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Chapter 1

Algebraic varieties with
boundaries

In this chapter, we introduce basic concepts of algebraic varieties with
boundaries, where a boundary of an algebraic variety in this book is a di-
visor with real coefficients. Using the language of numerical geometry, we
define cones of curves and cones of divisors. According to the Hironaka
desingularization theorem, it is possible to use birational modifications to
make algebraic varieties smooth and divisors normal crossing. We focus on
adjoint divisors of algebraic varieties with boundaries, and introduce defini-
tions of KLT pairs and DLT pairs. We explain how to use the covering trick
to generalize the Kodaira vanishing theorem for smooth projective varieties
to KLT or DLT pairs. Also we discuss the classification of algebraic varieties
and singularities in lower dimensions.

1.1 Q-divisors and R-divisors

The linear equivalence class of a divisor defines a coherent sheaf associated
to this divisor which is called its divisorial sheaf. In many situations in
algebraic geometry, we deal with coherent sheaves. But in this book, we
mainly focus on divisors. It is like dealing with differential forms themselves
instead of cohomology classes of differential forms in differential geometry.

Fix a base field k. An algebraic variety X is an irreducible reduced
separated scheme of finite type over k.

An algebraic variety X is said to be non-singular if for every point P on
X, the local ring Ox p of the structure sheaf Ox at P is a regular local ring.
A point P with this property is called a non-singular point of X. In this
book we mostly work over a field of characteristic zero, and we will mainly
use the word smooth instead of non-singular. When dim X = n, X is smooth
if and only if for every closed point P on X, the maximal ideal mp of Ox p

11
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is generated by n elements x1,...,x,. Such z1,...,x, are called the reqular
system of parameters or local coordinates. If k = C, this is equivalent to that
the set of closed points of X forms a complex manifold. For an algebraic
variety X, the set of all smooth points Reg(X) is a non-empty open subset
of X, and its complement Sing(X) = X \ Reg(X), which is a proper closed
subset of X, is called the singular locus.

An algebraic variety X is said to be normal if the local ring at every
point is an integrally closed domain. Since normal local rings of dimension
1 are regular, the singular locus of a normal algebraic variety is a closed
subset of codimension at least 2. Every algebraic variety X can be easily
modified into a normal one: there is a unique finite morphism f : X¥ — X
from a normal algebraic variety which is isomorphic over Reg(X), which
is called the normalization of X. Normality can be determined by Serre’s
criterion ([102]):

Theorem 1.1.1. An algebraic variety X is normal if and only if the fol-
lowing 2 conditions are satisfied:

(1) (Ry) Its singular locus is a closed subset of codimension at least 2.

(2) (S2) For any open subset U and any closed subset Z of codimension at
least 2, the restriction map I'(U,Ox) — I'(U \ Z,Ox) is bijective.

From now on we always assume that X is a normal algebraic variety.

A prime divisor on X is a closed subvariety of codimension 1. A divisor is
a formal finite sum of prime divisors D = > d;D;. Unless otherwise stated,
the coefficients d; are integers, and D; are distinct prime divisors. In other
words, divisors are elements in the free abelian group Z'(X) generated by
all prime divisors on X. D is said to be effective if all coefficients d; are non-
negative. D is said to be reduced if all coefficients d; = 1. For two divisors
D, D', we write the inequality D > D’ if D — D’ is an effective divisor.

Let D be a prime divisor on X and P be the generic point of D, then
the local ring Ox p is a discrete valuation ring with quotient field k(X). For
a rational function h € k(X)*!11-0-1 the divisor div(h) is defined as

div(h) = > wvp(h)D,

which is known to be a finite sum. Here the sum runs over all prime divisors
D, P is the generic point of the prime divisor D, and vp is the valuation of
the discrete valuation ring Oy p. Any divisor of the form div(h) for some
h € k(X) is called a principal divisor.

For a divisor D, the corresponding divisorial sheaf Ox (D) is defined as
the following: for any open subset U of X,

T(U,0x(D)) = {h € k(X)* | div(h)|y + D|y >0} U {0}.1:1:02

1.1.0.1
1.1.0.2

corrction
correction
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Also we define
H°(X,D) = H°(X, Ox(D)).

If a non-zero global section s of Ox (D) corresponds to a rational function
h, we define the divisor of s by

div(s) = div(h) + D,

which is an effective divisor. Generally we can also define the divisor div(s)
of a rational section s of Ox (D) similarly, but in this case div(s) is not
necessarily effective. For example, if we take s; to be the rational section
corresponding to the rational function h = 1, then div(s;) = D. Let n be
the generic point of X, then there is an isomorphism (Ox (D)), = Ox,,.
Also since by taking dual, we have

Ox(D)* = HOHI(OX(D), Ox> = Ox(—D),

the divisorial sheaf Ox (D) is a reflexive sheaf of rank one. A reflexive sheaf
is a coherent sheaf which is isomorphic to its double dual.

A divisor is called a Cartier divisor if its divisorial sheaf is invertible.
In other words, this is to say that this divisor is a principal divisor in a
neighborhood of each point P. To distinguish from Cartier divisors, we call
a divisor by a Weil divisor or an integral divisor. Denote by Div(X) the
set of all Cartier divisors. There is an inclusion Div(X) C Z1(X), and they
coincide if X is smooth.

Two divisors D, D’ on X are said to be linearly equivalent, denoted by
D ~ D', if D— D' is a principal divisor. Note that D ~ D’ if and only
if there is an isomorphism Ox (D) = Ox(D’). In other words, divisorial
sheaves can be viewed as linear equivalence classes of divisors. Here D, D’
are not necessarily Cartier divisors.

We also have the relative version as follows. Given a morphism f :
X — S between algebraic varieties, two divisors D, D’ on X are said to be
relatively linearly equivalent over S, and denoted by D ~g D', if there exists
an open covering {S;} of S such that D|g, ~ D’|g, after restriction over each
S;. Here we remark that in some other references, D, D’ are defined to be
relatively linearly equivalent over S if there exists a Cartier divisor B on
S such that D ~ D’ + f*B. In general these two definitions are not the
same and our definition is weaker. But under certain condition, for example
when f is proper surjective with connected geometric fibers, it is easy to see
that these two definitions coincide. This condition on f is very natural in
applications.

A closed subset B on a smooth algebraic variety X is called a normal
crossing divisorif at each closed point P there are local coordinates z1, ..., 2z,
of the local ring Ox p and an integer 1 < r < n such that B is defined by
the equation z; ...z, = 0 locally around P. In this case, every irreducible
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component of B is smooth, and the union of several irreducible components
of B is again a normal crossing divisor. Given an algebraic variety X and a
closed subset B, the set of points in a neighborhood of which X is smooth
and B is a normal crossing divisor is an open subset of X, which is denoted
by Reg(X, B). The complement set Sing(X, B) = X \ Reg(X, B) is called
the singular locus of (X, B).

Remark 1.1.2. A normal crossing divisor defined above is also called a
simple normal crossing divisor in many references.

If X is a complex algebraic manifold and zy, ..., 2z, are local coordinates
on X" as the complex manifold associated to X, then a normal crossing
divisor B defined as above is not necessarily a simple normal crossing divisor
in the algebraic setting. In fact, irreducible components of B may have self-
intersection. So we use the term “simple” in the algebraic setting in order
to distinguish with the analytic setting.

For example, consider the closed subset defined by the equation z? +
y? +y3 = 0 in the affine plane C? with coordinates z,y. It is irreducible
and has self-intersection at the point (0,0). It is a normal crossing divisor
on the complex manifold C2, but not a simple normal crossing divisor.

One feature of this book is to consider divisors with not necessarily
integer coefficients. Let X be a normal algebraic variety. If the coefficients d;
in D =) d;D; are rational numbers (respectively, real numbers), then D is
called a Q-divisor (respectively, an R-divisor). Note that a Q-divisor is also
an R-divisor. Those are elements in Z!(X)® Q or Z!(X) ® R respectively,
and these vector spaces are usually denoted by Z!(X)q are Z!(X)r. We
will see soon that the range of discussion of birational geometry is expanded
widely by considering Q-divisors and R-divisors.

Let D = > d;D; be an R-divisor on X, where D; are distinct prime
divisors. D is said to be effective if all coefficients d; are non-negative. D
is said to be reduced if all coefficients d; = 1. For two R-divisors D, D', we
write the inequality D > D’ if D — D’ is an effective divisor. The support
of D is the union of all D; with d; # 0, and is denoted by Supp(D). In this
situation, set DT =37, g d;D; and D™ =", _((—d;)D;, then D and D~
are effective R-divisors with no common components and D = Dt — D™,
D%, D~ are called the positive part and negative part of D respectively.

Given two R-divisors D = Y .d;D; and D' = Y, d/D;, define their
maximum to be max{D,D’'} = . max{d;,d;}D;. For example, Dt =
max{D,0}, D~ = max{—D,0}. Similarly we can define min{D, D’} =
>, min{d;, d;} D;. The round up (respectively, round down) of an R-divisor
is defined via the round up (respectively, round down) of coefficients:

"D7=> d;"'D;, D= id;.D;.

A Q-divisor (respectively, an R-divisor) is said to be Q-Cartier (respec-
tively, R-Cartier) if it is an element of Div(X) ® Q (respectively, Div(X) ®
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R). Note that if a Q-divisor is R-Cartier, then it is automatically Q-Cartier.
For a Q-Cartier divisor D, there exists a positive integer m such that mD is
a Cartier divisor. However, this is not true for R-Cartier divisors in general.
X is said to be factorial (respectively, Q-factorial), if all Weil divisors on
X are Cartier divisors (respectively, Q-Cartier divisors), in other words, if
Div(X) = Z1(X) (respectively, Div(X)q = Z}(X)q)-

Two R-divisors D, D" are said to be R-linearly equivalent, denoted by
D ~r D', if D — D’ can be written as an R-linear combination of princi-
pal divisors. The relative version and Q-linear equivalence can be defined
similarly.

Remark 1.1.3. Recently considering R-divisors becomes essential to the
development of the minimal model theory. This book can be viewed as a
revised version of [32], in which only Q-divisors are treated. Already in
[64], R-divisors played a central role. The divisorial Zariski decomposition
(which is called the sectional decomposition in [(64]) is defined via limits of
Q-divisors, where R-divisors appear naturally. Moreover, it is proved in
[63] that the existence of Zariski decomposition (in a good sense that the
positive part is nef) as R-Cartier divisors implies the finite generation of
canonical rings. Unfortunately, this paper was classified in “Affine algebraic
geometry” session instead of “Threefolds” session since the word “log” did
not have a proper citizenship at that time.

Example 1.1.4. We give examples for a Q-Cartier Weil divisor which is
not Cartier and a Weil divisor which is not Q-Cartier.

(1) Let X be the hypersurface defined by the equation zy = 22 in 3-

dimensional affine space A® with coordinates z,y,z. It is a surface
with an ordinary double point at the origin (0,0,0). The line D defined
by x = z = 0 is a prime divisor on X. At lease 2 equations are needed
to define D in X, so D is not a Cartier divisor. On the other hand, we
have div(z) = 2D on X, so D is Q-Cartier.

(2) Let X be the hypersurface defined by zy = zw in A* with coordinates
z,y,z,w. It is a 3-fold with an ordinary double point at the origin
(0,0,0,0). The 2-dimensional linear subspace D; defined by z = 2z =0
is a prime divisor on X, which is not a Q-Cartier divisor (see Exam-
ple 1.2.4). It is the same for Dy defined by © = w = 0. However, the
sum D; + Dy = div(z) is a Cartier divisor. See Example 2.5.4(2) for
related discussions.

1.2 Rational maps and birational maps

Let X,Y be two algebraic varieties. A rational map f : X --+ Y is a
morphism f : U — Y from a non-empty open subset U of X. Since f might

{0oDP}

{subsection 1.2}
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not be defined on the whole X, we use dashed arrow to denote this map.
If there is another non-empty open subset U’ and a morphism f': U’ — Y
such that f and f’ coincide on U N U’, then we consider f = f’ as the
same rational map. The domain of definition of a rational map f is defined
to be the largest non-empty open subset U such that there is a morphism
f U — Y representing f. The graph of a rational map f : X --» Y is
defined to be the closure of the graph I' C U XY of the morphism f: U — Y
in XxY.

A rational map f: X --+ Y is said to be a birational map if there exist
non-empty open subsets U,V on X,Y such that f induces an isomorphism
U = V. In this situation, the inverse map f~! : Y --» X is also a (bi-
)rational map. X and Y are said to be birationally equivalent if there exists
a birational map f : X --» Y. In this case, we also say that one is the
birational model to the other.

A morphism f : X — Y is said to be a birational morphism if it is a
birational map. If U is the largest open subset of X on which f induces an
isomorphism U = V|, then Exc(f) = X \ U is called the exceptional set of
f. In this situation, V is the domain of definition of f~!. A prime divisor
contained in the exceptional set is called an exceptional divisor over Y or
an f-exceptional divisor. Generally, a divisor with all components contained
in the exceptional set is also called an exceptional divisor over Y or an
f-exceptional divisor.

For a morphism f : Y — X and a closed subset D of X, the inverse
image f~1(D) is a closed subset of Y. In this book, f~!(D) only means
the set-theoretic inverse image, and we forget about its scheme structure.
However, for a divisor we can define its direct image and inverse image as
the following.

Firstly we define the inverse image or pullback of a Cartier divisor.

Given a morphism f : Y — X and an invertible sheaf L on X, we can
always define the pullback f*L which is an invertible sheaf on Y. On the
other hand, for a Cartier divisor D on X, we can define its pullback only
if the image f(Y') is not contained in the support of D. In this situation,
the pullback f*D is defined by pulling back the local functions defining D.
If D is given by a rational section s of the invertible sheaf Ox (D), then
the pullback f*D is give by the rational section f*s of the invertible sheaf
f*Ox (D).

For an R-Cartier divisor D, if we write it as an R-linear combina-
tion of Cartier divisors D = > d;D;, then we can define the pullback by
f*D =>"d;f*D;. Here D; are Cartier divisors, not prime divisors. In other
words, the pullback of R-Cartier divisors can be defined by extending the
coefficients of the pullback morphism f* : Div(X) — Div(Y) of Cartier di-
visors. Note that this definition does not depend on the expression of D.
The pullback f*D is also called the total transform of D.
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On the other hand, we can not define the pullback for non-R-Cartier
divisors in general. However, if the morphism f : Y — X is a birational
map, we can define another form of “pullback” (the strict transform by
inverse map f~!) as the following.

Let f: X --+ Y be a birational map and D a prime divisor on X. For
the domain of definition of U, if DNU # 0, then the image (f|y)(DNU) is
a locally closed subvariety of Y. If its closure is a prime divisor on Y, then
we denote the closure by f.D; If DNU = () or the image (f|y)(DNU) has
codimension at least 2, then we set f,D = 0. Here f.D is called the strict
transform or birational transform of D. Generally for R-divisors, we consider
the linear map f. : Z'(X)r — Z'(Y)r by extending the coefficients, the
definition is extended by linearity f.(> d;D;) = > d; f«(D;).

Example 1.2.1. Given a projective birational morphism f : Y — X, for
any prime divisor D on X, the strict transform f_'D on Y is again a prime
divisor, which is not 0. In fact, the inverse map f~! is well-defined at the
generic point of D, and there is no prime divisor contracted by f~', hence
the strict transform is a prime divisor.

Remark 1.2.2. A birational map f : X --+ Y between normal algebraic
varieties induces an isomorphism between function fields k(X ) = k(Y'). For
a prime divisor D on X whose strict transform f,D is non-zero, this iso-
morphism identifies the local rings at generic points of D and f.D. When
regarding birationally equivalent algebraic varieties as the same, we identify
the divisors defining the same discrete valuation ring, which is equivalent to
identifying divisors connected by strict transforms.

A birational map f : X --» Y is said to be surjective in codimension 1
if the map f, : Z1(X) — Z(Y) is surjective, that is, for any prime divisor
E C Y there is a prime divisor D on X such that F = f,D. Moreover, it is
said to be isomorphic in codimension 1 if the map fi : ZHX) — ZY(Y) is
bijective. The minimal model theory mainly deals with the phenomenon in
codimension one, so these maps play important roles.

Example 1.2.3. A classical example of biratonal maps is a blowing up. A
blowing up is obtained by glueing the following local construction.

(1) Define the rational map f: X = A" -——» Y = P" ! by f(z1,...,2,) =
[x1 @ -+ : z;]. Let Z be the linear subspace of X defined by z; =

- =z, = 0, then the domain of definition of f is U = X \ Z. The
graph X’ C X x Y of f is defined by z;y; = zjy; (1 <14,5 <r) where

Y1, --.,Yr are the homogenous coordinates of Y. The first projection

p : X' — X is the blowing up along center Z. E = p~'(Z) is the
exceptional set of the birational morphism p, which is a prime divisor.
Moreover, E = Z xP"~! and p induces an isomorphism X'\ F — X\ Z.

In this case p is surjective in codimension 1, but p~! is not.

{blowup}
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(2) Let X1 be a subvariety of X which is not contained in Z. The strict
transform X| = p;!1(X1) of Xj is the closure of p~1(X; \ Z). In this
case, p| = p|X{ : X1 — X; is the blowing up of X; along center Z N X;.
In particular, the case Z C X; is important. Since X1 ¢ Z, p; is a
birational morphism. However, the exceptional set Exc(p;) does not
necessarily coincide with E N X{. For example, consider n = 4, r = 2,
X; C A* is the subvariety defined by xiz3 + xozs = 0. This is the
situation in Example 1.1.4(2). In this case, Z C X1, the exceptional set
C of p; : X] — X is isomorphic to P!, and p;(C) is the origin. Hence
p1 is isomorphic in codimension 1, and so is pl_l.

Example 1.2.4. Consider the situations in Example 1.1.4.

(1) For a Q-Cartier Weil divisor which is not Cartier, the pullback might
not be a Weil divisor but only a Q-divisor. The blowing up f: X/ — X
of X along the origin Z = (0,0,0) gives a resolution of singularities.
The exceptional set C C X’ is isomorphic to P!. We have f*D =
fi'D + 1C. The projection formula (f*D - C) = (D - f.C) stated
later (before Proposition 1.4.3) can be confirmed by the following facts:
(fr'D-C) =1, (C?) = =2, f.C = 0.

(2) Non-Q-Cartier divisor can not be pulled back according to the projec-
tion formula. Consider the blowing up p; : X; — X; in the end of
Example 1.2.3(2). We change the notation by f : X’ — X. Then X’
is smooth, the exceptional set C' C X’ is isomorphic to P!, and p; is
isomorphic in codimension 1. If the pullbacks f*Di, f*Ds of Dy, Do
would exist, they would have to coincide with the strict transforms
f1Dy, f71Dy since there is no exceptional divisor. However, inter-
secting with C, (f,'D1-C) = —1, (f7'Ds - C) = 1. This violates the
projection formula (f*D - C) = (D - f.C) since f.C = 0.

A coherent sheaf F' on an algebraic variety X is said to be generated
by global sections if the natural homomorphism H°(X,F) ® Ox — F is
surjective.

For a Cartier divisor D, its complete linear system is defined by |D| =
{D"| D~ D" > 0}, and its base locus is defined by Bs | D| = (¢ p| Supp(D’).
When Bs|D| =0, |D| is said to be free, which is equivalent to that the cor-
responding coherent sheaf Ox (D) is generated by global sections. Here D
is also said to be free if |D] is free, and D is said to be semi-ample if there
exists a positive integer m such that mD is free.

More generally, a finite dimensional linear subspace V c HY(X, D) cor-
responds to a (not necessarily complete) linear system A = {div(s) | s €
V\{0}}. The base locus of A is defined similarly by Bs A = (5, Supp(D’),
and A is said to be free if Bs A is empty, which is equivalent to that the nat-
ural homomorphism V ® Ox — Ox(D) is surjective.
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The fized part of a linear system A is the effective divisor F' = minpcp D'.
In other words, I is the maximal divisor such that F' < D’ for all D’ € A.
In this case, the image of the natural injection H°(X, D — F) — H°(X, D)
contains V. Being viewed as a subspace of H*(X, D — F), V corresponds
to the linear system A’ = {D’ — F | D' € A}, which is called the movable
part of A. We write A = A’ + F. Usually A’ and F are denoted by Mov A
and Fix A respectively. By definition, the support of F' coincides with the
codimension one components of Bs A.

If we assume moreover that X is proper, then A is isomorphic to the
projective space P(V*) := (V\{0})/k* as an algebraic variety. A non-empty
linear system A induces a rational map ®, : X --» P(V) := (V*\{0})/k* to
its dual projective space. The domain of definition of ®, contains U = X \
BsA; for P € U, @ (P) is the point in P(V') corresponding to the hyperplane
{s € V| s(P) = 0} of V. In other words, if we take a basis s1,$2,...,8m €
V', then we can define ®5(P) = [s1(P) : s2(P) : -+- : s;(P)] € P(V). Note
that here s;(P) is not a well-defined value, but [s1(P) : sa(P) : -+ : s (P)]
is a well-defined point as long as P € U. In particular, when A is free, ®, is
a morphism. The rational map given by the movable part of a linear system
coincides with the rational map given by the original linear system.

For a morphism f:Y — X and a linear system A on X, the pullback is
defined by f*A = {f*D’ | D' € A}. If there is a morphism to a projective
space, a free linear system can be obtained by pulling back the linear system
consisting of all hyperplanes.

The base locus of a linear system can be removed in the following sense:

Proposition 1.2.5. Let A be a linear system of Cartier divisors on a normal
algebraic variety X. Then there exists a projective birational morphism f :
Y — X from a normal algebraic variety Y such that the pullback has the
form f*A = Ay + F where F is the fixzed part of f*A and the movable part
A1 is free.

Proof. Let V.C H°(X, D) be the linear subspace corresponding to A. The
image of the natural map V ® Ox — Ox (D) can be written as IOx (D)
where [ is an ideal sheaf on X. Take f to be the normalization of the blowing
up of I, then the inverse image ideal sheaf 1Oy is an invertible sheaf on Y,
and the image of f*V ® Oy — Oy (f*D) can be written as Oy (f*D — F) for
some effective divisor F. Since the natural map f*V @ Oy — Oy (f*D —F)
is surjective, the linear system Ay = f*A — F is free and F is the fixed part
of f*A. O

For an R-divisor D on a normal proper algebraic variety X, the set of
global sections H%(X,_D.) is a finite dimensional k-linear space. Consider-
ing all natural number multiples mD and taking direct sum, we define the
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section ring of D by

R(X,D) = é H(X,LmD.J).

m=0

Here m runs over all non-negative integers. It admits a graded k-algebra
structure defined by

H(X,umDJ) ® H*(X,.m'DJ) — H°(X,_(m +m')DJ)

since
vmDa+um'Da < L(m + ’I?’L/)DJ.

The Ilitaka—Kodaira dimension of an R-divisor can be defined by the tran-
scendental degree of the section ring:

<X, D) = {tr.degk R(X,D)—1 if R(X,.D) £k,
—00 otherwise.

The litaka—Kodaira dimension takes value among —o0,0,1,...,n = dim X.
When it takes the maximal value, that is, when (X, D) = dim X, D is said
to be big. For example, ample divisors are big.

If R(X, D) =k, that is, H*(X,_.mD_) = 0 for any m > 0, then x(X, D)
is defined to be —oco instead of —1. This definition is reasonable by the
following lemma;:

Lemma 1.2.6 ([19, Theorem 10.2], [123, Theorem I1.3.7]). There exist pos-
itive real numbers c1,co such that for any sufficiently large and sufficiently
divisible integer m,

crm™ D) < dim HO(X7 vmD_J) < comXD),

Remark 1.2.7. Canonical ring is the section ring of the canonical divi-
sor, which is proved to be finitely generated for smooth projective varieties
([15]), and one of the main goals of this book is to explain the proof. How-
ever, in general the section ring R(X, D) of a divisor D is not necessarily
finitely generated. There exist examples such that the anti-canonical ring
(i.e. the section ring of the anti-canonical divisor —Kx ) of a smooth projec-
tive surface is not finitely generated ([132], see also Example 2.4.8). Also,
the anti-canonical ring R(X, —Kx) is not a birational invariant.

The relative version is as follows. Let f : X — S be a proper morphism
from a normal algebraic variety. The relative global sections of a coherent
sheaf F' on X are given by the direct image sheaf f,F. F is said to be
generated by relative global sections if the natural homomorphism f*f,F —
F is surjective. A Cartier divisor D on X is said to be relatively free if the
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corresponding coherent sheaf Ox (D) is generated by relative global sections.
D is said to be relatively semi-ample if there exists a positive integer m such
that mD is relatively free.

For an R-divisor D on X, the direct image sheaf f,(Ox(LDJ)) is a
coherent Og-module. The relative section ring of D is defined by the direct
sum

(o0}
R(X/S,D) = @ £.(Ox(mD.)),
m=0
which is a graded Og-algebra.

The relative litaka—Kodaira dimension is defined by the litaka—Kodaira
dimension of the generic fiber. Here we always assume that f is surjective
with irreducible geometric generic fiber, and define

k(X/S, D) = k(Xy, D|x,)-

Here X, is the generic fiber which is the fiber of f over the generic point
n of S, and Xj is the geometric generic fiber which is the base change of
X, to the algebraic closure of k(S). D is said to be relatively big or f-big if
k(X/S,D) = dim Xj. In Section 1.5.1 we will give an equivalent definition
for (relative) bigness using Kodaira’s lemma (Corollary 1.5.10).

1.3 Canonical divisors

A normal algebraic variety X is automatically associated with a Weil divisor
K x which is called the canonical divisor. Kx is the key player of this book.
The canonical ring is the section ring of the canonical divisor. The minimal
model program is a sequence of operations that “minimizes” the canonical
divisor.

As X is normal, the singular locus Sing(X) is a closed subset of X
of codimension at least 2. Since the complement set U = X \ Sing(X)
is smooth, the sheaf of differentials Qﬁ( Ik is a locally free sheaf of rank

n = dimX over U. The determinant wy = det(Q} /k|U) is an invertible
sheaf on U. Taking a non-zero rational section 0y of wy, we get a canonical
divisor Kyy = div(fy) of U. Since X \ U contains no prime divisors of X,
the restriction map of divisors Z'(X) — ZY(U) is bijective. Denote by
Kx € Z}(X) the corresponding divisor of Ky € Z!(U), which is called the
canonical divisor of X.

Remark 1.3.1. (1) By construction, Kx depends on the choice of 6.
However, traditionally arguments proceed as if the canonical divisor
is a fixed one. Anyway, in this book, all discussions are independent of
the choice of fy. On the other hand, the corresponding divisorial sheaf
wx = Ox(Kx) is uniquely determined. It is called the canonical sheaf.
The canonical sheaf wx is a natural subject.
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(2) In this book, the following situation appears frequently: let f: Y — X
be a birational morphism between normal algebraic varieties and B an
R-divisor on X such that Kx + B is R-Cartier. Consider the pullback
f*(Kx + B). By using the isomorphism between function fields f* :
kE(X) — k(Y), we can take the same rational differential form 6 which
defines Kx and Ky (in particular, Kx = f.Ky), then the R-divisor C'
can be defined by f*(Kx+B) = Ky +C. Here C is uniquely determined
as the sum of the strict transform f~'B and an R-divisor supported on
the exceptional set of f.

We will discuss general boundary divisors later. Here we consider such
a pair when X is a smooth algebraic variety and B = > B; is a normal
crossing divisor. Let n = dim X. The sheaf of differentials QY (log B)
with at most logarithmic poles along B is naturally defined as a locally
free sheaf of rank n with the following property. For any closed point
P ¢ X, choose a regular system of parameters zi,...,x, of the local
ring Ox p such that the local equation of B is x;---x, = 0 for some in-
teger r. In this case, the stalk Qﬁ((log B)p is a free Ox p-module with
basis dxi/x1,...,dz, [z, dxry, ..., dx,. The determinant Q% (log B) of
0% (log B) is isomorphic to Ox(Kx + B). Therefore Kx + B is called the
logarithmic canonical divisor or just log canonical divisor. This is the origin
of the terminology “log”.

In general, a log canonical divisor K x+ B is a sum of the canonical divisor
and an effective R-divisor. Usually certain conditions on singularities will be
imposed on the pair (X, B), which will be discussed later. The log canonical
ring is defined to be R(X, Kx+ B), and the log Kodaira dimension is defined
to be k(X, Kx + B).

Let X be a smooth projective variety. R(X) = R(X, Kx) is the canonical
ring of X. Pp(X) = dim HY(X,mKy) is called the m-genus, which is
an important birational invariant having been studied for a long time. Its
growth order (X, Kx) is called the Kodaira dimension, sometimes is simply
denoted by x(X). X is said to be of general type if Kx is big.

When doing induction on dimensions, one key is the adjunction formula.

Let D be a smooth prime divisor on a smooth algebraic variety X. Then
the log canonical divisor on X and the canonical divisor of D are connected
by the following adjunction formula:

(Kx+D)|D = Kp.

In this formula, Kx|p and D|p have no natural meaning, but their sum
does. The adjunction is given by the map

Resp : Q% (log D) — Q5
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which is induced by the residue map
Resp : Q¥ (log D) — Op

and the restriction map Q}( — Q}j. The residue map is a natural map
which is independent of the choice of coordinates. Therefore, the adjunction
formula is also a natural formula. Note that this adjunction formula still
holds if D is normal and D NSing(X) has codimension at least 2 in D, as we
can first apply the above adjunction formula to D \ Sing(X) C X \ Sing(X),
then extend it to D by normality. 1301

When D is not a prime divisor but a normal crossing divisor, if taking
an irreducible component D; of D and write E = (D — Dy)|p,, then we have
the adjunction formula

(Kx +D)‘D1 =Kp, + E.

Here the restriction FE is well-defined since the intersection of D — D7 and
D1 is of codimension one on Dj.

More generally, we can consider the adjunction formula as a relation
between canonical divisors of relevant varieties. For example, consider a
surjective finite morphism f : Y — X between smooth algebraic varieties
whose ramification locus is a smooth prime divisor D on X with ramification
index m. The set-theoretic inverse image E = f~!(D) is a prime divisor on
Y and f*D = mFE. In this case, the ramification formula or the adjunction
formula related to the ramification is the following:

Ky = f*KX + (m— 1)E

If written as
m

Ky = f*(Kx + 7117),
m
then it looks like the adjunction formula for subvarieties. The latter formula
is the origin of considering boundary divisors with rational coefficients. Also,
if you write
Ky + E = [*(Kx + D),

you will find that “ramification is killed by log setting”.

As another example of the adjunction formula, consider the blowing up
of an n-dimensional smooth algebraic variety X along an r-codimensional
smooth subvariety Z. The blowing up f : Y — X is a birational morphism
with exceptional set E a prime divisor isomorphic to a P"~!-bundle over Z.
The relation of canonical divisors is given by

Ky = f*KX + (7" — l)E.

13017 added this sentence.
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As can be seen in the following example, if X is a singular normal al-
gebraic variety and a prime divisor D on X intersects Sing(X) such that
DNSing(X) contains an irreducible component of codimension 1 on D, then
the singularities contribute to the adjunction formula. This phenomenon is
called the subadjunction formula, which is very important.

Example 1.3.2. Let X be the quadric surface defined by zy + 22 = 0
in projective space P3 with homogenous coordinates z,y,z,w. X has a
singularity at [0: 0: 0 : 1]. Let H be a hyperplane section, then Kx ~ —2H.
The projective line L defined by x = z = 0 is a prime divisor on X. We
have div(z) = 2L on X, hence L ~q 2 H. Therefore (Kx +L)|;, ~q —3H]|L
since L|f, ~q %H|L On the other hand, Kj ~ —2H|r. Therefore we have
the subadjunction formula (Kx + L)|;, = K + 3 H|., (see Remark 1.11.14).

1.4 Intersection numbers and numerical geometry

Problems in algebraic geometry are equivalent to solving simultaneous poly-
nomial equations, which are highly nonlinear. Numerical geometry attempts
to linearize those using intersection numbers. In the following two sections,
we explain basic definitions in numerical geometry. In Chapter 2, we explain
the base point free theorem and the cone theorem which are important in
numerical geometry. The explanation here is according to Kleiman [30].

All definitions here will be for a proper morphism f : X — S between
algebraic varieties over a field k. In the case S = Speck, the definitions
are for a proper algebraic variety X. We use words “relative” or “over S”
to keep in mind this setting. In the case S = Speck, those words will
be removed. For simplicity, one can just consider S = Speck and ignore
the word “relative”, the context will be almost the same. However, it is
indispensable to consider the relative version in applications.

In the following definition, k is an arbitrary field, and X is of finite type
over k, not necessarily irreducible or reduced. However, when considering
Cartier divisors, X is always assumed to be a normal algebraic variety.

A closed subvariety Z on X is called a relative subvariety over S if f(Z)
is a closed point of S. In particular, if dim Z = 1, it is called a relative curve
over S. Denote dim Z = ¢ and take ¢ invertible sheaves Li,...,L; on X.
Then the intersection number (L --- Ly - Z) is defined as the coefficient of
the following polynomial ([86, p.296])

X(Z, L™ @ @ L™ @ Og) = (Ly -+ Ly - Z)my - --my + (other terms).
Here mq, ..., m; are variables with integer values, and

X(Z,0) = (~1)F dim; H?(Z, o)
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is the Fuler—Poincaré characteristic. Here note that X itself is not necessar-
ily proper, but Z is proper as f(Z) is a point, hence the cohomology groups
of coherent sheaves on Z are finite dimensional.

The intersection number (Lj--- Ly - Z) takes integer value, and it is a
symmetric ¢-linear form with respect to Ly, ..., L; ([36, p.296]). That is, it
is independent of order of L;, and

(L™ @ L®™) . Ly Z) = na(Ly - Ly - Z) + 0y (L} -+ Ly - 2).
For Cartier divisors D1, ..., Dy, define
(D1-+-Dy-Z)=(Ox(D1) - Ox(Dy) - Z).

In particular, when dim Z = 1, taking v : Z¥ — Z'491 to be the normal-
ization where Z" is a smooth projective curve, then by the Riemann—Roch
theorem,

(D1 - Z) = degz (v (Ox (D1)]2))-

When Z = X, we simply write (Dy---Dy) = (Dy--- Dy - X). If moreover all
D; are the same D, then write (D; -+ D;) = (DY).

By multi-linearity, the definition of (Dj--- Dy - Z) can be extended to
the case when D; are R-Cartier divisors, which takes value in real numbers.

Remark 1.4.1. (1) Here we use Euler—Poincaré characteristic to give a
simple definition for intersection numbers, but the correct geometric
definition is by adding up local intersection numbers to get the global
intersection number. This is how intersection number (the number of
“intersection points”) is defined originally. Using the geometric defi-
nition, for effective R-Cartier divisors D; and a t-dimensional relative
subvariety Z, if the intersection ﬂ;zl Supp(D;) N Z is non-empty and of
dimension 0, then the intersection number is positive, and if the inter-
section is empty, then the intersection number is zero.

(2) By using intersection numbers of divisorial sheaves, we can define the
self-intersection number of a divisor, which seems to be a weird name.
For example, for an effective Cartier divisor D on an n-dimensional al-
gebraic variety, the self-intersection number (D™) can be either positive
or non-positive.

(3) In this book, a curve is an irreducible reduced projective variety of
dimension 1. The only intersection number considered in this book is
the intersection number of a Cartier divisor with a curve. Among all
curves, rational curve plays a very important role in the minimal model
theory (see Sections 2.7 and 2.8). A rational curve is a curve whose
normalization is isomorphic to P!. In general a rational curve might
have singularities and not necessarily isomorphic to P!,

L4.0-1potation changed
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Example 1.4.2. The intersection number of a divisor and a curve can
be defined if this divisor is a Q-Cartier divisor. However, the intersection
number is not necessarily an integer if the divisor is not Cartier. In general
it can not be defined if the divisor is not Q-Cartier.

Consider X as in Examples 1.1.4 or 1.2.4, and let X be its compactifi-
cation in projective space P3 or P*.

(1) X is defined by xy = 2% in P? with homogenous coordinates u, z,v, 2.
The compactification D of D is a prime divisor defined by z = z = 0. In
this case, (D?) = 3. In fact, take a plane H, then H|g ~ div(z) = 2D,
(H-D)=1.

(2) X is defined by ry = zw in P* with homogenous coordinates u, x, y, z, w.
The compactifications Dy, Dy of Dy, Dy are prime divisors defined by
x=2z=0,z=w = 0. Take curve C defined by y = 2z = w = 0.
Dy + Dy is a Cartier divisor and ((D; 4+ D2) - C') = 1. The blowing up
f1:Y; = X is isomorphic in codimension one. If intersection numbers
(D; - C) (i = 1,2) could be defined, by the projection formula stated
later (before Proposition 1.4.3), (D; - C) = (fi,'D; - f;,*C) as there is
no exceptional divisor. The right hand side can be calculated to be 1,0
for ¢+ = 1,2. This is absurd since the relations between Dq, Dy and C
are symmetric.

Two invertible sheaves L, L’ are called relatively numerically equivalent,
denoted by L =g L', if (L-C) = (L' - C) for any relative curve C. When
the base is clear, we just write L = L’. The abelian group consisting of
isomorphism classes of all invertible sheaves is denoted by Pic(X), and the
subgroup consisting of all invertible sheaves relatively numerically equivalent
to Ox is denoted by Pic”(X/S). The quotient group Pic(X)/Pic”(X/S) is
a finitely generated abelian group ([30, p.323]), which is called the relative
Neron—Severi group, and is denoted by NS(X/S). p(X/S) = rank NS(X/S5)
is called the relative Picard number. When S = Speck, it is just called the
Picard number and is denoted by p(X).

If L1 = Ox, (L1 - Lo---Ly- Z) = 0 holds for arbitrary Lo,..., L, Z
([36, p-304]). Also, for any invertible sheaf F' on a relative subvariety Z,
X(Z,F) = x(Z,F ® L) holds ([36, p.311]).

Two R-Cartier divisors D, D’ are called relatively numerically equivalent,
denoted by D =g D" or D = D', if (D-C) = (D' - C) for any relative
curve C. The numerical equivalence class of D is denoted by [D]. The
set of all numerical equivalence classes of R-Cartier divisors coincides with
NS(X/S) ® R, which is a p(X/S)-dimensional real vector space, and is
denoted by N1(X/S).

If X is a smooth complete complex manifold, D = D’ is equivalent to
having the same cohomology class [D] = [D'] € H*(X,R).

{oDP3}
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Fix an integer ¢, a finite formal linear sum of ¢-dimensional relative
subvarieties Z = ) a;Z; is called a relative t-cycle. The coeflicients a; can
be integers, rational numbers, or real numbers depending on the situation.
By linearity, intersection numbers can be defined for relative t-cycles. In
this book we only consider the case t =1 or dim X — 1.

Two relative 1-cycles C, C’ are called numerically equivalent, denoted by
C=5C"if (D-C)=(D-C") for any Cartier divisor D. The set N1(X/S)
of all numerical equivalence classes of relative 1-cycles with real coefficients
is a finite dimensional real vector space. Ni(X/S) and N'(X/S) are dual
to each other.

Let g : Y — X be a proper morphism from another algebraic variety.
For a relative subvariety Z on Y over S, the direct image g.Z as an algebraic
cycle is defined as the following: if dim g(Z) = dim Z, then ¢.Z = [k(Z) :
k(g(Z)]g(Z); if dimg(Z) < dim Z, then ¢g.Z = 0. Here g(Z) is the set-
theoretic image of Z, and [k(Z) : k(g(Z))] is the extension degree of function
fields. If g is a birational morphism, then ¢,Z coincides with the strict
transform defined before in Section 1.2.

For a relative t-cycle Z and invertible sheaves L1,...,L; on X, the pro-
jection formula

(°L1-g"Le- Z2) = (L1 -+ Le - 9:.2)

holds ([86, p.299]). In this book we often use this formula for ¢ = 1 in which
case

(9°L-C) = (L g.C).

Proposition 1.4.3 ([86, p.304]). Let f : X — S and g : Y — X be two
proper morphisms and L an invertible sheaf on X.

(1) If L =5 0, then g*L =g 0. Therefore, g induces a natural linear map
g*: NY(X/S) = NL(Y/S).

(2) Conversely, if g is surjective and g*L =g 0, then L =g 0, that is, the
pullback map g* is injective.

Proof. (1) For any relative curve C' on Y,
(gL -C") = (L-g.C")

_ JIR(C)  k(g(C)I(L - g(C")) if dimg(C) =1
0 if dimg(C”") =0.

)

which implies the statement.
(2) If ¢ is surjective, for any relative curve C' on X, there exists a relative
curve C’ on Y such that C' = g(C"), which proves the statement. O

{pullbacki}



{subsec cones}

28 CHAPTER 1. ALGEBRAIC VARIETIES WITH BOUNDARIES

Let h : S — T be a proper morphism, the identity map on Div(X)
induces a surjective linear map (1/h)* : NY(X/T) — N'(X/S). By taking
dual, (1/h)« : N1(X/S) — N1(X/T) is injective. For proper morphisms
f:X — Sand g:Y — X, the composition of g* : N}(X/S) — N1(Y/S)
and (1/f)*: N}(Y/S) — N1(Y/X) is zero map.

1.5 Cones of curves and cones of divisors

Cones and polytopes contained in finite dimensional vector spaces play im-
portant roles in this book. In Chapter 2, morphisms from algebraic varieties
can be constructed by using faces of convex cones (the cone theorem). Also
in Chapter 3, sequences of rational maps can be analyzed by looking at a
cluster of polytopes.

1.5.1 Pseudo-effective cones and nef cones

We will define the closed cone generated by numerical equivalence classes
of curves in the real vector space N1(X/S), and the closed cones generated
by numerical equivalence classes of effective divisors and nef divisors in the
dual space N1(X/S).

A subset C in a finite dimensional vector space V' is called a convex cone
if for any a,a’ € Cand r > 0, a+d € C and ra € C hold. It is called a
closed convex cone if moreover it is a closed subset.

For an element v € V* in the dual space, define Cy>0 = {v € C | (u-v) >
0}. Cyu—o and Cyu<o can be defined similarly. The dual closed convex cone of
a closed convex cone C is defined by

C* = ﬂVv*ZOZ{uév*|foranyvec’(u.v)20}‘
veC

As C is a closed convex cone, v € C is equivalent to (u-v) > 0 for all u € C*.
That is, C = C**.

Given a morphism f : X — S, an invertible sheaf L on X is called rel-
atiwely ample, or ample over S, or f-ample, if there exists an open covering
{S;} of S, positive integers m, N, and locally closed immersion g; : X; =
f71(S;) — PN x S; such that L®™|x, = g*piOpn (1) where p; : PV x S; —
P is the first projection. Here the left hand side is the m-th tensor power
of L, and the right hand side is the pullback of the invertible sheaf corre-
sponding to a hyperplane section by the first projection and ¢;. A Cartier
divisor D is called relatively ample if its divisorial sheaf is so. A morphism
admitting a relatively ample invertible sheaf is called quasi-projective. In
particular, if all immersions g; are closed immersion, the morphism is called
projective.
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Here we recall the following useful fact. Let f : X — Sandg:Y — X be
two projective morphisms, L an invertible sheaf on X, and M an invertible
sheaf on Y. Suppose that L is f-ample and M is g-ample, then ng*L + M
is ample over S for sufficiently large n ([0, 11.7.10]).

In the following, X is assumed to be normal, and the morphism f : X —
S is assumed to be projective.

In general, the convex cone consisting of numerical equivalence classes
of all effective R-Cartier divisors is neither closed nor open. This is because
there might be infinitely many prime divisors showing up when consider-
ing a limit of effective divisors in N'(X/S). The closure of this cone is
denoted by Eff(X/S), which is called the relative pseudo-effective cone, in
some literature it is denoted by Psef(X/S). An R-Cartier divisor D is called
relatively pseudo-effective if its numerical equivalence class [D] is contained
in Eff(X/S).

The set of interior points of the closed convex cone Eff(X/9) is called the
relative big cone and is denoted by Big(X/S). Recall that in Section 1.2, we
introduced the definition of an R-Cartier divisor D being relatively big or
f-big. By Kodaira’s lemma later (Corollary 1.5.8), it can be shown that an
R-Cartier divisor D is relatively big if and only if its numerical equivalence
class [D] is contained in Big(X/5).

An R-Cartier divisor D is called relatively nef or f-nefif (D -C) > 0
for any relative curve C. This is also called relatively numerically effective.
“Nef” is an abbreviation, but commonly used now. The set of numerical
equivalence classes of all nef R-Cartier divisors is a closed convex cone of
N1(X/S), which is denoted by Amp(X/S), and called the relative nef cone,
sometimes it is denoted by Nef(X/S).

The set of interior points of the relative nef cone is called the relative
ample cone and is denoted by Amp(X/S). An R-Cartier divisor D is called
relatively ample or f-ample if its numerical equivalence class [D] is con-
tained in Amp(X/S). This notation will be justified by Kleiman’s criterion
described later (Theorem 1.5.4): for a Cartier divisor D, being f-ample in
this sense is equivalent to being f-ample in the original sense. By defini-
tion, the sum of a relatively ample R-Cartier divisor and a relatively nef
R-Cartier divisor is again a relatively ample R-Cartier divisor.

In the dual space N;(X/S), the cone of relative curves is the convex
cone generated by numerical equivalence classes of all relative curves, which
is in general neither open nor closed. Its closure is called the closed cone
of relative curves, which is denoted by NE(X/S). By definition, the latter
one is the dual closed convex cone of the relative nef cone and the relative
ample cone:

Amp(X/S) = {u € N'(X/S) | (u-v) >0 for all v € NE(X/S)},
Amp(X/S) = {u € N'(X/S) | (u-v) >0 for all v € NE(X/S)}.
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Remark 1.5.1. The cones Amp(X/S) and NE(X/S) considered here con-
tain interior points, but contain no linear subspaces. This is a consequence of
f : X — S being projective and Kleiman’s criterion. For example, NE(X/.9)
contains no lines since the intersection number of a relatively ample divi-
sor with a curve class in NE(X/S) is alway positive by Theorem 1.5.4. A
relatively ample divisor is also called a polarization as it gives the positive
direction.

The structures of the relative nef cone and the closed cone of relative
curves are important themes of this book.

Proposition 1.5.2 ([36, p.337]). Let f : X — S and g : Y — X be two
projective morphisms, and L an invertible sheaf on X.

(1) If L is f-nef, then the pullback g*L is f o g-nef.
(2) If g is surjective and g*L is f o g-nef, then L is f-nef.
(3) If g is surjective, then

g"Amp(X/S) = Amp(Y/S) N g*N'(X/S).

(4) Assume that g is surjective. If moreover g is a finite morphism, then
g"Amp(X/S) = Amp(Y/S) N g*N'(X/8S),
otherwise
g"Amp(X/S) = (9Amp(Y/S)) N g"N*(X/5).
Here O is the boundary of the closed convex cone.

Proof. The proof of (1) and (2) is similar to that of Proposition 1.4.3. (3)
follows from (2).

(4) When g is a finite morphism, the pullback of a relatively ample
invertible sheaf is again a relatively ample invertible sheaf, hence the former
statement follows. On the other hand, when g is not a finite morphism, the
pullback of a relatively ample invertible sheaf is never a relatively ample
invertible sheaf, hence the latter statement follows from (3). O

It was shown that a non-finite morphism gives a face of the relative nef
cone. Conversely, there are cases where it is possible to construct a non-
finite morphism from a face of the relative nef cone; this is the contraction
theorem in the minimal model theory.

Example 1.5.3. (1) Let X be a smooth projective complex algebraic sur-
face and C a curve on X with negative self-intersection (C?) < 0. For
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any curve C’ different from C, the intersection number is always non-
negative: (C'-C”) > 0. Denote by C' C N1(X) the closed convex cone
generated by the numerical equivalence classes of all curves C’ different
from C, then the closed cone of curves NE(X) is generated by C' and
[C]. [C] & C' since (C-C") > 0 for all C" € C'. Therefore, one can see
that [C] generates an extremal ray of NE(X). Here an extremal ray £ in
a convex cone C is a 1-dimensional subcone such that if o + « € £ and
a,a € C, then a,a € £. Taking a dual, we get a face F' = Amp(X)c—o
of Amp(X). According to a result of Grauert ([35]), there exists a com-
pact complex analytic surface Y with only normal singularities and a
birational morphism f : X — Y between complex analytic surfaces such
that C' is contracted to a point. That is, f(C) is a point and there is
an isomorphism f : X \ C — Y \ f(C). However, Y is in general not
an algebraic variety. But according to a result of Artin ([7]), if C = P!,
then Y is a projective algebraic surface and f becomes a birational mor-
phism between algebraic varieties. In this sense, it may or may not be
possible to construct a morphism from a face of the nef cone.

(2) Let X be an Abelian variety, that is, a smooth projective algebraic
variety with an algebraic group structure. In this case, any prime divisor
D on X is nef, and

Amp(X) = {v e NY(X) | (v") > 0}°.

Here n = dim X and © on the right hand side means a connected com-
ponent.

1.5.2 Kleiman’s criterion and Kodaira’s lemma

In this subsection, we introduce Kleiman’s ampleness criterion. Also we
prove Kodaira’s lemma, which characterizes big divisors.

Theorem 1.5.4 (Kleiman’s criterion ([20])). For a projective morphism
f X — § between algebraic varieties, a Cartier divisor D on X is relatively
ample if and only if its numerical equivalence class is contained in the relative
ample cone Amp(X/S).

Remark 1.5.5. Kleiman’s criterion is a paraphrase of Nakai’s criterion for
projectivity and ampleness using the language of cones of divisors instead
of intersection numbers with subvarieties. In Kleiman’s criterion as well as
Nakai’s criterion, X is not necessarily assumed to be irreducible or reduced.
It is not necessarily assumed to be projective, and whether a proper scheme
is projective can be determined by whether Amp(X) is not empty.

As ampleness is an algebro-geometric property which is non-linear, we
can say that it is linearized by Kleiman’s criterion using conditions in nu-
merical geometry. This is a typical example of numerical geometry.

{Kleiman}
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An invertible sheaf L on a projective algebraic variety X induces a func-
tional hz, on the dual space N1(X). By Kleiman’s criterion, L is ample if
and only if hy, is positive on the closed cone of curves NE(X).

This condition is strictly stronger than the condition that hz(C) = (L -
C) > 0 for any curve C. We explain this by the following example:

Example 1.5.6 (Mumford’s example). Let I' be a smooth complex algebraic
curve of genus at least 2 and F a locally free sheaf on I' of rank 2 and of
degree 0. The last condition means that /\2 F = Orp. Assume that F is
stable, that is, deg(M) < 0 for any invertible subsheaf M of F. Such F' can
be constructed by using unitary representations of the fundamental group
7m1(T"). In this case, for any surjective morphism f : C' — I' from a smooth
projective curve, f*F is also stable. Let X = P(F) be the corresponding
P!-bundle over I' and L = Op(p)(1). Let Cp be a curve on X. If it is not a
fiber of f, take f : C'— I to be the composition of normalization g : C' — Cj
and the projection Cy — I'. In this case, g*L is an invertible sheaf which
is a quotient of f*F', hence its degree is positive. If Cy is a fiber of f, then
(L-Cp) =1. That is, (L - Cp) > 0 holds for any curve Cy on X. On the
other hand, (L?) = 0 since deg(F) = 0, which means that L is not ample.

The following Kodaira’s lemma gives a characterization of big divisors.

Theorem 1.5.7 (Kodaira’s lemma). (1) A Cartier divisor D on a normal
projective algebraic variety X is big if and only if there exists a positive
integer m, an ample Cartier divisor A, and an effective Cartier divisor
E such that mD = A+ E.

(2) For a surjective projective morphism f : X — S from a normal algebraic
variety to a quasi-projective algebraic variety, a Cartier divisor D on X
is relatively big if and only if there exists a positive integer m, a relatively
ample Cartier divisor A, and an effective Cartier divisor FE such that
mD =A+F.

In other words, big divisors are divisors bigger than ample divisors.

Proof. (1) As ample divisors are big, the condition is sufficient.

Conversely, assume that D is big. Denote n = dim X. Take a very
ample divisor A and a general element in its complete linear system Y € |A].
Consider the exact sequence

0— Ox(mD — Y) — Ox(mD) — Oy(mD|y) — 0.
Look at the corresponding exact sequence
0— H°(X,mD -Y) - H°(X,mD) — H°(Y,mDly),

as dimY = n — 1, the dimension of the last term is bounded by em"™~! for
some constant c. Since the central term increases by order m™ by bigness,
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the first term is not 0 for sufficiently large m. Hence there exists an effective
divisor E with linear equivalence mD—Y ~ E. In this case, A’ = mD—FE ~
Y is ample and the proof is completed.

(2) As the restriction of relatively ample divisors (resp. effective) divisors
on the generic fiber are ample (resp. effective), the condition is sufficient.

Conversely, assume that D is relatively big. By the argument of (1), for
a relatively ample Cartier divisor A, there exists a sufficiently large m such
that the direct image sheaf f,(Ox(mD — A)) # 0. Take a sufficiently ample
Cartier divisor B on S such that

HY(X,mD — A+ f*B) = H°(S, f.(Ox(mD — A)) ® Os(B)) # 0.

Then there exists an effective Cartier divisor F with linear equivalence m.D —
A+ f*B ~ E. In this case, mD — F ~ A — f*B is relatively ample and the
proof is completed. O

As a corollary, together with Kleiman’s criterion, the definition of relative
big cone is justified.

Corollary 1.5.8. For a surjective projective morphism f : X — S from
a normal algebraic variety to a quasi-projective algebraic variety, a Cartier
divisor D on X is relatively big if and only if the numerical equivalence class
[D] is contained in the relative big cone Big(X/5).

Proof. By Kleiman’s criterion and Kodaira’s lemma, D is relatively big if
and only if [D] is an interior point of closed convex cone generated by rela-
tively effective divisors. ]

Corollary 1.5.9. Amp(X/S) C Eff(X/9).

Proof. As ample divisors are big, we have an inclusion of cones Amp(X/S) C
Big(X/S). The conclusion follows by taking closures. O

Kodaira’s lemma can be generalized as the following:

Corollary 1.5.10. An R-Cartier divisor D on a normal projective algebraic
variety X is big if and only if there exists a positive integer m, an ample R-
Cartier divisor A, and an effective R-Cartier divisor E such that D = A+FE.

Proof. Assume that D = A 4+ E. Then there exists an ample Q-Cartier
divisor A’ and an effective R-Cartier divisor E’, such that we can write
A=A+ F hence D is big.

Conversely, assume that D is big. By the proof of Kodaira’s lemma, for
sufficiently large m, there exists an ample Cartier divisor A and an effective
divisor F, such that LmD_ = A+ E. Since mD — umD is effective, the
statement is proved. O

{equiv definition big}

{kod lemma R-div}



{nef big +}

34 CHAPTER 1. ALGEBRAIC VARIETIES WITH BOUNDARIES

Proposition 1.5.11. Let f : Y — X be a birational morphism between
normal projective algebraic varieties and D an R-Cartier divisor on X.
Then D is big if and only if the pullback f*D is big.

Proof. For a rational function h € k(X) = k(Y), divx(h) +mD2 > 0 is
equivalent to divx (h)+mD > 0. Here the subscript X means taking divisor
on X. The latter one is equivalent to divy (h) + mf*D > 0, which is then
equivalent to divy (h) +cmf*D.s > 0. Therefore, the natural homomor-
phism H(X,umDJ) — H°(Y,Lmf*D.) is bijective, and the statement is
concluded. O

Theorem 1.5.12 ([100, Theorem 2.2.16]). Let X be an n-dimensional pro-
jective algebraic variety and D a nef R-Cartier divisor. Then D is big if
and only if (D™) > 0.

Proof. If D is big, we can write D = A+ E for some ample Q-divisor A and
effective R-divisor E. In this case, since D and A are nef,

(D") = (D" A)+ (D" ' E) > (D" ! A)
:(Dn—Q_A2)+(Dn—2_A_E)Z...Z(A")>0_

Conversely, to show that B is big provided that D is nef and (D™) > 0,
we will show the following slightly generalized statement: if for two nef R-
Cartier divisors L, M we have (L") > n(L"~1- M), then L — M is big. The
theorem follows by taking M = 0.

Firstly we assume that L, M are ample Q-Cartier divisors. We may
assume that they are very ample by taking multiples. Taking m general
elements M; € |M| (1 <1i <m), by the exact sequence

0 — Ox(m(L — M)) = Ox(mL) - @D O, (mL),

1521 when m — oo, we have

and the Riemann—Roch theorem
dim H*(X, m(L — M))

m
> dim H*(X,mL) = dim H*(M;, mL|u,)
=1

" m Ln—l ‘Mi . e
L™y —n(L™ ' M) , e
= (L") EL! )m +O(m 1).

1-5-2-1in original text, it says ”by the Serre vanishing”, but I think this is not needed



1.5. CONES OF CURVES AND CONES OF DIVISORS 35

Here note that we have the estimate O(m" 1) since the dimension of H®(M;, mL|yy,)

is of order O(m™2) and independent of the choice of M;. Therefore, L — M
is big.

Then we consider the general case. We may take two sufficiently small
ample R-Cartier divisors H, H' such that H' — H is big and L + H and
M + H' are ample Q-Cartier divisors. Here H, H' can be taken sufficiently
small in the sense that ((L+ H)") > n((L+ H)"'. (M + H’)) holds. Then
we already showed that L + H — M — H' is big, which implies that L — M
is big. O

We can investigate how cones of divisors are changed under birational
maps:

Lemma 1.5.13. Let o : X --» X' be a birational map between Q-factorial
normal varieties which is isomorphic in codimension 1 and f : X — S and
'+ X' — S projective morphisms with f = f’ o a.

(1) « induces an isomorphism ay : N*(X/S) — NY(X'/S) between real
linear spaces.

(2) 0. (FR(X/S)) = FH(X'/S).
(3) If a is not an isomorphism, then c.(Amp(X/S)) N Amp(X'/S) = 0.

Proof. (1) Since « is isomorphic in codimension 1, there is a 1-1 correspon-
dence between prime divisors on X, X’. Hence Z'(X) = Z'(X').

Take a divisor D on X and take its strict transform D’ = o, D. Applying
the desingularization theorem described in the next subsection, there exists
a smooth algebraic variety W and projective birational morphisms g : W —
X, g : W — X’ such that we can write ¢g*D = (¢/)*D’ + E where g.FE = 0,
g.FE = 0. Assume that D =g 0, then ¢g*D =g 0.

In the following we will show that D' =g 0. We may assume that F # 0
otherwise it is obvious. Write E = ET — E~ into the positive part and
negative part. If E* # 0, by the negativity lemma (Lemma 1.6.3), there
exists a curve C contracting by ¢’ such that (E*-C) < 0 and (E~-C) > 0.
On the other hand, ((¢)*D'-C) = (D' -¢,C) =0 and (¢*D-C) =0, a
contradiction. We can get a contraction similarly if £~ # 0.

(2) follows from (1) as the strict transform of an effective divisor is again
effective.

(3) As the intersection is an open cone, if the intersection is non-empty,
there exists a relatively ample divisor D on X such that o, D is a relatively
ample divisor on X’. Since « is isomorphic in codimension 1, for any integer
m, ay : [xOx(mD) — fiOx/(mD') is an isomorphism. Therefore,

X = Projg (EB f*Ox(mD)> > Projg (@ fioxme’)) =X/,

m=0 m=0

and « is an isomorphism. O
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1.6 The Hironaka desingularization theorem

The desingularization theorem is established by Hironaka for algebraic va-
rieties in characteristic 0. Although it is expected that the same theorem
holds for positive characteristics and mixed characteristics, it is only shown
in dimension 2 and for positive characteristics in dimension 3, while it re-
mains open in general case. The Hironaka desingularization theorem, as well
as the Kodaira vanishing theorem explained in the next section, is a very im-
portant theorem in characteristic 0. Here we introduce the desingularization
theorem ([17]) without proof.

Theorem 1.6.1 (Hironaka desingularization theorem). (1) For any algebraic
variety X defined over a field of characteristic 0, there exists a smooth
algebraic variety Y and a projective birational morphism f:Y — X.

(2) For any algebraic variety X defined over a field of characteristic 0 and
a proper Y601 closed subset B of X, there exists a smooth algebraic
variety Y, a normal crossing divisor C on'Y, and a projective birational
morphism f 1Y — X with the following properties:

(a) If B is non-empty' 502 the set-theoretic inverse image f~1(B) is a
union of several irreducible components of C.

(b) The exceptional set Exc(f) is a union of several irreducible compo-
nents of C.

For each statement, we can assume further the following properties hold:

(1°) f is isomorphic over the smooth locus Reg(X) = X \ Sing(X) and the
exceptional set Exc(f) coincides with the set-theoretic inverse image

f~1(Sing(X)).

(2°) f is isomorphic over Reg(X, B) and the exceptional set Exc(f) coin-
cides with the set-theoretic inverse image f~!(Sing(X, B)).

A Dbirational morphism with property in (1) is called a resolution of
singularities of X. A birational morphism with property in (2) is called a
log resolution of (X, B). For the definition of normal crossing divisors please
refer to Section 1.1.

Remark 1.6.2. (1) If replacing two conditions for log resolution by the
condition that f~!(B) UExc(f) is a normal crossing divisor, we call it
a log resolution in weak sense. This is called a log resolution in some
literatures. On the other hand, if we assume furthermore that Exc(f)
is the support of an f-ample divisor in condition (b), we call it a log
resolution in strong sense. In this case, the f-ample divisor supported
on Exc(f) has negative coefficients according to Lemma 1.6.3 below.

1.6.017 ydded ”proper”
1.6,0,2added
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(2) The resolution of singularities in the Hironaka desingularization theo-
rem can be obtained by blowing up along smooth centers finitely many
times. Since there exists a relatively ample divisor supported on ex-
ceptional divisors with negative coefficients for a blowing up along a
smooth center, the resolution of singularities obtained in this way is a
log resolution in strong sense. By using Theorem 1.6.4, starting from
any log resolution, one can construct a log resolution in strong sense by
further taking blowing ups along the exceptional set.

(3) In the latter part of the above theorem, a normal crossing divisor is in the
sense of Zariski topology, that is, it is a “simple normal crossing divisor”.
It does not hold for normal crossing divisors in complex analytic sense.
For example, take divisor B defined by z? + 3%z = 0 in X = C3. The
singular locus of B is the line defined by x = y = 0 and B is a normal
crossing divisor in complex analytic sense if z # 0. However, the origin
P = (0,0,0) has the so-called pinch point singularity, no blowing up
which is isomorphic outside P can make B a normal crossing divisor.

(4) The above theorem is proved in Hironaka’s original paper ([17]), but it
has been shown that there exists a more precise “canonical resolution” in
subsequent development. The canonical resolution admits strong func-
tionality such that any local isomorphism of the pair (X, B) lifts to a
local isomorphism of (Y, C). However, the canonical resolution is not
unique, it is only shown that there exists a universal choice ([18], [12],

[149], [150]).

Lemma 1.6.3 (Negativity lemma). Let f : X — Y be a projective birational
morphism between normal algebraic varieties and D R-Cartier divisors on
X supported in the exceptional set Exc(f).

(1) If D is non-zero and effective, then there exists a family of curves C
which are contracted by f and cover an irreducible component of D,
such that (D - C) < 0.

(2) If D is f-nef and non-zero, then the coefficients of D are all negative.

Proof. We may assume that Y is affine. Take i to be the maximal dimension
of irreducible components of f(Supp(D)) and j = dim X —2 —4. Take Y; by
cutting Y by general hyperplane sections 4 times, and take X;; by cutting
f~X(Y;) by general hyperplane sections j times. Since i + j = dim X — 2,
X;j is a normal algebraic surface. Let Y;; be the normalization of f(Xj;),
then f induces a projective birational morphism f;; : X;; — Y;;. Note
that D;; = D|x,; is an non-zero effective R-Cartier divisor supported in the
exceptional set Exc(fi;).

(1) By the Hodge index theorem, applying Corollary 1.13.2 to 7 : X;; —
Yi; and 7*D;;, where Xl-j is a resolution of X;j, we get (D;;)? < 0. In

{neg coeff}
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particular, for every irreducible component C' of D;j, (D;j-C) < 0. View C
as a curve in X, we have (D - C') < 0. Note that by construction, C' comes
from cutting an irreducible component of D by hyperplane sections, so such
C is in a family covering an irreducible component of D.

(2) Note that Ely,, appears as an irreducible component of D;;. We
may write D;; = D;; — DZ-; in terms of its positive and negative parts.
Since D;j is f;j-nef, (D;;)2 > (D:; - Dj;) > 0. By the Hodge index theorem
(Corollary 1.13.2), Di‘; = 0. Hence coefficients of D;; are negative, and then
the coefficient of F in D is negative. As F is taken arbitrarily, coefficients
of D are all negative. O

Let X be a smooth algebraic variety and B a normal crossing divisor
on X. A smooth subvariety Z is called a permissible center with respect to
(X, B) if the following is satisfied: for the local ring Ox p at every point
P € X, there exists a regular system of parameters z1,..., 2, and integers
r,s,t, such that the equations of B,Z are 212, =0, zg = --- =2, = 0
respectively. Here, 0 < r < mn and 0 < s <t < n, but there is no specific
relation between r and s, t.

The blowing up f : Y — X along a permissible center Z with respect to
(X, B) is called a permissible blowing up. In this case, the exceptional set F
is a smooth prime divisor on Y and coincides with the set-theoretic inverse
image f~1(Z). The sum C = f;!B + F is a normal crossing divisor on Y.
We have Ky = f*Kx + (t — s)E and f*B = f;'B + max{r — s+ 1,0} E.

The desingularization theorem also contains the following statement:

Theorem 1.6.4 ([17]). Let X be a smooth algebraic variety defined over a
field of characteristic 0, B a normal crossing divisor on X, and f : Y — X a
proper birational morphism from another smooth algebraic variety Y. Then
there exists a sequence of blowing ups f; : X; = X;-1 (i =1,...,n) and a
birational morphism g : X,, — Y with the following properties:

(1) X =Xp and fog= fpo---0 fy.

(2) fi is a permissible blowing up with respect to (X;—1, Bi—1). Here B =
By and the normal crossing divisor B; on X; is defined inductively by
Bi = f;,'Bi_1 + Exc(fy).

1.7 The Kodaira vanishing theorem

The Kodaira vanishing theorem holds only in characteristic 0. There are
counterexamples in positive characteristics [125]. Vanishing theorems and
extension theorems are indispensable tools for the minimal model theory
over fields of characteristic 0. Here we introduce the Kodaira vanishing
theorem ([88]) without proof.
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Theorem 1.7.1 (Kodaira vanishing theorem). Let X be a smooth complex
algebraic variety and D an ample divisor on X. Then for any positive integer
p, HP(X,Kx + D) = 0. Here Kx is the canonical divisor of X.

The Kodaira vanishing theorem is a theorem in complex differential ge-
ometry established for compact complex manifold X. Let L be a holomor-
phic line bundle. L is always endowed with a C° Hermitian metric h. The
curvature of the corresponding connection of h determines a C* (1, 1)-form
on X. In this case, the following holds by the Kodaira embedding theorem:

Theorem 1.7.2 ([29]). Let X be a compact complex manifold and L a
line bundle with a Hermitian metric h. If the curvature /—10© is positive
definite, then X has a projective complex algebraic variety structure and L
1s a line bundle corresponding to an ample divisor.

We have the following comparison:

Algebraic geometry = Complex differential geometry = Numerical geometry

Ample divisor = Positive curvature line bundle = Numerically positive divisor

The feature of the Kodaira vanishing theorem is that canonical divisor
appears in the argument and it provides a more accurate vanishing com-
paring to the Serre vanishing theorem below. Hence it has applications to
geometry. To be applied in higher dimensional algebraic geometry, the Ko-
daira vanishing theorem is greatly generalized and used in many directions,
as will be discussed later.

Remark 1.7.3. The Kodaira vanishing theorem is originally proved for al-
gebraic varieties defined over complex numbers, but it holds also for algebraic
varieties defined over any field in characteristic 0, as a field in characteristic
0 finitely generated over the prime field Q can be always embedded into C.

Theorem 1.7.4 (Serre vanishing theorem [133], [10, 1I11.5.2]). Let X be a
projective scheme, L an ample sheaf on X, and F a coherent sheaf on X.
Then there exists a positive integer mqg such that for any integer m > my,

the following hold:

(1) F ® L®™ is generated by global sections.

(2) For any positive integer p, HP(X, F @ L®™) = 0.

The Serre vanishing theorem holds without conditions on characteristics
of the base field and singularities of X. It has much more applicability than
the Kodaira vanishing theorem, but it is weaker.

The log version of the Kodaira vanishing theorem can be proved by the
adjunction formula ([124]):
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Corollary 1.7.5. Let X be a smooth projective algebraic variety defined over
a field of characteristic 0, B a normal crossing divisor on X, and an ample
divisor D on X. Then for any positive integer p, HP(X, Kx + B+ D) = 0.

Proof. We do induction on the dimension n of X and the number r of prime
divisors of B. If r = 0, this is just the Kodaira vanishing theorem. If r > 0,
take a prime divisor By of B, denote B’ = B — By and C = B’|p,. By the
adjunction formula, we get the following exact sequence

O—)OX(K)(—FB,—}—D) — Ox(Kx+B+D) — Op,(Kp,+C+ D|p,) — 0.

By induction hypothesis, for any positive integer p, HP(X, Kx + B'+ D) =
HP(By,Kp, + C + D|g,) = 0. This concludes the statement. O

1.8 The covering trick

The covering trick is a classical method to construct new algebraic varieties
from a given one by using cyclic coverings. However in this method, the
new constructed algebraic variety may have singularities even if the given
one is smooth. Therefore, we describe how to construct a covering without
creating new singularities.

Firstly, we describe the construction of cyclic covering. Let X be an
algebraic variety over an algebraically closed field k, h a rational function
on X, and m a positive integer coprime to the characteristic of k. When
k = C, m can be taken arbitrarily. Consider the extension of function fields
K = k(X)[h'/™], take Y to be the normalization of X in K with the natural
map f:Y — X. The extension Y/X is a Galois extension as a cyclic group
is Galois, the extension degree m’ = [k(Y) : k(X)] is a divisor of m. Y can
be constructed as the following. Assume that X is covered by affine open
subsets U; = Spec(A4;). The fractional field of A; is the function field k(X).
Take B; to be the normalization of A; in K, then Y is obtained by gluing
affine varieties Spec(B;).

Example 1.8.1. Let X be a smooth complex algebraic variety, D a divisor
on X, and s a global section of Ox(mD). The divisor of s and the divisor
of the rational function h corresponding to s is related by

div(s) = div(h) + mD.

Here div(s) is an effective divisor and in general div(h) is not effective and
has poles along D.

Assume that B = div(s) is reduced and it is a smooth subvariety of X.
Consider Y to be the cyclic covering of X induced by h. In this case, Y is
smooth and f : Y — X is a finite morphism branched along B. Here D
is not contained in the branch locus. In fact, for any point P in B, take
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a regular system of parameters z1, ..., 2, such that B = div(z1), then the
regular system of parameters of () over P can be taken as z%/ T s Zn.

One should be careful that if B = div(s) has singularities, then Y has
singularities correspondingly. When the support of B is a normal crossing
divisor, Y has at worst toric singularities, which is easier to handle. This

will be discussed later.

We can produce a more useful covering by considering the Kummer cov-
ering, a generalization of cyclic covering.

Theorem 1.8.2 ([55]). Let X be a smooth projective algebraic variety de-
fined over an algebraically closed field'*° of characteristic 0 and B a nor-
mal crossing divisor on X. Fix a positive integer m; for each irreducible
component B; of B. Then there exists a smooth projective algebraic variety
Y and a finite morphism f :Y — X with the following properties:

(1) The set-theoretic inverse image C = f~Y(B) is a normal crossing divi-
sor.

(2) For each i, there exists a reduced divisor C; such that the pullback of B;
as a divisor can be written as f*B; = m;C;. Here a reduced divisor is a
divisor with all coefficients equal to 1.

(3) f is a Galois covering and the Galois group G is an abelian group.

One feature of this covering is that it is a finite morphism branched along
a normal crossing divisor such that the covering space is again smooth. Note
that the branch locus of f is a normal crossing divisor containing B, but
they do not coincide in general. Since X is smooth, f is a flat morphism.

Proof. Denote n = dim X. Take a very ample divisor A such that m; A — B;
is very ample for all . For each 4, take n general global sections s;; &
HY(X,m;A—B;) (j=1,...,n) . We may assume that for each i, j, M;; =
div(s;;) is smooth and }_, ; M;; + >, B; is a normal crossing divisor.

Take the rational function h;; corresponding to s;; and take f;; : ¥;; — X

to be the normalization of X in k(X) [hzj/ "], It is easy to see that the branch
locus is M;; + B; and the ramification index is m;.
Take f : Y — X to be the normalization of the fiber product of all

fij : Yij — X. In other words, Y is just the normalization of X in the field
k(X )[hzlj/ ";;. We will check that this Y satisfied the required properties.

For any point P in X, denote by B;, (I = 1,...,r) and M;, k. (m =
1,...,s) the irreducible components of }_; ; Mij + ; B; containing P. Note
that r + s < dim X = n.

1-8.0-1ye need algebraically closed, which is not assumed in original text.

{covering}



42 CHAPTER 1. ALGEBRAIC VARIETIES WITH BOUNDARIES

If r = 0, that is, P is not contained in the support of B, then by con-
struction, Y;; is smooth over a neighborhood of P, and there is nothing to
prove. So we may assume that r > 1.

By the numbers of M;;, for each i;, there exists at least one p; such that
M;,;, does not contain P. Denote hj, k., = hj, k.. /hiyp, if jm = i; otherwise

Pk = Njok,, - In this case,

m; ir T -
hisp g™ s hip DY ks g

is a part of a regular system of parameters of Ox p, where hy is a local
equation of the divisor A. The localization Y x x Spec Ox p is étale over the

normalization of Spec Ox p in

XY™ Y e b

11p1 S Wepr 0 g1k T gsks
_k:(X)[hilp1 hA""’hirpr hA,hjlk1 ""’hjsks ].
Therefore Y is smooth. O

The covering in the above theorem preserves smoothness by adding
branch locus artificially. The covering below is a natural construction for
Q-Cartier Weil divisor which is not Cartier.

Proposition 1.8.3. Let X be a normal algebraic variety defined over an
algebraically closed field of characteristic 0 and D a divisor on X. Assume
that for some positive integer v, rD is Cartier and moreover Ox (rD) = Ox.
Take r to be such a minimal one, then there exists a Galois finite morphism
f:Y = X from a normal algebraic variety whose Galois group is the cyclic
group of degree r, such that f is étale in codimension one and f*D is a
Cartier divisor on Y .

Proof. Fix an everywhere non-zero global section s of Ox(rD). The corre-
sponding rational function h satisfies divy(h) = —rD. Take Y to be the
normalization of X in the function field extension L = k(X)[h'/"]. L is a
field as 7 is minimal. Then —f*(D) = divy (h'/") is Cartier. It is easy to
see that f is étale over the locally free locus of Ox (D), and in particular, f
is étale over X \ Sing(X). O

Such f : Y — X is called the index 1 cover of the divisor D. In particular,
if D = Kx, it is called the canonical cover.

Remark 1.8.4. (1) This covering is not unique, it depends on the choice
of s. Take another global section s’, there is a nowhere zero function u
such that s’ = us. The normalization of X in k(X)[u!/"] gives an étale
covering X’ — X, and the base change to X’ gives an isomorphism
Y xx X' =Y’ xx X'. Here Y’ is the cyclic covering obtained by s'.
Therefore, this covering is unique up to étale base changes.
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(2) Fix a point P € X, take rp to be the minimal positive number such that
rpD is Cartier in a neighborhood of P, then f~!(P) consists of r/rp
points by construction. In particular, f is étale over the points where
D is Cartier.

1.9 Generalizations of the Kodaira vanishing the-
orem

According to [82], we generalize the Kodaira vanishing theorem to different
directions in order to apply to higher dimensional algebraic geometry. The
generalized vanishing theorems will be used as one key point of the proof in
each part of this book.

In this section, we always assume that the base field is of characteristic
0.

Firstly, we extend the Kodaira vanishing theorem to R-divisors:

Theorem 1.9.1. Let X be a smooth projective algebraic variety and D an
ample R-divisor on X such that the support of " D— D is a normal crossing
divisor. Then for any positive integer p, HP(X, Kx +"D7) = 0.

Here we prove the following equivalent theorem:

Theorem 1.9.2. Let X be a smooth projective algebraic variety, B an R-
divisor on X with coefficients in (0,1) and supported on a normal crossing
divisor, and D an integral divisor on X. Assume that D — (Kx + B) is an
ample R-divisor. Then for any positive integer p, HP (X, D) = 0.

Proof. Write B = ) b;B;. Here B; are prime divisors and ) B; is a nor-
mal crossing divisor. As ampleness is an open condition, for each ¢ take
fraction n;/m; (0 < n; < m;) sufficiently close to b;, such that D — (Kx +
> (n;/m;)B;) is an ample Q-divisor. In the following we may assume that

Taking the covering f : ¥ — X as in Theorem 1.8.2 for irreducible
components B; of B with positive integers m;. By construction, f*B is
a divisor with integral coefficients. As the Galois group G of f acts as
automorphism of Y, —f*(Kx + B) is G-invariant and the invertible sheaf
Oy (Ky — f*(Kx + B)) admits a G-action. Since f is flat, the direct image
sheaf f.Oy(Ky — f*(Kx + B))) is a locally free sheaf with a G-action and
the G-invariant part L = (f.Oy (Ky — f*(Kx + B))) is an invertible sheaf.
Hence L can be written as the form of divisorial sheaf Ox(FE). In order
to determine F, we only need to look at the generic point of the branched
divisor.

Firstly, any prime divisor not contained in B is not an irreducible com-
ponent of E. In fact, for any finite Galois covering g : W — Z be-
tween smooth varieties with Galois group G, we have a natural isomorphism

{R-div vanishing 1}

{R-div vanishing 2}
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(geww )Y = wyz, which means that over U = X \ B, Ly = (f.Oy(Ky —
f*(Kx + B)lv = (fOy(Ky — f*(Kx)))°|lv = Ov.

For the generic point P of B;, set x1 to be the regular parameter of the
discrete valuation ring Ox p. Then for a point Q on Y over P, y; = f*xi/m’
is a regular parameter and the invertible sheaf Oy (Ky — f*(Kx + B)) is
generated by the section y; (mi=DFni  Gince 0 < ny < m;, G-invariant
sections are generated by 1. Therefore, it turns out that £ = 0. In summary,
L = (fOy(Ky — f*(Kx + B)))% = Ox.

As the pullback of an ample divisor by a finite map is ample, the pullback
f*(D—(Kx+B)) is again ample. By the Kodaira vanishing theorem, for any
positive integer p, HP(Y, Ky + f*(D — (Kx + B))) = 0. As f is finite, there
is no higher direct image, hence H?(X, f.Oy (Ky + f*(D—(Kx +B)))) = 0.
As the G-invariant part is a direct summand, H?(X, D) = 0. O

Next, we prove the relative version:

Theorem 1.9.3. Let X be a smooth algebraic variety, B an R-divisor on
X with coefficients in (0,1) and supported on a normal crossing divisor, D
an integral divisor on X, and f: X — S a projective morphism to another
algebraic variety. Assume that D—(Kx + B) is a relatively ample R-divisor.
Then for any positive integer p,

RPf.(Ox(D)) = 0.
We will prove the following equivalent theorem:

Theorem 1.9.4. Let X be a smooth algebraic variety, f : X — S a pro-
jective morphism to another algebraic variety, and D a relatively ample R-
divisor on X such that the support of "D — D is a normal crossing divisor.
Then for any positive integer p,

Rpf*(OX(KX + '—D—')) =0.

Proof. As the statement is local on S, we may assume that S is affine.
Replacing the integral part of D by a linear equivalent one while keeping
D7 — D unchanged, we may assume that the support of D is a normal
crossing divisor. However, D is not necessarily effective. We may assume
that D is a Q-divisor as ampleness is an open condition.

Shrinking S if necessary, we can find a sufficiently large m such that mD
is an integral divisor and there exists a closed immersion ¢ : X — PN x §
such that Ox(mD) = ¢*p;Opn~ (1), where p; is the first projection.

Next, take projective algebraic variety S to be the compactification of S,
and take X to be the normalization of closure of X in PV x S. Note that the
projective morphism f : X — S and the finite morphism g : X — PV x §
are naturally induced.



1.9. GENERALIZATIONS OF THE KODAIRA VANISHING THEOREM45

Here X is possibly singular, the extension of D is a Q-Cartier divisor
D defined by Og(mD) =2 g*ptOpn(1). Since D is relatively ample over S,
we can choose an ample Q-Cartier divisor A; on S such that D + f*A; is
ample. As S is affine, we may assume that the support of A; is contained
in S\ S.

Take h : Y — X to be a log resolution of the pair (X, D+ f*A;) in strong
sense. As X is smooth and the support of D is a normal crossing divisor, h
can be assumed to be identity over X. We may choose a Q-Cartier divisor
A, supported in the exceptional set of h such that D’ = h*D + h* f*A; + Ay
is ample. By construction, the support of D’ is a normal crossing divisor,
and by Theorem 1.9.1, for any positive integer p, HP(Y, Ky +"D'") = 0.
Note that the support of h* f*A; + A is contained in Y\ X.

Consider the following spectral sequence:

EP? = HP(S,RY(f o h)«(Oy(Ky +"D'7))) = HPT(Y,Ky +"D').

For any positive integer m, replacing A; by m1 A1, the above argument still
works. When m; is sufficiently large, by the Serre vanishing theorem, for
any positive integer p and any integer q,

HP(8, RY(f o h)(Oy(Ky + D)) = 0.

Also the coherent sheaf RI(f o h).(Oy (Ky +"D'7)) is generated by global
sections.

By the spectral sequence, when ¢ > 0, H°(S,R%(h o f).(Oy(Ky +
"D')) = 0. Therefore, RI(f o h).(Oy(Ky + "D'7)) = 0. We conclude
the theorem by restricting on S. O

The next lemma shows that the conditions as KLT and LC defined later
are birational properties:

Lemma 1.9.5. Let f : Y — X be a proper birational morphism between
smooth algebraic varieties and B, C R-divisors on X,Y supported on normal
crossing divisors such that f*(Kx + B) = Ky + C. Then coefficients of B
are all contained in (—oo, 1) if and only if so are coefficients of C'.

Also the same holds for the condition that all coefficients are contained
in (—o0,1]. Moreover, in this case, assume that the irreducible components
of B with coefficient exactly 1 are disjoint, then coefficients of C — f' B are
all contained in (—oo, 1).

Proof. As B = f,C, if coefficients of C' are all contained in (—o0, 1), then
coefficients of B are all contained in (—oo, 1).

Conversely, assume that coefficients of B are all contained in (—oo,1).
Firstly we consider the case that f is a permissible blowing up with respect
to (X, B). Set B = ) b;B;. Suppose that the center Z of the blowing up

{log dis}
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is of codimension r and contained in Bi,...,Bs. Note that » > s. The
coefficient e of the exceptional divisor E of f in C' is given by

S
e:ij—i-l—r.
j=1

As bj < 1, we have e < 1. Since coeflicients of other prime divisors of C

coincide with those of B, coefficients of C' are all contained in (—o0, 1).
The general case can be proved by Theorem 1.6.4 and induction on
numbers of permissible blowing ups. The later part can be proved similarly.
O

We can also prove the following lemma which will be used later:

Lemma 1.9.6. Fiz an n-dimensional pair (X, B) and a point P. Take
effective Cartier divisors D1, ..., Dy, passing through P such that P is an
irreducible component of (| D;. Then there exists a log resolution f :Y —
(X, B+ > D;) such that if we write Ky + C = f*(Kx + B+ Y. D;), then
there exists an irreducible component Cy of C' with coefficient at least 1 and

f(Cr) ={P}.

Proof. We may assume that X is affine. Write D; = div(h;) where h;
are regular functions on X. Define the morphism h : X — Z = A" by
h = (h1,...hy). By the assumption, h is quasi-finite in a neighborhood
of P. Take Fjy,...,F, to be coordinate hyperplanes of Z, and h*FE; = D;
by construction. Take g : Z/ — Z to be the blowing up at the origin and
F the exceptional divisor, we get ¢*(Kz + Y. F;) = Kz + F + Y g, ' E;.
As differential forms on Z with poles along > E; can be pullback by h,
hW(Kz 4+ > E;) < Kx + B+ >, D;. By taking a log resolution f : ¥ —
(X, B + > D;) properly, we may assume that the exceptional set contains
an irreducible divisor C] over F', and this satisfies the requirements. O

Using the relative version of the vanishing theorem, it is easy to show
the following generalization:

Theorem 1.9.7 ([32, Theorem 1.2.3]). Let X be a smooth algebraic variety,
f X — S a projective morphism to another algebraic variety, and D a
relatively nef and relatively big R-divisor on X such that the support of
"D — D is a normal crossing divisor. Then for any positive integer p,

Rpf*(OX(KX + '_D_'>) = 0.

Proof. We can write D = A+ E for some relatively ample R-Cartier divisor
A and effective R-Cartier divisor F. For any positive number ¢, D — eFE =
(1 — €)D + €A is relatively ample.

Take g : Y — X to be a log resolution of (X, D+ E) in strong sense, and
h :Y — S is the composition with f. We can choose a sufficiently small
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effective R-divisor A’ supported on the exceptional set of g such that —A’
is g-ample and D' = g*(D — eFE) — A’ is h-ample. By Theorem 1.9.4, for any
positive integer p,

RPh,(Oy (Ky + '_D/—‘)) = RPg.(Oy (Ky + '—DI—')) =0.
By the spectral sequence
EY? = RF f.(Rg.(Oy (Ky +"D'7))) = R "h,(Oy (Ky +"D'7)),

RP f.(9«(Oy (Ky +"D'7))) = 0 holds for p > 0.

Take ¢ and A’ to be sufficiently small, then "D'7 = T¢g*D"7. Take B =
"D7— D and ¢*(Kx + B) = Ky + C, by Lemma 1.9.5, coefficients of C are
less than 1. Therefore, by

g (Kx+™D) =g"(Kx + B+ D) =Ky +C+g"D< Ky +"g"D"

(here note that C'+ ¢* D is integral by construction) and g.(Ky +"¢*D™) =
Kx + "D, we have

9+(Oy(Ky +™D'™) = Ox(Kx +"D7),

which proves the theorem. Here the last inequality of the first equation is
because C' + g* D is an integral divisor and Supp(C) C Supp(g* D). O

Higher dimensional algebraic variety got great developed since the fol-
lowing result was proved:

Corollary 1.9.8 (Kawamata—Viehweg vanishing theorem, [57], [118]). Let
X be a smooth projective algebraic variety and D a nef and big R-divisor
on X such that the support of "D — D is a normal crossing divisor. Then
for any positive integer p,

HP(X,Kx + D7) =0.

1.10 KLT singularities

We can define various singularities for a pair (X, B) where X is a normal
algebraic variety and B is an R-divisor on X. B is called the boundary of
the pair for historical reasons. These singularities appear naturally in the
minimal model theory. Vanishing theorems can be also generalized to these
singularities. The characteristic of the base field is always assumed to be 0
if not specified.

Firstly, we define KLT condition. This is a very natural condition cor-
responding to L? condition in complex analysis. It does not depend on the
choice of log resolution. Furthermore, it is easy to handle since it satisfies
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so-called “open condition” in the sense that it is stable under perturbation
of divisors. KLT condition defines a category in which the minimal model
theory works most naturally and easily.

For simplicity, sometimes we denote a pair (X, B) and a morphism f :
X — S together by a morphism f: (X,B) — S.

Definition 1.10.1. A pair (X, B) is KLT (short for kawamata log terminal)
if it satisfies the following conditions:

(1) Kx + B is R-Cartier.
(2) Coefficients of B are contained in (0, 1).

(3) There exists a log resolution f : ¥ — (X, B) such that if we write
[*(Kx + B) = Ky + C, then the coefficients ¢; of C' = ) ¢;C; are
contained in (—oo, 1). Here, C; are distinct prime divisors.

Condition (1) is necessary in order to define the R-divisor C in condition
(3). The support of C' is contained in the union of set-theoretic inverse image
of the support of B and the exceptional set of f, which is a normal crossing
divisor. Coefficients ¢; of C' play an important role in higher dimensional
algebraic geometry. —c; is called the discrepancy coefficient, and 1 — ¢; is
called the log discrepancy coefficient.

Historically, KLT singularity is just called log terminal singularity in [60].

Condition (3) in the definition of KLT does not depend on the choice of
log resolution:

Proposition 1.10.2. Assume (X, B) satisfies conditions (1), (2) in Defi-
nition 1.10.1 and there exists a log resolution f :Y — (X, B) in weak sense
satisfies condition (3). Then (X, B) is KLT. Moreover, for any log reso-
lution f' 1Y — (X, B) in weak sense, condition (3) in Definition 1.10.1
holds.

Proof. For two log resolutions f1 : Y1 — X, fo: Yo — X, there exists a third
log resolution f3 : Y3 — X dominating them. That is, there exist morphisms
gi : Y3 = Y; (i = 1,2) such that f3 = f;o0g;. Therefore the statement follows
from Lemma 1.9.5. 0

The following proposition is obvious:

Proposition 1.10.3. (1) A pair (X, B) is KLT if and only if there exists
an open covering {X;} of X such that pairs (X;, Blx,) are all KLT.

(2) Let (X, B) be a KLT pair and B’ another effective R-divisor such that
B > B’ and B — B’ is R-Cartier, then (X, B') is again KLT.
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(8) When X is a normal complex analytic variety, we can define complex
analytic KLT condition similarly by using complex analytic resolution of
singularities. When X is a complex algebraic variety, for a pair (X, B),
the algebraic KLT condition and analytic KLT condition coincide.

Remark 1.10.4. Take regular functions hq,...,h, on polydisk X = A" =
{(z1,...,2n) € C™ | |z| < 1}, and write the corresponding divisors by
B; = div(h;). Take real numbers b; € (0,1). Then (X, B = > b;B;) is KLT
if and only if the function h = [] |h;| ™% is L? everywhere.

In fact, the integrability condition L? can be studied via resolution of
singularities. When the support of B is a normal crossing divisor, the ab-
solute value of a regular function with poles along B satisfies L? condition
if and only if coefficients of B are in (—oo,1), which is exactly the KLT
condition.

We introduce quotient singularities as an important example of KLT
pairs.

An algebraic variety X is said to have only quotient singularities if it is
a quotient of a smooth algebraic variety in an étale neighborhood of each
point P. That is, there exists a neighborhood U of P, an étale morphism
g :V — U such that P € g(V), and a smooth algebraic variety V with a
finite group action G, such that V =V /G.

Example 1.10.5. Fix a positive integer r and integers aq, . .., a,. Define the
action of cyclic group G = Z/(r) on affine space X = A" by z; — (% z;. Here
(21,...,2n) are coordinates of X and ( is a primitive r-th root of 1. Then
the quotient space X = X /G has only quotient singularities. The image Py
of the origin might or might not be an isolated singularity, depending on the
choice of a;. X is said to have a quotient singularity of type %(al, ...yap) at
Py.

Proposition 1.10.6. For an algebraic variety X with only quotient singu-
larities, the pair (X,0) is KLT.

Proof. As discrepancy coefficients remain unchanged under étale morphisms,
we may assume that X is a global quotient variety. That is, there is a
smooth algebraic variety X and a finite group G such that X = X /G. It
is not hard to see that Kx Q-Cartier, in fact, X is Q-factorial. Take a
log resolution f : Y — X and write f*Kxy = Ky + C. Take Y to be the
normalization of Y in the function field k(X) and f:Y X, ny:Y =Y
the induced maps, write f* v = Ky + C. Take a prime divisor F on Y
contained in the exceptional set of f, take a prime divisor FE on'Y such that
7ry(E) E. Denote coefficients of E, E is C,C by ¢, é respectively, denote
the ramification index of E with respect to my by e, then we have

ce=c+e—1.

Here ¢ < 0 as X is smooth, hence ¢ < 1. O

{type quot sing}
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KLT pairs admit the following special log resolutions. We call it the very
log resolution in this book.

Proposition 1.10.7. Let (X, B) be a KLT pair consisting of a normal al-
gebraic variety and an R-divisor. Then there exists a log resolution f 1Y —
(X, B) such that if we write f*(Kx + B) = Ky + C, then the support of the
R-divisor C' = max{C,0} is a disjoint union of smooth prime divisors.

Proof. Fix a log resolution fy : Yy — (X, B) and write fj(Kx + B) =
Ky, + Cp. Choose two prime divisor in Cp and blowing up along their
intersection, we get g1 : Y1 — Yy. The composition with fy gives a new log
resolution f; : Y1 — Yy. We will show that a very log resolution can be
constructed by repeating this operation.

Write Cp = ) ¢;Co;. Fix a positive number n such that ¢o; <1 — % for
all j.

For any log resolution f : Y — (X, B), write f*(Kx + B) = Ky + C
and C' = ) ¢;C;. Note that it is easy to see that ¢; < 1 — % for all j by
induction and Theorem 1.6.4. We define the sequence of integers r(f) =
(ra(f),...,r2n(f)) by the formula

1—1
n

ri(f) = #{(1.2) [ j1 < j2, C;; N Cj, # 0,2 — % <cjptej, <2 }-
We consider the lexicographical order for sequences of integers. As r; > 0,
the set of sequences of non-negative integers (rs, ..., re,) satisfies the DCC
(short for descending chain condition). That is, there is no infinite strictly
decreasing chain.

For a given f, take the minimal 7 such that r;(f) # 0 and take a pair
(j1,j2) realizing it. That is, j; < jo, C;, NCj, # 0, and 2 — £ < ¢ +¢j, <
2— % Take g : Y’ — Y to be the blowing up along Z = C}, N C},, denote
/= fogand write (f')*(Kx + B) = Ky’ + C'. The coefficient e of the
exceptional divisor E = Exc(g) in C’ satisfies 1 — % <e<1l-— % Note
that for [ = 1,2, e+¢;, <1 - % as ¢j, < 1— % The construction of Y’
kills the intersection of C;, and Cj,, and produces the intersections of E
with the strict transforms of Cj, and C},. But these two intersections do
not contribute to r(f’) for k < i by the coefficient computation. Therefore
re(f) = re(f) = 0 for k < i and r;(f') = ri(f) — 1, which means that
r(f) < r(f). Since there is no infinite strictly decreasing chain for the
sequence 7(f), eventually we can get a log resolution f such that r;(f) =0
for all 4. This conclude the proof. O

Note that the log resolution in the above proposition is obtained by
blowing up repeatedly, it does not satisfies condition (2’) in Theorem 1.6.1.
Also the proposition can not be extended to DLT pairs.

We can generalize the vanishing theorem to KLT pairs:
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Theorem 1.10.8 ([32, 1.2.5]). Let X be a normal algebraic variety, f : X —
S a projective morphism, B an R-divisor on X, and D a Q-Cartier integral
divisor on X. Assume that (X, B) is KLT and D — (Kx + B) is relatively
nef and relatively big. Then for any positive integer p, RP f.(Ox (D)) = 0.

Proof. Take a log resolution g : Y — (X, B), denote h = f o g and write
9" (Kx + B) = Ky + C. Note that ¢*D — (Ky + C) is h-nef and h-big. Here
note that coefficients of g* D are not necessarily integers. By Theorem 1.9.7,
for any positive integer p, RPg.(Oy ("g*D—C™)) = RPh,(Oy("g*D—-C7)) =
0. Hence RP f,(9+(Oy("g*D — C7))) = 0.

For a rational function r € k(X) = k(Y), if divx(r) + D > 0, then
divy (r) + ¢g*D > 0. In this case, divy (r) + Lg* D1 > 0, and then divy (r) +
Tg*D — C™ > 0 since coefficients of C' are contained in (—oo,1). This shows
that the natural inclusion

9«(Oy("g"D —C7)) C g«(Oy("¢g" D7) = Ox(D)

is in fact an identity g.(Oy ("¢*D—C")) = Ox (D) and the proof is finished.
O

Remark 1.10.9. In a KLT pair (X, B), X has only rational singularity, and
hence is Cohen—Macaulay ([32, 1.3.6]). This asserts that KLT is a “good”
singularity. On the other hand, LC to be introduced in the next section is
not “good” in this sense. This fact will not be used in this book.

Consider a pair (X, B) consisting of a normal algebraic variety and an
effective R-divisor such that Kx + B is R-Cartier. In Chapter 2, we in-
troduce the multiplier ideal sheaf in order to measure how far this pair is
from being KLT. The set of points P € X in whose neighborhood the pair
(X, B) is not KLT is a closed subset of X. It is called the non-KLT locus
of the pair (X, B). The support of the multiplier ideal sheaf coincides with
the non-KLT locus. Also, the vanishing theorem can be generalized using
multiplier ideal sheaves (see Section 2.11).

1.11 LC, DLT, PLT singularities

KLT condition is easy to handle since it is an open condition with respect
to change of coefficients of divisors. However, in the minimal model theory,
as it is necessary to consider the limits of divisors, it is necessary to consider
the closed condition so-called LC condition. Among LC pairs, we call by
KLT pairs the pairs obtained by increasing boundaries of KLT pairs. The
property of general LC pairs is not so good, but for KLT pairs it is possible
to have similar discussions as for KLT pairs. Besides, there are conditions
called DLT and PLT between KLT and LC, which are a little complicated
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but very useful. In this book, we develop the minimal model theory mainly
for DLT pairs. The characteristic of the base field is always assumed to be
0 if not specified.

1.11.1 Various singularities

Definition 1.11.1. A pair (X, B) is LC (short for log canonical) if it satisfies
the following conditions:

(1) Kx + B is R-Cartier.
(2) Coefficients of B are contained in (0, 1].

(3) There exists a log resolution f : Y — (X, B) such that if we write
[*(Kx + B) = Ky + C, then the coefficients ¢; of C = ) ¢;C; are
contained in (—oo, 1]. Here, C; are distinct prime divisors.

When (X, B) is an LC pair, (X, B) is said to have log canonical singular-
ities. Same as Proposition 1.10.2, condition (3) above does not depend on
the choice of log resolution. Also same statement as in Proposition 1.10.3
holds for LC pairs.

Example 1.11.2. The property of singularities of LC pairs is not always
good. Let Z be a smooth projective n-dimensional algebraic variety such
that Kz ~ 0, i.e., wy = Oz. Take an ample invertible sheaf L and take
the total space Y = Spec(@e_o, L¥™) of the dual sheaf L*. Y admits
an Al-bundle structure over Z. Denote X = Spec(@oe_, H(Z, L®™)),
there is a natural birational morphism f : Y — X which maps the 0-
section E of Y — Z to a point P = f(F). By the adjunction formula
(Ky + E)|p ~ Kg ~ 0, we have Ky + E ~ 0 and Kx ~ 0, which implies
that f*Kx ~ Ky + E. Hence (X,0) is LC. The higher direct images of Oy
are supported on the singular point P of X:

RPf,0y = P H?(Z,L¥™) D H?(Z,0z).

m=0

For p=n, H"(Z,0yz) # 0, hence X is not a rational singularity. Moreover,
if Z is an Abelian variety, then for 0 < p < n, the right hand side is not 0,
and X is not Cohen-Macaulay.

As the property of singularities of LC pairs is not always good, we con-
sider intermediate conditions:

Definition 1.11.3. A pair (X, B) is DLT (short for divisorially log terminal)
if it satisfies the following conditions:

(1) Kx + B is R-Cartier.
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(2) Coefficients of B are contained in (0, 1].

(3) There exists a log resolution f : Y — (X, B) such that if we write
[*(Kx + B) = Ky + C, then the coefficients ¢; of C = ) ¢;C; are

contained in (—oo, 1) for those C; contained in the exceptional set of f.

A pair (X, B) is PLT (short for purely log terminal) if it satisfies the
above conditions (1), (2) and the following condition (3’):

(3’) For any log resolution f : Y — (X, B), if we write f*(Kx + B) =
Ky + C, then the coefficients ¢; of C = ) ¢;C; are contained in
(—00,1) for those C; contained in the exceptional set of f.

Remark 1.11.4. (1) In [82], a condition called WLT (short for weak log
terminal) is considered. The definition of WLT is by assuming further
that the log resolution in condition (3) of definition of DLT is in strong
sense. By using similar argument as in Proposition 1.10.2, it can be
shown that DLT and WLT are in fact equivalent ([144]). In this book,
we will just use DLT rather than WLT.

(2) For a log resolution f : Y — X of (X, B), when considering the relation
["(Kx + B) = Ky + C, sometimes we just write “a morphism f :
(Y,C) — (X,B)”.

Example 1.11.5. (1) Take affine space X = A" and coordinates hyper-
planes Bj,...,B,, denote B = > b;B;. Then (X, B) is KLT (resp.
PLT, DLT) if and only if 0 < b; < 1 for all ¢ (resp. 0 < b; < 1 for all ¢
and b; < 1 except for at most one i, 0 < b; < 1 for all 7). Furthermore,
DLT and LC coincide.

(2) Let X = A?/Zy be the quotient of the 2-dimensional affine space C?
with coordinates x,y by the degree 2 cyclic group action (x,y) —
(—x, —y). That is, it is a quotient singularity of type %(1, 1). This sin-
gularity is the same as the ordinary double point in Example 1.1.4(1).
Denote the image of coordinate axes in X to be Bi, By and take B =
> b;B;. Then (X, B) is KLT (resp. PLT, LC) if and only if 0 < b; < 1
for all @ (resp. 0 < b;; < 1 for one i1 and 0 < b;, < 1 for the other i,
0 < b; <1 for all 4). Furthermore, PLT and DLT coincide. In fact, the
blowing up f : Y — X along the image of the origin (0,0) is a log reso-
lution. The exceptional set E is isomorphic to P!, f*B; = f-1B; + %E,
and f*Kx = Ky. So the claim can be checked easily.

(3) Take X = A2 to be the 2-dimensional affine space with coordinates x,y
and a prime divisor D = div(z? + y3). We determine the necessary
and sufficient condition for the pair (X,dD) to be KLT, LC for a real
number d (see Figure 77).

{WLT=DLT}

{LC example}
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We can construct a log resolution of (X,dD) in the following way.
Firstly, take the blowing up f; : Y7 — X along the origin Py = (0,0),
the exceptional set E; is a prime divisor isomorphic to P'. The strict
transform D = fl_*lD is smooth, F; and D; intersect at one point
P;. Take the blowing up fo : Yo — Y7 along P, the exceptional set
E, is a prime divisor isomorphic to P'. 3 smooth prime divisors F»,
Dy = fz;lDl, E} = fz;lEl intersect at one point P». Take the blow-
ing up f3 : Y =Y; — Y5 along P», the exceptional set F3 is a prime
divisor isomorphic to P!. The union of 4 smooth prime divisors Fs,
D3 = f3.' Do, EY = f3.'E}, E}) = f3.' By is a normal crossing divisor.
The composition f : Y — X is a log resolution of (X,dD). We have
Ky = f*Kx + E + 2E, + 4F3 and f*D = D3 + 2EY + 3E45 + 6E3.
Therefore the pair (X, dD) is KLT (resp. LC) if and only if 0 < d < 5/6
(resp. 0 < d <5/6).

(4) Consider the example in Examples 1.1.4(2) or 1.2.4(2). In addition
to prime divisors Dj, D2, consider prime divisors Ds, D4 defined by
y=2z=0o0ry =w = 0. Note that D3 + Dy and Kx are Cartier
divisors. Take B = Z?Zl D; and consider the pair (X, B). Take the
resolution of singularities f : X’ — X as in Example 1.2.4(2), then
B = 2?21 f'D; is a normal crossing divisor. As f is isomorphic in
codimension 1, f*(Kx + B) = Kx + B’. The pair (X, B) is LC but
not DLT. Here, as the exceptional set of f is not a normal crossing di-
visor, f is a log resolution in weak sense, but not a log resolution in
the sense of Theorem 1.6.1(2). In order to obtain a log resolution, we
need to do further blowing up on X’ along the exceptional locus of f
and that will induce an exceptional divisor with log discrepancy coef-
ficient 1. The blowing up ¢ : ¥ — X along the origin (0,0,0,0) is a
log resolution. The exceptional set F is a prime divisor isomorphic to
P! x P!, and C = Z?Zl g-'D; + E is a normal crossing divisor. Since
9" (Kx + B) =Ky +C, (X,B) is LC.

(5) Take a smooth projective algebraic curve C' of genus 1 and two line
bundles L1, Lo of negative degrees. Take Y to be the total space of the
vector bundle L = L1 @ Lo, denote by C4,C5, E the subvarieties of Y
corresponding to subbundles L; & 0, 0 & Lo, 0 & 0 respectively. Note
that E 2 C. Denote X = Spec(@Poe_, H°(C, L®~™)), there is a natural
birational morphism f : Y — X which maps F to a point P = f(E).
Write B; = f(C;). Then f*(Kx + B1+ Bs) = Ky +C1+C3 and the pair
(X, B1 + Bz) is not DLT but LC. In fact X is not a rational singularity.
The pairs (B;,0) are also LC.

{barKLT} We introduce one more definition:

Definition 1.11.6. A pair (X, B) is KLT if it satisfies the following condi-
tions:
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(1) (X,B)is LC.

(2) There is another effective R~divisor B’ such that B’ < B and (X, B’) is
KLT.

In this situation, for any positive real number € < 1, (X, (1 —¢€)B + e¢B’)
is KLT. That is, KLT is the limit of KLT. For this reason, different from
general LC pairs, it shares similar properties as a KLT pair.

Toric varieties provide good examples (see [35], [33] for details).

Proposition 1.11.7. Take an algebraic torus T, and T C X a toric variety,
that is, a T-equivariant open immersion into a normal algebraic variety with
a T-action. Consider the complement set B = X \ T as a reduced divisor.
Then the following statements hold:

(1) The pair (X, B) is LC. Moreover, it is KLT.

(2) X is Q-factorial if and only if the corresponding fan consists of simpli-
ctal cones.

Proof. (1) Take a T-equivariant resolution of singularities f : Y — X such
that f~1(T) = T and C =Y \ f~(T) is a normal crossing divisor.

Denote dim T = n, take coordinates x1,...,x, by pulling back by the
standard embedding 7" C A™. The regular differential form 6 = dxy/z1 A
<+« ANdzp/x, on T can be extended to a logarithmic differential form on X
and gives a non-zero global section of Kx 4+ B. Therefore Kx + B ~ 0.
Similarly 6 extends to a non-zero global section of Ky + C. Therefore,
f*(Kx + B) = Ky + C, and hence (X, B) is LC. As T is affine, there exists
an effective Cartier divisor B’ with the same support as B. For a sufficiently
small real number € > 0, (X, B — eB’) is KLT, and hence (X, B) is KLT.

(2) We may assume that X is affine and its fan consists of a single cone o.
Irreducible components B; of B correspond to points P; on one dimensional
rays of 0. The condition for B; becoming a Q-Cartier divisor is that there
exists a regular function on X such that the corresponding principal divisor
is a non-zero multiple of B;. This is equivalent to that there exists a linear
function on ¢ which takes value 1 at P; and 0 at all points on other rays,
which is equivalent to o being simplicial. O

The following is a corollary of Lemma 1.9.6.

Corollary 1.11.8. Fiz an n-dimensional KLT pair (X,B) and a point
P. Take sufficiently general effective Cartier divisors D1, ..., Dy, E passing
through P and a positive number 1 > ¢ > 0. Then there exists a suffi-
ciently small number § > 0 such that (X,B + > (1 —0)D; + €¢E) is KLT in
a punctured neighborhood of P, but not LC at P.

{P is not LC}
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Proof. As D1, ...,D,, E are general, take a log resolution f : Y — (X, B)
and write f*(Kx + B) = Ky + C, we may assume that C + f*(3. D; + E)
is normal crossing outside f~!(P). Coefficients of Dy,..., D,, E in (X, B+
> (1 —=6)D; +€k) is strictly smaller than 1 for § > 0, hence the pair is KLT
in a punctured neighborhood of P.

On the other hand, take the log resolution f and prime divisor C as
in Lemma 1.9.6, then the coefficient of C7 in f*F is at least 1, and the
coefficient of Cy in f*(Kx + B+ D;+€FE) is strictly larger than 1. Hence
(X,B+>(1-9)D; +¢€FE) is not LC at P for sufficiently small 6 > 0. O

1.11.2 The sub-adjunction formula

We will look at the behavior of singularities when restricting a given pair to
lower dimensions.

Firstly we show Shokurov’s connectedness lemma ([135], [99, Theorem
17.4]), which is a consequence of the vanishing theorem:

Lemma 1.11.9 (Connectedness lemma). Let (X, B) be a pair of a normal
variety and an R-divisor such that Kx+ B is R-Cartier, and let f : (Y,C) —
(X, B) be a log resolution in weak sense. Write C = CT—C~ where C*,C~
are effective R-divisors with no common components. Then the induced
morphism Supp(LCT)1 — f(Supp(LCt.)) has connected fibers.

Proof. Note that
—CL—(Ky+C—_.Cu)=—-f"(Kx + B)

is f-nef and f-big. As coefficients of C'— (' are contained in (0, 1), by the
vanishing theorem,
R'f.(Oy(—LCL)) =0.

Since LC = LCT . —"C~7, the natural homomorphism
Oy (TC7T) = fu(Oc+,(TCTT))

is surjective. Since the support of the effective divisor C'~is contained in
the exceptional set, the natural homomorphism f,Oy — f.(Oy("C™7)) is
bijective. In the commutative diagram

Ox = f,.0y —— [0 o+,
Oy (TC7) —— fu(O e+, ,("C7T)).

The left vertical arrow is bijective, the bottom horizontal arrow is surjective,
and the right vertical arrow is injective, hence the top horizontal arrow is
surjective. We conclude the proof. O
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Corollary 1.11.10. A DLT pair (X, B) is PLT if and only if LB, is a
disjoint union of its irreducible components.

Proof. The sufficiency is easy. Conversely, suppose that two irreducible
components By, By of LB intersect. Take a log resolution f : (Y,C) —
(X,B) as in Lemma 1.11.9, then the strict transforms f_ !By, f !By are
contained in the same connected components of the support of LCT .. Then
there exists an irreducible component of LC* . — f;! By intersecting f; ! B;.
Blowing up along the intersection, the coefficient of the exceptional divisor

is 1, which means that (X, B) is not PLT. O

Corollary 1.11.11. For a DLT pair (X, B), every irreducible component
of LB is normal.

Proof. We may assume that X is affine. Take H to be an ample divisor on
X. Take D to be an irreducible component of L B1. Take a log resolution
f:(Y,C) = (X,B) in strong sense. By the definition of DLT, we may
assume that the coefficients of exceptional divisors in C are strictly less
than 1, note that here we use the fact that DLT is equivalent to WLT' (see
Remark 1.11.4). Take a sufficiently small effective Q-divisor E supported
on the exceptional set of g such that —F is g-ample and f*H — FE is ample
onY.

Write B = D + > b;B; where B; are distinct prime divisors, and write
fi1B = D' + " b;Bj the strict transform on Y. We can choose a positive
integer m such that for every 4, the divisorial sheaf Oy (B} +m(f*H — E)) is
generated by global sections. By taking a general global section, we can find
a prime divisor D} ~ B} +m(f*H — E). Take a sufficiently small positive
real number ¢ and take C' =C — 6> b;B. + 6> b;D; + mdé > bE ~g C +
mé Y b;(f*H). Note that the support of C’ is a normal crossing divisor as D
are general, and the coefficients of C' — D’ are less than 1 as § is sufficiently
small. Then we can take B’ = f,.C' = D'+ (1 —10)>_b;B; + 6 >_bi f« D, ~r
B+m > b;H. Note that Kx + B’ is R-Cartier and f*(Kx+B') = Ky +(’,
which implies that (X, B’) is DLT. Also by construction, we have .C'5 = D’
and LB’J = D. Therefore, by Lemma 1.11.9, D’ — D has connected fibers,
which means that D is normal. O

Remark 1.11.12. According to this corollary, the irreducible components
of LB have no “self-intersection”. For example, if X is a smooth complex
algebraic variety and B is a reduced divisor normal crossing in analytic sense
but not simple normal crossing, then (X, B) is not DLT. This follows from
the definition of normal crossing divisors and log resolutions.

Induction arguments on dimensions using the adjunction formula is com-
patible with the property of DLT. The reason is the following result:
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Theorem 1.11.13 (Subadjunction formula). Let (X, B) be a DLT pair and
Z an irreducible component of _LB1. Then we can naturally define an effec-
tive R-divisor By on Z satisfying

(Kx+B)‘Z:Kz+BZ7

and the pair (Z, Bz) is again DLT. Moreover, if (X, B) is PLT in a neigh-
borhood of Z, then (Z,By) is KLT.

Proof. Take a log resolution f : (Y,C) — (X, B) such that coefficients of
exceptional prime divisors in C are less than 1. Write W = f71Z, Cw =
(C —=W)lw, and Bz = (f|lw)«Cw. Here coefficients of Cy are at most 1,
so are those of By.

Here we claim that the coefficients of By are contained in (0, 1]. To see
this, after cutting X by general hyperplanes, we may assume that dim X = 2.
In this case, f: (Y,C) — (X, B) factors through the minimal resolution of
X (see Proposition 1.13.8). Hence there exists a pair (Y7, C}) and birational
morphisms f;: Y =Y, fo: Y7 — X such that f = fyo f; and Ky, + C =
f5(Kx + B), and moreover C > 0. Then it is easy to see that Bz > 0.

As (Ky + C)|lw = Kw + Cw, we get (Kx + B)|z = Kz + Bz. Hence
Kz + By is R-Cartier. Note that f|y is a log resolution of (Z, Bz) and
(flw)*(Kz + Bz) = Kw + Cw.

Recall that every irreducible component of C' with coefficient 1 is a strict
transform of an irreducible component of L B_. Take D to be an irreducible
component of Cy with coefficient 1, then D is contained in the intersection
of f71LB.—W and W and hence it is not contained in Exc(f). In fact, if D
is contained in Exc(f), then it is an irreducible component of Exc(f), which
contradicts the fact that Exc(f) is a normal crossing divisor. Therefore D
is not contained in the exceptional set of f|y and hence (Z, Bz) is DLT.

The latter part is obvious. O

Remark 1.11.14. We may have Bz # 0 even if B = Z, that is, Kz might be
smaller than expected, and this is why we use the word “sub”. For example,
consider the quadric surface X defined by zy = 22 in affine space C? with
coordinates x,y, z and the divisor Z on X defined by x = z = 0. Then the
pair (X, Z) is DLT and the subadjunction formulais (Kx+2)|z = Kz +3P
(see Example 1.3.2).

For a pair (X, B), a subvariety Z of X is called an LC center if there
exists a log resolution f : (Y,C) — (X, B) such that there is an irreducible
component C; of LCt ., with Z = f(C}).

Lemma 1.11.15. Fix a log resolution f : (Y,C) — (X, B) of an LC pair
(X,B). The its LC centers consist of images of irreducible components of
intersections of several irreducible components of LC™T .

{sAF}
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Proof. Take the blowing up Y along an irreducible component of the inter-
section of several irreducible components of LC™ ., we get a new log resolu-
tion and the exceptional divisor has coefficient 1 in the new boundary. Hence
the image is an LC center. On the other hand, by easy computation, the
blowing up along other centers gives an exceptional divisor with coefficient
strictly smaller than 1. By Theorem 1.6.4, any log resolution is dominated
by a log resolution obtained in this way, which concludes the proof. O

In particular, when (X, B) is DLT, there exists a log resolution f :
(Y,C) — (X, B) with LO*, = f, LB, hence an LC center is nothing but
an irreducible component of the intersection of several irreducible compo-
nents of LB_. In other words, the reduced part of the boundary obtained by
applying the subadjunction formula several times to (X, B) are LC centers.

We extend the vanishing theorem to DLT pairs. Note that the condition
“relatively ample” can not be replaced by “relatively nef and big” as DLT
is not an open condition.

Theorem 1.11.16. Let X be a normal algebraic variety, f : X — S a
projective morphism, B an R-divisor on X, and D a Q-Cartier integral

divisor on X. Assume that (X, B) is DLT and D — (Kx + B) is relatively
ample. Then for any positive integer p, RP f.(Ox (D)) = 0.

Proof. Take a log resolution g : (Y,C) — (X, B) in strong sense, denote
h = f og. By the definition of DLT, we may assume that the coefficients of
exceptional divisors in C' are strictly less than 1, note that here we use the
fact that DLT is equivalent to WLT (see Remark 1.11.4). Take a sufficiently
small effective R-divisor A supported on the exceptional set of g such that
—Ais g-ample, LC+ A, =0.C, and ¢g*D — (Ky + C + A) is h-ample. Take
a sufficiently small number € > 0 such that ¢*D — (Ky + (1 —€)C + A) is
again h-ample.

Write D' —C" = ¢*D — ((1 —€)C + A) where D’ is a divisor with integral
coefficients and C”’ is an R-divisor with coefficients in (0, 1), in other words,
take D' = "¢g*D—((1—€)C+A)™. Since the support of C’ is a normal crossing
divisor, by Theorem 1.9.3, for p > 0, RPg.(Oy (D’)) = RPh.(Oy(D")) = 0.
Therefore, for p > 0, RP f,(g9+(Oy(D"))) = 0. Since g.D" = D by definition
and D’ > Lg*D. as coefficients of (1 — €¢)C + A are smaller than 1, we have
9x(Oy (D')) = Ox (D) and the theorem is proved. O

Here we remark that we can avoid using WLT in this proof by applying
Lemma 2.1.7 to replace (X, B) by a KLT pair.

1.11.3 Terminal singularities and canonical singularities

We conclude this section by introducing terminal singularities and canonical
singularities. These singularities are not considered in the main part of

{DLT vanishing}
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this book. However, they are important in applications and have longer
history than KLT, DLT, LC, etc in dimension 3 or higher. Originally 3-
dimensional algebraic geometry was successful because these singularities
can be classified. But classification of singularities is impossible in higher
dimensions, and it is replaced by using pairs and induction on dimensions.

Definition 1.11.17. A normal algebraic variety X is said to have canonical
singularities if the following conditions are satisfied:

(1) Kx is Q-Cartier.

(2) For a resolution of singularities f : Y — X, if write f*Kx = Ky + C,
then —C' is effective.

Furthermore, X is said to have terminal singularities if the following is
satisfied:

(3) the support of —C' coincides with the divisorial part of Exc(f).

In terms of discrepancy coefficients, terminal singularities (canonical sin-
gularities) have all discrepancy coefficients positive (non-negative). It is easy
to see that conditions (2) and (3) do not depend on the choice of resolu-
tion of singularities. The concept of terminal singularities and canonical
singularities can also be extended to pairs.

Definition 1.11.18. A pair (X, B) consisting of a normal algebraic variety
X and an effective R-divisor B is said to have canonical singularities if the
following conditions are satisfied:

(1) Kx + B is R-Cartier.

(2) For any resolution of singularities f : Y — X, if write f*(Ky + B) =
Ky + C, then —C + f !B is effective.

Furthermore, (X, B) is said to have terminal singularities if the following is
satisfied:

(3) the support of —C'+ f; ' B coincides with the divisorial part of Exc(f).

It is easy to see that in conditions (2) and (3) it is not sufficient to check
for one log resolution.

As will be explained later, discrepancy coefficients are not decreasing
under the minimal model program (MMP), hence the MMP preserves sin-
gularities. That is, when applying a birational map in MMP to an algebraic
variety with certain singularities, we get an algebraic variety with the same
type of singularities. In other words, MMP can be considered within the
category of varieties having certain singularities. In particular, when consid-
ering MMP starting from a smooth algebraic variety, everything is within
the category of terminal singularities. Note that 2-dimensional terminal
singularities without boundaries are just smooth, that is the reason why
singularities are not considered in classical 2-dimensional MMP.
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1.12 Minimality and log minimality

The minimality in the minimal model theory is defined by the minimality of
canonical divisors. Log minimal model is the log version of minimal model,
where the log canonical divisor is minimized. The minimal model program
(MMP) is a process to find a “minimal model” which is a birational model
with good properties for a given algebraic variety.

Firstly, we define “minimality” by the property of singularities and nu-
merical property of canonical divisors:

Definition 1.12.1. (1) A projective morphism f : X — S from a normal
algebraic variety to another algebraic variety is said to be relatively
minimal over S if it satisfies the following conditions (a), (b). It is said
to be relatively minimal in weak sense over S if it satisfies the following
conditions (a’), (b).

a) X has Q-factorial terminal singularities.
(a’) X has canonical singularities.

(b) Kx is relatively nef over S.

(2) A projective morphism f : (X, B) — S for a pair consisting of a normal
algebraic variety X and an R-divisor B to another algebraic variety
is said to be relatively log minimal over S if it satisfies the following
conditions (a), (b). It is said to be relatively log minimal in weak sense
over S if it satisfies the following conditions (a’), (b).

(a) X is Q-factorial and (X, B) is DLT.
(a’) (X,B)is LC.
(b) Kx + B is relatively nef over S.

The minimality in weak sense defined above leads to the minimality of
canonical divisor Kx and log canonical divisor Kx + B:

Proposition 1.12.2. (1) Let f : X — S be a morphism minimal in weak
sense. Consider a projective morphism g :'Y — S from another normal
algebraic variety and birational projective morphisms ' : Z — X, ¢’ :
Z —'Y from a third normal algebraic variety with fo f' = gog'. Then
if Ky is Q-Cartier, the inequality (f')*Kx < (¢')*Ky holds. That is,
Kx is minimal in birational equivalence classes.

(2) Let f: (X,B) — S be a morphism log minimal in weak sense. Consider
a projective morphism g : (Y,C) — S from anther pair of a normal
algebraic variety and an R-divisor and birational projective morphisms
f' Z—X,q :7Z =Y from a third normal algebraic variety with
fofl'=gog. Furthermore, assume the following conditions:

{minimality}

{canonical divisor minima
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(a) For each irreducible component B; of B, the strict transform C; =
gL (fi1B; is an irreducible component of C. If denote coefficients
of Bi, C; to be b, c;, then b; < ¢;.

(b) For each irreducible component C; of C satisfying fi(g')y1C; =0,
its coefficent c;j is 1.

Then if Ky +C' is R-Cartier, the inequality (f')*(Kx+B) < (¢')*(Ky +
C) holds. That is, Kx + B is minimal in birational equivalence classes.

Proof. (1) By the desingularization theorem we may assume that Z is smooth.
Write (f/)*KX =Kz;+ F, (g/)*KY =K,z + F.

Since X has canonical singularities, —F is effective. That is, Kx is
smaller than Kz. So the condition on singularities guarantees the minimality
locally. In order to see the global properties, we apply the negativity lemma
(Lemma 1.6.3). Write F — E = Gt — G~ where GT,G™ are effective Q-
divisors with no common components. Our goal is to show G~ = 0. Suppose
that G~ # 0. As —F is effective, the support of G~ is contained in the
support of F, which is contracted by ¢’. By Lemma 1.6.3, there exists a
family of curves C' contracted by ¢’ and covering a component of G, such
that (G~ - C) < 0. Note that (Kz+ F)-C)=0and (G~ -C) > 0. On the
other hand, since K x is nef,

0<((Kz+E)-C)=(E-F)-C)=—(G"-0)+(G~-C)<0
a contradiction. Therefore G~ =0 and F' — E is effective.

(2) We may assume that f’, ¢’ are log resolutions. Write (f")*(Kx+B) =
Kz + FE, (g/)*(Ky +C)=Kz+F.

Since (X, B) is LC, coefficients of F are at most 1. That is, if denote by
E the sum of the strict transform (f’);'B and all exceptional divisors of f’
with coefficient 1, then Ky + B is smaller than Kz + E. So LC condition
guarantees the minimality locally.

Let us look at the global property. Write F' — E = G — G~ where
GT,G™ are effective R-divisors with no common components. Our goal is
to show G~ = 0. Once it is shown that the support of G~ is contracted by
g, the conclusion follows exactly as the proof of (1). In order to show that
the support of G~ is contracted by ¢’, for any prime divisor R on Z, we are
going to show that R is not an irreducible component of G~ if g_R = Q is
a prime divisor on Y.

If f{R = P is a prime divisor on X, by assumption (a), the coefficient
of P in B is not greater than that of @ in C. This holds even if P is not
a component of B in which case we just formally set the coefficient to be
0. Therefore the coefficient of R in F' — G is non-negative and it is not a
component of G~.
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If f/R = 0, by assumption (b), the coefficient of of @ in C is 1 while

that of R in E is at most 1. Therefore the coefficient of R in F' — G is
non-negative and it is not a component of G~.

O]

Remark 1.12.3. (1) In the minimal model theory in classical algebraic

surface theory, a minimal model is defined to be the minimal one under
the following relation using birational maps: for two smooth projective
algebraic surfaces X,Y, we define X < Y if there exists a birational
morphism Y — X.

However, in dimension 3 or higher, there are examples showing that
such definition does not work [27], [26]. Therefore, in the minimal model
theory discussed in this book, we consider projective algebraic varieties
with singularities, and define the minimal model by the size of canonical
divisors; the relation X <Y between two birational equivalent algebraic
varieties is defined by the inequality Ky < Ky. Here the inequality
of divisors is by comparing the pullbacks on a birational model: we
write Kx < Ky if f*Kx < g*Ky for projective birational morphisms
f:Z—= X,g9:Z — Y. The relation (X,B) < (Y,C) for log pairs is
defined by f*(Kx+B) > ¢*(Ky+C) for projective birational morphisms
f:7Z— X, g:7Z — Y together with 2 conditions of (2) of the above
proposition.

Such kind of change of viewpoint has already been observed in algebraic
surfaces in logarithmic situation ([54]). The importance of considering
logarithmic situation showed up at that time. Furthermore, extending
to the logarithmic situation is indispensable for inductive proof of the
existence of minimal models in this book.

Form the above proposition, the minimality in weak sense is equiva-
lent to the minimality of canonical divisors. Furthermore, according to
Corollary 3.6.10, minimal models are maximal among minimal models
in weak sense under the relation defined by birational morphisms.

Looking at this locally, we can say that: canonical singularities are
characterized by the property that the canonical divisors are minimal
locally. Furthermore, Q-factorial terminal singularities are maximal,
among those with canonical divisors minimal locally, under the relation
defined by birational morphisms.

For pairs, the log minimality in weak sense is equivalent to the mini-
mality of log canonical divisors. But as a DLT blowing up can be blown
up any times, it is impossible to construct a “maximal minimal model”.
However, if the minimal model is KLLT, then we can construct a maxi-
mal minimal model by Corollary 3.6.10. This is a pair with Q-factorial
terminal singularities.
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Looking at this locally, we can say that: LC pairs are characterized by
the property that the log canonical divisors are minimal locally. Fur-
thermore, by only looking at KLT pairs, Q-factorial terminal pairs are
maximal, among pairs with canonical divisors minimal locally, under
the relation defined by birational morphisms.

Therefore, the situation requiring Q-factorial terminal singularities can
be called “maximality theory” and the situation requiring canonical sin-
gularities or LC singularities can be called “minimality theory”. A
model expected to be obtained using a minimal model program gets
into the “maximality theory”.

(3) Let @« : X --» Y be a birational morphism between projective normal
algebraic varieties over S. X,Y are said to be crepant or K -equivalent
to each other if there are birational projective morphisms f : Z — X,
g : Z — Y from a third normal algebraic variety with ¢ = a o f such
that f*Kx = ¢*Ky. Here the comparison of canonical divisors is by
using rational differential forms identified by the birational map. By the
above proposition, birational equivalent minimal models are crepant to
each other.

Furthermore, given effective R-divisors B, C on X, Y, assume that Kx+
B, Ky +C are R-Cartier. Pairs (X, B), (Y, C) are said to be log crepant
or K-equivalent to each other if f*(Kx + B) = ¢*(Ky + C), or just
crepant for simplicity. When considering minimal models with bound-
aries, only being birational is not enough, we should also pay attention
to how to define the boundaries. This is settled in Section 2.5.5.

1.13 The curve case and the surface case

In this section, we describe known results such as the finite generation of
canonical rings in dimension up to 2. Many of them are special phenomena
which only happen in dimension up to 2. In particular, we describe the clas-
sification of DLT pairs in dimension 2. We obtain a subadjunction formula
which will be useful later. For a DLT pair in general dimensions, its struc-
ture in codimension two can be considered by cutting down the dimension
by general hyperplanes and reducing to the classification of DLT pairs in
dimension 2.

1.13.1 The curve case

Firstly we discuss dimension 1 case briefly. Take an algebraic curve X, that
is, a smooth projective 1-dimensional algebraic variety. Denote its genus by
g. If g =0, then X 2 P! and R(X,Kx) = k. If g =1, then Kx ~ 0 and
R(X, Kx) = k[t]. These cases are simple.
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In the following we consider g > 2. This is equivalent to X being of gen-
eral type. It is also equivalent to deg(K x) > 0 since the degree of the canon-
ical divisor Ky is 29 — 2. The plurigenera are given by dim H*(X,mKx) =
(2m —1)(g — 1) for m > 2. As Kx is ample, the canonical ring R(X, Kx)
is finitely generated and

X =ProjR(X, Kx).

X is called a hyperelliptic curve if there exists a finite morphism = : X — P!
of degree 2. The canonical linear system |Kx| is always free, but it is very
ample if and only if X is not a hyperelliptic curve. When X is a hyperelliptic
curve,

[Kx| =7"|Op1(g —1)|

and 7 is the morphism corresponding to |Kx/|. In this case, |[3K x| is very
ample ([10, IV.5]).

To be more specific, if X is not a hyperelliptic curve, then the canonical
ring is generated by the degree 1 part H(X, Ky ) (Max Noether [, p.117]).
On the other hand, if X is a hyperelliptic curve, then degree up to 3 parts
are required to generate the canonical ring.

1.13.2 Minimal model of algebraic surfaces

In the following we consider 2-dimensional case. For details please refer to
[L1]. An algebraic surface is a 2-dimensional algebraic variety.

Numerical geometry is particularly effective on algebraic surfaces. This
is because the intersection number becomes a symmetric bilinear form as
prime divisors are the same as curves. The following powerful theorem is
often used in algebraic surface theory.

Theorem 1.13.1 (Hodge index theorem, [16, Theorem V.1.9]). Let A, B be
Cartier divisors on a proper 2-dimensional algebraic variety X. If (A%) > 0,

(A-B) =0, and B # 0, then (B?) < 0.

Corollary 1.13.2. Let f : Y — X be a resolution of singularities of an
algebraic surface and D a non-zero divisor on'Y supported in the exceptional
set Exc(f). Then (D?) < 0. Therefore, if exceptional divisors of f are
Ei,...,E,, then the matriz of intersection numbers [(E; - E;)] is negative
definite.

Proof. We may assume that X is projective. Take an ample divisor H on
X, then (f*H - f*H) >0 and (f*H-D)=0. If D >0, as Y is projective,
D # 0 implies D # 0. Therefore (D?) < 0. In general, we can write
D = DT — D~ in terms of the positive part and the negative part, then
(D?) < (D*)?+ (D7)2 <. O

{HIT}

{negative definite}
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The Hodge index theorem can be used even for problems in higher di-
mensional algebraic geometry, because we can cut by hyperplane sections
and reduce to algebraic surfaces (see Lemma 1.6.3).

In general, given a resolution of singularities f : Y — X, the dual graph
I' can be constructed from the exceptional set as the following:

(1) Take vertices v1,...,v, of I' corresponding to prime divisors Ey, ..., E,
in Exc(f).

(2) Join v, v; with an edge if two distinct prime divisors E;, E; intersect,
and associate the edge with weight (E; - E;).

(3) Associate each vertex v; with weight (E?).

First of all, we recall the minimality of algebraic surfaces. The definition
of minimal models in algbraic surface theory is different from that in higher
dimensional algebraic geometry. Hence here we use “minimal in the classical
sense”. Given two smooth algebraic surfaces X, Y, the relation X > Y is
defined by that there is a projective birational morphism f : X — Y. An
algebraic surface minimal under this relation is defined to be minimal in the
classical sense.

A curve C on a smooth projective algebraic surface X is called a (—1)-
curve if C =2 P! and (C?) = —1. If take a blowing up of a smooth algebraic
surface Y at a point P, then the exceptional set is a (—1)-curve. Conversely,
a (—1)-curve can be contracted to a smooth curve:

Theorem 1.13.3 (Castelnuovo’s contraction theorem, [16, Theorem V.5.7]).
For a smooth algebraic surface X and a (—1)-curve C on X, there exists
a projective birational morphism f : X — Y to another smooth algebraic
surface, such that f(C) is a point and f induces an isomorphism X \ C =

YA F(O).

Minimality is characterized by the absence of (—1)-curve:

Theorem 1.13.4 (16, Proposition V.5.3]). A smooth algebraic surface X
is minimal in the classical sense if and only if there is no (—1)-curve on X.

Corollary 1.13.5. For a smooth projective algebraic surface X, its minimal
model in the classical sense always exists.

Proof. In the case that f : X — Y is a contraction of a (—1)-curve, the
Picard number decreases exactly by one: p(X) = p(Y) + 1. As Picard
number is always positive, a minimal model in the classical sense can be
obtained by taking contractions finitely many times until there is no more
(—1)-curve. O

Minimal projective algebraic surfaces in the classical sense are classified
into the following 3 types:
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(1) A surface with Kx nef.
(2) A Pl-bundle over a curve.
(3) P2

In this book, (1) is called a minimal model, and (2) or (3) is called a Mori
fiber space. In case (1), the minimal model is unique. However in cases (2)
and (3), the minimal model (in the classical sense) is not unique, so such a
model is sometimes said to be relatively minimal, but to avoid confusion we
will not use this terminology.

Combining the existence of resolution of singularities and Castelnuovo’s
contraction theorem, we get the minimal resolution of singularities of a
normal algebraic surface. It is a minimal model in relative setting, which is
obtained by considering p(Y/X) instead of p(X):

Corollary 1.13.6 ([16, Theorem V.5.8]). Let X be a normal algebraic sur-
face. Then among all projective birational map g : Y — X from a smooth
algebraic surface, there exists a unique minimal one in the classical sense.

We also have the following minimal log resolution of singularities which
is the log version of minimal resolution of singularities:

Proposition 1.13.7. Let (X, B) be a pair consisting of a normal algebraic
surface and a reduced divisor on it. Then among all projective birational map
g:Y — X from a smooth algebraic surface such that the sum of f;'B and
all exceptional divisors is a normal crossing divisor, there exists a unique
minimal one in the classical sense.

For a projective algebraic curve C on a smooth algebraic surface X, the
following genus formula holds ([16, Example V.3.9.2]):

(Kx-C)+(C*) =25—-2> 2.

Here g is called the wvirtual genus of C, which is a non-negative integer.
Take g to be the genus of the smooth projective curve C* obtained from
normalization of C, then g > g. The difference g— g comes from singularities
of C. In particular, the equality holds if and only if C' is smooth.

Minimal resolution of singularities is characterized by relative nefness.
This coincide with the definition of minimality in this book:

Proposition 1.13.8. (1) A projective birational morphism f :'Y — X
from a smooth algebraic surface to a normal algebraic surface is the
minimal resolution of singularities if and only if Ky is relatively nef.

(2) Let f : Y — X be the minimal resolution of singularities of a normal
algebraic surface. If write f*Kx = Ky + C, then C is effective.

{min resol property}
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Proof. (1) If there is a (—1)-curve C such that f(C) is a point, then (Ky -
C) = —1 and Ky is not relatively nef.

Conversely, if Ky is not relatively nef, then there is a curve C such
that (Ky - C) < 0 and f(C) is a point. By the Hodge index theorem
(Corollary 1.13.2), (C?) < 0. On the other hand, by the genus formula,
(Ky -C)+(C?) > —2. Hence we have ((Ky +C)-C) = =2 and (Ky -C) =
(C?) = —1. This means that C = P! and C is a (—1)-curve.

(2) Write C = CT — C~ where C,C~ are effective divisors with no
common components. If C~ # 0, then (Ky-C~) = —(CT-C7)+(C~-C7) <
0, which contradicts the fact that Ky is relatively nef. O

For Euler characteristic x(Ox) = Y(—1)!dim H*(X,Ox) of a smooth
projective algebraic surface X, we have the following Noether’s formula

1
X(Ox) = T((K3) + (X)),
Here co(X) is the second Chern class of the tangent bundle of X, and — Ky =
c1(X) is the first Chern class.

1.13.3 Finite generation and the classification of algebraic
surfaces

Let us consider the finite generation of canonical rings of smooth projective
algebraic surfaces. The important thing here is that canonical rings are
invariants under contractions of (—1)-curves: f*: R(X', Kx/) = R(X, Kx).
Therefore, in the following we consider X to be minimal.

In the classification of minimal models in the classical sense, for a Mori
fiber space in case (2) or (3), its canonical ring is just k, and the finite gen-
eration is trivial. In the following we just consider case (1). The following
is a deep result called the Kodaira—Enriques classification theory for alge-
braic surfaces. In addition, Kodaira also classified (not necessarily algebraic)
compact complex surface, but we will not discuss them here ([10]).

The Kodaira dimension x(X) takes value among 0, 1,2. When x(X) = 0,
there exists a positive integer r such that rKx ~ 0. If we take r to be
the smallest one with such property, then » = 1,2,3,4,6. In particular,
R(X,Kx) 2 k[t"].

When k(X) = 1, there exists a surjective morphism f : X — Y to a
smooth projective algebraic curve such that the generic fiber is an elliptic
curve. The following Kodaira’s canonical bundle formula holds:

Kx ~Q f*(Ky + B).

Moreover, deg(Ky + B) > 0. Here B is a Q-divisor on Y determined
by singular fibers of f. Singular fibers are completely classified and the
corresponding coefficients of B are determined. Here coefficients of B are
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not necessarily contained in (0,1). This is because it includes also a part
induced from the J-function J : Y — P! coming from the fibers of f.
Anyway, there exists a positive integer r such that rKx ~ f*(r(Ky + B))
and R(X,rKx) = R(Y,r(Ky + B)). The latter one is finitely generated
as 7(Ky + B) is an ample divisor, which implies that R(X, Kx) is finitely
generated. Here note that R(X, Kx) is finitely generated if and only if
R(X,rKx) is so.

Consider the case x(X) = 2. A minimal model X is of general type if
and only if (K%) > 0. For m > 2, by a vanishing theorem of Kodaira type,
we have the following plurigenus formula

dim HO(X, mKx) = %m(m ~ 1K) + v(Ox).

We discuss the canonical models. A curve C on X is called a (—2)-curve if
C = P! and (C?) = —2. On a minimal surface of general type, a (—2)-curve
is characterized by the condition (K x-C) = 0. This is because we get (C?) <
0 from the Hodge index theorem (Corollary 1.13.2) and (K x-C)+(C?) > —2
from the genus formula. According to Artin’s contraction theorem ([7] or
Theorem 1.13.10), we can contract all (—2)-curves by a birational morphism;
there exists a birational morphism g : X — Y to a normal algebraic surface
such that the exceptional set of g coincides with the union of all (—2)-
curves. Y is called the canonical model. The canonical divisor Ky of Y is
a Cartier divisor and Kx = ¢g*Ky. Therefore there is an isomorphism g* :
R(Y,Ky) = R(X, Kx). Since all the curves intersecting K x are contracted
by g, we can see that Ky is ample, and the canonical ring R(X, Kx) is
finitely generated and Y = Proj R(X, Kx). This is the proof of the finite
generation of canonical rings in dimension 2 by Mumford ([!16]). In more
details, on the canonical model, [5Ky | is very ample ([17]).

1.13.4 Rational singularities

For a minimal model X of general type, its canonical model Y has canonical
singularities, because the birational morphism ¢g : X — Y is crepant (Kx =
f*Ky). Canonical singularities in dimension 2 is known to be the same as
rational double points, that is, rational singularities of multiplicity 2. Such
singularities are investigated in many different situations from long ago, they
are also called Du Val singularities, Klein singularities, simple singularities,
ADE singularities. Here we summarize the classification of 2-dimensional
canonical singularities:

Theorem 1.13.9. Let P € X be a canonical singularity in dimension 2.

(1) Take f:Y — X to be the minimal resolution of singularities, then the
exceptional set Exc(f) is a normal crossing divisor whose irreducible
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components are all (—2)-curves and the dual graph defined by their in-
tersections is among Dynkin diagrams of type A,, Dy, Fs, E7, Eg (see
Figure 7?). Conversely, on a smooth algebraic surface, a normal cross-
ing divisor whose irreducible components are all (—2)-curves with dual
graph of type Ay, Dy, Eg, E7, Eg can be contracted to a canonical singu-
larity by a projective birational morphism.

(2) When the base field is C, there exists an analytic neighborhood of P iso-
morphic to the neighborhood of the origin of hypersurface in C* defined
by one of the following equations:

Ap: 2?2+ 92+ 2" =0, n>1;
Dp: 2?+y?2+2""1=0, n>4
Eg: a®+y° + 2" =0;

L2 3 3 _ (.
Er: 2 +y +yz” =0;
Es: 2* +y° +2° =0.

Here, (x,vy,2) are coordinates of C3.

(8) When the base field is C, it is analyticaly isomorphic to the singularity
of the origin of the quotient space C?/G for a finite subgroup G of
SL(2,C).

More generally, rational singularities on algebraic surfaces are defined by
Artin [3]. Please refer to the original paper for the proof. The theorem is
characteristic free:

Theorem 1.13.10. Let X be a smooth algebraic surface and E; (i =1,...,r1)
projective curves on X such that the union E = |J E; is connected. Assume
that the matriz of intersections [(E; - E;)] is negative definite. Then the
following statements hold:

(1) There exists a smallest effective integral divisor F' =) e;E; # 0 satis-
fying the property that (F - E;) < 0 for alli. It is called the fundamental
cycle.

(2) Inequality (Kx - F) + (F?) > —2 holds.

(3) If equality (Kx-F)+(F?) = —2 holds, there exists a projective birational
morphism f : X = Y to a normal algebraic surface and the exceptional
set Exc(f) coincides with E. In this case, the singularity of Y is called
a rational singularity.

(4) Rational singularities are Q-factorial. Moreover, R'f.Ox = 0. Con-
versely, a normal singularity on an algebraic surface Y with resolution
of singularities f : X — Y satisfying R'f.Ox = 0 is a rational singu-
larity.
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The condition R!f,Ox = 0 is independent of the choice of resolution of
singularities since for g : X’ — X a blowing up of a smooth algebraic surface
at a point, ng*OX/ =0 and g.Ox' = Ox hold.

Example 1.13.11. (1) On a smooth algebraic surface, a curve satisfying
C =2 P! and (C?) = —n can be contracted to a rational singularity.

(2) Dual graphs obtained by taking resolution of singularities of 2-dimensional
DLT pairs (see Figure ?7) can be contracted to rational singularities.

Proposition 1.13.12. Let X be a normal algebraic surface with at most
rational singularities and f :'Y — X a resolution of singularities. Then
prime divisors in the exceptional set of f are all isomorphic to P and the
dual graph is a tree. Here a tree is a graph with all edges having weigh one
and with no cycles.

Proof. Since R'f,Oy = 0, limg H'(E,Og) = 0 by [46, Theorem III.11.1].
Here the limit is the inverse limit for all subschemes E supported on the
exceptional set of f. Since the exceptional set of f is 1-dimensional, for any
f-exceptional effective divisor F, we have H!(E,Og) = 0. This concludes
the proof. O

Remark 1.13.13. According to a theorem of Grauert ([35]), for a smooth
complex analytic surface X and projective curves F; (i = 1,...,7) on X such
that the union E = |J E; is connected and the matrix of intersections [(E; -
E;)] is negative definite, there always exists a proper birational morphism f :
X — Y to a normal complex analytic surface such that the exceptional set
of f coincides with . However, Y does not necessarily admit an algebraic
structure and f is not necessarily algebraic.

1.13.5 The classification of DLT surface singularities 1

Numerical geometry becomes easy for normal algebraic surfaces. Even for
non-R-Cartier divisors, intersection numbers and pullback by a morphism
can be well-defined.

Let X be a normal algebraic surface and D an R-divisor on X. Take

a resolution of singularities f : Y — X and denote E; (i = 1,...,7) to be
the exceptional divisors. The Mumford’s numerical pullback f*D = f7'D +
> e;E; is defined as the following ([115]): coefficients e; are the solution

of the equations (f*D - E;) = 0 for all 4, which is unique since [(E; - E})]
is negative definite. If D is effective, it is easy to see that f*D is again

effective. For two R-divisors D, D', their intersection number can be defined
by (D - D) = (f*D- f*D’).

From now on, we work on the classification of 2-dimensional DLT pairs.
Here all discussions are over a base field of characteristic 0. There is also a
classification in positive characteristics ([54]).
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As the definition of pullback extends to all R-divisors, for a pair (X, B),
we can define the concept such as KLT, DLT without assuming that Kx +
B is R-Cartier. Therefore, in the following, this assumption is removed.
However, as will be shown later, it turns out that Kx + B automatically
becomes R-Cartier.

Firstly, we generalize the vanishing theorem slightly. For algebraic sur-
faces, the normal crossing condition which is important in Theorem 1.9.7
can be removed:

Proposition 1.13.14. Let X be a smooth projective algebraic surface de-
fined over an algebraically closed field of characteristic 0, f : X — S a
projective morphism to another algebraic variety, and D a relatively nef and
relatively big R-divisor on X. Then R'f.(Ox(Kx +"™D7)) = 0.

Proof. Take a log resolution g : Y — (X, D). By Theorem 1.9.7, R'(f o
9)+(Oy(Ky 4+ "g*D7)) = R'g.(Oy(Ky +"g*D7)) = 0. Then, arguing by
spectral sequence, we get R!f.(g«(Oy(Ky + "g*D™))) = 0. In the exact
sequence

0— g*<0y(Ky + '—g*Dj)) — Ox(KX + '—D—') — Q — 0,

the cokernal ) has 0-dimensional support, hence its higher cohomologies
vanish. Therefore the proof is completed. O

DLT pairs has rational singularities:

Proposition 1.13.15. Let (X, B) be a 2-dimensional DLT pair defined over
an algebraically closed field of characteristic 0. Then X has rational singu-
larities. If (X, B) is only LC, then X has rational singularities at points in
the support of B.

Proof. Since (X, B) is DLT, (X,0) is again DLT. Here note that the con-
dition Kx + B being R-Cartier is removed in the definition of DLT. As
(X,0) has no boundary, it is KLT. Take the minimal resolution of singu-
larities f : Y — X and write f*Kx = Ky + C. As it is minimal, C is
effective. Since (X,0) is KLT, "—C™ = 0. Applying Proposition 1.13.14 to
D = —f*Kx, we get R'f.Oy = R f,(Oy("—C7)) =0.

For the latter statement, when the pair (X, B) is LC, (X,0) is KLT at
points in the support of B. ]

Rationality of singularities implies Q-factoriality:

Proposition 1.13.16. Algebraic surfaces defined over the complex number
field with only rational singularities are Q-factorial.
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Proof. Take a resolution of singularities f : ¥ — X. Consider Y as a
complex analytic variety, consider its sheaves in classical topology instead
of Zariski topology. Then there exists an exponential exact sequence

0—Zy = Oy — Oy — 0.
Here the map Oy — O3 is defined by the exponential function z — ez,
Note that such kind of exact sequence does not exist in Zariski topology.

By the assumption, R!' f,Oy = 0, hence the map le*(’)i‘, — R?f,Zy is
injective.

For any divisor D on X, its numerical pullback f*D is a Q-divisor, so
we can take a positive integer m such that mf*D is integral. Note that
Oy (mf*D) determines an element in R'f,O% whose image in R?f,Qy is
zero since (mf*D - E) = 0 for every f-exceptional curve E. Therefore there
exists a positive integer m/, such that the image of Oy (mm/f*D) in R? f,Zy
is 0. This induces an isomorphism

Oy (mm/ f*D) = Oy.

The global section of the left hand side corresponding to 1 of the right hand
side determines a rational function h on Y such that div(h)y = —mm/ f*D.
Hence div(h)x = —mm/D which means that mm’D is Cartier. O

As 2-dimensional DLT pairs are rational singularities, they are Q-factorial,
and hence numerical pullback is actually the same as pullback. For LC pairs
the same holds true on the support of boundaries.

Next we show that KLT or LC property is preserved under taking cov-
ering:

Lemma 1.13.17. Let f : Y — X be a finite surjective morphism étale
i codimension 1 between normal algebraic varieties defined over an alge-
braically closed field of characteristic 0. Let B be an effective R-divisor on
X such that Kx + B is R-Cartier, write f*(Kx + B) = Ky + C. Then the
pair (X, B) is LC if and only if so is (Y,C). The same holds true for KLT
Pairs.

Proof. As f is étale in codimension 1, C is effective. Take a log resolution
g: X' = X of (X,B) and take Y’ to be the normalization of X’ in the
function field £(Y). Denote the induced maps by h: Y’ — Y and f': Y’ —
X'. Write ¢*(Kx + B) = Kx/ + B', W"(Ky + C) = Ky: + C".

Firstly, we show that (X, B) is LC assuming that (Y, C) is LC. Take an
arbitrary prime divisor D contracted by ¢ and denote its coefficient in B’
by d. Take a prime divisor E on Y’ such that f/(F) = D and denote the
ramification index of F with respect to f’ by r. Then the coefficient of F in
(f)*D and Ky — (f')*Kx+ are r and r — 1 respectively. Therefore, take e
to be the coefficient of E in C’, we get the relation

dr=r—1+e.

{LC covering}
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Since e < 1 by the assumption, we get d < 1. Moreover, if e < 1, then d < 1.

Conversely, we show that (Y, C) is LC assuming that (X, B) is LC. By
using the result we just proved in the first part, we may replace Y by taking
the Galois closure and assume that k(Y)/k(X) is Galois. As the Galois
group G acts on Y, we take h : Y/ — Y to be a G-equivariant log resolu-
tion. For example, a canonical resolution (Remark 1.6.2(4)) is automatically
G-equivariant. The quotient space X’ = Y'/G has quotient singularities.
Denote by g : X’ — X and f' : Y — X’ the induced maps. Take a prime
divisor F contracted by h, define D, e, d in the same way as the first part.
Although X’ is not smooth, we still have dr = r — 1 +e. Since d < 1 by the
assumption, we get e < 1. Moreover, if d < 1, then e < 1. ]

Remark 1.13.18. Here we discuss about topology of algebraic varieties
defined over the complex number field. In general the topology of algebraic
varieties is Zariski topology, but when the base field is the complex number
field, classical Euclid topology is also useful. For example, exponential exact
sequence appeared before makes sense only in the latter topology.

As an open subset in Zariski topology is large, it admits non-trivial
structure itself, on the other hand, classical topology has polydisks as base,
its local structure is trivial. Since there are many open subsets, even the
constant sheaf has non-trivial cohomology groups.

For algebraic varieties defined over the complex number field, many def-
initions and results hold both for Zariski topology and classical topology.
Furthermore, in many cases they can be generalized to non-algebraic com-
plex analytic varieties. For example, definitions of DLT pairs and LC pairs
can be generalized using resolution of complex analytic singularities. The
same is true for DLT pairs being rational singularities. The fact that LC
and KLT are preserved by étale in codimension one covering can be also
generalized since it is a consequence of the ramification formula.

The construction of index 1 cover can be also generalized. For exam-
ple, for an effective divisor D on a complex analytic variety X such that
Ox(rD) = Ox, take a regular function h such that div(h) = rD, take the
normalization of the subvariety defined by the equation z" = h in the trivial
line bundle X x C over X, we get the index 1 cover. Here z is the coordi-
nate in the fiber direction. When D is not effective, we can consider similar
construction in X x P

However, as stated in Remark 1.1.2, we should take care of the concept
of normal crossing divisor. We should also take care of Q-factoriality. A
complex analytic variety X is analytically Q-factorial if for any analytic
neighborhood U of any point P € X and any codimension 1 subvariety D
on X, there exists a neighborhood U’ of P in U, a positive integer r, and a
regular function h on U’ such that divy/(h) = (D NU’). As the algebraic
Q-factoriality is a condition for globally defined prime divisors, analytical
Q-factoriality is a stronger condition.
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1.13.6 The classification of DLT surface singularities 2

We describe the classification of DLT pairs for algebraic surfaces. The re-
sults are established in a sufficiently small analytic neighborhood near the
singularity.

Firstly, consider the structure near points in the support of boundaries:

Theorem 1.13.19 ([64]). Let X be an algebraic surface defined over the
complex number field and B a reduced divisor on X. Assume that (X, B) is
DLT. Then for any point P € X in the support of B, there exists an analytic
neighborhood U such that one of the following statements holds:

(1) U is smooth and B|y is a normal crossing divisor in complex analytic
sense.

(2) U has a quotient singularity of type 1(1,s) and B|y is irreducible. Here
r, s are coprime positive integers. In more details, there exists a neigh-
borhood Uy of the origin of affine space C* with coordinates x,y, a group
action by G = Z/(r) as x — (x, y — (°y such that the pair (U, Bly)
is analytically isomorphic to (Uy/G, By/G). Here ¢ is a primitive r-th
root of 1 and By = div(x). In this case, (U, Bly) is PLT.

Conversely, pairs satisfying (1) or (2) are DLT.

Proof. Take a sufficiently small analytic neighborhood U of P, take an ana-
lytic irreducible component By of BN U. We may assume that Bj remains
irreducible when replacing U by smaller neighborhoods. Here note that it
is possible that an (algebraic) irreducible component of B containing By is
strictly bigger than B; when restricting to U.

Since X has rational singularities, it is analytically Q-factorial. Hence
B is Q-Cartier. Take r; to be the smallest positive integer such that r; B
is Cartier. Then we may assume that Oy (r1B1) = Op. Take mp : Y7 —» U
to be the index 1 cover of By. As m; is étale in codimension 1, by Lemma
1.13.17, (Y1, 77 B) is LC. If one of the analytic irreducible component of 7] B
is not Cartier, note that Y7 has again rational singularities, we can construct
an index 1 cover again. Therefore, we can construct a finite cover 7 : ¥ — U
étale in codimension 1 such that any analytically irreducible component of
C = 7* B is Cartier. By construction, Q = 7~!(P) is one point.

We will show that Y is smooth. Suppose not, take the minimal resolu-
tion of singularities g : Z — Y. Take C} to be an analytically irreducible
component of C, as C; is Cartier, g*Cj is an integral divisor. Note that the
support of g*C}; contains the exceptional set of g.

Take s to be the number of such C;. If s > 2, then any exceptional
divisor of g has coefficients at least 1 in g*C1, g*Csy. Since Kz < ¢g* Ky, this
contradicts to the fact that (Y,C) is LC.

{surface DLT classificati
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Now s = 1. Take F1, ..., E, to be the exceptional divisors of g. Since Y
has rational singularities, the dual graph of the exceptional divisors is a tree.
Since (Y, C) is LC, we get ¢*Cy = g;'C1+>_ E; and Kz = g*Ky. Note that
since C) is analytically irreducible, set-theoretically g;'C; intersects the
support of Y FE; at one point. If the graph of g7 'Cy + Y E; is not a tree, we
need more blowing ups to get a log resolution of (Y, C'), but this procedure
will produce an exceptional divisor with log discrepancy coefficient at least
2, which is a contradiction.

On the other hand, If the graph of g;1Cy + > E; is a tree, then there
exists an irreducible component E; intersecting g; 'Cy + Zi# L at just
one point. But by (Kz - E1) = 0 we get (E?) = —2, which contradicts to
(g*C’1 . El) = 0.

In summary, we showed that Y is smooth. Note that Y \ @ is connected
and simply connected, it coincides with the universal covering of U \ P. In
particular, 7 : Y — U is a Galois covering. Take G to be the Galois group.

Embed Y into affine space C? with coordinates z,y such that Q is the
origin. Since (Y, C) is LC and @ is contained in the support of C, we may
assume that the equation of C' is xy = 0 or x = 0. By construction, C' is
invariant under the action of G.

If the equation of C'is x = 0, BNU is analytically irreducible, and hence
G is the Galois group of an index 1 cover which is isomorphic to Z/(ry).
We get into case (2) by diagonalizing the generator of G. Here if 7, s are
not coprime, there is a non-trivial subgroup of G with fixed locus outside
@, which contradicts to the fact that 7 : Y — U is étale in codimension 1.

Consider the case that the equation of C' is xy = 0. Firstly, consider the
case that every irreducible component of C' is invariant under the action of
G. By choosing coordinates properly, the log canonical form dx/x A dy/y
is invariant under the action of GG, and determines a log canonical form
6 € H'(U, Ky + B) on Y/G = U. Since 6 has no zeros, Ky + B is Cartier
on U. Suppose that U is not smooth, take h : V' — U to be the minimal
resolution of singularities and write h*(Ky + B) = Ky + By, then the
coefficients of By are integers. Since h*Ky > Ky, the coefficients of By
are at least 1. This contradicts to the fact that (X, B) is DLT. Hence U is
smooth and we get into case (1).

Next, suppose that there exists an element in G exchanging irreducible
components of C. Then B NU is again analytically irreducible. Hence the
DLT pair (U, B) is PLT. Take G’ to be the subgroup of G consisting of all
elements preserving irreducible components of C, then G; = G/G' = Z/(2)
and the log canonical divisor Ky, + C" on Y/ =Y/G" is Cartier. Here C’ is
the image of C', which is a reduced divisor with two irreducible components.
If Y/ is not smooth, take ¢’ : Z' — Y’ to be the minimal resolution of
singularities and write (¢')*(Ky + C") = Kz + C7, then the coefficients
of C7, all equal to 1. The action of G; on Y’ extends to Z’ and induces a
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birational morphism h : V = Z'/Gy — U = Y’/G;. This is not necessarily
the minimal resolution of singularities, but if write h*(Ky + B) = Ky + By,
then by the ramification formula, the coefficients of By, all equal to 1, which
contradicts to that (U, B) is PLT. Therefore, Y’ is smooth. Then G’ = {1}
and the action of G; exchanging irreducible components of C' is étale in
codimension 1, which is absurd. ]

As an application in general dimensions, we can show the subadjunction
formula for DLT pairs (see Theorem 1.11.13):

Corollary 1.13.20. Let (X, B) be a DLT pair and Z an irreducible com-
ponent of LB. Define the R-divisor By on Z by (Kx + B)|z = Kz + Bz.
Take an irreducible component P of By with coefficient p. Denote by b; the
coefficients of irreducible components of B containing P. Then there exist
positive integers m;,r such that

p=(r— 1+Zbimi)/r.

Proof. As we can check the coefficient of P on its generic point, we may
assume that dim X = 2 and P is a point. The coefficient remains the same
when X is considered as a complex analytic variety, hence we just need to
consider two cases in Theorem 1.13.19. Case (1) is trivial, we only consider
case (2).

Let Y = C2, W =div(z), G = Z/(r), X = Y/G, Z = W/G. Denote the
projection by 7 : Y — X. Take the origin @ € Y and denote P = 7(Q). In
the DLT pair (X, B), B=7+ szBz Take CZ == 7T*BZ' and m; = (Cl : W)
When B; passes through P, m; is a positive integer.

Since 7 : Y — X is étale outside the origin, 7*(Kx +Z) = Ky +W. On
the other hand, «|y : W — Z is ramified over @) with index r, hence 7*P =
rQ, Kw = (w|lw)*Kz+(r—1)Q. OnY we have the usual adjunction formula
(Ky + W)|w = Kw. Then the coefficient of P can be easily computed by
the above relations. O

Next we consider points outside the boundary:

Theorem 1.13.21 ([61]). Let X be an algebraic surface defined over the
complex number field. Assume that (X,0) is DLT. Then any point P € X
1 a quotient singularity. That is, there exists an analytic neighborhood U of
P which is analytically isomorphic to the quotient of a neighborhood of the
origin (0,0) of C2 by the linear action of a finite subgroup G of the general
linear group GL(2,C).

Conversely, if X has quotient singularities, then (X,0) is DLT.

Proof. Since B =0, (U,0) is KLT. Firstly take the index 1 cover 711 : Y1 — U
of Kx. Since (Y1,0) is also KLT and Ky, is Cartier, Y7 has canonical
singularities. Therefore, Y7 = Uy/G; where Uj is a neighborhood of the

{surface DLT classificati
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origin of C? and G is a finite subgroup of SL(2,C). Now Uy \ {0} is the
universal cover of U \ {P} and we get the conclusion.

The converse statement follows from the ramification formula and holds
for any dimension. O

Birational geometry of algebraic surfaces works for arbitrary characteris-
tics. The classification of minimal models works under certain replacement
([L17], [18], [19]). The theory of rational singularities remains true, also the
contraction theorem remains true ([7], [8]). The graph of the resolution of
singularities of a DLT pair is completely classified, which is the same as in
characteristic 0 ([54], Figure ?7?). However, in characteristic 0 the singular-
ity can be determined by the graph of the resolution of singularities, which
turns out to be a quotient singularity, but in positive characteristics it is
only known to be a rational singularity and the structure of the singularity
is not determined only by the graph of the resolution of singularities, the
classification seems to be more complicated. In addition, [54] is the origin
where the second author was involved in the minimal model theory.

1.13.7 The Zariski decomposition

Finally, we state the Zariski decomposition for divisors on algebraic surfaces:

Theorem 1.13.22. Let D be an integral divisor on a smooth projective
surface X . Assume that there exists a positive integer m such that |/mD| # ().
Then there exists an effective Q-divisor N satisfying the following conditions:

(1) P=D — N is nef;

(2) (P - E;) =0 for every i, where E1, ..., E,, are irreducible components
of N;

3) the matriz [(E; - E;)]; ; is negative-definite.
3 )i,

Moreover, N is uniquely determined by the above conditions.

Such a decomposition D = P + N is called the Zariski decomposition of

D ([153])-

Proposition 1.13.23. Let X a smooth projective surface and f : X — Y
be a morphism to a minimal model in the classical sense. Assume that
Ky is nef. Set N = Kx — f*Ky, then Ky = f*Ky + N is the Zariski
decomposition of Ky .

That is, we can say that the Zariski decomposition in fact gives the
minimal model without taking a birational model. This is the reason why
Zariski decomposition has been drawn a lot of attention.
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Example 1.13.24. We give an example of log minimal model in dimension
2. The correspondence between Zariski decompositions and log minimal
models holds in general ([54]).

Consider an irreducible curve B of degree 4 with 3 ordinary cusp sin-
gularities on the projective plane X = P2. Here an ordinary cusp singu-
larity is a singularity analytically equivalent to that given by the equation
z2 —y? = 0 at the origin. By the genus formula, B is a rational curve, that
is, its normalization is isomorphic to P'. Let f : Y — X be the minimal log
resolution of the pair (X, B), and Cy = f, ' B be the strict transform. Let
P; (i = 1,2,3) be the singularities on B, over each there are 3 exceptional
divisors Ej; (4,5 = 1,2,3) on Y. It is easy to calculate the intersection
numbers (C3) = —2 and (Ezzj) = —j. C=Co+3_;; Eij is anormal crossing
divisor with all components isomorphic to P'. The dual graph is shown in
Figure ?7.

The Zariski decomposition Ky + C' = P + N is given by

1 2 1 1
P=Ky+Cy+ Z (Eil + §E¢2 + 3Ei3) , N = Z <2Ei2 + SEi?)) :
i i

Here P is nef and big with (P2) = 1/2.

Denote by g : Y — Z the contraction of 6 curves Ejo, E;3 (i = 1,2,3)
in the support of N and D = ¢g,C. Then Kz + D is ample and P =
9" (Kz+ D). The pair (Z, D) is a log minimal model of (Y, C') which is also
the log canonical model.

In Section 2.9 “Divisorial Zariski decomposition” of Chapter 2, we gen-
eralize the definition of Zariski decomposition in a weak sense for pseudo-
effective R-divisors in arbitrary dimensions.

1.14 The three-dimensional case

Let us consider the 3-dimensional case. In this situation, results in higher
dimensional algebraic geometry discussed in subsequent chapters are neces-
sary. In fact, higher dimensional algebraic geometry starts from dimension
3. However, there are also special phenomena and results only in dimension
3. We will describe them briefly as comparison to results in dimension up
to 2. This section will not be used in subsequent sections.

The minimal model program, including existence of flips, termination of
flips, and abundance conjecture, is completely understood in dimension 3
even for log version. As a consequence of the minimal model theory, the
following theorem holds:

Theorem 1.14.1. Let X be a smooth projective 3-dimensional algebraic
variety over a field of characteristic 0. Then there exists a projective alge-
braic variety X' with at most terminal singularities and a birational map
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f X --» X' surjective in codimension 1 such that one of the following
statements holds:

(1) X' is a minimal model. That is, the canonical divisor Kx is nef.

(2) X' admits a Mori fiber space structure. That is, there exists a surjective
morphism g : X' — Y to the third normal algebraic variety Y with
dimY < dim X with connected geometric fibers such that —Kx is g-
ample.

Remark 1.14.2. (1) f is not necessarily a morphism and X’ is not neces-
sarily smooth, this is a feature in dimension 3 and higher.

(2) X’ has terminal singularities means that the pair (X’,0) has terminal
singularities. The concept of terminal singularities was originally defined
by Reid in dimension 3 ([127]). However, log terminal singularities for
algebraic surfaces already appeared before this ([51]). In dimension
2, terminal singularities are impossible to be aware of since they are
automatically smooth.

(3) Any terminal singularity can appear in a minimal model. Terminal sin-
gularities in dimension 3 are isolated singularities and are completely
classified (Theorem 1.14.5). For example, for two coprime positive in-
tegers 7, b with b < r, a quotient singularity of type %(1,—1,()) is a
terminal singularity (see Example 1.10.5 for notation). The Cartier in-
dex of a singularity P € X is the minimal positive integer m such that
mK x is Cartier in a neighborhood of P. The Cartier index of a quotient
singularity of type %(1, —1,b) is r. In particular, the Cartier index of a
minimal model can be arbitrarily large.

(4) Existence of flips in dimension 3 was proved by Mori via an almost
complete classification of small contractions ([109]). As will be discussed
later, existence of flips in general dimensions is proved in a completely
different way by induction on dimensions. Here the generalization to
log version is essential.

(5) Termination of flips in dimension 3 was proved by Shokurov ([134]).
Termination of log flips in dimension 3 was proved in [70]. It remains
open in general dimensions.

The abundance theorem holds in dimension 3 ([103], [L04], [L05], [69]):

Theorem 1.14.3. Let X be a 3-dimensional minimal model. That is, X is a
projective algebraic variety with terminal singularities and Kx is nef. Then
there exists a positive integer m such that the pluricanonical system |mK x|
is free. As a consequence, there exists a surjective morphism f: X —Y to a
normal projective algebraic variety with connected geometric fibers such that
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Kx ~q f*H for an ample Q-divisor H onY. By definition, dimY = x(X).
In particular, the canonical Ting is finitely generated.

Remark 1.14.4. (1) The log version of abundance conjecture is also proved
in dimension 3 ([84]).

(2) As can be shown in subsequent chapters, the finite generation of canon-
ical rings is much weaker that the abundance theorem.

Terminal singularities in dimension 3 are completely classified as complex
analytic singularities ([127], [108], [130]):

Theorem 1.14.5. Let X be a 3-dimensional algebraic variety defined over
the complex number field with terminal singularities and toke P € X be a
singular point. Then (X, P) is an isolated singularity. Take r to be the
Cartier index, then there exists an analytic neighborhood of P isomorphic
to the neighborhood of origin of one of the following singularities:

(1) a quotient singularity of type %(a, —a,1). Herer,a are coprime positive
integers (see Example 1.10.5 for notation).

(2) general type: the quotient space of the hypersurface in C* defined by
xy + f(z",w) = 0 at the origin by the cyclic group Z/(r). In other
words, the prime divisor in 4-dimensional quotient singularity defined
by

1
{(xayaz)w) € ;(CL, —-a, 170) | Ty + f(zr’w) = O}

Here r,a are coprime positive integers and f has no constant term and
w term.

The following (2), (3) are also prime divisors in 4-dimensional quotient
singularity.

(8) special type:

1

{(z,9,2,0) €5(1,0,1,1) [2% + 5% + f(z,0) = 0}, f e m’,r = 2;
1

{(x’ y? Z7w) 65(1707 ]" 1) |'/I:2 + f(y7 Z’w) = 0}7
fems\m4’f37éy3,7':2;
1

{(@y,2,w) €5(0,1,2,2) [2% + f(y,2,w) = 0},
fem?, fs=y>+ 23 +w, >+ 20° ory® + 23,1 =3;
1

{(z,y,2,0) €5(1,0,1,1) |2 +y° + yf(z,w) + g(z,w) = 0},
femtgem®\md r=2.

Here m is the maximal ideal of the origin.

{classification terminal
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(4) exceptional type:

1
{(2,y,2,w) € £(1,3,1,2) [2” + 4 + (2%, w) = 0}.
Here f has no constant term and w term.

The exceptional type is different since f is not invariant under group
action.

Example 1.14.6. A terminal singularity appears in a divisorial contraction
from a smooth 3-dimensional algebraic variety is either smooth or among
one of the following cases:

(1) a quotient singularity of type %(1, 1,1).
(2) the hypersurface defined by zy + zw = 0 in C*.
(3) the hypersurface defined by zy + 22 +w?® = 0 in C*.

In cases (2) and (3), Kx is Cartier.

More complicated terminal singularities appear when making divisorial
contractions from singular 3-dimensional algebraic varieties. Conversely,
for the equation of each singularity above, we can construct a divisorial
contraction f: Y — X explicitly by a weighted blowing up of X.

Let X be a minimal projective algebraic variety. When x(X) = 3, we
want to have a formula for plurigenera. Being of general type for X is
equivalent to (K%) > 0 (Theorem 1.5.12). Note that as K x is not necessarily
Cartier, (K%) is in general only a rational number.

By the finite generation of canonical rings, we can define the canonical
model Y = Proj R(X, Kx). There exists a birational morphism g : X — Y
such that Kx = ¢* Ky which is the same as in dimension 2. Here this equal-
ity is in the following sense: for an integer m, mK x is Cartier if and only
if mKy is Cartier, moreover, in this case mKx = ¢g*(mKy ). In particular,
|mK x| is free if and only if |mKy | is free.

In order to state the plurigenera formula, we introduce the concept of
baskets of singularities. Take {Pi,..., P;} to be the singular points of X.
Each singular point (X, P;) is associated with a set of couples of integers
{(bij,ri;)} which is called the basket. Here r;j, b;; are coprime positive inte-
gers with b;; < r;;. For example, when (X, P;) is a quotient singularity of
type %(1, —1,b), its basket just consists of one couple {(b,r)}, which coin-
cides with the type of the singularity. In general, a 3-dimensional terminal
singularity can be deformed into several quotient singularities, in this case its
basket is the collection of types of those quotient singularities. The Cartier
index r; of (X, P;) coincides with the least common multiple of r;; in its
basket. By considering baskets, terminal singularities can be replaced by a
set of virtual quotient singularities.
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The plurigenera formula for m > 2 is the following;:

dim H(X, mKx) =—m(m — 1)(2m — 1)(K%) + (1 — 2m)x(Ox)

1
12

DRI

Here b;;k denotes the residue of b;jk modulo r;; ([130]). This formula is a
sum of a polynomial of m and a periodic correction term with respect to m
(see [153]). The correction term runs over baskets of all singularities. As
plurigenera are birational invariants, the left hand side are the same on a
smooth model, but the right hand side can be only computed on a minimal
model with singularities. In other words, when computing plurigenera on
a smooth model, the singularities of its minimal model appear, which is a
surprising phenomenon.
Also we have the following formula ([65])

1
- (K §
X(Ox) = =g (Kx - ea(X)) + 2 24m

Here as X has only isolated singularities, the intersection number (Kx -
c2(X)) can be defined properly.

Remark 1.14.7. In this book, we will show the finite generation of canon-
ical rings. However, it is impossible to find a bound of the degrees of gen-
erators depending only on the dimension. This can already be observed in
dimension 3. Let P be a singular point on a minimal model X. If m is
not divisible by the Cartier index r of P, then P is a base point of |[mKx|.
Hence for arbitrary large m, we can construct examples such that [mKx| is
not free.

For example, if dimX = 3 and P is a quotient singularity of type
%(a, —a, 1), then the canonical ring can not be generated by elements of
degree less than r. This is a completely different phenomenon from that
in dimension up tp 2, because singularities appear in minimal models in
dimension 3 and higher.
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Chapter 2

The minimal model program

The purpose of this chapter is to formulate the minimal model program.
The base point free theorem and the cone theorem are two main pillars for
the minimal model program, which are known results at the time of [32].
We will also discuss subsequent developments as effective version of the base
point free theorem, the MMP with scaling, length of extremal rays, divisorial
Zariski decomposition, Shokurov polytopes. Extension theorems obtained
by multiplier ideal sheaves is an important result which leads to the newest
developments of the minimal model program described in the next chapter.

Numerical geometry plays an important role in the minimal model the-
ory. But different from Kleiman’s criterion, the base point free theorem
and the cone theorem do not hold for arbitrary schemes. A feature of the
minimal model theory is that canonical divisor plays an important role.

2.1 The base point free theorem

The base point free theorem is one of the two pillars supporting the minimal
model theory. It is an important consequence of the vanishing theorem of
cohomologies.

For algebraic surfaces, minimal models are obtained by applying Castel-
nuovo’s contraction theorem repeatedly. Contracting topological spaces is
always possible. Also, as in Grauert’s theorem, contraction morphisms in
complex geometry are proved to exist by only assuming numerical condi-
tions. However, as in Artin’s theorem, contraction morphisms in algebraic
geometry are more subtle. In order to construct a contraction morphism in
algebraic geometric, one needs a free linear system. By using the base point
free theorem, one can construct a free linear system in a general setting.

85
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2.1.1 Proof of the base point free theorem
{KLT BPF thm}
Theorem 2.1.1 (Base point free theorem). Let (X, B) be a KLT pair, f :

X — S a projective morphism, and D, E Cartier divisors on X. Assume
the following conditions.

(1) D is relatively nef.

(2) There exists a positive integer my such that myD + E — (Kx + B) is
relatively nef and relatively big.

(3) E is effective and there exists a positive integer mo such that for any in-
teger m > ma, the natural homomorphism f.(Ox(mD)) = f.(Ox(mD+
E)) is an isomorphism.

Then there exists a positive integer mg such that for any integer m > ms,
mD is relatively free. That is, the natural homomorphism f* f.(Ox(mD)) —
Ox(mD) is surjective.

Remark 2.1.2. For a given divisor, assuming its numerical equivalent class
is in the closure of ample cone, that is, assuming it is nef, to show that it is
semi-ample is beyond the limit of Kleiman’s criterion. The base point free
theorem can be generalized in many different directions, but it is not true
if one completely remove the condition on singularities and the condition
about canonical divisor. This reflects the complicated geometry of algebraic
varieties.

Proof. Step 0. As the statement is relative over S, we may assume that S is
affine. Then the statement of the theorem is that the natural homomorphism
H°(X,mD)®0x — Ox(mD) is surjective, in other words, the linear system
corresponding to H(X,mD) has no base points. Note that if S is not a
point, H°(X, mD) may be infinite dimensional.

Step 1. We will show that we may assume that m;D + E — (Kx + B)
is relatively ample and B is a Q-divisor.

By assumption (2), we can write miD + F — (Kx + B) = A+ B’ for a
relatively ample R-divisor A and an effective R-divisor B’. Then for a real
number € with 0 < e < 1, myD + E — (Kx + B + eB’) is relatively ample,
and if € is sufficiently small, (X, B 4+ eB’) is KLT. We can just replace B by
B + eB’. As ampleness is an open condition, we can adjust the coefficients
of B to become rational numbers.

Step 2. The statement “under the assumption of the theorem, there ex-
ists a positive integer mf such that for any integer m > m, HO(X,mD) # 07
is a part of the base point free theorem, and is called the non-vanishing theo-
rem independently. According to the historical order, we will give the proof
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of the non-vanishing theorem later, and show the base point free theorem
assuming the non-vanishing theorem in this step.

Fix an integer m > mf, suppose that the linear system |mD| correspond-
ing to H°(X, mD) has base point. Take a general divisor M € |[mD|. Take a
log resolution g : Y — X of (X, B4+ E+ M) in strong sense, denote h = fog
and write ¢*(Kx + B) = Ky + C. We may assume that ¢*M = M; + My
where | M| is free and Ms is the fixed part of |g* M.

Take an effective Q-divisor C’ such that Exc(g)USupp(C'+g*E+ Ms) =
Supp(C’) and —C" is g-ample. The construction of C’ is as following: by the
definition of log resolution in strong sense, we can take an effective Q-divisor
C” such that Exc(g) = Supp(C”) and —C"” is g-ample, then we can perturb
it to extend the support by openness of ampleness.

We can take a sufficiently small positive rational number e such that
g*(m1D+E — (Kx + B)) — eC’ is h-ample and "—C — eC'7="-C" > 0.

One key point of the proof is to consider the following threshold:

c=sup{t e R | .tMy — g*E + C +¢C’1 < 0}.

This is a kind of LC threshold. By definition, the maximal coefficient of
cMy — g*E + C + eC'’ is exactly 1. By perturbing coefficients of C’ while
preserving the ampleness of —C’, we may assume that there is only one
prime divisor attaining the maximal coefficient 1.

This idea of breaking the balance of coefficients by perturbing coefficients
of Q-divisors is called the tie breaking. This is the advantage of considering
Q-divisors and R-divisors instead of only integral divisors.

Denote Z to be the prime divisor with coefficient 1 in ¢My—g* E+C+eC”.
As coefficients of C' + eC” are less than 1, Z is contained in the support of
Ms. Hence ¢g(Z) is contained in Bs|mD|. Write

cMy —g*E+C +eC'=F + Z.
By construction, F' does not contain Z and "—F > 0.
Let m/ be an integer, as mg*D =g M + M, we get the following equa-
tion:

m'g*D —F —Z — Ky =g (m' —cm)g*D + cM; + g*E — (Ky + C + eC").

If m’ > my + cm, as M is free, the right hand side is h-ample. Applying
Theorem 1.9.3, we get

HYY,m'¢*D+"—F— Z) =0.
Therefore, the natural homomorphism

HYY,m'¢g*D +"—F7) — H*(Z,m'¢g*D|z +"—F|z)
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is surjective. Here the restriction of F' can be defined as F' does not contain
Z. Also D can be replaced by a (not necessarily effective) linearly equivalent
divisor which does not contain Z.

On the other hand, as the negative coefficient part of F' 4+ g*E comes
from the negative coefficient part of C, its support is contained in the ex-
ceptional set of g. Therefore, g.F + F > 0 and there are natural injective
homomorphisms

H°(X,m'D) - H*(X,m'D +"—g.F") — HY(X,m'D + E).

If m’ > mg, then they become bijective by condition (3). Hence H(Y, m/g*D) —
HO(Y,m'g*D +"—F7) is bijective.

Define the boundary Bz = (F +"—F7)|z on Z, then the pair (Z, Bz) is
KLT. Let us check that the projective morphism h|z : Z — S, the Cartier
divisors ¢*D|z,"—F 7z on Z satisfy conditions of the theorem. Obviously,

(1) holds, and (2) holds since m'g*D|; — F|z; — Kz is relatively ample.
Consider the following commutative diagram:

HY(Y,m'¢g*D) —— HY(Y,m'¢g*D+"—F")

l |

HY(Z,m'¢g*D|z) —— H°(Z,m'¢g*D|z +"—F7|z).

If m’ > ma, the top horizontal arrow is bijective. Moreover if m’ > mq +cm,
the right vertical arrow is surjective. Hence the bottom horizontal arrow is
surjective and (3) holds.

By applying the non-vanishing theorem to Z, there exists a positive
integer mj such that if m’ > m%, then H°(Z,m'g*D|z) # 0. By the above
commutative diagram, this implies that g(Z) is not contained in the base
locus of |m/D|. If m' is a multiple of m, the we have a strict inclusion of
base loci Bs |m'D| C Bs|mD|.

Fix a prime number p and take m,m’ to be powers of p. As there is no
strictly decreasing sequence of closed subsets in X, by repeating the above
argument, for any sufficiently large power p', Bs|p!D| = (). This argument
is called the Noetherian induction. For another prime number ¢, by the
same argument, there exists a sufficiently large positive integer s such that
Bs|¢*D| = 0. As p' and ¢* are coprime, there exists a positive integer mg,
such that for any integer m > mg there exist positive integers a,b such
that m = ap’ + bg®. In this case, Bs|mD| = (). Therefore, assuming the
non-vanishing theorem, we proved the base point free theorem.

Step 3. We will show the non-vanishing theorem by induction on dim X.
The method is similar to the proof of the base point free theorem, but we
create base point artificially.

It suffices to show the non-vanishing of a general fiber of f, hence we
may assume that S = Speck.
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The statement of the non-vanishing theorem is that for all sufficiently
large m, H°(X,mD + E) # 0. By Theorem 1.10.8, for any integers p > 0
and m > mqy, HP(X,mD + E) = 0, and hence dim H*(X,mD + E) =
X(X,mD + E). The latter one is a polynomial, so it suffices to show that it
is not identically 0.

In general proving the existence of global sections is a difficult problem.
In our situation we reduce the problem to a problem for the Euler—Poincaré
characteristic, and prove it as the following.

Firstly, consider the case D = 0. In this case, as E — (Kx + B) is nef
and big, by Theorem 1.10.8, for any integers p > 0, HP(X, E) = 0. Since E
is effective, (X, F) = dim H°(X, E) # 0, the the proof is finished.

Step 4. Finally we show the non-vanishing theorem in the case D # 0.

As in Step 1, we may assume that myD+E— (Kx + B) = A is an ample
Q-divisor. Take a positive integer a such that aA is a Cartier divisor.

Since D # 0, there exists a curve I' such that (D -T') > 0. Denote by
It the ideal sheaf of I', replacing a by a sufficiently large multiple, we may
assume that Ox (aA)® It is generated by global sections. Denote d = dim X,
by taking intersections of zeros of d — 1 general sections of this sheaf, we get
A%l = cI' +T". Here ¢ > 0 and I" is a linear sum of curves distinct from T.
Hence (D - A%~1) > 0. We can take a sufficiently large integer m such that
(mD + aA)? > ad(d + 1)%.

By the Serre vanishing theorem, there exists an integer ki such that
for all integers k > ki and p > 0, HP(X,k(mD + aA)) = 0. Therefore,
dim H(X, k(mD+aA)) = x(X, k(mD+aA)) is a polynomial in k of degree
d, and the coefficient of the highest degree term is larger than a(d+1)?/d!.

Fix a smooth point P in X not contained in the support of F + B.
Take mp the maximal ideal of Ox p, the length length((’)Xyp/mandH)k)
polynomial in k of degree d, and the coefficient of the highest degree term
is a?(d 4 1)?/d!. Hence for any sufficiently large ,

is a

HO(X, Ox (k(mD + aA)) @ mi ¥y £ 0,

Therefore we showed that there exists an element M’ € |k(mD + aA)| such
that multpM" > a(d+ 1)k. This is called the concentration method. Denote
M = MT/, then M' ~q mD + aA and multpM’ > a(d + 1).

From now on, the proof are the same as that of the base point free
theorem. Take a log resolution g : Y — X of (X, B+ E+ M) in strong sense
and write ¢g*(Kx + B) = Ky + C. Note that here we first take the blowing
up at P, then construct g by further blowing ups. We can take an effective
Q-divisor C’ such that Exc(g) USupp(¢*(B+ E+ M)) = Supp(C’) and —C’
is g-ample. We can take a sufficiently small positive real number € such that
g*(m1D+FE—(Kx+B))—(d+1)eC’ is ample and "—C' —eC'""'="—-C7 > 0.
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Consider the threshold
c=sup{t e R|Ltg*M — g*E + C + eC'1 < 0}.

By perturbing coefficients of C’, we may assume that there is only one prime
divisor Z attaining the maximal coefficient 1.

Take Cy to be the strict transform of the exceptional divisor of the first
blowing up. Cy and Z may or may not coincide. The coefficient of Cj in
tg*M — g*E+ C +€eC' is larger than a(d+ 1)t — (d—1), hence ac < d/(d+1)
by definition. Write

cg'M — g*E+C +eC' =F + Z.

By construction, F' does not contain Z and "—F"' > 0.
Take integer m’ such that m’ > my +em, as 1 —ac>1/(d+1) > 0,

m'¢g*D — F — 7 — Ky =(m' —my —cem)g*D
+ (1 —ac)(mig*D + g*E — (Ky + C + €C’ /(1 — ac)))

is ample. By Theorem 1.10.8,
HYY,m'¢g*D+"—F1—Z) =0,
hence the natural homomorphism
H(Y,m'¢*D+"=F7) — H(Z,m'¢g*D|z +"—F7|)
is surjective. Also
HO(Y,m'g*D) — H°(Y,m'¢*D +"—F7) — H°(Y,m'¢*D + g*F)

are bijective.

Denote By = (F +"™—F7)|z, the pair (Z, Bz) is KLT, Cartier divisors
9*D|z,"—F7|z on Z satisfy the conditions of the non-vanishing theorem.
Here recall that S is assumed to be a point. By applying the non-vanishing
theorem to Z, there exists a positive integer mf such that if m’ > mf,
then H%(Z,m'g*D|z) # 0. Hence H°(X,m'D) # 0. The proof of the the
non-vanishing theorem is finished. O

Remark 2.1.3. In the original base point free theorem, E = 0, but the
proof are exactly the same ([32]). As in the proof we take log resolution,
even if £ = 0 is assumed in the beginning, F' # 0 appears naturally af-
ter taking log resolution. Therefore, it is natural to assume that £ # 0 in
the beginning. Also, in the statement of the non-vanishing theorem, E ap-
pears in the beginning ([134]). In order to apply to the abundance theorem,
according to [29], we showed the general form with E.
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In the former half of the above proof, we apply the vanishing theorem
to linear systems appearing naturally, while in the latter half, we apply
the vanishing theorem to linear systems artificially constructed. The latter
method is called the concentration method of singularities.

The argument of proving the base point free theorem by using the van-
ishing theorem was originally developed in [58]. In dimension 3, the non-
vanishing theorem follows easily from the Riemann-Roch theorem. This
argument was applied by Shokurov [134] to the proof of the non-vanishing
theorem, and hence the base point free theorem was proved in all dimen-
sions. Furthermore, it was shown in [60] that this argument can be applied
to the proof of the cone theorem using the rationality theorem described in a
subsequent section. It was also used in the establishment of the abundance
conjecture [(1]. So this argument has been found to have a wide range of
applications, and is known as the X-method.

2.1.2 Paraphrasing and generalization

The following corollary is equivalent statement of the base point free theo-
rem:

Corollary 2.1.4. Let f : (X,B) — S, D, E satisfy the assumptions of
Theorem 2.1.1. Then there exists a projective morphism g : Z — S from a
normal algebraic variety, a surjective projective morphism h : X — Z with

connected geometric fibers such that f = goh, and a g-ample Cartier divisor
H such that h*H ~ D.

Proof. By the base point free theorem, there exists a positive integer ms such
that for m > mg, mD is f-free. Denote by ¢, = hl, 0 hy : X = Zy — Z],
the Stein factorization of the morphism defined by mD over S, and denote
by gm : Zm — S the induced morphism. By construction, there exists a
gm-ample Cartier divisor H,, on Z,, such that mD ~ hy H,,.

It can be seen that, for a curve C' on X such that f(C) is a point in S,
hm(C) is a point in Z,, if and only if (D-C) = 0. By Zariski’s main theorem,
there exists an isomorphism k,, : Z,, — Zpy+1 such that k,, o hy, = Aot
Take H =k} Hy1 — Hy,, then b)Y, H ~ D. O

Corollary 2.1.5. Let (X,B) be a KLT pair and f : X — S a projective
morphism. Assume that Kx + B is f-nef and B is an f-big Q-Cartier
divisor. Then there exists a projective morphism g : Z — S from a normal
algebraic variety, a surjective projective morphism h : X — Z with connected

geometric fibers such that f = goh, and a g-ample Q-Cartier divisor H such
that h*H ~q Kx + B.

Proof. By Corollary 2.1.4, it is sufficient to show that there exists a positive
integer mg such that for m > ms, m(Kx + B) is f-free. We may assume that
S is affine. There exists a positive integer m; such that D = my(Kx + B) is

{cor BPF equivalent}

{ample thm Q}
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an f-nef Cartier divisor. As B is f-big, there exists an f-ample Q-Cartier
divisor A and an effective Q-Cartier divisor E such that we can write B =
A+ E. For a sufficiently small positive rational number ¢, (X, (1—¢)B+€E)
is still KLT. Also D — (Kx + (1 —€)B+€E) = (m1 —1)(Kx + B) + €A is
f-ample. We get the conclusion by Theorem 2.1.1. O

Remark 2.1.6. The condition the B is a Q-divisor can be removed by using
the cone theorem (Corollary 2.4.13).

The following lemma is useful when generalizing statements for KLT
pairs to DLT pairs.

Lemma 2.1.7 ([938]). Let (X,B) be a DLT pair, f : X — S a projective
morphism, H o relatively ample divisor on X, and € a positive real number.
Assume that S is quasi-projective. Then there exists an ample divisor A on
S and an effective R-divisor B' on X such that B+ e(H + f*A) ~r B’ and
the pair (X, B") is KLT.

Proof. We can choose an ample divisor A on S such that H 4+ f*A is ample
on X. Take a log resolution ¢ : (Y,C) — (X, B) in strong sense, denote
h = f og. By the definition of DLT, we may assume that the coeflicients of
exceptional divisors in C' are strictly less than 1, note that here we use the
fact that DLT is equivalent to WLT (see Remark 1.11.4). Take a sufficiently
small effective Q-divisor E supported on the exceptional set of g such that
—F is g-ample, LC + E,=.C, and ¢*(H + f*A) — F is ample on Y.
Write B = ) b;B; where B; are distinct prime divisors, and write
g 'B=Y" b; B} the strict transform on Y. We can choose a positive integer
m such that for every 4, the divisorial sheaf Oy (B +m(g*(H + f*A)—E)) is
generated by global sections. By taking a general global section, we can find
a prime divisor D} ~ B] + m(g*(H + f*A) — E). Take a sufficiently small
positive real number § and take C' = C'—0 Y b;Bi4+6 > b;Di4md > b E ~R
C+md Y bi(g*(H+ f*A)). Note that the support of C’ is a normal crossing
divisor as D/ are general, and the coefficients of C’ are less than 1 as ¢ is
sufficiently small. Then we can take B’ = g.C' = (1—0)B+ 06 b;jg«D; ~r
B+m> bi(H+ f*A). Note that Kx + B’ is R-Cartier and f*(Kx + B’') =
Ky + C’, which implies that (X, B’) is KLT. O

Now we can show the base point free theorem for DLT pairs:

Corollary 2.1.8 (Base point free theorem). Let (X,B) be a DLT pair,
f: X — S8 a projective morphism, and D, E Cartier divisors on X. Assume
the following conditions.

(1) D is relatively nef.

(2) There exists a positive integer my such that miD + E — (Kx + B) is
relatively ample.
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(3) E is effective and there exists a positive integer mgo such that for any in-
teger m > ma, the natural homomorphism f.(Ox(mD)) — f.(Ox(mD+
E)) is an isomorphism.

Then there exists a positive integer ms such that for any integer m > ms,
mD is relatively free. That is, the natural homomorphism f* f.(Ox(mD)) —
Ox(mD) is surjective.

Proof. We may assume that S is affine. Take B’ ~r B + €(H + f*A) as
in Lemma 2.1.7 such that (X, B’) is KLT. If € is sufficiently small, then
mi1D + E — (Kx + B’) is still relatively ample. The corollary follows from
Theorem 2.1.1. O

2.2 The effective base point free theorem

The base point free theorem states that a multiple of a certain Cartier
divisor is free. Its effective version shows how large this multiple can be
taken in practice. The proof is not just a refinement of that of the base
point free theorem, but by assuming the base point free theorem and using
the conclusion of existence of such a morphism.

Theorem 2.2.1 (Effective base point free theorem [91]). Let (X, B) be a
KLT pair consisting of an n-dimensional algebraic variety and an R-divisor,
E an effective Cartier divisor on X, D a Cartier divisor on X, and f : X —
S a projective morphism. Assume the following conditions hold:

(1) D is f-nef and D+ E — (Kx + B) is f-nef and f-big.
(2) The natural homomorphism
[+Ox(mD) — f.Ox(mD + E)
s bijective for any positive integer m.

Then for any m > 2n+ 3, |m"*1D| is f-free, that is, the natural homo-
morphism
f*f*OX(mn+1D) N OX<mn+1D)

1s bijective. Therefore, there exists a positive integer mg depending only on
n, such that |mD| is f-free for any m > my.

Proof. We may assume that S is affine. Note that in this case “ample over
S” or “free over S” is simply the same as “ample” or “free”. By slightly
perturbing the coefficients of B, we may assume that D + F — (Kx + B) is
ample.

By Corollary 2.1.4, there exists a normal algebraic variety Y, a surjective
projective morphism g : X — Y over S with connected geometric fibers,
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and a relatively ample Cartier divisor H on Y such that D = ¢g*H. Denote
h :Y — S to be the morphism such that f = hog, and d = dimY.
Take X, Ys to be the fibers over a general point s in h(Y) and denote
ds =dimY, <d <n.

Firstly, we show the effective version of the non-vanishing theorem (see
Step 3 of the proof of Theorem 2.1.1). By the vanishing theorem, for m > 0,
hY(Xs,mD) = h°(Xs,mD + E) = x(Xs,mD + E). By the non-vanishing
theorem, the latter one is a non-zero polynomial of degree ds, and has at
most ds distinct roots.

We claim that for m > 2ds + 2, H*(Xs;,mD) # 0. For 1 <i < ds+ 1,
if HY(X;,mD) = 0, then either H%(Xs,iD) = 0 or H(Xg, (m —i)D) = 0.
This means that x(Xs,mD + E) has at least ds + 1 roots, a contradiction.
Therefore, H(Xs,mD) # 0 for m > 2d, + 2.

The theorem can be reduced to the following lemma:
{lemma ebpf} B
Lemma 2.2.2. Fiz any m > 2d + 2 and take an irreducible component Z

of the base locus
Bs|mH| = Supp(Coker(h*h,Oy (mH) — Oy (mH))).

Then for any k > 2d+2, Z ¢ Bs|kmH|.

Let us continue the proof by assuming Lemma 2.2.2. Note that g=!(Bs |mH]|) =
Bs|mD|. Fix any m > 2d + 2, Lemma 2.2.2 shows that the dimension of
Bs|m/D| is at most d — j for 1 < j < d + 1, and in particular, the base
locus Bs |md+1D| is empty, which concludes the first statement. The inter-
esting point of this proof is that the above lemma can be applied to every
irreducible component of the base locus at the same time to cut down the
dimension.

Take two distinct prime numbers p, ¢ > 2d+2. Then |[p?*!'D| and |¢T! D]
are free. There exists a positive integer mg such that any integer m > m+0
can be expressed as m = ap?t! 4 bg?*! (a,b € Z~) and hence |mD]| is free.
This proves the second statement. ]

Proof of Lemma 2.2.2. Note that h(Z) is a subset of h(Y). Denote Z =
g Y(Z). The proof is by applying the argument in the base point free theo-
rem to the neighborhood of the generic point of Z.

Firstly, we construct singularities in a neighborhood of Z. Denote d =
dim Z. Take d — d + 1 general global sections of Oy (mH), say, M; (1 <i <
d —d) and N. Note that the supports of M; and N contain Bs|mH|, but
they are free outside Bs |mH|. Take sufficiently small numbers €,d > 0 and
take M = (1 —6)> . g*M; + eg* N. We may take a neighborhood U of the
generic point of Z such that U does not intersect irreducible components
of Bs|mH| other than Z and denote U = g~1(U). Here note that Z is not
necessarily contained in U.
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Since Z has codimension d — d, by Corollary 1.11.8, we may assume that
the pair (X, B+ M) is KLT on U \ Bs |mD| but not LC on U N Z by taking
€,0 appropriately and shrinking U.

Take a log resolution p : X' — (X, B + M) in strong sense and write
p*(Kx + B) = Kx/ + B’. The coefficients of B’ are all less than 1. Take an
effective divisor F' supported on the exceptional set of u such that —F is -
ample. Take a sufficiently small positive number € such that the coefficients
of B' 4+ €' F are all less than 1 and u*(D + E — (Kx + B)) — € F is ample.

Consider the LC threshold ¢ such that on pu~(U) the coefficients B’ +
cp* M + €' F are all no greater than 1, and some coefficient is exactly 1. Here
c<1las(X,B+ M) isnot LC on UN Z, and note that outside u~1(U) the
coefficients are not necessarily no greater than 1. Write

W (Kx +B+cM)+¢F =Kx + F,, + B".

Here Fj, is the sum of all irreducible components with coefficient 1 intersect-

ing 1~ Y(U). By perturbing the coefficients of F' and shrinking U, we may

assume that Fj, is irreducible, g o u(Fj,) = Z, and LB"” 5 < 0 on u~1(U).
For a natural number m’, consider the following exact sequence

0— (’)X/(,u*(m/D + E) — B, — Bo) — Ox (,u*(m'D + E) - I_B//_l)
— Op, (4 (M'D + E) — LB" )|, ) = 0.

Ifm' >c((d—d)(1—906)+€em—+1,

IU/*(m,D +E) — B// — EO — KX/
=(m' —c((d—d)(1 =0 +e)m — DD+ u*(D+E— (Kx + B)) —F

is ample. By the vanishing theorem, higher cohomologies of the first term
vanish, and the natural homomorphism

HYX',y*(m'D + E) — LB") — H(F,,, (u*(m'D + E) — B"J)|R,)

is surjective. On the other hand, as the support of (B”)~ is contained in
the exceptional set of p,

HYX',u*(m'D + E) —.B"1) - H(X,m'D + E)

is injective and
HY(Y,m'H) - H(X,m'D + E)

is bijective. Therefore, for m’ > (d — d + 1)m, the image of the natural
homomorphism

HY(Y,m'H) - H*(Z,m'H|5) — H°(F;,, n*(m'D + E)lr,)

contains HO(Fyy, (*(m'D + E) — LB" )|k, )-
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Take a general point ¢ in h(Z) and denote Fj, ; to be the fiber of Fj, over
t. By the vanishing theorem, for m’ > (d —d 4 1)m,

h(Fio g, (0" (m' D+ E) = B" )|, ) = x(Fip t, (0" (m'D+ E) = B" )R, ).

As H is ample on Y, this is a non-zero polynomial of degree at most d, and
hence has at most d zero points.

Note that the image of HY(Y,m'H) — H°(Z,m'H|;) is not 0 implies
that Z is not contained in the base locus of |m’H|. Hence

Z C Bs|(d—d+j)mH|

can be true for at most d values of j > 1. Using similar argument as in the
proof of effective base point free theorem, for k > 2d + 2,

Z ¢ Bs|kmH|.

To be more precise, if
Z C Bs|kmH|,

then 1 <i < d+ 1, either
Z C Bs|(d —d+i)mH|

or

Z CBs|(k—d+d—1i)mH|,

a contradiction. O

2.3 The rationality theorem

The rationality theorem to be proved in this section is a key point of the
cone theorem in the next section.

The first part of the rationality theorem shows that certain threshold is
a rational number. It concludes the existence of extremal rays in the cone
theorem. The second part of the rationality theorem gives an estimate of the
denominator of the threshold, which concludes the discreteness of extremal
rays. As we will explain later, the discreteness of extremal rays can be
proved alternatively by the estimate of length of extremal rays. The latter
argument uses the theorem on existence of rational curves and algebraic
geometry in positive characteristics.

The proof of the cone theorem uses the argument in the base point free
theorem. It is developed in [60] which completed the formulation of the
minimal model program.
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Theorem 2.3.1 (Rationality theorem [32, Theorem 4.1.1)). Let (X, B) be
a KLT pair where B is a Q-divisor, f : X — S a projective morphism, and
A a relatively nef and relatively big divisor. Assume that Kx + B is not
relatively nef. Then the threshold

r=max{t € R| A+ t(Kx + B) is relatively nef}

s a rational number. Moreover, denote a to be the minimal positive integer
such that a(Kx + B) is Cartier and b the mazimal dimension of fibers of f,
if we write r/a = p/q as irreducible fraction, then

g<a(b+1).

Proof. The proof is by explore that of the base point free theorem in more
details. To the contrary, assume that either r is not a rational number, or r
is a rational number but ¢ > a(b+ 1).

Step 1. Clearly r is a positive real number. We may assume that S is
affine. We firstly reduce to the case that A is free.

By Theorem 2.1.1, we can take sufficiently large integers m, n such that
a < mr, (mn,q) =1 (if r is a rational number), and A’ = n(mA+a(Kx+B))
is free. Then the threshold

r" = max{t € R | A" +t(Kx + B) is relatively nef}

satisfies the relation mnr = an + r’. So r is rational if and only if 7 is so.
Moreover, if 7 is rational and we write 1’/a = p’/q’ as irreducible fraction,
then ¢ = ¢'. So after replacing A by A’, we may assume that A is free.

Step 2. The following lemma plays a similar role as the non-vanishing
theorem in the proof of the base point free theorem. Here our assumption
is weaker than that in [$2], and the proof is irrelevant to the non-vanishing
theorem.

Lemma 2.3.2 ([82, Lemma 4.1.2]). Let (X, B) be a projective KLT pair,
Dy, Dy, E Cartier divisors on X, d a positive integer, and r’, s positive real
numbers. For integers z,y, denote D(x,y) = xDi + yDs. Assume the
following conditions:

(1) E is effective.

(2) There exists a positive integer yy such that D(x,y)+E— (Kx+ B) is nef

and big and the natural homomorphism H°(X, D(x,y)) — HY(X, D(z,y)+

E) is bijective if x >0, y > y1, and y — r'z < s.

(8) The polynomial x(X, D(z,y) + E) in two variables x,y is of degree at
most d and not identically zero.

{rationality thm lemma}
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(4) 7' is an irrational number, or v’ is a rational number and qs > d + 1
where we write ' = p/q as irreducible fraction.

Then there exists a positive integer ys such that HY(X, D(z,y) + E) # 0 if
y—r'zr<sandy>ys.

Proof. If 7' is irrational, then there are infinitely many couples of positive
integers (x,y) such that 0 < y — 'z < s/(d+ 1). If v/ is rational, then as
p, q are coprime, there are infinitely many couples of positive integers (x, )
such that y — 'z = 1/¢ < s/(d+ 1). So in either case, there are infinitely
many couples of positive integers (z,y) such that 0 < y — 'z < s/(d + 1).
We may assume that y > y; in each couple.
For any such a couple (x¢, y9), consider the polynomial x (X, D(maxo, myo)+

E) in m. For any integer m such that 1 < m < d+1, myo—mr'zg < s holds,
and hence D(mxzo, myo) + E — (Kx + B) is nef and big. By the vanishing
theorem, higher cohomologies vanish and

X (X, D(mxy, myo) + E) = dimHO(X, D(mxg, myy) + E).

On the other hand, if H°(X, D(mxg, myo)+E) =0forall1 <m < d+1,
then the polynomial x (X, D(z,y) + E) in z,y is identically 0 on the line
yoxr — xoy = 0. By construction, there are infinitely many such lines, and
X(X,D(x,y) + E) can not be identically 0 on all such lines. Hence there
exists a couple (2/,y’) such that 2/ > 0, ¢y > y1, 0 < v — /2’ < s, and
HY(X,D(2',y") + E) # 0.

If such a positive integer ys in the statement does not exist, then there
are infinitely many couples of positive integers (z”,y”) such that y” —
'’ < s, 2" > da', y" > y1 +dy, and H'(X,D(z",y") + E) = 0. Since
HY(X,D(«',y)) = H'(X,D(2',y)+E) # 0, H (X, D(z" —ma',y" —my') +
E) =0 for 0 < m < d and such a couple (z”,y"). So x(X,D(z,y) + E) is
identically 0 on infinitely many lines y/(x — 2”) — 2/(y — y”) = 0, a contra-
diction. This concludes the lemma. O

Step 3. If r is rational, by the assumption that ¢ > a(b + 1), we may
take a sufficiently small positive real number § such that ¢(1 —40) > a(b+1).
If r is irrational, just take any 0 < § < 1. Take F,d,r’,s to be 0, b, r/a,
(1 — 0)/a respectively, and take D(z,y) = xA + ay(Kx + B).

Applying Lemma 2.3.2 to a general fiber of f, we know that there exists
a couple of positive integers (z,y) such that 0 < ay —rz < 1 — 0 and
H°(X,D(z,y)) # 0. Note that since S is affine, the nonvanishing of H° on
a general fiber implies the nonvanishing of on X.

Fix such a couple (z,y). As ay — rx > 0, D(z,y) is not relatively nef,
and therefore |D(x,y)| is not free. Take a general element M € |D(x,y)|,
we are going to apply the argument in the base point free theorem to kill
the base locus of M and get a contradiction.
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Take a log resolution g : ¥ — X of (X, B + M) in strong sense, write
h=fog, g*(KX + B) = Ky + C. Write g*M = M, + My where |M1| is
free and Ms is the fixed part of |g*M|. Take an effective divisor C’ such
that Exc(g) U Supp(C + Mj3) = Supp(C’) and —C" is g-ample. Take a
sufficiently small positive real number €, such that §g*A — reC’ is h-ample
and "—C — eC'7="—C" > 0. Consider the following threshold:

c=sup{t e R| LtMy +C + eC'1 < 0}.

We may assume that there exists exactly one prime divisor Z attaining the
maximal coefficient 1 in cMs + C + eC’ by perturbing the coefficients of C”.
Note that g(Z) is contained in the base locus Bs|D(x,y)|. Write

cMy+C+eC'=F+Z.

Here the support of F' does not contain Z and "—F > 0.
For a couple of integers (2’,y'), consider

gD y)—F -7~ Ky
= (' —cx)g* A+ (ay' — acy)g* (Kx + B) + cM; — (Ky + C + €C").

This R-divisor is h-ample if 2’ > cz, v > cy + 1/a, and r(z’ — cx) >
a(y’ —cy) — 1+ 6. In particular, the last one is satisfied if ay’ —ra’ <1 —9¢.
By Theorem 1.9.1,

HYY,¢*D(2',y/)+"—F1—2)=0
and the natural homomorphism
HY(Y,g"D(,y) +"=F) = H(Z,g*D(«,y/) |z + "= F|2)
is surjective. On the other hand,
HO(Y,g"D(z,y')) — H°(Y,g"D(a’,y) + "= F")
is surjective. By the commutative diagram

H(Y,g*D(a',y) —— H(Y,g*D(/,y) +"—F")

| !

HY(Z,g*D(a'y')|z) —— H(Z,(g"D(,y/) +"=F7)|z),

the bottom horizontal arrow is surjective.

Denote Bz = (F + "—F7)|z, then (Z,Bz) is KLT. We may apply
Lemma 2.3.2 to the general fiber of h|z : Z — S. Here we take Dy, Dy, E
to be the restrictions of g*A, ag*(Kx + B), "—F", and take d,r’, s to be b,
r/a, (1 —39)/a. It is easy to check that the conditions of Lemma 2.3.2 are



100 CHAPTER 2. THE MINIMAL MODEL PROGRAM

satisfied, where (3) follows from dim g(Z) < b. So by Lemma 2.3.2, g(Z) is
not contained in Bs |D(z’, /)| if ay’ —r2’ < 1—§ and ¢/ is sufficiently large.

Now consider a couple (z/,y) satisfying 0 < ay’ —rz’ < 1 — ¢ defined in
the following way. If r is irrational, take a sufficiently large integer [ such
that

2 = caly/ro=lz+ (ay — rx)/r, vy =ly

and ay’ — rz’ <1 —6; if r is rational, take a sufficiently large integer [ and
take

o =x+lg, Y =y+Ip

Note that A is free and in the latter case [(¢A + ap(Kx + B)) is free by the
base point free theorem, hence

Bs|D(a',y')| € Bs|D(z,y)|.

To summarize, we constructed a couple (z/,y’) such that 0 < ay’ —raz’ <
1—4 and Bs|D(2/,y')| € Bs|D(z,y)|. Applying the Noetherian induction as
in the proof of the base point free theorem, there exists a couple of positive
integers (z”,y"”) such that 0 < ay” —rz” < 1 — 4§ and D(2",y") is free.
This implies that 2”7 A + ay”(Kx + B) is relatively nef, which contradicts
the maximality of r. O

2.4 The cone theorem

The base point free theorem and the cone theorem are two main pillars
for the minimal model theory. Higher dimensional minimal model theory
started from the introduction of the concept of extremal rays in [107]. Bi-
rational geometry becomes visible by looking at cones and polyhedra in
finite-dimensional real vector spaces.

The cone theorem states that the cone of curves is locally a rational
polyhedral cone in the part with negative value on the canonical divisor.
This statement splits into two parts: existence and discreteness of extremal
rays. The discreteness of extremal rays can be proved by the rationality
theorem proved in the previous section, or the boundedness of length of
extremal rays which will be proved later. We will introduce both arguments,
the former one stays in characteristic 0, while the latter one uses the positive
characteristic method.

2.4.1 The contraction theorem

Generally, a subset C in a finite dimensional vector space V is called a cone
if tC C C for any t € R*. It is called conver if for any v,v’ € C and any
t € [0,1], tv + (1 — t)v" € C. Consider a convex cone C. A subset F of C is
called a face if there exists u € V* such that C C V>0 and F' = C,—o. Here
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Vuso = {v e V| (u,v) > 0}, Cy=o = {v € C | (u,v) = 0}. wu is called the
supporting function of F'. In particular, a half line which is a face is called
an extremal ray.

Give f: X — S and g : Y — S two projective morphism from normal
algebraic varieties, a projective morphism h : X — Y over S is called a con-
traction morphism if the natural homomorphism Oy — h,Ox is bijective.
In other words, it is surjective and with connected geometric fibers. Here h
is a morphism over S means that goh = f. A contraction morphism is also
called an algebraic fiber space. Usually the former one is used for birational
morphisms, and the latter one is mainly used in the case dimY < dim X.
However these can often be handled uniformly.

Consider a face F of the cone of curves NE(X/S) and a contraction
morphism h : X — Y. his called the contraction morphism associated to F'
if the following conditions are satisfied:

e For a curve C on X, f(C) is a point if and only if [C] € F}

e the smallest closed convex cone containing the equivalence classes of
such curves coincides with F'.

In particular, h is not an isomorphism if F' £ 0.
By the Zariski main theorem, the contraction morphism h is determined
by the face F' and independent of the choice of the supporting function.
The following contraction theorem is a consequence of the base point
free theorem (Theorem 2.1.1):

Theorem 2.4.1 (Contraction theorem). Let (X,B) be a KLT pair, f :
X — S a projective morphism, and F a face of NE(X/S). Assume that
the supporting function u of F' is defined over the rational number field and
Kx + B takes negative values on F'\ {0}. Then the following statements
hold:

(1) The contraction morphism h: X — Y associated to F' exists.

(2) The smallest linear subspace containing F coincides with the image of
the injection N1(X/Y) — N1(X/S), and F coincides with the image of
NE(X/Y).

(8) —(Kx + B) is h-ample.

(4) If a Cartier divisor D on X s identically 0 on N1(X/Y), then there
exists a Cartier divisor E on'Y such that D ~ h*E.

(5) p(X/S) = p(Y/S) + p(X/Y).

Proof. (1) After taking a multiple of u, we may assume that it gives a Cartier
divisor L. L is relatively nef by assumption.

{contraction thm}
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As Kx+B is negative on F\{0}, NE(X/S) iy +5>0NF = {0}. So Lis ev-
erywhere non-zero on NE(X/S) k. +5>0\{0} and hence the quotient of func-
tions (Kx + B)/L is well-defined on the compact subset (NE(X/S) ry +5>0\
{0})/R>o in the (p(X/S) —1)-dimensional sphere (N1(X/S)\{0})/Rso. In
particular, (Kx + B)/L is bounded on this subset. Therefore there exists
a sufficiently small real number e such that L — ¢(Kx + B) is positive on
NE(X/S)\ {0}. By Kleiman’s criterion, L — (K x + B) is relatively ample.

Applying the base point free theorem, after replacing L by a multi-
ple, we may assume that the natural homomorphism f*f,Ox(L) — Ox(L)
is surjective. Correspondingly, we get a projective morphism h : X —
Ps(f«Ox (L)) over S. Here the latter one is the projective scheme over S cor-
responding to the coherent sheaf f,Ox(L). By definition, B*Ops(f*OX(L))(l) =
Ox(L). )

Take the Stein factorization of h, we get a surjective morphism A : X —
Y to a normal algebraic variety and a finite morphism ¥ — Pg(f.Ox(L)).
Take g : Y — S to be the induced map.

We claim that h is the contraction morphism associated to F'. Firstly,
a curve C' on X, if h(C) is a point, then Ox (L) ® Oc = O¢ and hence
(L - C) =0, which implies that [C] € F.

Secondly, take F’ to be the closed convex cone spanned by equivalence
classes of curves contracted by h, then F’ = NE(X/Y) C F. Assume, to the
contrary, that F’ # F, then there exists a Cartier divisor L’ on X such that
L is positive on F’ \ {0} but negative at some point of F. Note that L’ is
h-ample and L = h*L"” for some g-ample Cartier divisor L”. Hence for any
sufficiently large m, L' + mh*L" is f-ample and hence positive on F' \ {0}.
This is a contradiction since h*L" is identically 0 on F'\ {0}.

(2), (3) are directly from (1).

(4) Since D is h-nef and D — (Kx + B) is h-ample, the base point free
theorem (Theorem 2.1.1) can be applied to D and h, which implies that
there exists a positive integer mq, such that mD is h-free for m > my. The
corresponding map over Y coincides with h since mD = 0 over Y. That
is, there exists a Cartier divisor F,, on Y such that mD ~ h*E,,. We can
conclude (4) by taking E = Ep,41 — Epy,.

From (4), we get the following exact sequence

0— NY(Y/S) = NY(X/S) = NY(X/Y) =0,
which concludes (5). O

Remark 2.4.2. The phenomenon in (4) suggests the fibers of a contraction
morphism are special varieties similar to P'. That is because, for example,
on elliptic curves there exist many Cartier divisors which are numerically
trivial but not trivial.

Later in Corollary 2.8.4, we will prove that the fibers of a contraction
morphism is covered by rational curves. However, rational curves with sin-
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gularities have similar Cartier divisors as in the case of elliptic curves, so we
may expect much stronger statements.

2.4.2 The cone theorem

The shape of the cone of curves NE(X/S) varies, but according to the fol-
lowing cone theorem, if restricted to the part taking negative values on the
canonical divisor, then locally it is generated by finitely many extremal rays.
By the contraction theorem, those extremal rays associates with contraction
morphisms.

Theorem 2.4.3 (Cone theorem). Let (X,B) be a KLT pair, f : X — S
a projective morphism. Fix a relatively ample divisor A and a positive real
number €. Then there exist finitely many extremal rays R; of NE(X/S) C
N1(X/S), such that

NE(X/S) = NE(X/S)ky+B+eazo + Y Ri.

This equation means that the smallest convexr cone containing all terms on
the right hand side is the left hand side. Moreover, after removing unnec-
essary terms in the sum, for each i, Kx + B is negative on R; \ {0}, and
there exists a contraction morphism h; : X — Y; associated to the extremal
ray R;.

Proof. We do induction on p(X/S) = dim N1(X/S). In the proof, the rela-
tive setting plays an important role.

Step 1. We may assume that € is a rational number. We will show that
we may also assume that B is a Q-divisor.

We may write Kx + B =) r;D; where Dq,..., D; are Cartier divisors.
We may approximate real numbers r; by rational numbers r}, such that
> (r; — 7)) D; + €A/3 is ample.

As B' = > r!D; — Kx is not necessarily effective, write B’ = (B")* —
(B')~. Here (B")*,(B’)~ are effective Q-divisors with no common compo-
nents. If taking 7, — r; sufficiently small, then the coefficients of (B’)~ are
sufficiently small, and there exists an effective Q-divisor B” with sufficiently
small coefficients such that €eA/3 — (B")” ~q B”.

Also by taking 7, — r; sufficiently small, we may assume that (X, (B)* +
B") is again KLT. Once we proved the statement for (X, (B’)* + B”), the
statement for (X, B) follows from the fact that

NE(X/S) gy +(B))++B7+eas3>0 C NE(X/S) i +Btea>0-

Therefore we may assume that B is a Q-divisor.

Step 2. If p(X/S) = 1, then there is nothing to prove. So we assume
that p(X/S) > 1 in the following. Also we may assume that Kx + B is not
relatively nef.

{cone thm}
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For any relatively ample Q-divisor H, by the rationality theorem (The-
orem 2.3.1), the threshold

rg =max{t € R | H + t(Kx + B) is relatively nef} € Q

determines a Q divisor Ly = H + rg(Kx + B). By construction, Ly is
relatively nef but not relatively ample. We know that

Fyy = NE(X/S)1,4-0

is a face of the cone or curves and satisfies the contraction theorem (Theo-
rem 2.4.1). Denote hy : X — Yp to be the corresponding contration.

Step 3. Take C to be the closed convex cone containing NE(X/S) kv +5>0
and all Fiy with Ly # 0. We will show that NE(X/S) = C. Note that in
this step there might be infinitely many Fp.

To the contrary, assume that C # NE(X/S). The there exists a Q-
divisor M such that (M -v) > 0 for all v € C\ {0} and (M -vg) < 0 for some
vp € NE(X/S). Moreover, M can not be a multiple of Kx + B.

The dual closed convex cone (NE(X/S)ky+p5>0)* of NE(X/S) k48>0
is just the closed convex cone spanned by Amp(X/S) and Kx + B, because
the dual of the latter one is NE(X/S)ky+B5>0-

Since M is positive on NE(X/S) g, +p>0 \ {0}, it is an interior point of
(NE(X/S)ky+8>0)*. Therefore, we can write M = H +t(Kx + B) for some
relatively ample Q-divisor H and some rational positive number ¢.

Since M is not relatively nef, rg < t. On the other hand, since Ly =
H+rg(Kx+B) #0, we have Fy C C and hence M is positive on Fy \ {0}.
This is a contradiction.

Step 4. Take C; to be the closed convex cone containing NE(X/S) g +5>0
and all extremal rays of the form Ry = Fg. We will show that NE(X/S) =
C1. Note that in this step there might be infinitely many extremal rays Rp.

For a face Fiy with dim Fy > 2, we may apply Step 3 to Fy = NE(X/Yy) C
NE(X/S). Since (Fu)ky+B>0 = {0}, Fg is generated by lower dimensional
faces.

Step 5. We will show the discreteness of extremal rays by applying the
estimate of denominators in the rationality theorem, that is, to show that
there are only finitely many extremal rays negative on (Kx + B + €A).

For each extremal ray R;, take the associated contraction morphism
h; + X — Y;. Since —(Kx + B) is h;-ample, there is a unique element
v; € R; with (a(Kx + B) -v;) = —1.

Take relatively ample Cartier divisors Hy, ..., H,x/5)—1 such that to-
gether with a(K x + B) they form a basis of N1(X/S). Since dim N1 (X/Y;) =
1, we can define 7;; such that H; + r;;(Kx + B) = 0 over Y;. Applying the
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rationality theorem (Theorem 2.3.1) to h;, we can express 7i;/a = p;j/qi;
as irreducible fraction, and ¢;; < a(b+ 1). Here a is the minimal positive
integer such that a(Kx + B) and b is the maximal dimension of fibers of f.
Therefore, (a(b+ 1))!(H; - v;) € Z.

Take a sufficiently large number N such that NA — H; is f-ample for all
j. If we only look at extremal rays R; such that ((Kx + B +€A) -v;) <0,
then

(Hj-vi) < (NA-v;) < N/ae,

and hence there are only finitely many possible values for (H; - v;). This
mean that there are only finitely many extremal rays generated by v;.

Step 5°. Let us give another proof of discreteness of extremal rays by
applying the estimate of length of extremal rays instead of the rationality
theorem.

Keep the notation in last step. By Corollary 2.8.4, there exists an h;-
relative curve C; such that (—(Kx + B) - C;) < 2b. If we only look at
extremal rays R; such that ((Kx + B +€A)-C;) <0, then (A-C;) < 2b/e.

As the degree of C; is bounded, there exists a scheme of finite type W
and a closed subscheme V C X x W such that C;’s appear as fibers of the
projection ¢ : V. — W. Therefor there are only finitely many numerical
equivalence classes of those Cj;.

Also we can use the following argument. Since (—a(Kx + B)-C;) < 2ab
and (H; - C;) € Z, we have (2ab)!(H; - C;) € Z. Then we can argue the same
as the end of Step 5. O

Remark 2.4.4. (1) The contraction theorem was firstly proved in the case
that X is smooth, B = 0, and dim X < 3 ([107]). The proof is by
completely classifying the contraction morphisms. The classification
shows for the first time that even if we start from a smooth X, the image
of the contraction morphism may have singularities, which is different
from the surface case. The general contraction theorem was proved in a
completely different way as an application of the base point free theorem

([PIL[60])-

(2) The contraction theorem was firstly proved in the case that X is smooth
and B = 0 (Mori [107]). The proof efficiently uses Frobenius mor-
phisms in positive characteristics (Theorem 2.7.2 is an application of
this method). However, this method uses deformation theory, which is
difficult to be generalized to algebraic varieties with singularities so it is
limited as in the minimal model theory we can not avoid dealing with
algebraic varieties with singularities. Therefore, a completely different
proof was developed by extending that of the base point free theorem

([60D)-
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(3) In Step 5’ of the proof, it might be possible to get a stronger estimate
of length of extremal rays (—(Kx + B)-C) < b+ 1. This is still an open
problem.

(4) When considering an extremal ray R in this book, we always assume
that Kx + B is negative on R\ {0}. Such an extremal ray is called a
(Kx + B)-negative extremal ray.

Corollary 2.4.5. Keep the assumption of Theorem 2.4.8. Assume that B
is R-Cartier and relatively big. Then there are only finitely many Kx + B-
negative extremal rays in NE(X/S).

Proof. Write B = A 4+ E for some relatively ample R-divisor A and some
effective R-divisor . We may take a sufficiently small positive real number €
such that (X, (1—€)B+e€F) is KLT. Note that Kx+(1—e)B+eE+eA = Kx+
B. By Theorem 2.4.3, there are only finitely many Ky + (1 —¢€)B+€eFE +€A-
negative extremal rays. O

It is easy to extend the cone theorem to DLT pairs:

Corollary 2.4.6. Let (X, B) be a DLT pair, f : X — S a projective mor-
phism. Fiz a relatively ample divisor A and a positive real number €. Then
there exist finitely many extremal rays R; of NE(X/S) C N1(X/S), such
that

NE(X/S) = NE(X/S)ky+Breazo+ Y Ri.

Moreover, after removing unnecessary terms in the sum, for each i, Kx + B
is negative on R;\ {0}, and there exists a contraction morphism h; : X —'Y;
associated to the extremal ray R;.

Proof. By Lemma 2.1.7, there is B =g B + £¢A such that (X, B’) is KLT.
The corollary can be reduced to the cone theorem. O

2.4.3 Contraction morphisms in dimensions 2 and 3

In this section, we describe the contraction morphism associated to an ex-
tremal ray in dimension at most 3. Firstly let us consider the surface case.

Example 2.4.7. Consider the case that X is smooth, S = Spec(k), B =0,
and dim X = 2. Here the base field k is algebraically closed of arbitrary
characteristic.

The contraction morphism ¢ : X — Y associated to an extremal ray R
can be classified as the following ([107]).

(a) There exists a (—1)-curve C' C X such that R = Ry [C]. Y is smooth,
¢(C) = P is a point, and ¢ is the blowup of Y at P. Conversely, a
(—1)-curve always generates an extremal ray.
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(b) ¢: X — Y is a Pl-bundle over a smooth curve Y, and R = R.[C] for
any fiber C'. In this case, X is called a ruled surface. Conversely, if X
admits a P!-bundle structure, its fiber generates an extremal ray.

(c) X 2 P2 Y = Speck, and R is generated by the equivalence class of a
line on P2.

It is important that, in each case, the extremal ray is generated by a
curve isomorphic to P*.

As we will see later, the theory of extremal rays can be extended to
algebraically non-closed base field k. Take the base change X = X x Speck
to algebraic closure, the classification can be generalized as the following.

(a’) There exist disjoint (—1)-curves C1,...,Cy on X such that a multiple
of their sum C' = m)_ C; is defined over k, and R = R4[C]. Y is
smooth, ¢(C) = P is a point, and ¢ is the blowup of Y at P. Here
the residue field of P is an extension of k.

(b’) ¢ : X — Y is a morphism to a smooth curve Y, and R = R, [C] for
any fiber C. In this case, every fiber is isomorphic to a curve of degree
2 in P2, and X is called a conic surface.

(¢)) =Ky is ample and p(X) = 1. Here p(X) = dim N'(X) is the Pi-
card number. Generally, a smooth projective surface with ample anti-
canonical divisor is called a del Pezzo surface. There is a classical
classification of del Pezzo surfaces.

The following example shows that there can be infinitely many extremal
rays.

Example 2.4.8 (Nagata’s example). By the cone theorem, there are only
finitely many Kx + B + eA-negative extremal rays, but when taking limit
e — 0, it is possible to have infinitely many extremal rays. Here the base
field k is algebraically closed of characteristic 0.

Givne two curves O, Cy of degree 3 on P? intersecting at 9 distinct
points Pj,...,Py. The rational function h defined by div(h) = C; — Cs
determines a rational map h : P2 --» P!, The indeterminacy locus of A
is {P1,...,Py}. The blowup along those points f : X — P? resolves the
indeterminacy and gives a morphism g = ho f.

For a smooth curve C of degree 3 passing through these 9 points, its
strict transform F = f;'C becomes a smooth fiber of g, and Kx = —F. In
particular, F' is an elliptic curve. The exceptional set of f is 9 (—1)-curves
E; (1=1,...,9), which are sections of g.

The generic fiber F), of g is an elliptic curve defined over k(P'). Take
Q; = E; N F,. Consider the additive group structure on F; with @ as the

{nagata example}
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origin. If Cp,Cy are chosen generally, (J2 is not a torsion point, that is,
mQ)y # @1 for all positive integer m. Take G, to be the closure of m@Q2 in
X, which is a section of g. Then G,, = P! and (Kx - G,,) = —1. That is,
G is a (—1)-curve. In this case, there are infinitely many extremal rays.

Take S = {(P1,...,Py) € (P%? | P, # P; (i # j)}. The projection
P2 x S — S naturally admits 9 sections. Take f : X — P2 x S to be the
blowup along those sections, then the above constructed X is a fiber of the
smooth morphism 7 : X — S. That is, 7 is a deformation family of X.

As (—1)-curves are preserved by small deformations, for each m there
exists a non-empty open set U, and a closed subvariety ém of W*I(Um)
such that G,, N X = G,, and on each fiber X, = 771(s) (s € Up) G N X,
is a (—1)-curve. In the case that the base field k is the complex number
field, the intersection U = (| Uy, is not empty, and for each s € U, X has
infinitely many extremal rays.

Generally, if there exists a non-empty open set such that a property holds
for each point in this set, then we say that this property holds for general
points; if a property holds for each point in the intersection of countably
infinitely many non-empty open sets, like the above U, then we say that
this property holds for very gemeral points. So a very general fiber of 7w has
infinitely many extremal rays.

The 3-dimensional case is as the following.

Example 2.4.9. Consider the case that X is smooth, S = Speck, B = 0,
and dim X = 3. The contraction morphism ¢ : X — Y associated to an
extremal ray R can be classified as the following ([107]). Here the base field
k is algebraically closed of characteristic 0.

(a) The exceptional set of ¢ is a prime divisor E and ¢ is the blowup of
Y along ¢(F). However, Y is not necessarily smooth. E and ¢ are
classified as the following.

(a-1) ¢(E) = P is a point, E = P2 and Og(F) = Op2(—1). In this
case Y is smooth.

(a-2) ¢(E) = P is a point, E = P%2 Op(F) & Op2(-2). If k = C,
then (Y, P) is analytically isomorphic to the quotient singularity
of type 1(1,1,1).

(a-3) ¢(F) = P is a point, E is isomorphic to the quadratic surface in
P3 defined by zy + 2w = 0, Op(E) = Og(—1). E is isomorphic
to P! x PL. If k = C, then the singularity (Y, P) is analytically
isomorphic to the hypersurface singularity defined by xy+zw = 0
in C*.

(a-4) ¢(E) = P a point, F is isomorphic to the quadratic surface in P3
defined by zy + 22 = 0, Op(E) = Og(-1). If k = C, then the



2.4. THE CONE THEOREM 109

singularity (Y, P) is analytically isomorphic to the hypersurface
singularity defined by zy + 22 + w® = 0 in C*.

(a-5) ¢(E) = C is a smooth projective curve, ¢|g : E — C is a Pl-
bundle, and (E - F) = —1 for each fiber F. In this case Y is
smooth.

(b) Y is a smooth projective surface, the geometric generic fiber of ¢ is
isomorphic to P!. Every fiber of ¢ is isomorphic to a conic curve in
P2, hence X is called a conic bundle.

(c) Y is a smooth projective curve, the geometric generic fiber of ¢ is a
del Pezzo surface.

(d) Y is a point, X is a Fano manifold of Picard number p(X) = 1.
Generally, a smooth projective algebraic variety X is called a Fano
manifold, if —Kx is ample. 3-dimensional Fano manifolds are classified

(OF, 1, [110], [1).

2.4.4 The cone theorem for cone of divisors

Taking the dual of the contraction theorem and the cone theorem, we can
describe them in terms of cones of divisors. The paraphrase is powerful
when considering birational models. For example, when the nef cones of
two birational models adjoin along a face of both cones, the phenomenon of
wall crossing is important, and can be described appropriately in space of
divisors. Here a wall is a face of codimension 1, which is the dual concept
of an extremal ray.

Theorem 2.4.10. Let (X, B) be a KLT pair and f : X — S a projective
morphism. Fix a relatively ample divisor A and a positive real number e.
Assume that Kx + B + €A is not f-nef. Take R; (i = 1,...,N) to be
all (Kx + B + €A)-negative extremal rays, and h; : X — Y; contraction
morphism associated to R;. Fiz a non-zero rational point v; € R; for each
i. Note that v; can be viewed as a linear function on N'(X/S). Then the
following statements hold:

(1) v; is non-negative on Amp(X/S).

(2) Gi = {u € Amp(X/S) | (u-v;) = 0} is a face of codimension 1 in
Amp(X/S) which coincides with hAmp(Y;/S).

(3) Take F to be the face of NE(X/S) generated by several extremal rays
Ri,,....,R; and h: X =Y the associated contraction morphism. Then

G:ﬂGij:{uerm(X/S)\(u-v):OforallveF}
j=1

{cone thm for div}
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is h*Amp(Y/S).
(4) For any f-ample R-divisor H, take
to =min{t | Kx + B+ eA+tH is f-nef},

then there exists a face G of the form G = ﬂ;zl G, such that [Kx +
B + €A + toH] is a relative interior point of G. In other words, it is
contained in h*Amp(Y/S).

Proof. (1) This follows from R; C NE(X/S).

(2) By the contraction theorem, G; = hfAmp(Y;/S) is of condimension
1.

(3) This is a consequence of the contraction theorem.

(4) By definition, u = [Kx + B + €A + toH] is the supporting function
of a face F' of NE(X/S). By the cone theorem, such a face is generated

by extremal rays, say R;,,...,[R;., which implies that w is contained in
G = ﬂ;:1 Gi;- As u is the supporting function of F', u is an interior point

Remark 2.4.11. In other words, the cone theorem can be explained as
the following: imagine the nef cone as an opaque planet, and [Kx + B] €
N1(X/S) as a satellite moving around it. Firstly, if [Kx + B] € Amp(X/S),
then we can observe nothing and hence the statement is empty. If [Kx+B] ¢
Amp(X/S), then we can observe the front side V' of the surface 9Amp(X/S)
of the nef cone. The back side 9Amp(X/S) \ V can not be observed.

When we look at the planet from a slightly closer observation point
[Kx + B+eA] € NY(X/S), the surface V looks like a polyhedron consisting
of finitely many faces G;. If we move the observation point to the limit
[Kx + B] as € — 0, in the case of infinitely many extremal rays, there turns
out to be infinitely many faces converging to the horizon.

As a corollary, we get the base point free theorem for R-divisors:

Corollary 2.4.12. Let (X,B) be a KLT pair, f : X — S a projective
morphism, and D an R-Cartier divisor. Assume that D is f-nef, and D —
(Kx + B) is f-nef and f-big. Then there exists a projective morphism
g:Z — S from a normal algebraic variety, a projective surjective morphism
h: X — Z with connected geometric fibers such that f = goh, and a g-ample
R-Cartier divisor H on Z, such that h*H ~g D.

Proof. We may assume that D is not f-ample. Since D — (Kx + B) is f-big,
we may write D — (Kx + B) = A+ E for some f-ample R-Cartier divisor A
and some effective R-Cartier divisor E. Since D — (Kx + B) is also f-nef,
for any sufficiently small positive real number ¢, L = D — (Kx + B) — eE is
f-ample.
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By taking e sufficiently small, we may assume that (X, B + €F) is KLT.
Since D is not f-ample, Kx + B+ ¢E = D — L is not f-nef. Therefore, for
a sufficiently small § > 0, Kx + B + ¢/ + §L is not f-nef. Consider

to =min{t | Kx + B+ e¢E + 6L+ tL is f-nef},

then tg =1 -0 and Kx + B+ €¢F + dL +toL = D. Then the conclusion
follows from Theorem 2.4.10(4). O

As a corollary of the above corollary, we can show the existence of canon-
ical models when the boundary is big:

Corollary 2.4.13. Let (X,B) be a KLT pair, f : X — S a projective
morphism. Assume that Kx + B is f-nef, and B is an f-big R-Cartier
divisor. Then there exists a projective morphism g : Z — S from a normal
algebraic variety, a projective surjective morphism h : X — Z with connected

geometric fibers such that f = goh, and a g-ample R-Cartier divisor H on
Z, such that h*H ~gr Kx + B.

Proof. Take D = Kx + B. Then D is f-nef. As B is f-big, we may write
B = A+ F for some f-ample R-Cartier divisor A and some effective R-
Cartier divisor E. Take a sufficiently small € > 0, such that (X, (1—¢)B+¢cE)
is KLT. Then, D — (Kx + (1 —¢€)B+¢€E) = €A is f-ample, and we can apply
Corollary 2.4.12. O

Also by applying Lemma 2.1.7, we can generalize Corollary 2.4.12 to
DLT pairs. The proof is left to the readers.

Corollary 2.4.14. 2441 Let (X, B) be a DLT pair, f : X — S a projective
morphism, and D an R-Cartier divisor. Assume that D is f-nef, and D —
(Kx + B) is f-ample. Then there exists a projective morphism g : Z — S
from a normal algebraic variety, a projective surjective morphismh : X — Z

with connected geometric fibers such that f = goh, and a g-ample R-Cartier
divisor H on Z, such that h*"H ~gr D.

2.5 Types of contraction morphisms and the min-
imal model program

The minimal model program is an operation to modify a given pair consisting
of a variety and a boundary by applying birational maps repeatedly. The
pair we consider is assumed to be KLT or DLT, and the variety is assumed
to be Q-factorial and projective over the base variety. This condition is
preserved under the operation of the minimal model program.

2441Added in translation

{abundance thm R2}

{DLT BPF R-div}
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Such an operation is constructed by the contraction morphism associated
to an extremal ray. There are 3 types of contraction morphisms: divisorial
contractions, small contractions, and Mori fiber spaces.

The goal of the minimal model program is to obtain either a minimal
model (a pair with relatively nef log canonical divisor) or a Mori fiber space.

2.5.1 Classification of contraction morphisms

Firstly, consider the case that the contraction morphism associated to an
extremal ray is a birational morphism contracting a divisor:

Theorem 2.5.1. Let (X,B) be a DLT pair and f : X — S a projective
morphism. Assume that X is Q-factorial. Let R be a (Kx + B)-negative
extremal ray of NE(X/S), take h : X — Y to be the contraction morphism
associated to R. Assume that h is birational and its exceptional set contains
a prime divisor. Then the following statements hold:

(1) —(Kx + B) is h-ample.
(2) p(X/Y) =1, p(X/S) = p(Y/S) +1.
(8) The exceptional set of h is a prime divisor, say E.

(4) Y is Q-factorial.
(5) We can write Kx + B = h*(Ky + By) + eE, e > 0. Here By = h,B.
(6) (Y,By) is DLT. Moreover, if (X, B) is KLT, then (Y, By) is KLT.

Proof. (1), (2) follow directly from the contraction theorem.

(3) Let E be a prime divisor contained in the exceptional set of h. Since
X is Q-factorial, E is Q-Cartier. Since E is exceptional, by Lemma 1.6.3,
there exists a curve C contracted by h such that (£ - C) < 0. Since C is
a relative curve over Y and p(X/Y) = 1, —F is h-ample. Suppose that E
does not coincide with the exceptional set of h, then there exists a relative
curve C’ not contained in E. This implies that (E-C’) > 0, a contradiction.
Therefore, the exceptional set of A is a prime divisor.

(4) Take any prime divisor F' of Y. X is Q-factorial, h; 1 F is Q-Cartier.
Since p(X/Y) = 1, there exists a rational number r such that h;'F+7rE =0
over Y. By the contraction theorem (Theorem 2.4.1), there exists a Q-
Cartier divisor F” on Y such that hy!F+rE ~gq h*F’. Since h is birational,
F ~q F’, which means that F' is Q-Cartier.

(5) Write h*(Ky + h.B) = Kx + B —¢E, Since —(Kx + B) and —E are
h-ample, we know that e < 0.

(6) follows from (5). O



2.5. TYPES OF CONTRACTION MORPHISMS AND THE MINIMAL MODEL PROGRAM113

Let (X, B) be a Q-factorial DLT pair and f : X — S a projective mor-
phism. If Kx + B is relatively nef, then f : (X, B) — S is already minimal.
If not, then by the cone theorem, there exists a (Kx + B)-negative extremal
ray R in NE(X/S). Take h : X — Y to be the contraction morphism
associated to R. By Theorem 2.5.1, we have the following 3 cases:

(1) Divisorial contraction: h is birational and the exceptional set is a prime
divisor.

(2) Small contraction: h birational and the exceptional set is of codimension
at least 2.

(3) Mori fiber space: dimY < dim X.

If h is a divisorial contraction, then the new pair (Y, By ) has the same
property as (X, B). If Ky + By is not relatively nef, that is, it is not a
minimal model, then we can continue to consider it contraction morphisms.
Moreover, since p(Y/S) = p(X/S) — 1, there can not be infinitely many
divisorial contractions in this procedure. So we may expect to get a minimal
model by induction on the Picard number p(X/S).

For example, for a pair where X is a smooth projective surface and
B = 0, a divisorial contraction is the contraction of a (—1)-curve (see Ex-
ample 2.4.7). Then after finitely many divisorial contractions, there is no
(—1)-curve, and we reach a minimal model in the classical sense. This model
is either a minimal model in the sense of this book, or admits a further con-
traction. By dimension reason, this contraction is not small, hence a Mori
fiber space, that is, a ruled surface or P2.

However, this is not the case in higher dimensions due to the existence
of small contractions. In dimension 3, small contractions appear only if X
is singular or B # 0 (see Example 2.4.9). In dimension 4 or higher, small
contractions can appear even if X is smooth and B = 0 (see [60]).

Although Mori fiber spaces are not birational, but it is interesting to be
able to handle them in a same category of contraction morphisms. A Mori
fiber space is also called a Fano fibration.

In general, an algebraic variety X is called a uniruled variety if it is
covered by a family of rational curves. In other words, this condition means
that there exists an algebraic variety Z with dimZ = dim X — 1 and a
dominant rational map Z x P! --» X. Uniruledness is a property invariant
under birational equivalence.

As later described by the length of extremal rays (Section 2.8), each irre-
ducible component of any fiber of a contraction morphism is always uniruled,
unless it is a point. One image of the minimal model program is that ”if
you contract redundant rational curves by contraction morphisms, then you
will get a minimal model”. In particular, an algebraic variety with a Mori
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fiber space structure is a uniruled variety. Moreover, Hacon and McKernan
showed further that the fibers of contraction morphisms are always rationally
connected ([33]).

For Mori fiber spaces we have the following result:

Proposition 2.5.2. Let h : X — Y be a Mori fiber space. Then Y is
Q-factorial.

Proof. We may assume that dimY > 0. Take any prime divisor £ on Y and
take a prime divisor D on X such that h(D) = E. Since X is Q-factorial,
there exists a positive integer d such that dD is Cartier. Since p(X/Y) =1
and there exists a curve C contained in a fiber of h such that D N C = (),
we get D =y 0. Apply the contraction theorem to h, there exists a Cartier
divisor £’ on Y and a rational function on X such that dD = h*E’ 4 div(g).
Since div(g) does not intersect general fibers of h, there exists a rational
function ¢’ on Y such that g = h*(¢’). Since h(D) = E, we know that
dE = E’ + div(¢’) and hence E is Q-Cartier. O

2.5.2 Flips

The existence of small contractions is a phenomenon appearing only in di-
mension 3 and higher, which is completely different from the situation of
dimension 2. If X — Y is a small contraction and we consider the pair
(Y, h.B), then Ky +h,B is not R-Cartier. In fact, if Ky +h,B is R-Cartier,
then we can consider its pullback by h. Since X and Y are isomorphic in
codimension one, h*(Ky + hy.B) = Kx + B. On the other hand, take any
curve C' contracted by h, then ((Kx + B)-C) < 0, which contradicts to the
projection formula (before Proposition 1.4.3).

By this reason, we need to construct a new pair by an operation called
flip. The new pair obtained by flip has the same properties as the original
pair. Flips and divisorial contractions are completely different operations in
geometry, but they are very similar in the point view of numerical geometry.

Definition 2.5.3. Let (X, B) be a Q-factorial DLT pair and f : X — S
a projective morphism. Assume that g : X — Y is a small contraction
morphism associated to a (Kx + B)-negative extremal ray R. Then another
projective birational morphism g™ : XT — Y is called the flip of g if the
following conditions are satisfied:

(1) gt is isomorphic in codimension 1.
(2) Kx+ + BT is gt-ample, here BT is the strict transform of B.

Here note that the positivity of log canonical divisors Kx +B and K y++B™
are reversed. The birational transform (g*)~! o g is also called a flip.
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When considering the existence of the flip of a small contraction, as
ampleness is an open condition, it suffices to consider the case that B is
a Q-divisor. In fact, the ampleness of —(Kx + B) and Kx+ + BT is not
changed after perturbing B slightly. Similarly, it suffices to consider KLT

pairs instead of DLT pairs.

{flip example}
Example 2.5.4. Let us give two examples of flips. Both examples are flips
of toric varieties [128].

(1) Let us consider the example by Francia ([26]). Here dim X = 3, B =0,
and X is singular. We denote X = X . Originally, this example in-
tended to claim that “the minimal model theory is impossible in dimen-
sion 3 or higher”, but later it was included into the development of the
minimal model theory, and become the simplest example of flips (see
Figure 77).

Consider the locally free sheaf F' = Op1(—1) ® Op1(—2) over CT = P!,
take X to be the total space of the corresponding vector bundle, that
is,

Xt = Specc+(@ Sym"™ F™).
m=0

X7 is a smooth 3-dimensional algebraic variety which contains C* as
the O-section, and the cotangent bundle Ng+,x+ is isomorphic to F.
Hence (Kx+ - C%) =1. Set

S =Spec HY(XT,0x+) = Spec(@ H°(CT, Sym™F™*)),

m=0

then there is a natural birational morphism f*: X* — S. The excep-
tional set of fT coincides with the O-section C*, and fT(C*T) = P is a
point. Hence K+ is fT-ample.

Take g : Y;¥ — X7 to be the blowing up of X+ along C*. The
exceptional set E; of g is isomorphic to the ruled surface P(F*). Take
I to be a fiber of g | Ef and C; the curve with negative intersection on

E; . Note that C{ is a section of g;"| B The cotangent bundle NCT v
is isomorphic to Op1(—1)®2,
Take g5 : Y — Y™ to be the blowing up of ¥;" along C]". The excep-

tional set Fo of g; is isomorphic to P! x P!. Take l5 to be a fiber of

g5 |z, and I the fiber of the other projection of E>. On Y;© and Y, g
and g5 are divisorial contractions. Denote 1 = (g4 )1}

Since dim N'(Y/S) = 3, we have

NE(Y/S) = (.13, 15).
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Here the symbol ( ) means the convex cone generated by the elements
in there. We have (Ky-l;) =0, (Ky- l*) (Ky-ly) = —1. Take R} , R,
to be the extremal rays generated by l2 5 The contraction morphism
associated to R; is just g; . The contraction morphism g, : Y — Y|~
associated to R, contracts the exceptional divisor Ey of g; in the other
direction.

Take Fy = (g5); By . Since ((Ky + E1) -l1) = —2, if we consider the
pair (Y, E1), the [} also generates an extremal ray, so the corresponding
contraction morphism exists and is a divisorial contraction contracting
FE1. But we do not consider this contraction morphism here.

Now let us continue to consider g;7. E; = (g5 )«F1 is isomorphic to
P2 and I] = (g5 )«l1 is a line. As dim N1(Y; /S) = 2, NE(Y; /9) is
generated by ] and C] = (g5 )«l5 . Here (KYf A7) =-1, (Ky-Cy) =
0. Take R; to be the extremal ray generated by [, the corresponding
contraction morphism g, : ¥~ — X~ contracts E| to a singular point
Q on X~. As OEl_(Ef) > Op2(—2), the singular point @ is a quotient
singularity of type %(1, 1,1).

Take C~ = (g7 )«Cy, then NE(X~/S) is generated by C~. It is easy
to compute (Kx- - C~) = —1/2. Here it might seem strange that the
intersection number is a fractional, but this is because that K y- is not
Cartier. In fact, C'~ passes through the singular point @), and 2K y-
becomes Cartier near Q).

In the end, —Kx- is f~-ample and the morphism f~ : X~ — S is a
small contraction. The morphism f*: XT — S is just the flip of f~.

(2) Let us consider an example in dimension at least 4.

Consider the locally free sheaf F = Op(—1)%! of rank ¢ + 1 over
E = P°, take its total space X = Specp(P,._,Sym™F*). X is a
smooth (s+¢+1)-dimensional algebraic variety which contains E as the
0-section, and the cotangent bundle Ng, x is isomorphic to F. Set

S = Spec H°(X, Ox) = Spec( @ (E,Sym™F™)),

m=

then there is a natural birational morphism f : X — S. The exceptional
set of f coincides with the O-section F. View a line C on E as a curve
on X, we have (Kx -C) =1t —s, and f is a small contraction if s > t.

Take homogenous coordinates xg, ..., xs on E and coordinates yg, ...,y
along the direction of fibers of F', then

o
P HO(E,Sym™ F*) = k[ziy;lo<i<s 0<j<t

m=0
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is a symmetric form with respect to x;,y;, so we can make another
construction as the following.

Consider the locally free sheaf F™ = Opy (—1)®5T! of rank s + 1 over
ET = P!, take its total space X+ = Specg+ (D;_, Sym™ (F+)*). Then
there is an isomorphism

S = Spec H' (X", Ox+) = Spec(D H(E™, Sym™(F*)*))

m=0

and a natural birational morphism f* : X* — S. The exceptional set
of f* coincides with the O-section ET. View a line C* on E™ as a curve
on Xt we have (Ky+ - CT)=s—t. If s >t, then f* is the flip of f.

If s =t, then Kx = f*Kg, Kx+ = (f7)*Kg, which is an example of
birational transforms so called flops. In particular, if s =t =1, then S
is the same as in Example 1.1.4(2), and the flop is called Atiyah’s flop.

The pair obtained by a flip admits the same property as the original one:

Theorem 2.5.5. Let (X, B) be a Q-factorial DLT pair and f : X — S
a projective morphism. Let R be a (Kx + B)-negative extremal ray of
NE(X/S), take g : X — Y to be the contraction morphism associated to
R. Assume that g : X —'Y is small and the flip g* : Xt — Y of g exists.
Then X is Q-factorial, (X, B7T) is DLT, and p(X/S) = p(X*/S).

Proof. Take any prime divisor ET on X, denote E to be its strict transform
on X. Since X is Q-factorial, E is a Q-Cartier divisor. Since p(X/Y) =1,
there exists a real number r such that E 4+ r(Kx + B) =y 0. As g is a
birational morphism, by the base point free theorem, Ey = g.(F + r(Kx +
B)) is R-Cartier and g*FEy = E+7r(Kx + B). Since Kx+ + B* is R-Cartier,
Et = (¢g")*Ey — r(Kx+ + BY) is R-Cartier. Therefore, Xt is Q-factorial.
Then it is easy to see that p(X/S) = p(X*/S). The fact that (X+, BT) is
DLT can be conclude from Theorem 2.5.6 in the next subsection. O

2.5.3 Decrease of canonical divisors

Although flips and divisorial contractions look very different, the following
theorem shows that they are similar in the sense that both are operations

that make canonical divisors smaller.
{coeff decrease}

Theorem 2.5.6 ([¢2, Proposition 5.1.11]). Let (X, B) be a Q-factorial DLT
pair and f : X — S a projective morphism. Let R be a (Kx + B)-negative
extremal ray of NE(X/S), take g : X — Y to be the contraction morphism
associated to R. Consider the following to cases:

(a) h: X =Y is a divisorial contraction.
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(b) h: X —Y a small contraction with flip h* : Xt =Y.

In each case, take a normal algebraic variety Z with projective morphisms in
the following way: in case (a) take g : Z — X; in case (b) take g : Z — X
and gt : Z — X1 such that hog = htog™. For each case, R-divisors C,C’
on Z can be determined as the following:

(a) 9" (Kx +B) = Kz + C, (hog)*(Ky + h.B) = Kz + C".
(b) 9"(Kx + B) =Kz +C, (¢")*(Kx+ + B") =Kz + C'.

Then we have C > C'. Moreover, the support of C — C' coincides with
g Y (Exc(h)), the inverse image of the exceptional set of h.

Proof. In case (a), take E to be the exceptional divisor of h, then we can
write Kx + B — h*(Ky + h.B) = eF with e > 0. The statement of the
theorem is clear.

Let us consider case (b). Note that

C—-C'=g"(Kx+B)—(g")"(Kx+ +B")

is g-exceptional and C'—C'is g-nef, hence C—C’ > 0 by the negativity lemma
(Lemma 1.6.3). Since C' — C’ is exceptional over Y, it is easy to see that
Supp(C — C") € g '(Exc(h)). To see that Supp(C — C') D g~ *(Exc(h)),
it suffices to show that for any curve I' on X contracted by h, g~ }(I') C
Supp(C — C"). For any curve IV on Z such that g(I") =T, it is easy to see
that ((C —C’)-T") < 0. This shows that Supp(C — C") N g~ (Exc(h)) is not
empty. Assume, to the contrary that, g~ (I') ¢ Supp(C — C'), then there
exists a curve I'" C g~ !(T") such that I'” intersects but is not contained in
Supp(C —C”). This implies that I' is contracted by g and ((C—C")-T") > 0,
which contradicts the fact that C' — C is g-nef. O

2.5.4 Existence and termination of flips

The existence of flips is equivalent to a special case of the finite generation
of canonical rings:

Theorem 2.5.7. Let (X, B) be a Q-factorial DLT pair where B is a Q-
divisor, and f : X —'Y a small contraction. Then the following conditions
are equivalent:

(1) The flip f*: XT =Y exists.
(2) The graded Oy -algebra

R(X/Y,Kx + B) = €P f.(Ox(tm(Kx + B).))

m=0

is finitely generated.



2.5. TYPES OF CONTRACTION MORPHISMS AND THE MINIMAL MODEL PROGRAM119

Moreover,
X = Projy R(X/Y,Kx + B).

In particular, the flip is unique if exists.

Proof. Assume that the flip f* : X+ — Y exists. Since X and X are
isomorphic in codimension 1, we have

R(X)Y,Kx +B) = @ [ (Ox+ (Lm(K x+ + BT)J)).

m=0

Since K x+ + Bt is a relatively ample Q-divisor, R(X/Y, Kx + B) is finitely
generated and
X = Projy R(X/Y,Kx + B).

Assume that R(X/Y, Kx+B) is finitely generated. Take X = Projy R(X/Y, Kx+
B) and the natural projection f*: X+t — Y. By construction, there exists
a positive integer r and a relatively ample divisor H on X such that

FI(Ox+(mH)) = f,(Ox (mr(Kx + B)))

for any positive integer m. Since f is isomorphic in codimension 1, f7 (O x+(mH))
is a reflexive sheaf on Y.

We will show that f* is isomorphic in codimension 1. Assume, to the
contrary, that f contracts a prime divisor F, consider the coherent sheaf
F supported on E satisfying the following exact sequence

0= Ox+(mH) = Ox+(mH + E) — F(mH) — 0.

Here E is not assumed to be Q-Cartier. Since H is relatively ample, we can
take m sufficiently large such that R! fF (Ox+(mH)) = 0 and f (F(mH)) #
0. However, as f*(F) is of codimension at least 2 and f;(Ox+(mH)) is
reflexive, fFOx+(mH) — fFOx+(mH + E) is an isomorphism. This is a
contradiction.

So fT is isomorphic in codimension 1. By contraction, Kx+ + BT is
fT-ample and therefore f* is the flip. O

The following theorem is called the “existence of flip” conjecture before
it was finally proved by Hacon and McKernan ([39]).

Theorem 2.5.8 (Ezistence of flip). Let (X, B) be a Q-factorial DLT pair
and f: X — S a projective morphism. Assume that g : X — Y is a small
contraction morphism associated to a (Kx + B)-negative extremal ray R.
Then the flip g7 : XT — Y always exists.
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The proof is in Chapter 3. This theorem is a special case of the finite
generation theorem of canonical rings, but it is also an essential part in the
proof of the finite generation theorem.

Divisorial contractions decrease Picard numbers by 1, but flips preserve
Picard numbers. Therefore, to make the minimal model program work, we
need the following “termination of flip” conjecture.

Conjecture 2.5.9 (Termination of flips). Let (X, B) be a Q-factorial DLT
pair and f : X — S a projective morphism. Then there does not exists any
infinite sequence of flips:

(X, B) = (Xo, Bo) --» (X1,B1) --» ...
-2 (Xn7Bn) -2 (Xn+1an+1) ...

Here, au, : (Xn, Bp) --+ (Xp+1, Bny1) is a flip over S and By, is the strict
transform of B on X,.

2.5.5 Minimal models and canonical models

In Section 1.12, we defined when a morphism f: X — Sor f: (X,B) — S
is called minimal. In this section, for a morphism f: X — Sor f: (X, B) —
S, we define its minimal model and canonical model:

Definition 2.5.10. (1) Let X be a normal Q-factorial terminal algebraic
variety and f : X — S a projective morphism. Another normal Q-
factorial terminal algebraic variety X’ with a projective morphism f’ :
X’ — S such that there exists a birational map « : X --+ X’ with
f = f' o« is called a minimal model of f : X — S if the following
conditions are satisfied. Sometimes it is also called a terminal model, or
more accurately, a Q-factorial terminal minimal model.

(a) « is surjective in codimension 1. That is, any prime divisor on X’
is the strict transform of a prime divisor on X.

(b) If we take a normal algebraic variety Z with birational projective
morphisms g : Z — X and ¢’ : Z — X’ such that ¢ = a oy,
then ¢* Kx — (¢')* K x- is effective, and its support contains all g, ' E
where FE is a prime divisor contracted by a.

(c) Ky is relatively nef.

A normal algebraic variety Y with a projective morphism f” :Y — S
and a projective morphism h : X’ — Y such that f' = f” o h is called
a canonical model or an ample model of f : X — S if the following
conditions are satisfied.

(d) h is surjective with connected geometric fibers.
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(e) There exists an f”-ample R~divisor H such that h*H =g Kx.

(2) Let (X, B) be a Q-factorial DLT pair and f : X — S a projective
morphism. Another Q-factorial DLT pair (X', B") with a projective
morphism [’ : X’ — S such that there exists a birational map « :
X --» X' with f = ' o« is called a minimal model of f : (X,B) — S
if the following conditions are satisfied. Sometimes it is also called a log
minimal model, or more accurately, a Q-factorial DLT minimal model.

(a) « is surjective in codimension 1, B’ = a,B.

(b) If we take a normal algebraic variety Z with birational projective
morphisms g : Z — X and ¢’ : Z — X’ such that ¢’ = a0 g, then
9" (Kx + B) — (¢')*(Kx' + B') is effective, and its support contains
all g7 'F where E is a prime divisor contracted by a.

(¢) Kx/ + B’ is relatively nef.

A normal algebraic variety Y with a projective morphism f” : Y —
S and a projective morphism h : X’ — Y such that f/ = f” o h is
called a canonical model, a log canonical model or an ample model of
f:(X,B) — S if the following conditions are satisfied.

(d) h is surjective with connected geometric fibers.
(e) There exists an f”-ample R-divisor H such that h*H =g Kx/+ B'.

Remark 2.5.11. (1) By condition (a), prime divisors contracted by g are
contracted by ¢’. Hence the support of ¢*(Kx + B) — (¢')*(Kx: + B')
is contracted by ¢'.

(2) A minimal model defined as above is (log) minimal in the sense of Def-
inition 1.12.1, hence by Proposition 1.12.2 it is easy to see that the
effectivity part in condition (b) above automatically holds.

(3) The latter part of condition (b) tells that we can keep track of the
prime divisors contracted by « by looking at the difference of canonical
divisors.

(4) We say a birational morphism « satisfying (a) and (b) a (Kx + B)-
negative contraction, or (Kx + B) is negative with respect to a. Note
that a contraction associated to a (Kx + B)-negative extremal ray is
always a (Kx + B)-negative contraction by Theorem 2.5.6.

(5) The minimal model and canonical model defined in the former part of
the definition are special cases of the log version defined in the latter
part. In fact, if B =0 and X is terminal in the given pair (X, B), then
Y is also terminal by condition (b). Therefore, when considering the
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existence of minimal models, it suffices to consider the log version. In
this book we will consider the log version in general, and usually the
word “log” will be omitted.

For a given morphism f : (X, B) — S, its minimal model is not neces-
sarily unique. But its canonical model is unique if exists:

Theorem 2.5.12. Let (X, B) be a Q-factorial DLT pair and f : X — S a
projective morphism. For i = 1,2, assume that there exist minimal models
[l (X[, B)) — S with birational maps o; : X --» X!, and canonical models
7Y, — S with projective morphisms h; : X! — Y;. Then the following
statements hold:

(1) The induced birational map 8 : X| --» X} is isomorphic in codimension
1 and (X],B]) (i =1,2) are K-equivalent to each other.

(2) There exists an isomorphism e : Y1 — Yo such that f{ = f§ oe.

Proof. (1) We can take a smooth algebraic variety Z with a birational pro-
jective morphism g : Z — X such that g; = o; o g is a birational morphism
for i = 1,2. Denote gi(Kx; + B}) — g5(Kx, + By) = E. Assume, to the
contrary, that £ # 0. Write E = ET — E~ into parts with positive and
negative coefficients. By symmetry, we may assume that ET # 0. Since
9" (Kx + B) > gi(Kx; + B}) = g5(Kx; + By) + E, every component of EF
is contracted by go. By the negativity lemma (Lemma 1.6.3), there exists a
family of curves C' contracted by go and covering a component of E+ such
that (ET-C) < 0. As C is in a covering family, (E~ - C) > 0. Hence
(91 (Kx; + By) - C) = (g5(Kx; + By) - C) + (£ - C) < 0. This contradicts
to the fact that K x|+ Bj is relatively nef. This shows the K-equivalence.
Moreover, we know that the set of divisors contracted by «; is independent
of ¢, which implies that § is isomorphic in codimension 1.

(2) By definition, for each ¢ = 1,2, there exists f/-ample R-divisor H;,
such that hfH; =g Kx/+ B}. Hence a curve C on Z is contracted by h;og; :
7 —Y; if and only if (Zgl* hiH; - C) =0, which is a condition independent of
1. Hence we get the conclusion by Zariski’s main theorem. O

Example 2.5.13. Consider Xy to be the hypersurface defined by zixs +
x3z4 = 0 in P* with homogenous coordinates o, . . ., z4. Xy is the projective
cone over P! x P! C P? with vertex P =1[1:0:0:0:0], and P € Xy is
a terminal singularity. Take B to be a general hypersurface not passing P
and By = BN Xo. Assume that the degree d = deg(B) is at least 3, then
Kx, + By = OXo(d — 3) is nef.

Blowing up the ideal (x1,x3) or (z1,z4) on Xg, we get two small resolu-
tion g; : X; — Xo (i = 1,2). g; is isomorphic outside P and gi_l(P) is isomor-
phic to P!. Take B; to be the strict transform of By on X;. Then (X;, B;)
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is a minimal model of (X, Bp). The induced birational map a : X; --» Xo
is the Atiyah flop (see Example 2.5.4(2)).

If one would like to have an example without boundaries B;, one can
consider the cyclic covering my : X — Xy of degree d > 4 ramified along
By, and do the similar construction. Here if By is defined by the equation
f(z) = 0, the the covering map mp is given by t¢ = f(x). In this case,
Kx; = m5(Kx, + (d —1)Bo/d) and Kx; is nef.

2.5.6 The minimal model program

We will introduce the formal definition of minimal model program. Starting
from an arbitrary Q-factorial DLT pair (X, B) and a projective morphism
f:X — S, in order to get a minimal model or a Mori fiber space, we have
the following minimal model program (MMP for short) which is a process
consists of a sequence of birational operations.

(1) Given a Q-factorial DLT pair (X, B) and a projective morphism f :
X = S.

(2) If Kx + B is relatively nef, then (X, B) is minimal, and the MMP ends
here.

(3) If Kx + B is relatively nef, then there exists a contraction morphism
h: X — Y associated to an extremal ray.

(a) If h is a divisorial contraction, then (Y, By = h,B) is again a
Q-factorial DLT pair and p(Y/S) = p(X/S) — 1. Replace (X, B) by the
new pair (Y, By) and go back to (1).

(b) If h is a small contraction, then take the flip AT : Xt — YV
and (X, BT") is again a Q-factorial DLT pair. Here BT is the strict
transform of B and p(Y/S) = p(X/S). Replace (X, B) by the new pair
(X*, B™) and go back to (1).

(c) If h is a Mori fiber space, the MMP ends.

If the termination of flips is true, then the operations in (3-b) stops after
finitely many times, and eventually we get into case (2) or (3-c).

Example 2.5.14. Let (X, B) be a Q-factorial DLT pair and f : X — S
a projective morphism. Let us consider the case p(X/S) = 2. The corre-
sponding MMP is called a 2-ray game.

The cone of curves NE(X/S) is a fan generated by two extremal rays
Ri,Re in N1(X/S). If Kx + B is not nef over S, then for at least one
extremal ray, say R1, ((Kx + B) - R1) <0.

Assume that the corresponding contraction morphism ¢ : (X,B) — Y
is small, and ¢’ : (X', B’) = Y is the flip. Then again we have p(X'/S) = 2
and NE(X’/S) is a fan generated by two extremal rays R, R,. Suppose



124 CHAPTER 2. THE MINIMAL MODEL PROGRAM

R, is the extremal ray generated by curves contracted by ¢’, then by the
property of flips, (Kx/ + B’) - R}) > 0. If Kx + B’ is not nef over S, then
((Kx + B') - R}) < 0. Therefore, the choice of the extremal ray is unique,
and we can repeat the same operation.

The 2-ray game can be easily understand using cones of divisors. The nef
cone Amp(X/S) is a fan generated by two extremal rays L1, Ly in N1(X/S).
Take L; to be the extremal ray corresponding to ¢, that is, (Lj - R1) = 0.

As the induced map X --+» X' is isomorphic in codimension 1, we can
identify N!'(X/S) = N'(X'/S). Then after flip the nef cone Amp(X’/9)
is a fan generated by two extremal rays L, L} in N*(X/S), one of them,
say Lf, is just Lj. This is because they all coincides with the pullback of
Amp(Y/S).

Therefore, we can view this flip as moving from one room Amp(X/S) to
another room Amp(X’/S) by crossing the wall L, = L;. The next contrac-
tion corresponds to the wall L) on the other side. This is similar to the the
MMP with scaling introduced in the next section.

Remark 2.5.15. In the formulation of MMP, we can make similar argu-
ments by just assuming the pairs are KLT instead of DLT. In fact, as X is
assumed to be Q-factorial, if (X, B) is KLT, then for € € (0,1), (X, (1—¢)B)
is KLT. If Kx + B is not nef, then Kx + (1 —€)B is not nef for a sufficiently
small e.

2.6 Minimal model program with scaling

In each step of the minimal model program, when there exists more than
one extremal rays, we just choose one of them arbitrarily. The so-called
MMP with scaling or directed MMP proceeds by choosing the extremal ray
in an efficient way. The MMP with scaling goes to the final minimal model
straightly in one direction, and its termination is easier to control. Except
for lower dimensional cases, to proof the termination of flips is an extremely
hard problem, but it is sightly hopeful if we only consider the termination
for MMP with scaling.

Originally the MMP uses convex geometry, but the MMP with scaling is
particularly compatible with convex geometry. The idea of such MMP was
first seen in [129], and it was developed greatly and becomes a basic tool
in [15]. As for the termination of flips, it might not be true for the general
MMP, but it is expected to be true for the MMP with scaling.

Given a Q-factorial KLT pair (X, B) and a projective morphism f : X —
S, a scale is an effective R-divisor H satisfying the following properties:

(1) H is effective and relatively big.

(2) (X,B+ H) is LC.
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(3) Kx + B+ H is relatively nef.

The idea is to use H to control the progress of MMP. Starting from (X, B) =
(Xo, Bo), we construct the MMP for (X, B) with scaling of H such that in
the n-th step we have a Q-factorial KLT pair (X,,, B;) such that

(1) H, is relatively big.
(2) (Xp, By +tn_1H,) is LC.
(3) Kx, + By + tn—1H), is relatively nef.

Here H,, the strict transform of H, and ¢,, is defined as the following thresh-
old:
tn, = min{t > 0 | Kx, + By, + tH, is relatively nef}.

We denote t_; = 1. When n = 0, by assumption, o < 1. Assume that
Kx + B is not relatively nef, then ty > 0. When n > 0, by construction,
Kx, + By, + t,—1H), is relatively nef, and hence ¢, < t,_;.

The inductive construction of the MMP is as the following. Take n > 0.
Assume that we already have (X,,, By,). If t,, = 0, then Kx, + B, is relatively
nef and the MMP ends. If £, > 0, then we proceed to the next step by the
following lemma:

Lemma 2.6.1. Ift, > 0, then there exists a (Kx, + By)-negative extremal
ray R, such that
((Kx, + Bn +ty,Hy) - Ry) = 0.

Proof. Since By, +t, H, is relatively big, for a sufficiently small positive real
number e, there are only finitely many (Kx, + By + (tn, — €)H,)-negative
extremal rays (Corollary 2.4.5). Since Kx, + B, + t,H, is relatively nef,
for 0 < € <€, a (Kx, + Bp + (t, — €)H,)-negative extremal ray is also
a (Kx, + Bn + (t, — €)H,)-negative extremal ray. So by finiteness, the
threshold t,, is determined by one of the extremal rays, that is, there exists
such a ray R,, such that ((Kx, + B, +t,Hy) - R,) = 0. Note that R, is also
a (Kx, + Bp)-negative extremal ray. O

Using the extremal ray R,, in the above Lemma to proceed the MMP, we
get a new Q-factorial KLT pair (X,,4+1, Bp+1). Since Kx,, + By, +t, Hy, is nef
and numerically trivial along R, the strict transform K, , +Bpnt1+tn Hyy1
is relatively nef. Also note that (X, B, + t,H,,) is LC, which implies that
(Xn+1, Bny1 + tnHpt1) is LC. In this way, we inductively constructed the
MMP with scaling of H. Note that we get a non-increasing sequence 1 >
to >t > ...

The MMP with scaling can be virtualized as in the following Figure ?7?.
For simplicity, let us assume that the MMP consists of flips. In this case,
N1(X,/S) can be identified with N*(X/S), and the point corresponding to

{measure}



{section 2.7}

126 CHAPTER 2. THE MINIMAL MODEL PROGRAM

Kx, + B, depends on n. Let us track the changing of nef cones Amp(X,,/5)
in N'(X/S). By the cone theorem, observing from Ky + B, the surface of
the nef cone Amp(X,,/S) is locally a polyhedron. Choosing an extremal
ray corresponds to choosing a face, and taking the flip means that passing
through this face and moving from a room Amp(X,/S) to the other room
Amp(X,,4+1/85). Such an operation is usually called wall crossing.

According to the original condition, Ky +B+H € Amp(X/S). Consider
the line in N'(X/S) connecting Kx + B + H and Kx + B. In each step of
the MMP with scaling, we choose the face intersecting L. Note that

Kx + B+t,H € Amp(X,,/S) N Amp(X,4+1/S)N L

and all rooms line up along the line L. So such an MMP moves from
Kx + B+ H to Kx + B on this line straightly, and the termination is easier.

Remark 2.6.2. Here we assume that (X, B) is KLT and H is relatively
big in order to apply the finiteness of extremal rays (Corollary 2.4.5) in
Lemma 2.6.1. Later we will see that we can replace Lemma 2.6.1 by Corol-
lary 2.10.12, and the MMP with scaling can be generalized to the case that
(X, B) is DLT and H is not relatively big.

Birkar, Cascini, Hacon, McKernan showed the termination of flips in the
following special but very important case. The proof will be in Chapter 3.

Theorem 2.6.3 ([15]). Let (X, B) be a Q-factorial KLT pair and f : X — S
a projective morphism. Assume that B is relatively big. Suppose that H is
an effective R-divisor such that (X,B + H) is KLT and Kx + B + H is
relatively nef. Then the MMP with scaling of H terminates.

As a interesting corollary, we can show the existence of minimal models
for varieties of general type, or oppositely the existence of Mori fiber spaces
for varieties with non-pseudo-effective canonical divisors:

Corollary 2.6.4. Let (X, B) be a Q-factorial KLT pair and f: X — S a
projective morphism.

(1) Assume that Kx + B is not relatively pseudo-effective over S. Then
there exists a Mori fiber space birational to (X, B).

(2) Assume that K x+ B is relatively big over S. Then (X, B) has a minimal
model. Moreover, by the base point free theorem, (X, B) has a canonical
model.

2.7 Existence of rational curves

Given an algebraic variety, whether there exists a rational curve, and how
many rational curves there are if exist, are very important questions. We
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will give a proof of Theorem 2.7.2 which states that there are many rational
curves on algebraic varieties with canonical divisors satisfying certain neg-
ativity. For example, P! is the only smooth projective curve with negative
canonical divisor (—K is ample).

In order to prove this theorem, we first take the reduction of the given
algebraic variety to positive characteristics, and then proceed the discussion
by methods specific in positive characteristics. Applying the Frobenius mor-
phism, there is a method to get a morphism from P! by deforming a given
morphism and degenerate it by taking a limit. This method was originally
discovered by Mori, and so far is the only method to prove the existence
of rational curves in general situation. Existence of rational curves is also
a very important problem in complex geometry, but this theorem has no
analytic proof. It can be said that this is a theorem of algebraic geometry
only.

2.7.1 Deformation of morphisms

Firstly, in order to construct the space of all deformations of morphism, or
the moduli space of morphisms, we introduce the definition of Hilbert scheme
by Grothendieck ([36]). For details we refers to [92].

Definition 2.7.1. Fix a projective morphism f : X — S between Noethe-
rian schemes and a relatively ample sheaf H. For a closed subscheme Z of
a fiber X, = f~!(s) of f, the polynomial

Py(m) = x(Z,mH) = dimy,) H(Z, mH)
p=>0

in integer m is called the Hilbert polynomial of Z. Fixing a polynomial P,
there exists a moduli space for all closed subscheme of fibers of f whose
Hilbert polynomial coincides with P(m). This moduli space is a projective
scheme g : Hilb”(X/S) — S over S and is called the Hilbert scheme. It has
the following universal property.

There exists a closed subscheme Z in the fiber product X x gHilb” (X /),
which is called the universal family, satisfying the following conditions:

(1) The first projection p; : Z — X induces an isomorphism on every
fiber p, ' (t) of the second projection py : Z — Hilb” (X/S) to a closed
subscheme of X, whose Hilbert polynomial is P(m).

(2) For any S-scheme T' — S and any closed subscheme Z7 of X xg T
such that the Hilbert polynomial of every fiber of the second projection
Zp — T is P(m), there exists a unique morphism 7 — Hilb?(X/S)
such that Z X HilbP (X/8) T =Zr.

Note that a family with constant Hilbert polynomial is automatically flat.
By taking disjoint union for all polynomials, we denote Hilb(X/S) = [[p Hilb? (X/S).
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The moduli space of morphisms is defined to be the moduli space of
graphs of morphisms. Let X — S and Y — S be projective S-scheme such
that X is flat over S, and take G C X x Y; to be the graph of a morphism
between fibers g : Xg — Y;. Fix a relatively ample sheaf H on X xgY, take
P(m) = x(G,mH). Consider the Hilbert scheme Hilb” (X xgY/S), and
take m : G — Hilb? (X xgY/S) to be the universal family. Then the set of
points in Hilb? (X xgY/S) whose fiber in the universal family is a graph of
a morphism between fibers of X and Y is an open subset. In fact, a closed
subscheme G’ of X x Yy is the graph of a morphism X, — Yy if and only
if the first projection p; : G’ — X is an isomorphism, therefore being a
graph is an open condition. This open subset is denoted by Homg (X,Y)
and called the moduli space of morphisms.

The theory of infinitesimal deformation is very useful when studying
the structure of Hilbert schemes. For example, let us assume that X is a
smooth projective algebraic variety over a field k, and Z is a smooth closed
subvariety. Then Z determines a point [Z] € Hilb(X/k) = Hilb(X). Then
the Zariski tangent space Ty (x),[z] = (M{z] /m[2Z])* of [Z] is isomorphic to
H(Z, Nz/x), the contangent bundle of Z C X. Here myz) C Ogip(x),[2]
is the maximal ideal of the local ring. On the other hand, the obstruction
space is H'(Z,Nz/x). That is, the completion of Hilb(X) along [Z] can
be represented by h'(Z, Nyz/x) equations in the completion of ro(Z, Nyzx)-
dimensional affine space along the origin. Therefore we have the inequality

dimz Hilb(X) > h%(Z, Nz x) — h'(Z,Nyz/x).

This can be also applied to moduli spaces of morphisms. Consider the
deformation of a morphism between smooth projective algebraic varieties
g : X — Y, the cotangent bundle G is given by Ng/xxy = p5Ty. Here
Ty is the tangent bundle of Y and ps : G — Y is the second projection.
Therefore we have the inequality

dimg Homy (X, Y) > h(X, g*Ty) — h' (X, g* Ty ).

2.7.2 The bend-and-break method

Theorem 2.7.2 ([106]). Let X be a normal projective algebraic variety of
dimension n over an algebraically closed field of arbitrary characteristic.
Take C be a curve on X contained in the smooth locus of X, fix a point P
on C and take an ample divisor H on X. Suppose that C is not a rational
curve and (Kx - C) < 0. Then there ezists a rational curve L on X passing
through P satisfying
2n(H - C)
(—Kx-C)

Here note that C' and L might have singularities, and L might pass
though singularities of X.

(H-L) <
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Proof. Firstly let us consider the case that the characteristic p of k is pos-
itive. The point is that by using Frobenius morphisms, we can make the
degree of the curve sufficiently high while keep the genus unchanged.

Take the normalization v : ¢/ — C' and denote g to be the genus of C’.
By assumption, g > 0. Take the m-th power of the Frobenius morphism
f': Cy — C' where ¢ = p™. Here f’ is the morphism defined over k
defined by taking g-th power of coordinates, which exists only in positive
characteristics. The genus of C’é is again g. Take f : C(’I — X to be the
composition morphism.

Since (Kx - C) < 0, we can take ¢ = p"" sufficiently large such that the
following inequality holds:

b q(—Kx-C)—l
=L
n

a+1—g>0.

Take b distinct points Pp,..., P, on C;, denote B = E?:1Pz‘- Consider
the deformation of the morphism f : C’é — X fixing B. As the defor-
mation of f is the deformation of G, by fixing B means that the graph
contains (P;, f(P;)) for each i. The moduli space of such deformations
Homy,(Cy, X; B) is a closed subscheme of Homy,(Cy, X).

We can compute the dimension of Homy(Cy, X; B) by infinitesimal defor-
mation theory. The Zariski tangent space of Homy(Cy, X) at [f] is isomor-
phic to H O(C’(’I, f*Tx), and the Zariski tangent space of its closed subscheme
Homy,(C}, X; B) is isomorphic to H°(C}, f*Tx ® Oc:(—B)). The obstruc-
tion space is H(C}, f*Tx @ Oc; (—B)) instead of H(C}, f*Tx). Therefore,
by dimension counting,

dimyy Homk(C(;,X; B) > X(C{]y [Tx ® OC[](—B))
= degcé(f*TX ® Oc; (—B)) +n(l —g)
=q(—Kx-C)—nb+n(l—g)>1.

The first equality is given by the Riemann—Roch formula.

Therefore, there exists a non-trivial deformation family F : C(’Z xT — X
of f fixing B parametrizing by a smooth affine algebraic curve T. Here T
has a base point to such that F(P,tp) = f(P) for all P € Cj, and also
F(P;,t) = f(P;) for all 1 <i <band allt € T. On the other hand, since
g > 0 and b > 0, the morphism C'(’I — C has no deformation. Therefore, the
image of F' is not contained in C, that is, F(Cy, x T') ¢ C.

Compactify the affine curve T into a smooth projective algebraic curve T'.
We can extend F' to a birational map C’(’J xT --» X. Resolving this birational
map by a sequence of blowing ups on points of indeterminacy, we can get a
birational morphism g : Y — Ctlz x T and a morphism h = Fopu:Y — X.
Here u is obtained by repeatedly blowing up points on the smooth projective
surface Cé{ x T'. In each step of this procedure, if the image of the center of
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the blowing up in Cj x TisonT, =P xT (i =1,...,b), we denote the
exceptional divisor to be E; ; (j = 1,...,n;). Denote the total transforms of
all such exceptional divisorson Y tobe E; j (j = 1,...,n;). Take Ty = PxT
for a general point P on Cj and take 7] (i = 0,...,b) to be the strict
transform of T; on Y. Since P is general, y is isomorphic over Ty, and we
have the linear equivalence

n;
/
T~ Ty =) cijbi
=1

fori=1,...,b. Here ¢; ; = 1 or 0 depending on whether Ei,j intersects the
strict transform of T; or not.
Take Cy = C(’I X tg C Y, since the morphism Cy — C' is of degree ¢,

(h*H - Cy) = q(H - C).
Also (Tp - Cp) = 1. Since NS(Y') is generated by Cp, Ty and exceptional
divisors of i, there exist integers ¢ and e; j such that
W'H=cCo+q(H -C)Tp— Y _ei;Ei;+E.
i?j
Here the support of E consists of exceptional divisors whose image is not on

T;. Since h*H is nef, ¢ > 0 and ¢; ; > 0.
Since dimh(Y) = 2, (h*H)? > 0. Note that

(h*H)? =2cq(H-C)+ Y e} ;(Ei;)” + E”.

.3
Since (E?) <0,
2cq(H - C) — ” Z]>2chC Ze”>0
0,J
Also for every 1, .
c— iei,jei,j = (h*H-T}) = 0.
j=1

Therefore,

q(H - C) Zewew > bZe” €; i

This implies that there exists g and Jo such that €ig,jo = 1 and
2q(H - C) > beiy 5o €ig,jo > 0,

which means that

. 2q(H - C)
0 < (h'H - Eiyjo) = €igjo < ———
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Hence there exists an irreducible component L’ of E; j,, such that L = h(L’)

is a rational curve, P;, € L, and

0,70

2q(H - C)

(H-L)< 2

Recall that ¢ = p™, and by the definition of b, we have
2q(H-C) 2n(H-QC)

lim =

m—00 b (—-Kx -C)’

so by taking m sufficiently large, we have

2n(H - C)

D)< Ty oy

Here note that the left hand side is always an integer.

We have shown that for the images of any b points on C’(’I7 there exists
a rational curve L passing though one of them and (H - L) satisfies the
required inequality. Next we use this to show that for any point P € C,
there exists a rational curve L such that P € L and (H - L) satisfies the
required inequality.

In the Hilbert scheme Hilb(X), the set of points corresponding to all
rational curves is a locally closed subset. This is because for a family of
curves, genus is lower semicontinuous. Moreover, if we only consider all
rational curves of degree (i.e. the intersection number with H) bounded
from above by a constant number, then the set is a closed subset of finite
type. What we proved is that there exists an irreducible locally closed
subset Z C Hilb(X), such that if we take Uz C X x Z to be the restriction
of the universal family &/ C X x Hilb(X) on Z, then the fibers of the second
projection ps : Uy — Z are rational curves on X of degree bounded by
2n(H - C)/(—Kx - C), and the image of the first projection p;(Uz) contains
a non-empty open subset of C. Take Z to be the closure of Z in Hilb(X),
and take Uy C X x Z to be the restriction of the universal family. Then all
irreducible components of the fibers of the second projection ps : U; — Z
are rational curves, and the image of the first projection p; (i) contains C.
Therefore, there exists a rational curve passing though any fixed point on
C with degree bounded by 2n(H - C)/(—Kx - C).

We can construct rational curves on algebraic varieties defined over a
field of characteristic 0 by lift the above result to characteristic 0. The proof
essentially uses the property of Hilbert schemes again.

All given data as X, H, C can be described by finitely many polynomials
in finitely many invariables with finitely many coefficients in k. By adding
those coefficients to Z, we can construct a finitely generated Z-algebra R
satisfying the following conditions.
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(1) There exists a projective morphism Xr — Spec R such that all the
geometric fibers X; are normal, and the generic geometric fiber Xj is
isomorphic to X. Here for a geometric point ¢t of Spec R, we denote X;
to be the fiber over t.

(2) There exists an ample Cartier divisor Hg on X whose restriction on
Xy is H.

(3) There exists a closed subscheme Cr of Xg such that for any geometric
point ¢t of Spec R, the fiber C is an irreducible algebraic curve on X;
contained in the smooth locus of X; and not a rational curve.

Here note that all conditions on fibers are open conditions, so we can
make localization to remove bad fibers.
Consider the universal family on the Hilbert scheme

UcC Xp XSpec R Hﬂb(XR/SpeC R)

Then there exists a locally closed subset of finite type Zr C Hilb(Xg/Spec R)
satisfying the following: for any geometric point ¢ of Spec R, the set of points
in Hilb(Xpr/Spec R) corresponding to rational curves L on X; such that

2n(H - C)
W= Crio)

coincides with Z;. As the right hand side is a constant, the degree of L is
bounded from above uniformly.

Take the closure Zg in Hilb(Xg/Spec R) and take the restriction of the
universal family Uz C Xg Xgpecr Zr. The any irreducible component of
any geometric fiber of the second projection py : Uz, — Zg is a rational
curve with degree bounded from above.

As the residue field of a geometric point is of positive characteristic,
the image of the first projection p;(Uz,) contains C;. Since Zp is a closed
subscheme of finite type, it follows that Cr C p1(Uz,). In particular, C; C
p1(Uz,). This finishes the proof. O

The argument in the proof is by deforming the curve until its limit breaks
up with a piece (irreducible component) of rational curve, which is called
the bend and break method.

2.8 Length of extremal rays

In this section we define the “length” of an extremal ray, and shows that it
is bounded by a constant depending only on the dimension. This theorem
also contains the claim that extremal rays are generated by rational curves,
which is essential for many boundedness results and termination results.
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As the proof uses the existence theorem of rational curves proved in the
previous section, it is based on algebraic geometry in positive characteris-
tics. In addition to this, we use the vanishing theorem which is specific in
characteristic 0. This theorem was also used to prove the discreteness of
extremal rays in the cone theorem (Step 5’).

For an extremal ray R of a morphism f : (X, B) — S, the minimal value
of the intersection numbers —((Kx + B) - C) for all irreducible curves C
whose classes are contained in R is called the length of R.

Firstly, we begin with generalizing the vanishing theorem for complex
analytic varieties.

Theorem 2.8.1 ([122, Theorem 3.7]). Let f : X — S be a projective surjec-
tive morphism from a complex manifold to a complex variety, B an R-divisor
with normal crossing support and coefficients in (0,1), and D a Cartier di-
visor on X. Assume that D — (Kx + B) is relatively nef and relatively big.
Then RPf.(Ox (D)) =0 for any p > 0.

The theorem is proved by generalize the Kodaira vainshing for compact
complex manifolds to weakly 1-complete complex manifolds. A complex
manifold is said to be weakly 1-complete if there exists a plurisubharmonic
C*-function ¢ such that X, = {z € X | ¢(z) < ¢} is compact for all ¢ € R.
For a positive line bundle L on a weakly 1-complete complex manifold X,
HP(X,Kx + L) = 0 for all p > 0 ([119], [120]), the same as the Kodaira
vanishing theorem.

Theorem 2.8.2. Let (X, B) be a KLT pair and f : X =Y be a projective
birational morphism to a normal algebraic variety. Assume that —(Kx + B)
is f-ample. Take E to be any irreducible component of Exc(f), denote n =
dim E — dim f(E). Then the set {C} of all rational curves Cy, such that
Cy is contracted by f and 0 > ((Kx + B) - Cy) > —2n, covers E, that is,
U, Cr=E.

Proof. For a flat family of curves whose general fibers are rational curves,
any irreducible component of its special fiber is again a rational curve.
Therefore it suffices to show that, passing though a general point of E, there
exists a rational curve contracted by f and satisfies the required inequality.
Replacing Y by an affine open subset intersecting f(E) and cutting Y by
general hyperplanes, we may assume that f(F) is a point.

We need the following lemma.

Lemma 2.8.3. Take v : B/ — E to be the normalization and take an f-
ample divisor H on X. Then

(H" ' (Kx +B)-E) > (v"H)" ' Kp).

Proof. We may assume that H is very ample. Cutting by hyperplanes in
|H| for n — 1 times, we get C' C Xj from the restriction of £ C X. Since
dim E = n, dimC = 1. Denote By = B|x, and v 1(C) = C".

{vanishing complex versio

{thm exceptional RC}
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Since Kx, = (KX + (n — 1)H>‘X0 and Kgr = (KE’ + (n — I)V*H)‘CI, if
the required inequality fails, then ((Kx, + By) - C) < deg K¢r. Then we can
take a Cartier divisor Ag on C, such that ((Kx, + Bo) - C) < deg Ap and
HY(C', Kgr — v*Ag) # 0. By the trace map we have H(C,wc(—Ap)) # 0.
Here w¢ is the canonical sheaf of C.

On the other hand, since C is 1-dimensional, we can take a sufficiently
small analytic neighborhood V' C Y of f(C) and denote U = f~%(V) N X,
such that there exists a Cartier divisor A on U where Ay = A|c and the
support of A does not intersect with irreducible components of Exc(f|y)
other than C. Since ((Kx, + Bo)-C) < deg Ay, A— (Kx, + Bo) is relatively
nef for f: U — V.

By Theorem 2.8.1, R!f,(Oy(A)) = 0. Therefore H'(C, Ag) = 0, and
H°(C,wc(—Ap)) = 0 by the Serre duality, which is a contradiction. O

Go back to the proof of the theorem. If n = 1, then by deg K < ((Kx+
B)-E) < 0, it is easy to see that E’ = P! and —2 < ((Kx+B)-E). Moreover,
by the vanishing theorem, R! f,Ox = 0, which implies that £ = P!

Suppose that n > 1. By taking the degree of H sufficiently large, we
may assume that C' is not a rational curve. By the lemma, (Kg - C') <
((Kx + B) - C) < 0, we can apply Theorem 2.7.2 to C' C E’. Note that
M = —v*(Kx + B) is ample on E’, so by Theorem 2.7.2, passing through
any point on C’, there exists a rational curve L' satisfying (M - L") < 2n(M -
C")/(—Kpg-C") < 2n. L = v(L') is the rational curve we are looking for. [

Corollary 2.8.4. Let (X, B) be a Q-factorial KLT pair, f : X — S a
projective morphism. Take a (K x+ B)-negative extremal ray R in NE(X/S).
Take E to be the exceptional set of the corresponding contraction morphism
h and denote n = dim E —dim h(F). Here E = X if h is a Mori fiber space.
Then E is covered by rational curves L such that L are contracted by h and
—((Kx+ B)-L)<2n (resp. <2n)if E# X (resp. E=X).

Proof. If E # X, this is Theorem 2.8.2. If £ = X, this is by Theorem 2.7.2.
O

2.9 Divisorial Zariski decomposition

In algebraic surface theory, the intersection theory of divisors is a very pow-
erful tool. Since the intersection number is a symmetric bi-linear form, the
Zariski decomposition theory can be developed in a strong form. In higher
dimensional algebraic geometry, it is difficult or impossible to develop a
strong Zariski decomposition theory, but if restricted to codimension 1, the
“divisorial Zariski decomposition” can be easily constructed, and is suffi-
ciently useful.
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Definition 2.9.1. Let f : X — S be a projective morphism from a Q-
factorial normal algebraic variety to a quasi-porjective algebraic variety, D
a relatively pseudo-effective R-divisor, and H a relatively ample divisor. If

N = liﬁ)linf{D’ | D+tH =g D' > 0}
¢

is a well-defined R-divisor??-%1, then we can define the relative divisorial
Zariski decomposition D = P4+ N of D over S by taking P = D — N. Here
P is called the numerically movable part, and N is called the numerically
fixed part.

If D = P, then D is called numerically movable. The cone consisting
of numerical equivalence classes of all numerically movable R-divisors is
denoted by Mov(X/S) € N'(X/S), and called the numerically movable
cone.

Let us give more explanation about the definition. Fixing H and a posi-
tive number ¢, since [D +tH] € Big(X/S), D+tH is numerically equivalent
to an effective R. Therefore, the effective R-divisor

N, = inf{D' | D+tH =5 D' > 0}

can be defined. Here the inf of R-divisors is defined by taking the inf of
coefficients of each component. Since H is numerically free, we know that
Ny > N; if t < t. But here we should be careful that by taking limit
N = limy g Ny, the coefficients of N may go to infinity. An example given
by Lesieutre [101] shows that this could happen. Therefore the the relative
divisorial Zariski decomposition can be defined only if N is an R-divisor,
that is, non of its coefficients is infinity. But nevertheless we know the
existence of the relative divisorial Zariski decomposition in the following
cases:

Lemma 2.9.2 ([123, Lemma I11.4.3]). The relative divisorial Zariski de-
composition of a relatively pseudo-effective R-divisor D exists if one of the
following holds:

(1) S = Speck is a point.

(2) D is relatively numerically equivalent to an effective R-divisor.
(3) Supp(D) does not dominates S.

(4) codim f(V) < 2 for every component V' of Supp(D).

If dim X = 2, the divisorial Zariski decomposition and the classical
Zariski decomposition coincide ([64]).

29017 3dded more details here, because the relative divisorial Zariski decomposition does
not always exist
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Lemma 2.9.3. Assume that the relative divisorial Zariski decomposition
D =P+ N exists. Then

(1) The number of irreducible components of N is bounded by p(X/S).
(2) P is relatively pseudo-effective.
(8) N and P is independent of the choice of the relatively ample divisor H.

Proof. (1) The number of irreducible components of N; is bounded by the
number of numerically linearly independent R-divisors, which is p(X/S).
(2) P is relatively pseudo-effective just because

P =1lim(D +tH — Ny),
t—0

where D + tH — N, is relatively pseudo-effective.

(3) For another relatively ample divisor H’', there exist positive integers
m,m’ such that mH — H' and m’H’ — H are both relatively ample. Then
it is easy to show that IV is independent of the choice of H. O

Lemma 2.9.4. (1) The numerically movable cone Mov(X/S) is a closed
cone, and we have the following inclusions

Amp(X/S) C Mov(X/S) C Eff(X/S).

(2) Let o : X --»'Y be a birational map between Q-factorial normal alge-
braic varieties over a quasi-porjective algebraic variety S. Assume that o
is isomorphic in codimension 1, then the natural map o, : N*(X/S) —

NY(Y/S) induces a bijective map a,(Mov(X/S)) = Mov(Y/S).

Proof. (1) Let D be a relatively pseudo-effective R-divisor and H a relatively
ample divisor. If for any t > 0 D + tH € Mov(X/S), then it is easy to see
that N; = 0 for any ¢ > 0, which implies that D € Mov(X/S). So the
numerically movable cone is closed.

If D is relatively nef, then D + tH is relatively ample and hence the nef
cone is contained in the numerically movable cone.

(2) Take projective birational morphisms p : Z — X and ¢ : Z —» Y
from a common normal algebraic variety Z such that o = g o p~!. For any
R-divisors D, D’ on X, if D =g D', then ¢.p*D =g q.p*D’. Note that
iy = @y 0 p*.

Take relatively ample divisors Hx and Hy on X and Y such that Hy —
aHx is relatively ample. It is easy to see that if inf{D’ | D+tHx =g D’ >
0} = 0, then inf{D" | au.D + tHy =g D" > 0} = 0, which means that the
image of a numerically movable divisor is numerically movable. O
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Remark 2.9.5. If dim X = 2, then being numerically movable is equivalent
to being nef. Hence in this case the numerically movable cone coincides with
the nef cone, and the divisorial Zariski decomposition is the classical Zariski
decomposition.

For a pair (X, B), the divisors that should be contracted in order to get
a minimal model can be determined by the divisorial Zariski decomposition
of K x + B:

Theorem 2.9.6. Let (X, B) be a Q-factorial DLT pair and f: X — S a
projective morphism to a quasi-projective variety. Assume that there exists
a minimal model o : (X, B) --+» (Y,C) with induced projective morphism
g:Y — S. Then the divisorial Zariski decomposition Kx + B = P+ N
over S exists. Moreover, let E be a prime divisor on X, then E is contracted
by a (that is, ax = 0) if and only if E is a component of N.

Proof. Note that K x + B is relatively pseudo-effective since it has a minimal
model, hence we can consider the divisorial Zariski decomposition.

Take projective birational morphisms p: Z — X and ¢ : Z — Y from
a common normal algebraic variety Z such that a = ¢ o p~!. By assump-
tion, the discrepancy G = p*(Kx + B) — ¢*(Ky + C) is effective, and F is
contracted by « if and only if p; ' E is a component of G.

Take a relatively ample divisor H' on Y, and a relatively ample divisor
H on X such that H — p,¢*H’ is relatively ample. For any ¢ > 0, since
Ky + C + tH' is relatively ample and

Kx +B+tH = p.¢"(Ky + C +tH') + t(H — p.q*H') + p.G,
we have
inf{D' | Kx + B+tH =5 D' >0} < p,G.

Therefore, N is well-defined and N < p,G.

To finish the proof, we will show that N > p,G.

If Kx + B+tH =5 D' >0, then a,D' =g Ky + C + ta,H, and

p*D' — ¢*a.D' =5 p*"(Kx + B+tH) — ¢"(Ky + C + ta,H)
=G +t(p"(H) — ¢ (a.H)).

Note that both sides are exceptional divisors over Y, so they are actually
equal by the negativity lemma. Therefore,

p*D > G+ t(p"(H) — ¢ (o).
Taking the limit when ¢ — 0, we can see that N > p,G. O

Remark 2.9.7. (1) If dim X = 2, contracting all those divisors in N, or in
other words contracting all (—1)-curves will produce a minimal model. If
dim X > 3, then the situation becomes much more complicated because
the geometry in codimension 2 or higher is involved.

{thm E in N}
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(2) The Zariski decomposition of a divisor D on an algebraic surface is dis-
covered by Zariski [153] during the study of the section ring @5_, H(X,
of D. In particular, if we consider the Zariski decomposition of the
canonical divisor, then the numerically movable part coincides with the
pullback of the canonical divisor on the minimal model. In this sense, we
can say that the Zariski decomposition of canonical divisors is equivalent
to the minimal model theory.

Generalizing this idea, the log version of existence of minimal models in
dimension 2 can be proved as an application of the Zariski decomposition
([51]). Moreover, [31] generalized the Zariski decomposition to pseudo-
effective divisors.

In dimension 2, the intersection theory of divisors is available so that
we can use the general theory of symmetric bilinear forms to define the
Zariski decomposition, but this is not the case in dimension 3 and higher.
So in [64], the divisorial Zariski decomposition was defined only for big
divisors using the limit of linear systems. [123] pushed this forward and
generalized the definition to pseudo-effective divisors. In [15], the fixed
part was defined using R-linear equivalence. Here the definition was
simplified by replacing numerical equivalence with R-linear equivalence.

Similar to the case of dimension 2, if the numerically movable part is
nef, then in fact we can get a minimal model. In order to deal with
problems caused by subsets of dimension 2 or higher, we need to replace
X by blowing ups. Although this approach to the minimal models is
not successful, it might be helpful for understanding the problem. In
this book, we use flips instead of blowing ups to deal with subsets of
dimension 2 or higher.

In addition, there is also an analytical approach to the analytical Zariski
decomposition, which has played a certain role ([117]).

If the numerically movable part is not 0, then we can make many global
sections by adding a little positivity:
{Nakayama-Zariski}
Theorem 2.9.8 (Nakayama [123]). Let D be a pseudo-effective R-divisor
on a normal projective Q-factorial algebraic variety X. Take D = P+ N to
be the divisorial Zariski decomposition. If P # 0, then there exists an ample
divisor H, such that the function in positive integer m satisfies

lim dim H°(X,.mD.+ H) = co.

m—0o0

Proof. Since N is effective, we may assume that D = P. Consider the
numerical base locus

NBs(D) = ltiﬁ)l(ﬂ{Supp(D,) |D+tH =D >0}).
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Since N = 0, NBs(D) has no components of codimension 1. Also, since
this is a limit of an increasing sequence of closed subsets, it is a union of at
most countably many subvarieties of codimension at least 2. Therefore, we
may take a very general smooth curve C' C X by cutting by very general
hyperplanes such that C " NBs(D) = (. Since D #0, (D -C) > 0.

Fix an ample divisor H, take L,, = umD_+ H. Note that degromD_ =
(mD-C)—((mD—cmD_)-C can be arbitrarily large if m is sufficiently large,
since (D - C) > 0 and ((mD — cmD.J) - C is bounded. Hence HY(C, L,,|¢)
can be arbitrarily large. We will show that if m is sufficiently large, then
the natural map H°(X, L,,) — H°(C, L,,|¢) is surjective.

Note that C' is contained in the smooth locus of X, consider g : ¥ — X
to be the blowing up along C, and denote E to be the exceptional divisor.
For any ¢t > 0, there exists an effective R-divisor D,,, = mD + tH such that
its support does not contain C, and (Y, g*D,,) is KLT in a neighborhood of
E.

Note that

9" Ly — E— (Ky +9¢"Dy,)

=g (umDs+H - (Kx+Dp))—(n—1)E

=7 (1—-t)H—(mD —.mD.) — Kx) — (n—1)E.
Here, n = dim X. Note that we may take H sufficiently large comparing to
components of Kx, E, D, and t sufficiently small, such that this divisor is

ample.
By the Nadal vanishing theorem,

HY(Y,I(Y,¢* D) ® Oy (g* Ly, — E)) = 0.

By assumption,

ENSupp(Oy/1(Y, 9" D)) = 0,
hence the natural map

HO(Y,g" L) — H(E. (9" Lm)|5)
is surjective. This proves the claim. O

Conversely, if the function dim H°(X, .mD_, + H) of positive integer

m is bounded, then we say that the numerical Kodaira dimension of D is

0, which is denoted by v(X,D) = 0. In general, we define the numerical
Kodaira dimension as the following:

Definition 2.9.9. The numerical Kodaira dimension v(X,D) of an R-
divisor D is defined to be the minimal integer v satisfying the following
property ([123]): for any fixed H, there exists a positive real number ¢, such
that for any positive integer m,

dim HY(X,.mD,+ H) < em”.
If D is not pseudo-effective, then we denote v(X, D) = —oo.
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This definition corresponds to the definition of the Kodaira dimension
k(X, D), which is just the minimal integer k satisfying that there exists a
positive real number ¢, such that for any positive integer m

dim H°(X, mDJ) < em”.

2.10 Polyhedral decomposition of cone of divisors

A polytope in a real vector space is the convex closure of finitely many points.
It is called a rational polytope if all the vertices are points with rational num-
bers as coordinates (rational points). In this section, we consider polyhedral
decompositions of cone of divisors with respect to minimal models or canon-
ical models and their applications. A line is an important example of a
polytope, and the MMP with scaling is related to the decomposition of this
polytope.

When changing the coefficients b; in the log canonical divisor Kx +
>, biB;, the corresponding canonical model changes. This phenomenon
is the similar to that quotient spaces change according to polarizations in
geometric invariant theory (= GIT).

2.10.1 Rationality of sections of nef cones

Applying the length of extremal rays, we can show that the sections of nef
cones are rational polytopes:

Theorem 2.10.1 (Shokurov [136]). Let X be a Q-factorial normal algebraic
variety, f : X — S a projective morphism, and By, ..., B; effective Q-
divisors. Assume that (X, B;) is KLT for all i. Take P be the smallest
convex closed subset containing all B; in the real vector space of R-divisors
on X, denote N = {B' € P | Kx + B’ is relatively nef}. Take {R;} to be
the set of all extremal rays R such that there exists a point B' € P such that
(Kx+ B')-R) <0. Take Hj = {B" € P | (Kx + B") - R;) = 0} to be
the rational hyperplane section of P determined by R;. The the following
statements hold:

(1) For any interior point x in P, take U to be a sufficiently small neigh-
borhood, then it intersects only finitely many rational hyperplanes H;.

(2) N is a rational polytope.

Proof. (1) Assume, to the contrary, that any neighborhood U of z intersects
infinitely many distinct H;. Then there exists a rational line in the smallest
real linear space containing P passing through a sufficiently small neighbor-
hood U of z with the following property: L N U is an open subset of the
rational closed interval L N P = [B, (] intersecting infinitely many H; at



2.10. POLYHEDRAL DECOMPOSITION OF CONE OF DIVISORS 141

distinct points. Denote L N H; = (1 —t;)B + t;C and take tg € (0,1) be a
limit point of {¢;}.

By construction, either (Kx +B)-R;) < 0or ((Kx+C)-R;) < 0 holds.
By the length of extremal rays, we can take a rational curve /; generating
R; such that either

0<(=(Kx+B)-l;)<2b

or

0< (—(Kx +0C)-1;) < 2b.

Here b is the maximal dimension of fibers of f.

Applying the Diophantine approximation theorem to tg, there is a suf-
ficiently large positive integer ¢ and a rational number p/q such that |t; —
p/q| < 1/¢>. Here we allow tg = p/q. On the other hand, there exists a
positive integer m such that m(Kx + B) and m(Kx + C) are both Cartier.
Therefore, the absolute value |((Kx + (1 —p/q)B +p/qC) - 1;)| is either 0
or at least 1/mg.

If p/q # t; for some j, then (Kx+(1—p/q)B+p/qC)-1;) # 0, otherwise
by ((Kx+(1—tj)B+tjC) 'lj) = 0, we have ((KX +B) ‘lj) = ((KX +C) -lj) =
0, a contradiction. Hence |((Kx+(1—p/q)B+p/qC)-l;)| > 1/mgq. Moreover,
we can take j sufficiently large such that |t; —p/q| < 2/q?, then the absolute
value of the slope of the function ((Kx + (1 — z)B + zC) - l;) is at least
q/2m. This contradicts the fact that (—(Kx + B) - [;) or (—(Kx + C) - 1)
is bounded.

(2) By the cone theorem, the nef cone N is the intersection of inner sides
of hyperplanes H;. Therefore, by (1), N is a rational polytope in the interior
of P. We only need to investigate the neighborhood of the boundary of P.

Take L to be any rational linear subspace contained in the smallest real
linear space containing P, we will prove that N N L is a rational polytope
by induction on dim L. If P C L, then this is the statement of the theorem.
Take Pr, to be the smallest face of P containing L N P. We may replace P
by P; and assume that P = P, that is, L contains an interior point of P.

If dim L =1, then N N L is a point or a closed interval. Every endpoint
is a rational point: this is clear if it is on the boundary of P, and by (1) if
it is an interior point of P.

Now assume that dim L > 1. For any face P’ of P, NN P'NL is a
rational polytope by induction hypothesis. Since N is locally a rational
polytope near interior points of P, it suffices to show that N N L is locally
a rational polytope near every vertex B of NN P' N L.

Take any rational line L' C L passing though B and containing an
interior point of P, write PNL' = [B,C]. Then NNL' = [B, (1—tg)B+t,C)|
for some tp € [0,1]. Here ¢g is a rational number by (1). If to # 0,1, then
(1—t9)B+toC is an interior point of P, and there exists an index j such that
L'NHj = {(1—t9)B+tyC}. Take a positive integer m such that m(Kx + B)
is Cartier. Since (m(Kx + B)-1;) > 0 and it is an integer, by the argument
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of (1), there exists a constant ¢ > 0 depending only on B but not L’ such
that tg > c. Therefore, there exists a sufficiently small neighborhood U of
B such that NN LNU is a cone with vertex B.

Take a general rational hyperplane M sufficiently near to B, then N N
LN M is a rational polytope by induction hypothesis, hence N NU is a cone
over a rational polytope. This finishes the proof. O

Remark 2.10.2. In this theorem, the section of the nef cone is a rational
polytope since finitely many divisors are fixed in the beginning. In general
this statement is not true for N'(X/S) since there are infinitely many di-
visors. For example, the surface of the nef cone of an Abelian variety is
defined by (D™) = 0, which is not linear.

2.10.2 Polyhedral decomposition according to canonical mod-
els

For a given pair (X, B), its minimal model is not unique in general, but its
canonical model is unique. Therefore, we first consider the decomposition
according to canonical models:

Theorem 2.10.3 (Polyhedral decomposition 1 ([136], [79])). Let X be a
Q-factorial normal algebraic variety, f : X — S a projective morphism
to a quasi-projective variety, and By, ..., B; effective R-divisors such that

(X, B;) is KLT for all i. Take V to be the affine subspace generated by all
B; in the real vector space of divisors. Take P’ to be the polytope generated
by all B;. Consider the following convex closed subset of P':

P={B=) bB;cP |[Kx+B]cEff(X/5)}.

Assume the following conditions:

e For each point B € P, there exists a minimal model o : (X, B) --»
(Y,C) and a canonical model g:Y — Z of f : (X,B) — S.

e For each point B € P, there exists a polytope Py, C V containing B
as an interior point in the topology of V', such that if denote

Pg={B € PynP | [Ky+ B € BE(Y/Z)},

then for any B’ € Pg, the morphism g : (Y,a.B') — Z admits a
minimal model and a canonical model.

Then there exists a finite disjoint decomposition

P:ﬁPj
j=1

and rational maps B; : X --» Z; satisfying the following properties:
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(1) B € Pj if and only if B; gives the canonical model of f : (X,B) — S.

(2) The closures ]5]- of P; are unions of polytopes. In particular, P is a
polytope.

(3) If PN Py # 0, then there exists a morphism fj; : Zj — Z; such that
Bj = fijr o By-

Here note that P; is not necessarily connected.

Proof. Firstly, note that (X, B) is KLT for any B € P’, therefore we can
use the framework of the minimal model theory. We prove the theorem by
induction on dim V. If dimV = 0, then the statement is trivial. Assume
that dimV > 1. Fix any point B € P. Take the minimal model « :
(X, B) --» (Y,C) and the canonical model ¢ : (Y,C) — Z. There exists an
R-Cartier divisor H on Z relatively ample over S such that Ky +C = g*H.
We can take Py sufficiently small, such that for any B’ € PN P, Kx + B’
is negative with respect to .

For any B’ € Pg, take a minimal model o/ : (Y,a.B’') --» (Y',C")
and the canonical model ¢ : (Y',C") — Z' of g : (Y,auB') — Z. Take
h : Z' — Z to be the natural morphism. There exists an R-Cartier divisor
H' on Z relatively ample over Z such that Ky + C’ = (¢)*H'. Take a
sufficiently small real number ¢ such that (1 — §)h*H + 0H' is relatively
ample over S. Take B” = (1 —0)B+ B’ and C” = (1 — §)a.C + 6C’, then
the negativity still holds, so &/ o : (X, B”) --» (Y',C") is a minimal model
of f:(X,B")—= Sand ¢ : (Y',C") — Z' is the canonical model.

We remark that such ¢ does not depend on B’, but only depends only on
B (and H). Since H is ample over Z, we may take a sufficiently small € > 0
such that (H -I'z) > e for any relative curve I'y on Z. Then we may take
d =¢€/(2¢ + 4dim X). In fact, we will show that Ky’ + (1 — 2§)a.C + 26C’
is relatively nef over S, which implies that (1 — 20)h*H + 26 H' is relatively
nef over S, and therefore (1 — §)h*H + dH' is relatively ample over S.
Assume, to the contrary, that Ky + (1 — 2§)a,C + 26C" is not relatively
nef over S, then there exists a negative extremal ray R, which is also a
(Ky' 4+ C')-negative extremal ray since Kys + «,C' is relatively nef over S.
By the length of extremal ray, R is generated by a rational curve I' such
that ((Kys 4+ C’)-T') > —2dim X. Note that C' is not contacted over Z as
Ky + C' is nef over Z, therefore it is easy to compute that

(Kyr + (1 — 28)a,C +26C") - T) > 0,

a contradiction.

Therefore, to summarize, if we take Pj sufficiently small, the for any
B’ € Pg, (Y',C") and Z' are minimal model and canonical model for both
[ (X,B'") - Sand g : (Y,auB') - Z. In particular, Pg = Pp N P.
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Also we can see that they are minimal model and canonical model for f :
(X,1—-t)B+tB') — S forany 0 <t <1.

The boundary (P N P’) of P NP’ (as a subset of V) is a finite union
of (dimV — 1)-dimensional polytopes (9(Pj N P’));. Note that Ky + C
is relatively numerically trivial over Z, hence dPg C d(Pz N P'). We can
apply induction hypothesis to (0(Pg N P’))x, and (Y, C) — Z, here to check
the second condition, we use the second condition on X and the fact that
X and Y have the same minimal model and canonical model for divisors
in Pg. Then this implies that there is a decomposition of dPg into finitely
many polytopes corresponding to canonical models of (Y, a.B’) — Z for
B’ € 0Pp. Therefore, Pg is decomposed into cones over these polytopes
with vertex at B, which correspond to canonical models of (Y, a.B’) — Z
for B’ € Pg. Since P’ is compact, it can be covered by finitely many such
Pp, and the first two statement are proved. For the third conclusion, just
take B € P; N ]5j/ and it is clear from the above argument. O

2.10.3 Polyhedral decomposition according to minimal mod-
els

Next we consider the decomposition according to minimal models:

Theorem 2.10.4 (Polyhedral decomposition 2 ([136], [79])). Keep the as-
sumption in Theorem 2.10.5. Then for each Pj, there is finite disjoint de-
composition

t
Pi=1]Qjx
k=1

satisfying the following properties: fix a birational map o : X --» Y such
that
Q ={B € P |« is a minimal model of f : (X,B) — S}

is non-empty, then

(1) @ is locally closed, whose closure is a polytope.

(2) There exists an index j such that Q C P;.

(3) If QN P; # 0 for some j, then there exists k such that Q N Pj = Qj k.

(4) The closure of Qj is a polytope for any j, k.

Remark 2.10.5. For any fixed j, k, it is possible that there are infinitely
many « such that Q@ N P; = Q. For example, for a pair (X, B) satisfying
Kx + B =g 0, there might be infinitely birational maps « inducing minimal
models (Example 2.10.7).
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Proof. (1) Q is determined by cutting the pullback of the nef cone Amp(Y/.S)
by finitely many linear inequalities given by negativity of log canonical di-
visors. The nef cone is a closed polytope, and the inequalities are open
conditions, hence we get the conclusion.

(2) It is easy to see that if B,B" € @, then tB + (1 —t)B’ € Q for
any t € [0,1]. Hence @ is a convex set. Take a relative interior point
B € @, take g : Y — Z to be the canonical model of (Y,a,B). Then
[.(Kx + B)] € g*Amp(Z/S) and g*Amp(Z/9) is a face of Amp(Y/S). For
any B’ € Q, since [a.(Kx + B')] € Amp(Y/S) and Q is convex, we have
[a.(Kx + B')] € ¢*Amp(Z/S). Moreover, if B’ is another relative interior
point, then oy (Kx + B')] € ¢*Amp(Z/S). Hence if we take P; to be the
subset corresponding to the canonical model g o «, then Q C 153

(3) Given two birational maps «; : X --»Y; (i = 1,2) with corresponding
subsets () # Q; C P. Assume that there exist morphisms g; : Y; — Z such
that 8 = g1 o a1 = g2 o ag corresponds to some P;. Consider the birational
map v : Y] --+ Y5 determined by ag = v o ;. We claim that if v is
isomorphic in codimension 1, then @1 N P; = Q2N P;. In fact, take a point
B € Q1 N Pj, we can write Ky, + o1, B = g{H for a relatively ample R-
divisor H on Z. Since 7y is isomorphic in codimension 1, Ky, + a2, B = g5 H.
Therefore B € Q2 N P;. In particular, if Q1 N Q2N P; # 0, then the
minimal models corresponding to a point B € Q1 N Q2 N P; are isomorphic
in codimension 1, and therefore Q1 N P; = Q2 N P;.

Hence by the above argument, we get a disjoint decomposition

P=Jl@nP)

where a runs over all birational contractions o : X --» Y, and Q N P;
depends only on divisors contracted by .

Take Bj; to be vertices of P; and take {E,,} to be the set of prime
divisors appearing in the numerical fixed part of some Kx + B;; (note that
the divisorial Zariski decompositions over S exist due to the existence of
canonical models). Note that {E,,} is a finite set and contains all prime
divisors appearing in the numerical fixed part of Ky + B for any B € P;. So
by Theorem 2.9.6, there are finitely many possibilities for the set of prime
divisors contracted by «, and hence the decomposition of P; is finite.

(4) Since Pj is a union of polytopes and Q is a polytope, Qj,k’ is a
polytope. Here we remark that Q;; and Q); are convex. ]

Corollary 2.10.6. In Theorems 2.10.3 and 2.10.4, if all B; are Q-divisors,
then P, P, Qj,k are all rational polytopes, and ]5] s a union of rational
polytopes.
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Proof. As in the proof, @ is determined by cutting the pullback of the nef
cone of the minimal model by finitely many linear inequalities with rational
coefficients. As the nef cone is a rational polytope, @ is also a rational
polytope.

Fix a Pj, denote PJ' to be the set of interior points of P; as a subset of V.
Then a point in P} is contained in some @ C P; and hence P} is the union of
such @, which is a union of rational polytopes. On the other hand, P; \ Pj’
is contained in a union of faces of rational polytopes, so we may replace P
by those faces and show that the closure of P; \ ]53’ is a union of rational
polytopes. Therefore, ]5] is a union of rational polytopes and P is a rational
polytope.

ijk is the intersection of a rational polytope and a union of rational
polytopes, hence is a rational polytope. ]

Example 2.10.7. Consider a general hypersurface X in P2 x P! x P! of
type (3,2,2). X is a smooth projective 3-dimensional algebraic variety with
Kx ~ 0. We consider the polyhedral decomposition of pseudo-effective cone
of this example, in which there are infinitely many rational polytopes. This
is also an example such that the quotient of birational automorphism group
by the biregular automorphism group Bir(X)/Aut(X) is an infinite group.

Denote Pi, P», P3 by the projective spaces in the fiber product, take
L; to be the pullback of hyperplanes H; by the projection p; : X — P,
(i = 1,2,3). Ly, Lo, L3 is a basis of N1(X). The nef cone Amp(X) is the
simple cone generated by L1, Lo, L.

The projection p; : X — P; corresponds to the extremal ray (L;). Here
() means the generated cone. A general fiber of p; is an elliptic curve, and
that of po, p3 is a K3 surface. The projection p;; : X — P; X P; corresponds
to the face (L;, L;). A general fiber of po3 is an elliptic curve, and that of
p12,p13 is a set of 2 points. Taking a stein factorization, qi2, 13 are small
contractions.

Express the equation of X by f(x,y)25 + g(z,v)2021 + h(z,y)27 = 0.
Here, [xo : =1 : 23], [yo : v1], [20 : 21] are homogeneous coordinates of
P1, P».Ps, f,g,h are homogenous polynomials of degree 3 for xg, x1,z2 and
of degree 2 for yg,y1. The exceptional locus of g5 : X — Yjs is defined by
f =y =h =0, which consists of 54 P!,

As p1o : X — Py x P, gives a degree 2 extension of function fields, X
as a birational automorphism induced by the Galois group Z/(2), which is
a birational map « : X --+ X exchanging 2 points in general fibers of pio,
and given by (x,y,[z0 : z1]) = (x,y,[hz1 : fz0]). This birational map is
non-trivial but preserves the equation of X and ¢i2. Note that

Oé*Ll = Ll,
O[*LQ = L2,
oLy =3L1+ 2Ly — Ls.



2.10. POLYHEDRAL DECOMPOSITION OF CONE OF DIVISORS 147

Here to distinguish with X, we denote o : X --+ X1. We consider (X,0)
as a non-trivial minimal model of (X, 0).

For p13 : X — P; x P3, we can similarly define 8 : Xy --+ X_1. Note
that 5*L1 = Ly, 8*Lo = 3Ly — Lo+ 2L3, 8*L3 = Lg.

Note that a? and 52 are identity, o and 3 are not commutative. For each
n € Z, we inductively define birational maps «,, : Xg --+ X,, by aoa, =
O_pil, Boa, =a_,_1. If we take M = %(k‘z + k?)Ll + (k‘ + 1)L2 — kLs,
then

*
aply = Ly,

. Moy, n = 2m;
Oéan =
Mo, n=2m-+1,

. Moy n = 2m;
OénLg =
Mop41 n=2m+ 1.

So the image of the nef cone o Amp(X,) is generated by L1, M,_1, M,,
which is different from each other for each n. So we get a subgroup Z/(2) *
Z/(2) C Bir(X) of the birational automorphism group.

The pseudo-effective cone are decomposed into nef cones:

Ef(X) = | J apAmp(X,).
neZz

In fact, the right hand side is generated by L; and My, and note that the
limit of the ray generated by Mj is L; as |k| — oo, so it is easy to see
that any divisor D outside this cone, we can find a big divisor D’ such
that the segment [D, D'] interests the face generated by M,,_1, M,, for some
n, but divisors on this face is not big, which implies that D can not be
pseudo-effective. Moreover, since L1 and M, are all effective, we know that
Eff(X) = Eff(X).

This cone is decomposed into infinitely many rational polytopes, and
each of them corresponds to a minimal model of X. The reason that in-
finitely many cones appear is because the finite-dimensional space of divisor
classes is the projection of the space of all divisors, which is of infinite di-
mension.

2.10.4 Applications of polyhedral decompositions

The polyhedral decomposition theorem plays an important role in the proof
of the existence of the minimal models in the next chapter. Here we in-
troduce other applications as the finiteness of crepant blowing ups, the ter-
mination of MMP with scaling, the fact that birational minimal models
are connected by flops, and the generalization of MMP with scaling under
weaker conditions.
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For a KLT pair (X, B), a crepant blowing up of (X, B) is a projective
birational morphism g : (Y,C) — (X, B) from a Q-factorial KLT pair such
that ¢*(Kx + B) = Ky + C. In particular, if (Y,C) admits no crepant
blowing up other than automorphisms, then it is called a maximal crepant
blowing up.

As an application of [15], we can get the following corollary by the ar-
gument in [64]:

Corollary 2.10.8 (Crepant blowing up). For a KLT pair (X,B), there
exists a mazimal crepant blowing up for (X, B). Moreover, the set of crepant
blowing ups of (X, B) is finite up to isomorphisms.

Proof. Take a very log resolution f : Y — (X, B), write f*(Kx + B) =
Ky + C. Write C = C* — C~ into positive part and negative part. Take a
minimal model g : (Y,C) — (X, B) of f : (Y,CF) — X. Since [Ky +C7] =
C~ € NYY/X), all irreducible components of C~ are contracted by f, and
the set of divisors contracted by a: Y --» Y induced by the minimal model
coincides with the support of C~. That is, the set of exceptional divisors
of g coincides with the set of exceptional divisors of f with non-negative
coefficients in C. As f is a very log resolution, any blowing up of ¥ does
not create new prime divisors in the latter set, hence g is a maximal crepant
blowing up.

Since ¢ is birational, for any divisor D on Y, there exists an effective
divisor D’ on Y such that D =x D’. For any sufficiently small ¢ > 0,
(Y,C +€D’) is KLT. By [15], there exists a minimal model over X, and the
canonical model exists by the base point free theorem. Hence by the polyhe-
dral decomposition theorem, there exists a decomposition in a neighborhood
of origin of N'(Y/X) corresponding to the canonical models. Taking cones
of those polyhedrons, we get a decomposition of N1(Y/X) into polyhedral
cones.

For any maximal maximal crepant blowing upg’ : (Y',C’) — X, the set
of exceptional divisors of ¢’ coincides with the set of exceptional divisors
of f with non-negative coefficients in C' as discrete valuations on k(X). In
fact, if this is not the case, we can take a common very log resolution and
a minimal model over Y’/ as above to create a non-trivial crepant blowing
up of Y’. Therefore, Y and Y’ are isomorphic in codimension 1. The
image of Amp(Y’/X) under N'(Y’/X) — N'(Y/X) coincides with one of
the above polyhedral cones. Hence there are only finitely many maximal
crepant blowing ups.

For a crepant blowing up ¢” : (Y”,C"”) — X, we can take a maximal
crepant blowing up (Y’/,C") of (Y”,C"), which is also a maximal crepant
blowing up (Y, C") of (X, B), and the nef cone Amp(Y”/X") corresponds
to a face of Amp(Y’/X’). Hence crepant blowing ups are finite. O

Assuming the existence of minimal models and canonical models, we can
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show the termination of flips in MMP with scaling. Note that if there exists
a sequence of flips that terminates, then it implies the existence of minimal
models, but be aware that this is different with that any sequence of flips
terminates.

Corollary 2.10.9 (Termination of MMP with scaling). Let f : (X,B) —
S be a projective morphism from a Q-factorial KLT pair. Consider the
MMP with scaling of H. Here (X,B + H) is KLT, [Kx + B] € Eff(X/9),
and [Kx + B + H| € Big(X/S) N Amp(X/S). Assume that there exists a
minimal model and canonical model for (X, B). Then this MMP with scaling
terminates.

Proof. Take X = Xy and denote a; : X; --+ X;41 to be each step of
the MMP. Since there are only finitely many divisorial contractions, after
removing finitely many steps, we may assume that «; are all flips.

Since Kx + B + H is relatively big and Kx + B is relatively pseudo-
effective, for any 1 >t > 0, Kx, +B+tH is relatively big, hence its minimal
model exists, by the existence of minimal models. Moreover, by the base
point free theorem, its canonical model exists. By assumption, minimal
model and canonical model exist if ¢t = 0. We may apply the polyhedral
decomposition theorem to the segment [B, B+ H]|, and get a decomposition
of finitely many interval P;. To simplify the notation, we denote B +tH by
t and consider the decomposition on [0, 1]. Take

t; = min{t € R | Kx, + B + tH is relatively nef},
t; = max{t € R | Kx, + B + tH is relatively nef}.

In other words, the interval @); in which X --» X; gives a minimal model
is just [t;,t;]. Recall that for the extremal ray corresponding to «;, we have
((KXz + B) : R) < 0’ ((KX1'+1 + B) ’ R) > 07 ((KXz + B +t’LH) : R) =
(Kx;,, + B+t;H)- R)=0. In particular, t; = t;_,.

Assume that there are infinitely many distinct intervals @);, then there
exists an interval P; in which ¢; is an interior point, take 8 : X --» Y to
be the corresponding canonical model. We can find a Q; (i < i) such that
there exists ¢ > t; in P; N Q; and a Q; (¢ > i) such that there exists
t' < t; in P; N Q. In this case, there exist morphisms gy : X;y — Y and
gin + X;» — Y. By construction, there exists a R-divisor H on Y such that
Kx,+B+tH = g;H, Kx,+B+tH = g; H, but the former one is relatively
nef while the latter one is not, a contradiction. Therefore, there are only
finitely many distinct intervals Q);.

Then we consider the case t; = t;11 > 0. In this case, take (Y, C) to be
the common canonical model of (X;, B +t;H) and (X;41,B + t;H). Since
Kx,+ B+t;H is relatively nef and relatively big over S, g; : (X;, B+t;H) —
(Y, C) is a crepant blowing up. Then by Corollary 2.10.8, such g; is finite,
that is, there exists no infinite sequence 0 < t; = tj41 = tiq0 = ---. In

{termination of MMP with
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summary, there exists some n such that t,, = 0, which means that the MMP
terminates. [

For a given pair, minimal models, if exist, are not unique in general.
However, we can show that minimal models are connected by elementary
birational maps so-called “flops”.

A Dbirational map « : (X,B) --» (Y,C) between two Q-factorial DLT
pairs is called a flop if there exists projective birational morphisms f :
(X,B) —» (Z,D), g : (Y,C) — (Z,D) to a third pair satisfying the fol-
lowing:

(1) a=gtof.

(2) f,g are isomorphic in codimension 1.
(3) p(X/Z) =p(Y/Z) = 1.

(4) f*(Kz+D)=Kx+B, g"(Kz+ D) = Ky +C.

The definition is the same as flips except for condition (4). Different
from a flip, we require that the levels of canonical divisors are preserved.

Corollary 2.10.10 (Flop decomposition). Let f : (X, B) — S be a projec-
tive morphism from a KLT pair. Assume that it admits a minimal model and
a canonical model. Then any two minimal models o; : (X, B) --+ (Y;,C;)
(i =1,2) are connected by a sequence of flops.

Proof. By Lemma 2.5.12, Y; are isomorphic in codimension 1, and has the
same canonical model. Take g; : Y; — Z to be the morphism to the canonical
model. Take a general ample effective Q-divisor H; on Y;. After replacing H;
by eH; for some sufficiently small € > 0, we may assume that (Y7, Cq+ Hs) is
KLT. Here we use the same notation for strict transforms of divisors. Then
we can run a (Ky, +C1+ H2)-MMP over Z with scaling of an ample divisor,
and reach a canonical model Y’ such that Ky + Cy + Hy is ample over Z.
As Ky, + Cy + Hj is ample over Z since Ky, + C; is numerically trivial over
Z, it is clear that Y’ = Y5. As Y] are isomorphic in codimension 1 and Y5
is Q-factorial, Y5 is also a minimal model of (Y7, C + Hay) over Z, and the
MMP is a sequence of flips, which is also a sequence of flops with respect to
(Y1,Ch). O

Remark 2.10.11. In [78], the same result is proved without assuming the
existence of canonical models.

Applying the polyhedral decomposition theorem, we can generalized the
MMP with scaling under weaker assumption:
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Corollary 2.10.12 ([13]). Let f : X — S be a projective morphism from a
Q-factorial normal algebraic variety, B, C two effective R-divisors. Assume
that (X, B + C) is KLT and Kx + B + C is relatively nef, and Kx + B is
not relatively nef. Take

to = min{t | Kx + B + tC is relatively nef}.

Then then there exists a (Kx + B)-negative extremal ray R such that ((Kx +
B+tC)-R)=0.

Proof. Take effective Q-divisors By, ..., Bs such that (X, B;) is KLT and
the spanned rational polytope P contains B, B + C'. By Theorem 2.10.1,
N ={B' € P | Kx + B’ is relatively nef} is a rational polytope.

Consider all (Kx + B)-negative extremal rays Ry, and take I to be a
curve generating Ry with ((Kx + B) -l) > —2dim X. Take real number
tr determined by ((Kx + B +t;C) - Ri) = 0, then sup;, 5 = to. Assume,
to the contrary that ¢, < tg for all k, we will show that there is no infinite
sequence {tj} converging to tg.

Note that we may take rational points B} in P and real numbers b; > 0
(¢ =1,...,u), such that Y b; = 1 and B = )_b;B]. Moreover, (X, B)) is
KLT and ((Kx + B!) - lx) > —2dim X for all 4,k. Since N is a rational
polytope, there exist rational points C; in N and real numbers ¢; > 0
(j=1,...,v) such that > ¢; =1 and B+ t,C =} ¢;Cj.

Take a positive integer m such that mKx, mB; and mC; are all Cartier.
Then we have integers myy, nji as the following

mix = (m(Kx + Bl) - 1) > —2mdim X;
njk = (m(Kx + Cj) 1) > 0.
Moreover, since Y m;;b; < 0, the possible values of m;j are finite.

Since Kx + B+ t,C = (1 — tk/to)(KX + B) —i—tk/to(KX + B —l—toC), we
have (1 — tk/to) Zz bimyy + tk/to Zj CjNj = 0. Therefore

22 Cink
1 —to/tx = =J 7 I
which is in a discrete set in R, and the conclusion is proved. ]

2.11 Multiplier ideal sheaves

In this section, we give the algebraic definition of a multiplier ideal sheaf
and introduce the Nadel vanishing theorem. The theory of multiplier ideal
sheaves is a basic tool in the L?-theory in complex analysis and multiplier
ideal sheaves are defined for line bundles with metrics. Here we only consider
the case when metrics are defined algebraically. Also we consider the so-
called adjoint ideal sheaf which is the log version of the multiplier ideal
sheaf.

{section mis}
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2.11.1 Multiplier ideal sheaves

It is classical in complex analysis to investigate functions which are not L?
by multiplying functions to make them L?, but it has been found in recent
years that the multiplier ideal sheaf consisting of all multiplier functions is
very useful in algebraic geometry.

Definition 2.11.1. Let X be a normal algebraic variety and B an effective
R-divisor. Assume that Kx + B is R-Cartier, then the multiplier ideal sheaf
I(X, B) is defined as the following. Take a log resolution f :Y — (X, B),
write f*(Kx + B) = Ky + C, then

I(X, B) = f«(Oy("=C")).

Proposition 2.11.2. (1) The multiplier ideal sheaf I(X, B) is a non-zero
coherent ideal sheaf, and it does not depend on the choice of log resolu-
tions.

(2) RPf . (Oy("—C™)) =0 for any p > 0.

(8) The cosupport of I(X, B), or the support of Ox/I(X, B), coincides with
the non-KLT locus of (X, B). Therefore, I(X, B) = Ox if and only if
(X, B) is KLT.

Proof. (1) Since the irreducible components of C' with negative coefficients
are contracted by f, I(X, B) is a coherent subsheaf of Ox.

Take f1 : Y7 — X to be another log resolution. By the desingularization
theorem, there exists a log resolution dominating both f and f;. So we
only need to consider the case that f; dominates f, that is, there exists a
morphism ¢ : Y7 — Y such that f; = fog. Write f;(Kx + B) = Ky, + C1.
Moreover, we may assume that g is a permissible blowing up. It suffices to
show that

9«0y, ("—=C17) = Oy ("=C"),

which is easy to check for a permissible blowing up.

(2) As —C — Ky is relatively numerically trivial over X and f is bira-
tional, —C' — Ky is relatively nef and relatively big over X. Then we can
apply the vanishing theorem to get the conclusion.

(3) Write C = Ct — C~ where CT,C~ are effective R-divisors with no
common components. Then as in the proof of Lemma 1.11.9, by (2) we
know that the natural map

Ox ~ f:0y = fu(Oc+,("C7T)

is surjective. Hence f.O_ o+, ~ fu(O o+, (TC~7)). On the other hand,
Ox/I1(X,B) ~ f.(O_c+,(TC~7)) and the support of f,O_ o+, is exactly the
non-KLT locus of (X, B). O
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The fact (2) in the above proposition seems to be a reason why multiplier
ideal sheaves are useful.

Example 2.11.3. If X is smooth and the support of B is normal crossing,
then I(X,B) = Ox("—B™").

We will need the following lemma in the next section:

Lemma 2.11.4. Let (X, B) be a KLT pair, B' an effective R-Cartier di-
visor, L a line bundle, and s a global section of L. Assume that Kx is
Q-Cartier and

B’ — B < div(s).

Then
se€ H (X, L® I(X,DB)).
Proof. Take a log resolution f :Y — (X, B+ B’), and write f*(Kx + B) =
Ky +C, f*(Kx + B,) = Ky + C’. Note that
C'—C = f*(B'— B) < f*div(s).

Then

I(X,B") = f.0y("T=C"") D f.Oy(T—C7 + f*div(s)) = Ox(—div(s)).
Here we used the projection formula and the fact that I(X,B) = Ox. O

The Nadel vanishing theorem is a basic tool in the proof of the extension
theorem in the next section. Here, if we only consider algebraic multiplier

ideal sheaves, then the Nadel vanishing theorem is an easy consequence of
the Kawamata—Viehweg vanishing theorem:

Theorem 2.11.5 (Nadel vanishing theorem). Let X be a normal algebraic
variety and B an effective R-divisor, such that Kx 4+ B is R-Cartier. Let
f: X = S be a projective morphism and D a Cartier divisor. Assume that
D — (Kx + B) is relatively nef and relatively big over S. Then

RPf.(Ox(D)®I(X,B)) =0

for any p > 0.

Proof. Take a log resolution g : (Y,C) — (X, B), then ¢*D — C — Ky is

relatively nef and relatively big over X and over S. Therefore
RPg.(Oy(9"D+"-CT)) =0
RP(fog)«(Oy(9"D+"=CT)) =0

for any p > 0. The conclusion follows from the spectral sequence

Ep" = RPf.Rg.(Oy (¢"D +"=C7)) = RP™(f 0 9)+(Oy (¢"D + "=C7))

and
9«(Oy(¢"D +"-C")) = Ox(D) ® I(X, B).

{global section mis}

{Nadel}
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Here we remark that it is important to assume that D is Cartier in the
theorem.

For reference, we define analytic multiplier ideal sheaves. Let X be a
smooth complex manifold and L a line bundle on X. A singular Hermitian
metric h on L is a Hermitian metric of the form h = hge™® where ¢ is a
locally L' function and hg is a C°° Hermitian metric. The curvature of h
can be defined similarly as curvature of usual Hermitian metrics and it is
a real current of type (1,1). The the multiplier ideal sheaf I = I(L,h) is
defined by

(U, I) = {p € T(U,0x) | pe~? is locally L*}.

As h is singular, regular functions are not necessarily L? integrable. The
name “multiplier” is clear from the definition. It can be shown that I is an
analytic coherent ideal sheaf.

Example 2.11.6. Let g; (i = 1,...,7) be regular functions on a complex
manifold X, take divisors B; = div(g;). Take an R-divisor B = ) . b;B;
where b; are positive real numbers. Define a singular Hermitian metric h on
the trivial line bundle Ox as
h= 3 el
i

In this case, the algebraic multiplier ideal sheaf coincides with the analytic
multiplier ideal sheaf: I(X, B) = I(Ox,h).

Of course, analytic multiplier ideal sheaves are more general than alge-
braic multiplier ideal sheaves considered in this book. For example, singular
Hermitian metrics appearing in (algebraic) Hodge theory are known to be
different from algebraic ones? 11,

The following theorem is the original form of the Nadel vanishing the-
orem. As the metric h is not necessarily induced by a divisor, it is more
general than the algebro-geometric version.

Theorem 2.11.7. Let X be a compact complexr smooth manifold and L
a line bundle admitting a singular Hermitian metric h. Denote I to be the
corresponding multiplier ideal sheaf. Assume that the curvature of h is semi-
positive and strictly positive at some point of X>1-12. Then HP(X, Ox(Kx+
LY®I)=0 for any p > 0.

2.11.2 Adjoint ideal sheaves

Next we define adjoint ideal sheaves as a variant of multiplier ideal sheaves.
Adjoint ideal sheaves are defined in algebraic geometry, and there is no

211-1-1¢his sentence needs to be corrected

21112 Any reference?
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natural analogue in complex analysis. The reason is that the logarithmic
differential form dz/z is not L2. This definition is natural when considering
residue map and doing induction on dimensions.

Definition 2.11.8. Let X be a normal algebraic variety and B an effective
R-divisor. Assume that Kx + B is R-Cartier. Assume that there exists an
irreducible component Z in B with coefficient 1. Then the adjoint ideal sheaf
I7(X, B) is defined as the following. Take a log resolution f : Y — (X, B),
write f*(Kx + B) = Ky +C and W = f;!Z, then

I2(X,B) = f(Oy ("=C"+ W)).

The adjoint ideal sheaf measures how far the pair (X, B) is from being
PLT. Fix an irreducible component Z in B with coefficient 1, then the set
of points on Z, in a neighborhood of which (X, B) is PLT, is a closed subset
of Z. It is called the non-PLT locus of (X, B) with respect to Z.

Proposition 2.11.9. (1) The adjoint ideal sheaf I7(X,B) is a non-zero
coherent ideal sheaf, and it does not depend on the choice of log resolu-
tions.

(2) RPf(Oy("T—C7'+W)) =0 for any p > 0.

(8) The intersection of Z and the support of Ox/Iz(X,B) coincides with
the non-PLT locus of (X, B) with respect to Z. In particular, [z(X, B) =
Ox in a neighborhood Z if and only if (X, B) is PLT in a neighborhood
Z.

Proof. The proof is the same as that of Proposition 2.11.2.

(1) Given another log resolution f : Y7 — X, we may assume that there
exists a morphism ¢ : Y7 — Y such that f; = fog. Write f{(Kx + B) =
Ky, +Cq and Wy = ff*lZ. It suffices to show that

90y, ("T=C17 4+ W1) =0y ("T-=CT+ W).

This is easy to check.

(2) Note that —C' + W — (Ky + W) is relatively nef and relatively big
over X, and its restriction to W is again relatively nef and relatively big
over Z.

(3) Note that, in a neighborhood Z, the intersection of Z with the image
of the negative part of "—C™ is exactly the non-PLT locus of (X, B) with
respect to Z. ]

The relation of multiplier ideal sheaves and adjoint ideal sheaves is as
the following;:

{prop ais}
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Lemma 2.11.10. Let X be a normal algebraic variety and B an effective
R-divisor. Assume that Kx + B is R-Cartier. Assume that there exists an
irreducible component Z in B with coefficient 1. Assume that Z is normal
and write (Kx + B)|z = Kz + Bz. Then there is a short exact sequence:

0—I(X,B) = Iz(X,B)— I(Z,Bz) — 0.
Therefore, 17(X,B)Oz = 1(Z,Bz).
Proof. Write (Ky + C)|w = Kw + Cw where Cyy = (C — W)|w. Denote

fz = flz, then f;(Kz+ Bz) = Kw + Cw. We get the short exact sequence
from the exact sequence

0=>0y("-CT) = Oy("-C"+W) = Ow("-Cw) —0

and R'f,Oy("—C7) = 0. The last statement follows from I(X,B) C
Ox(—Z2). O

We can extend the Nadel vanishing theorem to adjoint ideal sheaves:

Theorem 2.11.11. Let X be a normal algebraic variety and B an effective
R-divisor. Assume that Kx + B is R-Cartier. Assume that there exists
an irreducible component Z in B with coefficient 1. Let f : X — S be a
projective morphism and D a Cartier divisor. Assume that D — (Kx + B)
is relatively nef and relatively big over S and (D — (Kx + B))|z is relatively
nef and relatively big over f(Z). Then

RPf(Ox (D) © I2(X, B)) =0
for any p > 0.

Proof. The proof is similar to that of Theorem 2.11.5. If Z is normal, then
this is a consequence of Theorem 2.11.5 by using the exact sequence in
Lemma 2.11.10. O

Let us define a special case of logarithmic multiplier ideal sheaf, which
is a general version of adjoint ideal sheaf:

Definition 2.11.12. Let (X, B) be a DLT pair consisting of a normal alge-
braic variety X and an R-divisor B on X. Let L be a linear system of divisors
and m a positive integer. Take Z = L B_, which is not necessarily irreducible.
Take a general element G € L, assume that it does not contain LC centers
of (X, B). Then the logarithmic multiplier ideal sheaf I7(X,B + L/m) is
defined as the following. Take a log resolution f:Y — X of (X, B+ G) in
strong sense, which is isomorphic over the generic point of each LC center
of (X, B) and resolves the base locus of L. Write f*(Kx + B) = Ky + C,
f*G =P+ N,W = f-1Z. Here P is a general element of the movable part
of f*L and N is the fixed part. By construction, P is free. Then we define

I7(X,B+L/m) = f(Oy("—C — N/m7 + W)).

{mis and ais}
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Lemma 2.11.13. (1) The logarithmic adjoint ideal sheaf I7(X, B + L/m)
is a mon-zero coherent ideal sheaf, and it does not depend on the choice
of log resolutions.

(2) RPf(Oy("—C — N/m™+ W)) =0 for any p > 0.

Proof. (1) Given another log resolution f; : Y7 — X, we may assume that
there exists a morphism ¢ : Y7 — Y such that f; = fog. Write f{(Kx+B) =
Ky, +Ch, ffD =P + Ny, W1 = ff*lZ. It suffices to show that

g*(Oyl('——Cl - Nl/m—' + W1)> = Oy(r—c — N/m—' + W),
which is easy to check.
(2) Note that —C' — N/m + W — (Ky + W) =x P/m is relatively nef
and relatively big over X, also its restriction on each LC center of (Y, W) is

again relatively nef and relatively big. The conclusion follows from applying
the vanishing theorem inductively. O

We can prove the Nadel vanishing theorem for logarithmic adjoint ideal
sheaves:

Theorem 2.11.14. Let (X, B) be a DLT pair, L a linear system of divisors,
m a positive integer, D a Cartier divisor, and f : X — S a projective
morphism to an affine variety. Take Z = LBl Assume the following:

(1) A general element G € L does not contain LC centers of (X, B).

(2) D—(Kx+ B+G/m) and its restriction to each LC center are relatively
nef and relatively big over S or the image of the center in S, respectively.

Then
H?(X,I(X,B+ L/m)® Ox(D))=0

for any p > 0.

Proof. The proof is similar to that of Theorem 2.11.5. We leave the details
to the readers for exercise. O

In order to simultaneously investigate linear systems induced by multi-
ples of a divisor, we define asymptotic multiplier ideal sheaves. They play
important roles in the proof of extension theorems.

Definition 2.11.15. Let (X, B) be a DLT pair. Let L,, (m € Z() be a
sequence of linear systems of divisors satisfying L, + Ly, C Ly, 1, that is,
D+D € Lyiy if D€ Ly, D' € Ly,. Take Z = (B.. Assume that there
exists m such that a general element D € L,, does not contain LC centers
of (X, B). Then define the asymptotic multiplier ideal sheaf to be

I2(X, B+ {Lm/m}) = | ) 12(X, B + Lin/m).

m>0

{Nadel I_Z}
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Remark 2.11.16. By assumption, Iz(X, B+ Ly,/m) C Iz(X, B+ Ly, /m/)
if if m|m/. By the Noetherian property, the right hand side which is a union
of infinitely many ideals is actually obtained by a sufficiently large and
sufficiently divisible m. However such m can not be determined priorly.
This is one advantage of asymptotic multiplier ideal sheaves.

The following lemma uses the vanishing theorem to show global genera-
tion of sheaves, which gives a corollary we will use in the next section. For
ample sheaves the same statement is difficult to prove, but for very ample
sheaves it is easy. We use the so-called Castelnuovo—Mumford regularity
method:

Lemma 2.11.17. Let X be an n-dimensional quasi-projective algebraic va-
riety, Ox (1) a very ample invertible sheaf, and F a coherent sheaf. Assume
that

HP(X, F © Ox(m)) =0

for any m € Z>o and any p € Z~o. Then F @ Ox(n) is generated by global
sections.

Proof. The proof is by induction on n. We may assume that n > 0. Fix
any point x € X. Take Fy = H?x} (F) to be the subsheaf of F containing
all local sections whose supports are x, then the quotient sheaf F; = F/Fy
has no local section whose support is x. Consider the exact sequence

0—Fo—F—=F1—0.

Since H'(Fy) = 0 by dimension reason, H’(F) — HY(F;) is surjective.
Therefore, if 71 ® Ox(n) is generated by global sections at x, then so is
F®@0Ox(n). So we may assume in the beginning that F has no local section
whose support is x.

Take a general global section s of Ox(1) that vanishes at x. Take X’
to be the corresponding hyperplane passing through z. Take Ox/(1) =
Ox(1) ® Ox/, F' = F ® Oxs(1). Since 0 is the only section of F that
becomes 0 after multiplying s, we get an exact sequence

0—>F—=>Fx0x(1) = F —=0.

Hence
Hp(X',]-"' ® Ox/(m)) =0

for any m > 0 and any p > 0. By induction hypothesis, 7/ @ Ox/(n — 1) is
generated by global sections. Since H' (X, F® Ox(n—1)) =0, H' (X, F ®
Ox(n)) = HY(X,F' ® Ox/(n — 1)) is surjective, and hence F ® Ox(n) is
generated by global sections at x. O
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Corollary 2.11.18. Keep the assumptions in Theorem 2.11.14. Take a
very ample divisor H on X and denote dim X =n. Then

18 generated by global sections.

Proof. This follows directly from Theorem 2.11.14 and Lemma 2.11.17. O

2.12 Extension theorems

In this section, we prove extension theorems for pluri-log-canonical forms.

2.12.1 Extension theorems 1

There are many variants of extension theorems. The following form due to
Hacon—McKernan and Takayama is a key point in the proof of existence of
flips.

Theorem 2.12.1 (Eztension theorem 1, [37], [1/0]). Let (X, B) be a PLT
pasir where X is a smooth algebraic variety and B is a Q-divisor with normal
crossing support. Let f : X — S be a projective morphism to an affine
algebraic variety. Fix a positive integer mqy such that D = mo(Kx + B)
is an integral divisor. Assume that Y = LB is irreducible. Assume the
following conditions.

(1) There exists an ample Q-divisor A>1211 and an effective Q-divisor E

whose support does not contain Y, such that

B=A+FE+Y.

(2) There exists a positive integer my such that the support of a general
element G € |m1D)| does not contain any LC center of (X,"B7), that is,
does not contain any irreducible component of intersections of irreducible
components of B.

Then the restriction map
H°(X,mD) — H°(Y,mDl|y)
1s surjective for any positive integer m.

Remark 2.12.2. (1) In condition (1), it is an equation of Q-divisors, not
just an equivalence.?12:1-2

212-1-1here no need to assume A is effective
212-1-2this sentence should be removed as A is not effective, equivalence is ok.

{ext thm 1}
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(2) The proof of the extension theorem described below is extremely tech-
nical, which is not just something that can be reached by calculating
carefully.

(3) Trying to relaxing the assumptions of this theorem is an important
question which may have many interesting applications.

Proof. The proof follows by the following Propositions 2.12.3 and 2.12.7. [

Firstly, we use the usual multiplier ideal sheaves to reduce the problem
to the extension problem for a sequence of slightly bigger divisors:

Proposition 2.12.3. Under condition (1) of Theorem 2.12.1, assume fur-
ther that there exists an effective divisor F' whose support does not contain
Y such that for any sufficiently large positive integer 1, the image of the
natural homomorphism

H(X,ID+F) — H(Y,(ID + F)|y)
contains the image of
HY(Y,ID|y) — H°(Y,(ID + F)|y).
Then
H°(X,D) — H°(Y,Dly)

18 surjective.
Proof. Take a sufficiently small positive rational number €, take E' = (1 —
€)(B—Y) + eE, we may assume that (X,Y + E’) is PLT since (X, B) is
PLT. Note that we can write B —Y = €A + E’, hence we may assume that
(X,Y + E) is PLT in the beginning after replacing E by E'.

Take any s € H°(Y,D|y), take D' = div(s). By assumption, for a

sufficiently large and sufficiently divisible positive integer [, there exists G €
H°(X,ID + F) such that

(;HY'ZZZIDI%—fFBn
Here note that this is an equality of divisors, not just a linear equivalence.

Take
mo — 1

B = G +Y+E,
lmo
and consider the multiplier ideal sheaf I = I(X, B’). Note that
D—-Kx—-B
:mo(KX+B)—KX_B/
m()—l mo—l
~ - 1)(K B)+ B — D — F-Y-F
Q (mo—1)(Kx + B) + o g
—1
A" p

lmo
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is ample if [ is sufficiently large. Therefore, by the Nadel vanishing theorem,
HY(X,1(X,B) ® Ox (D)) = 0.

Take )
0'=(B'=Y)ly = "L =D+

1
Fly + Ely,
mo lmo

then we have the following exact sequence
0—I(X,B)— Iy(X,B") = I(Y,C") = 0.
Hence the restriction map
H(X, Iy (X, B') ® Ox(D)) = H°(Y,I(Y,C") @ Oy (Dly))
is surjective. On the other hand, (X,Y + E) is PLT, hence

mo—l

(Y, Fly + Ely)

lmo
is KLT if [ is sufficiently large. Note that

,_mo—l

C Fly —Ely < D'.

mo

Hence by Lemma 2.11.4,
s€ H(Y,1(Y,C") @ Oy(Dly)).
Therefore s can be extend to a global section of H(X, D). O

Let us forget the situation of the theorem for a moment and use the
following notation in the following two lemmas. Let X be a smooth algebraic
variety, B a normal crossing divisor, Y an irreducible component of B, and
D another divisor. Let f : X — S be a projective morphism to an affine
algebraic variety. Here all coefficients of B are taken to be 1 (in the situation
of the theorem "B corresponds to B here). Take C' = (B —Y)|y. Assume
that there exists a positive integer m; such that the support of a general
element G € |m1D| does not contain any LC center of (X, B).

Consider the following two series of linear systems on Y:

Ly, = [H*(Y,mDly)|,
Ll = |Im(H(X,mD) — H°(Y,mDl|y))|.

Here | | denotes the linear system of the corresponding linear space. Then
we can define the corresponding asymptotic multiplier ideal sheaves

J&(Y, Dly) = Ic(Y,C + {L}), /m}),
J&(Y, Dly) = Ic(Y,C + {L,,/m}).
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As L, c LY, JL(Y,Dly) C J&(Y,Dl|y). In the case C' = 0, we simply write
J(Y, Dly), JH(Y, Dly).

We compare the set of global sections and the set of extendable global
sections as m goes to infinity. The next two lemmas prove inclusion relations
in two directions.

Lemma 2.12.4.

H(Y, Dly) = H(Y, J&(Y. Dly) © Oy (Dly));
Im(H(X, D) — H'(Y, Dly)) € H'(Y, J:(Y, Dly) ® Oy (Dly)).

Proof. We only show the second one. The first one is similar but easier.
Take a general element G € |m1D| whose support does not contain any
LC center of (X, B). Take a log resolution g : X' — (X,B + G), write
9" (Kx +B) = Kx1 + B, Y' = g.'Y, (Kx' + B)lyr = Ky: + ', g*G =
P + N. Here we may assume that P is free and N is the fixed part, and
(B")T = g;'B. Then

Im(H°(X, D) — H°(Y, D|y))

c H'(Y',Oy/(g* D]y +L—N/mily))

C H(Y',Oyi(g"Dly +"=C" = N/ma|y "+ (C")1))
C HO(Y, J4(Y, Dly) © Oy (Dly)).

Here the first inclusion is by the fact that Fix|g*D| > "N/m47. All spaces
are viewed as subspaces of H(Y, D|y) under certain maps. O

Lemma 2.12.5. Assume the following conditions:

(1) There exists an ample Q-divisor A" and an effective Q-divisor E' such
that D = A’ + E'.

(2) Assume that there exists a positive integer m such that the support of a
general element G' € |m{ E’| does not contain any LC center of (X, B).

Then

]fo(}igﬂ%(Y:l)|y) @DC)y(l)|y’%-f(y’+-(j))
CcIm(H(X,D+ Kx + B) = H°(Y,D|y + Ky +C)).

Proof. Take a sufficiently large and sufficiently divisible m which obtains
JL(Y, Dly), that is, J4(Y, D|y) = Ic(Y,C + L, /m). For a general element
D,, € |mD|, take a log resolution g : X’ — (X, B + D,, + G’) in strong
sense, write ¢*(Kx + B) = Kx: + B', Y' = ¢g;'Y, (Kx: + B')|y» = Ky' +
C', g*D,, = P+ N. Here we may assume that P is free and N is the
fixed part, and (B')T = ¢g;'B. Then (B’)T has no common component

{inclusion 1}
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with exceptional divisors of g, N, and ¢g*E’. Take an effective Q-divisor F
supported on exceptional divisors of g such that g* A’ — F is ample. Then
for any sufficiently small positive number e,

gD —(1—e)N/m—e(g*E'+ F) ~q (1 —€)P/m+e(g*A' — F)

is ample. Since A’ is ample, N/m < ¢g*FE’ for any sufficiently divisible m.
Therefore, for a sufficiently small e,

T¢*D—(1—€¢)N/m —e(g*E'+ F)"=¢g*D — .N/m..
By the vanishing theorem,
HYX',Kx + (BT —Y' 4+ ¢*D — _LN/mJ) = 0.
Hence

HY(X',Kx/ + (B +¢*D — LN/mJ)
— I‘_ITO(YI7 Ky + (CI)JF + g*D|y/ — I_N/m’Y/_I)

is surjective. On the other hand,

HY X' Kx' + (B)Y" +¢*D —_N/mJ) c H*(X,D + Kx + B)

and
I‘IO(YI7 Ky + (Cl)+ + g*D|y/ — I_N/m’Y/_I)
= H°(Y, J&(Y, D]y) ® Oy (Ky + C + Dly)),
this proves the conclusion. O

The following lemma is the key of the proof of the extension theorem:
{inclusion 3}

Lemma 2.12.6. Let (X, B) be a PLT pair where X is a smooth algebraic
variety of dimension n and B is a Q-divisor with normal crossing support.
Let f: X — S be a projective morphism to an affine algebraic variety. Fiz
a positive integer mq such that D = mo(Kx + B) is an integral divisor. Fizx
a very ample divisor H on X and take M = nH. Assume the following
conditions:

(1) H is sufficiently ample comparing to B and D (this condition will be
clarified in the proof).

(2) There exists a positive integer my such that the support of a general
element G € |m1D| does not contain any LC center of (X,"B7).

Then
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(1) The inclusion
JUY, (mD + H)|y) C Jicn(Y,(mD + H + M)|y)
holds for any mon-negative integer m.
(2) The inclusion
HO(Y,J°(Y,(mD + H)|y) ® Oy((mD + H + M)ly))
C Im(H*(X,mD + H + M) — H°(Y,(mD + H + M)|y))
holds for any mon-negative integer m.

Proof. (1) We will prove by induction on m. If m = 0, then both sides are
Oy . Let us prove the conclusion for the case m + 1 assuming the case m.
Define the increasing sequence of integral divisors

Yy < Bl <... < glm] —rpn
by
mo
> BH =mB.
k=1

Take D, = Kx + Bl¥, D<= Zle D,, Ok = (B[k] —Y)|y. Also denote
D<o =0, B+ = "B Note that D = D<p,.

Here we clarify the assumption on H: for any 0 < k < my, (1-a) D<j +
H+ M is free, (1-b) D<y+ H — Kx —Y is ample. Note that such condition
does not depend on m.

We will prove the claim that

JUY, (mD + H)|y) C Jppn (Y, (mD + Dy + H + M)ly)

by induction on 0 < k < myg. Note that the right hand side is well-defined
by assumption (1-a) on H.
Once the claim is proves, take k = mg, then

JY, ((m+1)D + H)ly) c J°(Y, (mD + H)|y)
C (Y, ((m +1)D + H + M)ly),

which proves the conclusion for the case m + 1 and finishes the proof of (1).
If £ =0, by induction hypothesis,

I, (mD+H)ly) € Jon(Y, (mD+H+M)ly) € Iy (V. (mD+H+M)ly).

Assume that the claim holds for £ — 1, then we have the following 3
inclusions:

HO(Y, J°(Y,(mD + H)|y) ® Oy ((mD + Dz + H + M)|y))

C H(Y, Jiw (Y, (mD + Deg—y + H + M)|y) ® Oy ((mD + Dy, + H + M)ly))
C Im(H*(X,mD + Dy + H+ M) — H°(Y,(mD + Dy, + H + M)|y))

C H(Y, Jl iy (Y, (mD + Dgo+ H + M)|y) @ Oy ((mD + Dy + H + M)|y)).
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Here the first inclusion is by induction hypothesis, the second is by Lemma 2.12.5,

and the third is by Lemma 2.12.4. Note that
mD +D<p+H— (Ky+(mD+H)|ly)=D<+H—-Kx -Y)|y
is ample by assumption (1-b) on H, hence by Corollary 2.11.18,
JY, (mD + H)|y) ® Oy ((mD + D<j, + H + M)|y)
is generated by global sections. To summarize, we showed that
JOY,(mD + H)|y) C J e (Y, (mD + Dey + H + M)|y).

(2) When m = 0 this is clear. For m > 0, using above inclusions for
m — 1 and k = mg, we have

HO(Y,J(Y,(mD + H)|y) ® Oy ((mD + H + M)|y))
C H°(Y,J(Y,((m —1)D + H)|y) ® Oy ((mD + H + M)|y))
C Im(HY(X,mD + H 4+ M) — H’(Y, (mD + H + M)|y)).

O

Proposition 2.12.7. Under condition (2) of Theorem 2.12.1, there exists
a very ample divisor F, such that for any sufficiently large positive integer
m, the image of the restriction map

HY(X,mD + F) — H(Y,(mD + F)|y)
contains the image of H(Y, mDl|y).
Proof. By Lemma 2.12.6
H(Y,mD|y) Cc H'(Y,(mD + H)|y)
= H(J°(Y, (mD + H)|y) ® Oy ((mD + H)|y))
(

C HY(JY(Y,(mD + H)|y) ® Oy ((mD + H + M)|y))
C Im(HY(X,mD + H + M) — H(Y,(mD + H + M)|y)).

So we may just take F'= H + M. d

2.12.2 Extension theorems 2

There are various versions of the extension theorem. The following theorem
is close to the original form of the extension theorem. This theorem has many
important corollaries such as the deformation invariance of plurigenera and
canonical singularities, but will not be used in subsequent sections.

{Step 2}
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Theorem 2.12.8 (Ezxtension theorem 2). Let (X, B) be a PLT pair where
X s a smooth algebraic variety and B is a Q-divisor with normal crossing
support. Let f: X — S be a projective morphism to an affine algebraic vari-
ety. Fiz an integer mo > 2 such that D = mo(Kx + B) is an integral divisor.
Assume that Y = LB is irreducible. Assume the following conditions.

(1) There exists an ample Q-divisor A and an effective Q-divisor E whose
support does not contain Y, such that

Kx+B=A+FE.

(2) There exists a positive integer my such that the support of a general
element G € |m1D| does not contain any LC center of (X,"B7).

Then the homomorphism
HY(X,mD) — H°(Y,mD|y)
1s surjective for any positive integer m.

Remark 2.12.9. (1) If taking B =Y in Theorem 2.12.8, then it is a the-
orem in [77]. Theorem 2.12.1 is a generalization of this theorem.

(2) For a sufficiently large and sufficiently divisible positive integer m and
a general element G € |m(Kx + B)|, replacing B by B’ = B + eG for
a sufficiently small e and taking a log resolution, we are in a similar
situation as Theorem 2.12.1. But it is easy to see that the conditions
of Theorem 2.12.1 are not satisfied, because "B’" has more irreducible
components than "B7. So Theorem 2.12.8 is not a corollary of Theo-
rem 2.12.1.

Proof. The proof as basically the same as that of Theorem 2.12.1. Just
modify Proposition 2.12.3 by taking

11—
B="0" "G+ B+cE
lmo
for some sufficiently small e. We omit the details. O

An important corollary of Theorem 2.12.8 is the following theorem on
deformation invariance of plurigenera:

Corollary 2.12.10 (Siu [I111]). Let f : X — S be a smooth projective
morphism between smooth algebraic varieties. Assume that the fiber X, =
f~Y(n) over the generic point n € S is of general type. Then for any posi-
tive integer m, the plurigenus dim HY(X,,mKx,) of a fiber Xy = f~1(s) is
independent of the choice of s € S.

{ext thm 2}
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Proof. Note that the case m = 1 is classical. We may assume that S is a
smooth affine curve. Fix any point s € S. Fix an effective ample divisor
A on X and take A, = Alx,. Since X, is of general type, there exists a
sufficiently large positive integer m; and an effective divisor E, such that
mi1 K X, ~ A, + E,. Taking the closure, there exists an effective divisor I
which does not contain X, such that m1Kx ~ A+ E.

Applying Theorem 2.12.8 to B =Y = X, for any integer m > 2,

HY(X,m(Kx + X)) = H°(Xs,mKx,)
is surjective. Then the conclusion follows from upper semicontinuity. O

The following theorem stating that flat deformations of canonical singu-
larities are again canonical singularities is important in the study of moduli
spaces of algebraic varieties:

Corollary 2.12.11 ([76]). Let f : X — S be a flat morphism from an
algebraic variety X to a smooth affine curve. Fiz x € X, s = f(z) € S.
Assume that the fiber Xs = f~1(s) over s has at worst canonical singularities
at x. Then X has at worst canonical singularities at x. In particular, there
exists a neighborhood U C X of x such that for any s’ € S, Xy NU has at
worst canonical singularities.

Proof. Replacing X by a sufficiently small affine neighborhood of z, we may
assume that X, has at worst canonical singularities. Take a log resolution
g: X' — (X, X;), denote B =Y to be the strict transform of X;. Since X
is normal, we may assume that X is also normal if X is sufficiently small.
Since X has at worst canonical singularities, there exists a positive integer
m such that mKx, is Cartier and the natural map

H(Y,mKy) — H°(X,,mKx,)
is isomorphic. Applying Theorem 2.12.8 to g, we have
HY (X' m(Kx: +Y)) = H(Y,mKy)
is surjective. Therefore,
HY X' 'm(Kx +Y)) = H(X,m(Kx + X,)) = H(X,,mKx,)

is surjective. So if X is sufficiently small, a nowhere vanishing section of
mK x, extends to a nowhere vanishing section of m(Kx + X;) and a global
section of m(Kxs +Y). This implies that m(Kx + X;) is Cartier and
m(Kx+Y) > g"(m(Kx +Xs)). Since Y < g* X, X has at worst canonical
singularities. O
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Remark 2.12.12. The technique in the proof of the extension theorem was
originally developed by Siu in the proof of the deformation invariance of
plurigenera ([141]). Later [76] proved the deformation invariance of canon-
ical singularities by an algebraic interpretation of Sius argument (see also
[77], [123]). Here instead of considering limits of metrics in complex analy-
sis, asymptotic multiplier ideal sheaves are introduced. By the Noetherian
property, an asymptotic multiplier ideal sheaf is actually obtained at a fi-
nite stage, but we can not tell at which stage it will be obtained, so it is
helpful for proving certain finiteness theorem. However this method also
has its limitation as it can not reflect infinite limits as analytic multiplier
ideal sheaves. The extension theorem introduced in this section was proved
by the log version of this method ([37], [116]). After this, Siu proved the
deformation invariance of plurigenera without assuming bigness of canonical
divisors ([142]). The algebraic interpretation of this result is still not known.
It seems that an algebraic interpretation of infinite limits is necessary.



Chapter 3

The finite generation
theorem

In this chapter we prove the finite generation of canonical rings. Firstly, for
algebraic varieties of general type, we prove the existence of minimal models
by induction on dimensions, then we use the semi-positivity theorem for
algebraic fiber spaces to reduce the problem to algebraic varieties of general

type.

3.1 Setting of the inductive proof

In BCHM [15], it turns out that for MMP with scaling, the induction on
dimensions goes well under the assumption that the boundary contains an

ample divisor. To be more precise, we should put the following conditions
on (X, B) and f. We will simply call it the BCHM condition in this book.

(1) X is an n-dimensional Q-factorial normal algebraic variety, B is an
effective R-divisor on X, f : X — S is a projective morphism to a
quasi-projective variety.

(2) (X,B) is DLT.

(3) There exists a relatively ample effective R-divisor 43101 over S and an
effective R-divisor F, such that B= A+ E + LB..

For f : (X,B) — S satisfying the BCHM condition, we will show the
following theorems:

e (Existence of flips) For any small contraction of K x + B, the flip exists.

e (Existence of PL flips) For any small contraction of Kx + B with
respect to which —_ B is relatively ample, the flip exists.

3.1.0-1here A need to be effective

169
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e (Existence of minimal models) If Kx + B is relatively pseudo-effective,
then there exists a minimal model of f : (X, B) — S.

e (Finiteness of minimal models) Suppose that P is a polytope spanned
by effective R-divisors such that for any B’ € P, f : (X,B') —» S
satisfies the BCHM condition. Then there exist finitely many rational
maps gi : X --+ Y%, such that for any B’ € P with Kx + B relatively
pseudo-effective, there exists a minimal model of f : (X, B’) — S, and
any minimal model of f : (X, B’) — S coincides with one of g.

e (Termination of MMP with scaling) Assume further that f : (X, B') —
S satisfies the BCHM condition for some B’ > B and assume that
Kx + B’ is relatively nef. Then the MMP on f : (X, B) — S with
scaling of B’ — B terminates at finitely many steps.

e (Special termination of MMP with scaling) Assume further that f :
(X,B’) — S satisfies the BCHM condition for some B’ > B and
assume that Kx + B’ is relatively nef. Then the MMP on f : (X, B) —
S with scaling of B’ — B is isomorphic in a neighborhood of L B_ after
finitely many steps.

o (Non-vanishing theorem) If K x + B is relatively pseudo-effective, then
there exists an effective R-divisor D such that D =g Kx + B.

Remark 3.1.1. (1) The existence of PL flips and the special termination
of MMP with scaling are special cases of the existence of flips and the
termination of MMP with scaling.

(2) The existence of flips is a special case of the existence of minimal models.
In fact, a flip is the relative canonical model of a relative minimal model.

(3) The statement of the finiteness of minimal models includes the existence
of minimal models.

Remark 3.1.2. The finite generation theorem, which is the main purpose of
this book, is obtained by showing the existence of minimal models for KLT
pairs with Kx 4+ B big. However, the bigness of Kx 4+ B is not preserved if
restricted on the boundary. On the other hand, the BCHM condition, con-
sidering DLT pairs with boundaries containing ample divisors, is preserved
if restricted on the boundary. If (X, B) is KLT and Kx + B is big, after
replacing B, we may assume that B contains an ample divisor. This con-
dition is preserved in the process of MMP, so the induction on dimensions
works well in this situation.

Firstly, we modify the BCHM condition for KLT pairs, and show that
the DLT version and the KLT version can be used appropriately according
to the situations. The KTL version BCHM condition is the following:
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(1) X is an n-dimensional Q-factorial normal algebraic variety, B is an
effective R-divisor on X, f : X — S is a projective morphism to a
quasi-projective variety.

(2) (X,B) is KLT.

(3) B is relatively big over S.

Lemma 3.1.3. For each statement of the existence of flips, the existence of
minimal models, the finiteness of minimal models, the termination of MMP
with scaling, and the non-vanishing theorem, the DLT version holds if and
only if the KLT version holds.

Proof. Let us explain how to exchange DLT and KLT conditions.

Let f: (X,B) — S be a morphism satisfying the DLT version BCHM
condition. Then there exists a sufficiently small positive real number ¢ such
that A + t_B_ is relatively ample. Take a general effective relatively ample
R-divisor A; = A+ tZ, denote B’ = A; + E + (1 — t). B, then (X, B’) is
KLT. So B = B’ and it satisfies the KLT version BCHM condition.

Conversely, let f : (X, B) — S be a morphism satisfying the KLT version
BCHM condition. As B is relatively big, there exists an effective relatively
ample R-divisor A and an effective R-divisor E such that B = A + E. For
a sufficiently small positive real number ¢, denote B’ = (1 —t)B + tA + tE,
then (X, (1 —t)B+tA+tE) is KLT. So B = B’ and it satisfies the DLT
version BCHM condition. O

Remark 3.1.4. Another advantage of the BCHM condition is that it is
preserved by MMP in the following sense. For the KLT version, this is
simply because that KLT condition and the bigness of B are both preserved
by MMP. For the DLT version, consider a pair (X, A+ E +  B.) satisfying
the BOHM condition, suppose that o : X --+ X’ is obtained by several steps
of MMP and (X', A’+ E’'+_B’,) is the induced pair. Pick a general relatively
ample effective R-divisor A} on X’ and take a sufficiently small positive real
number ¢ such that (X, A+ea; A} + E+L_B.) is still DLT and A —ea; 1A’
is relatively ample. Take a general effective R-divisor Ay ~g A — ea; 1A’
such that (X, Ay +ea; P Al + E+LB.) is DLT, then (X', B} := €A} +a,As+
E’' + (B'J) is DLT and satisfies the BCHM condition. On the other hand,
B} ~r B’, hence it suffices to consider (X', B]) instead.

Remark 3.1.5. For the existence of PL flips and the special termination
of MMP with scaling, the KLT version makes no sense. It is natural to run
MMP within the KLT category, but the point to extend to the DLT category
is that, for DLT pairs we can consider the restriction on the integral part
LB, which opens the gate of induction on dimensions.
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We are going to prove the following claims under the DLT version BCHM
condition. Combining all these claims, all theorems are proved by induction
on dimensions.

(a) (Theorem 3.3.1) The existence of flips in dimension n — 1 and the ter-
mination of MMP with scaling in dimension n — 1 imply the special
termination of MMP with scaling in dimension n.

(b) (Theorem 3.4.1) The existence of PL flips in dimension n, the special
termination of MMP with scaling in dimension n, and the non-vanishing
theorem for a pair (X, B) in dimension n imply the existence of minimal
models for the (X, B) in dimension 7.

(¢) (Theorem 3.4.1, see also Theorem 3.6.5) The existence of PL flips in
dimension n and the special termination of MMP with scaling in di-
mension n imply the existence of flips in dimension n.

(d) (Theorem 3.2.1) The existence and finiteness of minimal models in di-
mension n — 1 imply the existence of PL flips in dimension n.

(e) (Theorem 3.4.631-92) The existence of minimal models in dimension n
implies the finiteness of minimal models in dimension n.

(f) (Corollary 2.10.9) The finiteness of minimal models in dimension n im-
plies the termination of MMP with scaling in dimension n.

(g) (Theorem 3.5.1) The existence of PL flips in dimension n, the special
termination of MMP with scaling in dimension n, the existence and
finiteness of minimal models for pairs (X, B) with Kx + B relatively big
in dimension n imply the non-vanishing theorem in dimension n.

Remark 3.1.6. If Kx + B is relatively big, then the non-vanishing the-
orem automatically holds. Therefore, (c) is a special case of (b). (c) is
originally proved by Shokurov, which is the origin of the induction method
on dimensions.

In (d), Hacon and McKernan showed the existence of flips in all dimen-
sions by induction on dimensions. Before that, the only proof of existence of
flips used classification of singularities, which is only available in dimension
3. The proof of (d) needs the extension theorem of pluri-canonical forms.
The base point free theorem is also an extension theorem for pluri-canonical
forms, but here we need to use a much more powerful extension theorem.

3.1.0-2¢this theorem for (e) is added in translation
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3.2 PL flips

In this section, we introduce the proof of the existence of PL flips due to
Hacon and McKernan ([10]). Recall that a PL contraction f : (X,B) — S
is a small contraction from a Q-factorial DLT pair, such that — P is f-ample
for some irreducible component P of LB._.

Theorem 3.2.1 (The existence of PL flips). Let f : (X,B) — S be an
n-dimensional PL contraction. Suppose that, under the BCHM condition,
the existence and finiteness of minimal models in dimension n—1 hold, then
the flip of f ewists.

This theorem is a pillar and an opportunity for recent great redevelop-
ment of the minimal model theory.

The existence of flips is a special case of the finite generation of canonical
rings, but we need to prove it first in order to establish the minimal model
program, and then prove the finite generation theorem.

Let us describe the sketch of the proof. A PL flip is the flip of a PL
contraction f : (X, B) — S. We may assume that S is affine, (X, B) is PLT,
and Y = LB, is irreducible. We may assume that B is a Q-divisor after
perturbing the coefficients.

Since f is small, the restriction f|y is also a birational morphism, and
the BCHM condition holds on Y.

{PL flip exists}

In order to show the existence of the flip, it suffices to show that R(X/S, Kx+

B) is finitely generated. By the sub-adjunction formular, (Kx + B)|ly =
Ky + By and (Y, By) is KLT. Since dimY =n — 1, R(Y/S, Ky + By) is
finitely generated by induction hypothesis.

If the natural homomorphism R(X/S,Kx + B) — R(Y/S, Ky + By) is
surjective, then we can finish the proof. However, as Kx + B is negative
with respect to f, we cannot establish the vanishing of higher cohomologies,
so this is in general not surjective. In other words, pluri-canonical forms on
Y are not necessarily extendable to X. Therefore, a key point in the proof
is to determine the set of pluri-canonical forms on Y that are extendable to
X. In order to do this, we will make full use of (n — 1)-dimensional MMP
and the vanishing theorem for multiplier ideal sheaves.

Fix a positive integer mg such that mgB is an integral divisor. Denote
(Kx + B)|y = Ky + By. For a positive integer m, the restriction map

H°(X,mmo(Kx + B)) — H°(Y, mmo(Ky + By))

is not surjective in general.

Applying the extension theorem, we can identify the image of this map
with the space of pluri-canonical maps H(Y’,m(Ky + By ,,)) of another
pair (Y’, By’ ,,) different from (Y, By). Here the point is that the new
variety Y’ can be chosen independently of m by the extension theorem.
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By blowing up X, we can resolve the base locus of |mmo(Kx + B)|.
However, this cannot be done independently of m, so as m increases, we
get a tower of blowing ups over X, that is, an inverse system of algebraic
varieties. This inverse system is equivalent to Shokurov’s b-divisor ([137]) in
the divisor level, which is hard to handle. This concept is similar to Zariski’s
Riemann surface.

However, by applying the extension theorem, b-divisors are not needed.
Instead of an infinite tower of varieties, we consider an infinite sequence of
Q-divisors By, on a fixed variety Y’. In general the limit Bys of By,
is an R-divisor, this is one reason that we must formulate the MMP for
R-divisors.

If applying MMP to divisors on Y’ and using the existence and finiteness
of minimal models, this limit can be obtained within finite steps, and there
exists a positive integer m such that By = By .

3.2.1 Restriction of canonical rings to divisors

Firstly we show the following lemma.

Lemma 3.2.2. Let R = @,._, Rm be a sheaf of graded Og-rings such that
Ry = 0Og.

(1) R is a finitely generated graded Og-algebra if and only if the ideal Ry =
DB,.~0 Bm is a finitely generated R-module.

(2) If R is a finitely generated graded Og-algebra, then the sub-algebra

is a finitely generated graded Oy -algebra. Here my is any fixed positive
integer. Moreover, the converse holds if R is a domain.

Proof. (1) The homogenous generators of graded Og-algebra R are the same
with the homogenous generators of the ideal R .

(2) Suppose that R is finitely generated, and take z1,...,x; to be ho-
mogenous generators. Then R is generated by H’;f:l x?" (0 <d; <myp) as an
R(m1)_module. Therefore, R is a finitely generated R(™)-module. Since R,
is a direct sum of R(™)-modules M; = @>_; Rjtmm, (1 < j < my) and
is a finitely generated R-module, it is a finitely generated R(M1)_module. In
particular, Rg_ml) = M,,, is a finitely generated R(™)_module. Hence R("™1)
is a finitely generated graded Og-algebra.

Conversely, suppose that R(™) is finitely generated and R is a domain.
Then Rsrml) is a finitely generated R(™)-module where R("™) is a Noetherian

ring. If for some j, M; # 0, then 2™~ : M; — Riml) is injective for
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0 # x € Mj, which implies that M is a finitely generated R(m1)_module.
Therefore, R, is a finitely generated R™)_module, which is also a finitely
generated R-module. O

For a PL contraction f : (X, B) — S, the flip exists is equivalent to that

R = @ f+Ox(Lm(Kx + B)J)

m=0

is finitely generated over Og. Fix a positive integer mg such that mgB is an
integral divisor, the latter is equivalent to the finite generation of

Rm) = (P £.Ox(mmo(Kx + B)).

m=0

Since —Y is f-ample, it is proportional to — (K x+B), hence this is equivalent
to the finite generation of

R = @0 f:Ox(mY).

Lemma 3.2.3. For any positive integer m, the reflexive sheaves Ox(mY)
and Oy (mY) on X and Y are well-defined, and satisfy the exact sequence

0—=O0x((m-=1)Y)—= Ox(mY) = Oy(mY) — 0.

Proof. Note that Y is just Q-Cartier, so these sheaves are not invertible in
general. For any point z € X, take a sufficiently small neighborhood X,
and take the index 1 cover 7 : X; — X, of Y. Then Y, = 7, 1(Y) is Cartier

and we can define invertible sheaves O (mYy) and Oy, (mY;) satisfying the
exact sequence

0= Og ((m—1)Y;) = Og (mYy) = Oy (mY,) — 0.

Here the first homomorphism is defined by multiplying s € T'(X,, O %, (Y)).

Take the invariant parts with respect to Gal(X,/X,), we get the required
exact sequence. ]

Since —Y is f-ample, in the exact sequence
0= fiOx((m —=1)Y) = f.Ox(mY) — f.Oy(mY),
the last homomorphism is not surjective in general.
Lemma 3.2.4. If the restriction algebra

Ry = D Im(£.0x(mY) = £.0y(mY)).

m=0

is finitely generated, then R' is finitely generated.
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Proof. Take s1,...,s; € R’ to be the generators of R}, on X, then R’ is
generated by s, si,..., Sk. ]

Applying Lemma 3.2.2 again, we can reduce the problem to the finite
generation of

Ry = @ Im(£.0x (mmo(Kx + B)) = f.Oy (mmo(Ky + By))).

m=0

Here Ky + By = (Kx + B)|y. The restriction map
H(X,mmo(Kx + B)) — H°(Y,mmo(Ky + By))

is not surjective. The idea is to replace this image by the space of pluri-
canonical forms with respect to a new boundary smaller than By .
Firstly we construct a tower of log resolutions:

Proposition 3.2.5 ([0, Lemma 6.4]). Let f : (X,B) — S be a small
contraction from a Q-factorial PLT pair. Assume that S is affine, Y = LB
is irreducible, —Y is f-ample, and B is a Q-divisor. Take a positive integer
mo such that mogB is an integral divisor. Then for any positive integer m,
there exists a log resolution p, : X, — X and a Q-divisor B, on X,
satisfying the following conditions:

(1) Write ul(Kx + B) = Kx,, + Bm, Ym = .Y, then the irreducible
components of B, — Y, are disjoint. Here B\, is the positive part of
B, that is, we can write By, = B}, — B, where B, B, are effective
divisors without common components.

(2) mmgyB., is an integral divisor with Y,, < Bl < B;.

(3) A general element in |mmo(Kx,, + Bj,)| does not contain LC centers
of (Xm, "By, ).

(4) The natural map

HY(X,,,mmo(Kx, + B)) = H(X,,,mmy(Kx, + B}))
>~ 0% X, mmy(Kx + B))

is bijective.

(5) Yy, is isomorphic to a fized variety Y', and py, induces a fized morphism
My : Y' -5 Y.

(6) Write (Kx,, + By,)|v,, = Ky’ + By’ m, then By, satisfy the following
convezity on m:

mlBY’»ml + m2BY',m2 < (ml + mQ)BY'7m1+m2'
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(7) The limit By = limy, o0 By, exists as an R-divisor, and (Y', By)
is KLT.

Proof. Take a log resolution u : (X', B') — (X, B), write u*(Kx + B) =
Kx/ + B, Y' = u;'Y, we may assume that the irreducible components of
(B')* — Y are disjoint. We will construct f,, by blowing up X’. To make
the notation simpler, we use the same notation as X’ to denote the variety
after blowing up.

Fix m and a general element D € |mmo(Kx + B)|. As fl|y is bira-
tional, D does not contain Y. D induces an element D' € |mmo(Kx +
(B')™)|. If D’ and (B’)™ have common components, we replace them by
D' — min{D’;mmy(B’)"} and (B')" — min{D’/mmg, (B’)T}. Here note
that min{D’, mmgo(B’)"} is contained in the fixed part of the linear system,
hence D' € |mmo(Kx: + (B’)")] is preserved. The new D’ and (B’)* have
no common components.

Next we show that, after replacing X’ by blowing ups and replace D’,
we may assume that D’ contains no LC centers of (X', (B’)*7). By the
construction of p, LC centers of (X’,™(B’)*™7) are irreducible components of
(B')* and irreducible components of Y’ N ((B’)" — Y”). The former are al-
ready handled, consider the case that D’ contains an irreducible component
Z of Y'N((B')" —Y"). In this case we blow up X’ along Z, and keep blowing
up X’ until the irreducible components of (B’)™ —Y” are disjoint. Subtract
the common part of new D’ and (B’)" as above. Note that in this process
we only blowing up prime divisors on Y, hence Y’ is not changed. On the
other hand, in this process, at least one coefficient of ((B’)™ — Y’)|y: de-
creases. Hence repeating this process finitely times, eventually D’ contains
no irreducible components of Y' N ((B")*™ —Y").

In this way we constructed a very log resolution p,, : X,, — X. Take
B!, = (B")*. Here recall that (B’)" is obtained by subtracting redundant
irreducible components. From the construction, (1), (2), (3) directly follow.
(4) follows as we only subtract fixed part of D’ from B, and B, is ji,-
exceptional. (5) follows since in the beginning p : X’ — X does not depend
on m and Y’ keeps unchanged. (6) follows from the natural homomorphism

HO(X,moml(KX + B)) ®H0(X,m0mg(KX + B))
— HO(X,mo(ml +m2)(KX + B))

(7) follows since By, < (B;, — Yn)ly,, and (Yo, (B, — Yi)ly,,) is KLT,
where (B}, — Y;,))|y,, is a divisor on Y’ indenpendent of m. O

Next we apply the extension theorem:
Theorem 3.2.6. Under the setting of Proposition 3.2.5, the restriction map
H (X, Immo(Kx,, + B,)) — H' (Y Immo(Ky' + By )

s surjective for any positive integer [.

{restricted2}
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Proof. Let us check the conditions of the extension theorem. Firstly, . B}, 1 =
Y’ and (X, B],) is PLT.

1. Since f o u is an isomorphism on the generic points of X, and Y,
we can write B, — Y’ = A+ E where A is an ample Q-divisor and FE is an
effective Q-divisor whose support does not contain Y.

2. D,,, does not contain LC centers of (X, B},7). O

3.2.2 The existence of PL flips

In this subsection, we prove the the existence of PL flips.

Let us recall some symbols. For a divisor D on a normal algebraic
variety X, its fized part Fix(D) and mowvable part Mov(D) are defined as the
following:

D|={D/| D~ D' >0},
Fix(D) = inf | D],
Mov(D) = D — Fix(D).

Here the infimum of divisors is defined by taking infimum of coefficients
of each component. Note that if X is not projective, then the complete
linear system |D| is not necessarily finite dimensional, but the fixed part is
well-defined as a divisor.

Proof of Theorem 3.2.1. By the finiteness of minimal models, for sufficiently
large m, pairs (Y’, By’ ,,) and (Y, By’) have the same canonical model Z.
Here flys : Y/ — S is birational to its image, so the KLT version BCHM
condition automatically holds.

By a log resolution v : Y — (Y’, By), we may assume that the induced
map v : YY" — Z is a morphism over S. We may replace Y’ by Y in the
following.

For positive integers m, [, denote

Py, = Mov(mmg(Kx, + B;.)) = Mov(mmg(Kx, + B.,)),
P, = ]3m|y/ = Mov(mmo(Ky’ + By’ m)),

P, = Mov(lmmg(Kx,, + B,)),

P, = ]5l7m|y/ = Mov(Ilmmy(Ky’ + By’m)),

according to Theorem 3.2.6.

Since Y’ dominates Z which is the canonical model of (Y”, By ), there
exists a positive integer /,,, such that P, ., is free. Since 1517m = Pm, Py =
P,,. We have

lum = lmPLm < le,m < lem-

Since )
(Kx,, + Bn)ly' = Ky' + By = py (Ky + By),
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we get .
Pm1 + Pm2 < Pm1+m2 < (ml + m2)(KY’ + (BY’)+)

hence the limit P = limy,,—00 P,/m defines an R-divisor on Y’. Note that
Py, m/lmm is the pullback of the log canonical divisor of the canonical model
of (Y', By, ) and

Pm lem,m

lim — = lim ,
m—oo M m—00 lmm

hence P is the pullback of the log canonical divisor of the canonical model
of (Y, By/). Therefore P is semi-ample, that is, it is a sum of free divisors
with positive real number coefficients.

In the following, we will show that there exists a positive integer mj such
that P = P,,,/m1 and P, is free. If this is proved, then for any positive
integer [, | P,,, = Pjy,,, hence

P E Y, 1Py,)

>0

=~ (B Im(H"(X, lmgmq (Kx + B)) = H(Y,Imgm1(Ky + By)))
>0

is finitely generated, and the proof is finished.
Lemma 3.2.7. For any positive integers m,m/,

/
m' P ~
D0 By ") < Pyy.

linm

Mov ("

Therefore, after taking limit,
MOV(I—m/P — Byl—l) < Pm’-

Proof. Take a general effective Q-divisor D = m/ le,m /lmm. That is, take a
sufficiently large and sufficiently divisible positive integer IV, take a general
element in |[Nm'P,,, ,/lmm/|, and divide it by N to get D. Also take a

general effective Q-divisor
' D I'D
-m -le,m m -le,m

D = — B —( — Bp).

linm lnm

Take J to be the multiplier ideal sheaf of (X,,, D + D). Since P, m =
Py, mly,, is free, Y, does not intersect the support of Ox,,/J. As

.
P
FW — B, —(Kx, +D+D')=—-pu*(Kx + B)
mmn

is relatively nef and relatively big,

.
P, m
HY (X, J(T L 2lmm g oYy = g

linm
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Hence

m'P,, m
HO X r m, _
(Xim, lym

is surjective. On the other hand, since

rm/plmym | /
fom ( T (Bm — Yim)") <m'mo(Kx + B),
m
we get

=
P 3

Mov('—% — (B — Yi)7) < Py,
m

This proves the former statement. For the latter one, just take the limit. [J

Now go back to the proof of the existence of PL flips. Firstly suppose
that P is a Q-divisor. In this case, there exists a positive integer m; such
that m1 P is Cartier and free. Then

m1 P < Mov("m P — By/—l) < Py, <myP.

Here the first equality follows as T—By: 7> 0. Hence m P = P,.

Finally, suppose that P is not a Q-divisor. We can use positive real
numbers p; and free Cartier divisors L; to express P = Zj p;jL;. Take
an effective divisor M containing supports of all L;, and take a sufficiently
small real number € > 0 such that LBy’ 4+ eM_ < 0. Suppose that at least
one pj is not rational, the there exists a positive integer m and a free Cartier
divisor L such that

mP —eM <L <mP +eM
and L £ mP. Then
L<™mP+eM — By — eMT,
which implies that
L < Mov("mP — By: ) < P,, < mP,

a contradiction. O
Remark 3.2.8. (1) In this way, the existence of flips can be proved in any

dimension. One should be reminded that the proof of the existence of

flips in dimension 3 was very difficult [109]. So this is a big success of the

formulation using log pairs. It can be seen that in the above argument,
the base point free theorem plays an important role in the background.
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(2) P isequivalent to the positive part of the Zariski decomposition. In [63],
assuming the existence of Zariski decomposition in the sense that the
positive part is nef, even if the positive part might be an R-divisor, it can
be shown that the canonical ring is finitely generated and the positive
part is in fact a Q-divisor. The technique in that proof might be applied
here, but the proof introduced here uses the idea of “saturation” due to
Shokurov ([137]).

3.3 The special termination

The special termination is a key point for the induction on dimensions.

DLT pairs are suitable for inductive argument on dimensions, as an ir-
reducible component in the boundary with coefficient 1 determines a DLT
pair of one dimension lower. The special termination theorem by Shokurov
is basic in the discussion of the termination of MMP by induction on di-
mensions. In this section, we show the special termination of MMP with
scaling.

The log version, as the generalization of the non-log version, should be
more complicated originally. For example, log terminal singularities are
more complicated than terminal singularities. On the other hand, the log
version has more freedom. We can perturb coefficients. Also if there is an
irreducible component in the boundary with coefficient 1, we can use the sub-
adjunction formula to get a DLT pair of one dimension lower. In addition,
for a fixed algebraic variety X, if the coefficients of B increases, then the
condition that (X, B) is log terminal gets stronger, and the singularities of
X gets better.

Firstly let us recall the statement of the special termination of MMP
with scaling: Suppose that f : (X,B) — S and f : (X,B’) — S satisfy
the BCHM condition. Assume that B’ > B and Ky + B’ is relatively
nef. Run MMP on f : (X, B) — S with scaling of B’ — B, starting from
(X0, Bo) = (X, B), we get an infinite sequence of flips

Ay © (Xm,Bm) -—=2 (Xm+1,Bm+1), m:O,1,2,....

Here B,,+1 = am«Bm. Then there exists a positive integer mg, such that
for any m > myg, a4y, is isomorphic in a neighborhood of LB,,,1. That is,

Exc(am) N Supp By, = 0.

Theorem 3.3.1 (Special termination theorem). Under the BCHM condi-
tion, suppose that the existence of flips in dimension n — 1 and the ter-
mination of MMP with scaling in dimension n — 1 hold, then the special
termination of MMP with scaling in dimension n holds.

{special termination thm}
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Remark 3.3.2. (1) The special termination was originally proved by Shokurov
[135]. It opened the gate of proving the existence of minimal models by
induction on dimensions.

(2) As we will discuss later, the assumption above implies the existence of
Q-factorialization of KLT pairs in dimension n—1 (see Corollary 3.6.9).
In fact, a Q-factorialization is a minimal model of certain birational
morphism. Assuming the existence of flips in dimension n — 1 and the
termination of MMP with scaling in dimension n — 1, the existence of
minimal models in dimension n — 1 follows.

Proof. Fix any irreducible component Z; of Z = L BJ. Given an MMP with
scaling consisting of flips, it suffices to show that the MMP is isomorphic in
a neighborhood of Z; after finitely many steps.

Recall that we can write B= A+ E+ Z and B' = A+ E' + Z' where
7' = _B’.. Here we can pick the same A since B < B’. Take a sufficiently
small real number t such that A + ¢(Z — Z;) is relatively ample. Take a
sufficiently general effective R-divisor Ay = A+ ¢(Z — Z;1). Then (X, A1 +
E+(1—t)(Z—2Zy)+ Z1) is PLT and (X, A, + E' + Z' —t(Z — 7)) is DLT.
As B = Al—l-E—l—(l—t)(Z—Zl)—l-Zl, B = All—i—El—l—Z/—t(Z—Zl), After
replacing B and B’, we may assume that (X, B) is PLT in the beginning.
Denote Z,,, = LBy, .

The sequence of flips of (X, B) induces birational maps a), : Z,, --»
Zm+1. Note that o/, can contract divisors on Z,, and also extract new
divisors on Zy,41.

The set of coefficients of B is a finite set Coeff(B) C [0, 1]. So Coeff(B,,) =
Coeff(B) is a fixed set. On the other hand, by the sub-adjunction formula
(Kx,, + Bn)l|z,, = Kz, + Bz, we get an R-divisor By, on Z,,, the set
Coeff(Bz,,) might depend on m.

Define the set X C [0, 1] as the following:

1 ’I“ibi
Y= {x S [0,1] ’ r=1-— ; +ZT,bi S CO@E(B),T € Z-g,1; € Zzo}.

Then by the sub-adjunction formula, Coeff(Byz, ) C ¥ for any m.
Lemma 3.3.3. For any € >0, The set XN [0,1 — €] is finite.

Proof. Consider x = 1 — % +> Tini € Y. Since by is in a finite set, if
x < 1 — ¢, then it is easy to see that there are only finitely many possible

values for r and ;. ]

For any positive number m, take a common resolution g : ¥ — X,
and ¢ : 'Y = X471 of (X, Bin) and (Xy41, Bimy1) in strong sense. Write
Ky + C = ¢g*(Kx,, + Bm) and Ky +C" = (¢')"(Kx,,,, + Bm+1). Write
C = > ¢C;, C'" =3 cC; into prime divisors, then ¢; > ¢, for all Cj, and
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¢; > ¢, for divisors supported over the exceptional locus of X,, --» X;41
(cf. Theorem 2.5.6).

) Take Z' C Y to be the common strict transform_of Zm and Zp,y1, take
Ci=0C,n2z, :chen Kz + Bz, = g*(KZ’ + ZCiCZ'), KZm+1 + BZm+1 =
g (Kz + > c.C;). Here the sum runs over all C; # Z'. As (Z,, Bz,,) and
Zm+1,Bz,,.,) are KLT, we may assume that g is a very log resolution of
(ZWH BZm) and (Zerlv BZm+1)'

For each m, consider the number

dp, = Z#{C’ | i > a}.

(A

Here we consider all coefficients appearing in > ¢;C;. Note that d,, is a well-
defined non-negative number since the sum only considers finitely many a
as ¢; < 1, and does not depend on the choice of very log resolutions since we
only consider non-negative coefficients. As¢; > ¢, we know that d,, > dp41.
If Z,,,+1 contains a divisor P which is not a divisor on Z,,, then P comes from
some C; where C; is supported over the exceptional locus of X,, -+ X4 1.
So this means that ¢; > ¢, € ¥, and in this case we have d,, > dp41.

In this way, we can see that o), : Z,, --+ Zp41 is surjective in codi-
mension one after deleting finitely many steps, hence it is isomorphic in
codimension one after deleting finitely many steps.

By the sub-adjunction formula, (Kx +B)|z = Kz+ Bz. As A is general,
the pair (Z, Bz) is KLT and Bz > A|z. However Z is not necessarily Q-
factorial. So we take h: Z — Z to be a Q-factorialization.

We will show that if pulling backing the original MMP on f : (X,B) — S
to Z, then we get an MMP on Z, and hence the original MMP terminates
in a neighborhood of Z. However, each step of the MMP on f: (X,B) — S
corresponds to a composition of several steps of the MMP on Z, so we need
to explain this in more details.

Suppose that the flip o, @ (Xm, Bm) --* (Xim+1, Bm+1) is the com-
position of small birational maps ¢, : X, — Sy, and ¢ @ X1 —
Sm, denote t,, = min{t | Kx,, + Bm + tm(B), — Bp) is nef over S}, then
Kx,, + Bm + tm(B), — By,) is numerically trivial over Sp,.

Consider the induced map o), : Z,, --+ Zp41, suppose that we have
a birational modification h,, : Zm — Z;, such that Zm is Q-factorial and
sz 4 BZ,m = h! (Kgz, + Bz,,), where BZ,m > 0. Then (Zm;BZ,m> is
Q-factorial and KLT, and ¢, © by : (Zim, BZ,m) — Sm, satisfies the BCHM
condition as Z,, is birational to its image on S,,. So, by induction hypoth-
esis, we can run an MMP on ¢, o hy, : (Zm,ézm) — Sp, with scaling
of a general relatively ample divisor, which terminates to a minimal model
(Zm—l-hBZ,m-i—l) — Spm. Since Kz, ., + Bz m41 is ample over Sy, it is the
canonical model of Zm+1 and induces hp,41 : Zm+1 = Zm+1-

In this way, for each m, we can inductively construct a sequence of MMP
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on (Zm,Bz,m) over Sy,

Lm = Zm,O -2 Zm,l T T L | = Zm41-

Since Kx,, + Bm + tm(B), — Bp) is numerically trivial over S,,, the
induced divisors Kz, ; + By i + tm(B;m- — B,y,,;) are all numerically trivial

over Sp,. Hence it is easy to check that the sequence
Z=Zy="Z00 - Zog ——> - Zog =Z1=Z10 > Z1,1 - ...

is in fact an MMP on f : (Z, B) — S with scaling of B’ — B, where f = foh,
B=h;"(B-2)|z, B = h;'(B'~Z)|z. Here By, By, ; are strict transforms
of B, B'. By inductive hypothesis, this MMP terminates. This means that,
after finitely many steps, Z,, does not change, which means that K Z. +B Zm
is nef over S, and then Kz + Bz  is nef over S,,. On the other hand,
—(Kz,, + Bgz,,) is ample over S,, so Z,,, — Sy, does not contract any curve
on Zy,. Similarly, Z,,11 — S, does not contract any curve on Z,, 1. If Z,,
intersects Excay,, then Z,,, as a divisor on X,,, is ample over S,,. Hence
—Zm+1 is ample over S, which contradicts to the fact that Z,+1 — Spn
does not contract any curve on Z,,+1. This implies that the original MMP
terminates in a neighborhood of Z. O

Remark 3.3.4. Without assuming the BCHM condition, we have the fol-
lowing special termination: “suppose that the existence of flips in dimension
n—1 and the termination of MMP in dimension n — 1 hold, then the special
termination in dimension n holds.” That is, given a projective morphism
f:(X,B) — S from a DLT pair, for an infinite sequence of flips over S
starting from (Xo, By) = (X, B):

am (X, Bm) ==+ (Xm+1, Bmt1), m=0,1,2,...

where Bj,11 = am«Bm, there exists a positive integer mg such that for any
m > Mg, Quy is isomorphic in a neighborhood of LB,,,1. We will not use this
fact in this book, please refer to [23].

3.4 The existence and the finiteness of minimal
models

In this section, we show the existence of minimal models by induction on
dimensions.

Theorem 3.4.1 (Euxistence of minimal models). Under the BCHM condi-
tion, suppose that the existence of PL flips in dimension n, the special termi-
nation of MMP with scaling in dimension n, and the non-vanishing theorem

in dimension n hold, then the existence of minimal models in dimension n
holds.
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xistence and nv}
Remark 3.4.2. As can be seen below, the BCHM condition is not essential
in this proof. To be more precise, we can prove the following claim:
Let (X, B) be a KLT pair consisting of an n-dimensional Q-factorial al-
gebraic variety and an effective R-divisor, f : X — S a projective morphism
to a quasi-projective algebraic variety. Assume the following:

1. (Existence of PL flips) For any n-dimensional Q-factorial pair (X', B)
with a PL contraction, the flip always exists.

2. (Special termination) Any MMP with scaling starting from an n-
dimensional Q-factorial pair (X’, B’) is isomorphic in neighborhoods
of strict transforms of LB’ _.

3. (Non-vanishing theorem) For the given pair (X, B), there exists an
effective R-divisor D such that Kx + B =g D.

The there exists a minimal model of the given morphism f: (X, B) — S.

The existence of PL flips holds as a result of this chapter, the special
termination can be proved assuming lower dimensional minimal model the-
ory (Remark 3.3.4). Therefore, if one want to try to prove the existence of
minimal models without the BCHM condition, the non-vanishing theorem
is a key point.

Here we will follow the proof of Birkar [13] which modifies that of [15].
Firstly recall the definition of minimal models:

Definition 3.4.3. Let (X, B) be a Q-factorial DLT pair and f : X — S
a projective morphism to a quasi-projective algebraic variety. A minimal
model of f : (X,B) — S is given by another Q-factorial DLT pair (Y, C)
over S with a birational map « : (X, B) --» (Y, C) satisfying the following:

(1) « is surjective in codimension 1, C' = a,B.
(2) Ky + C is relatively nef over S.

(3) If we take a normal algebraic variety Z with birational projective mor-
phismsp: Z — X, q: Z — Y such that & = gop~!, then the discrepancy
divisor G = p*(Kx + B) — ¢*(Ky + C) is effective, and the support of
p«G contains all prime divisors contracted by a.

If in the third condition we only assume G > 0, then it is called a weak
minimal model.

Remark 3.4.4. Minimal models obtained by MMP satisfy the following
condition stronger than (3): denote Exc(a) to be the exceptional set of
a, that is, the complement of the maximal open subset on which « is an
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isomorphism, then the support of G' coincides with p~!(Exc(a)). Condition
(3) only focuses on the phenomenon in codimension 1, but it is in fact
sufficient.

Proof. Since we only assume the existence of PL flips, we need to be care-
ful on running MMP, that is, we can run the MMP as long as each small
contraction is a PL contraction. On the other hand, in order to show the
termination of certain MMP, the idea is to adjust the boundary B and apply
the special termination. Therefore, it is necessary to consider DLT pairs by
increasing the boundary B, instead of KLT pairs.

By assumption, Kx + B =g D for some effective R-divisor D.

Step 0. We reduce to the case that X is smooth and the support of
B + D is of normal crossing.

After replacing B, we may assume that (X, B) is KLT and satisfies the
BCHM condition and B > A where A is a general effective relatively ample
R-divisor. Take a log resolution g : X’ — (X, B + D), we can construct
an effective R-divisor B’ such that (X', B’) is KLT and satisfies the BCHM
condition,

E=Kx + B —g"(Kx + B)

is effective and its support coincides with the support of the exceptional set
of g. Then a minimal model of fog: (X', B’) — S is also a minimal model
of f:(X,B)— S.

In fact, take o : (X', B’) --» (X", B”) to be a minimal model, since F is
contained in the numerically fixed part of Ky + B’ over S, it is contracted
by a by Theorem 2.9.6, that is a,E = 0. Hence aog ! : X -—-» X" is
surjective in codimension 1, and the negativity can be checked easily. So it
is a minimal model of f: (X, B) — S.

Also, note that B’ > g7 A is still relatively big as A is general. Hence
fog: (X' B') — S satisfies the KLT version BCHM condition. After
replacing f : (X,B) =+ S by fog: (X',B') — S, we may assume that X
is smooth and the support of B 4 D is of normal crossing in the beginning.
Note that we do not assume that (X, B) is KLT, but we assume that f :
(X, B) — S satisfies the BCHM condition, and B > A a general effective
relatively ample R-divisor, in particular, A has no common component with
D.

Step 1. Write B = > b;D; and D = > d;D; by distinct prime divisors
D;. We will do induction on

0 =0(X,B,D) = 4#{i | b; # 1,d; # 0}.

If D =0, then f: (X, B) — S is already minimal, hence we assume that
D #0.
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Suppose that 8 = 0. Take a general effective relatively ample R-divisor
H such that Kx + B + H is relatively nef and (X, B+ H) is DLT, we can
run an MMP with scaling of H. Here since § = 0, the support of D is
contained in LB, hence in each step the contracted curves are contained in
the support of D and each small contraction is a PL contraction. By the
existence of PL flips and the special termination of MMP with scaling, this
MMP works and terminates.

Next, suppose that 6 > 0. Take

t = min{t' € Rx¢ | Supp(LB.) # Supp(LB + t'DJ)}.

Take B + C = ) min{b; + td;, 1} D;, where C is effective. Then Kx + B +
C =g D+C and Supp(D~+C') = Supp D. Note that ¢ is the smallest number
making (X, B+ C,D + C) < (X, B, D).

Consider the morphism f : (X, B4+C) — S. Here we remind that (X, B)
satisfies the BCHM condition and B > A, which implies that f : (X, B +
C') — S still satisfies the BCHM condition. Since (X, B+ C, D) is smaller,
by the induction hypothesis, there exists a minimal model f' : X’ — S,
a birational morphism « : (X, B + C) --» (X', B’ + C’) over S such that
K x/+B'+C" is relatively nef. Here B’ = o, B, C' = a,C. Denote D' = o, D,
then D’ =g Kx/ + B.

We may run an MMP on f’: (X', B’) — S with scaling of C’. As (X, B)
and (X, B+ C) satisfy the BCHM condition, (X', B") and (X', B'+ (") also
satisfy the BCHM condition.

By construction, there exists an effective R-divisor E/ whose support is
contained in _B’J, such that Ky + B+ C' + E' = Ky + B’ +tD' =g
(14 t)(Kx + B'). For any extremal ray R in this MMP, we have ((Kx/ +
B')-R)<0and (Kx+ B +C’)-R) > 0, hence (E - R) < 0. Therefore,
any contracted curve is contained in LB’ and each small contraction is a
PL contraction. Here we keep the same symbol to denote strict transforms
in the MMP. By the existence of PL flips and the special termination of
MMP with scaling, this MMP works and terminates to a minimal model
" X" — S with a birational map 5 : (X', B") --» (X", B") over S.

The composition map Soa : X --+ X" is surjective in codimension 1 and
Kxn + B" is relatively nef. However, 3 o o might not satisfy the negativity
for Kx + B, so we need to discuss more.

Step 2. Consider the following set:
I={se0,1] | f:(X,B+ sC)— S has a minimal model}.

Note that 1 € I, and our goal is to show that 0 € I. We will show that if
s € I and s > 0, then there exists a sufficiently small € > 0 such that s’ € T
if 0 < s — s’ < € by modifying the argument in Step 1.

Take a5 : (X, B + sC) --» (X, B. + sC’) to be a minimal model of
(X, B + sC) with natural morphism f! : X, — S. As negativity is an open
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condition, if € is sufficiently small, Kx + B + s'C' is negative with respect to
Q.
We can run an MMP on f! : (X, B.+5'C%) — S with scaling of (s—s")CY.
As before, extremal rays in this MMP intersects negatively on an R-divisor
supported in LB,i. Hence by the existence of PL flips and the special
termination of MMP with scaling, this MMP works and terminates to a
minimal model £} : (X}, B, + §'C}) --» (X7, BY, + s'C’) with morphism
!+ X!, = S. The composition map By o o : X --» X7, is surjective in
codimension 1 and K x»+ By +5s'C?, is relatively nef. Moreover, Kx+B+s'C
satisfies negativity, hence s’ € I.

Step 8. Take sy = inf I. Note that sy < 1. We will show that sg € I,
then by Step 2, s = 0 € I. In order to show this, firstly we construct a
weak minimal model.

Take a strictly decreasing sequence I > s — sg, take minimal models
ap : (X, B+ s;,C) --» (X}, B;, + s,C),) with morphisms f, : X; — S.

We can run an MMP on f] : (X}, B), + s0C}) — S with scaling of (s, —
s0)C.. As before, by the existence of PL flips and the special termination
of MMP with scaling, this MMP works and terminates to a minimal model
Br : (X, By, + s0C}) --» (X}, B 4+ soC)) with morphism f;' : X}/ — S.

The divisors contracted by By o aj are all irreducible components of
D, hence after replacing {s;} by a subsequence, we may assume that the
contracted divisors do not depend on k. Then X, are all isomorphic in
codimension 1. Since K xr + B} + 50C} is relatively nef, they are crepant
to each other. That is, their pullbacks coincide on a common resolution.
Therefore, the discrepancy divisor of Kx + B + soC' is independent of k.

Take an arbitrary prime divisor P over X. Denote a; > 0 to be the
coefficient of P in the discrepancy divisor of Kx + B + s;C with respect
to ag, and b > 0 to be the coefficient of P in the discrepancy divisor of
KXI/c + B,’c + S()C]/C with respect to S;. Denote ap to be the coefficient of P
in the discrepancy divisor of Kx + B + soC with respect to Bi o ay, then
ap = limg_,o(ax + bg) > 0.

Therefore, for any k, v = B, o oy, gives a weak minimal model (X}, B +
s0CY) = (X", B"+50C") of (X, B+59C). Recall that (X, B+ s0C') satisfies
the BCHM condition, in the following argument, after changing the bound-
ary, we may assume that (X, B 4 s9C) is KLT, and hence (X", B” 4 s9C")
is also KLT.

Step 4. If ap > 0 holds for any prime divisor P on X contracted by -,
then ~ is a minimal model, and sg € I, which concludes the proof.

If ap = 0 for some prime divisors contracted by v, as (X", B” 4+ s9C")
is KLT, by the following lemma, we can take a “crepant extraction” of
these divisors from (X", B” + s0C”), and this gives a minimal model of
(X, B + Soc). O
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Lemma 3.4.5 (Crepant extraction). Let (X, B) be an n-dimensional quasi-
projective DLT pair and P be a discrete valuation on the function field of
X. Take a log resolution f :' Y — (X, B) such that the center of P is a
prime divisor Ep on'Y, write f*(Kx + B) = Ky + By, suppose that the
coefficient of Ep in By is in [0,1). Moreover, if the coefficient is 0, then
we assume that the center of P on X is not contained in _B1. Suppose the
existence of PL flips in dimension n and the special termination of MMP
with scaling in dimension n hold. Then there exists a projective birational
morphism g : (X', B') — (X, B) from a Q-factorial DLT pair such that

(1) g is crepant: g*(Kx + B) = Kx/ + B’.

(2) The center of P is a prime divisor on X', and it is the only exceptional
divisor of g.

Proof. Note that if we construct a Q-factorial algebraic variety X' satis-
fying (2), then (1) automatically follows. After slightly modifying B by
Lemma 2.1.7, we may assume that (X, B) is KLT while the assumption on
the coefficient of Fp is preserved. Take E to be the sum of all exceptional
divisors of f except for Ep, take By, = max{By, E}. Then (Y, B{,) is a DLT
pair and Ky + B}, — f*(Kx + B) is effective with support E = L B, . Hence
by the existence of PL flips and the special termination of MMP with scal-
ing, we can run an MMP on (Y, BY,) over X with scaling of a general ample
divisor, which terminates to a minimal model g : (X', B’) — X. Note that
Kx/ + B' — g*(Kx + B) is effective and exceptional over X, which implies
that it is 0 by the negativity lemma. In other words, all divisors in E are
contracted by this MMP. On the other hand, since all extremal rays in this
MMP intersect negatively along E, only divisors in £ can be contracted. So
the strict transform of E'p is the only exceptional divisor of g. O

In the end of this section, we show the finiteness of minimal models.

Theorem 3.4.6 (Finiteness of minimal models). Under the BCHM condi-
tion, suppose that the existence of minimal models in dimension n holds,
then the finiteness of minimal models in dimension n holds.

Recall that in Theorem 2.10.3, we showed the finiteness of canonical
models assuming the existence of minimal models and canonical models. On
the other hand, in Remark 2.10.5 and Example 2.10.7, finiteness of minimal
models does not hold in general. But if we assume the BCHM condition,
then we can show the finiteness of minimal models, which in fact can be
reduced to the finiteness of canonical models.

Proof. Fix f : X — S. Suppose that P is a polytope spanned by effective
R-divisors such that for any B € P, f : (X,B) — S satisfies the BCHM
condition. We may assume further that for any B € P, (X, B) is KLT and
B > A where A is a relatively ample effective Q-divisor.

{finiteness of mm}
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Take Hy, ..., H; to be relatively ample effective divisors whose classes
form a basis of N1(X/S). Fix a sufficiently small real number € > 0, after
changing A, we may assume that A — e) . H; is effective and relatively
ample. Consider a new polytope

Q :={B+)> hiH;| BEP,—e<h;<e}.

If taking € is sufficiently small, we may assume that for any B’ € Q', f :
(X, B’) — S satisfies the BCHM condition. Consider the polytope

Q:={B' €Q'|[Kx + B'] € Eff(X/9)}.

Hence by the existence of minimal models and Theorem 2.10.3, there are
finitely many canonical models corresponding to (). In order to finish the
proof, we only need to show that every minimal model corresponding to P
is a canonical model corresponding to Q.

Take any B € P, and suppose « : (X, B) --» (Y, C) is a minimal model
of f: (X,B) — S. Take a relatively ample divisor Hy on Y, take H =
a;lHy. We can write H =g Y d;H; for some real numbers d;. Take a
sufficiently small real number § > 0, we may assume that B+0 > d;H; € Q
and o : (X, B+0> d;H;) --» (Y,C + 6> dja.H;) is a minimal model of
f:(X,B+6> d;H;) — S as negativity is an open condition, this is also
a canonical model since Ky + C + 6> dija,H; =g Ky + C + 0Hy is ample
over S. [

3.5 The non-vainishing theorem

Among a series of theorems deriving geometric consequences from numerical
conditions, the non-vanishing theorem is one of the most difficult ones. It
was prove in dimension 3 unconditionally ([103], [104]). Under the BCHM
condition that the boundary is big, this difficult theorem can be proved by
induction on dimensions.

Let us recall the statement of the non-vanishing theorem: Kx + B is
relatively pseodo-effective, then there exists an effective R-divisor D such
that D =¢ Kx + B.

Theorem 3.5.1 (Non-vanishing theorem). Under the BCHM condition,
suppose that the existence of PL flips in dimension n, the special termi-
nation of MMP with scaling in dimension n, the existence and finiteness of
minimal models for pairs (X, B) with Kx + B relatively big in dimension n
hold, then the non-vanishing theorem in dimension n holds.

Remark 3.5.2. In the following proof, we actually prove a slightly stronger
statement: “ there exists an effective R-divisor D such that D ~g Kx+ B”.
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This is because we are going to derive the general result from the statement
on generic fibers, but numerical equivalence does not work for this purpose.

On the other hand, by Theorem 3.4.1 and Remark 3.4.2, assuming the
existence of PL flips in dimension n and the special termination of MMP with
scaling in dimension n, then the non-vanishing up to numerical equivalence
is sufficient to show the existence of a minimal model (Y, C'). We can make
(X, B) satisfying the KLT version BCHM condition, then (Y, C) is KLT and
C is big, then by the base point free theorem, Ky + C' is semiample, and
in particular, it is R-linearly equivalent to an effective R-divisor. Pulling
back to X, we know that Kx + B is R-linearly equivalent to an effective
R-divisor.

Proof. Step 0. We may assume that (X, B) is KLT and B = 3A + F is
big, where A is a general effective ample R-divisor and E is an effective
R-divisor . Until Step 5, we suppose that S is a point.

Take a log resolution g : X’ — (X, B), write g*(Kx + B) = Kx/ + B’, it
suffices to show the theorem for (X', (B’)"). Therefore, from the beginning,
we may assume that X is smooth and the support of B is of normal crossing.
Also we may assume that A is a Q-divisor and kA is integral for a sufficiently
large positive integer k.

Step 1. Consider the divisorial Zariski decomposition Kx + B = P+ N.
Firstly we consider the case P = 0. In this case, Kx + B = N. From the
above remark, we can get the non-vanishing up to R-linear equivalence.

Step 2. In the following, we assume that P # 0. We will construct a
PLT pair (Y, C) by increasing the boundary.

Since Kx + B is pseudo-effective, by Theorem 2.9.8, after replacing k,
for any sufficiently large m,

dim HO(X, mk(Kx + B) + kA) > <(k ;1)”)

Fix a general smooth point « in X, denote m, to be the maximal ideal of
the local ring of this point, as length(Ox . /mknHl) = ((kt})”), there exists
an effective R-divisor G ~g m(Kx + B) + A such that mult,G > n.

Then (X, G) is not LC at z. In fact, if consider the blowing up a x, and
denote the exceptional divisor to be E,, then the coefficient of E, in the
pullback of Kx+G is larger than 1. Take a log resolution g : Y — (X, B+Q)
such that F, is a divisor on Y, take an effective R-divisor F' with sufficiently
small coefficients whose support is the exceptional locus of g.

Take By = 2A+(1—t/m)A+E+(t/m)G. Note that By = B, B, = E+G,
and Kx 4+ B; ~Rr (1+t)(KX —|—B).

Denote g*(Kx + By) = Ky + C, take C) = (Cy)" + F, By = (Cy)~ + F.

Here T, ~ are positive part and negative part. Then

Ky +C{ = g*(Kx + By) + Ey.
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Take the divisorial Zariski decomposition Ky + C; = P, + N, and take
Cy = (C} — Ny)™. By convexity, C; is continuous for ¢ € (0,m).

As By = B, (Y,(p) is KLT. On the other hand, as B, = F + G and =
is a general point, the coefficient of E, in IV, is not greater than that in F'.
Here we use the fact that

Ky+Ct/:g*(Kx+Bt)+Et = (1+t)g*(Kx+B)+(C_'t)i+F

and E, is not in the support of (Cy)~. Therefore, (Y, C,,) is not LC. We
can consider the LC threshold

to = max{t | (Y,Cy) is LC}.

Take C = C,. As the support of C' is of normal crossing, (Y, C') is DLT.

By using the part of A contained in B; to perturb the tie breaking, we
may assume that (Y, C) has a unique LC center.

By the construction, Ky + C' is pseudo-effective. Moreover, using the
fact that C > g;'A, we may further assume that C contains an ample
divisor. Once we can show that Ky 4 C is numerically equivalent to an
effective R-divisor, then Kx + By, is numerically equivalent to an effective
R-divisor. Since Kx + By, ~r (1+1t9)(Kx + B), we can conclude the proof.

Step 3. Replacing (X, B) by the PLT pair (Y, C), we may assume that
X is smooth, B = A+ E + Z where A is an effective ample Q-divisor, F is
an effective R-divisor, and Z = LB is irreducible. By the sub-adjunction
formula, (Kx + B)|z = Kz + Bz. By the construction in Step 2, Z is not
contained in the numerically fixed part of Kx + B.

Take {E;} to be irreducible components of E, consider the vector v =
> e;E;. For a sufficiently small real number € > 0, suppose that |e;| < e,
for a sufficiently small real number t > 0, take By, = B+ t(v + A). As € is
sufficiently small, we may assume that v + A is ample.

Since Kx + B, is big, by the assumption on the existence of minimal
models, there exists a minimal model oy : (X, By y) -+ (Yew, Cro)-

Step 4. We will show that if € and ¢ are sufficiently small, the birational
map oy, induces a birational map az : Z --» W independent of the choice
of t,v. Here note that Z is not contained in the numerically fixed part of
Kx + B;,, hence is not contracted by ay .

Fix a sufficiently small ¢; > 0, take 0 < ¢ < t1, consider the polytope

Vi={B+t(v+A) |v=> eB e <et <t/ <t}

in the linear space of divisors. Fixing ¢ > 0, for any B’ € V;, (X, B’) is PLT
and Kx + B’ is big. By the assumption on the existence and finiteness of
minimal models, there are finitely many birational maps oy : X --+» X,
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such that for any By, € V;, ay, coincides with one of aj. So by taking
the limit ¢ — 0, there are at most countably many minimal models for
boundaries in V; \ {B}.

Consider the restrictions of those birational maps on Z. If all ay|z are
the same, then we can finish this step. So we may assume that there are at
least 2 different ay|z. Fix a birational map ay,. Consider the subset

Qr, = {B’ € Vo | ay, is a weak minimal model of (X, B')}.

If (X, B) has a weak minimal model, then we can finish the proof. So we
may assume that @, does not contain B, which implies that @y, is a closed
sub-polytope of V \ {B}. Take V)| to be the smallest polytope containing
Qr, and B.

Replacing Vj by kal, we can do the same argument on Vk’1 as above.
If we could not get the conclusion of this step, then this process does not
terminate, and we can get a decreasing sequence of polytopes Vjy D V,g’1 D
V,C’2 D ... with vertex B, where we can make proper choice of oy, in each
step, such that ay, |7 is different from ay, |z for each i. By the compactness,
we can find a ray L starting from B such that L intersects all Q). Using
this line, we can construct an MMP on (X, B) with scaling which consists
of an infinite sequence of flips and is not isomorphic in a neighborhood of
Z for infinitely many steps, which contradicts to the special termination of
MMP with scaling.

Step 5. By using similar argument as in the proof of the base point
free theorem, we will show certain extension theorem from Z to X by the
vanishing theorem. By the sub-adjunction formula, we have

(Kyi,, + Cro)lw = Kw + Cwit,

denote lim;_,o Cw,, = Cw, note that this limit does not depends on wv.
Since Ky + Cyt is nef, Ky + Cy is also nef. Take A = az.(A|z).

Recall that B = A+ E + Z and {E;} are irreducible components of E.
Consider P to be a sufficiently small rational polytope in the linear space
spanned by E; containing E such that if E' € P, then (X, A+ E' 4+ Z) is
PLT. As A is big,

Nw ={E = az.(F'|z) | E' € P,Kw + A+ E’ is nef}

is a rational polytope in the linear space of divisors on W by the cone
theorem. Its pullback

N={E €P|E =az(E'|z) € Ny}

is a rational polytope containing F.
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Take rational points F; € N and real numbers r; > 0 such that > r; =1
and E = ) r;Fj. Correspondingly we have Q-divisor B; = A+ F;+ Z, such
that B = Z’I”ij. Take CWJ' =A+ Oéz*(Fj|Z), then Cy = ETjCW,j-

Taking t > 0 sufficiently small and F} sufficiently close to F, donote

Bj:A—{-f‘jj—{—Z:B—Ft’Uj,

we may assume that B +t(v; + A) satisfies conditions in Steps 3-4. Denote
Y; =Y, and (aqy,)«B;j = Cj, note that

(Ky, + Cj)lw = Kw + Cw;.

Denote A; = a;, A, then Kyj + C; 4+ tA; is nef and big.

Take g to be the common multiple of the denominators of coefficients of
all F}, since Ky + Cy; is nef and Cyy; is big, by the effective base point
free theorem, there exists a positive integer m independent of g, such that
|mq(Kw + Cw,;)| is free. Consider the approximation of coefficients of E
by those of F}, the differences are bounded by order ﬁ for some § > 0.
As F; — E = tvy, if ¢ is sufficiently large, then we can make tq sufficiently
small. Note that

mq(Kyj + Cj) -W
= (mq — 1)(Kyj +Cj +tA;) + Kyj + aj. (1 — (mg — 1)t)A + F}),

and we may assume that

(Y], 0 (1 = (g — 1)t) A + Fj))
is KLT, by the vanishing theorem,

H'(Yj, mq(Ky; +Cj) = W) = 0.

Hence
HO(Yj,mq(Kyj +Cj)) = HO(W, mg(Kw + Cw;))

is surjective. So HY(Y},mq(Ky, + C})) # 0. Recall that (Y, C;j + tA;) is a
minimal model of (X, B; + tA), take a common resolution p : X’ — X and
q: X' =Y, we know that p*(Kx + B; +tA) > ¢*(Ky, + Cj + tA;). On
the other hand, p*A < ¢*A; by the negativity lemma, hence p*(Kx + B;) >
¢*(Ky, +Cj). This implies that H°(X, mq(Kx + B;)) # 0. As B=3_r;Bj,
there exists an effective R-divisor D such that Kx + B ~r D.

Step 6. Finally we consider the case that S is not a point. Restricting to
the generic fiber X, of f, from the above argument, there exists an effective
R-divisor Dy, such that Kx, + By, ~r D;. That is, there exists real numbers
r; and rational functions h; on X, such that, Kx, + B, — Dy = > rydiv(hy).
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Denote D to be the closure of D, on X. As h; are also rational functions
on X, G = Kx+B—D-)> r;div(h;) defines an R-divisor G on X. Note that
G does not dominate S, so there exists an effective ample divisor H on .S such
that f(Supp(G)) C H and f*H +G > 0. Hence Kx+B ~r s D+G+ f*H
which proves the theorem. ]

Remark 3.5.3. (1) The non-vanishing theorem is to show the weak ef-
fectivity(numerically equivalent to an effective divisor) assuming the
pseudo-effectivity. At the first glance the difference between effectivity
and pseudo-effectivity looks easy, but in fact it is the root of difficulty
and fun in the minimal model theory. It assert that some nature of
mathematics is hiding in the boundary of the cone of big divisors. This
is a statement of the type of the base point free theorem.

(2) If one wants to partially solve some conjectures in the minimal model
theory, what immediately comes to mind is, for example, the case that
B = 0, or the case that Kx + B is big. However, such conditions are
not compatible with the inductive argument. On the other hand, the
condition that B can be written as B = A + E works very well in the
induction.

(3) If B is a Q-divisor, then in the proof we can show that D can be also
taken to be a Q-divisor.

3.6 Summary

In summary, by complicated inductive arguments, all the theorems have
been proved at the same time. In conclusion, we get the following theorem:

Theorem 3.6.1 (Existence of minimal models). Let (X, B) be a Q-factorial
KLT pair and f : X — S a projective morphism to a quasi-projective variety.
Assume the following conditions:

(1) B is relatively big, that is, there exists a relatively ample R-divisor A
and an effective R-divisor E such that B = A+ FE.

(2) Kx + B is relatively pseudo-effective, that is, [Kx + B] € Eff(X/S).
Then there exists a minimal model of f : (X,B) — S.

This theorem has many important corollaries. Firstly, combining with
the base point free theorem, the following corollary directly follows:

Corollary 3.6.2. Under the assumption of Theorem 3.6.1, assume further
that B is a Q-divisor. Then the canonical Ting

R(X/S,Kx + B) = @ f(Ox(um(Kx + B)J))

m=0

{existence of mm final}
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s a finitely generated graded Og-algebra.

In the above result, the assumption that B is big is not necessary (see
Theorem ?77).

We can also conclude the existence of minimal models when the log
canonical divisor is big:

Corollary 3.6.3. In Theorem 3.6.1, if we replace conditions (1), (2) with
the following condition (3), we can get the same conclusion:

(3) Kx + B is relatively big.

Proof. By the assumption, there exists an effective R-divisor B’ such that
Kx + B =g B'. For a sufficiently small ¢ > 0, (X, B + eB’) is KLT and
B + eB’ is relatively big. A minimal model of f : (X, B+ eB’) — S is also
a minimal model of f: (X, B) — S. O

Corollary 3.6.4. Let X be a Q-factorial normal algebraic variety with
terminal singularities and f : X — S a projective morphism to a quasi-
projective variety. Assume that Kx is relatively big. Then there exists a
minimal model of f : X — S with Q-factorial terminal singularities.

Proof. This follows from Corollary 3.6.3. As B =0 and X is terminal, the
resulting minimal model is automatically terminal. O

As a special case of the existence of minimal models, we get the following
theorem:

Theorem 3.6.5 (Existence of flips). Let (X, B) be a Q-factorial DLT pair
and f: X — S a projective morphism to a quasi-projective variety. Then
the flip of any small contraction of f : (X, B) — S always ezists.

If Kx + B is not relatively pseudo-effective, then we can get a Mori fiber
space unconditionally:

Theorem 3.6.6 (Existence of Mori fiber spaces). Let (X, B) be a Q-factorial
KLT pair and f : X — S a projective morphism to a quasi-projective
variety. Assume that Kx + B is not relatively pseudo-effective, that is,
[Kx + B] € Eff(X/S). Then there exists a birational model of f admitting
a Mori fiber space structure. More precisely, there exists a Q-factorial KLT
pair (Y,C) over S and a birational map « : (X, B) --+ (Y, C) satisfying the
following conditions:

(1) « is surjective in codimension 1, C' = o, B.

(2) If we take a normal algebraic variety Z with birational projective mor-
phisms p : Z — X, q : Z — Y such that « = qop~ ', then G =
p*(Kx + B) — ¢*(Ky + C) is effective, and the support of p.G contains
all prime divisors contracted by .
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(8) There exists a Mori fiber space h:Y — Z over S.
Note that we do not assume that B is relatively big.

Proof. Take a sufficiently general relatively ample effective Q-divisor H such
that (X,B + H) is KLT and Kx + B + H is relatively ample. Take a
sufficiently small ¢ > 0 such that Kx + B + ¢H is not relatively pseudo-
effective. As B + eH is relatively big, we can run an MMP on (X, B + e¢H)
with scaling of (1 — €)H, which terminates to a Mori fiber space. It is easy
to see that this MMP is also an MMP on (X, B + H). O

Remark 3.6.7. Currently we have proven strong partial results in the mini-
mal model theory under the BCHM condition. It is expected that induction
methods will be successful even if we drop the BCHM condition, and all
problems in the minimal model theory can be settled in the near future.

As an auxiliary result, the following theorem were already proved in the
process of the proof:

Theorem 3.6.8 (Crepant blowing up or Crepant extraction). Let (X, B) be a
quasi-projective KLT pair. Take a very log resolution ' :Y' — X and write
(f")*(Kx+B) = Ky'+C'. Choose a set of several f'-exceptional divisors on
Y with non-negative coefficients in C'. Then there exists a Q-factorial KLT
pair (Y,C) and a projective birational morphism g : (Y,C) — (X, B), such
that g is crepant, that is, g*(Kx + B) = Ky + C, and the set of exceptional
divisor of g coincides with the chosen set.

Proof. Take an effective R-divisor F' on Y’ whose support is the f’-exceptional
divisors not contained in the chosen set. If F' is sufficiently small, then
(Y,(C")* + F) is KLT. Then a minimal model of f": (Y, (C')" + F) — X is
the crepant blowing up we want. Here as f’ is birational, every R-divisor is
relatively big. O

As special cases, we get “Q-factorialization” and“Q-factorial terminal-
)
ization”:

Corollary 3.6.9 (Q-factorialization). Let (X, B) be a quasi-projective KLT
pair. Then there exists a Q-factorialization of X, that is, there exists a Q-
factorial normal algebraic variety Y and a projective birational morphism
g :Y — X which is isomorphic in codimension 1.

Proof. Take the chosen set to be the empty set. O

Corollary 3.6.10 (Q-factorial terminalization). Let (X, B) be a quasi-
projective KLT pair. Then there exists a Q-factorial terminalization of
(X, B), that is, there exists a Q-factorial terminal pair (Y,C) and a pro-
jective birational crepant morphism g : (Y,C) — (X, B).

{Q-factorialization}

{Q-factorial terminalizat
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Proof. Take the chosen set to be the set of all exceptional divisors with
non-negative coeflicients. O

Note that the Q-factorial terminalizations are maximal among all crepant
blowing ups. In particular, if B = 0 and X has canonical singularities, then
this is the crepant blowing up considered in [6], which is applied to proved
the termination of flips inductively in [70].

Example 3.6.11. As a toric variety is K LT, it admits a Q-factorialization.

Take a toric variety (X, B). That is, 7' C X is a T-equivariant open
immersion into a normal algebraic variety with a T-action where T is an
algebraic torus, and B = X \ T is a reduced divisor. Take ¥ = {o} to
be the corresponding fan. Take ¥’ to be a fan with same vertices as ¥ in
which each o is subdivided into simplicial cones. Take (X', B') to be the
corresponding toric variety. In this case, X’ is Q-factorial and there is a
natural birational morphism f : X’ — X isomorphic in codimension 1 such
that f*(Kx + B) = Kxs + B’. The choice of subdivision is not necessarily
unique. If taking the subdivision appropriately, then f is projective and we
get a Q-factorialization.

Similarly, we can prove the following result, which is useful for general-
izing statements for KLT or DLT pairs to LC pairs:

Corollary 3.6.12 (DLT blow-up). Let (X, B) be a quasi-projective LC pair.
Then there exists a Q-factorial DLT pair (Y,C) and a projective birational
crepant morphism f : (Y,C) — (X, B) such that exceptional divisors of f
are contained in LC J.

Proof. Take a log resolution f' : Y’ — (X, B), write (f)*(Kx + B) =
Ky + C'. As (X, B) is LC, the coefficients of C’ are at most 1. Write
C" = (f)71B + Exc(f’). Then C” — (" is effective and its support is the
union of all exceptional divisors of f’ with coefficients less than 1 in C’.
Take a general relatively ample effective divisor A and a sufficiently
small real number ¢ > 0, we can apply MMP to f : (Y',C" +tA) — X.
As Kyr + C" +tA = (f)*(Kx + B) + (C" — C") + tA, if t is sufficiently
small, the support of the numerically fixed part of Ky + C” + tA over X
coincides with the support of C” — C’. Therefore, the minimal model of
f: Y, C"+tA) — X contracts all divisors in C” — C’, which is a DLT
blow-up. O

For a DLT blow-up, we can blowing up LC centers to get another DLT
blow-up. So in general DLT blow-ups do not have maximality as Q-factorial
terminalizations.
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3.7 Algebraic fiber spaces

In this section, we introduce the weak semi-stable reduction theorem ([1])
and the semi-positivity theorem ([55]) for algebraic fiber spaces. We will
just give outlines without proof. There is a relatively simple proof for the
latter one [31].

Algebraic fiber spaces can be viewed as relative version of algebraic vari-
eties. Birational equivalences between algebraic varieties are given by their
function fields. The function fields of algebraic varieties are regular exten-
sions of the base field. So birational equivalences between algebraic fiber
spaces are given by regular extensions of function fields.

The weak semi-stable reduction theorem can be viewed as the desingu-
larization theorem for algebraic fiber spaces. The semi-positivity theorem
is an important consequence of Hodge theory. Both theorems are proved
when the base field is of characteristic 0, and in positive characteristics the
latter one has counterexample.

3.7.1 Algebraic fiber spaces and toroidal geometry

A finite extension L/K of fields is a regular extension if the following con-
ditions are satisfied:

(1) (Separability) There exists a transcendence basis t1, ..., t, over K such
that L is a separable algebraic extension of K (t1,...,t,).

(2) (Relative algebraic closedness) The set of elements in L algebraic over
Kis K.

If K is an algebraically closed field, then the above 2 conditions auto-
matically hold. In this case, there exists an algebraic variety X over K such
that L = K(X).

If K is a regular extension of an algebraically closed field k, then there
exist algebraic varieties X,Y over k such that L = k(X), K = k(Y) and a
morphism f : X — Y satisfying the following conditions:

(1) f is dominant, that is, the generic point of X is mapped to that of Y.

(2) The geometric generic fiber of f is irreducible and reduced.

The morphism f : X — Y above is called an algebraic fiber space. As
in this book we mainly interested in projective algebraic varieties, X and Y
are usually assumed to be projective. We often work over base field of char-
acteristic 0, in which case the separability of field extensions automatically
holds.

Next we explain the language of toroidal geometry. A toroidal variety
is a pair of variety and divisor locally isomorphic to a toric variety. Here
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“locally” means in the classical analytic topology or étale topology, and the
base field is the complex number field.

A pair (X, B) consisting of a normal algebraic variety and a reduced
divisor is called a toroidal variety, if for each point x; € X, there exists an
analytic neighborhood U; of x;, a toric variety Y;, a point y; € Y;, and an
analytic neighborhood V; of y; € Y;, such that there is an analytic isomor-
phism (U;, BNU;, z;) = (V;, CiNV;, ;). Here C; = Y;\ T; is the complement
of the torus on Y;. Here in addition we assume that irreducible compo-
nents of B are normal, that is, we only consider toroidal varieties without
self-intersection.

A pair (X, B) is called a smooth toroidal variety, if X is a smooth alge-
braic variety and B is a normal crossing divisor. A pair (X, B) is called a
quasi-smooth toroidal variety, if locally it is a quotient of a smooth toroidal
variety by a finite abelian group: for any point x; € X, there exists an
analytic neighborhood x; € U;, and a finite abelian group acting diagonally
on an analytic neighborhood V; of a point 7; on C", such that there is an
analytic isomorphism (U;, B N U, ;) = (Vi/Gi, (C N Vi) /Gy, v:). Here C is
the union of coordinate hyperplanes, and y; is the image of ;.

Remark 3.7.1. Similar to toric varieties, a toroidal variety is also associated
with a fan ([85]). A toric variety is determined by its fan, the information
of analytically local structure and global glueing is determined by the fan.
A toroidal variety is analytically locally isomorphic to a K LT pair, so
it is also K LT, and admits a Q-factorialization. A toroidal variety is Q-
factorial if and only if the fan is simplicial, if and only if it is quasi-smooth.

For a toric variety (X, B), the sheaf QL (log B) of all logaritmic differen-
tial forms, that is, rational differential forms on X with at most logarithmic
poles along B, is a locally free sheaf of rank n = dim X. In fact, the exten-
sion of regular differential forms dz;/z; (i = 1,...,n) on the toruc T = X\ B
form a basis. Here z; (i = 1,...,n) are coordinates of T'. Hence for a toroidal
variety (X, B), Q% (log B) is also locally free.

Take Q% (log B) to be the wedge product algebra of Q% (log B). Using
the exterior derivative d on logaritmic differential forms, we can define the
log De Rham complex

0% (log B)
={0— Ox — Q%(logB) = Q% (log B) — --- — Q% (log B) — 0}.

A dominant morphism f : (X, B) — (Y, C) between toroidal varieties is
called a toroidal morphism if locally it is isomorphic to a toric morphism.
If (X,B) and (Y,C) are quasi-smooth, this is equivalent to the following:
for any point z; € X, there exist analytic neighborhoods x; € U;and y; =
f(x;) € U/, and finite morphisms from open subsets of affine spaces ; :
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Vi = U; and «} : V/ — U! such that f is induced by f; : V; — V/, where we

may write
* _ Cjk
fiw; = H %k

for coordinates (z1,...,2,) and (wi,...,wy,). Here n = dim X, m = dimY’,
{c¢ji} are non-negative integers.

For a toroidal morphism f : (X, B) — (Y, (), the sheaf of relative loga-
rithmic differential forms Qﬁ( /Y(log) is defined by

Oy (log) = QX (log B)/ f*Qy (log C).

It is a locally free sheaf on X of rank dim X — dimY. In particular, if f is
finite, then f*Q3 (log C) = Q% (log B) and Qk/y(log) =0.

We can similarly define the relative log De Rham complex Q5 /Y(log).
Denote d = dim X — dim Y, then

0%y (log) = Ox(Kx + B — f*(Ky + C)).

This is denoted by wX/y(log) and called the relative log canonical sheaf .

3.7.2 The weak semi-stable reduction theorem and the semi-
positivity theorem

Assume that the base field is of characteristic 0.

The disingularization theorem is a fundamental theorem in birational
geometry for algebraic varieties, while the “weak semi-stable reduction the-
orem” is a fundamental theorem in birational geometry for algebraic fiber
spaces:

Theorem 3.7.2 (Weak semistable reduction theorem [1]). Let fo : Xo —
Yy be a surjective morphism between projective varieties with geometrically
integral generic fiber, and Z C Xg a closed proper subset. Then we can
construct the following algebraic fiber space models:

(1) Well prepared model: There ezists a quasi-smooth projective toroidal
variety (X1, B1), a smooth projective toroidal variety (Y1,C1), a mor-
phism f1 : X1 — Y1, and birational morphisms g1 : X1 — Xo, h1 : Y1 —
Yy such that foo g1 = hi o f1 with the following properties:

(1-1) 97" (Z) C By.

(1-2) f1: (X1, B1) — (Y1,Ch) is toroidal.

(1-83) fi is equi-dimensional, that is, every geometric fiber is of dimen-
ston dim Xy — dim Y.
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(2) Weakly semistable model: There exists a quasi-smooth projective
toroidal variety (X2, B2), a smooth projective toroidal variety (Ya,C2),
a morphism fo : Xo — Yo, a Galois finite morphism ho : Yo — Y1, and
a projective birational morphism p : Xo — (X1 Xy, Y2)¥ isomorphic in
codimension 1 with the following properties:

(2-1) g5 (B1) = Ba, by (C1) = Ca.
(2-2) fa:(Xa, B2) — (Ya,C9) is toroidal.

(2-83) fa is equi-dimensional, and every geometric fiber is reduced.

Here (X1 Xy, Y2)V is the normalization and gy : Xo — X; is the induced
morphism. Moreover, by adding some reduced divisor to Cy and replace
B accordingly, we may assume that go : (Xo,B2) — (X1,B1) and hg :
(Ys,C9) — (Y7, C1) are toroidal.

Remark 3.7.3. (1) A well prepared model is a birational model, but a
weakly semistable model is not as there is a base change. The birational
morphism p is a Q-factorialization.

(2) The reason that a weakly semistable model is called “weak” is that the
ambient space X is not necessarily smooth. If the base space Yy is of
dimension 1, then there exists a semistable model in which X5 is smooth.
However, Xo — (X7 Xy, Y2)” is not isomorphic in codimension 1, but a
resolution of singularities ([35]). The base change hgy is constructed by
using Theorem 1.8.2.

A locally free sheaf F' in a projective algebraic variety X is called nu-
merically semipositive or nef if the tautological quotient invertible sheaf
Op(r)(1) on Px(F) is nef. The following semipositivity theorem repre-
sents the geometric property of algebraic fiber spaces:

Theorem 3.7.4 (Semipositivity theorem, [55]). For a well prepared algebraic
fiber space f: (X, B) — (Y,C), the following properties hold:

(1) For any integers p,q, R%f, (Qg(/y(log)) is a locally free sheaf on'Y .
(2) For any integer q, R?f.(wx/y (log)) is numerically semipositive.

This result can be generalized by using the covering trick:

Theorem 3.7.5 ([75, Theorem 2]). Let f : (X,B) — (Y,C) be a well
prepared algebraic fiber space and B an effective Q-divisor whose support is
contained in B with coefficients in [0,1). Assume that k(X,, (Kx+B)|x,) =
0 for a general fiber Xy of f. Write B =3 B;, C =) Cj into irreducible
components, write B = b;B;.

Assume that there exists a positive integer m and an integral effective di-
visor D on X satisfying the following conditions, which determines effective
Q-divisors M and C on Y:
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1. m(Kx+B) is Cartier, D € |m(Kx+B)|, the support of D is contained
in B. Write D =>_d;B;.

2. M is the largest Q-divisor on Y satisfying f*M < D. Write M =
ijCj.

3. Take B := B — D/m + f*(M/m) =Y WB;, f*C; => b;;jB;, and
¢j = max{(b; +bi; — 1)/bij | f(B:) = Cj}.
Take C =" ¢;C;.
Then (Y,C) is KLT and L := M/m — (Ky + C) is nef.

Proof. Step 1. From the construction, Kx + B® ~q f*M/m ~q f*(L +
Ky + C). Take B! = B — f*C, then Kx + B! ~q f*(L + Ky).
C is the smallest Q-divisor satisfying f*(C — C) < B — B°. Also

f'L~q Kx + B — f*(Ky +C)
=Kx +B— f(Ky +C)—(B—- B+ f(C-0).

Therefore, L is the largest Q-divisor satisfying

ffL< Kx+ B — f*(Ky +C).

3.8 The finite generation theorem

In this section, we prove the main theorem of this book: the finite generation
theorem, that is, the canonical ring of any smooth algebraic variety is finitely
generated. This can be reduced to the general type case as in BCHM using
the semi-positivity theorem after simplifying the situation by the weak semi-
stable reduction theorem. Here slightly generally, we introduce the proof for
KLT pairs ([30]).

3.9 Generalizations of the minimal model theory

So far in this book, we established the minimal model theory for algebraic
varieties over algebraically closed fields of characteristic zero. This result can
be easily generalized to algebraic varieties admitting finite group actions or
over algebraically non-closed fields by modifying certain results appropri-
ately. Let us check these one by one.



204 CHAPTER 3. THE FINITE GENERATION THEOREM

3.9.1 The equivariant minimal model theory

Consider a pair (X, B) with morphism f : X — S admitting a finite group G
action. That is, G acts on X, S, f is G-equivariant, and B is a G-invariant
R-divisor.

3.9.2 The MMP over algebraically non-sclosed fields

Consider the generalization to algebraically non-closed fields.

3.10 Remaining problems

3.10.1 The abundance conjecture
3.10.2 Case of numerical Kodaira dimension zero

3.10.3 Generalization to positive characteristics
3.11 Related topics

3.11.1 Boundedness results

3.11.2 Minimal log discrepancies
3.11.3 The Sarkisov program

3.11.4 Rationally connected varieties

3.11.5 The category of smooth algebraic varieties
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