

l
c=]JS,,.
j=1

On the other hand, (3.6.12]) implies that
!
/
U S¢j’
j=1

is a dense open subset of C.

We will now show that the sets S), are convex. Suppose that A; €
S(;, 1 = 1, 2 and A is a convex linear combination of A; and As.
Then A € C and so Kx + A has a log terminal model ¢: X --» Z.
By (3) of there is a birational morphism h: Z — Z’ to the
ample model of Kx + A. Let ¢;: X --» Z; be the ample model of
Ky + A;. implies that the induced birational map Z; --» Z’
is an isomorphism in a neighbourhood of the strict transforms of S.
As Z and Z; are isomorphic in codimension 1, Z — 7’ is small in
a neighbourhood of the strict transforms of S. As Z and Z’ are Q-
factorial in a neighbourhood of the strict transforms of S, the morphism
7 — 7' is also an isomorphism in a neighbourhood of the strict
transforms of S. Thus A € §} and so S is convex.

Shrinking C, we may therefore assume that C = S(;j for some 1 <
i<l

Pick A =S+ A+ B € C and pick H ~g A — A a general ample
Q-divisor. Pick a positive constant a such that if ||B — By|| < at for
some B € Vy and ¢ € (0,1] then S+ A+ B+t(A—A,) € C. By (3.6.9),

Kx+S+A+B+t(A—-Ay) and Kx + S+ A+ B + tH have the
67



same log terminal models. It follows that o and H have the required
properties. U

Lemma 6.6. Theorem|[D},_1, Theorem[B,, and Theorem[C}, imply The-
orem [D,.

Proof. By , it suffices to prove this result for the generic fibre of
U. Thus we may assume that U is a point, so that X is a projective
variety.

Let f: Y — X be a log resolution of (X, A). We may write

Ky +T'= f"(Kx +A)+ E,

where ' > 0 and F > 0 have no common components, f,I' = A and
f+EE =0. If F > 0 is an R-divisor whose support equals the union of
all f-exceptional divisors then I" + F' is big. Pick F so that (X,['+ F)
is kawamata log terminal. Replacing (X,A) by (Y,I' + F') we may
therefore assume that (X, A) is log smooth. By we may assume
that A = A+ B, where A is a general ample Q-divisor and B > 0. By
and , we may therefore assume that A =S + A + B, where
(X, A) is log smooth, A is a general ample Q-divisor, and LA, = S is
a prime divisor, which is not a component of N,(Ky + A).

Let V be the subspace of WDivg(X) spanned by the components of
B. By we may find a constant a > 0, a general ample Q-divisor
H on X, and a log terminal model ¢: X --» Y of Kx + A + H such
that if B' € V, ¢t € (0,1] and ||B— B’|| < at then there is a log terminal
model ¢': X --» Y of Kx + 5 + A+ B’ + tH such that the induced
rational map x: Y --» Y’ is an isomorphism in a neighbourhood of the
strict transforms of S. Pick € > 0 such that A — eH is ample.

Let T be the strict transform of S on Y and define &y on T by
adjunction

(Ky +T)|r = Kr + ®y.
Let W be the subspace of WDivg(7T') spanned by the components of
(¢«B)|r + ®¢ and let L: V. — W be the rational affine linear map
L(B') = &g+ ¢.B'|7. Let I' = ¢, A and let C = ¢, Alr. If we define ¥
on T by adjunction

(Ky +1)|r = Kr + 0,

then ¥ = C + L(B). As Ky + C + L(B) + t¢.H|r is nef for any
t > 0, it follows that Kp + ¥ is nef. Since C' is big and Kp + U is
kawamata log terminal, implies that there is a rational affine
linear isomorphism L': WDivg(7T) — WDivg(T") which preserves Q-
linear equivalence, an ample QQ-divisor G on T and a rational affine

linear subspace W’ of WDivg(T') such that L'(U) C Lg(W'), where
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U C Lo(W) is a neighbourhood of W. Ng(W’) is a rational polytope,
by . In particular we may find a rational polytope C C V
containing B such that if B’ € C then Ky + A'= Ky +S+ A+ B’ is
purely log terminal and

(Ky +T)|p = Kr + ¥/,

is nef, where I'' = ¢, A’ and V' = C' + L(B’). Pick a positive integer
k such that if r(Ky + I") is integral then rk(Ky + I') is Cartier in a
neighbourhood of T'. By there is then a constant m > 0 such
that mr(Ky +1") is Cartier in a neighbourhood of T" and mr(Kz + V)
is base point free.

implies that there are real numbers r; > 0 with > r; = 1,
positive integers p; > 0 and Q-divisors B; € C such that

pi(Kx + ),
is integral, where A; = S + A + B;,

KX + A = Zﬁ;(KX + AZ),

and
Q€

1B — B|| < —,

mA

where m; = mp; . Let ¥; = C+ L(B;). By our choice of p;, m;( Kr+V;)
is base point free and so

hO(T7 OT(TI’LZ(KT + \Ijz)» > 0.

Let t; = ¢/m;. By there is a log terminal model ¢;: X --» Y] of
Kx + A; +t;H, such that the induced birational map y: Y --+ Y] is
an isomorphism in a neighbourhood of 7" and the strict transform T;
of S. In particular if I'; = T; + ¢x A + ¢;:B; and 7: T — T; is the
induced isomorphism then

T*(Kyi + Fz)

and so the pair (Y;,I';) clearly satisfies conditions (1), (2), (4) and (7)
of (6.3)). As the induced birational map Y; --» Y is an isomorphism in
a neighbourhood of T;, (3) of (6.3) also holds. As

1
(m; — 1)t; = <m, )6<6,

m;

7, = Kr+V,;,

A—(m;—1)t;H is ample and so we may pick a general ample Q-divisor

L; such that L; ~g A— (m; —1)t;H. Then Kx + S+ L; + B; is purely

log terminal and as ¢; is (Kx + A; + t; H)-negative and H is ample, ¢;

is (Kx + S+ L; + B;)-negative. It follows that Ky, +T; + ¢ (L; + B;) is
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purely log terminal so that Ky, +¢;.(L; + B;) is kawamata log terminal,
and conditions (5) and (6) of (6.3) hold. Therefore (6.3) implies that

h(Y;, Oy, (mi(Ky; +T4))) > 0.

As ¢; is (Kx + A; + t;H)-negative and H is ample, it follows that ¢;
is (Kx + A;)-negative. But then

RO(X, Ox(mi(Kx + A;))) = (Y, Oy (my(Ky +T3))) > 0.
In particular there is an R-divisor D such that

7. FINITENESS OF MODELS

Lemma 7.1. Assume Theorem |[C, and Theorem [D,.

Let m: X — U be a projective morphism of normal quasi-projective
varieties, where X has dimension n. Let V be a finite dimensional
affine subspace of WDivg(X), which is defined over the rationals. Fix
a general ample Q-divisor A over U. Let C C La(V) be a rational
polytope such that if A € C then Kx + A is kawamata log terminal.

Then there are finitely many rational maps ¢;: X --+Y; over U,
1 < i <k, with the property that if A € C N Ear(V) then there is an
index 1 < i < k such that ¢; is a log terminal model of Kx + A over
U.

Proof. Possibly replacing V4 by the span of C, we may assume that C
spans V4. We proceed by induction on the dimension of C.

Suppose that Ag € CNE4 (V). As we are assuming Theorem @
there is an R-divisor Dy > 0 such that Kx + Ag ~r y Dy and so, as we
are assuming Theorem [C},, there is a log terminal model ¢: X --» Y
over U for Kx + Ay. In particular we may assume that dimC > 0.

First suppose that there is a divisor Ay € C such that Kx + Ay ~r
0. Pick © € C, © # Ay. Then there is a divisor A on the boundary of
C such that

@ - AO - )\(A - Ao),
for some 0 < A < 1. Now
NR,U)\<KX + A)

In particular A € €4 ,(V) if and only if © € 4 (V) and (3.6.9)) implies
that Kx+A and Kx+0 have the same log terminal models over U. On

the other hand the boundary of C is contained in finitely many affine
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hyperplanes defined over the rationals, and we are done by induction
on the dimension of C.

We now prove the general case. By , we may assume that
C is contained in the interior of £4(V'). Since L4(V') is compact and
CNEsr(V) is closed, it suffices to prove this result locally about any
divisor Ag € CNE4-(V). Let ¢: X --» Y be a log terminal model
over U for Ky + Aq. Let I'g = ¢, A.

Pick a neighbourhood Cy C L4(V') of Ag, which is a rational poly-
tope. As ¢ is (Kx + Ag)-negative we may pick Cy such that for any
A € Cy, a(F,Kx + A) < a(F, Ky + I') for all ¢-exceptional divisors
F C X, where I' = ¢,A. Since Ky + 'y is kawamata log terminal and
Y is Q-factorial, possibly shrinking Cy, we may assume that Ky + I is
kawamata log terminal for all A € Cy. In particular, replacing C by Co,
we may assume that the rational polytope C' = ¢,(C) is contained in
L4, 4(W), where W = ¢,(V). By (3.7.3), there is a rational affine lin-
ear isomorphism L: W — V' and a general ample Q-divisor A’ over
U such that L(C') C La(V'), L(I') ~qu ' for all I' € ¢’ and Ky + T
is kawamata log terminal for any I" € L(C').

Note that dim V’ < dim V. By and (3.6.10)), any log terminal
model of (Y, L(I')) over U is a log terminal model of (X,A) over U
for any A € C. Replacing X by Y and C by L(C’), we may therefore
assume that Kx + Aq is m-nef.

By Kx + Ag has an ample model ¢: X — Z over U. In
particular Kx + Ay ~g z 0. By what we have already proved there are
finitely many birational maps ¢;: X --» Y; over Z, 1 < ¢ < k, such
that for any A € CNE4(V), there is an index ¢ such that ¢; is a log
terminal model of Kx + A over Z. Since there are only finitely many
indices 1 <4 < k, possibly shrinking C, implies that if A € C
then ¢; is a log terminal model for Kx + A over Z if and only if it is
log terminal model for Ky + A over U.

Suppose that A € CNE4 (V). Then A € CNE4y(V) and so there
is an index 1 < ¢ < k such that ¢; is a log terminal model for Kx + A
over Z. But then ¢; is a log terminal model for Ky + A over U. 0

Lemma 7.2. Assume Theorem|[C, and Theorem D, .

Let m: X — U be a projective morphism of normal quasi-projective
varieties, where X has dimension n. Suppose that there is a kawamata
log terminal pair (X,Ay). Fiz A > 0, a general ample Q-divisor over
U. Let V be a finite dimensional affine subspace of WDivg(X) which
is defined over the rationals. Let C C L4(V') be a rational polytope.

Then there are finitely many birational maps v;: X --+ Z; over U,

1 <7 <1 such that if ¢: X --+ Z 1s a weak log canonical model of
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Kx + A over U, for some A € C then there is an index 1 < j <1 and
an isomorphism &: Z; — Z such that 1 = £ o ;.

Proof. Suppose that A € C and Ky + A’ ~pyy Kx + A is kawamata
log terminal. implies that ¢: X --» Z is a weak log canonical
model of Ky + A over U if and only if ¢ is a weak log canonical model
of Kx + A’ over U. By we may therefore assume that if A € C
then Kx + A is kawamata log terminal.

Let GG be any divisor which contains the support of every element of
Vandlet f: Y — X be a log resolution of (X, G). Given A € L4(V)

we may write
Ky +T = f"(Kx+A)+E,

where I' > 0 and F > 0 have no common components, f,I' = A and
fLE=0. If v: X --» Z is a weak log canonical model of Ky + A
over U then ¢ o f: Y --» Z is a weak log canonical model of Ky + T
over U. If C' denotes the image of C under the map A — I' then
C' is a rational polytope, cf. (3.7.2), and if I' € C’ then Ky + I is
kawamata log terminal. In particular B, (f*A/U) does not contain
any non kawamata log terminal centres of Ky +I', for any I' € C’. Let
W be the subspace of WDivg(Y') spanned by the components of the
strict transform of G and the exceptional locus of f. By and
(13.6.9), we may assume that there is a general ample Q-divisor A’ on
Y over U such that C" C L4(W). Replacing X by Y and C by C’, we
may therefore assume that X is smooth.

Pick general ample Q-Cartier divisors H;, Hs, ..., H, over U, which
generate WDivg(X') modulo relative numerical equivalence over U and
let H = H; + Hy + --- 4+ H, be their sum. By we may assume
that if A € C then A contains the support of H. Let W be the affine
subspace of WDivg(X) spanned by V' and the divisors Hy, Hs, ..., H,.
Pick C’ a rational polytope in £4(W) containing C in its interior such
that if A € C' then Kx + A is kawamata log terminal.

By there are finitely many 1 < ¢ < k rational maps ¢;: X --» Y]
over U, such that given any A’ € C' N E4 (W), we may find an index
1 <4 < k such that ¢; is a log terminal model of Kx + A’ over U. By
for each index 1 < ¢ < k there are finitely many contraction
morphisms f; ,: Y; — Z;,, over U such that if A’ € Wy, 4,.(W) and
there is a contraction morphism f:Y; — Z over U, with

Ky, +T; = Ky, + ¢;,A ~g v D,

for some ample over U R-divisor D on Z, then there is an index
(i,m) and an isomorphism &: Z;,, — Z such that f = o f;,,. Let
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Y X --» Z;, 1 < j < be the finitely many rational maps obtained
by composing every ¢; with every f; ;.

Pick A € C and let ¥: X --+ Z be a weak log canonical model of
Kx+A over U. Then K;+ 0O is kawamata log terminal and nef over U,
where © = 1), A. As we are assuming Theorem [C],, we may find a log
terminal model n: Z --» Y’ of Kz + © over Z. Then Y’ is Q-factorial
and the structure morphism &: Y’ — Z is a small birational map, the
inverse of 1. By (3.6.12), we may find A’ € C' N E4 (W) such that 1
is an ample model of Kx + A’ over U. Pick an index 1 < i < k such
that ¢; is a log terminal model of Ky + A’ over U. By (4) of
there is a contraction morphism f: Y; — Z such that

Kyi +I; = f*(KZ + @,),

where IV = ¢, A’ and ©' = ¢, A’. As K;+©' is ample over U, it follows
that there is an index m and an isomorphism &: Z;,,, — Z such that
f=¢&o fim. But then

Y=Ffopi=E0 fimopi=E0;,
for some index 1 < j <. O
Lemma 7.3. Theorem[C, and Theorem [D}, imply Theorem [E},.

Proof. Since L4(V) is itself a rational polytope by ({3.7.2)), this is im-
mediate from ([7.2]). U

8. FINITE GENERATION
Lemma 8.1. Theorem [, and Theorem D}, imply Theorem [F],.

Proof. Theorem [C], and Theorem D], imply that there is is a log ter-
minal model p: X --» Y of Kx + A, and Ky + T = p (Kx + A) is

semiample b 1) of 393 1 fOHOWS7 as
p Y ( ) -

As Ky + T is semiample the prime divisors contained in the stable
base locus of Kx + A are precisely the exceptional divisors of u. But
there is a constant 6 > 0 such that if = € V and ||= — A|| < § then the
exceptional divisors of y are also (Kx + Z)-negative. Hence (2).

Note that by , there is a constant 1 > 0 such that if = € W
and ||= — Al < 7 then p is also a log terminal model of Ky + Z.
implies that there is a constant » > 0 such that if m(Ky + T
is integral and nef, then mr(Ky + 1) is base point free. It follows that
if k(Kx + Z)/r is Cartier then every component of Fix(k(Kx + Z))
is contracted by p and so every such component is in the stable base

locus of Kx + A. This is (3). O
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9. PROOF OF THEOREMS
Proof of Theorems [4], [B, [G, [D, [E] and[Fl. Immediate from the main re-

sult of i, (1), (.0). (69, (79 and (1), 0

Proof of (1.2 n Suppose Ky + A is m-big. Then we may write Kx +
A ~py B > 0. If € > 0 is sufficiently small then Kx + A + €B is
kawamata log terminal. implies that Ky + A and Kx +A+¢€B
have the same log terminal models over U. Replacing A by A+ €B we
may therefore assume that A is big over U. (1) follows by Theorem
and Theorem [Dl

(2) and (3) follow from (1) and (3.9.2). O

10. PROOF OF COROLLARIES

Proof of (1.1.1 - ) and (3) are immediate from ((1.2)). (4) is The-
orem D of [4 U

Proof of - Immediate by Theorem 5.2 of [6] and (3) of (L.2).

Proof of (1.1.3] . Note that Y7 and Y5 are isomorphic in codimension
one. Replacing U by the common ample model of (X, A), we may
assume that Ky, +1I'; is numerically trivial over U. Let Hy be a divisor
on Y,, which is ample over U. Let H; be the strict transform on
Y;. Possibly replacing Hy by a small multiple, we may assume that
Ky, +T'; + H; is kawamata log terminal.

Suppose that Ky, + I'y + H; is not nef over U. Then there is a
(Ky, + I'1 + Hy)-flip over U which is automatically a (Ky, + I';)-flop
over U. By finiteness of log terminal models for Kx + A over U,
this (Ky, + 'y + H;)-MMP terminates. Thus we may assume that
Ky, +I'1+Hy isnef over U. But then Ky, +1'5+ Hs is the corresponding
ample model, and so there is a small birational morphism f: Y; — Y5.
As Y; is Q-factorial, f is an isomorphism. O

Proof of (|1.1.5)). We first prove (1) and (2 ( ). By Theorem[E|and (3.11.2)),
and since ample models are unique by (1) of (3 -, it suffices to prove

that if A € €4 (V) then Kx + A has both a log terminal model over
U and an ample model over U.

By (3.7.5) and (3.6.9) we may assume that Kx + A is kawamata log

terminal. (1.2]) implies the existence of a log terminal model over U
and the existence of an ample model then follows from (3.9.3)).
(3) follows as in the proof of (3.11.2)). O

Proof of (1.1.7)). Immediate consequence of ([1.1.5]). O
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Proof of (1.1.9)). Let V4 be the affine subspace of WDivg(X) generated
by A1, Ag, ..., Ag. (1.1.5)) implies that there are finitely many 1 < p <
q rational maps ¢,: X --» Y, over U such that if A € £4,(V) then
there is an index 1 < p < ¢ such that ¢, is a log terminal model
of Kx + A over U. Let C C L4(V) be the polytope spanned by
Al, AQ, R ,Ak and let

Cpo =Wy, ax(V)NC.

Then C, is a rational polytope. Replacing A, A, ..., Ay by the ver-
tices of C,, we may assume that C = C,, and we will drop the index p.
Let 7': Y — U be the induced morphism. Let I'; = ¢, 4;. If we pick a
positive integer m so that both G; = m(Ky +T;) and D; = m(Kx+4;)
are Cartier for every 1 <1 < k, then

R(m, D*) ~ R(7', G*).

Replacing X by Y, we may therefore assume that Kx + A, is nef over
U. By Kx + A; is semiample over U and so the Cox ring is
finitely generated.

Aliter: By , we may assume that each Ky + A,; is kawamata
log terminal. Pick a log resolution f: Y — X of (X, A), where A is
the support of the sum A; + As + - -+ + A,. Then we may write

Ky +1, =7"(Kx + A) + E;,

where I'; and E; have no common components, f,I'; = A; and f,E; = 0.
We may assume that there is an exceptional Q-divisor F' > 0 such that
f*A — F is ample over U and (Y,I; + ') is kawamata log terminal.
Pick A" ~qu f*A — F a general ample Q-divisor over U. Then

Gi=Ky+T;+F— f"A+ A ~qu Ky + T,

is kawamata log terminal and SR(w, D®) if finitely generated if and only
if R(mwo f,G*) if finitely generated, since they have isomorphic trunca-
tions. Replacing X by Y we may therefore assume that (X, A) is log
smooth.

Pick a positive integer m such that D; = m(Kx + A;) is integral for
1 <i¢<k. Let

k
E = P Ox(mA,).
i=1
and let Y = Px(F) with projection map f:Y — X. Pick o; €
Ox(mA; — mA) with zero locus mA; and let ¢ = (01,09,...,0%) €
H°(X, E(—mA)). Let S be the divisor corresponding to o in Y. Let
Ty, T, ..., T, be the divisors on Y, given by the summands of F, let T

be their sum, and let I' = T+ f*A + S/m. Note that Oy (m(Ky +1TI"))
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is the tautological bundle associated to E(mKy); indeed if £k = 1
this is clear and if £k > 1 then it has degree one on the fibres and
Oy (m(Ky + 1)) restricts to the tautological line bundle on each T; by
adjunction and induction on k. Thus

R(m, D*) >~ R(mo fym(Ky +1)).

On the other hand (Y,I') is log smooth outside 7" and restricts to a
divisorially log terminal pair on each T; by adjunction and induction.
Therefore (Y,T") is divisorially log terminal by inversion of adjunction.
Since T" is ample over X, there is a positive rational number € > 0 such
that f*A + €T is ample over U. Let A" ~qy f*A+ €I be a general
ample Q-divisor over U. Then

Ky+F/:Ky—|—F—ET—f*A+A/ NQ,U Ky—|—r,
is kawamata log terminal. Thus R(mo f, m(Ky+1I")) is finitely generated

over U by (|1.1.2)). O

We will need a well-known result on the geometry of the moduli
spaces of n-pointed curves of genus g:

Lemma 10.1. Let X = Mg,n and let D be the sum of the boundary
divisors.
Then

e X is Q-factorial,
o Kx is kawamata log terminal and
e Kx + D is log canonical and ample.

Proof. X is Q-factorial, Ky is kawamata log terminal and Kx + D
is log canonical as the pair (X, D) is locally a quotient of a normal
crossings pair.

It is proved in [27] that Ky + D is ample when n = 0. To prove the
general case, consider the natural map

m: Mg — Mg,

which drops the last point. Let Y = M, .1 and G be the sum of the
boundary divisors. If M, is the moduli stack of stable curves of genus
g, then Mgm is the coarse moduli space and so there is a representable
morphism

fi Mgy — Mg,
which only ramifies over the locus of stable curves with automorphisms.

If g=1and n <1 then Ky + G is obviously m-ample. Otherwise the

locus of smooth curves with extra automorphisms has codimension at
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least two and in this case K77, + A = f*(Kx + D), where A is the
sum of the boundary divisors. On the other hand there is a fibre square

Mg7n+1 - Mg,nJrl

T

—_ f —_

Mg,n — M g,ns
where 1 is the universal morphism. Since the stack is a fine moduli
space, 1) is the universal curve. If I' is the sum of the boundary divisors
then K77~ +1T has positive degree on the fibres of ¢, by adjunction
and the deﬁnltlon of a stable pair. In particular Ky + G is ample on
the fibres of .

On the other hand, we may write

Ky +G=1"(Kx + D)+,

for some Q-divisor . It is proved in [7] that 1) is nef. We may assume
that Kx + D is ample, by induction on n. If € > 0 is sufficiently small,
it follows that e(Ky + G) + (1 — €)n*(Kx + D) is ample. But then

Ky +G=¢Ky+G)+(1—¢)(Ky +QG)
=e(Ky +G)+(1—e)n"(Kx + D) + (1 —€)v,
is also ample and so the result follows by induction on n. 0

Proof of (1.2.1)). By (10.1) Kx+D is ample and log canonical, where D
is the sum of the boundary divisors. In particular Ky + A is kawamata
log terminal, provided none of the a; are equal to one.
Pick a general ample Q-divisor A ~g §(Kx + D). Note that
(1+6)(Kx+A)=Kx+06(Kx+D)+(14+0)A—-0D
~o Kx +A+ B.

Now
0<(A—-6D)+0A=B=A+6A—-D)<D.

Thus the result is an immediate consequence of Theorem [C] Theorem D]

and Theorem [El O
Proof of ((1.3.2)). Immediate by (|1.1.9)) and the main result of [12] (note
that h'(X,Ox) = 0 by Kawamata-Viehweg vanishing). O

Proof of . Pick any m-ample divisor A such that Kx + A + A
is m-ample and kawamata log terminal. We may find ¢ > 0 such that
K x+A+e€A is not m-pseudo-effective. We run the (K x+A+eA)-MMP
over U with scaling of A. Since every step of this MMP is A-positive,

it is automatically a (Ky + A)-MMP as well. But as Kx + A + €A
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is not m-pseudo-effective, this MMP must terminate with a Mori fibre
space g: Y — W over U. O

Proof of . As X is a Mori dream space, the cone of pseudo-
effective divisors is a rational polyhedron. It follows that NF(X) is also
a rational polyhedron, as it is the dual of the cone of pseudo-effective
divisors.

Now suppose that F is a co-extremal ray. As NF(X) is polyhedral,
we may pick a pseudo-effective divisor D which supports F'. Pick € > 0
such that D — ¢(Kx + A) is ample. Pick a general ample Q-divisor
A ~g tD— (Kx + A) such that Kx + A+ kA is ample and kawamata
log terminal for some k£ > 1. Then (X,0 = A + A) is kawamata log
terminal and Kx 4+ © ~q %D supports F. As in the proof of ,
the (Kx + A)-MMP with scaling of A ends with a (Kx + ©)-trivial
Mori fibre space f: Y — Z, and it is easy to see that the pullback to

X of a general curve in the fibre of f generates F'. 0
Proof of (1.4.1]). The flip of 7 is precisely the log canonical model, so
that this result follows from Theorem [C O

Proof of (1.4.2). Immediate from (3.10.12) and Theorem [E] O

Proof of . Pick an ample Q-divisor A > 0 which contains the
centre of every element of € of log discrepancy one, but no non kawa-
mata log terminal centres. If € > 0 is sufficiently small, then (X, A+€A)
is log canonical and so replacing A by A + €A, we may assume that
¢ contains no valuations of log discrepancy one. Replacing A by
(1 — n)A 4+ nAg, where n > 0 is sufficiently small, we may assume
that Kx + A is kawamata log terminal.
We may write

Ky +V =f"(Kx+A)+E,

where ¥ > 0 and £ > 0 have no common components, f,¥ = A and £
is exceptional. Let F' be the sum of all the exceptional divisors which
are neither components of £ nor correspond to elements of €.

Pick € > 0 such that Ky +® = Ky +V+¢eF' is kawamata log terminal.
As f is birational, ® is big over X and so by we may find a log
terminal model g: W --» Y for Ky + ® over X. Let 7: Y — X be
the induced morphism. If I' = ¢,® and £’ = g.(E + €F') then

Ky +T=7"(Kx + A)+ E,

where Ky + I' is nef over X. Negativity of contraction implies that
E’ =0 so that
Ky —|—F = W*(KX + A)
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But then we must have contracted every exceptional divisor which does
correspond to an element of €. U

Proof of (1.4.4). Pick a log resolution f: Z — X of (X, A). We may
write
Kz +9 = f"(Kx +A) + Ey,

where ¥ > 0 and Ey > 0 have no common components, Ey is f-
exceptional and f,¥ = A. We may write ¥ = ¥; + U, where every
component of Uy has coefficient less than one and every component of
W, has coefficient at least one. Let E; be the sum of the components of
W, which are exceptional. Pick > 0 such that K, + V3 is kawamata
log terminal, where W3 = W, + §F;. Let g: Z --» Y be a log terminal
model of Kz + V3 over X, whose existence is guaranteed by . If
m:Y — X is the induced birational morphism then we may write

Ky +T =7n"(Kx+A)+ E,

where I' = g, (V+0E,) > 0, E = g.(Ey+0E;) > 0 and Ky + I3 is nef
over X, where I's = ¢, V3. If E # 0 then by there is a family
of curves ¥ C Y contracted by m, which sweeps out a component of £
such that F-¥ < 0. Since E and I' —I's have no common components,
(I'—T'3)-3 > 0, so that (Ky +1I'3)-¥ < 0, a contradiction. Thus E = 0,
in which case I's = I'; and no component of I'y is exceptional. O

Lemma 10.2. Let (X, A) be a quasi-projective divisorially log terminal
pair and let S be a component of the support of A.

Then there is a small projective birational morphism n:Y — X,
where Y 1s Q-factorial and =T is nef over X, where T 1is the strict
transform of S.

In particular if ¥ 1s a curve in 'Y which is contracted by m and X
intersects T' then ¥ is contained in T.

Proof. By (2.43) of [22] we may assume that (X,A) is kawamata log
terminal. Let f: Z — X be a log terminal model of (X, A) over X,
let U be the strict transform of A and let R be the strict transform
of S. Let g: Z --» Y be a log terminal model of K; + ¥ — eR over
X, for any € > 0 sufficiently small. As U — ¢R is big over X and
Kz + ¥ is kawamata log terminal, and imply that we
may assume that Y is independent of e. In particular —7T is w-nef,
where 7: Y — X is the induced morphism. O

Proof of (1.4.5). We work locally about S. Let a be the log discrepancy
of Ks+© and let b be the minimum of the log discrepancy with respect
to Kx + A of any valuation whose centre on X is of codimension at

least two. It is straightforward to prove that b < a, cf. (17.2) of [21].
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If B is a prime divisor on S which is not a component of © then the
log discrepancy of B with respect to (5, 0) is one, so that a < 1. In
particular we may assume that b < 1.

By the main theorem of [13], (X, A) is log canonical near the image
of S if and only if (S,0) is log canonical and so we may assume that
(X, A) is log canonical and hence b > 0.

Suppose that (X, A) is not purely log terminal. By we may
find a birational projective morphism 7: Y — X which only extracts
divisors of log discrepancy zero and if we write Ky + 1" = 7*(Kx + A),
then Y is Q-factorial and Ky is kawamata log terminal. By connected-
ness, see (17.4) of [21], the non kawamata log terminal locus of Ky +I'
contains the strict transform of S and is connected (indeed the fibres
are connected and we work locally about S). Thus we are free to re-
place X by Y and so we may assume that X is Q-factorial and Kx is
kawamata log terminal.

Suppose that (X,A) is purely log terminal. By there is a
birational projective morphism 7: Y — X such that Y is Q-factorial
and the exceptional locus over S is contained in the strict transform of
S. Replacing X by Y, we may assume that X is Q-factorial.

We may therefore assume that X is Q-factorial and Kx is kawamata
log terminal. Let v be any valuation of log discrepancy b. Suppose
that the centre of v is not a divisor. By there is a birational
projective morphism 7: Y — X which extracts a single exceptional
divisor E corresponding to v. Since X is Q-factorial, the exceptional
locus of 7 is equal to the support of F and so F intersects the strict
transform of S. Let I' = A’+ (1 —b)E, where A’ is the strict transform
of A. Then Ky + T = 7*(Kx + A).

Replacing X by Y we may therefore assume there is a prime divisor
D # S on X, whose coefficient A is 1 —b. By some component
B of © has coefficient at least 1 — b, that is log discrepancy b and so
a <b. 0

Proof of (1.4.6]). Since this result is local in the étale topology, we may
assume that U is affine. Let f: Y — X be a log resolution of (X, A),
so that the composition ¢): Y — U of f and 7 is projective. We may
write

Ky +T"=f"(Kx +A)+ E,

where IV > 0 and £ > 0 have no common components and E is
f-exceptional. If F' > 0 is a Q-divisor whose support equals the excep-
tional locus of f, then for any 0 < e < 1, (Y,I' ="+ €F) is kawamata

log terminal.
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Pick a vy-ample divisor H such that Ky + ' + H is ¢-ample. We
run the (Ky + I')-MMP over U with scaling of H. Since X contains
no rational curves contracted by 7, this MMP is automatically a MMP
over X. Since I' is big over X and termination is local in the étale

topology, this MMP terminates by ((1.4.2)).
Thus we may assume that Ky + 1" is f-nef, so that £+ ¢F" is empty,

and hence f is small. As X is analytically Q-factorial it follows that f
is an isomorphism. But then 7 is a log terminal model. 0
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