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ABSTRACT. We discuss various vanishing theorems. Then we es-
tablish the fundamental theorems, that is, various Kodaira type
vanishing theorems, the cone and contraction theorem, and so on,
for quasi-log schemes.



Preface

This book is a completely revised version of the author’s unpub-
lished manuscript:

e Osamu Fujino, Introduction to the minimal model program for
log canonical pairs, preprint 2008.

We note that the above unpublished manuscript is an expanded version
of the composition of

o Osamu Fujino, Vanishing and injectivity theorems for LMMP,
preprint 2007

and

o Osamu Fujino, Notes on the log minimal model program, preprint
2007.

We also note that this book is not an introductory text book of the
minimal model program.

One of the main purposes of this book is to establish the funda-
mental theorems, that is, various Kodaira type vanishing theorems,
the cone and contraction theorem, and so on, for quasi-log schemes.
The notion of quasi-log schemes was introduced by Florin Ambro in
his epoch-making paper:

e Florin Ambro, Quasi-log varieties, Tr. Mat. Inst. Steklova
240 (2003), 220-239.

The theory of quasi-log schemes is extremely powerful. Unfortu-
nately, it has not been popular yet because Ambro’s paper has several
difficulties. Moreover, the author’s paper:

e Osame Fujino, Fundamental theorems for the log minimal model
program, Publ. Res. Inst. Math. Sci. 47 (2011), no. 3, 727-
789

recovered the main result of Ambro’s paper, that is, the cone and con-
traction theorem for normal pairs, without using the theory of quasi-log
schemes. Note that the author’s approach in the above paper is suffi-
cient for the fundamental theorems of the minimal model program for
log canonical pairs.
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iv PREFACE

Recently, the author proved that every quasi-projective semi log
canonical pair has a natural quasi-log structure which is compatible
with the original semi log canonical structure in

e Osamu Fujino, Fundamental theorems for semi log canonical
pairs, Algebraic Geometry 1 (2014), no. 2, 194-228.

This result shows that the theory of quasi-log schemes is indispens-
able for the study of semi log canonical pairs. Now the importance
of the theory of quasi-log schemes is increasing. In this book, we will
establish the foundation of quasi-log schemes.

One of the author’s main contributions in the above papers is to
introduce the theory of mixed Hodge structures on cohomology groups
with compact support to the minimal model program systematically.
By pursuing this approach, we can naturally obtain a correct general-
ization of the Fujita—Kawamata semipositivity theorem in

e Osamu Fujino, Taro Fujisawa, Variations of mixed Hodge struc-
ture and semipositivity theorems, to appear in Publ. Res. Inst.
Math. Sci.

This new powerful semipositivity theorem leads to the proof of the
projectivity of the coarse moduli spaces of stable varieties in

o Osamu Fujino, Semipositivity theorems for moduli problems,
preprint 2012.

Note that a stable variety is a projective semi log canonical variety
with ample canonical divisor.

Anyway, the theory of quasi-log schemes seems to be indispensable
for the study of higher-dimensional algebraic varieties and its impor-
tance is increasing now.

On page 57 in

e Jdanos Kolldr, Shigefumi Mori, Birational geometry of alge-
braic varieties, Cambridge University Press, 1998,

which is a standard text book on the minimal model program, the
authors wrote:

Log canonical: This is the largest class where discrep-
ancy still makes sense. It contains many cases that
are rather complicated from the cohomological point
of view. Therefore it is very hard to work with.

On page 209, they also wrote:

The theory of these so-called semi-log canonical (slc
for short) pairs is not very much different from the lc
case but it needs some foundational work.
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By the author’s series of papers including this book, we greatly
improve the situation around log canonical pairs and semi log canonical
pairs from the cohomological point of view.
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Guide for the reader

In Chapter 1, we start with Mori’s cone theorem for smooth pro-
jective varieties and his contraction theorem for smooth threefolds. It
is one of the starting points of the minimal model program. So the
minimal model program is sometimes called Mori’s program. We also
explain some examples of quasi-log schemes, the motivation of our van-
ishing theorems, the background of this book, the author’s related pa-
pers, and so on, for the reader’s convenience. Chapter 2 collects several
definitions and preliminary results. Almost all the topics in this chap-
ter are well known to the experts and are indispensable for the study of
the minimal model program. We recommend the reader to be familiar
with them. In Chapter 3, we discuss various Kodaira type vanishing
theorems and several applications. Although this chapter contains sev-
eral new results and arguments, almost all the results are standard
and are known to the experts. Chapter 4 is a survey on the minimal
model program. We discuss the basic results of the minimal model
program, the recent results by Birkar—Cascini-Hacon-M°Kernan, and
various results on log canonical pairs, log surfaces, semi log canonical
pairs by the author, and so on, without proof. Chapter 5 is devoted to
the injectivity, vanishing, and torsion-free theorems for reducible vari-
eties. They are generalizations of Kollar’s corresponding results from
the mixed Hodge theoretic viewpoint and play crucial roles in the the-
ory of quasi-log schemes. Chapter 6 is the main part of this book. We
prove the adjunction and the vanishing theorem for quasi-log schemes
as applications of the results in Chapter 5. Then we establish the
basepoint-free theorem, the rationality theorem, and the cone theorem
for quasi-log schemes, and so on. Chapter 7 collects some supplemen-
tary results and examples. We recommend the reader who is familiar
with the traditional minimal model program and is only interested in
the theory of quasi-log schemes to go directly to Chapter 6.
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CHAPTER 1

Introduction

The minimal model program is sometimes called Mori’s program
or Mori theory. This is because Shigefumi Mori’s epoch-making pa-
per | ] is one of the starting points of the minimal model program.
Therefore, we quickly review Mori’s results in | ] and | ] in Sec-
tion 1.1. In Section 1.2, we explain some basic examples of quasi-log
schemes. By using the theory of quasi-log schemes, we can treat log
canonical pairs, non-klt loci of log canonical pairs, semi log canonical
pairs, and so on, on an equal footing. By [ |, the theory of quasi-log
schemes seems to be indispensable for the study of semi log canonical
pairs. In Section 1.3, we explain some vanishing theorems, which are
much sharper than the usual Kawamata—Viehweg vanishing theorem
and the algebraic version of the Nadel vanishing theorem, in order to
motivate the reader to read this book. In Section 1.4, we give sev-
eral historical comments on this book and the recent developments of
the minimal model program for the reader’s convenience. We explain
the reason of the delay of the publication of this book. In Section
1.5, we compare this book with the unpublished manuscript written
and circulated in 2008. In Section 1.6, we quickly review the author’s
related papers and results for the reader’s convenience. In the final
section: Section 1.7, we fix the notation and some conventions of this
book.

1.1. Mori’s cone and contraction theorem

In his epoch-making paper | ], Shigefumi Mori obtained the
cone and contraction theorem. It is one of the starting points of Mori’s
program or the minimal model program (MMP, for short).

THEOREM 1.1.1 (Cone theorem). Let X be a smooth projective va-
riety defined over an algebraically closed field. Then we have the fol-
lowing properties.

(i) There are at most countably many (possibly singular) rational
curves C; on X such that

0<—(C;- Ky) <dimX +1,
1



2 1. INTRODUCTION

and

NE(X) = NE(X)kyz0+ Y _Rs[C].

Note that NE(X) is the Kleiman-Mori cone of X, that is,
the closed convex cone spanned by the numerical equivalence
classes of effective 1-cycles on X.

(ii) For any positive number € and any ample Cartier divisor H
on X, we have

NE(X) = NE(X) (s yemyzo + ) Roo[Cl].

finite

The proof of Theorem 1.1.1 in | ] depends on Mori’s bend and
break technique (see, for example, [ , Chapter 1]). It was in-
vented in | | to prove the Hartshorne conjecture.

THEOREM 1.1.2 (Hartshorne conjecture, see | ). Let X be an
n-dimensional smooth projective variety defined over an algebraically
closed field. If the tangent bundle Tx is an ample vector bundle, then
X s 1somorphic to P".

Note that Theorem 1.1.1 contains the following highly nontrivial
theorem.

THEOREM 1.1.3 (Existence of rational curves). Let X be a smooth
projective variety defined over an algebraically closed field. If Kx 1is
not nef, that is, there exists an irreducible curve C' on X such that
Kx - C <0, then X contains a (possibly singular) rational curve.

There is no known proof of Theorem 1.1.3 which does not use pos-
itive characteristic techniques even when the characteristic of the base
field is zero.

In | |, Shigefumi Mori obtained the contraction theorem for
smooth projective threefold defined over C.

THEOREM 1.1.4 (Contraction theorem, see | , Theorem 1.32]).
Let X be a smooth projective threefold defined over C. Let R be any
Kx-negative extremal ray of NE(X). Then there is a contraction mor-
phism pr : X — Y associated to R.

The following is a list of all possibilities for ¢g.

E: (Exceptional). dimY = 3, @g is birational and there are five
types of local behavior near the contracted surfaces.
El: pg is the (inverse of the) blow-up of a smooth curve in
the smooth projective threefold Y .
E2: pg is the (inverse of the) blow-up of a smooth point of the
smooth projective threefold Y .
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E3: pg is the (inverse of the) blow-up of an ordinary double
point of Y. Note that an ordinary double point is locally
analytically given by the equation

2+ 4+ 22+ w?=0.

E4: pgr is the (inverse of the) blow-up of a point of Y which
18 locally analytically given by the equation

2242+ 22+ wd=0.

E5: pgr contracts a smooth P? with normal bundle Op2(—2) to
a point of multiplicity 4 on'Y which s locally analytically
the quotient of C3 by the involution

(:E:ya 2) = (_$7 -Y _Z)‘

C: (Conic bundle). dimY =2 and ¢g is a fibration whose fibers
are plane conics. Of course, general fibers are smooth.

D: (Del Pezzo fibration). dimY =1 and general fibers of pr are
Del Pezzo surfaces.

F: (Fano variety). dimY =0, —Kx is ample. Therefore, X is a
smooth Fano threefold with the Picard number p(X) = 1.

For Mori’s bend and break technique, see, for example, | 1,
[ ], and | , Chapter 1]. For the details of the results in this
section, see the original papers | ] and | |. We also recommend
the reader to see a good survey | ]. After the epoch-making paper
[ ], Shigefumi Mori classified three-dimensional terminal singulari-
ties in | | (see also [1R2]) and then established the flip theorem for
terminal threefolds in | |. By these results with the works of Reid,
Kawamata, Shokurov, and others, we obtained the existence theorem
of minimal models for Q-factorial terminal threefolds.

Note that a shortest way to prove the existence of minimal models
for threefolds is now the combination of Shokurov’s proof of 3-fold pl
flips described in [Cor] and the reduction theorem explained in [F'13].
By this method, we are released from Mori’s deep classification of three-
dimensional terminal singularities.

One of the main purposes of this book is to establish the cone
and contraction theorem for quasi-log schemes, that is, the cone and
contraction theorem for highly singular schemes.

1.2. What is a quasi-log scheme?

In this section, we informally explain why it is natural to consider
quasi-log schemes (see Section 6.4).
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Let (Z, Bz) be a log canonical pair and let f:V — Z be a resolu-
tion with

Ky + S+ B = f"(Kz + Bz),
where Supp(S + B) is a simple normal crossing divisor, S is reduced,
and |B| < 0. It is very important to consider the non-kit locus W
of the pair (Z, By), that is, W = f(S). We consider the short exact
sequence:

0 — Oy(=5+[-B]) — Ov([-B]) — Os([-B]) — 0.

We put Kg + Bs = (Ky + S + B)|s. In our case, Bg = B|s. By the
Kawamata—Viehweg vanishing theorem, we have

R f.Oy(=S +[-B]) =0

for every ¢ > 0. Since [—B] is effective and f-exceptional, we have
f:0v([—B]) =~ Oz. Therefore, we obtain the following short exact
sequence:

0— f*Ov(—S + [—B—I) — OZ — f*OS([_BS—I) — 0.

This implies

OW ~ f*Os([—Bsfl)
Note that the ideal sheaf f.Oy(—S + [—B]) is denoted by J(Z, Bz)
and is called the multiplier ideal sheaf of the pair (Z, By).

Therefore, it is natural to introduce the following notion. Precisely
speaking, a qlc pair is a quasi-log scheme with only qlc singularities.

DEFINITION 1.2.1 (Qlc pairs). A glc pair [X, w] is a scheme X en-
dowed with an R-Cartier divisor (or R-line bundle) w such that there
is a proper morphism f : (Y, By) — X satisfying the following condi-
tions.

(1) Y is a simple normal crossing divisor on a smooth variety M
and there exists an R-divisor D on M such that Supp(D +Y")
is a simple normal crossing divisor, Y and D have no common
irreducible components, and By = Dly.

(2) f*w ~R Ky + By.

(3) By is a subboundary R-divisor, that is, b; < 1 for every i when

(4) Ox ~ F.Oy (=(B§)]), where Bf' = 3, _, biB:.

It is easy to see that the pair [W,w], where w = (Kx + B)|w, with
f : (S,Bs) — W satisfies the definition of glc pairs. We note that
the pair [Z, Kz + Bz| with f : (V, S+ B) — Z is also a glc pair since
f+Ov([—B]) = Oz. Thus, we can treat log canonical pairs and non-klt
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loci of log canonical pairs in the same framework once we introduce the
notion of qglc pairs.
Moreover, we have:

THEOREM 1.2.2. Let (X, A) be a quasi-projective semi log canonical
pair. Then [X, Kx + Al is naturally a qlc pair.

Theorem 1.2.2 is the main theorem of [F'33], which is highly non-
trivial and depends on the recent development of the theory of partial
resolution of singularities for reducible varieties (see [BM] and | D-
For the details of Theorem 1.2.2, see [F'33] (see also Theorem 4.11.9
below).

Anyway, by Theorem 1.2.2, we can treat log canonical pairs, non-klt
loci of log canonical pairs, quasi-projective semi log canonical pairs, and
so on, on an equal footing by using the theory of quasi-log schemes. The
author thinks that Theorem 1.2.2 drastically increased the importance
of the theory of quasi-log schemes.

In this book, we establish the fundamental theorems, that is, various
Kodaira type vanishing theorems, the cone and contraction theorem,
and so on, for quasi-log schemes. For that purpose, we prove the Hodge
theoretic injectivity theorem for simple normal crossing pairs (see The-
orem 5.1.1) and the injectivity, vanishing, and torsion-free theorems
for simple normal crossing pairs (see Theorem 5.1.3). The main in-
gredient of our framework is the theory of mixed Hodge structures on
cohomology with compact support.

1.3. Motivation

The following results will motivate the reader to study our new
framework, which is more powerful than the traditional X-method
based on the Kawamata—Viehweg vanishing theorem (see, for example,
[ ] and | ]), and the theory of algebraic multiplier ideal
sheaves (see, for example, [La2, Part Three|), which depends on the
Nadel vanishing theorem.

THEOREM 1.3.1. Let X be a normal projective variety and let B be
an effective R-divisor on X such that (X, B) is log canonical. Let L
be a Cartier divisor on X. Assume that L — (Kx + B) is ample. Let
{C;} be any set of log canonical centers of the pair (X, B). We put
W = |JC; with the reduced scheme structure. Then we have

H'(X, Ty ® Ox(L)) =0
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for every i > 0, where Ly, is the defining ideal sheaf of W on X. In
particular, the natural restriction map

H°(X,0x(L)) — H(W, Ow (L))

is surjective. Therefore, if (X, B) has a zero-dimensional log canonical
center, then the linear system |L| is not empty and the base locus of
|L| contains no zero-dimensional log canonical centers of (X, B).

More generally, we have:

THEOREM 1.3.2. Let X be a normal projective variety and let B be
an effective R-diwisor on X such that Kx + B is R-Cartier. Let L be
a Cartier divisor on X. Assume that L — (Kx + B) is nef and log big
with respect to the pair (X, B). Let Nlc(X, B) denote the non-lc locus
of the pair (X, B). Let {C;} be any set of log canonical centers of the
pair (X, B). We put

W =Nle(X,B)ul JC.

Then W has a natural scheme structure induced by the pair (X, B),
and

H'(X, Iy ® Ox(L)) =0
holds for every v > 0, where Iy, is the defining ideal sheaf of W on X.

Although we did not define the scheme structure of W explicitly
here, it is natural and Theorem 1.3.2 is a generalization of Theorem
1.3.1. Note that Theorem 1.3.2 is a very special case of Theorem 6.3.4.
We also note that the proof of Theorem 1.3.2 is much harder than the
proof of Theorem 1.3.1.

1.3.3. In Theorem 1.3.2, if we assume that W is the union of all
the log canonical centers of (X, B), then Zy, becomes the multiplier
ideal sheaf J (X, B) of the pair (X, B). In this case, W is the non-klt
locus of the pair (X, B) and the vanishing theorem in Theorem 1.3.2
is nothing but the Nadel vanishing theorem:

H (X, J(X,B)® Ox(L)) =0

for every ¢ > 0. Therefore, Theorem 1.3.2 is a generalization of the
Nadel vanishing theorem. It is obvious that Theorem 1.3.2 is also
a generalization of the Kawamata—-Viehweg vanishing theorem. Note
that Zyy = Ox when W and Nlc(X, B) are empty.

Let us see a simple setting to understand the difference between
our new framework and the traditional one.
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1.3.4. Let X be a smooth projective surface and let C; and C5 be
smooth curves on X. Assume that C'; and Cs intersect only at a point
P transversally. Let L be a Cartier divisor on X such that L—(Kx+B)
is ample, where B = C} 4 Cs. It is obvious that (X, B) is log canonical
and P is a log canonical center of (X, B). Then, by Theorem 1.3.1, we
can directly obtain

H(X,Zp ® Ox (L)) = 0

for every ¢ > 0, where Zp is the defining ideal sheaf of P on X.

In the classical framework, we prove it as follows. Let C' be a general
curve passing through P. We take small positive rational numbers e
and ¢ such that (X, (1 —¢)B + dC) is log canonical and is kawamata
log terminal outside P and that P is an isolated log canonical center
of (X, (1 —¢)B+4C). Since € and § are small,

L—(Kx+(1—-¢)B+0dC)
is still ample. By the Nadel vanishing theorem, we obtain

for every @ > 0. We note that Zp is nothing but the multiplier ideal
sheaf associated to the pair (X, (1 —¢)B + 6C).

By our new vanishing theorems (see, Theorem 1.3.1, Theorem 1.3.2,
and so on), the reader will be released from annoyance of perturbing
coefficients of boundary divisors.

In Chapter 5, we will generalize Kollar’s torsion-free and vanishing
theorem (see Theorem 5.1.3). As an application, we will prove Theorem
6.3.4, which contains Theorem 1.3.2. Note that Kollar’s torsion-free
and vanishing theorem is equivalent to Kollar’s injectivity theorem.

Let us try to give a proof of a very special case of Theorem 1.3.1
by using Kollar’s torsion-free and vanishing theorem.

THEOREM 1.3.5. Let S be a normal projective surface which has
only one simple elliptic Gorenstein singularity Q € S. We put X =
S x P! and B =S x {0}. Then the pair (X, B) is log canonical. It is
easy to see that P = (Q,0) € X is a log canonical center of (X, B). Let
L be a Cartier divisor on X such that L — (Kx + B) is ample. Then
we have

H(X,Tp ® Ox(L)) =0

for every i > 0, where Ip is the defining ideal sheaf of P on X. We
note that X s not kawamata log terminal and that P s not an isolated
log canonical center of (X, B).
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ProOOF. Let ¢ : T' — S be the minimal resolution. Then we can
write Kr 4+ C = ¢*Kg, where C' is the p-exceptional elliptic curve on
T. Weput Y =T xPland f = ¢ xidp : Y — X, where idp: : P! — P!
is the identity. Then f is a resolution of X and we can write

Ky + By + E = f"(Kx + B),

where By is the strict transform of B on Y and E ~ C x P! is the
exceptional divisor of f. Let g : Z — Y be the blow-up along £ N By.
Then we can write

Kz + Bz + Ez + F =g"(Ky + By + E) = h*(Kx + B),

where h = fog, By (resp. Ez) is the strict transform of By (resp. E)
on Z, and F' is the g-exceptional divisor. We note that

Ip ~ h,Oz(—F) C h,Oz ~ Ox.
Since —F = Kz + Bz + Ez — h*(Kx + B), we have
Ip @ Ox(L) ~h.Oz(Kz+ Bz + Ez) @ Ox(L — (Kx + B)).
So, it is sufficient to prove that
HY(X,h,Oy(Kz+ Bz +Ez)®@L) =0

for every ¢ > 0 and any ample line bundle £ on X. We consider the
short exact sequence

0— Oz(Kz) = Oz(Kz + Ez) — Op,(Kg,) — 0.
We can easily check that
0 — h,Oz(Kz) = h,Oz(Kz + Ez) — h,Op,(Kg,) — 0
is exact and
R'h,Oy(Kz+ Ez) ~ R'h,Op,(Kg,)

for every i > 0 because R'h,0Oz(Kz) = 0 for every i > 0. The fact
R'h,Oz(Kz) = 0 for every ¢ > 0 is a special case of Kollar’s torsion-free
theorem since h is birational. We can directly check that

th*OEZ(KEz) ~ le*OE(KE) ~ OD(KD),

where D = Q x P! € X. Therefore, R'h,Oz(Kz + Ez) ~ Op(Kp) is
a torsion sheaf on X. However, it is torsion-free as a sheaf on D. It is
a generalization of Kollar’s torsion-free theorem. We consider

0— Oz(Kz+ Ez) — Oz(Kz+ Bz + Ez) — Op,(Kp,) — 0.
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We note that Bz N Ez = (). Thus, we have

0— h*Oz(KZ —+ Ez) — h*Oz<KZ + By + Ez) — h*OBZ<KBZ>
i) th*Oz(Kz —|—Ez) —

Since Supp h.Ogp,(Kp,) = B, 0 is a zero map by R'h,Oz(Kz+ By) =~
Op(Kp). Therefore, we know that the following sequence

0— h*Oz(KZ + Ez) — h*OZ<KZ -+ BZ + Ez) — h*OBZ<KBZ) —0

is exact. By Kollar’s vanishing theorem on By, it is sufficient to prove
that H(X, h.Oz(Kz + Ez) ® L) = 0 for every i > 0 and any ample
line bundle £. We have

HY(X,h0z(Kz) @ L) = H(X,h.Op,(Kg,) @ L) =0

for every @ > 0 by Kollar’s vanishing theorem. By the following exact
sequence

c— HY(X, h,0z(Kz) @ L) — H(X,h,Oz(K; + E;) @ L)

we obtain the desired vanishing theorem. Anyway, we have
for every ¢ > 0. U

The actual proof of Theorem 1.3.2 (see Theorem 6.3.4) depends
on much more sophisticated arguments of the theory of mixed Hodge
structures on cohomology groups with compact support.

REMARK 1.3.6. In Theorem 1.3.5, X is log canonical and is not
kawamata log terminal. Note that D = @ x P! C X is a one-
dimensional log canonical center of X passing through P. Therefore,
in order to prove Theorem 1.3.5, we can not apply the traditional per-
turbation technique as in 1.3.4.

In Chapter 5, we will first generalize Kollar’s injectivity theorem
(see Theorem 5.1.1 and Theorem 5.1.2). Next, we will obtain a general-
ization of Kollar’s torsion-free and vanishing theorem as an application
(see Theorem 5.1.3). Finally, we will apply it to quasi-log schemes in
Chapter 6.
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1.4. Background

In this section, we give some historical comments on the theory of
quasi-log schemes and the recent developments of the minimal model
program.

In November 2001, Ambro’s preprint:

e Florin Ambro, Generalized log varieties

appeared on the archive. It was a preprint version of | |. T think
that it did not attract so much attention when it appeared on the
archive. A preprint version of [Sh4], which was first circulated around
2000, attracted much more attention than Ambro’s preprint. In Feb-
ruary 2002, a working seminar on Shokurov’s preprint, which was or-
ganized by Alessio Corti, started in the Newton Institute. I stayed at
the Newton Institute in February and March to attend the working
seminar. The book | | is an outcome of this working seminar.
On October 5, 2006, a preprint version of | | appeared on
the archive. In November, I invited Hiromichi Takagi to Nagoya from
Tokyo and tried to understand the preprint. Although it was much
more complicated than the published version, we soon recognized that
it is essentially correct. This meant that I lost my goal in life. In
December 2006, Christopher Hacon and James M°Kernan gave talks
on [ ] at Echigo Yuzawa in Japan. In January 2007, Hiromichi
Takagi gave a series of lectures on | | for graduate students in
Kyoto. T visited Kyoto to attend his lectures. If I remember cor-
rectly, Masayuki Kawakita had already understood | | in Jan-
uary 2007. In March 2007, Caucher Birkar visited Japan and gave
several talks on his results in Tokyo and Kyoto. In Japan, a preprint

version of | | was digested quickly. We note that Hiromichi
Takagi, Masayuki Kawakita, and I were the participants of the work-
ing seminar on Shokurov’s preprint ([Sh4]) in the Newton Institute in
2002. After I read a preprint version of | |, T decided to establish
vanishing theorems sufficient for the theory of quasi-log schemes. We
had already known that Ambro’s paper | | contains various diffi-
culties. In April 2007, T finished a preprint version of | ] and sent it

to some experts. Then I visited MSRI to attend a workshop. The title
of the workshop is Hot topics: Minimal and Canonical Models in Al-
gebraic Geometry. Of course, I tried to publish [F'14]. Unfortunately,
the referees did not understand the importance of [F'14]. I think that
many experts including the referees were busy in reading | ] and
were not interested in [F'14] in 2007. So I changed my plan and decided
to combine [F'14] and [F'15] and publish it as a book. In June 2008,
I sent a preliminary version of | ], which is version 2.0, to some
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experts including Janos Kollar. He kindly gave me some comments
although I did not understand them. After I moved to Kyoto from
Nagoya in October, I visited Princeton to ask advice to Janos Kollar
in November. When I visited Princeton, he was preparing | | and
gave me a copy of a draft. During my stay at Princeton, he asked
Christopher Hacon about the existence of dlt blow-ups by e-mail. He
gave me a copy of the e-mail from Hacon which proved the existence of
dlt blow-ups. In December 2008, I suddenly came up with a good idea
when I attended Professor Hironaka’s talk at RIMS on the resolution of
singularities. Then I soon got a very short proof of the basepoint-free
theorem for log canonical pairs without using the theory of quasi-log
schemes (see [F'27]). By using dlt blow-ups, I succeeded in proving the
fundamental theorems for log canonical pairs very easily (see [F'27]).
In [F28], T recovered the main result of | ], that is, the fundamen-
tal theorems for normal pairs, and got some generalizations without
using the theory of quasi-log schemes. Therefore, I lost much of my
interests in the theory of quasi-log schemes. This is the main reason of
the delay of the revision and publication of | |. In May 2011, Janos
Kollar informed me of the development of the theory of partial reso-
lution of singularities for reducible varieties in Kyoto. It looked very
attractive for me. In September, a preprint version of | | appeared
on the archive. By using this new result, in January 2012, I proved that
every quasi-projective semi log canonical pair has a natural quasi-log
structure with only quasi-log canonical singularities (see [F'33]). This
result shows that the theory of quasi-log schemes is indispensable for
the cohomological study of semi log canonical pairs.

After I wrote [F'17], the minimal model theory for log canonical
pairs has developed. For the details, see, for example, | ], [F'38],
[ ]7 [ ]7 [ ]7 [ ]7 [ ], [ ], and so on.

1.5. Comparison with the unpublished manuscript

In this section, we compare this book with the author’s unpublished
manuscript:

o Osamu Fujino, Introduction to the minimal model program for
log canonical pairs, preprint 2008

for the reader’s convenience. The version 6.01 of the above manuscript
(see [F'17]), which was circulated in January 2009, is available from
arXiv.org. We think that [F'17] has already been referred and used in
many papers.

This book does not cover Subsections 3.1.4, 3.2.6, and 3.2.7 in
[F'17]. Subsection 3.1.4 in [F'17] is included in [F'38, Section 7] with
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some revisions. Subsections 3.2.6 and 3.2.7 in [F'17] are essentially
contained in [F'39]. For the details, see [F'38] and [F'39].
Chapter 2 of [F'17] is now the main part of Chapter 5 in this book.

Note that we greatly revised the proof of the Hodge theoretic injectivity
theorems, which were called the fundamental injectivity theorems in
[F'17]. Please compare [F'17, Section 2.3] with Section 5.4. Note that
the results in Chapter 5 are better than those in Chapter 2 of [F'17].

Chapter 6 of this book consists of Section 3.2 and Section 3.3 in
[F'17] and Section 4.1 in [F'17] with several revisions. Of course, the
quality of Chapter 6 of this book is much better than that of the cor-
responding part of [F'17].

Chapter 3 except Section 3.13 and Section 3.15 is new. Although
Chapter 3 contains some new arguments and some new results, almost
all results are standard or known to the experts. We wrote Chapter 3
for the reader’s convenience.

In this book, we expanded the explanation of the minimal model
program compared with [F'17]. Tt is Chapter 4 of this book. Chap-
ter 4 contains many results obtained after [F'17] was written in 2008.
We hope that Chapter 4 will help the reader understand the recent
developments of the minimal model program.

1.6. Related papers

In this section, we review the author’s related papers for the reader’s
convenience.

In [F'6, Section 2], we obtained some special cases of the torsion-
free theorem for log canonical pairs and Kollar type vanishing theorem
for log canonical pairs. The semipositivity theorem in [F'6] is now
completely generalized in [F'F] (see also | ). The paper [FF] is
in the same framework as [F'32], [F36], and this book. Therefore,
we recommend the reader to see [F'F] after reading this book. The
paper [F'23] is a survey article of the theory of quasi-log schemes. We
recommend the reader to see [['23] before reading Chapter 6. The two
short papers [F'18] and [F27] are almost sufficient for the fundamental
theorems for projective log canonical pairs although the paper [ ]
superseded [F'18] and [F'27]. As a nontrivial application of [F'28], we
obtained the minimal model theory for Q-factorial surfaces in | ]
(see Section 4.10). The results in [F'29] are sharper than the traditional
minimal model theory for singular surfaces. In [F'19] and [F'21], we
generalized the effective basepoint-free theorems for log canonical pairs.
We can not reach these results by the traditional X-method and the
theory of multiplier ideal sheaves. Chapter 5 of this book contains the
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main results of the papers [F'32] and [F'36]. However, this book does
not contain applications discussed in [F'32] and [F'36]. In this book,
we do not prove Theorem 1.2.2 (see also Section 4.11). For the details
on semi log canonical pairs, see | ].  For applications to moduli
problems of stable varieties, see [F'35].

In the author’s recent preprint [F'39], we clarify the definition of

quasi-log structures and make the theory of quasi-log schemes more
flexible and more useful. Note that the definition of quasi-log schemes
in this book is slightly different from Ambro’s original one although
they are equivalent. For the details of the relationship between our
definition and Ambro’s original one, see [F'39]. In [F'40], we introduce
various new operations for quasi-log structures. Then we prove the
basepoint-free theorem of Reid-Fukuda type for quasi-log schemes as an
application (see Section 6.9). We note that the basepoint-free theorem
of Reid—Fukuda type for quasi-log schemes was proved under some
extra assumptions in [F'17] and in this book (see Section 6.9).

1.7. Notation and convention
We fix the notation and the convention of this book.

1.7.1 (Schemes and varieties). A scheme means a separated scheme
of finite type over an algebraically closed field k. A wvariety means
a reduced scheme, that is, a reduced separated scheme of finite type
over an algebraically closed field k. We note that a variety in this
book may be reducible and is not always equidimensional. However,
we sometimes implicitly assume that a variety is irreducible without
mentioning it explicitly if there is no risk of confusion. If it is not
explicitly stated, then the field & is the complex number field C. We
note that, by using the Lefschetz principle, we can extend almost all
the results over C in this book to the case when k is an arbitrary
algebraically closed field of characteristic zero.

1.7.2 (Birational map). A birational map f : X --» Y between
schemes means that f is a rational map such that there are Zariski
open dense subsets U of X and V of Y with f: U — V.

1.7.3 (Exceptional locus). For a birational morphism f : X — Y,
the exceptional locus Exc(f) C X is the set

{z € X | f is not biregular at z},

that is, the set of points {z € X} where f~! is not a morphism at
f(z). We usually see Exc(f) as a subscheme with the induced reduced
structure.
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1.7.4 (Pairs). A pair [X, w| consists of a scheme X and an R-Cartier
divisor (or R-line bundle) on X.

1.7.5 (Dualizing complex and dualizing sheaf). The symbol w$ de-
notes the dualizing complex of X. When X is an equidimensional va-
riety with dim X = d, then we put wx = H %(w%) and call it the
dualizing sheaf of X.

1.7.6 (see | , Definition 2.24]). Let X be an equidimensional
variety, let f : Y — X be a (not necessarily proper) birational mor-
phism from a normal variety Y, and let F be a prime divisor on Y.
Any such E is called a divisor over X. The closure of f(F) C X is
called the center of E on X.

1.7.7 (... for every m > 0). The expression ‘... for every m > 0’
means that ‘there exists a positive number mg such that ... for every
m > mg.

1.78 (Z, Z>o, Z=o, Q, R, Rsp, and R.(). The set of integers
(resp. rational numbers or real numbers) is denoted by Z (resp. Q or
R). The set of non-negative (resp. positive) real numbers is denoted by
R>q (resp. Rsg). Of course, Z>q (resp. Zg) is the set of non-negative
(resp. positive) integers.



CHAPTER 2

Preliminaries

In this chapter, we collect the basic definitions of the minimal model
program for the reader’s convenience.

In Section 2.1, we recall some basic definitions and properties of
Q-divisors and R-divisors. The use of R-divisors is indispensable for
the recent developments of the minimal model program. Moreover, we
have to treat R-divisors on reducible non-normal varieties in this book.
In Section 2.2, we recall some basic definitions and properties of the
Kleiman—Mori cone. Note that Kleiman’s famous ampleness criterion
does not always hold for complete non-projective singular algebraic va-
rieties. In Section 2.3, we discuss discrepancy coefficients, singularities
of pairs, negativity lemmas, and so on. They are very important in
the minimal model theory. In Section 2.4, we recall the litaka dimen-
sion, the numerical Iitaka dimension, movable divisors, pseudo-effective
divisors, Nakayama’s numerical dimension, and so on.

2.1. Divisors, Q-divisors, and R-divisors

Let us start with the definition of simple normal crossing divisors
and normal crossing divisors.

DEFINITION 2.1.1 (Simple normal crossing divisors and normal
crossing divisors). Let X be a smooth algebraic variety. A reduced
effective Cartier divisor D on X is said to be a simple normal crossing
divisor (resp. normal crossing divisor) if for each closed point p of X
a local defining equation f of D at p can be written as

f:zl...sz

in Ox,, (resp. @Xyp), where {z1,---,2;,} is a part of a regular system
of parameters.

Note that the notion of Q-factoriality plays important roles in the
minimal model program.

DEFINITION 2.1.2 (Q-factoriality). A normal variety X is said to
be Q-factorial if every prime divisor D on X is Q-Cartier, that is, some
non-zero multiple of D is Cartier.

15
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Example 2.1.3 shows that the notion of Q-factoriality is very subtle.
EXAMPLE 2.1.3 (cf. | ]). We consider
X ={(z,y,z,w) € C*|zy + 2w + 2* + w* = 0}.

CramM. The algebraic variety X is Q-factorial. More precisely, X
15 factorial, that is,

R =Clz,y,z,w]/(zy + 2w + 2° + w°)

is a UFD.

PrRoOOF OF CrLAIM. By Nagata’s lemma (see [ , p- 196]), it
is sufficient to see that - R is a prime ideal of R and R[1/z] is a UFD.
It is an easy exercise. U

CrAIM. Let X" be the associated analytic space of X. Then X"
15 not analytically Q-factorial.

Proor or CrLAIM. We consider a germ of X®" around the origin.
Then X® is local analytically isomorphic to (zy — uv = 0) Cc C.
Therefore, X*" is not Q-factorial since the two divisors (z = u = 0)
and (y = v = 0) intersect at a single point. Note that two Q-Cartier
divisors must intersect each other in codimension one. 0

Lemma 2.1.4 is well known and is sometimes very useful. For other
proofs,; see | , Proposition 5.8], | , Corollary 2.63], and so on.

LEMMA 2.1.4. Let f : X — Y be a birational morphism between
normal varieties. Assume that Y is Q-factorial. Then the exceptional
locus Exc(f) of f is of pure codimension one.

PROOF. Let = € Exc(f) be a point. Without loss of generality, we
may assume that X is affine by replacing X with an affine neighborhood
of z. We assume that X C C¥, with coordinates t;,--- ,ty, and that
g = f!is the map given by t; = g; for i = 1,--- , N, with g; € C(Y).
It is obvious that g; = ¢g*t;. We put y = f(x). Since f~! = ¢ is not
regular at y, we may assume that g, is not regular at y. By assumption,
the divisor class group of Oy, is torsion. Therefore, we can write

for some positive integer m and some relatively prime elements u,v €
Oy,. Since gy is not regular at y, we have v(y) = 0. Note that Y is
normal. Therefore, (u = v = 0) has codimension two in Y and

(fru=fv=0)=(fv=Ffv=02(fv=03z

has codimension one at z. O
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As is well-known, the notion of Q-divisors and R-divisors is indis-
pensable for the minimal model program.

DEFINITION 2.1.5 (Q-Cartier divisors and R-Cartier divisors). An
R-Cartier (resp. Q-Cartier) divisor D on a scheme X is a finite R-linear
(Q-linear) combination of Cartier divisors.

Let us recall the definition of ample R-divisors.

DEFINITION 2.1.6 (Ample R-divisors). Let 7 : X — S be a mor-
phism between schemes. An R-Cartier divisor D on a scheme X is said
to be m-ample if D is a finite R y-linear combination of m-ample Cartier
divisors on X. We simply say that D is ample when S is a point.

We need various operations of Q-divisors and R-divisors in this
book.

2.1.7 (Q-divisors and R-divisors). Let B; and B, be two R-Cartier
divisors on a scheme X. Then Bj is linearly (resp. Q-linearly, or R-
linearly) equivalent to B, denoted by By ~ By (resp. By ~g Ba, or
Bl ~R BQ) lf

k
B, = B2+Zri(fi>

such that f; € I'(X,K%) and r; € Z (resp. r; € Q, or r; € R) for every
1. Here, Kx is the sheaf of total quotient rings of Ox and K% is the
sheaf of invertible elements in the sheaf of rings x. We note that
(f:) is a principal Cartier divisor associated to f;, that is, the image of
fi by T'(X, K%) — I'(X, K% /O%), where O% is the sheaf of invertible
elements in Oyx.

Let f : X — Y be a morphism between schemes. If there is an
R-Cartier divisor B on Y such that

By, ~g Ba+ "B,

then B is said to be relatively R-linearly equivalent to Bs. It is denoted
by By ~r,s By or By ~gryy DBs.

When X is complete, By is numerically equivalent to By, denoted
by By = By, if By - C'= By - C for every curve C' on X (see also 2.2.1
below).

Let D be a Q-divisor (resp. R-divisor) on an equidimensional variety
X, that is, D is a finite formal Q-linear (resp. R-linear) combination

D= ZdiDi
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of irreducible reduced subschemes D; of codimension one. We define
the round-up [D] = > .[d;|D; (resp. round-down |D| = >".|d;|D;),
where every real number z, [x] (resp. |x]) is the integer defined by
x<[x] <xz+1(resp. z — 1 < || < x). The fractional part {D} of
D denotes D — | D]. We set

D<'=) d&D; D*'=) dD; and D~'=) D
d;=1

d;<1 d;>1

We can define D=!, D>1, and so on, analogously. We call D a boundary
(resp. subboundary) R-divisor if 0 < d; <1 (resp. d; < 1) for every i.

2.1.8 (Big divisors). Let us collect some basic definitions and prop-
erties of big divisors. For the details, [Lal, Section 2.2], | N :
Chapter II. §3.d], [U, Chapter II], and so on. For the details of big
R-divisors on (not necessarily normal) irreducible varieties, see [F'33,
Appendix A. Big R-divisors].

DEFINITION 2.1.9 (Big Cartier divisors). Let X be a normal com-
plete irreducible variety and let D be a Cartier divisor on X. Then D
is big if one of the following equivalent conditions holds.

(1) errel%ico{diQOD‘(X)} = dim X, where ®j,,p : X --» PV is

the rational map associated to the linear system |mD| and
Pp|(X) is the image of ®,,p).
(2) There exist a rational number « and a positive integer mg such
that
amd™* < dim H°(X, Ox (mmeD))
for every m > 0.

It is well known that we can take mo = 1 in the condition (2) (see, for
example, [Lal, Corollary 2.1.38], | , Chapter I1.3.17. Corollary],
and so on).

For non-normal varieties, we need the following definition.

DEFINITION 2.1.10 (Big Cartier divisors on non-normal varieties).
Let X be a complete irreducible variety and let D be a Cartier divisor

on X. Then D is big if v*D is big on X”, where v : X¥ — X is the
normalization.

Before we define big R-divisors, let us recall the definition of big
Q-divisors.

DEFINITION 2.1.11 (Big Q-divisors). Let X be a complete irre-
ducible variety and let D be a Q-Cartier divisor on X. Then D is big
if mD is a big Cartier divisor for some positive integer m.
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We note the following obvious lemma.

LEMMA 2.1.12. Let f : W — V be a birational morphism between

normal complete irreducible varieties and let D be a Q-Cartier divisor
on V. Then D 1is big if and only if so is f*D.

Next, let us define big R-divisors.

DEFINITION 2.1.13 (Big R-divisors on complete varieties). An R-
Cartier divisor D on a complete irreducible variety X is big if it can be

written in the form
D = Z CLZ'DZ'
i

where each D; is a big Cartier divisor and a; is a positive real number
for every 1.

REMARK 2.1.14. Definition 2.1.13 is compatible with Definition
2.1.11. This means that if a Q-Cartier divisor D is big in the sense
of Definition 2.1.13 then D is big in the sense of Definition 2.1.11. For
the details, see [F'33, Appendix A].

We can check the following proposition.

PROPOSITION 2.1.15 (see [['33, Proposition A.14]). Let D be an
R-Cartier divisor on a normal complete irreducible variety X. Then
the following conditions are equivalent.

(1) D is big.
(2) There exist a positive rational number o and a positive integer
mg such that

am®™* < dim H°(X, Ox (|mmeD]))
for every m > 0.

Note that we do not assume that X is projective in Proposition
2.1.15. We omit the proof of Proposition 2.1.15 here since we do not
use it explicitly in this book. For the proof, see | , Proposition
A.14].

DEFINITION 2.1.16 (Big R-divisors on complete reducible varieties).
Let X be a complete reducible variety and let D be an R-Cartier divisor
on X. Then D is big if D]y, is big for every irreducible component X;
of X.

DEFINITION 2.1.17 (Relative big R-divisors). Let 7 : X — S be
a proper morphism from a variety X to a scheme S and let D be
an R-Cartier divisor on X. Then D is called w-big or big over S if
the restriction of D to the geometric generic fiber of every irreducible
component of w(X) is big.
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The following version of Kodaira’s lemma is suitable for our pur-
poses.

LEMMA 2.1.18 (Kodaira). Let X be a projective irreducible variety
and let D be a big Cartier divisor on X. Let H be any Cartier divisor
on X. Then there exists a positive integer a such that

HO(X,Ox(aD — H)) # 0.

Therefore, we can write aD ~ H + E for some effective Cartier divisor
E on X.

Proor. We put n = dim X, Let v : X¥ — X be the normalization.
We consider the following short exact sequence

0— Ox —v,0Ox» — 9§ — 0.

Note that dim Suppd < n. By taking ® Ox(mD) and taking cohomol-
ogy, we obtain

0 — H(X,Ox(mD)) — H°(X", Oxv(mv*D))
— HY(X,6 ® Ox(mD)) — -

Since v*D is big by definition, there is a positive rational number oy
such that dim H°(X", Ox»(mv*D)) > aym™ for every m > 0. Since
dim Suppd < n, there is a positive rational number as such that
dim H(X,0 ® Ox(mD)) < agm” for every m > 0. Therefore, there is
a positive rational number oz such that dim H°(X, Ox(mD)) > azm™
for every m > 0. By adding a sufficiently ample divisor to H, we
may assume that H is a very ample effective divisor on X. Note that
there is a positive rational number oy, such that dim H°(H, Oy (mD)) <

aym™ ! since dim H = n — 1. Then, by

0 — H(X,O0x(mD — H)) — H°(X,Ox(mD))
— H°(H,Oyx(mD)) — -,
we obtain H°(X, Ox(aD — H)) # 0 for some positive integer a. O

We will repeatedly use Kodaira’s lemma (Lemma 2.1.18) and its
variants throughout this book.

2.1.19 (Semi-ample divisors). Let us recall some basic properties of
semi-ample divisors. In this book, we have to deal with semi-ample
R-divisors.

DEFINITION 2.1.20 (Semi-ample R-divisors). Let 7 : X — S be a
morphism between schemes. An R-Cartier divisor D on X is w-semi-
ample if D ~g >, a;D;, where D; is a m-semi-ample Cartier divisor on
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X and a; is a positive real number for every i. We simply say that D
is semi-ample when S is a point.

REMARK 2.1.21. In Definition 2.1.20, we can replace D ~g Y . a;D;
with D = ). a;D; since every principal Cartier divisor on X is 7-semi-
ample.

We note the following two lemmas.

LEMMA 2.1.22 (see [F'28, Lemma 4.13]). Let D be an R-Cartier
divisor on X and let 1 : X — S be a morphism between schemes.
Then the following conditions are equivalent.

(1) D is m-semi-ample.

(2) There ezists a morphism f: X — Y over S such that D ~g
f*A, where A is an R-Cartier divisor on Y which is ample
over S.

PROOF. It is obvious that (1) follows from (2). If D is m-semi-
ample, then we can write D ~g Y. a;D; as in Definition 2.1.20. By
replacing D; with its multiple, we may assume that ©*m,.Ox(D;) —
Ox(D;) is surjective for every i. Let f : X — Y be a morphism over
S obtained by the surjection 7*m,Ox (>, D;) — Ox (>, D;). Then it
is easy to see that f :Y — X has the desired property. 0

LEMMA 2.1.23 (see ['28, Lemma 4.14]). Let D be a Cartier divisor
on X and let m: X — S be a morphism between schemes. If D is 7-
semi-ample in the sense of Definition 2.1.20, then D is w-semi-ample
in the usual sense, that is, T*m.Ox(mD) — Ox(mD) is surjective for
some positive integer m. This means that Definition 2.1.20 is compat-
ible with the usual definition.

ProOOF. We write D ~p > . a;D; as in Definition 2.1.20. Let
f + X — Y be a morphism in Lemma 2.1.22 (2). By taking the
Stein factorization, we may assume that f has connected fibers. By
construction, D; ~q,¢ 0 for every i. By replacing D; with its multiple,
we may assume that D; ~ f*D. for some Cartier divisor D, on Y for
every i. Let U be any Zariski open set of Y on which D] ~ 0 for every
i. On f~Y(U), we have D ~g 0. This implies D ~g 0 on f~'(U) since
D is Cartier. Therefore, there exists a positive integer m such that
f*f:Ox(mD) — Ox(mD) is surjective. By this surjection, we have
mD ~ f*A for a Cartier divisor A on Y which is ample over S. This
means that D is m-semi-ample in the usual sense. 0
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2.2. Kleiman—Mori cone

In this short section, we explain the Kleiman—Mori cone and give
some interesting examples.

2.2.1 (Kleiman—-Mori cone, see [Kle]). Let X be a scheme over C
and let 7 : X — S be a proper morphism between schemes. Let Pic(X)
be the group of line bundles on X. Take a complete curve on X which
is mapped to a point by 7. For £ € Pic(X), we define the intersection
number £ - C' = degg f*L, where f : C — C is the normalization of C.
By this intersection pairing, we introduce a bilinear form

- Pic(X) x Z1(X/S) — Z,
where Z1(X/S) is the free abelian group generated by integral curves
which are mapped to points on S by 7.

Now we have the notion of numerical equivalence both in Z;(X/5S)
and in Pic(X), which is denoted by =, and we obtain a perfect pairing
NY(X/S) x Ni(X/S) — R,

where
N'(X/S) = {Pic(X)/ =} ®R and N (X/S)={Z,(X/S)/ =}R,
namely N'(X/S) and N;(X/S) are dual to each other through this
intersection pairing. It is well known that
We write

p(X/S) = dimg N*(X/S) = dimg N, (X/S).

We define the Kleiman-Mori cone NE(X/S) of 7 : X — S as the
closed convex cone in N;(X/S) generated by integral curves on X
which are mapped to points on S by 7. When S = SpecC, we drop
/Spec C from the notation, e.g., we simply write N;(X) instead of

N1(X/ SpecC).

DEFINITION 2.2.2. An element D € N'(X/S) is called 7-nef (or
relatively nef for w), if D > 0 on NE(X/S). When S = SpecC, we
simply say that D is nef.

Kleiman’s ampleness criterion is an important result.

THEOREM 2.2.3 (Kleiman’s criterion for ampleness, see [Kle]). Let
m: X — § be a projective morphism between schemes. Then L €
Pic(X) 1s w-ample if and only if the numerical class of L in N*(X/S)
gives a positive function on NE(X/S)\ {0}.
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REMARK 2.2.4. Let 7 : X — S be a projective morphism between
schemes. Let D be a Cartier divisor on X. If D is m-ample in the sense
of Definition 2.1.6, then D is a m-ample Cartier divisor in the usual
sense by Theorem 2.2.3.

In Theorem 2.2.3, we have to assume that 7 : X — S is projective
since there are complete non-projective algebraic varieties for which
Kleiman’s criterion does not hold. We recall the explicit example given
in [F'9] for the reader’s convenience. For the details of this example,
see [F'9, Section 3.

EXAMPLE 2.2.5 (see [F'9, Section 3]). We fix a lattice N = Z3. We
take lattice points

U1 = (170a1)a 02:(07171)7 U3:(_17_171>a
Vy = (1,0,—1), U5:<0,1,—1), UGI(—l,—l,—l).
We consider the following fan

<U17U27U4>a <U27U47U5>a <'UQ,U3,U5,U6>,
A — <U1,U3,U4,U6>, <U1,’U27'U3>, </U4,/U57'U6>,
and their faces

Then the associated toric variety X = X (A) has the following proper-
ties.

(i) X is a non-projective complete toric variety with p(X) = 1.

(ii) There exists a Cartier divisor D on X such that D is positive

on NE(X)\ {0}. In particular, NFE(X) is a half line.

Therefore, Kleiman’s criterion for ampleness (see Theorem 2.2.3) does
not hold for this X. We note that X is not QQ-factorial and that there
is a torus invariant curve C' ~ P! on X such that C is numerically
equivalent to zero.

If X has only mild singularities, for example, X is Q-factorial, then
it is known that Theorem 2.2.3 holds even when 7 : X — S is proper.
However, the Kleiman—Mori cone may not have enough informations
when 7 is only proper.

EXAMPLE 2.2.6 (see [F'P]). There exists a smooth complete toric
threefold X such that NE(X) = N;(X).

The description below helps the reader understand examples in
[FP].

EXAMPLE 2.2.7. Let A be the fan in R? whose rays are generated
by v = (17 07 0)7 Vg = (07 17 0)7 Vg = (07 07 1)7 Vs = (_17 Oa _1)a Ve =
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(—2,—1,0) and whose maximal cones are

<U17 Vg, U3>) <U17 U3, U6>7 <Ulu U27U5>7 <U17U57U6>7 <U27U37U5>7 <U37 Us, 'U6>.

Note that vy +v3 + v5 = 0 and vy + v = —1vy 4+ 1lvg + 1vs. Thus the
associated toric variety X; = X (A) is

Pp1 (O]p1(—1) D Opl(l) D O]pl(l)) ~ Ppi (O]P)l @ Op (2) P Op (2))
[

For the details, see, for example, , Exercise in Section 2.4]. We

take a sequence of blow-ups
v 2 X 2

where f; is the blow-up along the ray vy = (0, —1, —1) = 3vy + v5 + vg,
f2 is along

1
vy = (—1, —1, —1) = §(2U4 +U5 +U6),

and the final blow-up f3 is along the ray
1
vs = (—2,—1,-1) = 5(715 + v + V7).

Then we can directly check that Y is a smooth projective toric variety
with p(Y) = 5.

Finally, we remove the wall (vy,v5) and add the new wall (vy, v4).
Then we obtain a flop ¢ : Y --» X. We note that v9 + vy — v — v5 =
0. The toric variety X is nothing but X (X) given in [F'P, Example
1]. Thus, X is a smooth complete toric variety with p(X) = 5 and
NE(X) = Ni(X). Therefore, a simple flop ¢ : ¥ --» X completely
destroys the projectivity of Y. Note that every nef line bundle on X is
trivial by NE(X) = Ny (X).

2.3. Singularities of pairs

We quickly review singularities of pairs in the minimal model pro-
gram (see, for example, [F'12], | 1, [ 1, [ ], and so on).
We also review the negativity lemmas. They are very important in the
minimal model program.

First, let us recall the definition of discrepancy and total discrep-
ancy of the pair (X, A).

DEFINITION 2.3.1 (Canonical divisor). Let X be a normal variety
of dimension n. The canonical divisor Kx on X is a Weil divisor such
that Ox,,, (Kx) = %, where X, is the smooth locus of X. Note

that the canonical divisor Kx is well-defined up to linear equivalence.
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DEFINITION 2.3.2 (Discrepancy). Let (X,A) be a pair where X
is a normal variety and A is an R-divisor on X such that Kx + A is
R-Cartier. Suppose f : Y — X is a resolution. We can choose Weil
divisors Ky and Kx such that f,Ky = Kx. Then, we can write

Ky = f*(Kx +A)+ ) _a(E;, X, A)E;.

This formula means that ), a(E;, X, A)E; is defined by
> a(B, X, A)E; = Ky — f*(Kx + A).

Note that f*(Kx + A) is a well-defined R-Cartier R-divisor on Y since
Kx + A is R-Cartier. The real number a(E, X, A) is called discrepancy
of E with respect to (X,A). The discrepancy of (X, A) is given by

discrep(X, A) = i%f{a(E ,X,A)| E is an exceptional divisor over X }.

The total discrepancy of (X, A) is given by
totaldiscrep(X, A) = i%f{a(E, X,A)| E is a divisor over X }.

We note that it is indispensable to understand how to calculate
discrepancies for the study of the minimal model program.

LEMMA 2.3.3 (] , Corollary 2.31 (1)]). Let X be a normal
variety and let A be an R-divisor on X such that Kx + A is R-Cartier.
Then, either

discrep(X,A) = —o0
or
—1 < totaldiscrep(X, A) < discrep(X,A) < 1.

PROOF. Note that totaldiscrep(X, A) < discrep(X,A) is obvious
by definition. By taking a blow-up whose center is of codimension
two, intersects the set of smooth points of X, and is not contained in
Supp A, we see that discrep(X,A) < 1. We assume that E is a prime
divisor over X such that a(E, X,A) = —1 — ¢ with ¢ > 0. We take a
birational morphism f :Y — X from a smooth variety Y such that £
is a prime divisor on Y. We put

Ky + Ay = f*(Kx + A).

Let Zjy be a codimension two subvariety contained in £ but not in any
other f-exceptional divisors with Z, ¢ Supp f;'A. By shrinking Y,
we may assume that E and Z, are smooth. Let g; : Y17 — Y be the
blow-up along Z, and let E; be the exceptional divisor of g;. Then

a’(Elva A) = a’(Eh}/a AY) = —C
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Let Z; C Y] be the intersection of E; and the strict transform of E.
Let g : Y5 — Y; be the blow-up along Z; and let E; C Y5 be the
exceptional divisor of go. Then

a(BEy, X, A) = a(FEs, Y, Ay) = —2¢.

By taking the blow-up whose center is the intersection of E; and the
strict transform of E as above for i > 2 repeatedly, we obtain a prime
divisor E; over X such that

a(Ej, X,A) = —jc
for every j > 1. Therefore, we obtain
discrep(X,A) = —o0
when totaldiscrep(X, A) < —1. O

Next, let us recall the basic definition of singularities of pairs.

DEFINITION 2.3.4 (Singularities of pairs). Let (X,A) be a pair
where X is a normal variety and A is an effective R-divisor on X such
that Kx + A is R-Cartier. We say that (X, A) is

(terminal (> 0,

canonical >0,

klt if  discrep(X, A) >—1 and [A]|=0,
plt > —1,

lc (> —1.

Here, plt is short for purely log terminal, klt is short for kawamata log
terminal, and lc is short for log canonical.

REMARK 2.3.5 (Log terminal singularities). If A = 0, then the
notions klt, plt, and dlt (see Definition 2.3.16 below) coincide. In this
case, we say that X has log terminal (It, for short) singularities.

For some inductive arguments, the notion of sub klt and sub lc is
also useful.

DEFINITION 2.3.6 (Sub klt pairs and sub lc pairs). Let (X, A) be a
pair where X is a normal variety and A is a (not necessarily effective)
R-divisor on X such that Kx + A is R-Cartier. We say that (X, A) is

kl -
sub klt if totaldiscrep(X,A) g
sub lc = b

Here, sub klt is short for sub kawamta log terminal and sub lc is short
for sub log canonical.



2.3. SINGULARITIES OF PAIRS 27

It is obvious that if (X, A) is sub lc (resp. sub klt) and A is effective
then (X, A) is lc (resp. klt).

REMARK 2.3.7. In | , Definition 2.34], A is not assumed to be
effective for the definition of terminal, canonical, klt, and plt. There-
fore, klt (resp. lc) in | , Definition 2.34] is nothing but sub kit

(resp. sub lc) in this book.
The following lemma is well known and is very useful.

LEMMA 2.3.8. Let X be a normal variety and let A be an R-divisor
on X such that Kx + A is R-Cartier. If there exists a resolution
f:Y — X such that Supp f,*A U Exc(f) is a simple normal crossing
divisor on'Y and that

Ky = f*(Kx +A)+ ) a(E;, X,A)E;.

If a(E;, X, A) > —1 for every i, then (X, A) is sub kit. If a(E;, X, A) >
—1 for every i, then (X, A) is sub lc.

PROOF. It easily follows from Lemma 2.3.9. 0

LEMMA 2.39 (] , Corollary 2.31 (3)]). Let X be a smooth
variety and let A = 3" a;A; be an R-divisor such that Y, A; is a
simple normal crossing divisor, a; < 1 for every i, and A; is a smooth
prime divisor for every i. Then

discrep(X, A) = min{1, mim(l al)’i;é;i%%#@“ a; —a;)}

PROOF. Let r(X,A) be the right hand side of the equality. It is
easy to see that discrep(X,A) < r(X,A). Let E be an exceptional
divisor for some birational morphism f : ¥ — X. We have to show
a(E, X,A) > r(X,A). We note that r(X,A) does not decrease if we
shrink X. Without loss of generality, we may assume that f is projec-
tive, Y is smooth, and X is affine. By elimination of indeterminacy of
the rational map f~': X --» Y, we may assume that F is obtained by
a succession of blow-ups along smooth irreducible centers which have
simple normal crossings with the union of the exceptional divisors and
the inverse image of Supp A (see, for example, | , Corollary 3.18
and Theorem 3.35]). We write ¢ to denote the number of the blow-ups.

fi

Xy X1 X4 X
i /

Y
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Let C' be the center of the first blow-up f; : X; — X. After renumber-
ing the A;, we may assume that codimxC = k > 2 and that C' C A, if

and only if 7 < b for some b < k. Let F; be the exceptional divisor of
f1: X1 — X. Then
a(By, X,A)=k—1-— Zal.
1<b
(i) If b <0, then a(Fy, X,A) > 1> r(X,A).
(ii)) If b =1, then a(Ey, X, A) > 1 —a; > r(X,A).
(iii) If b > 2, then we have

alEy, X,A) > (k—b—1)+

(]

(1 — al)

1<i<b
>—14+(1—-a)+ (1 —az) >r(X,A).

Thus, the case where t = 1 is settled. On the other hand, if we define
A; on X7 by

Kx, + A1 = fi' (Kx +4),
then

(X1, Ar) > min{r(X,A), 1 +a(E, X,A) — max a;}
A;NCH#D
> min{r(X,A),a(E, X,A)} > r(X, A).

Note that Supp A; is a simple normal crossing divisor and the coeffi-
cient of Fy in Ay is —a(F1, X, A) < 1. Therefore, we have

CL(E,X, A) > 70(‘)(17A1) > T<X7 A)
by induction on t. 0

LEMMA 2.3.10. Let X be a normal variety and let A be an R-
divisor on X such that Kx + A is R-Cartier. Then there exists the

largest nonempty Zariski open set U (resp. V) of X such that (X, A)|y
is sub lc (resp. (X, A)|y is sub klt).

PROOF. Let f : Y — X be a resolution such that Supp f; A U
Exc(f) is a simple normal crossing divisor on Y and that

Ky = f*(KX + A) + ZCLzE’Z

We put
v=x\ | /(&)
and "
v=x\ {J fE).

a; <—1
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Then we can check that U and V' are the desired Zariski open sets by
Lemma 2.3.9. [

2.3.11 (Multiplier ideal sheaf and non-lc ideal sheaf). Let X be
a normal variety and let A be an effective R-divisor on X such that
Kx + A is R-Cartier. Let f:Y — X be a resolution with

Ky—i-Ay Zf*(Kx-i-A)

such that Supp Ay is a simple normal crossing divisor on Y.

We put

J(X,A) = [0y (=[Ay]).

Then J(X,A) is an ideal sheaf on X and is known as the multiplier
ideal sheaf associated to the pair (X, A). For the details, see [LLa2,
Part Three|. It is independent of the resolution f : Y — X by the
proof of Proposition 6.3.1. The closed subscheme Nklt(X, A) defined
by J(X,A) is called the non-kit locus of (X,A). It is obvious that
(X, A) is kIt if and only if J(X,A) = Ox.

We put

Inie(X, A) = £.Oy (= |Ay]| + AFY)

and call it the non-lc ideal sheaf associated to the pair (X, A). For
the details, see [F20]. It is independent of the resolution f : Y —
X by Proposition 6.3.1. The closed subscheme Nlc(X, A) defined by
Inee(X, A) is called the non-le locus of (X, A). It is obvious that
(X, A) is log canonical if and only if Jnrc(X,A) = Ox.

In the recent minimal model program, the notion of log canonical
centers plays an important role.

DEFINITION 2.3.12 (Log canonical centers). Let X be a normal
variety and let A be an R-divisor on X such that Ky + A is R-Cartier.
Let U be the Zariski open set as in Lemma 2.3.10. If there exist a
resolution f:Y — X and a divisor E;, on Y such that a(E;,, X,A) =
—land f(E;,)NU # 0. Then C = f(E,,) is called a log canonical center
(an lc center, for short) of the pair (X, A). A log canonical center which
is a minimal element with respect to the inclusion is called a minimal

log canonical center (a minimal lc center, for short).
The notion of log canonical strata is useful in this book.

DEFINITION 2.3.13 (Log canonical strata). Let X be a normal va-
riety and let A be an R-divisor on X such that Kx + A is R-Cartier. A
closed subset W of X is called a log canonical stratum (an lc stratum,
for short) of the pair (X, A) if W is X itself or is a log canonical center
of the pair (X, A).
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We note the notion of non-klt centers.

DEFINITION 2.3.14 (Non-klt centers). Let X be a normal variety
and let A be an R-divisor on X such that Kx + A is R-Cartier. If
there exist a resolution f :Y — X and a divisor F;, on Y such that
a(Ey,, X,A) < —1. Then C' = f(E,,) is called a non-kit center of the
pair (X, A).

It is obvious that any log canonical center is a non-klt center. How-
ever, a non-klt center is not always a log canonical center.

2.3.15 (Divisorial log terminal pairs). Let us recall the definition of
divisorial log terminal pairs.

DEFINITION 2.3.16 (Divisorial log terminal pairs). Let X be a nor-
mal variety and let A be a boundary R-divisor such that Kx + A is
R-Cartier. If there exists a resolution f :Y — X such that

(i) both Exc(f) and Exc(f) U Supp(f,'A) are simple normal
crossing divisors on Y, and
(i) a(E, X,A) > —1 for every exceptional divisor £ C Y,

then (X, A) is called divisorial log terminal (dlt, for short).

The assumption that Exc(f) is a divisor in Definition 2.3.16 (i) is
very important. See Example 3.13.9 below.

REMARK 2.3.17. By Lemma 2.3.9, it is easy to see that a dlt pair
(X, A) is log canonical.

REMARK 2.3.18. In Definition 2.3.16, we can require that f is pro-
jective and can further require that there is an f-ample Cartier divisor
A on Y whose support coincides with Exc(f). Moreover, we can make
f an isomorphism over the generic point of every log canonical center
of (X, A). For the details, see the proof of Proposition 2.3.20 below.

Lemma 2.3.19 is very useful and is indispensable for the recent min-
imal model program. We sometimes call it Szabd’s resolution lemma
(see [Sz] and [F'12]). For more general results, see [BM] and | ]
(see also Theorem 5.2.16 and Theorem 5.2.17). Note that [ |is a
very accessible account of the resolution of singularities.

LEMMA 2.3.19 (Resolution lemma). Let X be a smooth variety and
let D be a reduced divisor on X. Then there exists a proper birational
morphism f Y — X with the following properties:

(1) f is a composite of blow-ups of smooth subvarieties,
(2) Y is smooth,
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(3) fr1DUExc(f) is a simple normal crossing divisor, where f7*D
1s the strict transform of D on'Y, and

(4) f is an isomorphism over U, where U is the largest open set
of X such that the restriction D|y is a simple normal crossing
divisor on U.

Note that f is projective and the exceptional locus Exc(f) is of pure
codimension one in'Y since f is a composite of blow-ups.

PROPOSITION 2.3.20 (cf. [Sz]). Let X be a normal variety and let
A be a boundary R-divisor on X such that Kx + A is R-Cartier. Then
(X, A) is dlt if and only if there is a closed subset Z C X such that

(i) X\ Z is smooth and Supp A|x\z is a simple normal crossing
divisor.
(ii) If h : V — X is birational and E is a prime divisor on V such

that h(E) C Z, then a(E, X, A) > —1.

PrOOF. We assume the properties (i) and (ii). By using Hiron-
aka’s resolution and Szabo’s resolution lemma (see Lemma 2.3.19), we
can take a resolution f : Y — X which is a composition of blow-ups
and is an isomorphism over X \ Z such that Exc(f) U Supp f,'A is
a simple normal crossing divisor on Y by (i). By construction, f is
projective and Exc(f) is a divisor. By (ii), a(E, X, A) > —1 for every
f-exceptional divisor E. Therefore, (X, A) is dlt by definition. By
construction, it is obvious that f is an isomorphism over the generic
point of every log canonical center of (X, A). Note that we can take an
f-ample Cartier divisor A on Y whose support coincides with Exc(f)
since f is a composition of blow-ups.

Conversely, we assume that (X, A) is dlt. Let f : Y — X be a
resolution as in Definition 2.3.16. We put Z = f(Exc(f)). Then Z
satisfies the property (i). We put Ky + Ay = f*(Kx + A). Note
that f~!1(Z) = Exc(f). Let A’ be an effective Cartier divisor whose
support equals Exc(f). We note that every irreducible component of
A’ has coefficient < 1 in Ay. Therefore, (Y, Ay + cA’) is sub lc for
0 < e < 1 by Lemma 2.3.9. If F is any divisor over X whose center
is contained in Z, then cy(FE), the center of E on Y, is contained in
Exc(f). Therefore, we have

a(E,X,A)=a(E,Y,Ay) > a(E,Y,Ay +cA’) > —1.
This implies the property (ii). O

The notion of weak log-terminal singularities was introduced in
[ , Definition 0-2-10].
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DEFINITION 2.3.21 (Weak log-terminal singularities). Let X be a
normal variety and let A be a boundary R-divisor on X such that
Kx + A is R-Cartier. Then the pair (X, A) is said to have weak log-
terminal singularities if the following conditions hold.

(i) There exists a resolution of singularities f : Y — X such that
Supp f, ' AUExc(f) is a normal crossing divisor on Y and that

Ky = f(Kx +A)+ ) a;

with a; > —1 for every exceptional divisor Fj.
(ii) There is an f-ample Cartier divisor A on Y whose support
coincides with Exc(f).

It is easy to see that (X, A) is log canonical when (X, A) has weak
log-terminal singularities. We note that —A is effective by Lemma
2.3.26 below.

REMARK 2.3.22. By Remark 2.3.18, a dlt pair (X,A) has weak
log-terminal singularities.

Although the notion of weak log-terminal singularities is not nec-
essary for the recent developments of the minimal model program, we
include it here for the reader’s convenience because | | was writ-
ten by using weak log-terminal singularities.

2.3.23 (Negativity lemmas). The negativity lemmas are very useful
in many situations. There were many papers discussing various related
topics before the minimal model theory appeared (see, for example,
[ |, [Gral], [Z], and so on). Here, we closely follow the treatment
in | ]. Note that Fujita’s treatment is also useful (see [F't4, (1.5)
Lemmal).

Let us start with Lemma 2.3.24, which is a special case of the Hodge
index theorem.

LEMMA 2.3.24 (see | , Lemma 3.40]). Let f : Y — X be a
proper birational morphism from a smooth surface Y onto a normal
surface X with exceptional curves E;. Assume that f(E;) = P for
every i. Then the intersection matriz (E; - E;) is negative definite.

ProoOF. We shrink and compactify X. Then we may assume that
X and Y are projective. Let D = > e;F; be a non-zero linear combi-
nation of f-exceptional curves E;. It is sufficient to prove that D? < 0.
When D is not effective, we write D = D, — D_ as a difference of two
effective divisors without common irreducible components. Then we
have
D*< D% + D2,
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Therefore, it is sufficient to consider the case where D is effective.
Assume that D? > 0. Let H be an ample Cartier divisor on Y such
that H — Ky is ample. By Serre duality, we have

H*(Y,Oy(nD+ H)) =0
for every positive integer n. Note that
mD+H-nD+H—-Ky)>nD+H-nD)>n(D-H)>0.
By the Riemann—Roch formula, we obtain that
dim H(Y, Oy (nD + H)) — oo
when n — oo. On the other hand,
H°(Y,Oy(nD + H)) C H*(X,Ox(f.(nD + H)))
= HO(X> Ox(f.H))
gives a contradiction. Therefore, D* < 0. U

LEMMA 2.3.25 (see | , Lemma 3.41)). Let Y be a smooth
surface and let C' = UC; be a finite set of proper curves on'Y . Assume
that the intersection matriz (C; - C;) is negative definite. Let A =
> a;C; be an R-linear combination of the curves C;. Assume that (A -
C;) > 0 for every i. Then

(i) a; <0 for every i.
(ii) If C is connected, then either a; = 0 for every i or a; < 0 for
every .

PrOOF. We write A = A, — A_ as a difference of two effective
R-divisors without common irreducible components. We assume that
A # 0. Since the matrix (C;- C;) is negative definite, we have A% < 0.
Therefore, there is a curve C;, C Supp A4 such that (C;,-A) < 0. Then
C, is not in Supp A_. Thus (C;, - A) < 0. This is a contradiction. We
obtain (i).

We assume that C' is connected, A_ # 0, and Supp A_ # Supp C.
Then there is a curve C; such that C; ¢ Supp A_ but C; intersects
Supp A_. Then (C;-A) = —(C;- A_) < 0. This is a contradiction. We
obtain (ii). O

Lemma 2.3.26 is well known as the negativity lemma.

LEMMA 2.3.26 (Negativity lemma, see | , Lemma 3.39]). Let

f:V — W be a proper birational morphism between normal varieties.
Let —D be an f-nef R-Cartier R-divisor on V. Then

(i) D is effective if and only if f.D is effective.



34 2. PRELIMINARIES

(ii) Assume that D is effective. Then, for every w € W, either
fHw) C Supp D or f~(w) N Supp D = 0.

ProoF. Note that if D is effective then so is f,D. From now on,
we assume that f,D is effective. By Chow’s lemma and Hironaka’s
resolution of singularities, there is a proper birational morphism p :
V' — V such that V' — W is projective. Note that D is effective if
and only if p* D is effective. Therefore, by replacing V' with V', we may
assume that f is projective and V' is smooth. We may further assume
that W is affine by taking an affine cover of W. We write D = > D*
where D is the sum of those irreducible components D; of D such that
f(D;) has codimension k in W.

First, we treat the case when dim W = 2. In this case, D = D'+ D?
and D' is f-nef. Note that D! is effective by the assumption that
f.D is effective. Therefore, —D? is f-nef and is a linear combination
of f-exceptional curves. By Lemma 2.3.24 and Lemma 2.3.25, D? is
effective. This implies that D is effective when dim W = 2.

Next, we treat the general case. Let S C W be the complete
intersection of dim W — 2 general hypersufaces with 7' = f~1(S). Then
f T — S is a birational morphism from a smooth surface 7" onto
a normal surface S. Note that D|r = D?|r + D'|y. Therefore, D?
is effective. Let H C V be a general very ample Cartier divisor. We
put B = D|g. Then —B is f-nef, B* = D'*|g for i > 2 and B! =
DYy + D?| 5. Note that D! is effective by the assumption that f,D is
effective. We have proved that D? is effective. Thus B! is effective. By
induction on the dimension, we can check that B is effective. Therefore,
D is effective.

Finally, for w € W, f~'(w) is connected. Thus, if f~!(w) intersects
Supp D but is not contained in it, then there is an irreducible curve
C C f'(w) such that (C - D) > 0. This is impossible since —D is
f-nef. Therefore, either f~'(w) C Supp D or f~'(w) N SuppD = 0
holds. U

As an easy application of Lemma 2.3.26, we obtain a very useful
lemma. We repeatedly use Lemma 2.3.27 and its proof in the minimal
model theory.

LEMMA 2.3.27 (see | , Lemma 3.38]). Let us consider a com-
mutative diagram
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where X, X', and Y are normal varieties, and f and [’ are proper bi-
rational morphisms. Let A (resp. A') be an R-divisor on X (resp. X').
Assume the following conditions.

() f.A = fIA
(ii)) —(Kx + A) is R-Cartier and f-nef.
(iii) Kx + A’ is R-Cartier and f'-nef.
Then we have
a(E, X,A) <a(E, X' A")
for an arbitrary exceptional divisor E overY .
If either
(iv) —(Kx+A) is f-ample and f is not an isomorphism above the
generic point of ¢y (E), or
(v) Kx 4+ A" is f'-ample and f' is not an isomorphism above the
generic point of ¢y (E).
holds, then we have
a(E,X,A) < a(E, X' A").
Note that ¢y (E) is the center of E on'Y .

Proor. We take a common resolution

/\

______ - X'

of X and X’ such that cz(FE), the center of E on Z, is a divisor. We
put h = fog= f'og. We have

and
KZ = g*(KX/ + A/) + Z a(Ei, X/, A/)
We put
H=> (a(E;,X',N')E; — a(E,X,N))E,
Then —H is h-nef and a sum of h—exceptlonal divisors by assumption
(i). Therefore, H is an effective divisor by Lemma 2.3.26. Moreover,

if H is not numerically h-trivial over the generic point of ¢y (FE), then
the coefficient of E in H is positive by Lemma 2.3.26. U

We will repeatedly use the results and the arguments in this section
throughout this book.
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2.4. Titaka dimension, movable and pseudo-effective divisors

Let us start with the definition of the Iitaka dimension and the
numerical dimension. For the details, see, for example, | , Section
2.1], [ I, [ 1, [ , Definition 6-1-1], [U], and so on.

DEFINITION 2.4.1 (Iitaka dimension and numerical dimension). Let
X be a normal complete irreducible variety and let D be a Q-Cartier
divisor on X. Assume that myD is Cartier for a positive integer my.
Let
(I)\mmOD| X --» Pdim|mmoD\
be rational mappings given by linear systems |mmgD| for positive in-
tegers m. We define the [litaka dimension or the D-dimension

K(X,D):{

In case D is nef, we can also define the numerical dimension or the
numerical Iitaka dimension

v(X,D) =max{e| D # 0},
where = denotes numerical equivalence. We note that
v(X,D) > K(X, D)

always holds. We also note that the numerical dimension v(X, D) also
makes sense for nef R-Cartier divisors D.

maécdim Plumop|(X), if [mmeD| # 0 for some m > 0,
m>

—00, otherwise.

2.4.2 (Movable divisors and movable cone). We quickly review the
notion of movable divisors. It sometimes plays important roles in the
minimal model program.

DEFINITION 2.4.3 (Movable divisors and movable cone, see | ,
Section 2]). Let f : X — Y be a projective morphism from a normal
variety X onto a variety Y. A Cartier divisor D on X is called f-
movable or movable over Y if f.Ox(D) # 0 and if the cokernel of the
natural homomorphism

[ f:Ox(D) — Ox(D)

has a support of codimension > 2.

Let M be an R-Cartier divisor on X. Then M is called f-mowvable
or movable over Y if and only if M = ) .a,D; where q; is a positive
real number and D; is an f-movable Cartier divisor for every .

We define Mov(X/Y) as the closed convex cone in N'(X/Y), which
is called the movable cone of f : X — Y, generated by the numerical
classes of f-movable Cartier divisors.
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Lemma 2.4.4 is a variant of the negativity lemma (see Lemma
2.3.26). We will use Lemma 2.4.4 in the proof of dlt blow-ups (see
Theorem 4.4.21).

LEMMA 2.4.4 (see [F26, Lemma 4.2]). Let f : X — Y be a pro-
jective birational morphism from a normal Q-factorial variety X onto
a normal variety Y. Let E be an R-diwvisor on X such that Supp E is
f-exceptional and E € Mov(X/Y). Then —E is effective.

PrOOF. We write £ = F, — E_ such that F, and E_ are effective
R-divisors and have no common irreducible components. We assume
that E, # 0. By taking a resolution of singularities, we may assume
that X is smooth. Without loss of generality, we may assume that Y
is affine by taking an affine open covering of Y. Let A be an ample
Cartier divisor on Y and let H be an ample Cartier divisor on X. Then
we can find an irreducible component Ej of £, such that

Ey- (ffAF - H" 2. F <0

when dim X = n and codimy f(F,) = k by Lemma 2.3.24. This is a
contradiction. Note that

EO . (f*A)k: . anka . E > 0
since E € Mov(X/Y). Therefore, —F is effective. O

2.4.5 (Pseudo-effective divisors). Let us recall the definition of pseudo-
effective divisors. The notion of pseudo-effective divisors is indispens-
able for the recent developments of the minimal model program, al-
though it is not so important in this book.

DEFINITION 2.4.6 (Pseudo-effective divisors). Let X be a complete
variety. We define PE(X) as the closed convex cone in N'(X), which
is called the pseudo-effective cone of X, generated by the numerical
classes of effective Cartier divisors on X. Let D be an R-Cartier divisor
on X. Then D is called pseudo-effective if the numerical class of D is
contained in PE(X).

Let f : X — Y be a proper morphism from a variety X to a
scheme Y. Let D be an R-Cartier divisor on X. Then D is called
f-pseudo-effective or pseudo-effective over Y if the restriction of D to
the geometric generic fiber of every irreducible component of f(X) is
pseudo-effective.

Although we do not need the following lemma explicitly in this
book, it may help us understand the notion of pseudo-effective divisors.
So we include it here for the reader’s convenience.
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LEMMA 2.4.7. Let f : X — Y be a projective surjective morphism
between normal irreducible varieties with connected fibers. Let D be an
R-Cartier divisor on X. Then D is pseudo-effective overY if and only
if D+ A is big over'Y for any f-ample R-Cartier divisor A on X.

Proor. First, we prove ‘if” part. Let D be an R-Cartier divisor on
X and let H be an f-ample Cartier divisor on X. Then D + %H is
f-big for every positive integer n by assumption. Then the restriction
of D+ %H to the geometric generic fiber of f is big. By taking n — oo,
we see that the restriction of D to the geometric generic fiber of f is
pseudo-effective. Therefore, D is pseudo-effective over Y.

Next, we prove ‘only if” part. Let A be an f-ample R-Cartier divisor
on X and let D be an f-pseudo-effective R-Cartier divisor on X. Then
the restriction of D + A to the geometric generic fiber of f is obviously
big. Therefore, D + A is big over Y. O

Nakayama’s numerical dimension for pseudo-effective divisors plays
crucial roles in the recent developments of the minimal model program.
So we include it for the reader’s convenience.

DEFINITION 2.4.8 (Nakayama’s numerical dimension, see | :
Chapter V.2.5. Definition]). Let D be a pseudo-effective R-Cartier di-
visor on a normal projective variety X and let A be a Cartier divisor on
X. If H(X,Ox(|mD]| + A)) # 0 for infinitely many positive integers
m, then we set

O'(D,A) = max{k € Zzo

dim H°(X D]+ A
lim sup m A ’OX]ELm [ +4) > O}.

m—oo m
If H(X,Ox(|mD]+ A)) # 0 only for finitely many m € Zs, then we
set o(D; A) = —oo. We define Nakayama’s numerical dimension Kk,
by

ko (X, D) = max{o(D;A)| A is a Cartier divisor on X }.

If D is a nef R-Cartier divisor on a normal projective variety X, then
D is pseudo-effective and

ko(X,D) =v(X, D).
We close this section with an easy remark.

REMARK 2.4.9. Let X be a normal projective irreducible variety
and let D be a Cartier divisor on X. Then we have the following
properties.

e If D is ample, then D is nef.

e If D is semi-ample, then D is nef.
e If D is ample, then D is semi-ample.
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If D is nef, then D is pseudo-effective.

If D is effective, then D is pseudo-effective.

e If D is movable, then D is linearly equivalent to an effective
Cartier divisor.

If Dy is a big R-divisor on X and D, is a pseudo-effective
R-Cartier divisor on X, then Dy + D, is big.

Let Y be a (not necessarily normal) projective irreducible variety.

o If By is a big R-divisor on Y and B, is any R-Cartier divisor
on Y, then B; + B, is big for any 0 < ¢ < 1.






CHAPTER 3

Classical vanishing theorems and some
applications

In this chapter, we discuss various classical vanishing theorems,
for example, the Kodaira vanishing theorem, the Kawamata—Viehweg
vanishing theorem, the Fujita vanishing theorem, and so on. They play
crucial roles for the study of higher-dimensional algebraic varieties. We
also treat some applications. Although this chapter contains some new
arguments and some new results, almost all results are standard or
known to the experts. Of course, our choice of topics is biased and
reflects the author’s personal taste.

In Section 3.1, we give a proof of the Kodaira vanishing theorem for
smooth projective varieties based on the theory of mixed Hodge struc-
tures on cohomology with compact support. It is a slightly different
from the usual one but suits for our framework discussed in Chapter 5.
In Sections 3.2, 3.3, and 3.4, we prove the Kawamata—Viehweg vanish-
ing theorem, the Viehweg vanishing theorem, and the Nadel vanishing
theorem. They are generalizations of the Kodaira vanishing theorem.
In Section 3.5, we prove the Miyaoka vanishing theorem as an applica-
tion of the Kawamata—Viehweg—Nadel vanishing theorem. Note that
the Miyaoka vanishing theorem is the first vanishing theorem for the
integral part of Q-divisors. Section 3.6 is a quick review of Kollar’s in-
jectivity, torsion-free, and vanishing theorems without proof. We will
prove complete generalizations in Chapter 5. In Section 3.7, we treat
Enoki’s injectivity theorem, which is a complex analytic counterpart
of Kollar’s injectivity theorem. In Sections 3.8 and 3.9, we discuss
Fujita’s vanishing theorem and its applications. In Section 3.10, we
quickly review Tanaka’s vanishing theorems without proof. They are
relatively new and are Kodaira type vanishing theorems in positive
characteristic. In Section 3.11, we prove Ambro’s vanishing theorem
as an application of the argument in Section 3.1. In Section 3.12, we
discuss Kovacs’s characterization of rational singularities. Kovacs’s
result and its proof are very useful. In Section 3.13, we prove some
basic properties of divisorial log terminal pairs. In particular, we show
that every divisorial log terminal pair has only rational singularities

41
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as an application of Kovacs’s characterization of rational singularities.
Section 3.14 is devoted to the Elkik—Fujita vanishing theorem and its
application. We give a simplified proof of the Elkik—Fujita vanishing
theorem due to Chih-Chi Chou. In Section 3.15, we explain the method
of two spectral sequences of local cohomology groups. Section 3.16 is
an introduction to our new vanishing theorems. We will discuss the
details and more general results in Chapters 5 and 6.

3.1. Kodaira vanishing theorem

In this section, we give a proof of Kodaira’s vanishing theorem for
projective varieties based on the theory of mized Hodge structures.

Let us start with the following easy lemma (see | ] and [F'36]).
We will prove generalizations of Lemma 3.1.1 in Chapter 5 (see Theo-
rem 5.4.1 and Theorem 5.4.2).

LEMMA 3.1.1. Let X be a smooth projective variety and let A be
a reduced simple normal crossing divisor on X. Let D be an effective
Cartier divisor on X such that Supp D C Supp A. Then the map

H'(X,0x(=D - A)) — H'(X,0x(-A)),

which is induced by the natural inclusion Ox(—D) C Oy, is surjective
for every i. Equivalently, by Serre duality,

H'(X,0x(Kx +A)) — H(X,Ox(Kx + A+ D)),

which is induced by the natural inclusion Ox C Ox (D), is injective for
every i.

ProOF. In this proof, we use the classical topology and Serre’s
GAGA. We consider the following Hodge to de Rham type spectral
sequence:

EP = H(X, % (log A) @ Ox(—A)) = HIY(X \ A,C).

It is well known that it degenerates at E; by the theory of mixed Hodge
structures (see Remark 3.1.4 and Remark 3.1.5 below). This implies
that the natural inclusion

uCx\a C Ox(=4A),
where ¢ : X \ A — X induces the surjections
HY(X\A,C)=H'(X,uCx\a) = H'(X,0x(—A))
for all 7. Note that
uCx\a C Ox(=D — A) C Ox(=A).
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Therefore, «; factors as
a; : H(X,uCx\a) = H(X,0x(—=D — A)) — H (X, Ox(-A))
for every ¢. This implies that
H'(X,0x(—D — A)) — H(X,0x(-A))
is surjective for every 1. U
As an obvious application, we have:

COROLLARY 3.1.2. Let X be a smooth projective variety and let A
be a reduced simple normal crossing divisor on X. Assume that there is
an ample Cartier divisor D on X such that Supp D C Supp A. Then

H'(X,0x(—A)) =0
for every i < dim X, equivalently,
H'(X,0x(Kx +A))=0
for every i > 0.

PRrOOF. By Serre duality and Serre’s vanishing theorem, we have
H'(X,0x(—aD —A)) =0

for a sufficiently large and positive integer a and for every i < dim X.
By Lemma 3.1.1, we obtain that H*(X,Ox(—A)) = 0 for every i <
dim X. By Serre duality, we see that H'(X,Ox(Kx + A)) = 0 for
every ¢ > 0. [

For an application of Corollary 3.1.2, we will prove Ambro’s van-
ishing theorem: Theorem 3.11.1

By using a standard covering trick, we can recover Kodaira’s van-
ishing theorem for projective varieties from Lemma 3.1.1. We will treat
the Kodaira vanishing theorem for compact complex manifold in The-
orem 3.7.4.

THEOREM 3.1.3 (Kodaira vanishing theorem). Let X be a smooth
projective variety and let H be an ample Cartier divisor on X. Then

for every i > 0, equivalently, by Serre duality,

for every i < dim X.
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PROOF. We take a smooth divisor B € |mH| for some positive
integer m. Let f:V — X be the m-fold cyclic cover ramifying along
B. Then

m—1
£.0y = 5 Ox(~kH).

k=0
Therefore, it is sufficient to prove that H(V, Oy (—f*H)) = 0 for every
i < dimV = dim X. This is because Ox(—H) is a direct summand of
f+Ov(—f*H). Note that Oy (f*H) has a section, which is the reduced
preimage of B, by construction. By iterating this process, we obtain a
tower of cyclic covers:

Vo— > Vg — X,

By suitable choice of the ramification divisors, we may assume that
the pull-back of H on V,, has no base points. Therefore, we reduced
Theorem 3.1.3 to the case when the linear system |H| has no base
points. Let A € |H| be a reduced smooth divisor on X. Then

H'(X,0x(—IA)) = H(X,0x(-A))
is surjective for every ¢ and every [ > 1 by Lemma 3.1.1. Therefore,

H{(X,0x(=A)) = 0 for i < dim X by Serre duality and Serre’s van-
ishing theorem. U

For the reader’s convenience, we give remarks on the F-degeneration
of the Hodge to de Rham type spectral sequence in the proof of Lemma
3.1.1.

REMARK 3.1.4. For the proof of Theorem 3.1.3, it is sufficient to
assume that A is smooth in Lemma 3.1.1. When A is smooth, we can
easily construct the mixed Hodge complex of sheaves on X giving a
natural mixed Hodge structure on H?(X \ A,Z). From now on, we use
the notation and the framework in [PS, §3.3 and §3.4]. Let Hdg®(X)
(resp. Hdg®*(A)) be a Hodge complex of sheaves on X (resp. A) giving
a natural pure Hodge structure on H*(X,Z) (resp. H*(A,Z)). Then
the mixed cone

Hdg® (X, A) := Cone(Hdg*(X) — . Hdg*(A))[—1],

where 7 : A — X is the natural inclusion, gives a natural mixed Hodge
structure on H?2(X \ A,Z). For the details, see [PS, Example 3.24].
We note that

0— Q% (logA) ® Ox(—A) — Q% — Q% — 0
is exact for every p. Therefore, we can easily see that
EP = HI(X, 0% (log A) @ Ox(—A)) = H!(X \ A, C)
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degenerates at F, by the theory of mixed Hodge structures.

REMARK 3.1.5. We put d = dim X. In the proof of Lemma 3.1.1,
HY(X, % (1og A) ® Ox (~A))
is dual to
HO9(X, Q%7 (log A)
by Serre duality. By Poincaré duality,
HZP(X\A,C)
is dual to
H2 =P+ (X \ A C).
By Deligne (see [Del]), it is well known that
EP = HI(X, 0% (log A)) = HP™(X \ A,C)
degenerates at Fy. This implies that
dim H¥(X \ A,C) = > HYX, Q% (logA))
ptq=k
for every k. Therefore, by the above observation, we have
dim HF (X \ A,C) = > HYX, Q% (log A) @ Ox(—A))
pt+q=Fk
for every k. Thus the Hodge to de Rham type spectral sequence
EP = HI(X\ A Q5% (logA) ® Ox(—=A)) = H(X \ A,C)
degenerates at Ej.

Anyway, we will completely generalize Lemma 3.1.1 in Chapter 5.

REMARK 3.1.6. It is well known that the Kodaira vanishing the-
orem for projective varieties follows from the theory of pure Hodge
structures. For the details, see, for example, | , 2.4 The Kodaira
vanishing theorem].

By using a covering trick, we have a slight but very important gen-
eralization of Kodaira’s vanishing theorem. Theorem 3.1.7 is usually
called Kawamata—Viehweg vanishing theorem.

THEOREM 3.1.7 (Kawamata—Viehweg vanishing theorem). Let X
be a smooth projective variety and let D be an ample Q-divisor on X
such that Supp{D} is a simple normal crossing divisor on X. Then

H'(X,0x(Kx +[D1)) =0

for every i > 0.
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REMARK 3.1.8. In this book, there are various formulations of the
Kawamata—Viehweg vanishing theorem in order to make it useful for
many applications. See, for example, Theorem 3.1.7, Theorem 3.2.1,
Theorem 3.2.8, Theorem 3.2.9, Theorem 3.3.1, Theorem 3.3.2, Theo-
rem 3.3.4, Theorem 3.3.7, Theorem 4.1.1, Corollary 5.7.7, and so on.

Before we start the proof of Theorem 3.1.7, let us recall an easy
lemma.

LEMMA 3.1.9. Let f : Y — X be a finite morphism between n-
dimensional normal irreducible varieties. Then the natural inclusion
Ox — [.Oy 1is a split injection.

PROOF. It is easy to see that %Tracey/ x splits the natural inclusion
Ox — f.Oy, where Tracey,x is the trace map. O

PrROOF OF THEOREM 3.1.7. We put L = [D] and A = L — D.
We put A =}, a;A; such that A; is a reduced and smooth (possibly
disconnected) divisor on X for every j and that a; is a positive rational
number for every j. It is sufficient to prove H (X, Ox(—L)) = 0 for
every ¢ < dim X by Serre duality. We use induction on the number of
divisors A;. If A = 0, then Theorem 3.1.7 is nothing but Kodaira’s
vanishing theorem: Theorem 3.1.3. We put a; = b/m such that b
is an integer and m is a positive integer. We can construct a finite
surjective morphism p; : X; — X such that X; is smooth and that
piA; ~ mB for some Cartier divisor B on X (see Lemma 3.1.10). We
may further assume that every piA; is smooth and ) i piA; is a simple
normal crossing divisor on X; (see Lemma 3.1.10). It is easy to see that
H{(X,Ox(—L)) is a direct summand of H* (X1, p;Ox(—L)) by Lemma
3.1.9. By construction, p{A; is a member of |[mB|. Let py : Xy — X be
the corresponding cyclic cover. Then X is smooth, p5piA; is smooth
for every j, and > i p3pi4; is a simple normal crossing divisor on Xo.
Since

m—1
p2*0X2 = @ OXl(—k’B>,
k=0

we obtain

H'(Xs, p3(p;Ox(—L) ® Ox, (bB)))

=P H'(X1,p;0x(~L) ® Ox,((b— k)B)).

k=0
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The k = b case shows that H'(Xy, p;Ox(—L)) is a direct summand of
H' (X5, p5(p;Ox(—L) ® Ox, (bB))). Note that

py(DiL — bB) ~ pipiD + > aipipi A,
7>1
Therefore, by induction on the number of divisors A;, we obtain
H'(Xs, p5(p1Ox(—L) ® Ox, (bB))) = 0
for every ¢ < dim Xy = dim X. Thus we obtain the desired vanishing

theorem. 0
The following covering trick is due to Bloch—Gieseker (see | )
and is well known (see, for example, | , Proposition 2.67]).

LEMMA 3.1.10. Let X be a projective variety, let D be a Cartier
divisor on X, and let m be a positive integer. Then there is a normal
vartety Y, a finite surjective morphism f 1Y — X, and a Cartier divisor
D' on'Y such that f*D ~mD’.

Furthermore, if X is smooth and Zj F} is a simple normal crossing
divisor on X, then we can choose Y to be smooth such that f*Fj is

smooth for every j and Zj [*F} is a simple normal crossing divisor on
Y.

PRrOOF. Let 7 : P" — P" be the morphism given by

(o @y :-ymy) = (xf cal oo,

Then 7*Opn (1) ~ Opn(m).

Let L be a very ample Cartier divisor on X. Then there is a mor-
phism h : X — P" such that Ox(L) ~ h*Opn(1). Let Y be the
normalization of the fiber product X xpn P” sitting in the diagram:

h
Yy —— p»

1| |-

If D is very ample, then we put L = D. In this case,
[*Ox (D) ~ hi (7" Opn (1)) =~ hy Opn(m).

If X is smooth, then we consider «’ : P* — P which is the com-
position of © with a general automorphism of the target space P". By
Kleiman’s Bertini type theorem (see, for example, [ , Chapter III
Theorem 10.8]), we can make Y smooth and ), f*F} a simple normal
crossing divisor on Y.
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In general, we can write D ~ Ly — Ly where L; and Ly are both
very ample Cartier divisors. By using the above argument twice, we
obtain f :Y — X such that f*L; ~ mL, for some Cartier divisors L
for ¢ = 1,2. Thus we obtain the desired morphism f:Y — X. U

3.2. Kawamata—Viehweg vanishing theorem

In this section, we generalize Theorem 3.1.7 for the latter usage.
The following theorem is well known as the Kawamata—Viehweg van-
ishing theorem.

THEOREM 3.2.1 (see | , Theorem 1-2-3]). Let X be a smooth
variety and let 7 : X — S be a proper surjective morphism onto a
variety S. Assume that a Q-divisor D on X satisfies the following
conditions:

(i) D is w-nef and w-big, and
(ii) {D} has support with only normal crossings.

Then R'm.Ox(Kx + [D]) =0 for every i > 0.
ProoFr. We divide the proof into two steps.
STEP 1. In this step, we treat a special case.

We prove the theorem under the conditions:
(1) D is m-ample, and
(2) {D} has support with only simple normal crossings.
We may assume that S is affine since the statement is local. Then,
by Lemma 3.2.3 below, we may assume that X and S are projective
and D is ample by replacing D with D 4+ 7* A, where A is a sufficiently
ample Cartier divisor on S.
We take an ample Cartier divisor H on S and a positive integer m.
Let us consider the following spectral sequence

EY?T=HP(S,Rim.Ox(Kx + [D] + mn"H))
~HP?(S,Rim.Ox(Kx + [D]) ® Os(mH))
= H""(X,0x(Kx + [D] + mn*H)).
For every sufficiently large integer m, we have E5? = 0 for p > 0 by

Serre’s vanishing theorem. Therefore, E5? = E9 holds for every q.
Thus, we obtain

H°(S, Ri7,Ox(Kx + [D] +mz*H))
= HY(X,Ox(Kx + [D]| +mn"H)) =0
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for ¢ > 0 by Theorem 3.1.7. Since H is ample on .S and m is sufficiently
large,
Rin,.Ox(Kx + [D]+mn"H)
~ Rit,Ox(Kx + [D]) ® Os(mH)
is generated by global sections. Therefore, we obtain
R'7,0Ox(Kx +[D])=0
for every ¢ > 0.

STEP 2. In this step, we treat the general case by using the result
obtained in Step 1.

Now we prove the theorem under the conditions (i) and (ii). We
may assume that S is affine since the statement is local. By Kodaira’s
lemma (see Lemma 2.1.18) and Hironaka’s resolution theorem, we can
construct a projective birational morphism f : Y — X from another
smooth variety Y which is projective over S and divisors F,,’s on Y such
that Supp f*DU(UF,)UExc(f) is a simple normal crossing divisor on Y’

«

and that f*D—>"d,F, is mo f-ample for some J, € Q with 0 < §, < 1
(see also | , Corollary 0-3-6]). Then by applying the result proved
in Step 1 to f, we obtain

0=R£.0y(Ky + [f'D = 6.F,]) = R'f.Oy(Ky + [*D])
for every ¢ > 0. We can also see that
[0y (Ky + [f*D]) ~ Ox(Kx + [ D])

by Lemma 3.2.2 below. So, we have, by the special case treated in Step
1

Y

0=R'(ro f).Oy(Ky +[f D= 6aF])
= R'm.(f.0y(Ky + [f*D]))
= R'mr.Ox(Kx + [D])
for every i > 0. U

LEMMA 3.2.2. Let X be a smooth variety and let D be an R-divisor
on X such that Supp{D} is a simple normal crossing divisor on X.
Let f:Y — X be a proper birational morphism from a smooth variety
Y such that Supp f*{D} U Exc(f) is a simple normal crossing divisor
onY. Then we have
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Proor. We put A = [D] — [D]. Then A is a reduced simple
normal crossing divisor on X. We can write

Ky +[7'A=f(Kx+A)+ Y a(E,X,A)E;.

E;: f-exceptional

We have a(E;, X, A) € Z and a(E;, X, A) > —1 for every i. Then
Ky + [J'A+ f*|D] = f{(Ex+ D)+ > a(B,X,A)E,

E;: f-exceptional

We can easily check that
multg, ([f*D] = (f7'A+ f*[D])) =1
for every f-exceptional divisor E; with a(F;, X, A) = —1. Thus we can
write
Ky +[f"D] = f"(Kx + [D]) + F,
where F'is an effective f-exceptional Cartier divisor on Y. Therefore,
we have f*Oy(KY + (f*D—I) ~ Ox(KX + (D—I) O

We used the following lemma in the proof of Theorem 3.2.1. We give
a detailed proof for the reader’s convenience (see also Lemma 5.5.2).

LEMMA 3.2.3. Let m: X — S be a projective surjective morphism
from a smooth variety X to an affine variety S. Let D be a Q-divisor
on X such that D is m-ample and Supp{ D} is a simple normal crossing
divisor on X. Then there exist a completion®: X — S of m: X — S
where X and S are both projective with T|x = 7 and a T-ample Q-
divisor D on X with D|x = D such that Supp{D} is a simple normal
crossing divisor on X .

PRroOOF. Let m be a sufficiently large and divisible positive integer
such that the natural surjection
m*1.Ox(mD) — Ox(mD)

induces an embedding of X into Pg(m,.Ox(mD)) over S. Let 7' : X" —
S be an arbitrary completion of 7 : X — § such that X’ and S are
both projective and X’ is smooth. We can construct such 7’ : X' — §
by Hironaka’s resolution theorem. Let D’ be the closure of D on X'.
We consider the natural map

7*1. Ox/(mD") — Ox/(mD’).
The image of the above map can be written as

J & OX/(mD’) C OX/(mD’),

where J is an ideal sheaf on X’ such that Supp Ox//J C X'\ X. Let
X" be the normalization of the blow-up of X’ by J and f: X" — X’



3.2. KAWAMATA-VIEHWEG VANISHING THEOREM 51

the natural map. We note that f is an isomorphism over X C X’. We
can write f717 - Oxn = Oxu(—F) for some effective Cartier divisor
E on X”. By replacing X’ with X” and mD’ with mf*D" — E, we
may assume that mD’ is m-very ample over S and is m-generated over
S. Therefore, we can consider the morphism ¢ : X’ — X" over S
associated to the surjection

77l Ox:/(mD") — Ox/(mD") — 0.

We note that ¢ is an isomorphsim over S by construction. By replacing
X’ with X" again, we may assume that D’ is n’-ample. By using Hiron-
aka’s resolution theorem, we may further assume that X’ is smooth. By
Szabd’s resolution lemma (see Lemma 2.3.19), we can make Supp{D’}
a simple normal crossing divisor. Thus, we obtain desired completions

7:X — Sand D. U
REMARK 3.2.4. In Lemma 3.2.3, we used Szabd’s resolution lemma
(see Lemma 2.3.19), which was obtained after | | was written.

See 3.2.5 below.

3.2.5 (Kawamata—Viehweg vanishing theorem without using Szabd’s
resolution lemma). Here, we explain how to prove the Kawamata—
Viehweg vanishing theorem (see Theorem 3.2.1) without using Szabd’s
resolution lemma (see Lemma 2.3.19). The following proof is due to
Noboru Nakayama.

PROOF OF THEOREM 3.2.1 WITHOUT SzZABO’S LEMMA. It is suf-
ficient to prove Step 1 in the proof of Theorem 3.2.1. Let 7 : X — §
be a projective surjective morphism from a smooth variety X to an
affine variety S and let D be a Q-divisor on X such that D is m-ample
and that Supp{D} is a simple normal crossing divisor on X. Then,
by taking completions, we have projective varieties X and S with a
projective morphism 7 : X — S such that

e X is a Zariski open dense subset of_Y,
e S is a Zariski open dense subset of S, and _
e T|x is the composition of 7 and the open immersion S — S.

X——X
S——3
Note that 77!(S) = X since 7 is proper.

_ CrAM. In the above setling, there exist a birational morphism i :
Y — X from another smooth projective variety Y and a Q-diwvisor C
on'Y such that
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(i) C is relatively nef and relatively big over S, B
(ii) Supp{C'} U Exc(@) is a simple normal crossing divisor on Y,
and
(iii) Cly = w*D, where Y = g~ Y(X) and p =7y : Y — X is the
induced birational morphism.
Here, we have an isomorphism

(o) Ox(Kx + [D]) ~ uOy(Ky + [C]).

PROOF OF CLAIM. Note that, by Lemma 3.2.2, we can check the
isomorphism () by (ii) and (iii). By taking a resolution of X, we may

assume that X is smooth. Then the closure D of D in X is a Q-Cartier
Q-divisor. Let us consider the natural homomorphism

Om : T TO0x(mD) — Ox(mD)

for a sufficiently large positive fixed integer m such that mD is Cartier.
Then ¢, is surjective on X since D is m-ample. By taking some fur-
ther blow-ups, we may assume that the image of ,, is expressed as
Ox(mD — E) for an effective Cartier divisor F on X with EN X = (.
Thus, we have a projective variety P over S and a morphism f : X — P
over S such that
f*H ~mD — FE

for a Cartier divisor H on P which is relatively ample over S. Since D
is m-ample and £ N X = (), the induced morphism

f|X2X:YX§S—>PZ:?X§S
is finite. In particular, f is a generically finite morphism. We set

D =D — iE .
m
Then D’ is T-nef and 7-big, and D’|x = D. We can take a birational
morphism 77 : Y — X from another smooth projective variety Y such
that the union of the f-exceptional locus and Supp @*({D'}) is a simple
normal crossing divisor on Y. We set C' := u*D’. Then we have a

desired i : Y — X with C. O

We can easily see that we can prove Theorem 3.2.1 without using
Lemma 3.2.3 when S is projective (see the proof of Theorem 3.2.1).
Note that we do not have to shrink S and assume that S is affine in
the proof of Theorem 3.2.1 if S is projective. From now on, we will
freely use Theorem 3.2.1 when the target space is projective.

By applying Theorem 3.2.1, we obtain

R'EO5(Ky + [C]) =0
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for every i > 0 since X is projective. By applying Theorem 3.2.1 again,
we obtain

R'(7 o ). Oy (Ky + [C]) = 0
for every i > 0 since S is projective. Hence, by the Leray spectral
sequence, we have

R'7. (71,07 (Ky + [C1)) = 0

for every ¢ > 0. By considering the restriction to S and by the isomor-
phism (&), we have

R'm,.Ox(Kx +[D])=0

for every ¢ > 0. It is the desired Kawamata—Viehweg vanishing theo-
rem. ]

REMARK 3.2.6. In | , Theorem 3.7], Nakayama proved a gen-
eralization of the Kawamata—Viehweg vanishing theorem (see Theorem
3.2.1) in the analytic category. Of course, the proof of | , Theo-
rem 3.7] does not need Szabd’s resolution lemma. For several related
results in the analytic category, we recommend the reader to see | ].

As a very special case of Theorem 3.2.1, we have:

THEOREM 3.2.7 (Grauert—Riemenschneider vanishing theorem). Let
f: X =Y be a generically finite morphism from a smooth variety X.

Then R f.Ox(Kx) =0 for every i > 0.

ProoOF. Note that Kx— Kx is f-nef and f-big since f is generically

finite. Therefore, we obtain Theorem 3.2.7 as a special case of Theorem
3.2.1. O

For a related result, see Lemma 3.8.7, Remark 3.8.8, and Theorem
3.8.9 below.

Viehweg’s formulation of the Kawamata—Viehweg vanishing theo-
rem is slightly different from Theorem 3.2.1.

THEOREM 3.2.8 (Viehweg). Let X be a smooth variety and let  :
X — S be a proper surjective morphism onto a variety S. Assume that
a Q-divisor D on X satisfies the following conditions:
(") D is m-nef and [ D] is w-big, and
(ii) {D} has support with only normal crossings.
Then R'm,Ox(Kx + [D]) =0 for every i > 0.

We note that the condition (i’) in Theorem 3.2.8 is slightly weaker
than (i) in Theorem 3.2.1. We discuss a generalization of Theorem
3.2.8 in Section 3.3.
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Let us generalize Theorem 3.2.1 for R-divisors. We will repeatedly
use it in the subsequent chapters.

THEOREM 3.2.9 (Kawamata—Viehweg vanishing theorem for R-divisors).
Let X be a smooth variety and let m : X — S be a proper surjective
morphism onto a variety S. Assume that an R-divisor D on X satisfies
the following conditions:

(i) D is w-nef and w-big, and
(ii) {D} has support with only normal crossings.

Then R'm,Ox(Kx + [D]) =0 for every i > 0.

PrROOF. When D is m-ample, we perturb the coefficients of D and
may assume that D is a Q-divisor. Then, by Theorem 3.2.1, we obtain
R'm,Ox(Kx + [D]) = 0 for every i > 0. By using this special case,
Step 2 in the proof of Theorem 3.2.1 works without any changes. So,
we obtain this theorem. O

As a corollary of Theorem 3.2.9, we obtain the vanishing theorem
of Reid—Fukuda type. It will play important roles in the subsequent
chapters. Before we state it, we prepare the following definition.

DEFINITION 3.2.10 (Nef and log big divisors). Let f: V — W be
a proper surjective morphism from a smooth variety V' to a variety W
and let B be a boundary R-divisor on V' such that Supp B is a simple
normal crossing divisor. We put 7' = |B]. Let T'= >_"" T; be the
irreducible decomposition. Let G be an R-divisor on V. We say that
G is f-nef and f-log big with respect to (V, B) if and only if G is f-
nef, f-big, and G|c is f|c-big for every C, where C is an irreducible
component of T;, N---NT;, for some {iy, - ,ixg} C {1,---,m}.

Of course, Definition 3.2.10 is compatible with Definition 5.7.2 be-
low.

THEOREM 3.2.11 (Vanishing theorem of Reid-Fukuda type). Let
V' be a smooth variety and let B be a boundary R-divisor on V' such
that Supp B s a simple normal crossing divisor. Let f :V — W be a
proper morphism onto a variety W. Assume that D is a Cartier divisor
on V' such that D — (Ky + B) is f-nef and f-log big with respect to
(V,B). Then R'f,Ov (D) =0 for every i > 0.

PROOF. We use induction on the number of irreducible components
of | B| and on the dimension of V. If | B| = 0, then Theorem 3.2.11 fol-
lows from the Kawamata—Viehweg vanishing theorem: Theorem 3.2.9.
Therefore, we may assume that there is an irreducible divisor S C | B].
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We consider the following short exact sequence

By induction, we see that R f,Oy (D —S) =0 and R f,Og(D) = 0 for
every ¢ > 0. Thus, we have R'f,Oy (D) = 0 for every i > 0. O

Note that Theorem 3.2.11 contains Norimatsu’s vanishing theorem.

THEOREM 3.2.12 (Norimatsu vanishing theorem). Let X be a smooth
projective variety and let A be a reduced simple normal crossing divisor
on X. Let D be an ample Cartier divisor on X. Then

H'(X,0x(Kx+A+D))=0
for every i > 0.

Of course, we can obtain Theorem 3.2.12 easily as an easy conse-
quence of Kodaira’s vanishing theorem (see Theorem 3.1.3) by using
induction on the number of irreducible components of A and on the di-
mension of X (see the proof of Theorem 3.2.11). Note that Kawamata
[ | used Theorem 3.2.12 for the proof of the Kawamata—Viehweg
vanishing theorem.

3.3. Viehweg vanishing theorem

Viehweg sometimes used the following formulation of the Kawamata—
Viehweg vanishing theorem (see, for example, [V 2, Theorem 2.28] and
Theorem 3.2.8). In this book, we call it the Viehweg vanishing theorem.

THEOREM 3.3.1 (Viehweg vanishing theorem). Let X be a smooth
proper variety. Let L be a line bundle, let N be a positive integer, and
let D be an effective Cartier divisor on X whose support is a simple
normal crossing divisor. Assume that L~ (—D) is nef and that the sheaf

£ = £(-[2))

15 big. Then
H(X, LY @wx) =0
for every v > 0.

In this section, we quickly give a proof of a slightly generalized
Viehweg vanishing theorem as an application of the usual Kawamata—
Viehweg vanishing theorem. For the original approach to Theorem
3.3.1, see | , (2.13) Theorem)], [ , Corollary 5.12 d)], and
so on. Our proof is different from the proofs given in | | and

[ J
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THEOREM 3.3.2. Let m : X — S be a proper surjective morphism
from a smooth variety X, let L be an invertible sheaf on X, and let
D be an effective Cartier divisor on X such that Supp D is normal
crossing. Assume that LN(—D) is w-nef for some positive integer
N and that k(X,, (LY),) = m, where X, is the generic fiber of =,
(LW), = L)y, , and

£ = (-1 5.

Then we have '
Rlﬂ'*(ﬁ(l) ®(.UX) =0
fori>dim X —dim S — m.

We note that Supp D is not necessarily simple normal crossing. We
only assume that Supp D is normal crossing.

REMARK 3.3.3. In Theorem 3.3.2, we assume that S is a point for
simplicity. We note that #(X,L£M) = m does not necessarily imply
K(X,LD)=m for 2 <i < N — 1, where

i) — poi(_ 1P
£0 = £7(- "))
Therefore, Viehweg’s original arguments in [V 1] depending on Bogo-
molov’s vanishing theorem do not seem to work in our setting.

Let us reformulate Theorem 3.2.1 for the proof of Theorem 3.3.2.

THEOREM 3.3.4 (Kawamata—Viehweg vanishing theorem). Let f :
Y — X be a proper surjective morphism from a smooth variety Y and
let M be a Cartier divisor on'Y. Let A be an effective Q-divisor on
Y such that Supp A is normal crossing and |A] = 0. Assume that
M — (Ky + A) is f-nef and f-big. Then

R'f.0y(M) =0
for every i > 0.

Proor. We put D = M — (Ky + A). Then D is an f-nef and
f-big Q-divisor on Y such that {D} = [A] — A and [D] = M — Ky.
By Theorem 3.2.1, we obtain R'f,Oy(Kx + [D]) = 0 for every i > 0.
Therefore, R’ f,Oy (M) = 0 for every i > 0. O

REMARK 3.3.5. It is obvious that Theorem 3.3.4 is a special case of
Theorem 3.3.2. By applying Theorem 3.3.2, the assumption in Theo-
rem 3.3.4 can be weaken as follows: M —(Kx+A) is f-nef and M — Kx
is f-big. We note that M — Ky is f-big if M — (Kx + A) is f-big.
In this section, we give a quick proof of Theorem 3.3.2 only by using
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Theorem 3.3.4 and Hironaka’s resolution. Therefore, Theorem 3.3.2 is
essentially the same as Theorem 3.3.4.

Let us start the proof of Theorem 3.3.2.

PrROOF OF THEOREM 3.3.2. Without loss of generality, we may
assume that S is affine. Let f : Y — X be a proper birational mor-
phism from a smooth quasi-projective variety Y such that Supp f*D U
Exc(f) is a simple normal crossing divisor. We write

Ky = f(Fx + (=) ) + E-

Then F = [E.] is an effective exceptional Cartier divisor on Y and
independent of ¢ for 0 < ¢ < 1. Therefore, the coefficients of F' — E,
are continuous for 0 < ¢ < 1. Let L be a Cartier divisor on X such
that £ ~ Ox(L). We may assume that (X, (L — [2]),) = m > 0.
Let & : X --» Z be the relative litaka fibration over S with respect to
I(L—|%2]), where [ is a sufficiently large and divisible positive integer.
We may further assume that

D
F(L- 15D~ e A+E,

where F is an effective Q-divisor such that Supp EUSupp f*DUExc(f)
is simple normal crossing, ¢ = ® o f : Y — Z is a morphism, and A is
a Y-ample Q-divisor on Z with ¢ : Z — S.

JIN

X-%-z7

N

Let
Z E; = Supp E U Supp f*D U Exc(f)
be the irreducible decomposition. We can write E. = . afE; and
E =5".b;E;. We note that a5 is continuous for 0 < ¢ < 1. We put
A.=F—FE.+¢F.

By definition, we can see that every coefficient of A, is in [0,2) for
0 < e < 1. Thus, |A.] is reduced. If @ < 0, then af > —1 + + for
0 < e < 1. Therefore, if [af] —af +¢eb; > 1 for 0 < ¢ < 1, then a > 0.
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Thus, F' = F — | A.] is effective and f-exceptional for 0 < ¢ < 1. On
the other hand, (Y, {A.}) is obviously klt for 0 < ¢ < 1. We note that

FEx+ L 2+ F - (Ky +{A))

N
:f(KX—kL—LNJ) F_f<KX+(1_5){N})_Ea
—(F—E.+¢€E)

* D *k

~o (1 =€) (L — ) +ep’d
for a rational number ¢ with 0 < ¢ < 1. We put
D
M= f*"(Kx+L-— LNJ)"'FI

Let H be a p-ample general smooth Cartier divisor on Y, where p =
Yvop=mof:Y — §S. Since

(M + H) ~ (Ky +{22)) ~q (1= )f* (L~ ) e A + B

is p-ample, we obtain
R'p.Oy(M +H) =0
for every ¢ > 0 by Theorem 3.3.4. By the long exact sequence
- — R'p,Oy(M) — R'p,Oy(M + H) — R'p.Oy(M + H) — - -
obtained from
0—-0y(M)—Oy(M+H)— Oyg(M+H)—0,

we obtain ‘ A
RZP*OH(M + H) ~ RH—lp*Oy(M)
for every ¢ > 0. We note that

M = (Ky +{A}) ~g (1= )f*(L = ) + 47

and
D
(M + H)lg = (Bn +{A}n) ~o (L =) fH (L = )l + e Al
We also note that (H,{A.}|x) is kit and
k(Hy, (¢"A)|g,) > min{m, dim H,}.

By repeating the above argument, that is, taking a general smooth
hyperplane cut, and by Theorem 3.3.4, we obtain

Rip.Oy (M) = Rip,Oy (F*(Kx + I — L%J) +F) =0
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for every i > dimY —dim S — m = dim X — dim S — m (see also [V 1,
Remark 0.2]). On the other hand,

, . D
sz*Oy(M) = le*Oy(f*(KX + L — LNJ) -+ F/> =0
for every ¢ > 0 by Theorem 3.3.4. We note that

. D D
[ Oy (f*(Kx + L — LNJ) + )~ Ox(Kx + L~ LNJ)
by the projection formula because F' is effective and f-exceptional.
Therefore, we obtain

. D )
RZW*O)((KX + L — LNJ) = Rlp*Oy(M) =0
for every ¢ > dim X — dim .S — m. U

We give an obvious corollary of Theorem 3.3.2.

COROLLARY 3.3.6. Let X be an n-dimensional smooth complete
variety and let £ be an invertible sheaf on X . Assume that D € |LY| for
some positive integer N and that Supp D is a simple normal crossing
divisor on X. Then we have

H(X, LY @ wy) =0
fori>n—r(X,{£}).

We think that Theorem 3.3.7, which is similar to Theorem 3.3.2
and easily follows from the usual Kawamata—Viehweg vanishing the-
orem: Theorem 3.2.1 (see also Theorem 3.3.4), is easier to use than
Theorem 3.3.2. So we contain it for the reader’s convenience.

THEOREM 3.3.7 (Kawamata—Viehweg vanishing theorem). Let f :
Y — X be a projective morphism from a smooth variety Y onto a
variety X. Let A be an effective Q-divisor on'Y such that Supp A is a
normal crossing divisor and that |A| = 0. Let M be a Cartier divisor
onY such that M —(Ky +A) is f-nef and v(X,, (M —(Ky +A))|x,) =
m, where X, is the generic fiber of f. Then R'f.Oy (M) =0 for every
1 >dimY —dim X —m.

ProoF. We use induction on dimY —dim X. If dimY —dim X = 0,
then M — (Ky +A) is f-big. Therefore, Theorem 3.3.7 is a special case
of Theorem 3.3.4 when dimY —dim X = 0. When m = dimY —dim X,
Theorem 3.3.7 follows from Theorem 3.3.4. Thus, we may assume that
m < dimY — dim X. Without loss of generality, we may assume that
X is affine by shrinking X. Let A be an f-very ample Cartier divisor
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on Y. We take a general member H of |A|. We consider the following
short exact sequence

Since M + H — (Ky + A) is f-ample, we obtain R'f,Oy (M + H) =0
for every ¢ > 0 by Theorem 3.3.4. This implies that

R f,Op(M + H) ~ R™ £,0y (M)
holds for every ¢ > 1. Since (M + H)|g — (Kg + Aln) is f-nef and
v(Hy, (M + H)|g — (Ku + Alg))|s,) 2 m,
where H, is the generic fiber of H — f(H), we obtain
R'f.Oy(M + H) =0

fori >dim H —dim X —m =dimY —dim X —m — 1 by induction on
dimY — dim X. Therefore, we have

R'f,Oy(M) =0
for i >dimY —dim X —m. O

3.4. Nadel vanishing theorem

Let us recall the definition of the multiplier ideal sheaf of a pair
(X, A) (see also 2.3.11).

DEFINITION 3.4.1 (Multiplier ideal sheaves). Let X be a normal
variety and let A be a (not necessarily effective) R-divisor on X such
that Kx + A is R-Cartier. Let f : Y — X be a resolution such that

KY + Ay = f*(KX + A)
and that Supp Ay is a simple normal crossing divisor on Y. We put
J(X,A) = [.Oy(=|Ay])

and call it the multiplier ideal sheaf of the pair (X, A). It is easy to see
that J (X, A) is independent of the resolution f : Y — X by the proof
of Proposition 6.3.1. When A is effective, we have J(X,A) C Ox.

The following (algebraic version of ) Nadel vanishing theorem is very
important for the recent developments of the higher-dimensional alge-
braic geometry (see, for example, | , Chapter 6, Multiplier ideal
sheaves]). It is a variant of the Kawamata—Viehweg vanishing theorem
(see, for example, Theorem 3.2.9).
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THEOREM 3.4.2 (Nadel vanishing theorem). Let X be a normal
variety and let A be an R-divisor on X such that Kx + A is R-Cartier.
Let D be a Cartier divisor on X such that D — (Kx + A) is m-nef and
w-big, where w: X — S is a proper surjective morphism onto a variety
S. Then

R'm.(Ox(D)® J(X,A)) =0

for every i > 0.

PROOF. Let f: Y — X be a resolution as in Definition 3.4.1. Then

f*D = [Ay] = (Ky +{Ay}) = f*(D — (Kx + A))
is m o f-nef and 7 o f-big. In particular, it is f-nef and f-big. By the
Kawamata—Viehweg vanishing theorem (see Theorem 3.2.9), we have
Rif*OY(f*D —[Ay])=0
for every ¢ > 0. By the projection formula, we obtain
[Oy(f"D — [Ay]) = Ox (D) ® T (X, A).

By the Kawamata—Viehweg vanishing theorem (see Theorem 3.2.9)
again, we have

Ri(mo f).Oy(f*D—[Ay]) =0

for every i > 0. Therefore, R'm,(Ox(D) ® J(X,A)) = 0 for every
1> 0. l

REMARK 3.4.3. Let X be a smooth variety and let A be an effec-
tive R-divisor on X such that Supp A is a normal crossing divisor and
that [A| = 0. Then we can easily check that J(X,A) = Ox. There-
fore, Theorem 3.4.2 contains the usual Kawamata—Viehweg vanishing
theorem (see, for example, Theorem 3.3.4).

For the details of the theory of (algebraic) multiplier ideal sheaves,
we recommend the reader to see [La2, Part Three].

3.5. Miyaoka vanishing theorem

Let us recall Miyaoka’s vanishing theorem (see [IVli, Proposition
2.3]). Miyaoka’s vanishing theorem is the first vanishing theorem for
the integral part of Q-divisors. So, it is a historically important result.

THEOREM 3.5.1 (Miyaoka vanishing theorem). Let X be a smooth
projective surface and let D be a big Cartier divisor on X. Let D =
P + N be its Zariski decomposition, where P (resp. N) is the positive
(resp. negative) part of the Zariski decomposition. Assume that | N| =
0. Then H'(X,Ox(—D)) = 0.
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Let us quickly recall the Zariski decomposition on smooth projective
surfaces (see [Z]). For the details, see, for example, [Ba, Chapter 14].

THEOREM 3.5.2 (Zariski decomposition). Let D be a big Cartier
divisor on a smooth projective surface X. Then there exists a unique
decomposition

D=P+N
which satisfies the following conditions:
(i) P is nef and big;
(ii) N is an effective Q-divisor;

(iii) P-C =0 for every irreducible component C of Supp N.

This decomposition is called the Zariski decomposition of D. We usu-
ally call P (resp. N) the positive (resp. negative) part of the Zariski
decomposition of D.

The following statement is a correct formulation of Miyaoka’s van-
ishing theorem (see Theorem 3.5.1) from our modern viewpoint.

THEOREM 3.5.3. Let X be a smooth complete variety with dim X >
2 and let D be a Cartier divisor on X. Assume that D is numer-
weally equivalent to M + B, where M s a nef Q-divisor on X with
v(X,M) > 2 and B is an effective Q-divisor with |B] = 0. Then
HY(X,0x(-D)) = 0.
PROOF. By Serre duality, it is sufficient to see that
H"’l(X, Ox(Kx + D)) =0,

where n = dim X. Let J(X, B) be the multiplier ideal sheaf of (X, B)
(see Definition 3.4.1). We consider

o= H"YX,0x(Kx +D)® J(X,B)) - H" X, Ox(Kx + D))
— H" Y X,0x(Kx + D) ®Ox/J(X,B)) — ---.
Since | B] = 0, we see that dim Supp Ox/J (X, B) < n— 2. Therefore,
H" Y (X,0x(Kx +D)®Ox/J(X,B)) = 0.
Thus, it is enough to see that
H" YX,0x(Kx + D)® J(X, B)) = 0.

Let f:Y — X be a resolution such that Supp f*B is a simple normal
crossing divisor. Then we have

J(X,B) = f.Oy(Ky,x — [ [*B])

and

R'f.Oy(Ky/x — |f*B]) =0
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for every i > 0 (see, for example, Theorem 3.2.1). So, we obtain
H" Y(X,0x(Kx + D)® J(X,B))
~ H" ' (Y,Oy(Ky + f*D — | f*B])) =0
by Theorem 3.3.7. 0

REMARK 3.5.4. In Theorem 3.5.3, we can replace the assumption
v(X,M) > 2 with (Y, f*D — | f*B]) > 2 by Theorem 3.3.2.

PROOF OF THEOREM 3.5.1. Since D = P + N is the Zariski de-
composition, P is a nef and big Q-divisor on X and N is an effective
Q-divisor on X. By assumption, |N| = 0. Thus, by Theorem 3.5.3,
we obtain Theorem 3.5.1. O

3.6. Kollar injectivity theorem

In this section, we quickly review Kollar’s injectivity theorem, torsion-
free theorem, and vanishing theorem without proof.
In | |, Tankeev proved:

THEOREM 3.6.1 ([ , Proposition 1]). Let X be a smooth pro-
jective variety with dim X > 2. Assume that the complete linear system

|H| has no base points and determines a morphism @y : X — Y onto
a variety Y with dimY > 2. Then

H(X,0x(Kx +2D)) — H°(D,Op((Kx +2D)|p))
is surjective for almost all divisors D € |H]|.

Proor. By Bertini, D is smooth. Therefore, by Lemma 3.1.1, we
obtain that

H'(X,0x(Kx + D)) = H'(X,Ox(Kx + 2D))
is injective. Thus we obtain the desired surjection. U

In | ], Kollar obtained Theorem 3.6.2 as a generalization of The-
orem 3.6.1. We call it Kollar’s injectivity theorem.

THEOREM 3.6.2 (] , Theorem 2.2]). Let X be a smooth projec-

tive variety and let L be a semi-ample Cartier divisor on X. Let D be
a member of |kL|. Then

H'(X,0x(Kx +nL)) — H(X,0x(Kx + (n+ k)L)),

which is induced by the natural inclusion Ox C Ox(D) ~ Ox(kL), is
injective for every v and every positive integer n.

He also obtained Theorem 3.6.3 in | ]
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THEOREM 3.6.3 (] , Theorem 2.1]). Let X be a smooth projec-
tive variety, let' Y be an arbitrary projective variety, and let w: X — 'Y
be a surjective morphism. Then we have the following properties.

(i) R'm.Ox(Kx) is torsion-free for every i.
(ii) Let L be an ample Cartier divisor on'Y, then

H(Y,0y (L) ® R'm,Ox(Kx)) =0
for every 7 > 0 and every 1.

We usually call Theorem 3.6.3 (i) (resp. (ii)) Kolldr’s torsion-free
theorem (resp. Kollar’s vanishing theorem). Note that Theorem 3.6.3
(ii) contains the Kodaira vanishing theorem for projective varieties: The-
orem 3.1.3. We also note that Theorem 3.6.3 (i) generalizes the Grauert—
Riemenschneider vanishing theorem: Theorem 3.2.7.

In [ ], Kollar proved Theorem 3.6.2 and Theorem 3.6.3 simulta-
neously. Therefore, the relationship between Theorem 3.6.2 and Theo-
rem 3.6.3 is not clear by the proof in | ]. Now it is well known that
Theorem 3.6.2 and Theorem 3.6.3 are equivalent by the works of Kollar
himself and Esnault—Viehweg (see, for example, | ] and | D
For the proof of Theorem 3.6.2 and Theorem 3.6.3, see also | ]

We do not prove Kollar’s theorems here. We will prove complete
generalizations in Chapter 5.

3.7. Enoki injectivity theorem

In this section, we discuss Enoki’s injectivity theorem (see | ,
Theorem 0.2]), which contains Kollar’s original injectivity theorem: The-
orem 3.6.2. We recommend the reader to compare the proof of Theorem
3.7.1 with the arguments in | , Section 2] and | , Chapter 9].

THEOREM 3.7.1 (Enoki’s injectivity theorem). Let X be a compact
Kahler manifold and let L be a semi-positive line bundle on X. Then,
for any non-zero holomorphic section s of L¥* with some positive in-
teger k, the multiplication homomorphism

xs: HY(X,wxy @ L?) — HY(X,wx ® LEP),
which is induced by ®s, is injective for every ¢ > 0 and | > 0.

Let us recall the basic notion of the complex geometry. For details,
see, for example, [ ].

DEFINITION 3.7.2 (Chern connection and its curvature form). Let
X be a complex manifold and let (E,h) be a holomorphic hermitian
vector bundle on X. Then there exists the Chern connection D =
D (g.ny, which can be split in a unique way as a sum of a (1,0) and of a
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(0, 1)-connection, D = Diy ) + D). By the definition of the Chern

connection, D" = DE’E = 0. We obtain the curvature form
On(E) := Dy .

The subscripts might be suppressed if there is no risk of confusion.

Let L be a holomorphic line bundle on X. We say that L is positive
(reps. semi-positive) if there exists a smooth hermitian metric hy on L
such that /=10y, (L) is a positive (resp. semi-positive) (1, 1)-form on
X.

DEFINITION 3.7.3 (Inner product). Let X be an n-dimensional
complex manifold with the hermitian metric g. We denote by w the
fundamental form of g. Let (E,h) be a holomorphic hermitian vec-
tor bundle on X, and u,v are E-valued (p, ¢)-forms with measurable
coefficients, we set

full = [ PV, (o) = [ v,

where |u| (resp. (u,v)) is the pointwise norm (resp. inner product)
induced by g and h on APT% ® E, and dV,, = %w”.

Let us prove Theorem 3.7.1.

Proor oF THEOREM 3.7.1. Throughout this proof, we fix a Kahler
metric g on X. Let h be a smooth hermitian metric on L such that the
curvature /—10,(L) = v/—1901log h is a smooth semi-positive (1,1)-
form on X. We put n = dim X. We introduce the space of L®-valued
harmonic (n, q)-forms as follows,

H™ (X, L¥) = {u € C™(X, L®)|A"u = 0}
for every ¢ > 0, where
A" = /(IL®l7hl) = E/Z@!l,hl)g + 5 Ell*j®l7hl)

and C™4(X, L®') is the space of L®-valued smooth (n, ¢)-forms on X.

We note that DE’L@ hy = 0 and that DE’L*@ piy 18 the formal adjoint of
D/I

(Lo1hty- It is easy to see that A”u = 0 if and only if

Dzll*/@)l,hl)u = éu =0
for u € C™(X, L®) since X is compact. It is well known that
C™I(X, L) = Imd © H™(X, L) ® ImD{}e1 11y

and

Kerd = Imo @ H™(X, L®).
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Therefore, we have the following isomorphisms,

Kerd
Imo

We obtain H(X,wx ® LR ~ H™a( X, L20HF)) similarly.

HY(X, wxy @ L®) ~ H™(X, L) = ~ H™(X, L%,

CrLAM. The multiplication map
x5 H™(X, L% — H™(X, L20FR)
1s well-defined.

If the claim is true, then the theorem is obvious. This is because
su = 0 in H™(X, LEHR)) implies u = 0 for u € H™(X, L®"). This
implies the desired injectivity. Thus, it is sufficient to prove the above
claim.

PROOF OF CrLAIM. By the Nakano identity (see, for example, |
(4.6)]), we have

1D {71 pyul® + |D"u))* = [ D" ul]® + (V=104 (L") Au, u)

holds for L®-valued smooth (n,q)-form u, where A is the adjoint of
wA - and w is the fundamental form of g. If u € H™(X, L®"), then the
left hand side is zero by the definition of H™4(X, L®!). Thus we obtain
| D" ul|? = (/=104 (L®)Au, u)) = 0 since

V=16, (L% = /—=1164(L)
is a smooth semi-positive (1,1)-form on X. Therefore, D"*u = 0 and
(V=10 (L?")Au, u) . = 0, where ( , ) is the pointwise inner product
with respect to h! and ¢g. By Nakano’s identity again,
1D s i paey (s)I* + [[ D" (s) ||

= |D"” (suw)||* + (V=10 p14x (LZHF)) Asu, su))

Note that we assumed u € H™(X,L*®). Since s is holomorphic,

D"(su) = d(su) = 0 by the Leibnitz rule. We know that
D™*(su) = — % 0 (su) = sD"*u =0

since s is a holomorphic L®*-valued (0, 0)-form and D"*u = 0, where * is
the Hodge star operator with respect to g. Note that D’* is independent
of the fiber metrics. So, we have

I le®<l+k>,hl+k)<3u>”2 = (v _1@hl+k(L®(l+k))Asu, su).
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We note that
<\/ —16hl+k (L®(l+k))/\8u, $U>hl+k

I +k
- *T|s|§k<\/—1@hl<L®l)Au,u>hl —0

where ( , )pi+r (resp. |s|pr) is the pointwise inner product (resp. the
pointwise norm of s) with respect to h'** and ¢ (resp. with respect to
h*). Thus, we obtain DE’;MHk)’th)(SU) = 0. Therefore, we know that
AL esn pany(su) = 0, equivalently, su € H™(X, LEWR)Y - We finish
the proof of the claim. O

Thus we obtain the desired injectivity theorem. (

The above proof of Theorem 3.7.1, which is due to Enoki, is ar-
guably simpler than Kollar’s original proof of his injectivity theorem
(see Theorem 3.6.2) in | ].

We include Kodaira’s vanishing theorem for compact complex man-
ifolds and its proof based on Bochner’s technique for the reader’s con-
venience.

THEOREM 3.7.4 (Kodaira vanishing theorem for complex mani-
folds). Let X be a compact complex manifold and let L be a positive
line bundle on X. Then HY(X,wx ® L) =0 for every ¢ > 0.

Proor. We take a smooth hermitian metric A on L such that
V=16, (L) = v/—1091log h is a smooth positive (1,1)-form on X. We
define a Kihler metric g on X associated to w 1= v/—10,(L). As we
saw in the proof of Theorem 3.7.1, we have

HIY(X,wx ® L) ~ H™(X, L)

where n = dim X and H™?(X, L) is the space of L-valued harmonic
(n, q)-forms on X. We take u € H™4(X, L). By Nakano’s identity, we
have

0 = [|D{F pyull® + || D"ul]*
= ||D"u||® + (V—160(L)Au, u)).
On the other hand, we have
(V=104 (L)Au,u), = q|ul?.

Therefore, we obtain 0 = ||u||*> when ¢ > 1. Thus, we have u = 0.
This means that H™%(X, L) = 0 for every ¢ > 1. Therefore, we have
HY(X,wx ® L) =0 for every ¢ > 1. O
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It is a routine work to prove Theorem 3.7.5 by using Theorem 3.7.1.
More precisely, Theorem 3.6.2 for compact Kahler manifolds, which is
a special case of Theorem 3.7.1, induces Theorem 3.7.5 by the usual
argument as in | | and [Ko6].

THEOREM 3.7.5 (Torsion-freeness and vanishing theorem). Let X
be a compact Kdahler manifold and let Y be a projective variety. Let
m: X — Y be a surjective morphism. Then we obtain the following
properties.

(i) Rim.wx is torsion-free for every i > 0.
(ii) If H is an ample line bundle on Y, then

H/(Y,H ® R'mwx) =0
for every i > 0 and j > 0.

For related topics, see | |, [Oh], [F'30], and [F'31]. See also
[F'37]. We close this section with a conjecture.

CONJECTURE 3.7.6. Let X be a compact Kdhler manifold (or a
smooth projective variety) and let D be a reduced simple normal cross-
ing divisor on X. Let L be a semi-positive line bundle on X and let s
be a non-zero holomorphic section of L=* on X for some positive in-
teger k. Assume that (s = 0) contains no strata of D, that is, (s = 0)
contains no log canonical centers of (X, D). Then the multiplication
homomorphism

xs: HY(X,wy ® Ox(D) ® L&) — HY(X,wx ® Ox(D) @ LE+H),
which is induced by ®s, is injective for every ¢ > 0 and | > 0.

3.8. Fujita vanishing theorem

The following theorem was obtained by Takao Fujita (see [F't1,
Theorem (1)] and [F't2, (5.1) Theorem]). See also [Lal, Theorem
1.4.35).

THEOREM 3.8.1 (Fujita vanishing theorem). Let X be a projective
scheme defined over a field k and let H be an ample Cartier divisor on
X. Given any coherent sheaf F on X, there exists an integer m(F, H)
such that

H'(X,F @ Ox(mH + D)) =0
for alli >0, m >m(F,H), and any nef Cartier divisor D on X .
PrOOF. Without loss of generality, we may assume that & is alge-

braically closed. By replacing X with Supp F, we may assume that
X = Supp F.
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REMARK 3.8.2. Let F be a coherent sheaf on X. In the proof of
Theorem 3.8.1, we always define a subscheme structure on Supp F by
the Ox-ideal Ker(Ox — Endo, (F)).

We use induction on the dimension.
STEP 1. When dim X = 0, Theorem 3.8.1 obviously holds.

From now on, we assume that Theorem 3.8.1 holds in the lower
dimensional case.

STEP 2. We can reduce the proof to the case where X is reduced.

PrROOF OF STEP 2. We assume that Theorem 3.8.1 holds for re-
duced schemes. Let N be the nilradical of Ox, so that N = 0 for
some r > (0. Consider the filtration

FON-FON?* FO---DN"-F=0
The quotients N*F /N1 F are coherent O, ,-modules, and therefore,
by assumption,

H/(X,(N'"F/NTF)® Ox(mH + D)) =0
for j > 0 and m > m(N"F/NTF H) thanks to the amplitude of
Ox,.,(H). Twisting the exact sequences

0= NMNF s N'F - NF/INTLF =0
by Ox(mH + D) and taking cohomology, we then find by decreasing
induction on ¢ that

H (X, N'F ® Ox(mH + D)) =0
for j > 0 and m > m(N"F,H). When i = 0 this gives the desired
vanishings. O
From now on, we assume that X is reduced.

STEP 3. We can reduce the proof to the case where X is irreducible.

Proor orF STEP 3. We assume that Theorem 3.8.1 holds for re-
duced and irreducible schemes. Let X = X; U---U X}, be its decom-
position into irreducible components and let Z be the ideal sheaf of X;
in X. We consider the exact sequence

0—-I - F—-F—F/IT-F—DO.

The outer terms of the above exact sequence are supported on XoU- - -U
X and X7 respectively. So by induction on the number of irreducible
components, we may assume that

H (X, ITF ® Ox(mH + D)) =0
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for j > 0 and m > m(ZF, H|x,u..un,) and
H)(X,(F/IF)® Ox(mH + D)) =0

for j > 0 and m > m(F/IF,H|x,). It then follows from the above
exact sequence that

H! (X, F® Ox(mH + D)) =0
when j > 0 and
m > m(F, H) := max{m(ZF, H|x,u..um,), M(F/IF,H|x,)},
as required. O
From now on, we assume that X is reduced and irreducible.

STEP 4. We can reduce the proof to the case where H is very ample.

PROOF OF STEP 4. Let [ be a positive integer such that [ H is very
ample. We assume that Theorem 3.8.1 holds for [H. Apply Theorem
3.8.1 to F® Ox(nH) for 0 < n <[ —1 with [H. Then we obtain
m(F ® Ox(nH),lH) for 0 <n <[—1. We put

m(F, H) =1 (mgxm(]: ® Ox(nH), [H) + 1) .

Then we can easily check that m(F, H) satisfies the desired property.
O

From now on, we assume that H is very ample.

STEP 5. It is sufficient to find m(F, H) such that
HY(X,F® Ox(mH + D)) =0
for all m > m(F, H) and any nef Cartier divisor D on X.

PROOF OF STEP 5. We take a general member A of |H| and con-
sider the exact sequence

0—=FR0x(-A) = F = F4—0.
Since dim Supp F4 < dim X, we can find m(Fa, H|4) such that
H'(A,Fa® Oa(mH + D)) =0
for all i > 0 and m > m(Fqa, H|a) by induction. Therefore,
H(X,F®Ox((m—1)H + D)) = H(X,F ® Ox(mH + D))

for every i > 2 and m > m(Fa, H|a). By Serre’s vanishing theorem,
we obtain

H'(X,F®Ox((m—1)H + D)) =0
for every i > 2 and m > m(Fa, H|a). O
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STEP 6. We can reduce the proof to the case where F = Oy.

PRrROOF OF STEP 6. We assume that Theorem 3.8.1 holds for F =
Ox. There is an injective homomorphism

a:0x - F®Ox(aH)
for some large integer a. We consider the exact sequence
0— Ox - F®Ox(aH) — Cokerax — 0
and use the induction on rank 7. Then we can find m(F, H). O
From now on, we assume F = Oy.
STEP 7. If the characteristic of k is zero, then Theorem 3.8.1 holds.

PRrROOF OF STEP 7. Let f : Y — X be a resolution. Then we
obtain the following exact sequence

0— fuiwy — Ox(bH) - C — 0

for some integer b, where dim Supp C < dim X. Note that f.wy is
torsion-free and rank f,wy is one. On the other hand,

HI(X, fiwy @ Ox(mH + D)) =0

for every m > 0 and j > 0 by Kollar’s vanishing theorem (see Theorem
3.6.3). Therefore,

H)(X,0x((b+m)H + D)) =0
for every positive integer m > m(C, H) and j > 0. O

If we do not like to use Kollar’s vanishing theorem (see Theorem
3.6.3) in Step 7, which was not proved in Section 3.6, then we can use
the following easy lemma.

LEMMA 3.8.3. Let X be an irreducible proper variety and let L be
a nef and big line bundle on X. Let f :'Y — X be a resolution of
singularities. Then H' (X, fuwy ® L) =0 for every i > 0.

PRroOF. By the Grauert—Riemenschneider vanishing theorem: The-
orem 3.2.7, we have H' (X, fiwy ® L) ~ H(Y,wy ® f*L) for every i. By
the Kawamata—Viehweg vanishing theorem: Theorem 3.2.1, we obtain
H (Y,wy ® f*L£) = 0 for every i > 0. Therefore, we obtain the desired
vanishing theorem. 0

STEP 8. We can reduce the proof to the case where F = wy, where
wy is the dualizing sheaf of X.
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REMARK 3.8.4. The dualizing sheaf wx is denoted by w% in | ,
Chapter III §7]. We know that w$ ~ 5xtg];NdlmX(OX,wlp>N) when X C

PN. For details, see the proof of Proposition 7.5 in | , Chapter III
§7].

ProOF OF STEP 8. We assume that Theorem 3.8.1 holds for F =
wyx. There is an injective homomorphism

ﬁ Wy — Ox(CH>

for some positive integer c. Note that wx is torsion-free. We consider
the exact sequence

0 — wyxy — Ox(cH) — Coker § — 0.
We note that dim Supp Coker § < dim X because
rankwyx =rank Ox(cH) = 1.

Therefore, we can find m(Ox, H) by induction on the dimension and
Theorem 3.8.1 for wx. ]

From now on, we assume that 7 = wyx and that the characteristic
of k is positive.

STEP 9. Theorem 3.8.1 holds when the characteristic of k is posi-
tive.

PROOF OF STEP 9. Let X — P be the embedding induced by H.
Let

X=X
|
PN —— PV
be the commutative diagram of the Frobenius morphisms. By taking
RHomo,y (__,wpn) to Ox — F.Ox, we obtain
RHomo, (F.Ox,wpn) — RHomo,, (Ox, wpy).
By Grothendieck duality (see | | and | D,
RHomo,, (F.Ox,wpn) = F.RHome, , (Ox, wpn ).

Therefore, we obtain

v: Fiwx — wx.
Note that wy = Extgﬂ:jfimX(OX,wPN). Let U be a non-empty Zariski
open set of X such that U is smooth. We can easily check that

v: Fawxy — wx
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is surjective on U. Note that the cokernel A of Ox — F,Ox is locally
free on U. Then Sa:t’ngN (A,wpn) =0 for k > N —dim X on U. We

consider the exact sequences
0 — Kery — Fowy — Imy — 0
and
0—Imy —wxy —-C—0.
Then dim Supp C < dim X. Note that there is an integer m; such that
H*(X,Kery ® Ox(mH + D)) =0

for every m > my by Step 5. By applying induction on the dimension
to C, we obtain some positive integer m, such that

HY(X, Fwx ® Ox(mH + D)) — H'Y(X,wx ® Ox(mH + D))
is surjective for every m > my. We note that
HY (X, F,wx ® Ox(mH + D)) ~ H'(X,wx ® Ox(p(mH + D)))

by the projection formula, where p is the characteristic of k. By re-
peating the above process, we obtain that

HY (X, wx ® Ox(p*(mH + D))) — H'(X,wx ® Ox(mH + D))

is surjective for every e > 0 and m > my. Note that mg is independent
of the nef divisor D. Therefore, by Serre’s vanishing theorem, we obtain

HY(X,wx ® Ox(mH + D)) =0
for every m > my. 0

We finish the proof of Theorem 3.8.1. U

In Step 9, we can use the following elementary lemma to construct
a generically surjective homomorphism F.wyxy — wx.

LEMMA 3.8.5 (see [F't2, (5.7) Corollary]). Let f : V. — W be a
projective surjective morphism between projective varieties defined over
an algebraically closed field k with dimV = dim W = n. Then there is
a generically surjective homomorphism ¢ : fiwy — wy.

PROOF. By definition (see | , Chapter IIT §7]), H"(V,wy) # 0.
We consider the Leray spectral sequence

EY? = HP(W, R fuww) = HP UV, wy).
Note that Supp R?f.wy is contained in the set
W, = {w € W | dim f'(w) > q}.

Since dim f~1(WW,) < n for every ¢ > 0, we have dimW, < n — ¢
for every ¢ > 0. Therefore, E;”"? = 0 unless ¢ = 0. Thus we obtain
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Ey? = HY(W, fuwy) # 0since H™(V,wy) # 0. By the definition of wy,
Hom( f.wy,ww) # 0. We take a non-zero element ¢ € Hom( fuwy, wy)
and consider Im(y¢) C wy. Since Hom(Im(p),ww) # 0, we have

H™"(W,Im(¢p)) # 0 (see | , Chapter IIT §7]). This implies that
dim Supp Im(¢) = n. Therefore, ¢ : fiwy — wy is generically surjec-
tive since rank wy = 1. ]

REMARK 3.8.6. In Lemma 3.8.5, if R?f,wy, = 0 for every ¢ > 0,
then we obtain H™(W, f.wy) ~ H"(V,wy). We note that H™"(V,wy ) ~
k since k is algebraically closed. Therefore, Hom( f.wy,ww ) ~ k. This
means that, for any nontrivial homomorphism ¢ : f,wy — wy, there
is some a € k\ {0} such that ¢ = ap, where ¢ is given in Lemma 3.8.5.
Note that R?f.wy = 0 for every ¢ > 0 if f is finite. We also note that
Rif,wy = 0 for every ¢ > 0 if the characteristic of k is zero and V' has
only rational singularities by the Grauert—Riemenschneider vanishing
theorem (see Theorem 3.2.7) or by Kollar’s torsion-free theorem: The-
orem 3.6.3 (see also Lemma 3.8.7 below).

Although the following lemma is a special case of Kollar’s torsion-
freeness (see Theorem 3.6.3), it easily follows from the Kawamata—
Viehweg vanishing theorem (see Theorem 3.2.1).

LEMMA 3.8.7 (cf. [F't2, (4.13) Proposition]). Let f : V — W be a
projective surjective morphism from a smooth projective variety V' to a
projective variety W, which is defined over an algebraically closed field k
of characteristic zero. Then R f,wy = 0 for every ¢ > dim V —dim W.

PROOF. Let A be a sufficiently ample Cartier divisor on W such
that
HO(W, R fuoy @ O (4)) = H(V, oy @ Oy (f° A)
and that Rif.wy ® Ow(A) is generated by global sections for every
g. We note that the numerical dimension v(V, f*A) of f*A is dim W.
Therefore, we obtain

H(V,wy ® Oy (f*4)) = 0

forg > dim V—dim W = dim V—v(V, f*A) by the Kawamata—Viehweg
vanishing theorem: Theorem 3.3.7. Thus, we obtain R?f.wy = 0 for
qg>dimV —dimW. O

REMARK 3.8.8. In | , Section 4], Takao Fujita proves Lemma
3.8.7 for a proper surjective morphism f : V — W from a complex
manifold V' in Fujiki’s class C to a projective variety W. His proof uses
the theory of harmonic forms. For the details, see [F't2, Section 4].
See also Theorem 3.8.9 below. Note that [F't2, (4.12) Conjecture| was
completely solved by Kensho Takegoshi (see | ]). See also [F'31].
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The following theorem is a weak generalization of Kodaira’s vanish-
ing theorem: Theorem 3.7.4. We need no new ideas to prove Theorem
3.8.9. The proof of Kodaira’s vanishing theorem based on Bochner’s
method works.

THEOREM 3.8.9 (A weak generalization of Kodaira’s vanishing the-
orem). Let X be an n-dimensional compact Kdihler manifold and let £
be a line bundle on X whose curvature form /—10(L) is semi-positive

and has at least k positive eigenvalues on a dense open subset of X.
Then H' (X,wx @ L) =0 fori >n —k.

We note that H'(X,wx ® L) is isomorphic to H™ (X, L), which
is the space of L-valued harmonic (n,i)-forms on X. By Nakano’s
formula, we can easily check that H™(X,L£) =0 for i+ k > n + 1.

We close this section with a slight generalization of Kollar’s result
(cf. | , Proposition 7.6]), which is related to Lemma 3.8.5. For a
related result, see also [F'F, Theorem 7.5].

PropPOSITION 3.8.10. Let f : V. — W be a proper surjective mor-
phism between normal algebraic varieties with connected fibers, which
is defined over an algebraically closed field k of characteristic zero. As-
sume that V and W have only rational singularities. Then Ref.wy ~

wy where d =dimV — dim W.
PrROOF. We can construct a commutative diagram

X "=V

I

with the following properties.

(i) X and Y are smooth algebraic varieties.
(ii) 7 and p are projective birational.
(iii) g is projective, and smooth outside a simple normal crossing
divisor X on Y.

We note that R?g.wx is locally free for every j (see, for example, |
Theorem 2.6]). By Grothendieck duality, we have

Rg.Ox ~ RHomo, (Rg.w%,wy ).

Therefore, we have

Y

Oy ~ Homo, (Rg.wx,wy).
Thus, we obtain R%g,wx ~ wy. By applying p,, we have

d
p*R g«Wx = PxWy = Wwy.
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We note that p,Rg,wx ~ R%(pog).wx since Rip, Rig.wx = 0 for every

i > 0 (see, for example, | , Theorem 3.8 (i)], | , Theorem 2.14,

Theorem 3.4 (iii)], or Theorem 5.7.3 (ii) below). On the other hand,
Ri(pog).wx ~ RY(f om).wx ~ R f,wy

since Rim,wx = 0 for every 7 > 0 and m,wx ~ wy. Therefore, we obtain
R fowy ~ wy. O

3.9. Applications of Fujita vanishing theorem

In this section, we discuss some applications of Theorem 3.8.1. For
more general statements and other applications, see [F't2, Section 6].

THEOREM 3.9.1 (cf. [F't1, Theorem (4)] and [F't2, (6.2) Theorem]).
Let F be a coherent sheaf on a scheme X which is proper over an
algebraically closed field k. Let L be a nef line bundle on X. Then

dim HY(X, F @ L%) < O(t"9)
where m = dim Supp F.

PrROOF. First, we assume that X is projective. We use induction
on q. We put ¢ = 0. Let H be an effective ample Cartier divisor on X
such that £ ® Ox(H) is ample. Since

HY X, Fo L) c H'(X,F® L @ Ox(tH))
for every positive integer ¢, we may assume that £ is ample by replacing
L with L& Ox(H). In this case, dim H°(X, F ® L) < O(t™) because
dim H°(X, F @ L) = x(X, F ® L)
for every t > 0 by Serre’s vanishing theorem. When ¢ > 0, by Theorem
3.8.1, we have a very ample Cartier divisor A on X such that
HY(X,F®O0x(A)® L) =0

for every ¢ > 0. Let D be a general member of |A| such that the
induced homomorphism « : F @ Ox(—D) — F is injective. Then

dim HY(X, F ® £%) < dim H* (D, Coker(a)) ® Op(A) @ L)

< O(t™™)

by the induction hypothesis. Therefore, we obtain the theorem when
X is projective.

Next, we consider the general case. We use the noetherian induction
on Supp F. By the same arguments as in Step 2 and Step 3 in the proof
of Theorem 3.8.1, we may assume that X = Supp F is a variety, that is,

X is reduced and irreducible. By Chow’s lemma, there is a birational
morphism f : V — X from a projective variety V. We put G = f*F
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and consider the natural homomorphism § : F — f,G. Since ( is an
isomorphism on a non-empty Zariski open subset of X. We consider
the following short exact sequences

0 — Ker(f) - F — Im(8) — 0
and
0 — Im(B) — f.G — Coker(3) — 0.
By induction, we obtain
dim H9(X, Ker(3) ® L%) < O(t™7)
and
dim H7 (X, Coker(3) ® L) < O(t™ 7).
Therefore, it is sufficient to see that
dim H(X, f.G ® LZ") < O™ ).
We consider the Leray spectral sequence
EY = H(X, R f.G® L) = HT(V,G @ (f*£)*).
Then we have
dim HY(X, .G ® £5) <) " dim H*/ (X, R/ £.G @ L")
Jj=1
+dim HY(V,G @ (f*L£)%").
Note that
dim HY(V,G & (f*£)¥") < O(t™™)
since V' is projective. On the other hand, we have
dim Supp R’ f.G < dim X —j — 1
for every j > 1 as in the proof of Lemma 3.8.5. Therefore,
dim H*7 "X, R .G @ LZ") < O(t™9)
by the induction hypothesis. Thus, we obtain
dim HY(X, F @ L%") < O(t"9).
We complete the proof. O
As an application of Theorem 3.9.1, we can prove Fujita’s numerical
characterization of nef and big line bundles. We note that the charac-
teristic of the base field is arbitrary in Corollary 3.9.2. Corollary 3.9.2

in characteristic zero, which is due to Sommese, is well known. See, for
example, | , Lemma 3].
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COROLLARY 3.9.2 (cf. [F't1, Theorem (6)] and [F't2, (6.5) Corol-
lary]). Let £ be a nef line bundle on a proper algebraic irreducible vari-
ety V' defined over an algebraically closed field k with dimV = n. Then
L is big if and only if the self-intersection number L™ is positive.

PrOOF. Let v : X¥ — X be the normalization. By replacing X
and £ with X” and v*£, we may assume that X is normal. It is well

known that
(V.2 Zlim <o,
By Theorem 3.9.1, we have '
dim HO(V, L%) = x (V. L) < O(t" ™).

Therefore, £ is big if and only if L™ > 0. Note that £™ > 0 since L is
nef. O

COROLLARY 3.9.3 (cf. [F't1, Corollary (7)] and [F't2, (6.7) Corol-
lary]). Let £ be a nef and big line bundle on a projective irreducible
variety V' defined over an algebraically closed field k with dim'V = n.
Then, for any coherent sheaf F on V', we have

dim HY(V, F @ L) < O(t" 1)
for every ¢ > 1. In particular, H"(V,F @ L%) =0 for every t > 0.
PROOF. Let A be an ample Cartier divisor such that
H(V,F® Oy(A)® L) =0

for every ¢ > 0 and ¢t > 0 (see Theorem 3.8.1). Since L is big, there is a
positive integer m such that |[L®™ ® Oy (—A)| # 0 by Kodaira’s lemma
(see Lemma 2.1.18). We take D € L% ® Oy (—A)| and consider the
homomorphism v : F ® Oy (—D) — F induced by 7. Then we have

dim HY(V, F @ L") <dim H?(V, Coker(y) ® L%)
+ dim HO(V, Im(y) & £°),
and
dim HY(V,Im(y) ® £%) < dim HY(V, F ® Oy (—=D) @ L")
+ dim H7(V, Ker(y) @ L)
= dim H*"(V, Ker(y) @ L)
for every t > m. This is because
HYV,F ® Oy(—=D) ® L)
~ HY(V,F @ Oy(A) @ L) =0
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for every t > m. Note that
dim H?(V, Coker(y) ® L&) < O(t"179)

by Theorem 3.9.1 since Supp Coker(+y) is contained in D. On the other
hand,

dim HH(V, Ker(y) @ L&) < O(t"971)
by Theorem 3.9.1. By combining there estimates, we obtain the desired
estimate. O

3.10. Tanaka vanishing theorems

In this section, we discuss Tanaka’s vanishing theorems. It is well
known that Kodaira’s vanishing theorem does not always hold even
for surfaces when the characteristic of the base filed is positive. In
[ |, Hiromu Tanaka obtained the following vanishing theorem as
an application of Fujita’s vanishing theorem: Theorem 3.8.1. They are
sufficient for X-method for surfaces in positive characteristic.

THEOREM 3.10.1 (Kodaira type vanishing theorem). Let X be a
smooth projective surface defined over an algebraically closed filed k of
positive characteristic. Let A be an ample Cartier divisor on X and let
N be a nef Cartier divisor on X which is not numerically trivial. Then

for every i > 0 and every m > 0.

More generally, Hiromu Tanaka proved the following vanishing the-
orems.

THEOREM 3.10.2 (Kawamata—Viehweg type vanishing theorem).
Let X be a smooth projective surface defined over an algebraically closed
filed k of positive characteristic. Let A be an ample R-divisor on X
whose fractional part has a simple normal crossing support and let N
be a nef Cartier divisor on X which is not numerically trivial. Then

H'(X,0x(Kx + [A] + mN)) =0
for every i > 0 and every m > 0.

THEOREM 3.10.3 (Nadel type vanishing theorem). Let X be a nor-
mal projective surface defined over an algebraically closed field k of
positive characteristic. Let A be an R-diwvisor on X such that Kx + A
is R-Cartier. Let N be a nef Cartier divisor on X which is not numer-
ically trivial. Let L be a Cartier divisor on X such that L — (Kx + A)
1s nef and big. Then

H'(X,O0x(L+mN)® J(X,A)) =0
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for every i > 0 and every m > 0, where J (X, A) is the multiplier ideal
sheaf of the pair (X, A).

For the details of Theorems 3.10.1, 3.10.2, and 3.10.3, and some
related topics, see | ].

3.11. Ambro vanishing theorem

In this section, we prove Ambro’s vanishing theorem in | ],
which is an application of Corollary 3.1.2.

THEOREM 3.11.1. Let X be a smooth projective variety and let A
be a reduced simple normal crossing divisor on X. Assume that X \ A
is contained in an affine Zariski open set U of X. Then we have

H'(X,0x(Kx +A))=0
for every v > 0.

Our proof of Theorem 3.11.1 is based on Corollary 3.1.2 and the
weak factorization theorem in | ].

PrOOF. We may assume that U C C". By taking the closure of U
in P and taking some suitable blow-ups outside U, we can construct a
smooth projective variety X’ with the following properties (cf. Good-
man’s criterion in | , Chapter II Theorem 6.1]).

(i) U ¢ X" and ¥ = X'\ U is a simple normal crossing divisor on
X'

(ii) There is a simple normal crossing divisor A’ on X’ such that
¥ < A’ and that (X', A"y = (X, A)|y. In particular, X'\
A= X\ A.

(iii) There is an effective ample Cartier divisor D’ on X’ such that
Supp D’ C Supp A’.

By Corollary 3.1.2, we obtain that
HY (X', Ox/(Kx:+A)) =0
for every ¢ > 0.
Cram. We have
HY(X,0x(Kx +A)) ~ H(X',Ox/(Kx +A"))
for every i.

PROOF OF CLAIM. By the weak factorization theorem (see | ,
Theorem 0.3.1]), we may assume that f: X’ — X is a blow-up whose
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center C, which is contained in A, is smooth and has simple normal
crossings with A. It is sufficient to check that

R f,Ox/(Kx +A') =0
for every j > 0 and
[:0x/(Kx + A') ~ Ox(Kx + A).
By shrinking X', we may assume that C is irreducible. Then we have
Kxr+ A" = f"(Kx +A)+ (c—=m)E
and
Kx = f"Kx+(c—1)E

where ¢ = codimxC', m = multcA, and E is the exceptional divisor of
f. Since c —m > 0 and E is f-exceptional, we obtain

f*OX/<KX’ + A,) ~ OX(KX + A)

Since
Kxi+A'"— Ky ~¢ (1-=m)E
is f-nef and f-big,
R f,Ox/(Kx +A') =0
for every 5 > 0 by the Kawamata—Viehweg vanishing theorem: Theo-

rem 3.2.1. Of course, we can directly check the above vanishing state-
ment because f: X’ — X is a blow-up whose center is smooth. U

Therefore, we obtain the desired vanishing theorem. O
We learned the following example from Takeshi Abe.

ExAMPLE 3.11.2. There is a projective birational morphism f :
X — Y from a smooth projective variety X to a normal projective
variety Y with the following properties.

(i) The exceptional locus Exc(f) of f is an irreducible curve C' on
X.
(ii) There is a prime Weil divisor H on Y with P := f(C) € H
which is an ample Cartier divisor on Y.
Then U := X \ f7Y(H) = Y \ H is an affine Zariski open set of X.
In this case, D := X \ U is a prime Weil divisor on X which is a nef
and big Cartier divisor on X such that D - C = 0. Therefore, D is not
ample. Note that we can choose f : X — Y to be a three-dimensional
flopping contraction.

For some related results, see [ , Chapter II].
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3.12. Kovacs’s characterization of rational singularities

In this section, we discuss Kovacs’s characterization of rational sin-
gularities in | ].
Let us recall the definition of rational singularities.

DEFINITION 3.12.1 (Rational singularities). Let X be a variety. If
there exists a resolution of singularities f : Y — X such that R f,Oy =
0 for every ¢ > 0 and f.Oy =~ Oy, equivalently, the natural map
Ox — Rf.Oy is a quasi-isomorphism, then X is said to have only
rational singularities.

LEmMMA 3.12.2 (] ). Let X be a variety and let f 1Y — X
be a resolution of singularities. Then the natural map Ox — Rf.Oy is
a quasi-isomorphism if and only if X is Cohen—Macaulay and f.wy =~
wx.

PROOF. Assume that X is Cohen—Macaulay and f.wy ~ wx. Then
Rf.wy ~ w% by the Grauert—Riemenschneider vanishing theorem: The-
orem 3.2.7. By Grothendieck duality, we obtain

Ox ~ RHom(w%,w%) ~ RHom(R f.wy,w%)
~ Rf.RHom(wy,wy ) ~ Rf.Oy.

Assume that the natural map Oy — Rf,Oy is a quasi-isomorphism.
By Grothendieck duality,

Rf.wy ~ RHom(Rf.Oy,w%)
~ RHom(Ox,w%) ~ wk.
Note that wy ~ wy[d] where d = dimX = dimY. Then h'(w%) =
R™*dyy = 0 for i@ > —d by the Grauert-Riemenschneider vanishing

theorem: Theorem 3.2.7. Therefore, X is Cohen-Macaulay and w$ =~
wx|d]. Thus we obtain fiwy ~ wx. O

We can easily check the following lemmas.

LEmMmA 3.12.3. Let X be a smooth variety. Then X has only ra-
tional singularities.

ProoOF. Note that the identity map idy : X — X is a resolution
of singularities of X since X itself is smooth. 0

LEMMA 3.12.4. Assume that X has only rational singularities. Let
f Y — X be any resolution of singularities. Then R'f.Oy = 0 for
every i > 0 and f,Oy ~ Ox.
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Proor. By Lemma 3.12.2, it is sufficient to see fiwy >~ wx. On the
other hand, it is easy to see that f.wy is independent of the resolution
f Y — X. Therefore, we have f.wy ~ wy by Lemma 3.12.2 and
Definition 3.12.1. O

The following theorem is Kovacs’s characterization of rational sin-
gularities.

THEOREM 3.12.5 (] , Theorem 1)). Let f:Y — X be a mor-
phism between varieties and let o : Ox — Rf.Oy be the associated
natural morphism. Assume that Y has only rational singularities and
there exists a morphism (B : Rf.Oy — Ox such that (o « is a quasi-
1somorphism in the derived category. Then X has only rational singu-
larities.

PROOF. We construct the following commutative diagram:
y ==Y
7| lf

X=X

such that ¢ and 7 are resolutions of singularities. Then we have the
following commutative diagram:

Ox —— Rf.Oy

.| |s

R?T*O)} T> Rf*RO'*O?.

Note that b is a quasi-isomorphism because Y has only rational singu-
larities. Therefore,

(Bobloc)oa: Ox — Rm.05 — Ox
is a quasi-isomorphism. Thus, we may assume that f is a resolution of
singularities. We apply RHom(__,w%) to
Ox - ROy 25 Oy
By Grothendieck duality, we obtain

*

wh < Rfwh < wh
such that a* o 8* is a quasi-isomorphism. Therefore, we obtain
W (wy) C R fuwl ~ R fwy
where d = dim X = dim Y. By the Grauert-Riemenschneider vanish-
ing theorem: Theorem 3.2.7, we have R %wy = 0 for every i > —d.
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This implies that h'(w%) = 0 for every i > —d. This means that X is
Cohen—Macaulay. By the above argument, we obtain

h—d B* h—d a*
wy — Oy D

wWx

such that the composition is an isomorphism. This implies f,wy ~ wx.
Therefore, X has only rational singularities by Lemma 3.12.2. U

The arguments in the proof of Theorem 3.12.5 is very useful for
various applications (see the proof of Theorem 3.13.6).

We close this section with a well-known vanishing theorem for va-
rieties with only rational singularities. It is an easy application of the
Kawamata—Viehweg vanishing theorem.

THEOREM 3.12.6 (Vanishing theorem for varieties with only ratio-
nal singularities). Let X be a normal complete variety with only rational
singularities. Let D be a nef and big Cartier divisor on X. Then
for 1 >0, equivalently, by Serre duality,

H'(X,0x(—D))=0
for1 < dim X.

PRrROOF. Let f : Y — X be a resolution of singularities. Since X
has only rational singularities,

Hl(Xa OX(_D)) = Hz(Y7 OY(_f*D))
for every ¢. Since f is birational, f*D is nef and big. Therefore,
H(Y,Oy(—f*D)) = 0 for every i < dimY = dim X by the Kawamata—
Viehweg vanishing theorem: Theorem 3.2.1. Note that H (X, wy ®
Ox(D)) is dual to H¥™X~(X Ox(—D)) by Serre duality because X
is Cohen—Macaulay. 0

3.13. Basic properties of dlt pairs

In this section, we prove some basic properties of dlt pairs. We note
that the notion of dlt pairs plays very important roles in the recent
developments of the minimal model program after | ]. We also
note that the notion of dlt pairs was introduced by Shokurov [Sh2].

First, let us prove the following well-known theorem.

THEOREM 3.13.1. Let (X, D) be a dit pair. Then X has only ra-
tional singularities.

For the proof of Theorem 3.13.1, the following formulation of the
Kawamata—Viehweg vanishing theorem is useful.
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THEOREM 3.13.2 (Kawamata—Viehweg vanishing theorem). Let f :
Y — X be a projective surjective morphism onto a variety Y and let
M be a Cartier divisor on Y. Let A be a boundary R-divisor on Y
such that Supp A is a normal crossing divisor on Y. Assume that
M — (Ky + A) is f-ample. Then

R'f,.Oy(M) =0
for every i > 0.

It is obvious that Theorem 3.13.2 contains Norimatsu’s vanishing
theorem: Theorem 3.2.12.

PROOF OF THEOREM 3.13.2. We put D = M — (Ky + (1 —¢)A)
for some small positive number . Then D is an f-ample R-divisor on
Y such that [D] = M — Ky and that Supp{D} is a normal crossing
divisor on Y. By Theorem 3.2.9, we obtain R'f,Oy(Ky + [D]) = 0
for every i > 0. This means that R'f,Oy (M) = 0 for every i > 0. [

Let us give a proof of Theorem 3.13.1 based on Theorem 3.12.5,
which was first obtained in | , Theorem 4.9]. For a related result,
see | , Chapter VII, 1.1.Theorem)].

PROOF OF THEOREM 3.13.1. By the definition of dlt pairs, we
can take a resolution f : Y — X such that Exc(f) and Exc(f) U
Supp f, 1D are both simple normal crossing divisors on Y and that

Ky + f/'D=f"(Kx+D)+E

with [E] > 0. We can take an effective f-exceptional divisor A on
Y such —A is f-ample (see, for example, Remark 2.3.18 and | ,
Proposition 3.7.7]). Then

[E]— (Ky + f.'D+{-E} +e4) = —f*(Kx + D) —cA
is f-ample for ¢ > 0. If 0 < ¢ < 1, then f;'D +{-F} +cAis a

*
boundary R-divisor whose support is a simple normal crossing divisor

on Y. Therefore, R'f.Oy([E]) = 0 for i > 0 by Theorem 3.13.2 and

f+Oy([E]) =~ Ox. Note that [FE] is effective and f-exceptional. Thus,
the composition

Ox — Rf.Oy — Rf.Oy(|E]) ~ Ox
is a quasi-isomorphism in the derived category. So, X has only rational

singularities by Theorem 3.12.5. U

REMARK 3.13.3. It is curious that Theorem 3.13.1 is missing in
[ ]. As we saw in the proof of Theorem 3.13.1, it easily follows
from Kovécs’s characterization of rational singularities (see Theorem
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3.12.5 and | , Theorem 1]). In [ ., Theorem 4], Kovacs only
proved the following statement. Let X be a variety with log terminal
singularities. Then X has only rational singularities.

3.13.4 (Weak log-terminal singularities). The proof of Theorem
3.13.1 works for weak log-terminal singularities (see Definition 2.3.21).
Thus, we can recover | , Theorem 1-3-6], that is, we obtain the
following statement.

THEOREM 3.13.5 (see [ , Theorem 1-3-6]). All weak log-terminal
singularities are rational.

We do not need the difficult vanishing theorem due to Elkik and
Fujita (see Theorem 3.14.1) to obtain the above theorem. In Theorem
3.13.1, if we assume that (X, D) is only weak log-terminal singularities,
then we can not always make Exc(f) and Exc(f) U Supp f, ' D simple
normal crossing divisors. We can only make them normal crossing di-
visors. However, Theorem 3.13.2 works in this setting. Thus, the proof
of Theorem 3.13.1 works for weak log-terminal singularities. Anyway,
the notion of weak log-terminal singularities is not useful in the recent
minimal model program.

The following theorem generalizes | , 17.5 Corollary|, where
it was only proved that S is semi-normal and satisfies Serre’s S5 condi-
tion. Theorem 3.13.6 was first obtained in [F'17] in order to understand

[ , 17.5 Corollary].

THEOREM 3.13.6 ([F'17, Theorem 4.14]). Let X be a normal variety
and let S + B be a boundary R-divisor such that (X,S + B) is dlt, S
is reduced, and |B] = 0. Let S = Sy + --- + Sk be the irreducible
decomposition. We put T = Sy + --- + S5 for some | with 1 < [ <
k. Then T is semi-normal, Cohen-Macaulay, and has only Du Bois
singularities.

PROOF. Let f:Y — X be a resolution of singularities such that
Ky +S8+B =f(Kx+S+B)+E

with the following properties (see Remark 2.3.18):

(i) S" (resp. B’) is the strict transform of S (resp. B).
(ii) Supp(S’+ B') UExc(f) and Exc(f) are simple normal crossing
divisors on Y.
(iii) f is an isomorphism over the generic point of any log canonical
center of (X, S + B).
(iv) [E] = 0.
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We write S = T + U. Let T" (resp. U’) be the strict transform of T
(resp. U) on Y. We consider the following short exact sequence

0 — Oy (=T"+ [ET) = Oy([E]) = Or([Elr]) — 0.
Since =1"+ E ~gp s Ky +U'+ B and E ~p y Ky + 5"+ B’, we have
—T'+[E| ~ps Ky +U' + B+ {-F}
and
[E] ~ry Ky + 5+ B +{-E}.
By Theorem 3.2.11, we obtain
R f.Oy(=T'+ [E]) = R'f.Oy([E]) =0
for every ¢ > 0. Therefore, we have
0 — fOy(=T"+ [E]) = Ox — f.Op([Elr]) = 0
and R'f,O7/([E|7]) = 0 for every ¢ > 0. Note that [E] is effective
and f-exceptional. Thus we obtain
OT ~ f*OT’ ~ f*OT/([E|T’])

Since 7" is a simple normal crossing divisor, T is semi-normal. By the

above vanishing result, we obtain Rf.Op ([E|r]) ~ Or in the derived
category. Therefore, the composition

Or — Rf.Opr — Rf.Op([E|r]) ~ Orp
is a quasi-isomorphism. Apply
RHomy(__,wi)

to

Or — Rf.Op — Or.
Then the composition

wy — Rf.wp — wy
is a quasi-isomorphism by Grothendieck duality. Hence, we have

h(wy) C R fuwgs ~ R fuop,
where d = dim T = dim T".
CLAIM (see also Lemma 5.6.1). R'f.wp =0 for every i > 0.

ProoFr or CraiM. We use induction on the number of the irre-
ducible components of T”. If 7" is irreducible, then Claim follows from
the Grauert—Riemenschneider vanishing theorem: Theorem 3.2.7. Let
S! be the strict transform of S; on Y for every i. Let W be any irre-
ducible component of S; N ---N.S; for {iy, - ,im} C {1,2,---,k}.
Then f: W — f(W) is birational by the construction of f. Therefore,



88 3. CLASSICAL VANISHING THEOREMS AND SOME APPLICATIONS
every Cartier divisor on W is f-big. We put 7" = S| + T} and consider
the short exact sequence
0 — Og(=S}) — Opr — Ogr — 0.
By taking ®wz, we obtain
0— wr = wr — wg @ OSQ(T/|51) — 0.
Then we have the following long exact sequence
- — Rif*wTé — Rif*wT/ — Rif*OLgi(Kgi + T/|Si) — .-

By Theorem 3.2.11, R'f,Og (Kg + T'|g;) = 0 for every i > 0. By
induction on the number of the irreducible components, we obtain that
R Jewry = 0 for every i > 0. Therefore, we obtain the desired vanishing
theorem. O

Therefore, by Claim, hi(w$) = 0 for i # —d. Thus, T is Cohen—
Macaulay. This argument is the same as the proof of Theorem 3.12.5.
Since 7" is a simple normal crossing divisor, 7" has only Du Bois sin-
gularities (see, for example, Lemma 5.3.8). Note that the composition

Or — Rf*OT’ — Op

is a quasi-isomorphism. It implies that T" has only Du Bois singularities
(see | , Corollary 2.4]). Since the composition

wr — fewpr — wp
is an isomorphism, we obtain f,w7 ~ wy. By Grothendieck duality,
Rf.Or ~ RHomp(Rf.wh,wy) ~ RHomp(wy, wy) ~ Or.
So, we have R'f,Op = 0 for every i > 0. O

We obtained the following vanishing theorem in the proof of Theo-
rem 3.13.6.

COROLLARY 3.13.7. Under the notation in the proof of Theorem
3.13.6, R f,Op =0 for every i > 0 and f.Op ~ Op.

As a special case, we have:

COROLLARY 3.13.8 (] , Corollary 5.52]). Let (X,S+ B) be a
dlt pair as in Theorem 3.13.6. Then S; is normal for every i.

PrOOF. We put 7' = S;. Then S; is normal since f.Op ~ Or (see
Corollary 3.13.7). O

Let us discuss a nontrivial example. This example shows the sub-
tleties of the notion of dlt pairs.
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EXAMPLE 3.13.9 (cf. | , Remark 0-2-11. (4)]). We consider
the P2-bundle

m:V = PPQ(O]W D O[pﬂ(l) D Op2(1)) — P2.
Let Fy = Pp2(Op2 @ Op2(1)) and Fy = Pp2(Op2 & Opz2(1)) be two hy-
persurfaces of V' which correspond to projections
Opz ® Opz(l) D Opz(l) — Op2 @ Opz(l)

given by (z,y, 2) — (z,y) and (z,y, z) — (z,2). Let & : V — W be the
flipping contraction that contracts the negative section of 7 : V — P2,
that is, the section corresponding to the projection

O]p2 D Op?(l) D O[p:2(1) - O[pﬁ — 0.

Let C' C P? be an elliptic curve. We put Y = 7=(C), D; = Fi|y, and
Dy = Fyly. Let f:Y — X be the Stein factorization of ®|y : YV —
®(Y'). Then the exceptional locus of f is £ = Dy N Dy. We note that
Y is smooth, Dy + D5 is a simple normal crossing divisor, and £ ~ C
is an elliptic curve. Let g : Z — Y be the blow-up along E. Then

Kz + D)+ Dy + D = g"(Ky + Dy + D5),

where D] (resp. D) is the strict transform of D; (resp. Ds) and D is
the exceptional divisor of g. Note that D ~ C' x P!. Since

—D+ (Kz+ Dy+ D)+ D) — (Kz+ D+ D)) =0,

we obtain that R'f,(9.O0z(—D + Kz + D} + Dy + D)) = 0 for every
t > 0 by Theorem 5.7.3 below. We note that f o g is an isomorphism
outside D. We consider the following short exact sequence

0—>Zr— Oy — O — 0,

where Zg is the defining ideal sheaf of E. Since Zp = ¢.O0z(—D), we
obtain that

0 — f(Zp ® Oy (Ky + D1 + D2)) — f.Oy(Ky + D1 + Ds)
— fuOp(Ky + D1 + Dy) — 0
by R'f.(Zr ® Oy(Ky + Dy + D3)) = 0. By adjunction,
Op(Ky + Dy + D3) ~ O
Therefore, Oy (Ky + Dy + D3) is f-free. In particular,
Ky + Dy + Dy = f*(Kx + Bi + Ba),

where B1 = f*Dl and BQ = f*DQ ThUS, —D— (KZ"‘D& +D/2) ™~ fog 0.
So, we have . A
R'fIp = R'f.(9:02(=D)) =0



90 3. CLASSICAL VANISHING THEOREMS AND SOME APPLICATIONS

for every i > 0 by Theorem 5.7.3 below. This implies that R’f,Oy ~
R'f.OF for every i > 0. Thus, R' f,Oy ~ C(P), where P = f(E). We
consider the following spectral sequence

EP = HP(X, Rf.0y ® Ox(—mA)) = H"* (Y, Oy(—mA)),

where A is an ample Cartier divisor on X and m is any positive in-
teger. Since H'(Y,Oy(—mjf*A)) = H*(Y,Oy(—mf*A)) = 0 by the
Kawamata—Viehweg vanishing theorem (see Theorem 3.2.1), we have

HO(X7 le*OY ® OX<_mA>> = HQ(Xa OX<_mA))
If we assume that X is Cohen—Macaulay, then we have
H*(X,Ox(—mA)) =0

for every m > 0 by Serre duality and Serre’s vanishing theorem. On the
other hand, H°(X, R' f.Oy @ Ox(—mA)) ~ C(P) because R'f,Oy ~
C(P). This is a contradiction. Thus, X is not Cohen—Macaulay. In
particular, (X, By + Bz) is log canonical but not dlt. We note that
Exc(f) = E is not a divisor on Y.

Let us recall that ® : V — W is a flipping contraction. Let &% :
VT — W be the flip of ®. We can check that

VE = Ppi(Op @ Op1(1) & Opi (1) @ Opi (1))

and the flipped curve E+ ~ P! is the negative section of 7+ : V+ — P!,
that is, the section corresponding to the projection

Op: ® OIpn(l) ) Opl(l) ) O]p1(1) — Op1 — 0.

Let Yt be the strict transform of Y on V. Then Y is Gorenstein, log
canonical along £ C YT, and smooth outside E*. Let D} (resp. Dy)
be the strict transform of D; (resp. Dy) on Y*. If we take a Cartier
divisor B on Y suitably, then

(YD1 +Dy) ==~ — -~ = (Y*,Df + D3)
\ /
X

is the B-flop of f : Y — X. In this example, the flopping curve F is
a smooth elliptic curve and the flopped curve E* is P!. We note that
(Y, Dy + D) is dlt. However, (Y+, Df + D) is log canonical but not
dlt.

We close this section with Kovécs’s vanishing theorem.
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THEOREM 3.13.10 (cf. | , Theorem 1.2] and [F'34, Theorem 1}).
Let (X, A) be a log canonical pair and let f 1Y — X be a proper bira-
tional morphism from a smooth variety Y such that Exc(f)USupp f, 1A
15 a simple normal crossing divisor on'Y . In this situation, we can write

We put E = Zai:_l E;. Then we have
R f.Oy(-E)=0
for every i > 0.

The proof given in | | is essentially the same as the proof of
Theorem 3.13.6 with the aid of the minimal model program. For a
slightly simpler proof of Theorem 3.13.10, see | , Section 4]. The
original proof of Theorem 3.13.10 in | ] uses the notion of Du Bois
pairs (see Definition 5.3.5) and the minimal model program. Anyway,
we do not know any proof without using the minimal model program.
So we omit the details here.

REMARK 3.13.11. If (X, A) is klt, then Theorem 3.13.10 says that
X has only rational singularities.

REMARK 3.13.12. In | |, Kovéacs proved Theorem 3.13.10 under
the extra assumption that X is Q-factorial. When we use Theorem
3.13.10 for the study of log canonical singularities, the assumption that
X is Q-factorial is very restrictive. See, for example, | ].

3.14. Elkik—Fujita vanishing theorem

The Elkik-Fujita vanishing theorem (see [Flk] and [F't3]) is a very
difficult vanishing theorem in | ].
THEOREM 3.14.1 (] , Theorem 1-3-1]). Let f: Y — X be a

projective birational morphism from a smooth variety Y onto a variety
X. Let L and L be Cartier divisors on Y. Assume that there exist R-
divisors D and D on'Y and an effective Cartier divisor E on'Y such
that the following conditions are satisfied:

(i) Supp D cind Suppﬁ are simple normal crossing divisors, and
D] =|D)=0,
(ii) both —L — D and —L — D are f-nef,
(iii) Ky ~ L+ L+ E, and
(iv) E is f-exceptional.
Then R f.Oy(L) =0 for every i > 0.
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We give a very simple proof due to Chih-Chi Chou (see [ ).
The original proof in [ , §1-3] is much harder than the proof
given below.

Proor. We consider
a: fu.Oy(L) = 1<oRf.Oy(L) — Rf.Oy(L)
and
ﬂ : Rf*Oy(L) — Rf*Oy(L + E)

in the derived category of coherent sheaves. Since

L+E—(Ky+D)~—-L-D
is f-nef and f-big, we obtain

R'f.Oy(L+E)=0

for every ¢ > 0 by the Kawamata—Viehweg vanishing theorem: Theorem
3.2.9. By Lemma 3.14.2 below,

f:Oy(L+ E) = f.Oy(L).
Therefore, the composition
Boa: f.Oy(L) = Rf.Oy(L) = Rf.Oy(L+ E)
is a quasi-isomorphism. By taking RHom(__,w% ), we obtain
RHom(f.0y(L),w%) <— RHom(Rf.Oy(L),w%)
2L RHom(Rf.Oy (L + E),w%)
such that a* o §* is a quasi-isomorphism. By Grothendieck duality,
RHom(Rf.Oy(L),w%) ~ Rf.Oy(Ky — L)[n]
and
RHom(Rf.Oy(L + E),w%) ~ Rf*Oy(Ky — L — E)[n]
where n = dim X = dim Y. Since
Ky —-L—(Ky+D)=—-L—-D
is f-nef and f-big, we obtain
R f.Oy(Ky —L)=0

for every ¢ > 0 by the Kawamata—Viehweg vanishing theorem: Theorem
3.2.9. Since

a* o §": Rf,Oy(Ky — L — E)[n| = Rf.Oy(Ky — L)[n]
— RHom(f.Oy(L),w%)
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is a quasi-isomorphism, we have
R'f.Oy(Ky —L—E)=0

for every i > 0. This implies that R’ f*Oy(Z) = 0 for every i > 0 by
the condition (iii). By symmetry, we obtain R'f,Oy (L) = 0 for every
1> 0. ]

We have already used the following Fujita’s lemma in the proof of
Theorem 3.14.1 (see also | , Lemma 1-3-2]).

LEMMA 3.14.2 ([F't3, (2.2) Lemmal). Let f : Y — X be a projective
birational morphism from a smooth variety Y onto a variety X, let L
be a Cartier divisor on'Y, let D be an R-Cartier R-divisor on'Y, and
let E be a Cartier divisor on Y. Assume that Supp D is a simple
normal crossing divisor, |D]| = 0, —L — D is f-nef, and that E is
effective and f-exceptional. Then f.Op(L + E) = 0. In particular,
[:Oy(L) = f.Oy(L+E).

PROOF. For any reduced irreducible component E; of E, we have
the exact sequence

where £/ = E — E;. Thus, by induction on the number of components
of E, it is sufficient to prove that there exists a reduced irreducible
component Ej of E such that f.Og, (L + E) = 0. We will prove this
by induction on n = dim X.

First, we assume n = 2. We write E — D = A — B, where A and B
are effective R-divisors without common components. Since |D] = 0,
we have A # 0. Since Supp A C Supp E, A is f-exceptional. Therefore,
by Lemma 2.3.24, we have A - Ey < 0 for some irreducible component
Eqy of A. Sine —L — D is f-nef, we have

(E+L)-Ey<(E—D)-Ey<A-Ey<0,
which implies f.Og,(L + E) = 0.

Next, we assume n > 3. We will derive a contradiction assuming
that f.Op,(L + E;) # 0 for every irreducible component E; of E. By
replacing X with an arbitrary affine open set of X, we may assume
that X is affine.

If dim f(FE) = 0, then

H(E;, Op,(L+ E)) #0
for every E;. We take a general hyperplane section Y’ of Y. Then
H(E;nY’, Op;ny(L+E)) #0

for every E;. This is a contradiction by induction hypothesis.
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If dim f(F) > 1, then we take a general hyperplane section X’ of
X and apply induction to f : Y’ := f~}(X’) — X’. Then, we have
[+Op,ay (L + E) # 0 for every E; with dim f(E;) > 1, which is a
contradiction by induction hypothesis. U

REMARK 3.14.3. In | ], f in Theorem 3.14.1 and Lemma
3.14.2 is assumed to be proper. However, we assume that f is pro-
jective in Theorem 3.14.1 and Lemma 3.14.2 since we take a general
hyperplane section Y’ of Y in the proof of Lemma 3.14.2.

The following remark is obvious by the proof of Theorem 3.14.1.

REMARK 3.14.4 (see | , Remark 1-3-5]). It is easy to see that
Theorem 3.14.1 holds under the following conditions (a) and (b) instead
of (i) and (ii):

(a) Supp D and Supp D are normal crossing divisors, |D] = 0,
and D is a boundary R-divisor,
(b) —L — D is f-nef and —L— D is f-ample.

We give a proof of | , Theorem 1-3-6] using Theorem 3.14.1
for the reader’s convenience.

THEOREM 3.14.5 (see Theorem 3.13.5 and | , Theorem 1-3-6]).
All weak log-terminal singularities are rational.

PROOF. Let (X, A) be a pair with only weak log-terminal singu-
larities. Then we can take a resolution of singularities f : ¥ — X
where

(1) there exists a divisor ) F; with only normal crossings whose
support is Exc(f) U Supp f, A,
(2) Ky = f"(Kx +A)+ > a;F; with the condition that a; > —1
whenever [} is f-exceptional, and
(3) there exists an f-ample Cartier divisor A = ) b;F; where
b; = 0 if F} is not f-exceptional.
Note that b; < 0 for every j, equivalently, —A is effective, by the
negativity lemma (see Lemma 2.3.26). We put

J' ={j| Fjis f-exceptional}
and
J" = {j| F; is not f-exceptional}.
We put
E'=) aF;, E=I[E]

jeJ’
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and N
D=) (~a;F;)+E—E — A
jeJ”
for some sufficiently small number §. Then
L=Ky—FE, L=0, and D=0

satisfy the conditions (a) and (b) in Remark 3.14.4 and (iii) and (iv)
of Theorem 3.14.1. Therefore, we obtain

0= R'f.0y(L) = R"f,Oy
for every ¢ > 0. O

3.15. Method of two spectral sequences

In this section, we give a proof of the following well-known theorem
again (see Theorem 3.13.1).

THEOREM 3.15.1. Let (X, D) be a dit pair. Then X has only ra-
tional singularities.

Our proof is a combination of the proofs in | , Theorem 5.22]
and | , Section 11]. We need no difficult duality theorems.

Let us give a dual form of the Grauert-Riemenschneider vanishing
theorem: Theorem 3.2.7.

LEMMA 3.15.2 (see also Lemma 7.1.2). Let f:Y — X be a proper
birational morphism from a smooth variety Y to a variety X. Let
x € X be a closed point. We put F = f~1(x). Then we have

HL(Y,Oy) =0
for every i <n =dim X.

Proor. We take a proper birational morphism ¢ : 7 — Y from
a smooth variety Z such that f o g is projective. We consider the
following spectral sequence

Ey' = HY(Y,R'9.0z) = Hp™"(Z,0),

where £ = g7 }(F) = (f o g)"*(z). Since R1g,0z = 0 for ¢ > 0 and
9:0z ~ Oy, we have HL.(Y,Oy) ~ HY(Z, Oy) for every p. Therefore,
we can replace Y with Z and assume that f : Y — X is projective.
Without loss of generality, we may assume that X is affine. Then we
compactify X and assume that X and Y are projective. It is well
known that

Hi(Y, Oy) ~ lim Ext’(O,,r, Oy)

m
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(see | , Theorem 2.8]) and that
Hom(Exti((’)mF, Oy),C) ~ Hn_i(yy Opmr @ wy)

by duality on a smooth projective variety Y (see | , Theorem 7.6
(a)]). Therefore,

Hom(HL(Y, Oy),C) ~ Hom(lim Ext'(O,,r, Oy ), C)
~ lim H" (Y, Opr @ wy)

~ (Rn_if*wY);\

by the theorem on formal functions (see [ , Theorem 11.1]), where
(R™" fuwy )~ is the completion of R"f,wy at € X. On the other
hand, R f,wy = 0 for i < n by the Grauert-Riemenschneider van-
ishing theorem: Theorem 3.2.7. Thus, H.(Y,Oy) = 0 for i < n. O

REMARK 3.15.3. Lemma 3.15.2 holds true even when Y has rational
singularities. This is because RYg,Oz = 0 for ¢ > 0 and ¢,0Oz ~ Oy
holds in the proof of Lemma 3.15.2.

Let us go to the proof of Theorem 3.15.1.

PrROOF OF THEOREM 3.15.1. Without loss of generality, we may
assume that X is affine. Moreover, by taking general hyperplane sec-
tions of X, we may also assume that X has only rational singularities
outside a closed point z € X. By the definition of dlt, we can take a
resolution f : Y — X such that Exc(f) and Exc(f) U Supp f;'D are
both simple normal crossing divisors on Y,

Ky +f'D=f(Kx+D)+E

with [E] > 0, and that f is projective. Moreover, we can make f
an isomorphism over the generic point of any log canonical center of
(X, D) (see Remark 2.3.18). Therefore, by Lemma 3.2.11, we can check
that R'f,Oy([E]) = 0 for every i > 0. We note that f,Oy([E]) ~ Ox
since [E'] is effective and f-exceptional. For every i > 0, by the above
assumption, R’ f,Oy is supported at a point # € X if it ever has a non-
empty support at all. We put F = f~!(x). Then we have a spectral
sequence

Ey = Hy(X, R [.Oy([E)) = Hi (Y, Oy ([ E])).
By the above vanishing result, we have

H;(X, Ox) ~ H%(Ya Oy (IET))
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for every ¢ > 0. We obtain a commutative diagram

H};(Y, OY) - Hﬁv(Ya OYUE—D)

o| E

We have already checked that (3 is an isomorphism for every ¢ and that
Hi(Y,Oy) =0 fori < n (see Lemma 3.15.2). Therefore, H (X, Ox) =
0 for every ¢ < n = dim X. Thus, X is Cohen-Macaulay. For i = n,
we obtain that

a: HNX,0x) — HAY, Oy)
is injective. We consider the following spectral sequence
Ey = H(X, R f,0y) = H7 (Y, Oy).

We note that H.L(X, R/ f,Oy) = 0 for every i > 0 and j > 0 since
Supp R? f,Oy C {x} for j > 0. On the other hand,

By’ = H(X,0x)=0
for every ¢ < n. Therefore,
HQ(X7 ij*OY) = H%(X7 OX) =0

for all j < n—2. Thus, R7f.0Oy = 0for 1 < j < n —2. Since
H' Y(X,0x) = 0, we obtain that

0— HY(X,R"'f.Oy) — H"(X,0x) = HAH(Y,Oy) — 0

is exact. We have already checked that « is injective. So, we obtain
that HO(X, R"'f.Oy) = 0. This means that R"~!f,Oy = 0. Thus,
we have R'f,Oy = 0 for every i > 0. We complete the proof. U

REMARK 3.15.4. The method of two spectral sequences was intro-
duced in the proof of [ , Theorem 5.22]. In | ], Alexeev used
this method in order to establish his criterion for Serre’s S3 condition.
The method of two spectral sequences of local cohomology groups dis-
cussed in this section was first used in [F'17, Section 4.3] in order to
generalize Alexeev’s criterion for S3 condition (see Section 7.1). The
proof of Theorem 3.15.1 in this section first appeared in | , Subsec-
tion 4.2.1].
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3.16. Toward new vanishing theorems

In | ], the following results played crucial roles. For the proof
and the details, see [F'28].
Proposition 3.16.1 (see, for example, | , Proposition 5.1]) can be

proved by the theory of mixed Hodge structures. Note that Theorem
5.4.1 below is a complete generalization of Proposition 3.16.1.

PROPOSITION 3.16.1 (Fundamental injectivity theorem). Let X be
a smooth projective variety and let S + B be a boundary R-divisor
on X such that the support of S + B is simple normal crossing and
|S+B| =S. Let L be a Cartier divisor on X and let D be an effective
Cartier divisor whose support is contained in Supp B. Assume that
L ~gr Kx + S+ B. Then the natural homomorphisms

HY(X,0x(L)) = H(X,O0x(L+ D))

which are induced by the natural inclusion Ox — Ox (D) are injective
for all q.

Proposition 3.16.1 is one of the correct generalizations of Kollar’s
injectivity theorem (see Theorem 3.6.2) from the Hodge theoretic view-
point. By Proposition 3.16.1, we can prove Theorem 3.16.2 (see, for
example, [ , Theorem 6.1]), which is a generalization of Kollar’s in-
jectivity theorem. Theorem 5.6.2 below is a generalization of Theorem
3.16.2 for simple normal crossing pairs.

THEOREM 3.16.2 (Injectivity theorem). Let X be a smooth pro-
jective variety and let A be a boundary R-divisor such that Supp A is
simple normal crossing. Let L be a Cartier divisor on X and let D
be an effective Cartier divisor that contains no log canonical centers of
(X, A). Assume the following conditions.

(1) LNR KX+A+H7
(ii) H is a semi-ample R-divisor, and
(iii) tH ~g D+ D' for some positive real number t, where D" is
an effective R-Cartier R-divisor whose support contains no log
canonical centers of (X, A).

Then the homomorphisms
HY(X,0x(L)) - HI(X,Ox(L + D))
which are induced by the natural inclusion Ox — Ox (D) are injective

for all q.

There are no difficulties to prove Theorem 3.16.3 as an applica-
tion of Theorem 3.16.2 (see, for example, [F'28, Theorem 6.3]). Theo-
rem 3.16.3 contains Kollar’s torsion-free theorem and Kollar’s vanishing
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theorem (see Theorem 3.6.3). We will prove a generalization of Theo-
rem 3.16.3 for simple normal crossing pairs (see Theorem 5.6.3 below).
Theorem 5.6.3 is a key ingredient of the theory of quasi-log schemes
discussed in Chapter 6.

THEOREM 3.16.3 (Torsion-freeness and vanishing theorem). Let Y
be a smooth variety and let A be a boundary R-divisor such that Supp A
s simple normal crossing. Let f 1Y — X be a projective morphism
and let L be a Cartier divisor on'Y such that L — (Ky + A) is f-semi-
ample.

(i) Let q be an arbitrary non-negative integer. Then every associ-
ated prime of R1f.Oy (L) is the generic point of the f-image
of some stratum of (Y, A).
(ii) Let m: X — S be a projective morphism. Assume that
L—(Ky+A)~g f*H
for some m-ample R-divisor H on X. Then
R, RIf.Oy (L) =0
for every p > 0 and g > 0.

As an easy consequence of Theorem 3.16.3, we obtain Theorem
3.16.4 in | ].

THEOREM 3.16.4 (see [F'28, Theorem 8.1]). Let X be a normal
variety and let A be an effective R-divisor on X such that Kx + A is
R-Cartier. Let D be a Cartier divisor on X. Assume that D—(Kx+A)

is m-ample, where m : X — S is a projective morphism onto a variety
S. Let {C;} be any set of log canonical centers of the pair (X, A). We
put W = |JC; with the reduced scheme structure. Assume that W is
disjoint from the non-lc locus Nlc(X, A) of (X, A). Then we have

Rir(J @ Ox(D)) =0
for every i > 0, where J = Ty - Inrc(X,A) C Ox and Ly is the
defining ideal sheaf of W on X. Therefore, the restriction map

7.0x(D) — 7.0w (D) ® 7.0x1c(x.0)(D)
18 surjective and .
RZW*Ow(D) =0

for every i > 0. In particular, the restriction maps

m.0x(D) — 7.0 (D)

and
1.0x(D) — 7,.0nie(x,0) (D)
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are surjective.

In [F'28], Theorem 3.16.5 (see [F'28, Theorem 11.1]) plays crucial
roles for the proof of the non-vanishing theorem in [F'28, Theorem
12.2).

THEOREM 3.16.5 (Vanishing theorem for minimal log canonical cen-
ters). Let X be a normal variety and let A be an effective R-divisor on
X such that Kx + A is R-Cartier. Let W be a minimal log canonical
center of (X, A) such that W is disjoint from the non-lc locus Nlc(X, A)
of (X,A). Let m: X — S be a projective morphism onto a variety S.
Let D be a Cartier divisor on W such that D — (Kx+A)|w is m-ample.
Then Rim,.Ow (D) =0 for every i > 0.

In [F28], we proved Theorem 3.16.5 by using dlt blow-ups (see The-
orem 4.4.21), which depend on the recent developments of the minimal
model program, and Theorem 3.16.3. Therefore, Theorem 3.16.5 is
much harder than Theorem 3.16.4. Note that Theorem 3.16.4 and
Theorem 3.16.5 are special cases of Theorem 6.3.4 below. The proof of
Theorem 6.3.4 in Chapter 6 does not need the minimal model program
but uses the theory of mixed Hodge structures for reducible varieties.

In [F28], we obtained the fundamental theorems, that is, various
Kodaira type vanishing theorem, the cone and contraction theorem,
and so on, for normal pairs by using Theorem 3.16.3 and Theorem
3.16.5 (see Section 4.5). Our formulation in [F'28] is different from
the traditional X-method and is similar to the theory of (algebraic)
multiplier ideal sheaves based on the Nadel vanishing theorem (see, for
example, [La2, Part Three|). In [F'28], we need no vanishing theorems
for reducible varieties.

REMARK 3.16.6. Theorem 3.16.2 (resp. Theorem 3.16.3) is a special

case of | , Theorem 3.1] (resp. | , Theorem 3.2]). The proof
of [ , Theorem 3.1] contains several difficulties (see, for example,
Example 5.1.4). Moreover, Ambro’s original proof of | , Theorem
3.2 (ii)] used | , Theorem 3.2 (i)] for embedded normal crossing
pairs even when Y is smooth in | , Theorem 3.2 (ii)]. On the other
hand, the proof of Theorem 3.16.3 in [F'28] does not need reducible
varieties.

In Chapter 5 and Chapter 6, we will prove more general results
than the theorems in this section. Note that | , Theorem 1-2-5
and Remark 1-2-6] will be generalized as follows.

THEOREM 3.16.7 (Theorem 5.7.6). Let (X,A) be a log canonical
pair such that A is a boundary R-divisor and let L be a Q-Cartier Weil
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divisor on X. Assume that L — (Kx + A) is nef and log big over V
with respect to (X, A), where m: X — V is a proper morphism. Then
Rim,Ox(L) =0 for every q¢ > 0.

The proof of Theorem 3.16.7 (see Theorem 5.7.6) needs the vanish-
ing theorem for reducible varieties. Therefore, it is much harder than
the arguments in this chapter.

We strongly recommend the reader to see | , Section 3], where we
discussed the conceptual difference between the traditional arguments
based on the Kawamata—Viehweg-Nadel vanishing theorem and our
new approach depending on the theory of mixed Hodge structures.
It will help the reader to understand the results and the framework
discussed in Chapter 5 and Chapter 6.






CHAPTER 4

Minimal model program

In this chapter, we discuss the minimal model program. Although
we explain the recent developments of the minimal model program
mainly due to Birkar—Cascini-Hacon-M“Kernan in Section 4.4, we do

not discuss the proof of the main results of | |. For the details of
[ ], see [ 11 , Part I1], | 1,1 |, and so
on. The papers [Dr], [F25], and [ ] are survey articles on | ].
For slightly different approaches, see | 1, [ ], [ |, [P], and

so on. In this book, we mainly discuss the topics of the minimal model
program which are not directly related to | -

In Sections 4.1, 4.2, and 4.3, we quickly review the basic results
on the minimal model program, X-method, and so on. Section 4.4
is devoted to the explanation on | | and some related results
and examples. In Section 4.5, we discuss the fundamental theorems
for normal pairs (see [F28]) and various examples of the Kleiman—
Mori cone. The results in Section 4.5 are sufficient for the minimal
model program for log canonical pairs. In Section 4.6 and Section 4.7,
we prove that Shokurov polytope is a polytope. In Section 4.8, we
discuss the minimal model program for log canonical pairs and various
conjectures. In Section 4.9, we explain the minimal model program for
(not necessarily Q-factorial) log canonical pairs. It is the most general
minimal model program in the usual sense. In Section 4.10, we review
the minimal model theory for singular surfaces following [F'29]. In
Section 4.11, we quickly explain the author’s recent result on semi log
canonical pairs without proof.

4.1. Fundamental theorems for klt pairs

In this section, we assume that X is a projective irreducible va-
riety and A is an effective Q-divisor for simplicity. Let us recall the
fundamental theorems for klt pairs. For the details, see, for exam-
ple, [ , Chapter 3]. A starting point is the following vanishing
theorem (see Theorem 3.1.7).

THEOREM 4.1.1 (Kawamata—Viehweg vanishing theorem). Let X
be a smooth projective variety and let D be a Q-divisor such that

103
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Supp{D} is a simple normal crossing divisor on X. Assume that D is
ample. Then

H'(X,0x(Kx +[D])) =0
for every v > 0.

The next theorem is Shokurov’s non-vanishing theorem (see [Sh1]).

THEOREM 4.1.2 (Non-vanishing theorem). Let X be a projective
variety, let D be a nef Cartier divisor, and let G be a Q-divisor. Sup-
pose

(i) aD + G — Kx is an ample Q-divisor for some a > 0, and
(ii) (X, —G) is sub kit.
Then there is a positive integer mqg such that
HY(X,0x(mD + [G])) #£0

for every m > my.

It plays important roles in the proof of the basepoint-free and ra-
tionality theorems below.

THEOREM 4.1.3 (Basepoint-free theorem). Let (X, A) be a projec-
tive klt pair. Let D be a nef Cartier divisor such that aD — (Kx + A)
is ample for some a > 0. Then there is a positive integer by such that
|bD| has no base points for every b > by.

THEOREM 4.1.4 (Rationality theorem). Let (X, A) be a projective
klt pair such that Kx + A is not nef. Let a > 0 be an integer such that
a(Kx + A) is Cartier. Let H be an ample Cartier divisor. We define

r=max{t € R|H +t(Kx + A) is nef}.
Then r is a rational number of the form u/v, where u and v are integers
with
0<v<a(dimX +1).
The final theorem is the cone and contraction theorem. It easily fol-

lows from the basepoint-free and rationality theorems: Theorems 4.1.3
and 4.1.4.

THEOREM 4.1.5 (Cone and contraction theorem). Let (X, A) be a
projective klt pair. Then we have the following properties.

(i) There are (countably many possibly singular) rational curves
C; C X such that

NE(X) = NE(X)(kx+a20 + Y R0[Cy].
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(ii) Let R ¢ NE(X) be a (Kx + A)-negative extremal ray. Then
there is a unique morphism g : X — Z to a projective variety
Z such that (pr)«Ox ~ Oz and an irreducible curve C C X
is mapped to a point by pr if and only if [C] € R.

We note that the cone and contraction theorem can be proved for
dlt pairs in the relative setting (see, for example, | ]). We omit it
here because we will give a complete generalization of the cone and con-
traction theorem for quasi-log schemes in Chapter 6. See also Theorem
4.5.2 below.

The main purpose of this book is to establish the cone and contrac-
tion theorem for quasi-log schemes (see Chapter 6). Note that a log
canonical pair has a natural quasi-log structure which is compatible
with the original log canonical structure.

4.2. X-method

In this section, we give a proof of the basepoint-free theorem for
klt pairs (see Theorem 4.1.3) by assuming the non-vanishing theorem
(see Theorem 4.1.2). The following proof is taken almost verbatim
from | , 3.2 Basepoint-free Theorem|. This type of argument is
usually called X-method. It has various applications in many different
contexts.

PROOF OF THE BASEPOINT-FREE THEOREM: THEOREM 4.1.3. We
prove the basepoint-free theorem.

STEP 1. In this step, we establish that [mD]| # () for every m > 0.
We can construct a resolution of singularities f : Y — X such that
(i) Ky = f*(Kx +A)+ > a;F; with all a; > —1,
(ii) f*(aD— (Kx+A))—>_p;F;is ample for some a > 0 and for
suitable 0 < p; < 1, and
(iii) Y F;(D Exc(f) U Supp f,'A) is a simple normal crossing di-
visor on Y.

We note that the F} is not necessarily f-exceptional. On Y, we write
(@D — (Kx +A)) = > p;Fj
=af D+ (a;—p)E; — (f (Kx +A) + ) a;F)
= (lf*D + G — Ky,

where G = ) (a; — p;)F;. By assumption, [G] is an effective f-
exceptional divisor, af*D + G — Ky is ample, and

H(Y,Oy(mf*D + [G])) ~ H(X,Ox(mD)).
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We can now apply the non-vanishing theorem (see Theorem 4.1.2) to
get that H°(X, Ox(mD)) # 0 for every m > 0.

STEP 2. For a positive integer s, let B(s) denote the reduced base
locus of |sD|. Clearly, we have B(s*) C B(s") for every positive inte-
gers u > v. The noetherian induction implies that the sequence B(s")
stabilizes, and we call the limit B,. So either B; is non-empty for some
s or By and By are empty for two relatively prime integers s and s’. In
the latter case, take u and v such that B(s"*) and B(s'") are empty, and
use the fact that every sufficiently large integer is a linear combination
of s* and s’ with non-negative coefficients to conclude that |mD] is
basepoint-free for every m > 0. So, we must show that the assumption
that some By is non-empty leads to a contradiction. We let m = s*
such that B; = B(m) and assume that this set is non-empty.

Starting with the linear system obtained from Step 1, we can blow
up further to obtain a new f : Y — X for which the conditions of Step
1 hold, and, for some m > 0,

f*ImD| = |L| (moving part) + Z r; F; (fixed part)

such that |L| is basepoint-free. Therefore, | J{ f(F})|r; > 0} is the base
locus of |mD|. Note that f~!Bs|mD| = Bs|mf*D| We obtain the
desired contradiction by finding some F; with r; > 0 such that, for
every b > 0, Fj is not contained in the base locus of |bf* D).

STEP 3. For an integer b > 0 and a rational number ¢ > 0 such
that b > ¢m + a, we define divisors:

N(be) = bf'D— Ky +Y (—crj+a;—p;)F,
= (b—cecm—a)f*D  (nef)
+c(mf*D — erF) (basepoint-free)
+f*(aD — (Kx + A)) ij (ample).

Thus, N(b,c) is ample for b > e¢m + a. If that is the case, then, by
Theorem 4.1.1, H'(Y, Oy ([N(b,c)] + Ky)) = 0, and

[N(b,c)] =bf*D + Z[—crj +a; —p;| Fj — Ky

STEP 4. c and p; can be chosen so that

D (—erj+a;—p)F=A-F
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for some F' = F}, where [A] is effective and A does not have F' as a

component. In fact, we choose ¢ > 0 so that
min(—cr; +a; — p;) = —1.
J

If this last condition does not single out a unique j, we wiggle the p;
slightly to achieve the desired uniqueness. This j satisfies 7; > 0 and
[N(b,c)] + Ky =bf*D + [A] — F. Now Step 3 implies that

HO(Y, Oy (bf*D + [A])) — H'(F,Op(bf"D + [A]))

is surjective for b > ¢cm +a. If F; appears in [A], then a; > 0, so Fj is
f-exceptional. Thus, [A] is f-exceptional.

STEP 5. Notice that

So we can apply the non-vanishing theorem (see Theorem 4.1.2) on F
to get

H°(F,Op(bf*D + [A])) # 0.
Thus, H(Y, Oy (bf*D + [A])) has a section not vanishing on F'. Since
[A] is f-exceptional and effective,

HO(Y, Oy (bf*D + [A])) ~ H°(X, Ox(bD)).

Therefore, f(F') is not contained in the base locus of |bD| for every
b> 0.

This completes the proof of the basepoint-free theorem. l

The X-method is very powerful and very useful for klt pairs. Un-
fortunately, it can not be applied for log canonical pairs. So we need
the framework discussed in [F'28] or the theory of quasi-log schemes
(see Chapter 6) in order to treat log canonical pairs. For the details of
X-method, see | | and | ].

We note that the X-method, the technique which was used for the
proofs of Theorems 4.1.2, 4.1.3, 4.1.4, and 4.1.5, was developed by
several authors. The main contributions are | I, 1 |, [R1], and

[Sh1].
4.3. MMP for Q-factorial dlt pairs

In this section, we quickly explain the minimal model program for
Q-factorial dlt pairs. First, let us recall the definition of the (log)
minimal models. Definition 4.3.1 is a traditional definition of minimal
models. For slightly different other definitions of minimal models, see
Definition 4.4.4 and Definition 4.8.5.
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DEFINITION 4.3.1 ((Log) minimal model). Let (X, A) be a log
canonical pair and let f : X — S be a proper morphism. A pair
(X', A') sitting in a diagram

is called a (log) minimal model of (X, A) over S if

(i) f’ is proper,
il gb ! has no exceptional divisors,

(ii)
(iii) A

(iv) KX/ + A’ is f’-nef, and

(v) (E X,A) <a(E, X', A) for every ¢-exceptional divisor E C

Furthermore, if Kxr + A’ is f’-semi-ample, then (X'} A’) is called a
good minimal model of (X, A) over S.
We note the following easy lemma.

LEMMA 4.3.2. Let (X, A) be a log canonical pair and let f : X — S
be a proper morphism. Let (X', A") be a minimal model of (X, A) over
S. Then a(E, X,A) < a(E, X', A") for every divisor E over X.

Proor. We take any common resolution

w
N
X X'
of X and X’. Then we can write
and
KW = q*(KX/ + A/) + d.
It is sufficient to prove G > F. Note that
P (Kx+A)=q¢"(Kx +A")+ G —F.

Then —(G — F) is p-nef since Kx + A’ is nef over S. Note that
p«(G — F) is effective by (v). Therefore, by the negativity lemma (see
Lemma 2.3.26), G — F is effective. O
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Next, we recall the flip theorem for dlt pairs in | ] and
[ | (see also [ ]). We need the notion of small morphisms

to treat flips.

DEFINITION 4.3.3 (Small morphism). Let f : X — Y be a proper
birational morphism between normal varieties. If Exc(f) has codimen-
sion > 2, then f is called small.

THEOREM 4.3.4 ((Log) flip for dlt pairs). Let ¢ : (X,A) — W be
an extremal flipping contraction, that is,
(i) (X, A) is dlt,
(i) @ is small projective and ¢ has connected fibers,
(iii) —(Kx + A) is p-ample,
(iv) p(X/W) =1, and
(v) X is Q-factorial.

Then we have the following diagram:

(1) X* is a normal variety,
(2) ¢ : XT — W is small projective, and
(3) Kx+ + A% is pT-ample, where AT is the strict transform of
A.
We call o - (XT,AT) = W a (Kx+A)-flip of p. In this situation, we
can check that (X+,AT) is a Q-factorial dlt pair with p(X+/W) =1
(see, for example, Lemma /.8.153 and Proposition 4.8.16 below).

Let us explain the relative minimal model program (MMP, for
short) for Q-factorial dlt pairs.

4.3.5 (MMP for Q-factorial dlt pairs). We start with a pair (X, A) =
(Xo,Ag). Let fo : Xg — S be a projective morphism. The aim is to
set up a recursive procedure which creates intermediate pairs (X;, A;)
and projective morphisms f; : X; — S. After some steps, it should
stop with a final pair (X', A’) and f': X' — S.

STEP 0 (Initial datum). Assume that we have already constructed
(X;,4A;) and f; : X; — S with the following properties:

(i) X; is Q-factorial,
(11) (Xza Az) is dlt, and
(iii) f; is projective.
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STEP 1 (Preparation). If Kx, + A; is fi-nef, then we go directly
to Step 3 (ii). If Kx, + A, is not f;-nef, then we have established the
following two results:

(i) (Cone theorem) We have the following equality.
NE(X;/S) = NE(Xi/8)(kx, +a020 + > Rso[Cil.

(ii) (Contraction theorem) Any (Kx, + A;)-negative extremal ray
R; C NE(X;/S) can be contracted. Let pp, : X; — Y; de-
note the corresponding contraction. It sits in a commutative
diagram.

©

Ry
Y;
NS

S

X;

STEP 2 (Birational transformations). If ¢, : X; — Y is birational,
then we produce a new pair (X;1,4;;1) as follows.

(i) (Divisorial contraction). If g, is a divisorial contraction, that
is, pg, contracts a divisor, then we set X;11 =Y, fit1 = ¢,
and Aj1 = (pg, )4

(ii) (Flipping contraction). If ¢g, is a flipping contraction, that
is, g, is small, then we set (X;.1, A1) = (X;7, AF), where
(X", Af) is the flip of g,

and fiy1 = gi o ¢}, (see Theorem 4.3.4).

In both cases, we can prove that X;,; is Q-factorial, f; | is projec-
tive and (X;11, Ayyq) is dlt (see, for example, Lemma 4.8.13, Proposi-
tion 4.8.14, and Proposition 4.8.16). Then we go back to Step 0 with
(Xis1,Ai11) and start anew.

STEP 3 (Final outcome). We expect that eventually the procedure
stops, and we get one of the following two possibilities:

(i) (Mori fiber space). If g, is a Fano contraction, that is, dim Y; <
dim X;, then we set (X', A") = (X;,4;) and f' = f;. In this
case, we usually call f': (X', A") — Y; a Mori fiber space of
(X,A) over S.
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(ii) (Minimal model). If Kx, + A; is fi-nef, then we again set
(X', A") = (X;,4;) and f' = f;. We can easily check that
(X', A’) is a minimal model of (X, A) over S in the sense of
Definition 4.3.1.

By the results in | | and | ] (see also | ]), all
we have to do is to prove that there are no infinite sequence of flips in
the above process.

CONJECTURE 4.3.6 (Flip conjecture II). A sequence of (log) flips
(Xo,Ag) == (X1, A1) ==2 oo =2 (X, Ay) = -

terminates after finitely many steps. Namely there does not exist an
infinite sequence of (log) flips.

REMARK 4.3.7. In Conjecture 4.3.6, each flip
(Xis ) == (Xig1, D)
is a flip as in Theorem 4.3.4.

LEMMA 4.3.8. We assume that Conjecture 4.53.6 holds in the fol-
lowing two cases:
(1) (Xo,Ao) is kit with dim Xy = n, and
(i) (Xo,Ao) is dlt with dim Xy <n — 1.
Then Congecture /4.3.0 holds for n-dimensional dlt pair (Xo, Ag). There-

fore, by induction on the dimension, it is sufficient to prove Conjecture
4.83.6 under the extra assumption that (Xg, Ag) is kit.

PrOOF. Let
(X07A0) -2 (leAl) —— s ——3 (X“Az) .

be a sequence of flips as in Conjecture 4.3.6 with dim Xy = n. By the
case (ii), the special termination theorem holds in dimension n (see, for
example, | , Theorem 4.2.1]). Therefore, after finitely many steps,
the flipping locus (and thus the flipped locus) is disjoint from |A;].
Thus, we may assume that |A;| = 0 by replacing A; with {A;}. In
this case, the above sequence terminates by the case (i). U

Conjecture 4.3.6 was completely solved in dimension < 3 (see, for

example, | , Chapter 6] and [Sh3, 5.1.3]). Conjecture 4.3.6 is
still open even when dim X, = 4. For the details of Conjecture 4.3.6 in
dimension 4, see | , Theorem 5-1-15], [F'5], [F'7], [F'8], [ 1,

and | ].
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4.4. BCHM and some related results

In this section, we quickly review the main results of | ],
[ |, and | | for the reader’s convenience. We also discuss
some related results. We closely follow the presentation of [ ,
5.D].

Roughly speaking, | | established:

THEOREM 4.4.1 (Minimal model program). Let 7 : X — S be a
projective morphism of normal quasi-projective varieties and let (X, A)
be a Q-factorial kit pair such that A is w-big. Then there exists a finite
sequence of flips and divisorial contractions for the (Kx + A)-minimal
model program over S':

X:Xo---)Xl ——-)"'---)XN

such that either Kx, + Ay is nef over S or there exists a morphism
XN — Z which is a (Kx, + Ay)-Mori fiber space over S.

From now on, let us explain the results in | ] more details.

DEFINITION 4.4.2 (Pl-flipping contraction). Let (X,A) be a plt
pair with S = |A]. A pl-flipping contraction is a flipping contraction
v X — W, that is, ¢ is small, p,Ox ~ Ow, p(X/W) = 1, and
—(Kx + A) is g-ample, such that A is a Q-divisor, S is irreducible,
and —9S is gp-ample.

For the definition of pl-flipping contractions, see also | , Def-
inition 4.3.1 and Caution 4.3.2]. Note that the notion of pl-flipping
contractions and pl-flips is due to Shokurov (see [Sh2]).

THEOREM 4.4.3 (Existence of pl-flips). Let (X, A) be a plt pair and
let ¢ : X — W be a pl-flipping contraction. Then the flip

ot Xt W
of v exists.

In this section, we adopt the following definition of minimal models,
which is slightly different from Definition 4.3.1.

DEFINITION 4.4.4 (Minimal models). Let (X, A) be a dlt pair and
let 7 : X — S be a projective morphism onto a variety S. Let ¢ :
X --»Y be a rational map over S such that

(i) ¢! contracts no divisors,

(i) Y is Q-factorial,

(ili) Ky + ¢.A is nef over S, and

(iv) a(E, X,A) < a(E,Y, ¢.A) for every ¢-exceptional divisor E
on X.
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Then (Y, ¢.A) is called a minimal model of (X,A) over S. Further-
more, if Ky + ¢.A is semi-ample over S, then (Y, ¢.A) is called a good
minimal model of (X, A) over S.

It is obvious that a minimal model in the sense of Definition 4.4.4
is a minimal model in the sense of Definition 4.3.1.

THEOREM 4.4.5 (Existence of minimal models). Let 7 : X — S be
a projective morphism of normal quasi-projective varieties. Let (X, A)
be a kit pair and let D be an effective R-divisor on X such that A is 7-
big and Kx + A ~gr . D. Then there exists a minimal model of (X, A)
over S.

THEOREM 4.4.6 (Non-vanishing theorem). Let m : X — S be a
projective morphism of normal quasi-projective varieties. Let (X, A)
be a klt pair such that A is w-big. If Kx + A is pseudo-effective over S,
then there exists an effective R-divisor D on X such that Kx + A ~p -
D.

DEFINITION 4.4.7. On a normal variety X, the group of Weil divi-
sors with rational coefficients Weil(X)g, or with real coefficients Weil(X )g,
forms a vector space, with a canonical basis given by the prime divi-
sors. Let D be an R-divisor on X. Then |D| denotes the sup norm
with respect to this basis.

THEOREM 4.4.8 (Finiteness of marked minimal models). Let 7 :
X — S be a projective morphism of normal quasi-projective varieties.
Let C C Weil(X)r be a rational polytope such that for every Kx +
A € C, A is w-big, and (X,A) is klt. Then there exist finitely many
birational maps ¢; : X --+ Y; over S with 1 < i < k such that if
Kx +A €C and Kx + A is pseudo-effective over S, then

(i) There exists an index 1 < j < k such that ¢; : X --» Y, is a
minimal model of (X, A) over S.

(i) If ¢ : X --» Y is a minimal model of (X,A) over S, then
there exists an index 1 < j < k such that the rational map
;o dt Y -5 Y] is an isomorphism.

We need the notion of stable base locus and stable augmented base
locus.

DEFINITION 4.4.9 (Stable base locus and stable augmented base
locus). Let 7 : X — S be a morphism from a normal variety X onto a
variety S. The real linear system over S associated to an R-divisor D
on X is

|D/S|g ={D">0|D" ~g. D}.
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We can define
|D/Slp ={D" > 0| D" ~q- D}

similarly. The stable base locus of D over S is the Zariski closed subset

B(D/S) = ﬂ Supp D'

D'e|D/S|r
If |D/S|g = 0, then we put B(D/S) = X. When D is Q-Cartier,
B(D/S) is the usual stable base locus (see | , Lemma 3.5.3]).

When S is affine, we sometimes simply use B(D) to denote B(D/S).

The stable augmented base locus of D over S is the Zariski closed
set

B.(D/S) = B((D — £4)/5)

for any m-ample R-divisor A and any sufficiently small rational number
e>0.

Let A be a non-empty linear system on X. Then the fized divisor
Fix A is the largest effective divisor F on X such that D > F for all
D e A.

THEOREM 4.4.10 (Zariski decomposition). Let 7 : X — S be a
projective morphisim to a normal affine variety S. Let (X, A) be a kit
pair where Kx + A is pseudo-effective over S, A = A+ B, A is an
ample effective Q-divisor, and B is an effective R-divisor. Then we
have the following properties.

(i) (X, A) has a minimal model ¢ : X --+Y over S. In particu-
lar, if Kx + A is Q-Cartier, then the log canonical ring

R(X,Kx +A) = @ H'(X, Ox(|m(Kx + A)))

m>0

1s finitely generated.

(i) Let V- C Weil(X)r be a finite dimensional affine subspace of
Weil(X)r containing A which is defined over Q. Then there
exists a constant 0 > 0 such that if P is a prime divisor con-
tained in B(Kx + A), then P is contained in B(Kx + A') for
any R-divisor A" € V' with |A — A| < 4.

(iii) Let W C Weil(X)r be the smallest affine subspace containing
A which is defined over Q. Then there exist a real number n >
0 and a positive integer r such that if A" € W, |A — A'| <n
and k is a positive integer such that k(Kx + A")/r is Cartier,
then |[k(Kx+A")| # 0 and every component of Fix |k(Kx+A")]
is a component of B(Kx + A).

Let us explain the minimal model program with scaling.
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4.4.11 (Minimal model program with scaling). Let (X, A + C) be
a log canonical pair and let 7 : X — S be a projective morphism onto
a variety S such that Kx + A+ C' is m-nef, A is an effective R-divisor,
and C' is an effective R-Cartier R-divisor on X. We put

(Xo,A[) + Co) — (X,A —|— C)

Assume that Kx, + A is nef over S or there exists a (Kx, + Ag)-
negative extremal ray Ry over S such that (Kx, + A+ ACo) - Ry =0
where
Ao = inf{t > 0] Kx, + A¢ + tCy is nef over S}.

If Kx,+ Ay is nef over S or if Ry defines a Mori fiber space structure
over S, then we stop. Otherwise, we assume that Ry gives a divisorial
contraction Xy — X7 over S or a flip Xy --» X7 over S. We can
consider (X7, Ay + X\gC1) where Ay 4+ A\oCY is the strict transform of
Ay + NCy. Assume that Kx, + A; is nef over S or there exists a
(Kx, +A1)-negative extremal ray Ry such that (Ky, +A1+MCh)- Ry =
0 where

A =inf{t > 0| Kx, + Ay + tC is nef over S}.

By repeating this process, we obtain a sequence of positive real numbers
A; and a special kind of the minimal model program over S:

(X0, ) == (X1, A1) == o == (Xp, A) = oo

which is called the minimal model program over S on Kx + A with
scaling of C. We note that \; > ;1 for every 1.

In | , Section 7.4|, it was called a minimal model program
over S guided with C'.

THEOREM 4.4.12 (Termination of flips with scaling). We use the
same notation as in 4.4.11. We assume that (X, A+C') is a Q-factorial
klt pair, S is quasi-projective, and A is w-big. Then we can run the
manimal model program with respect to Kx + A over S with scaling of
C. Moreover, any sequence of flips and divisorial contractions for the
(Kx + A)-minimal model program over S with scaling of C' is finite.

Remark 4.4.13 follows from the argument in [ , Remark
3.10.9].

REMARK 4.4.13. Let (X,A) be a Q-factorial dlt pair and let 7 :
X — S be a projective morphism between quasi-projective varieties.
Let C be an R-Cartier R-divisor on X such that (X,A + C) is log
canonical, B, (C/S) contains no log canonical centers of (X, A), and
Kx + A + C is nef over S. Then we can run the minimal model
program with respect to Kx + A over S with scaling of C'. Note that
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the termination of this minimal model program is still an open problem.
However, it is useful for some applications.

4.4.14 (Finite generation of log canonical rings). By combining
[F'ML, Theorem 5.2] with Theorem 4.4.5, we have:

THEOREM 4.4.15. Let (X, A) be a projective klt pair such that A is
a Q-divisor on X. Then the log canonical ring

R(X,Kx +A) = @ H(X, Ox(|m(Kx + A)]))

is a finitely generated C-algebra.
As a corollary of Theorem 4.4.15, we obtain:

COROLLARY 4.4.16. Let X be a smooth projective variety. Then
the canonical ring

R(X) =P H°(X,0x(mEKx))
m>0
s a finitely generated C-algebra.

In [F'38], the author obtained the following generalizations of The-
orem 4.4.15 and Corollary 4.4.16.

THEOREM 4.4.17. Let X be a complex analytic variety in Fujiki’s
class C. Let (X, A) be a kit pair such that A is a Q-divisor on X. Then
the log canonical ring

R(X, Kx + A) = D H(X, Ox(|m(Kx + 4))))

s a finitely generated C-algebra.
As a special case of Theorem 4.4.17, we obtain:

COROLLARY 4.4.18 ([F'38, Theorem 5.1]). Let X be a compact
Kahler manifold, or more generally, let X be a complex manifold in
Fujiki’s class C. Then the canonical ring

R(X) = @ H (X, ™)
m>0
is a finitely generated C-algebra.
REMARK 4.4.19 ([I'38, Corollary 5.2]). In [W], Wilson constructed
a compact complex manifold which is not Kahler whose canonical ring

is not a finitely generated C-algebra. For the details, see | , Section
6].



4.4. BCHM AND SOME RELATED RESULTS 117

4.4.20 (DIt blow-ups). Let us recall a very important application of
the minimal model program with scaling. Theorem 4.4.21 is originally
due to Hacon.

THEOREM 4.4.21 (DIt blow-ups). Let X be a normal quasi-projective
variety and let A be a boundary R-divisor on X such that Kx + A is
R-Cartier. In this case, we can construct a projective birational mor-
phism f 1Y — X from a normal quasi-projective variety Y with the
following properties.

(i) Y is Q-factorial.
(i) a(E, X,A) < —1 for every f-exceptional divisor E on'Y.

(iii) We put

Ay=f'A+ Y E

E: f-exceptional

Then (Y, Ay) is dlt and
Ky +Ay = f{(Ex+A)+ > (a(E,X,A)+1)E.
a(E,X,A)<—1
In particular, if (X, A) is log canonical, then
Ky + Ay = f*(Kx + A).
Moreover, if (X, A) is dit, then we can make f small, that is,

f s an isomorphism in codimension one.

We closely follow the argument in | |. For the proof of Theorem
4.4.21, see also [F'28, Section 10].

PROOF. Let g : Z — X be aresolution such that Exc(g)USupp g; 1A
is a simple normal crossing divisor on X and g is projective. We write

where

Az=g'A+ Y E

E: g-exceptional

Let C' be a g-ample effective Q-divisor on Z such that (Z, Ay + C) is
dlt and that Kz + Az +C'is g-nef. We run the minimal model program
with respect to Kz + Az over X with scaling of C' (see Remark 4.4.13).
We obtain a sequence of divisorial contractions and flips

(Z7 AZ) = (Z0>AZ0) -2 (ZhAZl) At (ZlmAZk) e
over X. We note that
Ai = inf{t € R| Kz, + Ay + tC; is nef over X},
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where C; (resp. Ay,) is the pushforward of C' (resp. Az) on Z; for every
1. By definition, 0 < \; < 1, A\; € R for every ¢ and

Mo > A > >N >

Let F; be the pushforward of F' on Z; for every ¢. It is sufficient to
prove:

CLAIM. There is iy such that —F;, is effective.

Proor or CLAIM. If we prove that the above minimal model pro-
gram terminates after finitely many steps, then there is iy such that
F;, is nef over X. Since Fj, is exceptional over X, —Fj, is effective by
the negativity lemma (see Lemma 2.3.26). Therefore, we may assume
that the above minimal model program does not terminate. We put

A= lim \;.

1—00
CASE 1 (A > 0). In this case, we can see that the above minimal

model program is a minimal model program with respect to (K7 + Az +
%)\C’) over X with scaling of (1 — %)\)C. By assumption, we can write

1
AZ + 5)\0 ~R,w B

such that (Z,B) and (Z,B + (1 — sX\)C) are kit. Therefore, it is a
minimal model program with respect to Kz + B over X with scaling of
(1 —3N)C. This contradicts Theorem /j.4.12.

CASE 2 (A =0). After finitely many steps, every step of the above
minimal model program is flip. Therefore, without loss of generality,
we may assume that all the steps are flips. Let G; be a relative ample
Q-divisor on Z; such that G;z — 0 in NY(Z/X) for i — oo where Gy
is the strict transform of G; on Z. We note that

Ky + Ay + \Ci + G
is ample over X for every i. Therefore, the strict transform

Ky;+ Az +MC+Gig
is movable on Z for every i. Thus Kz + Az is a limit of movable
R-divisors in NY(Z/X). So Kz + Ay € Mov(Z/X). Note that Kz +
Ay ~gg F and F is g-exceptional. By Lemma 2.4.4, —F s effective.

Anyway, there is ip such that —Fj, is effective. U
We put (Y, Ay) = (Ziy, Az, ). Then this is a desired model. When
(X,A) is dlt, we can make a(FE, X, A) > —1 for every g-exceptional

divisor by the definition of dlt pairs. In this case, f : ¥ — X is
automatically small by the above construction. 0



4.4. BCHM AND SOME RELATED RESULTS 119

REMARK 4.4.22. It is conjectured that every minimal model pro-
gram terminates. We can easily see that the minimal model program
in the proof of Theorem 4.4.21 always terminates when (X, A) is log
canonical. Note that F;, = 0 since F; is always effective for every i.
Therefore, Ky + Ay = f*(Kx + A) holds and is obviously f-nef when
(X, A) is log canonical.

4.4.23 (Infinitely many marked minimal models). The following ex-
ample is due to Gongyo (see [GG1]). For related examples, see Example
4.5.12 and Example 4.5.9 below.

EXAMPLE 4.4.24 (Infinitely many marked minimal models). There
exists a three-dimensional projective plt pair (X, A) with the following
properties:

(i) Kx + A is nef and big, and

(ii) there are infinitely many (Kx + A)-flops.
Here we construct an example explicitly. We take a K3 surface S which
contains infinitely many (—2)-curves. We take a projectively normal
embedding S € PV. Let Z C PN*! be a cone over S C PV and let
¢ : X — Z be the blow-up at the vertex P of the cone Z. Then
the projection Z --+ S from the vertex P induces a natural P!-bundle
structure p : X — S. Let E be the p-exceptional divisor on X. Then
E is a section of p. In particular, £ ~ S. Note that

KX —|—EI SO*KZ

We take a sufficiently ample smooth Cartier divisor H on Z which does
not pass through P. We further assume that K+ H is ample. We put
A = E + ¢*H and consider the pair (X, A). By construction, (X, A)
is a plt threefold such that X is smooth and that Kx + A is big and
semi-ample. Since p : X — S is a P-bundle and E is a section of p,
we have

Ni(X) = Ni(E) & R[l]
where [ ~ P! is a fiber of p. Therefore, it is easy to see that
NE(E) C NE(X)N (p*H =0).
CLAM. Let C be a (—2)-curve on E. Then R>o[C] is an extremal
ray of NE(X) such that C - (Kx + A) = 0.

PROOF OF CLAIM. Since C? = —2 < 0, R>0[C] is an extremal ray

of NE(E) . Let L be a supporting Cartier divisor of the extremal ray
RZO[O] C NE(E), that iS,

NE(E)N (L =0) = Rxo[C].
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We can see that L is a Cartier divisor on S since S ~ E. Then
(p*"H 4+ p"L =0) HW(X) = R>o[C].
Note that
(Kx+A)-C=Kg-C=0.
Thus R>[C] is an extremal ray of NE(X) with the desired intersection
number. O

We put D = p*(p(C)). Note that (X, A + D) is plt for a small
positive rational number §. Then R>([C] is a (Kx + A + §D)-negative
extremal ray. Therefore, we obtain a (Kx + A + 0D)-flip

(X,A+dD)- - - - - - = (XT AT +6DT)
\W/

which is a (Kx + A)-flop associated to the extremal ray Rso[C]. Since
there are infinitely many (—2)-curves on S, we obtain infinitely many
(Kx + A)-flops.

4.5. Fundamental theorems for normal pairs

In this section, we explain the main result of [F'28] and some related
results and examples.
First, let us introduce the notion of normal pairs.

DEFINITION 4.5.1 (Normal pairs). Let X be a normal algebraic
variety and let A be an effective R-divisor on X such that Ky + A is
R-Cartier. We call the pair (X, A) a normal pair.

Next, we recall the main result of [F'28], which covers the main
result of | ] (see | , Theorem 2).

THEOREM 4.5.2. Let X be a normal variety and let A be an effective
R-diwvisor such that Kx + A is R-Cartier, and let m : X — S be a
projective morphism onto a variety S. Then we have

NE(X/S) = NE(X/S)ky+a30 + NE(X/S)ne(xa) + 3 Ry

with the following properties.
(1) Nle(X, A) is the non-lc locus of (X, A) and

NE(X/S)ie(x.a) = In(NE(Nle(X, A)/S) — NE(X/S)).

(2) R; is a (Kx+A)-negative extremal ray of NE(X/S) such that
R; N NE(X/S)nie(x,a) = {0} for every j.
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(3) Let A be a m-ample R-divisor on X. Then there are only
finitely many R;’s included in (Kx + A + A)<o. In partic-
ular, the R;’s are discrete in the half-space (Kx + A) <.

(4) Let F be a face of NE(X/S) such that

FN(NE(X/S)ky+az0 + NE(X/S)xie(x.a)) = {0}

Then there exists a contraction morphism pp : X — Y over
S.
(i) Let C be an integral curve on X such that w(C) is a point.

Then ¢p(C) is a point if and only if [C] € F.

(iii) Let L be a line bundle on X such that L-C =0 for every
curve C with [C] € F. Then there is a line bundle Ly on
Y such that L ~ ¢} Ly.

(5) Every (Kx + A)-negative extremal ray R with

RN W(X/S)NIC(X,A) = {0}

is spanned by a rational curve C' with 0 < —(Kx + A) - C <
2dim X.

From now on, we further assume that (X, A) is log canonical, that
is, Nle(X, A) = (). Then we have the following properties.

(6) Let H be an effective R-Cartier R-divisor on X such that Kx+
A+ H is m-nef and (X, A+ H) is log canonical. Then, either
Kx + A is also m-nef or there is a (K x + A)-negative extremal
ray R such that (Kx + A+ AH) - R =0 where

Ai=inf{t > 0| Kx + A +tH is m-nef}.
Of course, Kx + A + AH is m-nef.

In | ], Ambro proved the properties (1), (2), (3), and (4) in
Theorem 4.5.2 by using the theory of quasi-log schemes. More precisely,
they are the main results of | . In [FF28], the author obtained
Theorem 4.5.2 without using the theory of quasi-log schemes. Our
approach in [F'28] is much simpler than Ambro’s in | ]. For (5),
see Theorem 4.6.7. For (6), see Theorem 4.7.3.

Let us include the following easy corollaries for the reader’s conve-
nience.

COROLLARY 4.5.3 (cf. | , Corollary 3.17]). Let (X,A) be a
log canonical pair and let m : X — S be a projective morphism. Let
R be a (Kx + A)-negative extremal ray of NE(X/S) with contraction
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morphism ¢r : X — Y. Let C be a curve on X which generates R.
Then we have an exact sequence

Li—pyR L M—(M-C)

0 — Pic(Y) Pic(X)
In particular, we have p(Y/S) = p(X/S) — 1.

PROOF. Let L be a line bundle on Y. Then (¢r)«(¢hL) = L.
Therefore, L — ¢3L is an injection. Note that M is a line bundle on
X with (M - C) = 0 if and only if M = ¢}, L for some L by Theorem
4.5.2 (4). O

COROLLARY 4.5.4 (cf. | , Corollary 3.18]). Let (X,A) be a
log canonical pair and let 7 : X — S be a projective morphism. Let
R be a (Kx + A)-negative extremal ray of NE(X/S) with contraction
morphism pr : X — Y. Assume that X is Q-factorial and that ¢g is
either a divisorial or a Fano contraction. Then Y is also Q-factorial.

Z.

PROOF. First, we assume that ¢p is divisorial. Let E be the ex-
ceptional divisor on X. Then it is easy to see that (F - R) < 0 and
that E is irreducible. Let D be a Weil divisor on Y. Then there is a
rational number s such that

((pr). "D +sE-R) =0.
(

We take a positive integer m such that m((pr);'D + sE) is a Cartier
divisor on X. Then, by Theorem 4.5.2 (4), it is the pull-back of a
Cartier divisor Dy on Y. Thus, mD ~ Dy. This implies that D is
Q-Cartier.

Next, we assume that ¢g is a Fano contraction. Let D be a Weil
divisor on Y. Let Y° be the smooth locus of Y. Let Dx be the closure
of (QOR"pI—%I(Yo)>*(D‘y0). Then Dy is disjoint from the general fiber of
¢wr. Thus (Dx - R) = 0. We take a positive integer m such that mDx
is a Cartier divisor on X. Thus, by Theorem 4.5.2 (4), mDx ~ @Dy
for some Cartier divisor Dy on Y. Thus, mD ~ Dy. This implies that
D is Q-Cartier. O

Let us include the basepoint-free theorem for normal pairs in [F28]
without proof for the reader’s convenience. Note that Theorem 4.5.5
is a special case of Theorem 6.5.1 below.

THEOREM 4.5.5 (see [F'28, Theorem 13.1]). Let (X, A) be a normal
pair and let m: X — S be a projective morphism onto a variety S, and
let L be a w-nef Cartier divisor on X. Assume that

(i) aL — (Kx + A) is w-ample for some real number a > 0, and
(ii) Onie(x,a)(mL) is 7|xie(x,a)-generated for every m > 0.
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Then Ox(mL) is m-generated for every m > 0.
As an easy consequence of Theorem 4.5.5, we have:

COROLLARY 4.5.6. Let (X, A) be a projective normal pair and let
L be a nef Cartier divisor on X such that aL — (K x + A) is nef and big
for some real number a > 0. Assume that Onyy(x,a) (mL) is generated
by global sections for every m > 0. Then Ox(mL) is generated by
global sections for every m > 0.

ProoF. By Kodaira’s lemma (see Lemma 2.1.18), we can write
CLL— (KX—l—A) NRA+E

where A is an ample Q-divisor on X and F is an effective R-Cartier
R-divisor on X. Let € be a small positive number. Then

NkIt(X, A) = Nklt(X, A + ¢E)

scheme theoretically and aL — (Kx +A+¢F) is ample. By replacing A
with A4 F, we may assume that aL—(Kx+A) is ample. Since there is
a natural surjective morphism Onug(x,a) — Ongle(x,a) » Ongle(x,a)(mL)
is generated by global sections for every m > 0. Therefore, by Theorem
4.5.5, Ox(mL) is generated by global sections for every m > 0. O

Note that it is well known that Corollary 4.5.6 can be proved by the
usual X-method (see Section 4.2) with the aid of the Nadel vanishing
theorem (see Theorem 3.4.2).

4.5.7 (Examples of the Kleiman—Mori cone). From now on, we dis-
cuss various examples of the Kleiman—Mori cone. The following exam-
ple is well known (see, for example, | , Example 4-2-4]).

ExaMPLE 4.5.8. We take two smooth elliptic curves £, and Fs on
P? such that P, — P, is not of finite order on the abelian group Ej,
where P, and P are two of the nine intersection points of £y and Ej.
Let f; and f; be the defining equations of E; and E, respectively. The
rational map which maps z € P?\ (E; N Ey) to (fi(z) : fa(x)) € P!
becomes a morphism from S which is obtained by taking blow-ups of P?
at the nine intersection points of £y and Es. Then it is easy to see that
the inverse images of P, and P, on S are sections of 7 : S — P!, By
the choice of P, and P, there are infinitely many sections of 7, which
are (—1)-curves. Therefore, NFE(S) has infinitely many Kg-negative
extremal rays.

Example 4.5.9, which is essentially the same as [G2, Example 5.6],
is an answer to | , Problem 4-2-5]. Although the construction is
essentially the same as that of Example 4.4.24, we explain the details
of the construction for the reader’s convenience.
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ExAMPLE 4.5.9 (Infinitely many flipping contractions). There ex-
ists a three-dimensional projective plt pair (X, A) with the following
properties:

(i) Kx + A is big, and

(ii) there are infinitely many (K x 4+ A)-negative extremal rays.
Here we construct an example explicitly. Let S be a rational elliptic
surface with infinitely many (—1)-curves constructed in Example 4.5.8.
We take a projectively normal embedding S C PV. Let Z C PV*! be
a cone over S C PV and let ¢ : X — Z be the blow-up at the vertex P
of the cone Z. Then the projection Z --+ S from the vertex P induces
a natural P!-bundle structure p : X — S. Let E be the (p-exceptional
divisor on X. Then F is a section of p. In particular, £ ~ S. We
take a sufficiently ample smooth divisor H on Z which does not pass
through P. We put A = E + ¢*H and consider the pair (X, A). By
the construction, (X, A) is a plt threefold such that X is smooth and
that Kx + A is big. Since p: X — S is a P-bundle and E is a section
of p, we have

Ni(X) = Ni(E) @ R[]
where [ ~ P! is a fiber of p. Therefore, it is easy to see that
NE(E) C NE(X)N(¢*H = 0).

CLAM. Let C be a (—1)-curve on E. Then Rso[C] is a (Kx + A)-
negative extremal ray of NE(X).

PrOOF OF CrAmM. Note that R>([C] is a Kg-negative extremal
ray of NE(E). Let L be a supporting Cartier divisor of Rso[C] C
NE(E). We can see that L is a Cartier divisor on S since S ~ E.
Then

(¢*H +p*L =0) N NE(X) = Rx0[C].
Note that
(Kx—l-A)-C:KE-C:—l.
Thus R>0[C] is a (Kx + A)-negative extremal ray of NE(X). O

Therefore, there are infinitely many (Kx + A)-negative extremal
rays of NE(X). Note that every extremal ray corresponds to a flipping
contraction with respect to Kx + A.

REMARK 4.5.10. Let (X, A) be a projective klt pair. Assume that
Kx + A is big. Then there are only finitely many (Kx + A)-negative
extremal rays. We can check this well-known result as follows. By
Kodaira’s lemma (see Lemma 2.1.18), we can write

Kx+A~p A+ FE
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where A is an ample Q-divisor on X and E is an effective R-Cartier R-
divisor on X. Let ¢ be a small rational number such that (X, A +cF)
is klt. In this case, (Kx + A)-negative extremal ray is nothing but
(Kx + A + ¢E + cA)-negative extremal ray. By Theorem 4.5.2 (3),
there are only finitely many (Kx + A)-negative extremal rays.

LEMMA 4.5.11. Let (X, A) be a Q-factorial projective log canonical
pair such that Kx + A ~g D > 0. Then there are only finitely many
(Kx + A)-negative extremal rays inducing divisorial contractions. In
particular, if X is a smooth projective threefold with k(X, Kx) > 0,
then there are only finitely many K x-negative extremal rays.

PROOF. Let R be a (Kx + A)-negative extremal ray such that the
associated contraction pg : X — Y is divisorial. Then the exceptional
locus of pg is a prime divisor £ on X which is an irreducible component
of Supp D. Therefore, there are only finitely many (K x + A)-negative
divisorial contractions. When X is a smooth projective threefold with
k(X,Kx) > 0, the contraction morphism ¢r : X — Y is divisorial
for every K x-negative extremal ray R by | ] (see Theorem 1.1.4).
Therefore, there are only finitely many K y-negative extremal rays for
a smooth projective threefold X with x(X, Kx) > 0. O

Yoshinori Gongyo and Yoshinori Namikawa informed the author
of the following example. It is well known as Schoen’s Calabi-Yau
threefold and is an answer to | , Problem 4-2-5].

EXAMPLE 4.5.12. Let m; : S; — P! and m : Sy — P! be ratio-
nal elliptic surfaces with infinitely many (—1)-curves constructed in
Example 4.5.8. We put X = 57 Xp1 Ss.

Sl Xp1 Sg
% K
Sl SQ

\ P! /
We assume that 7, '(p) or m, '(p) is smooth for every point p € P
Then it is easy to see that X is a smooth projective threefold with
Kx ~ 0 by using the canonical bundle formula for rational elliptic
surfaces (see [ | and | , Chapter V. (12.3) Corollary]). We

can directly check H'(X,Ox) = H*(X,0Ox) = 0. Therefore, X is a
Calabi—Yau threefold. Let [ be a (—1)-curve on Sy and let {m} ea be
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the set of all (—1)-curves on Sy. Then C)\ = [ Xp1 my is a (—1,—1)-
curve, that is, a rational curve whose normal bundle is isomorphic
to Opi1(—1) @ Op1(—1), on X for every A € A. We take a semi-ample
Cartier divisor H on S; which is a supporting Cartier divisor of Rx[l] C
NE(S,). Let Hy be a semi-ample Cartier divisor on Sy which is a
supporting Cartier divisor of Rso[my] C NFE(S;) for every A € A.
Then p}H + p5H) induces a contraction morphism ¢, : X — W), such
that Exc(ga) = Cy for every A € A. Therefore, R>([C}] is an extremal
ray of NE(X). We put D = [ xp Sy. Then it is easy to see that
(Kx +¢eD) - Cy = —¢ for every A € A. Therefore, (X,eD) is a klt
threefold which has infinitely many (Kx + eD)-negative extremal rays
for 0 < e < 1. Note that we have the following flopping diagram

X---P Xy
Wi

where X is a smooth projective threefold with K Xt~ 0. Although

we have infinitely many flops ¢, : X --» X", Namikawa (see | )
proved that there are only finitely many X" up to isomorphisms. For
the details, see | ]-

4.6. Lengths of extremal rays

In this section, which is essentially a reproduction of | , Section
18], we discuss estimates of lengths of extremal rays. It is indispensable
for the log minimal model program with scaling (see, for example,
[ ]) and the geography of log models (see, for example, [Sh3]
and | ]). The results in this section were obtained in | N 1,
and | |, [Sh3], [Sh5], and | ] with some extra assumptions.

Let us recall the following easy lemma.

LEMMA 4.6.1 (cf. [Sh5, Lemma 1]). Let (X,A) be a log canonical
pair, where A is an R-diwisor. Then there are positive real numbers
r;, effective Q-divisors A; for 1 < i <1, and a positive integer m such
that S0 i =1,

l
KX+A:ZT1(KX+A1)7

i=1

(X, A;) is log canonical for every i, and m(Kx + 4;) is Cartier for
every i.
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PRrROOF. Let ), Dj, be the irreducible decomposition of Supp A.
We consider the finite dimensional real vector space V = @RD;. We
k

put
Q={D eV | Kx+ D is R-Cartier} .

Then, it is easy to see that Q is an affine subspace of V' defined over
Q. We put

L={D e Q| Kx + D is log canonical} .

Thus, by the definition of log canonicity, it is also easy to check that £
is a closed convex rational polytope in V. We note that £ is compact in
the classical topology of V. By assumption, A € L. Therefore, we can
find the desired Q-divisors A; € £ and positive real numbers r;. O

The next result is essentially due to | ] and [Sh5, Proposition
1]. We will prove a more general result in Theorem 4.6.7 whose proof
depends on Theorem 4.6.2.

THEOREM 4.6.2. Let X be a normal variety such that (X, A) is log
canonical and let w: X — S be a projective morphism onto a variety
S. Let R be a (Kx + A)-negative extremal ray. Then we can find a
(possibly singular) rational curve C on X such that [C] € R and

0<—(Kx+A) C<2dimX.

PROOF. By shrinking S, we may assume that .S is quasi—projective.
By replacing 7 : X — S with the extremal contraction pp : X — Y
over S (see Theorem 4.5.2 (4)), we may assume that the relative Picard
number p(X/S) = 1. In particular, —(Kx + A) is m-ample. Let

l
KX —|—A = Zri(KX —|—A,L>
i=1
be as in Lemma 4.6.1. We assume that —(Kx + A) is m-ample and
—(Kx +A;) = —s;(Kx +Ap) in N'(X/S) with s; < 1 for every i > 2.
Thus, it is sufficient to find a rational curve C' such that 7(C') is a point
and that

—(Kx + A1) -C <2dim X.

So, we may assume that Kx + A is Q-Cartier and log canonical. By
taking a dlt blow-up (see Theorem 4.4.21), there is a birational mor-
phism f: (Y, Ay) — (X, A) such that Ky + Ay = f*(Kx + A), Y is
Q-factorial, and (Y, Ay) is dlt. By | , Theorem 1] and [Ma, Theo-
rem 10-2-1] (see also | , Section 7.11}), we can find a rational curve
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C’" on Y such that
—(Ky +Ay)-C' <2dimY = 2dim X

and that C’ spans a (Ky + Ay )-negative extremal ray. By the pro-
jection formula, the f-image of C” is a desired rational curve. So, we
finish the proof. U

REMARK 4.6.3. It is conjectured that the estimate < 2dim X in
Theorem 4.6.2 should be replaced by < dim X + 1. When X is smooth

projective, it is true by Mori’s famous result (see | ], Theorem 1.1.1,
and | , Theorem 1.13]). When X is a toric variety, it is also true
by [F'4] and [F'10].

REMARK 4.6.4. In the proof of Theorem 4.6.2, we need Kawamata’s
estimate on the length of an extremal rational curve (see, for example,
[ , Theorem 1}, [Ma, Theorem 10-2-1], and | , Section 7.11]). It
depends on Mori’s bend and break technique to create rational curves.
So, we need the mod p reduction technique there.

REMARK 4.6.5. Let (X, D) be a log canonical pair such that D is
an R-divisor. Let ¢ : X — Y be a projective morphism and let H
be a Cartier divisor on X. Assume that H — (Kx + D) is f-ample.
By the Kawamata—Viehweg type vanishing theorem for log canonical
pairs (see Theorem 5.6.4), R%,.Ox(H) = 0 for every ¢ > 0 if X and
Y are algebraic varieties. If this vanishing theorem holds for analytic
spaces X and Y, then Kawamata’s original argument in | ] works
directly for log canonical pairs. In that case, we do not need dlt blow-
ups (see Theorem 4.4.21), which follows from | ], in the proof
of Theorem 4.6.2.

We consider the proof of [Ma, Theorem 10-2-1] when (X, D) is
Q-factorial dlt. We need R'¢,Ox(H) = 0 after shrinking X and Y
analytically. In our situation, (X,D — ¢|D]) is klt for 0 < ¢ < 1.
Therefore, H — (Kx + D —¢|D|) is ¢-ample and (X, D —¢|D]) is klt
for 0 < ¢ < 1. Thus, we can apply the analytic version of the relative
Kawamata—Viehweg vanishing theorem (see, for example, [F'31]). So,
we do not need the analytic version of the Kawamata—Viehweg type
vanishing theorem for log canonical pairs.

REMARK 4.6.6. We give a remark on | ]. We use the same
notation as in | , 3.8]. In the proof of | , Corollary 3.8.2],
we may assume that Ky + A is klt by | , Lemma 3.7.4]. By

perturbing the coefficients of B slightly, we can further assume that
B is a Q-divisor. By applying the usual cone theorem to the klt pair
(X, B), we obtain that there are only finitely many (Ky + A)-negative
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extremal rays of NE(X/U). We note that | , Theorem 3.8.1]
is only used in the proof of | , Corollary 3.8.2]. Therefore, we
do not need the estimate of lengths of extremal rays in | |. In

particular, we do not need mod p reduction arguments for the proof of
the main results in | ]

The final result in this section is an estimate of lengths of ex-

tremal rays which are relatively ample at non-lc loci (see also [ ]
and | D-

THEOREM 4.6.7 (Theorem 4.5.2 (5)). Let X be a normal variety,
let A be an effective R-divisor on X such that Kx + A is R-Cartier,
and let m: X — S be a projective morphism onto a variety S. Let R
be a (Kx + A)-negative extremal ray of NE(X/S) which is relatively
ample at Nle(X, A), that is, RONE(X/S)Nie(x,a) = {0}. Then we can
find a (possibly singular) rational curve C' on X such that [C] € R and

0<—(Kx+A) -C<2dimX.

PRrROOF. By shrinking S, we may assume that S is quasi-projective.
By replacing 7 : X — S with the extremal contraction pp : X — Y
over S (see Theorem 4.5.2 (4)), we may assume that the relative Picard
number p(X/S) = 1 and that 7 is an isomorphism in a neighborhood
of Nle(X, A). In particular, —(Kyx + A) is m-ample. By taking a dlt
blow-up (see Theorem 4.4.21), there is a projective birational morphism
f:Y — X such that
(i) Ky+Ay = f*(Kx+A)+ > (a(E, X,A)+1)E, where

a(E,X,A)<—1

Ay=f'A+ ) E

E: f-exceptional
(i) (Y,Ay) is a Q-factorial dlt pair, and
F=- > (a(E.X,A)+1)E>0.
a(B,X,A)<—1
Therefore, we have
f(NE(Y/S)ky1D20) € NE(X/S)kcraz0 = {0}.
We also note that
F(NE(Y/S)Niev,p)) = {0}

Thus, there is a (Ky + D)-negative extremal ray R’ of NE(Y/S) which
is relatively ample at Nle(Y, D). By Theorem 4.5.2, R’ is spanned by
a curve C't. Since —(Ky + D)-CT > 0, we see that f(CT) is a curve. If
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CT C Supp F, then f(CT) C Nle(X, A). This is a contradiction because
7o f(CT) is a point. Thus, CT ¢ Supp F'. Since

—(Ky +Ay)=—(Ky + D)+ F,

we can see that R’ is a (Ky + Ay )-negative extremal ray of NE(Y/S).
Therefore, we can find a rational curve C’ on Y such that C’ spans R’
and that

by Theorem 4.6.2. By the above argument, we can easily see that
C" ¢ Supp F. Therefore, we obtain

0<—(Ky+D)C/:—(Ky+Ay)C/—FC/
< —(KY + Ay) : Cl < 2dim X.
Since Ky + D = f*(Kx + A), C = f(C") is a rational curve on X such

that 7(C) is a point and 0 < —(Kx + A) - C < 2dim X. O

REMARK 4.6.8. In Theorem 4.6.7, we can prove 0 < —(Kx + A) -
C < dim X 41 when dim X < 2. For the details, see | , Proposition
3.7).

4.7. Shokurov polytope

In this section, we discuss a very important result obtained by
Shokurov (cf. | , 6.2. First Main Theorem|), which is an applica-
tion of Theorem 4.6.2. We closely follow Birkar’s treatment in | )
Section 3.

4.7.1. Let m : X — S be a projective morphism from a normal
variety X to a variety S. A curve I' on X is called extremal over S if
the following properties hold.

(1) T generates an extremal ray R of NE(X/S).
(2) There is a m-ample Cartier divisor H on X such that

H-T' =min{H - C},
where C' ranges over curves generating R.

We note that every (Kx + A)-negative extremal ray R of NE(X/S)
is spanned by a curve if A is an effective R-divisor on X such that
(X, A) is log canonical. It is a consequence of the cone and contraction
theorem (see Theorem 4.5.2).

Let A be an effective R-divisor on X such that (X, A) is log canoni-
cal and let R be a (Ky + A)-negative extremal ray of NE(X/S). Then
we can take a rational curve C' such that C spans R and that

0<—(Kx+A) C<2dimX
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by Theorem 4.6.2. Let I' be an extremal curve generating R. Then we
have
—(Kx+A)-I'  —(Kx+A)-C
H-T N H.-C ‘

Therefore,

Let F' be a reduced divisor on X. We consider the finite dimensional

real vector space V' = @, RF;, where F' = ), F}, is the irreducible
decomposition. We have already seen that

L={D e V|(X,D) is log canonical}

is a rational polytope in V, that is, it is the convex hull of finitely many
rational points in V' (see Lemma 4.6.1).

Let Dy,---, D, be the vertices of £ and let m be a positive integer
such that m(Kx + D;) is Cartier for every j. We take an R-divisor
A € L. Then we can find non-negative real numbers aq,--- ,a, such
that A =3, a;D;, >~ a; =1, and (X, D;) is log canonical for every j
(see Lemma 4.6.1). For every curve C' on X, the intersection number
—(Kx + A) - C can be written as

n.
E CLj—]
- m
J

such that n; € Z for every j. If C' is an extremal curve, then we can
see that n; < 2mdim X for every j by the above arguments.
On the real vector space V', we consider the following norm

A = max((b,)}
where A =3 b; Fj.

We explain Shokurov’s important results (cf. [Sh3]) following [ )
Proposition 3.2].

THEOREM 4.7.2. We use the same notation as in 4.7.1. We fiz an
R-dwisor A € L. Then we can find positive real numbers a and 9,
which depend on (X,A) and F, with the following properties.

(1) If T is any extremal curve over S and (Kx + A)-T' >0, then
(KX + A) -I'> a.

(2) IfDe L, |D—-A| <6, and (Kx+ D)-R <0 for an extremal
curve I', then (Kx +A)-T <0.
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(3) Let {R}ier be any set of extremal rays of NE(X/S). Then
Nr={DeL|(Kx+D) R >0 for everyt € T}
1s a rational polytope in V.

Proor. (1) If A is a Q-divisor, then the claim is obvious even if I'
is not extremal. We assume that A is not a Q-divisor. Then we can
write Kx + A = a;(Kx + D;) as in 4.7.1. Then (Kx +A)-T' =
Zjaj(KX + Dj) ST If (KX —|—A) -I" < 1, then

1

—2dim X < (Kx + Dj,) T < —{=> a;(Kx +D;)-T +1}
%o J#jo

_2dimX +1

@jo
for a;, # 0. This is because (Kx + D;) -I' > —2dim X for every
j. Thus there are only finitely many possibilities of the intersection
numbers (Ky + D;) - I' for a; # 0 when (Kx + A) - I' < 1. Therefore,
the existence of a is obvious.
(2) If we take J sufficiently small, then, for every D € L with
|D — A| < 6, we can always find D’ € £ such that

Kx+D=(1-s)(Kx+A)+s(Kx+ D'

with
o

a+2dim X
Since I is extremal, we have (Kx+D')-T' > —2dim X for every D' € L.

We assume that (Kx + A)-T' > 0. Then (Kx +A)-T' > «a by (1).
Therefore,

(Kx+D)- I'=(1-s)(Kx+A)-T'+s(Kx+D')-T
> (1—s)a+s(—2dim X) > 0.

0<s<

This is a contradiction. Therefore, we obtain (Kx + A)-I' < 0. We
complete the proof of (2).

(3) For every t € T, we may assume that there is some D; € L
such that (Kx + D;) - Ry < 0. We note that (Kx + D) - Ry < 0 for
some D € L implies (Kx + D;) - R; < 0 for some j. Therefore, we
may assume that 7" is contained in N. This is because there are only
countably many (Kx + D;)-negative extremal rays for every j by the
cone theorem (see Theorem 4.5.2). We note that N7 is a closed convex
subset of £ by definition. If 7" is a finite set, then the claim is obvious.
Thus, we may assume that 7" = N. By (2) and by the compactness of
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N7, we can take Ay, --- , A, € Ny and 6y, --- ,d, > 0 such that Ny is
covered by

and that if D € B; with (Kx + D) - R; < 0 for some ¢, then (Kx + A;) -
R, = 0. If we put

T,={teT|(Kx+ D)-R; <0 for some D € B;},

then (Kx + A;) - Ry = 0 for every t € T; by the above construction.
Since {B,;}I, gives an open covering of N, we have Ny =, .., N1,
by the following claim. o

Cram. Nr =i, N1

PrOOF OF CLAIM. We note that N7 C (), «,.,, N1, is obvious. We
assume that Np C (,c;, No,. We take D € (), <<, N1, \ N7 which
is very close to N. Since N7 is covered by {B;}7,, there is some iy
such that D € B;,. Since D & N, there is some t, € T such that
(Kx + D) - Ry, < 0. Thus, ty € T;,. This is a contradiction because
D € Nr,,. Therefore, Np = (), ;< Nz O

So, it is sufficient to see that each N7, is a rational polytope in V.
By replacing T' with T}, we may assume that there is some D € Np
such that (Kx + D) - R, =0 for every t € T..

If dimg £ = 1, then this already implies the claim. We assume
dimg £ > 1. Let £',---,LP be the proper faces of £. Then N} =
Nr N L is a rational polytope by induction on dimension. Moreover,
for each D" € Np which is not D, there is D’ on some proper face of
L such that D" is on the line segment determined by D and D’. Note
that (Kx + D) - Ry = 0 for every t € T. Therefore, if D' € L', then
D’ € Nj. Thus, Nt is the convex hull of D and all the Nj. So there
is a finite subset 7" C T such that

UNi =N (| £9).

Therefore, the convex hull of D and |J; N} is just Npv. We complete

the proof of (3). O
By Theorem 4.7.2 (3), Lemma 2.6 in | | holds for log canonical

pairs. It may be useful for the minimal model program with scaling.
THEOREM 4.7.3 (cf. | , Lemma 2.6]). Let (X, A) be a log canon-

ical pair, let A be an R-divisor, and let m : X — S be a projective
morphism between algebraic varieties. Let H be an effective R-Cartier
R-divisor on X such that Kx + A + H is w-nef and (X, A+ H) is log
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canonical. Then, either Kx + A is also m-nef or there is a (Kx + A)-
negative extremal ray R such that (Kx + A+ AH) - R = 0, where
A=inf{t > 0| Kx + A+ tH is m-nef}.
Of course, Kx + A+ \H is m-nef.
Note that Theorem 4.7.3 is nothing but Theorem 4.5.2 (6).

PROOF. Assume that Kx + A is not m-nef. Let {R;} be the set of
(K x + A)-negative extremal rays over S. Let C; be an extremal curve
spanning R; for every j. We put p = sup{y;}, where

J

_ —(Ex+4)-G

M="H.c
Obviously, A = g and 0 < p < 1. So, it is sufficient to prove that
p = pj, for some jo. There are positive real numbers ry,--- ,r; such

that Y .r; = 1 and a positive integer m, which are independent of j,
such that

l
. Tini]’

(see Lemma 4.6.1, Theorem 4.6.2, and 4.7.1). Since Cj is extremal, n;;
is an integer with n;; < 2mdim X for every ¢ and j. If (Kx + A +
H) - R;, = 0 for some jj, then there are nothing to prove since A =1
and (Kx + A+ H)- R = 0 with R = R;,. Thus, we assume that
(Kx + A+ H)-R; >0 for every j. We put F' = Supp(A + H). Let

F =", F}, be the irreducible decomposition. We put V' = @, RF},
L={D eV|(X,D) is log canonical},

and

N={DeL|(Kx+D)-R; >0 for every j}.
Then N is a rational polytope in V' by Theorem 4.7.2 (3) and A + H
is in the relative interior of N by the above assumption. Therefore, we
can write

q
KX —|—A—|—H = ZT’;(KX +Dp),
p=1
where 77, - - -, 7} are positive real numbers such that Zp r, =1, (X, Dy)
is log canonical for every p, m'(Kx + D,) is Cartier for some positive
integer m' and every p, and (Kx + D,) - C; > 0 for every p and j. So,

we obtain
T,
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with 0 < n,; = m'(Kx + D,) - C; € Z. Note that m' and 7, are
independent of j for every p. We also note that

/Lj —(Kx+A)C] —(KX+A)C]

q ! on!
_ m Zp:l TpTlyj

I
/ .
m'y o TN

+ 1.

Since
1

T4
S g
=1
for every j and n;; < 2mdim X with n;; € Z for every ¢ and j, the
number of the set {n;;};; is finite. Thus,

1 1
J Hj Hjo

for some jy. Therefore, we obtain p = pj,. We finish the proof. O

Let us recall the abundance conjecture, which is one of the most im-
portant conjectures in the minimal model theory for higher-dimensional
algebraic varieties.

4.7.4 (Abundance conjecture). We treat some applications of The-
orem 4.7.2 (3) to the abundance conjecture for R-divisors (see [Sh3,
2.7. Theorem on log semi-ampleness for 3-folds|).

CONJECTURE 4.7.5 (Abundance conjecture). Let (X,A) be a log
canonical pair and let f : X — Y be a projective morphism between
varieties. If Kx + A is f-nef, then Kx + A is f-semi-ample.

For the recent developments of the abundance conjecture, see, for
example, | ).

The following proposition is a useful application of Theorem 4.7.2
(see [Sh3, 2.7]).

PROPOSITION 4.7.6. Let f : X — Y be a projective morphism
between algebraic varieties. Let A be an effective R-divisor on X such
that (X, A) is log canonical and that Kx + A is f-nef. Assume that the
abundance congjecture holds for Q-divisors. More precisely, we assume
that Kx + D s f-semi-ample if D € L, D s a Q-divisor, and Kx + D
s f-nef, where

L={D eV |(X,D) is log canonical},

V =@, RFE;, and ), Fy, is the irreducible decomposition of Supp A.
Then Kx + A is f-semi-ample.
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PROOF. Let {R;}ser be the set of all extremal rays of NE(X/Y).
We consider N7 as in Theorem 4.7.2 (3). Then N7 is a rational poly-
tope in £ by Theorem 4.7.2 (3). We can easily see that

Nr={D e L|Kx + D is f-nef}.

By assumption, A € Np. Let F be the minimal face of Ay containing
A. Then we can find Q-divisors Dy, -+, D; on X such that D; is in
the relative interior of F,

Kx +A =) di(Kx+ D),

where d; is a positive real number for every ¢ and ), d; = 1. By
assumption, Kx + D; is f-semi-ample for every i. Therefore, Ky + A
is f-semi-ample. (

REMARK 4.7.7 (Stability of litaka fibrations). In the proof of Propo-
sition 4.7.6, we note the following property. If C' is a curve on X
such that f(C) is a point and (Kx + D;,) - C = 0 for some iy, then
(Kx + D;)-C =0 for every 7. This is because we can find A’ € F such
that (Kx+A")-C < 0if (Kx+D;)-C > 0 for some i # iy. This is a con-
tradiction. Therefore, there exists a contraction morphism g : X — Z
over Y and h-ample Q-divisors Ay, ---,A; on Z, where h : Z — Y,
such that Kx + D, ~q ¢g*A,; for every 7. In particular,

Note that ). d;A; is h-ample. Roughly speaking, the Iitaka fibration
of Kx + A is the same as that of Ky + D, for every 1.

COROLLARY 4.7.8. Let f : X — Y be a projective morphism be-
tween algebraic varieties. Assume that (X, A) is log canonical and that
Kx + A is f-nef. We further assume one of the following conditions.

(i) dim X < 3.
(ii) dim X =4 and dimY > 1.
Then Kx + A s f-semi-ample.

PRroOOF. It is obvious by Proposition 4.7.6 and the log abundance

theorems for threefolds and fourfolds (see, for example, | , 1.1. The-
orem| and [F'22, Theorem 3.10]). O

COROLLARY 4.7.9. Let f : X — Y be a projective morphism be-
tween algebraic varieties. Assume that (X, A) is klt and Kx + A s
f-nef. We further assume that dim X —dimY < 3. Then Kx + A is
f-semi-ample.
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Proor. If A is a Q-divisor, then it is well known that Kx, + A,
is semi-ample, where X, is the generic fiber of f and A, = A|x, (see,
for example, | , 1.1. Theorem]). Therefore, Kx + A is f-semi-
ample by [F'24, Theorem 1.1]. When A is an R-divisor, we can take
Q-divisors Dq,---,D; € F as in the proof of Proposition 4.7.6 such
that (X, D;) is klt for every i. Since Ky + D; is f-semi-ample by the
above argument, we obtain that Kx + A is f-semi-ample. 0

4.8. MMP for Ic pairs

In this section, we discuss the minimal model program for log canon-
ical pairs and some related topics.
Let us start with the definition of log canonical models.

DEFINITION 4.8.1 (Log canonical model). Let (X, A) be a log canon-
ical pair and let 7 : X — S be a proper morphism. A pair (X', A')
sitting in a diagram

is called a log canonical model of (X, A) over S if

(i) «’ is proper,
(ii) gb ! has no exceptional divisors,
(iii) A
(iv) KX/ + A’ is n’-ample, and
(V) (E X,A) <a(E, X', A) for every ¢-exceptional divisor E C

LEMMA 4.8.2. Let (X, A) be a log canonical pair and let 7w : X — S
be a proper morphism. Let (X', A") be a log canonical model of (X, A)
over S. Then a(E, X,A) < a(E,X',A") for every prime divisor FE
over X. We assume that A is a Q-divisor. Then

X' = Projy @ m.Ox(Im(Kx + A))).

m>0
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PROOF. By the same argument as Lemma 4.3.2, we have a(F, X, A) <
a(E, X', A") for every prime divisor F over X. We take a common res-
olution

of X and X’. We put Ay = p;'!A + E, where E is the sum of all
p-exceptional divisors. Then we can write

Kw +Aw =p"(Kx + A) + F
and

where I is effective and p-exceptional, and G is effective and g-exceptional.
Therefore,

X' = Projg @ﬂ';@x'(\_m(KX’ +A")])

m>0

= ProjS @(ﬂ'/ o q)*OW(Lm(KW + AW)J)

= Projs @ m.Ox (|m(Kx + A))).

This is the desired description of X”. O

LEMMA 4.8.3. Let (X, A) be a log canonical pair and let 7 : X — S

be a proper morphism onto a variety. Let (X™, A™) be a minimal model
of (X, A) over S and let (X', A) be a log canonical model of (X, A)
over S. Then there is a natural morphism o : X™ — X' such that

Kxm +A™ = o (K yic + A").
In particular, Kxm + A™ is semi-ample over S, that is, (X™, A™) is a

good minimal model of (X, A) over S.

Proor. We take a common resolution

p r

X w Xle

|

Xm
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of X, X™ and X' Let E be the sum of all p-exceptional divisors. We
put Ay = p;!A + E. Then we have

and

KW + AW = T*(lec -+ Alc) + G
where F'is effective and g-exceptional and G is effective and r-exceptional
by the negativity lemma (see Lemma 2.3.26). Therefore, we obtain

¢ (Kxm +A™) + F = r*(Kxi. + A") +G.

Note that ¢.(G — F) is effective and —(G — F) is g-nef. This implies
G — F > 0 by the negativity lemma (see Lemma 2.3.26). Similarly,
r«(F — Q) is effective and —(F — G) is r-nef. This implies F' — G > 0
by the negativity lemma (see Lemma 2.3.26) again. Therefore, F' = G.
So, we have
¢ (Kxm + A™) = r* (K yi. + A%).

We assume that r o ¢~ : X™ --» X' is not a morphism. Then we
can find a curve C' on W such that ¢(C') is a point and that r(C') is a
curve. In this case,

0=C g (Kxm+A™) =C-r*(Kxic +A") > 0.

This is a contradiction. Therefore, o : rog™! : X™ --5» X is a
morphism and Kym + A™ = o* (K xi. + A). O

By the proof of Lemma 4.8.3, we have:

COROLLARY 4.8.4. Let (X,A) be a log canonical pair and let m :
X — S be a proper morphism onto a variety. Let (X1, A1) and (Xa, Ag)
be log canonical models of (X, A) over S. Then (X1, A1) is isomorphic
to (Xa, Ag) over S. Therefore, the log canonical model of (X, A) over
S is unique.

In order to discuss the minimal model program for log canonical
pairs, it is convenient to use the following definitions of minimal models
and Mori fiber spaces due to Birkar—Shokurov.

DEFINITION 4.8.5 (Minimal models, see | , Definition 2.1]).
Let (X, A) be a log canonical pair and let 7 : X — S be a projective
morphism onto a variety S. let ¢ : X --» Y be a birational map over
S. We put Ay = A + E where A is the birational transform of A on
Y and F is the reduced exceptional divisor of ¢!, that is, £ = > i Ej
where E; is a prime divisor on Y which is exceptional over X for every
j. We assume that

(i) (Y, Ay) is a Q-factorial dlt pair and Y is projective over S,
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(ii)) Ky + Ay is nef over S, and
(iii) for any prime divisor £ on X which is exceptional over Y, we
have
a(E, X,A) <a(E,Y,Ay).
Then (Y, Ay) is called a minimal model of (X, A) over S. Furthermore,
if Ky + Ay is semi-ample over S, then (Y, Ay) is called a good minimal
model of (X, A) over S.

REMARK 4.8.6. By the same argument as Lemma 4.3.2, we can
prove that a(E, X, A) < a(E,Y, Ay) for every prime divisor E over X
in Definition 4.8.5. Therefore, if (X, A) is plt in Definition 4.8.5, then
(Y, Ay) is plt and ¢! has no exceptional divisors.

DEFINITION 4.8.7 (Mori fiber spaces, see | , Definition 2.2}).
Let (X, A) be a log canonical pair and let 7 : X — S be a projective
morphism onto a variety S. let ¢ : X --» Y be a birational map over
S. We put Ay = A + E where A is the birational transform of A on
Y and E is the reduced exceptional divisor of ¢!, that is, E =Y. i Ej
where E; is a prime divisor on Y which is exceptional over X for every
j. We assume that

(i) (Y, Ay) is a Q-factorial dlt pair and Y is projective over S,

(i) thereis a (Ky+Ay)-negative extremal contraction ¢ : Y — Z,
that is, —(Ky+Ay) is p-ample, p(Y/Z) = 1, and ¢, Oy ~ Oy,
over S with dimY > dim Z, and

(iii) we have

a(E, X,A) <a(E)Y,Ay).
for any prime divisor £ over X and strct inequality holds if £
is on X and ¢ contracts F.

Then (Y, Ay) is called a Mori fiber space of (X, A) over S.

Let us quickly recall some results in | ] and | ]. For the
details, see the original papers | | and | ].
THEOREM 4.8.8 (cf. | , Theorem 1.1] and | , Theorem

1.6]). Let (X,A) be a Q-factorial log canonical pair such that A is a
Q-divisor and let m : X — S be a projective morphism between quasi-
projective varieties. Assume that there is an effective Q-divisor A’ on
X such that (X,A + A') is log canonical and Kx + A + A" ~q . 0.
Then (X, A) has a Mori fiber space or a good minimal model over S.

As a direct consequence of Theorem 4.8.8, we have:

COROLLARY 4.8.9. In Theorem /.8.8, we further assume that K x +
A is w-big. Then (X,A) has a log canonical model over S.
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PRrROOF. Let (Y, Ay) be a good minimal model of (X, A) over S.
Then

P r.O0x(Im(Kx + A)]) ~ @ 7. Oy (|m(Ky + Ay)])
m>0 m>0
as Og-algebras (see Lemma 4.8.2), where my : Y — S, and
D v Oy (Im(Ey + Ay)))
m>0
is a finitely generated Og-algebra since Ky + Ay is a my-semi-ample
Q-divisor. We put

X' = Projs @P m.O0x ([m(Kx + A))).

m>0
Then (X', A’), where A’ is the strict transform of A on X', is a log
canonical model of (X, A) over S by Lemma 4.8.2. O
COROLLARY 4.8.10 (cf. | , Corollary 1.2] and | , Corollary

1.8]). Let ¢ : (X,A) — W be a log canonical flipping contraction
associated to a (Kx+A)-negative extremal ray. Then the (Kx+A)-flip
of o1 (X,A) = W exists.

PROOF. Since p(X/W) = 1, we may assume that A is a Q-divisor
by perturbing A slightly. By taking an affine cover of W, we may
assume that W is affine. Then we can find an effective Q-divisor A’
on X such that Ky + A+ A’ ~g, 0. Then (X, A) has a log canonical
model over W. It is nothing but a flip of ¢ : (X, A) — W. O

REMARK 4.8.11. By Corollary 4.8.10, log canonical flips always
exist. On the other hand, log canonical flops do not always exist. For
the details, see | , Section 7], where Kollar’s examples are described
in details.

4.8.12 (MMP for Q-factorial log canonical pairs). Let (X, A) be
a Q-factorial log canonical pair and let f : X — S be a projective
morphism onto a variety S. By Theorem 4.5.2 and Corollary 4.8.10,
we can run the minimal model program for (X, A) over S. This means
that the minimal model program discussed in 4.3.5 works by replacing
dlt with log canonical. Moreover, by Theorem 4.5.2 (6), we can run the
minimal model program with scaling discussed in 4.4.11 for Q-factorial
log canonical pairs. Note that the termination of the above minimal
model programs is an important open problem of the minimal model
theory (see Conjecture 4.3.6 and Lemma 4.9.3 below).

We note the following well-known lemma.
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LEMMA 4.8.13 (see | , Corollary 3.44]). Let (X,A) be a dit
(resp. kit or lc) pair. Let g : X --» X' be either a divisorial contraction
of a (Kx + A)-negative extremal ray or a (Kx + A)-flip. We put
A= g,A. Then (X', A") is also dlt (resp. kit or lc).

PROOF. This lemma easily follows from Lemma 2.3.27 when (X, A)
is klt or lc. From now on, we treat the case when (X, A) is dlt. Let
Z C X be as in Proposition 2.3.20. We put 7' = g(Z) U Exc(g™!)
such that Exc(g™!) is the closed subset of X’ where g~! is not an
isomorphism. Then X'\ Z’ is isomorphic to an open subset of X \ Z.
Therefore, X'\ Z' is smooth and A’|x z has a simple normal crossing
support. Let F be an exceptional divisor over X’ such that cx/(E), the
center of E on X', is contained in Z’. Then cx(F), the center of £ on
X, is contained in Z U Exc(g), where Exc(g) is the closed subset of X
where ¢ is not an isomorphism. We have

a(E, X')A') > a(E, X,A) > —1

by Lemma 2.3.27. If cx(F) is contained in Z, then the second inequality
is strict by the definition of dlt pairs. If cx(F) is contained in Exc(g),
then the first inequality is strict by Lemma 2.3.27. Anyway, (X', A)
is dlt by Proposition 2.3.20. U

We also note the following easy two propositions.

PROPOSITION 4.8.14 (cf. | , Proposition 3.36]). Let (X, A)
be a Q-factorial log canonical pair and let m : X — S be a projective
morphism. Let or : X — Y be the contraction of a (Kx + A)-negative
extremal ray R of NE(X/S). Assume that g is either a divisorial or
a Fano contraction. Then we have

(1) Y is Q-factorial, and
(i) p(Y/S) = p(X/S) — 1.

Proor. This proposition directly follows from Corollary 4.5.3 and
Corollary 4.5.4. O

REMARK 4.8.15. If pr : X — Y is a Fano contraction in Proposi-
tion 4.8.14, then we know that Y has only log canonical singularities by
[F'38]. We further assume that X has only log terminal singularities.
Then Y has only log terminal singularities. For the details and some
related topics, see [F'38].

PROPOSITION 4.8.16 (cf. | , Proposition 3.37]). Let (X, A)
be a Q-factorial log canonical pair and let m : X — S be a projective
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morphism. Let op : X — W be the flipping contraction of a (Kx+A)-
negative extremal ray R of NE(X/S) and let pf : X — W be the flip.

Then we have
(i) X* is Q-factorial, and
(i) p(XT/5) = p(X/S).

PRrROOF. By perturbing A slightly, we may assume that A is a Q-
divisor. Sine ¢ : X --» X is an isomorphism in codimension one, it
induces a natural isomorphism between the group of Weil divisors on
X and the group of Weil divisors on X*. Let D be a Weil divisor on
X and let D be the strict transform of D" on X. Then there is a
rational number r such that

(D+r(Kx+A))-R)=0.

We take a positive integer m such that m(D + r(Kx + A)) is Cartier.
By Theorem 4.5.2 (4), there is a Cartier divisor Dy on W such that
m(D +r(Kx + A)) ~ ¢ Dy . Thus we obtain that

mD* =me¢.D ~ (¢5)* Dw — (mr)(Kx+ + AT)
is Q-Cartier. This means that X' is Q-factorial. It is easy to see that
p(X/S) = p(X*/S) by the above argument. O

4.8.17 (Conjectures concerning MMP for lc pairs). The following
conjecture is one of the most important open problems of the minimal
model program for log canonical pairs.

CONJECTURE 4.8.18. Let (X, A) be a projective log canonical pair
such that A is a Q-divisor on X. Then the log canonical ring

R(X,A) = P H (X, Ox(|m(Ex + A)]))

15 a finitely generated C-algebra.

It is known that Conjecture 4.8.18 holds when dim X < 4. When
dim X > 5, Conjecture 4.8.18 is still an open problem.
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THEOREM 4.8.19 (cf. [F'22, Theorem 1.2]). Let (X, A) be a pro-
jective log canonical pair such that A is a Q-divisor with dim X < 4.
Then the log canonical ring

R(X,A) = @ H(X, Ox(|m(Kx + A))))
m>0
s a finitely generated C-algebra.

Let us recall the good minimal model conjecture.

CONJECTURE 4.8.20 (Good minimal model conjecture). Let (X, A)
be a Q-factorial projective dlt pair and let A be an R-divisor. If Kx+A
is pseudo-effective, then (X, A) has a good minimal model.

In | ], we obtained:

THEOREM 4.8.21. Conjecture 4.8.18 with dim X = n and Conjec-
ture 4.8.20 with dim X < n — 1 are equivalent.

Moreover, in | |, we proved:

THEOREM 4.8.22. Conjecture 4.8.20 with dim X < n — 1 is equiv-
alent to Conjecture 4.8.23 with dim X = n.

CONJECTURE 4.8.23. Let (X, A) be a Q-factorial projective plt pair
such that A is a Q-divisor on X and that |A] is irreducible. We further
assume that Kx + A is big. Then the log canonical ring

R(X,A) = P HO(X, Ox(Im(Kx + A))))
m>0
is a finitely generated C-algebra.
Therefore, Conjecture 4.8.18 is equivalent to Conjecture 4.8.23 by
Theorems 4.8.21 and 4.8.22.

Let us recall some related conjectures. For the details, see | ]
and | ].

CONJECTURE 4.8.24 (Non-vanishing conjecture). Let X be a smooth
projective variety. If Kx is pseudo-effective, then there exists some ef-

fective Q-divisor D such that Kx ~q D.
REMARK 4.8.25. Let X be a smooth projective variety. Then Kx

is pseudo-effective if and only if X is not uniruled by | ]. For the
proof, see, for example, [La2, Corollary 11.4.20].
CONJECTURE 4.8.26 (DLT extension conjecture, see [ , Con-

jecture 1.3] and | , Conjecture G]). Let (X,A) be a projective
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dlt pair such that A is a Q-divisor, |A] = S, Kx + A is nef, and
Kx +A ~g D >0 where S C Supp D. Then the restriction map

H(X,Ox(m(Kx + A))) — H(S, Os(m(Kx + A)))
1s surjective for all sufficiently divisible integers m > 2.

Note that the restriction map
HO(X, Ox (m(Kx + A))) — H(S, O(m(Kx + A))

in Conjecture 4.8.26 is surjective for every positive integer m such that
m(Kx + A) is Cartier when Kx + A is semi-ample (see | , Propo-
sition 5.12]). Therefore, Conjecture 4.8.26 follows from the abundance
conjecture (see Conjecture 4.7.5).

CONJECTURE 4.8.27. Let (X,A) be a projective kit pair such that
A is a Q-divisor with k(X, Kx + A) = 0. Then k,(X, Kx + A) = 0,
where Kk, denotes Nakayama’s numerical dimension in Definition 2.4.8.

Conjecture 4.8.27 is known as a special case of the generalized abun-
dance conjecture for klt pairs.
In | ], we obtained the following two theorems.

THEOREM 4.8.28. Conjecture 4.8.20 with dim X < n follows from
Congecture 4.8.24 with dim X < n and Conjecture 4.8.26 with dim X <
n.

THEOREM 4.8.29. Conjecture 4.8.20 with dim X < n follows from
Congecture 4.8.2/ with dim X < n and Conjecture 4.5.27 with dim X <
n.

Anyway, Conjecture 4.8.24 seems to be the hardest open problem
in the minimal model program.

4.9. Non-Q-factorial MMP

In this section, we explain the minimal model program for non-Q-
factorial log canonical pairs, that is, the minimal model program for
(not necessarily Q-factorial) log canonical pairs. It is the most general
minimal model program in the usual sense. Although it is essentially
the same as 4.3.5, we describe it for the reader’s convenience.

Let us explain the minimal model program for non-Q-factorial log
canonical pairs (cf. [F'13, 4.4]).

4.9.1 (MMP for non-Q-factorial log canonical pairs). We start with
a pair (X, A) = (Xo, Ag). Let fo: Xo — S be a projective morphism.
The aim is to set up a recursive procedure which creates intermediate
pairs (X;, A;) and projective morphisms f; : X; — S. After some steps,
it should stop with a final pair (X', A’) and f': X' — S.
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STEP 0 (Initial datum). Assume that we have already constructed
(Xi,4A;) and f; : X; — S with the following properties:
(1) (X;,A;) is log canonical,
(2) f; is projective, and
(3) X; is not necessarily Q-factorial.
If X; is Q-factorial, then it is easy to see that X}, is also Q-factorial for
every k > i. Even when Xj; is not Q-factorial, X;,; sometimes becomes
Q-factorial (see, for example, Example 7.5.1 below.)

STEP 1 (Preparation). If Kx, + A; is f;-nef, then we go directly to
Step 3 (2). If Kx, + A; is not f;-nef, then we have already established
the following two results (see Theorem 4.5.2):

(1) (Cone theorem). We have the following equality.
NE(X,/S) = NE(Xi/S)(ex,+a020 + Y Rao[Cl.

(2) (Contraction theorem). Any (Kx, + 4A;)-negative extremal
ray R; C NE(X;/S) can be contracted. Let ¢g, : X; — Y;
denote the corresponding contraction. It sits in a commutative
diagram.

©

R;
Y;

S

X;

STEP 2 (Birational transformations). If ¢g, : X; — Y; is birational,
then we take an effective Q-divisor A} on X; such that (X;, A}) is log
canonical and —(Kx, + A!) is pg,-ample. Note that p(X;/S) = 1. By
Corollary 4.8.9, the relative log canonical ring

P (er)Ox, (Im(Kx, + A)))
m>0
is a finitely generated Oy;-algebra. We put
Xi1 = Projy, @ (er,)-Ox, (Im(Kx, + A})]).
m>0

Then we have the following diagram.
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Let A; ;1 be the pushforward of A; on X;,1. We note that (X1, Aii1)
is the log canonical model of (X;, A;) over Y; (see Definition 4.8.1).
Therefore, gojfzi : Xj41 — Yjis a projective birational morphism, Kx,, , +
A1 is ) -ample, and (Xiy1, Aj1q) is log canonical. Then we go back
to Step 0 with (X;11, A1), fix1 =gi 0 gpjgi and start anew.

If X; is Q-factorial, then so is X, ;1. If X; is Q-factorial and ¢p,
is not small, then ng}gi : X;11 — Y, is an isomorphism. It may happen
that p(X;/S) < p(Xi41/S) when X is not Q-factorial (see, for example,
Example 7.5.1 below).

STEP 3 (Final outcome). We expect that eventually the procedure
stops, and we get one of the following two possibilities:
(1) (Mori fiber space). If ¢g, is a Fano contraction, that is, dim Y; <
dim X;, then we set (X', A") = (X;,A;) and f' = f;. We usu-
ally call f': (X', A") — Y; a Mori fiber space of (X,A) over
S.
(2) (Minimal model). If Kx, + A; is fi-nef, then we again set
(X' A) = (X;,A;) and f' = f;. We can easily check that
(X', A’) is a minimal model of (X, A) over S in the sense of
Definition 4.3.1.

We can always run the minimal model program discussed in 4.9.1
for non-Q-factorial log canonical pairs. Unfortunately, the termination
of this minimal model program is widely open.

REMARK 4.9.2. By Theorem 4.5.2 (6), we can run the minimal
model program with scaling discussed in 4.4.11 for non-Q-factorial log
canonical pairs. Of course, the termination of this minimal model
program is an important open problem.

The following lemma is well known. It is essentially contained in
[F'13, Proof of Theorem 4.2.1].

LEMMA 4.9.3. We assume that Conjecture 4.5.6 holds for Q-factorial
dlt pairs in dimension n. Then the minimal model program discussed
in 4.9.1 terminates after finitely many steps in dimension n.

PrOOF. Let
(X0, Ap) ==+ (X1, A1) == -+ == (Xpp, Ap) ==» -

be a minimal model program discussed in 4.9.1 with dim Xy = n. Let
ag : X — X be a dlt blow-up, that is, (X, AJ) is Q-factorial and dlt
such that Kyo + Af = ag(Kx, + Ag) (see Theorem 4.4.21). We run
the minimal model program with respet to K xo + A over Yj

Xg - X§ - X§ -,
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and finally get a minimal model (X}, Af) of (X9, AQ) over Yj. Since
(X1,A1) — Yj is the log canonical model of (X7, AY) — Yj, we have
a natural morphism a; : Xg° — X, (see Lemma 4.8.3). We note that
Ko + Ak = of(Kx, + A)) by Lemma 4.8.3. We put (X?,A?) =
(Xg0, Af?). We run the minimal model program with respect to K X0+
AY over Y;. Then we obtain a sequence

0 1 2
Xl -= Xl -=> Xl —=> 9

and finally get a minimal model (X', A¥) of (X0 A%) over Y;. By
the same reason as above, we have a natural morphism as : X fl — Xo
such that Kxfl + AM = a3(Ky, + A;) by Lemma 4.8.3. By repeating
this procedure, we obtain a (K x0 + AJ)-minimal model program over
S:
X0 -s o m X=XV s X = XD s

It terminates by the assumption of this lemma. Therefore, the original
minimal model program must terminate after finitely many steps. [

By combining Lemma 4.9.3 with Lemma 4.3.8, it is sufficient to
prove Conjecture 4.3.6 for klt pairs.

4.10. MMP for log surfaces

In this section, we discuss the minimal model theory for log surfaces,
which is an application of Theorem 4.5.2.
Let us recall the definition of log surfaces.

DEFINITION 4.10.1 (Log surfaces). Let X be a normal algebraic
surface and let A be a boundary R-divisor on X such that Kx + A is
R-Cartier. Then the pair (X, A) is called a log surface. We recall that
a boundary R-divisor is an effective R-divisor whose coefficients are less
than or equal to one.

The following theorem is a special case of Theorem 4.5.2. Note that
the non-lc locus of a log surface (X, A) is zero-dimensional. Therefore,
no curve is contained in the non-lc locus Nlc(X, A) of (X, A).

THEOREM 4.10.2. Let (X, A) be a log surface and let m : X — S
be a projective morphism onto an algebraic variety S. Then we have

NE(X/S) = NE(X/S)kx1a20 + Y R,

with the following properties.
(1) R; is a (Kx +A)-negative extremal ray of NE(X/S) for every
7.
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(2) Let H be a m-ample R-divisor on X. Then there are only
finitely many R;’s included in (Kx +A+ H) . In particular,
the R;’s are discrete in the half-space (Kx + A)<o.

(3) Let R be a (Kx+A)-negative extremal ray of NE(X/S). Then
there exists a contraction morphism pg : X — Y over S with
the following properties.

(i) Let C be an integral curve on X such that w(C) is a point.
Then ¢gr(C) is a point if and only if [C] € R.
(iii) Let L be a line bundle on X such that L-C =0 for every
curve C' with [C] € R. Then there exists a line bundle Ly
onY such that L ~ @i Ly.

Theorem 4.10.3 and Theorem 4.10.4 are the main results of [F'29].

THEOREM 4.10.3 (Minimal model program for log surfaces ([ ,
Theorem 3.3])). Let (X,A) be a log surface and let 7 : X — S be a
projective morphism onto an algebraic variety S. We assume one of
the following conditions:

(A) X is Q-factorial.

(B) (X, A) is log canonical.

Then, by Theorem 4.10.2, we can run the minimal model program over
S with respect to Kx+A. So, there is a sequence of at most p(X/S)—1
contractions

(X,A) = (Xo, Ag) =5 (X1, A1) 25 -+ 22 (X, Ay) = (X7, A7)
over S such that one of the following holds:

(1) (Minimal model). if Kx + A is pseudo-effective over S, then
Kx+« + A* is nef over S. In this case, (X*,A*) is called a
minimal model of (X, A) over S.

(2) (Mori fiber space). if Kx + A is not pseudo-effective over
S, then there is a morphism g : X* — C over S such that
—(Kx+ + A*) is g-ample, dim C' < 2, and p(X*/C) =1. We
usually call g : (X*,A*) — C a Mori fiber space of (X, A)
over S.

We note that X; is Q-factorial (resp. (X;, A;) is log canonical) for every
i in Case (A) (resp. (B)).

THEOREM 4.10.4 (Abundance theorem ([F'29, Theorem 8.1])). Let
(X,A) be a log surface and let @ : X — S be a proper surjective
morphism onto a variety S. Assume that X is Q-factorial or that
(X, A) is log canonical. We further assume that Kx + A is w-nef.
Then Kx + A is w-semi-ample.
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As an easy consequence of Theorem 4.10.3 and Theorem 4.10.4, we
have:

THEOREM 4.10.5. Let X be a normal Q-factorial projective surface.
Then the canonical ring

R(X) = @HO(Xa Ox(mKx))

1s a finitely generated C-algebra.
As a corollary of Theorem 4.10.5, we obtain:

THEOREM 4.10.6 ([F'29, Corollary 4.6]). Let X be a normal pro-
jective surface with only rational singularities. Then the canonical ring

R(X) = @HO(Xv Ox(mKx))

s a finitely generated C-algebra.

REMARK 4.10.7. If X is a surface with only rational singularities,
then it is well known that X is Q-factorial. If X has only rational
singularities in Theorem 4.10.3, then we can check that X; has only
rational singularities for every i (see [F'29, Proposition 3.7]).

The following theorem, which is not covered by Theorem 4.10.5, is
well known to the experts (see, for example, [Ba, Theorem 14.42]).

THEOREM 4.10.8. Let X be a normal projective Gorenstein surface.
Then the canonical ring

R<X) = @HO(X; OX(mKX))

m>0

s a finitely generated C-algebra.
Here, we give a proof of Theorem 4.10.8 by using Theorem 4.5.2.

ProoF. If k(X, Kx) < 0, then the statement is obvious. Therefore,
we may assume (X, Kx) > 1. By taking some crepant resolutions of
rational Gorenstein singularities, we may assume that every singularity
of X is not log terminal. Let f : Y — X be a minimal resolution of
singularities of X. Then we can write Ky + E = f*Kx where FE is an
effective Cartier divisor with Exc(f) = Supp E by the negativity lemma
(see Lemma 2.3.26). We assume that Ky is not nef. Then Ky + E is
obviously not nef. By Theorem 4.5.2, there is an irreducible rational
curve ¢’ on Y such that C’ - (Ky + E) < 0 and (C")? < 0. Note that
f(C") = C is not a point by C" - (Ky + E) < 0. Therefore, C’ - E > 0.
This implies C' - Ky < 0. Thus, we have (C")? = C'- Ky = —1.
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Note that E' is an effective Cartier divisor. So, we have C' - E = 0 by
C'-(Ky+FE) < 0and C"- Ky = —1. This implies that C'NE = (). Thus
C' is contained in the smooth locus of X. Note that C' C B(Kx) C X.
Let ¢ : X — X’ be the contraction morphism which contracts C' to a
smooth point. We can replace X with X’. By repeating this process
finitely many times, we may assume that Kx is nef. Note that R(X) is
preserved by this process. If (X, Kx) = 2, then Kx is semi-ample by
the basepoint-free theorem (see Corollary 4.5.6). Note that the non-klt
locus of X is zero-dimensional. If (X, Kx) = 1, then it is easy to
see that Ky is semi-ample. Anyway, we obtain that the canonical ring
R(X) is a finitely generated C-algebra. O

We do not know if Theorem 4.10.8 holds true or not under the
weaker assumption that X is only Q-Gorenstein. The following theo-
rem is a partial result for Q-Gorenstein surfaces.

THEOREM 4.10.9. Let X be a normal projective surface such that
Kx 1s Q-Cartier. Assume that there exists an effective Q-divisor D =
> diD; such that Kx ~q D and that D; is a Q-Cartier prime divisor
on X for every i. Then the canonical ring

R(X) = H*(X,0x(mKx))

m>0

1s a finitely generated C-algebra.

PROOF. Let R = R5([C] be a K x-negative extremal ray of NE(X).
Then C - Kx < 0 implies that C' C Supp D. So, NE(X) has only
finitely many K y-negative extremal rays. Moreover, the contraction
morphism ¢r @ X — Y is birational. We note that the exceptional
locus of g is an irreducible curve contained in Supp D. This is because
each irreducible component of D is Q-Cartier. Therefore, we can check
that Ky = ppr.Kx is Q-Cartier, Ky ~q Y. dipr.D;, and pr.D; is Q-
Cartier if pgr.D; # 0. After finitely many contraction morphisms, this
program terminates. Since R(X) is preserved by the above process, we
may assume that Kx is nef by replacing X with its final model. When
k(X,Kx) =0or 1, R(X) is obviously a finitely generated C-algebra.
So, we may assume that Ky is big. Since the non-klt locus of X
is zero-dimensional, Kx is semi-ample by the basepoint-free theorem
(see Corollary 4.5.6). In particular, R(X) is a finitely generated C-
algebra. O

For the details of the minimal model theory for log surfaces, see
[F'29]. For the minimal model theory for log surfaces in positive char-
acteristic, see [F'T], [ |, and | ]. In positive characteristic,



152 4. MINIMAL MODEL PROGRAM

we note the following contraction theorem of Artin-Keel (see [Ar] and

[Ke]).

THEOREM 4.10.10 (Artin—Keel). Let X be a complete normal al-
gebraic surface defined over an algebraically closed field k of positive
characteristic and let H be a nef and big Cartier divisor on X. We put

E(H)={C|C is a curve on X and C - H = 0}.

Then E(H) consists of finitely many irreducible curves on X. Assume
that H|gmy is semi-ample where

EH) = |J C
)

CeE(H
with the reduced scheme structure. Then H is semi-ample. Therefore,
cI)|mH| XY

s a proper birational morphism onto a normal projective surface Y
which contracts BE(H) and is an isomorphism outside E(H) for a suf-
ficiently large and divisible positive integer m.

For the proof of Theorem 4.10.10, we recommend the reader to see
[E'T, Theorem 2.1], where we gave two different proofs using the Fujita
vanishing theorem (see Theorem 3.8.1). Note that Theorem 4.10.10
does not hold in characteristic zero. By Theorem 4.10.10, the minimal
model theory for log surfaces is easier in characteristic p > 0 than in
characteristic zero.

We close this section with an example of a non-Q-factorial log
canonical surface.

EXAMPLE 4.10.11 (Non-Q-factorial log canonical surface). Let C' C
P? be a smooth cubic curve and let Y C P3 be a cone over C. Then
Y is log canonical. In this case, Y is not Q-factorial. We can check it
as follows. Let f: X = Po(Oc @ L) — Y be a resolution such that
Kx + E = f*Ky, where £ = Op2(1)|¢ and E is the exceptional curve.
We take P, € C such that Oc(P — Q) is not a torsion in Pic’(C).
We consider D = 7*P — 7*Q), where 7 : X = Po(Oc & L) — C. We
put D' = f.D. If D’ is Q-Cartier, then mD = f*mD’ + aFE for some
a € Z and m € Z-~qo. Restrict it to E. Then

Oc(m(P — Q)) ~ Op(aFE) ~ (L™H)®".

Therefore, we obtain that a = 0 and m(P — @) ~ 0. This is a contra-
diction. Thus, D’ is not Q-Cartier. In particular, Y is not Q-factorial.



4.11. ON SEMI LOG CANONICAL PAIRS 153

4.11. On semi log canonical pairs

In this final section, we quickly review the main theorem of [F'33],
which says that every quasi-projective semi log canonical pair has a nat-
ural quasi-log structure compatible with the original semi log canonical
structure, without proof. For the details, see [F'33].

The notion of semi log canonical singularities was introduced in
[ | in order to investigate deformations of surface singularities and
compactifications of moduli spaces for surfaces of general type. By the
recent developments of the minimal model program, we know that the
appropriate singularities to permit on the varieties at the boundaries of
moduli spaces are semi log canonical (see, for example, | ], 1 ],
[ I, [ , Part I1I], | 1, [ 1 [ |, and so on).

First, let us recall the definition of conductors.

DEFINITION 4.11.1 (Conductor). Let X be an equidimensional vari-
ety which satisfies Serre’s Sy condition and is normal crossing in codi-
mension one and let v : X¥ — X be the normalization. Then the
conductor ideal of X is defined by

condx = HOmoX (I/*OXV, Ox) C Ox.

The conductor Cx of X is the subscheme defined by condy. Since X
satisfies Serre’s Sy condition and X is normal crossing in codimension
one, Cx is a reduced closed subscheme of pure codimension one in X.

Although we do not use the notion of double normal crossing points
and pinch points explicitly in this book, it plays crucial roles for the
study of semi log canonical pairs.

DEFINITION 4.11.2 (Double normal crossing points and pinch points).
An n-dimensional singularity (z € X) is called a double normal cross-
ing point if it is analytically (or formally) isomorphic to

(0 € (xor; = 0)) C (0 € C™MH).
It is called a pinch point if it is analytically (or formally) isomorphic to
(0 € (x5 = z123)) C (0 € C"H).
We recall the definition of semi log canonical pairs.

DEFINITION 4.11.3 (Semi log canonical pairs). Let X be an equidi-
mensional algebraic variety that satisfies Serre’s Sy condition and is
normal crossing in codimension one. Let A be an effective R-divisor
whose support does not contain any irreducible components of the con-
ductor of X. The pair (X, A) is called a semi log canonical pair (an slc
pair, for short) if
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(1) Kx + A is R-Cartier, and
(2) (X¥,0) is log canonical, where v : X¥ — X is the normaliza-
tion and Kxv + 0 = v*(Kx + A).

Note that if X has only smooth points, double normal crossing
points and pinch points then it is easy to see that X is semi log canon-
ical.

The following examples are obvious by the definition of semi log
canonical pairs.

EXAMPLE 4.11.4. Let (X, A) be a log canonical pair. Then (X, A)
is a semi log canonical pair.

EXAMPLE 4.11.5. Let (X, A) be a semi log canonical pair. Assume
that X is normal. Then (X, A) is log canonical.

EXAMPLE 4.11.6. Let X be a nodal curve. More generally, X is a
normal crossing variety. Then X is semi log canonical.

We introduce the notion of semi log canonical centers. It is a direct
generalization of the notion of log canonical centers for log canonical
pairs.

DEFINITION 4.11.7 (Slc center). Let (X, A) be a semi log canonical
pair and let v : X” — X be the normalization. We set

Kyr +0 = v*(Kx + A).

A closed subvariety W of X is called a semi log canonical center (an
sle center, for short) with respect to (X, A) if there exist a resolution
of singularities f : Y — X" and a prime divisor £ on Y such that the
discrepancy coefficient a(E, X”,0) = —1 and vo f(E) = W.

For our purposes, it is very convenient to introduce the notion of
slc strata for semi log canonical pairs.

DEFINITION 4.11.8 (Slc stratum). Let (X, A) be a semi log canoni-
cal pair. A subvariety W of X is called a semi log canonical stratum (an
sle stratum, for short) of the pair (X, A) if W is a semi log canonical
center with respect to (X, A) or W is an irreducible component of X

The following theorem is the main theorem of [F'33].

THEOREM 4.11.9 ([F'33, Theorem 1.2]). Let (X,A) be a quasi-
projective semi log canonical pair. Then we can construct a smooth
quasi-projective variety M with dim M = dim X + 1, a stmple normal
crossing divisor Z on M, a subboundary R-divisor B on M, and a pro-
jective surjective morphism h : Z — X with the following properties.
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(i) B and Z have no common irreducible components.
(ii) Supp(Z + B) is a simple normal crossing divisor on M.
(IV) h*Oz((—AEI—I) ~ Ox.
By properties (i), (ii), (iil), and (iv), [X, Kx +A] has a quasi-log struc-
ture with only qlc singularities.
(v) The set of slc strata of (X,A) gives the set of glc strata of
(X, Kx + Al]. This means that W is an slc stratum of (X, A)
if and only if W is the h-image of some stratum of the simple
normal crossing pair (Z,Az).

By property (v), the above quasi-log structure of [ X, Kx + A] is com-
patible with the original semi log canonical structure of (X, A).
We note that h,Oz ~ Ox by condition (iv).

For the details of quasi-log structures, see Chapter 6.

REMARK 4.11.10. In Theorem 4.11.9, h : Z — X is not necessar-
ily birational. Note that Z is not always irreducible even when X is
irreducible.

ExAMPLE 4.11.11. Let us consider the Whitney umbrella
X = (2> —y*2=0) c C

It is easy to see that X has only semi log canonical singularities. Let
M — C3 be the blow-up along C = (z = y = 0). We put Z =
X'+ FE, where X' is the strict transform of X on M and FE is the
exceptional divisor of M — C3. Then Z is a simple normal crossing
variety on a smooth quasi-projective variety M. Let h : Z — X be
the natural morphism. Then we can easily check that h,Oy; ~ Ox
and Ky = h*Kx. In this case, h : Z — X gives a natural quasi-
log structure which is compatible with the original semi log canonical
structure. Note that A : Z — X is not birational.

By Theorem 4.11.9, we can apply the fundamental theorems for
quasi-log schemes (see Chapter 6) to quasi-projective semi log canonical
pairs. For the details, see [F'33]. Moreover, Theorem 4.11.9 drastically
increased the importance of the theory of quasi-log schemes.

We note that the proof of Theorem 4.11.9 heavily depends on the
recent developments of the theory of partial resolution of singularities
for reducible varieties (see [BIM] and | 1.

We close this section with the definition of stable varieties.

DEFINITION 4.11.12 (Stable varieties). Let X be a projective vari-
ety with only semi log canonical singularities. If Kx is ample, then X
is called a stable variety.
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Definition 4.11.12 is a generalization of the notion of stable curves.
Roughly speaking, the notion of semi log canonical singularities was
introduced in | ] in order to define stable surfaces for the compact-
ification problem of moduli spaces of canonically polarized surfaces.
Although the approach to the moduli problems in | | is not di-
rectly related to Mumford’s geometric invariant theory, the notion of
semi log canonical singularities appears to be natural from the geomet-
ric invariant theoretic viewpoint by [Od].



CHAPTER 5

Injectivity and vanishing theorems

The main purpose of this chapter is to establish the vanishing
and torsion-free theorem for simple normal crossing pair (see Theo-
rem 5.1.3), which is indispensable for the theory of quasi-log schemes
discussed in Chapter 6.

In Section 5.1, we explain the main results of this chapter. In Sec-
tion 5.2, we review the notion of Q-divisors and R-divisors again for
the reader’s convenience. This is because we have to treat reducible
varieties from this chapter. In Section 5.3, we quickly review Du Bois
complexes and Du Bois singularities. We use them in Section 5.4. In
Section 5.4, we prove the Hodge theoretic injectivity theorem. It is a
correct and powerful generalization of Kollar’s injectivity theorem from
the Hodge theoretic viewpoint. In Section 5.5, we generalize the Hodge
theoretic injectivity theorem for the relative setting. The relative ver-
sion of the Hodge theoretic injectivity theorem drastically simplifies
the proof of the injectivity, vanishing, and torsion-free theorems for
simple normal crossing pairs in Section 5.6. Section 5.6 is devoted to
the proof of the injectivity, vanishing, and torsion-free theorems for
simple normal crossing pairs. In Section 5.7, we treat the vanishing
theorem of Reid—Fukuda type for embedded simple normal crossing
pairs. In Section 5.8, we treat embedded normal crossing pairs. Note
that the results in Section 5.8 are not necessary for the theory of quasi-
log schemes discussed in Chapter 6. So the reader can skip Section 5.8.
Section 5.9 contains many nontrivial examples, which help us under-
stand the results discussed in this chapter.

5.1. Main results

In this chapter, we prove the following theorems. Theorem 5.1.1 is
a complete generalization of Lemma 3.1.1.

THEOREM 5.1.1 (Hodge theoretic injectivity theorem, see Theorem
5.4.1). Let (X,A) be a simple normal crossing pair such that X is
proper and that A is a boundary R-divisor on X. Let L be a Cartier
divisor on X and let D be an effective Weil divisor on X whose support
is contained in Supp A. Assume that L ~g Kx + A. Then the natural

157
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homomorphism
HY(X,0x(L)) — HY(X,Ox(L+ D))
induced by the inclusion Ox — Ox (D) is injective for every q.

After we generalize Theorem 5.1.1 for the relative setting, we prove
Theorem 5.1.2 as an application. It is a generalization of Kollar’s in-
jectivity theorem: Theorem 3.6.2.

THEOREM b5.1.2 (Injectivity theorem for simple normal crossing
pairs, see Theorem 5.6.2). Let (X, A) be a simple normal crossing pair
such that A is a boundary R-divisor on X, and let 1 : X — V be a
proper morphism between schemes. Let L be a Cartier divisor on X
and let D be an effective Cartier divisor that is permissible with respect
to (X, A). Assume the following conditions.

(i) L ~pr Kx +A+H,
(ii) H is a m-semi-ample R-divisor, and
(iii) tH ~g . D+D'" for some positive real numbert, where D' is an
effective R-Cartier R-divisor that is permissible with respect to
(X, A).
Then the homomorphisms
Rim,Ox(L) — R'n.Ox(L + D),

which are induced by the natural inclusion Ox — Ox (D), are injective
for all q.

By using Theorem 5.1.2, we obtain Theorem 5.1.3.

THEOREM 5.1.3 (see Theorem 5.6.3). Let (Y, A) be a simple normal
crossing pair such that A is a boundary R-divisor onY . Let f : Y — X
be a proper morphism to a scheme X and let L be a Cartier divisor
on Y such that L — (Ky + A) is f-semi-ample. Let q be an arbitrary
non-negative integer. Then we have the following properties.

(i) Every associated prime of R1f.Oy(L) is the generic point of
the f-image of some stratum of (Y, A).

(ii) Let m: X — V be a projective morphism to a scheme V' such
that

L—(Ky+A)~g f*H
for some m-ample R-divisor H on X. Then RIf.Oy(L) is
me-acyclic, that is,

RPm,Rf.Oy (L) =0
for every p > 0.
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Theorem 5.1.3 will play crucial roles in the theory of quasi-log
schemes discussed in Chapter 6.
We give an easy example, which shows a trouble in | ].

ExAMPLE 5.1.4. Let X be a smooth projective variety and let H be
a Cartier divisor on X. Let A be a smooth irreducible member of [2H |
and let S be a smooth divisor on X such that S and A are disjoint.
We put B = %A+SandL:H—|—KX+S. Then L ~g Kx + B and
2L ~ 2(Kx + B). We define

£ =0x(-L+ Kx)

as in the proof of | , Theorem 3.1]. Apply the argument in the
proof of | , Theorem 3.1]. Then we have a double cover 7 : Y — X
corresponding to 2B € |£72|. Then

.8 (log 7™ B) ~ Q% (log B) @ Q% (log B) ® £(5).

Note that Q% (log B) ® £ is not a direct summand of 7,0 (log 7*B).
Theorem 3.1 in | ] claims that the homomorphisms

HY(X,0x(L)) - H(X,Ox(L+ D))

are injective for all . Here, we used the notation in | , Theorem
3.1]. In our case, D = mA for some positive integer m. However,
Ambro’s argument just implies that

HY(X,0x(L—|B]|)) — HI(X,Ox(L— |B|+ D))

is injective for every q. Therefore, his proof works only for the case
when | B| = 0 even if X is smooth.

The proof of | , Theorem 3.1] seems to contain a conceptual
mistake. The trouble discussed in Example 5.1.4 is serious for ap-
plications to the theory of quasi-log schemes. Ambro’s proof of the
injectivity theorem in | ] is based on the mixed Hodge structure of

H\(Y — 7*B, 7).

It is a standard technique for injectivity and vanishing theorems in
the minimal model program. In this chapter, we use the mixed Hodge
structure of

H{(Y —7*S,7),
where H(Y — 7*S, Z) is the cohomology group with compact support.

5.1.5 (Observation). Let us explain the main idea of this chapter.
Let X be a smooth projective variety with dim X = n and let A be a
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simple normal crossing divisor on X. The decomposition
Hi(X = A,C)= @ HYX, 0% (log A) @ Ox(—A)).
ptq=i
is suitable for our purposes. The dual statement
H" (X = A,C) = @ H (X, Q5 " (log A)),
pt+gq=t
which is well known and is commonly used is not useful for our pur-

poses. Note that the paper [['F'] supports our approach in this chapter.

Anyway, [ , 3. Vanishing theorems]| seems to be quite short.
In this chapter, we establish the injectivity, vanishing, and torsion-
free theorems sufficient for the theory of quasi-log schemes discussed

in Chapter 6. This chapter covers all the results in | , Section
3] and contains several nontrivial generalizations. In | , Section
3], Ambro closely followed Esnault—Viehweg’s arguments in | ]
(see also [F'17, Chapter 2]). On the other hand, our approach in this
chapter is more similar to Kollar’s (see, for example, | , Chapter 9]
and | , Section 2.4]).

5.2. Simple normal crossing pairs

We quickly recall basic definitions of divisors again. We note that
we have to deal with reducible schemes in this paper. For details, see,
for example, [ , Section 2] and [Li, Section 7.1].

5.2.1. Let X be a scheme with structure sheaf Ox and let Kx be
the sheaf of total quotient rings of Ox. Let K% denote the (multiplica-
tive) sheaf of invertible elements in Kx, and O% the sheaf of invertible
elements in Ox. We note that Ox C Kx and O% C K%.

5.2.2 (Cartier, Q-Cartier, and R-Cartier divisors). A Cartier divisor
D on X is a global section of K% /O%, that is, D is an element of
H(X,K%/O%). A Q-Cartier divisor (resp. R-Cartier divisor) is an
element of H(X, K% /O%) ®z Q (resp. HY(X,K%/O%) @z R).

5.2.3 (Linear, Q-linear, and R-linear equivalence). Let D; and D,
be two R-Cartier divisors on X. Then D; is linearly (resp. Q-linearly,
or R-linearly) equivalent to Do, denoted by Dy ~ Dy (resp. Dy ~q Da,
or D1 ~R DQ) if

k
D, = Dy + Zri(fi)
i1
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such that f; € I'(X,K%) and r; € Z (resp. r; € Q, or r; € R) for every
i. We note that (f;) is a principal Cartier divisor associated to f;, that
is, the image of f; by

P(X, Kx) = T(X, Ky /O%).

Let f: X — Y be a morphism. If there is an R-Cartier divisor B on Y’
such that Dy ~g Dy + f*B, then D, is said to be relatively R-linearly
equivalent to Do. It is denoted by Dy ~r s Dy or Dy ~gy Ds.

5.2.4 (Supports). Let D be a Cartier divisor on X. The support of
D, denoted by Supp D, is the subset of X consisting of points x such
that a local equation for D is not in O% .. The support of D is a closed
subset of X.

5.2.5 (Weil divisors, Q-divisors, and R-divisors). Let X be an equidi-
mensional variety. We note that X is not necessarily regular in codi-
mension one. A (Weil) divisor D on X is a finite formal sum

=1

where D; is an irreducible reduced closed subscheme of X of pure codi-
mension one and d; is an integer for every ¢ such that D; # D; for
i

If d; € Q (resp. d; € R) for every ¢, then D is called a Q-divisor
(resp. R-divisor). We define the round-up [D]| = >"._, [d;]D; (resp. the
round-down | D] = >"7_,|d;]D;), where for every real number z, [z]
(resp. |z ) is the integer defined by = < [z] < x+1 (resp. z—1 < |z| <
x). The fractional part {D} of D denotes D — |D|. We define D<! =
> a,<1 diDi; and so on. We call D a boundary (vesp. subboundary) R-

divisor if 0 < d; < 1 (resp. d; < 1) for every 1.
Let us define simple normal crossing pairs.

DEFINITION 5.2.6 (Simple normal crossing pairs). We say that the
pair (X, D) is simple normal crossing at a point a € X if X has a Zariski
open neighborhood U of a that can be embedded in a smooth variety
Y, where Y has regular system of parameters (i, -, &p, Y1, -, Yr)
at a = 0 in which U is defined by a monomial equation

Z1-mp =0

and
,

D= aiyi =0y, a€eR

=1
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We say that (X, D) is a simple normal crossing pair if it is simple nor-
mal crossing at every point of X. If (X, 0) is a simple normal crossing
pair, then X is called a simple normal crossing variety. If X is a sim-
ple normal crossing variety, then X has only Gorenstein singularities.
Thus, it has an invertible dualizing sheaf wy. Therefore, we can define
the canonical divisor Kx such that wx ~ Ox(Kx) (cf. [Li, Section 7.1
Corollary 1.19]). It is a Cartier divisor on X and is well-defined up to
linear equivalence.

We say that a simple normal crossing pair is embedded if there
exists a closed embedding ¢ : X — M, where M is a smooth variety of
dimension dim X + 1. We call M the ambient space of (X, A).

The author learned the following interesting example from Kento
Fujita (cf. | , Remark 1.9]).

EXAMPLE 5.2.7. Let X; = P? and let C; be a line on X;. Let
X, = P? and let C be a smooth conic on X,. We fix an isomorphism
7 :C; — C. By gluing X; and X5 along 7 : ' — (5, we obtain a
simple normal crossing surface X such that — Ky is ample (cf. | D-
We can check that X can not be embedded into any smooth varieties
as a simple normal crossing divisor.

We note that a simple normal crossing pair is called a semi-snc pair
in | , Definition 1.9].

DEFINITION 5.2.8 (Strata and permissibility). Let X be a simple
normal crossing variety and let X = [J,.; X; be the irreducible de-
composition of X. A stratum of X is an irreducible component of
X, NN X, for some {iy, -+ ,ix} C I. A Cartier divisor D on X is
permissible if D contains no strata of X in its support. A finite Q-linear
(resp. R-linear) combination of permissible Cartier divisors is called a
permissible Q-divisor (resp. R-divisor) on X.

5.2.9. Let X be a simple normal crossing variety. Let PerDiv(X)
be the abelian group generated by permissible Cartier divisors on X
and let Weil(X) be the abelian group generated by Weil divisors on X.
Then we can define natural injective homomorphisms of abelian groups

Y : PerDiv(X) ®z K — Weil(X) @7 K
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for K=7, Q, and R. Let v : X — X be the normalization. Then we
have the following commutative diagram.

Div(X) @z K # Weil(X) @z K

PerDiv(X) ®z K e Weil(X) @z K

Note that Div(X) is the abelian group generated by Cartier divisors
on X and that 1Z is an isomorphism since X is smooth.

By v, every permissible Cartier divisor (resp. Q-divisor or R-divisor)
can be considered as a Weil divisor (resp. Q-divisor or R-divisor). For
Q-divisors and R-divisors, see 5.2.5. Therefore, various operations, for

example, | D], D<!, and so on, make sense for a permissible R-divisor
D on X.

We note the following easy example.

EXAMPLE 5.2.10. Let X be a simple normal crossing variety in
C? = SpecClx,y, 2] defined by zy = 0. Weset Dy = (z+2=0)NX
and Dy = (r — 2z =0)NX. Then D = %Dl + %DQ is a permissible
Q-divisor on X. In this case, |D] = (z = z = 0) on X. Therefore,
| D] is not a Cartier divisor on X.

DEFINITION 5.2.11 (Simple normal crossing divisors). Let X be a
simple normal crossing variety and let D be a Cartier divisor on X. If
(X, D) is a simple normal crossing pair and D is reduced, then D is
called a simple normal crossing divisor on X.

REMARK 5.2.12. Let X be a simple normal crossing variety and
let D be a K-divisor on X where K = Q or R. If Supp D is a simple
normal crossing divisor on X and D is K-Cartier, then |D] and [D]
(resp. {D}, D<!, and so on) are Cartier (resp. K-Cartier) divisors on
X (cf. | , Section 8]).

The following lemma is easy but important.

LEMMA 5.2.13. Let X be a simple normal crossing variety and let B
be a permissible R-divisor on X such that |B] = 0. Let A be a Cartier
divisor on X. Assume that A ~r B. Then there exists a permissible

Q-divisor C on X such that A ~g C, |C| =0, and Supp C' = Supp B.

PROOF. We can write B = A+ 3%, 7:(f;), where f; € D(X, K%)
and r; € R for every ¢. Here, Kx is the sheaf of total quotient rings of
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Ox (see 5.2.1). Let P € X be a scheme theoretic point corresponding
to some stratum of X. We consider the following affine map

K* — H(Xp,K%,/0%,) ®2 K

given by (ay, -+ ,a5) — A+ Zle a;(fi), where Xp = Spec Ox p and
K = Q@Q or R. Then we can check that

P={(a, - ,a;) ERF| A+ Zaz(fz) is permissible} C R*

is an affine subspace of R¥ defined over Q. Therefore, we see that

S§={(a1, - ,ar) € P| Supp(A + Zai(fi)) C Supp B} C P

is an affine subspace of R* defined over Q. Since (ry,--- ,7;) € S, we
know that S # (). We take a point (sy,---,s;) € S N QF which is
general in S and sufficiently close to (ry, -+ ,7;) and set

k
i=1

By construction, C'is a permissible Q-divisor such that C' ~g A, [C] =
0, and Supp C' = Supp B. O

We need the following important definition in Section 5.6.

DEFINITION 5.2.14 (Strata and permissibility for pairs). Let (X, D)
be a simple normal crossing pair. Let v : X¥ — X be the normalization.

We define © by the formula
Kxv +0 =v"(Kx + D).

Then a stratum of (X, D) is an irreducible component of X or the v-
image of a log canonical center of (X", ©). When D = 0, this definition
is compatible with Definition 5.2.8. A Cartier divisor B on X is per-
missible with respect to (X, D) if B contains no strata of (X, D) in its
support. A finite Q-linear (resp. R-linear) combination of permissible
Cartier divisors with respect to (X, D) is called a permissible Q-divisor
(resp. R-divisor) with respect to (X, D).

5.2.15 (Partial resolution of singularities for reducible varieties). In
this chapter, we will repeatedly use the following results on the partial
resolution of singularities for reducible varieties.

Theorem 5.2.16 is a special case of [BM, Theorem 1.5].
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THEOREM 5.2.16 (Bierstone-Milman). Let X be an equidimen-
stonal variety and let X*"° denote the simple normal crossings locus
of X. Then there is a morphism o : X' — X which is a composite of
finitely many blow-ups such that

(1) X' is a simple normal crossing variety,
(2) o is an isomorphism over X, and
(3) o maps Sing X' birationally onto the closure of Sing X®"°.

Theorem 5.2.17 is a special case of | , Theorem 1.4].

THEOREM 5.2.17 (Bierstone-Vera Pacheco). Let X be an equidi-
mensional variety and let A be an R-divisor on X. Assume that no
component of A lies in the singular locus of X. Let U C X be the
largest open subset such that (U, A|y) is a simple normal crossing pair.
Then there is a morphism f : XX given by a composite of blow-ups
such that

(1) f is an isomorphism over U,

(2) (X,A) is a simple normal crossing pair, where A= A+
Exc(f).

For the precise statements and the proof of Theorem 5.2.16 and
Theorem 5.2.17, see [BM] and | ]. We also recommend the reader
to see | , Section 4, Algorithm for the main theorem].

Finally, we recall Grothendieck’s Quot scheme for the reader’s con-
venience. For the details, see, for example, [Ni, Theorem 5.14] and
[ , Section 2]. We will use it in the proof of Theorem 5.5.1.

THEOREM 5.2.18 (Grothendieck). Let S be a noetherian scheme,
let m: X — S be a projective morphism, and let L be a relatively very
ample line bundle on X. Then for any coherent Ox-module E and

any polynomial ® € Q[A], the functor Quotg’/LX/S is representable by a

projective S-scheme Quotz’/LX/S.

5.3. Du Bois complexes and Du Bois pairs

In this section, we quickly review Du Bois complexes and Du Bois
singularities. For the details, see, for example, [Du], [St], | ,
Exposé V], [Sal, [PS], | |, and | , Chapter 6].

5.3.1 (Du Bois complexes). Let X be an algebraic variety. Then we
can associate a filtered complex (2%, F') called the Du Bois complez of
X in a suitable derived category Dijg ..,(X) (see [Du, 1. Complexes
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filtrés d’opérateurs différentiels d’ordre < 1] and Remark 5.3.2 below).
We put
Qx = Grp Q%

There is a natural map (Q%,0) — (2%, F). It induces Ox — QY.
If Ox — Q% is a quasi-isomorphism, then X is said to have Du Bois
singularities. We sometimes simply say that X is Du Bois. Let X
be a reduced closed subvariety of X. Then there is a natural map
p:(Q%, F) — (9%, F) in D¢ ,(X). By taking the cone of p with
a shift by one, we obtain a filtered complex (Q% y, F) in Dfjg con(X).
Note that (Q% s, F') was essentially introduced by Steenbrink in [St,
Section 3]. We put

0 _ 0 .
Dy 5 = Grp Q% 5.

Then there are a map Js, — Q())(,za where Js is the defining ideal sheaf
of ¥ on X, and the following commutative diagram

NG Ox Ox, ia
1
By —> Q% — Q% —

in the derived category D, (X) (see also Remark 5.3.4 below).

coh

For completeness, we include the definitions of the derived cate-
gories D!, (X), Dlig con(X), and so on.

coh

REMARK 5.3.2 (Derived categories). Let X be a variety. Then
D(X) denotes the derived category of Ox-modules and D?_, (X) is the
full subcategory of D(X) consisting of complexes whose cohomologies
are all coherent and vanish in sufficiently negative and positive degrees.
For the details, see | ).

Let us consider the category Cgiz(X). Each object of Cyqig(X) is a
triple (K*,d, F') consisting of a complex (K*,d) of Ox-modules and a
decreasing filtration F' on K*® such that

(i) K* is bounded below,

(i) the filtration F is biregular, that is, for each component K’ of
K*, there exist integers m and n such that F"K* = K* and
FrE =0,

(iii) d is a differential operator of order at most one and preserves
the filtration F', and

(iv) Grh(d) : Grh(K*) — Grh(K!) is Ox-linear for any integers
p and 1.
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Let Dgig(X) be the derived category of the category Cgig(X). For the
details, see [Du]. In this situation, Diy ., (X) is the full subcategory
of Daig(X) consisting of (K*,d, F') such that Gr¥.(K*) is an object of
D’ (X) for every p.

coh

By using the theory of mixed Hodge structures on cohomology with
compact support, we have the following theorem.

THEOREM 5.3.3. Let X be a variety and let 3 be a reduced closed
subvariety of X. We put j : X — 3 — X. Then we have the following
properties.

(1) The complex (% x)*™" is a resolution of jiCxan_san.
(2) If in addition X is proper, then the spectral sequence

EPT = H(X, Q% v) = HPTI(X™, jiCxan_yan)
degenerates at Ey, where Q&E = Grl, QE(,E[]?}-

From now on, we will simply write X (resp. Ox and so on) to
express X (resp. Oxan and so on) if there is no risk of confusion.

PROOF. Here, we use the formulation of [PS, §3.3 and §3.4]. We
assume that X is proper. We take cubical hyperresolutions 7x : X —
X and 7y, : ¥, — X fitting in a commutative diagram.

Yo — X,

ml lm

E‘L>X

Let Hdg(X) := Rrx.Hdg*(X.) be a mixed Hodge complex of sheaves
on X giving the natural mixed Hodge structure on H®*(X,Z) (see
[PS, Definition 5.32 and Theorem 5.33]). We can obtain a mixed
Hodge complex of sheaves Hdg(¥) := Rns.Hdg®*(X.) on ¥ analo-
gously. Roughly speaking, by forgetting the weight filtration and the
Q-structure of Hdg(X) and considering it in Djg ., (X), we obtain
the Du Bois complex (Q%,F) of X (see | , Exposé V (3.3)
Théoréme]). We can also obtain the Du Bois complex (Q3,, F') of X
analogously. By taking the mixed cone of Hdg(X) — ¢, Hdg(X) with
a shift by one, we obtain a mixed Hodge complex of sheaves on X
giving the natural mixed Hodge structure on H? (X — X, 7Z) (see [PS,
5.5 Relative Cohomology]). Roughly speaking, by forgetting the weight
filtration and the Q-structure, we obtain the desired filtered complex
(Q% 5, F) in Dl oo (X). When X is not proper, we take completions
of X and ¥ of X and ¥ and apply the above arguments to X and X.
Then we restrict everything to X. The properties (1) and (2) obviously
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hold by the above description of (Q% y,, F'). By the above construction
and description of (%, F), we know that the map Jx — Q% in

Db, (X) is induced by natural maps of complexes. O

REMARK 5.3.4. Note that the Du Bois complex 2% is nothing but
the filtered complex Rmx.(Q%,,F). For the details, see | , Ex-
posé V (3.3) Théoréme and (3.5) Définition]. Therefore, the Du Bois
complex of the pair (X, ) is given by

Cone®*(Rrx.(Q,, F) — 1. Rrs.(Q5,, F))[—1].

By the construction of Q%, there is a natural map ax : Ox — Q%
which induces Ox — Q% in D%, (X). Moreover, the composition of
ay : Oxam — (Q%)* with the natural inclusion Cxan C Oxan in-
duces a quasi-isomorphism Cxen — (2%)*". We have a natural map
ay, : Oy — QF with the same properties as ax and the following com-
mutative diagram.

OXHOE

Q% — 05

Therefore, we have a natural map b : Jsx — Q% s, such that b induces
Js — Q% in Db (X) and that the composition of b™ : (Jx)™ —
(2% 5)™ with the natural inclusion jiCxan_san C (Jx)*" induces a
quasi-isomorphism §;Cyan_san — (2% 5)™. We need the weight fil-
tration and the Q-structure in order to prove the Ej-degeneration of
Hodge to de Rham type spectral sequence. We used the framework
of [PS, §3.3 and §3.4] because we had to check that various diagrams
related to comparison morphisms are commutative (see [°S, Remark
3.23]) for the proof of Theorem 5.3.3 (2) and so on.

Let us recall the definition of Du Bois pairs by | , Definition
3.13).

DEFINITION 5.3.5 (Du Bois pairs). With the notation of 5.3.1 and
Theorem 5.3.3, if the map Js — Qg(z is a quasi-isomorphism, then
the pair (X, ) is called a Du Bois pair.

By the definitions, we can easily check the following useful propo-
sition.

PROPOSITION 5.3.6. With the notation of 5.5.1 and Theorem 5.5.3,
we assume that both X and X are Du Bois. Then the pair (X,X) is a
Du Bois pair, that is, Js, — Qg(’z 18 a quasi-isomorphism.
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Let us recall the following well-known results on Du Bois singular-
ities.
THEOREM 5.3.7. Let X be a normal algebraic variety with only

quotient singularities. Then X is Du Bois. Note that X has only
rational singularities.

Theorem 5.3.7 follows from, for example, [Du, 5.2. Théoréme],
[ ], and so on.

LEMMA 5.3.8. Let X be a variety with closed subvarieties Xy and
X5 such that X = X7 U Xy. Assume that Xq, X5, and X1 N Xy are
Du Bois. Note that, in particular, we assume that X1 N Xy is reduced.
Then X is Du Bois.

For the proof of Lemma 5.3.8, see, for example, | , Lemma
3.4].

Although it is dispensable, we will use the notion of Du Bois com-
plexes for the proof of the Hodge theoretic injectivity theorem: Theo-
rem 5.4.1.

5.4. Hodge theoretic injectivity theorems
The main theorem of this section is:

THEOREM 5.4.1 (Hodge theoretic injectivity theorem, see | :
Theorem 1.1]). Let (X, A) be a simple normal crossing pair such that
X is proper and that A is a boundary R-divisor on X. Let L be a
Cartier divisor on X and let D be an effective Weil divisor on X whose
support is contained in Supp A. Assume that L ~g Kx + A. Then the
natural homomorphism

HYX,0x(L)) — HY(X,Ox(L+ D))

induced by the inclusion Ox — Ox (D) is injective for every q.

Theorem 5.4.1 is nothing but [F'36, Theorem 1.1]. As a very useful
special case of Theorem 5.4.1, we have:
THEOREM 5.4.2 (see | , Theorem 2.3] and [I'36, Theorem 1.4]).

Let X be a proper smooth algebraic variety and let A be a boundary R-
divisor on X such that Supp A is a simple normal crossing divisor
on X. Let L be a Cartier divisor on X and let D be an effective
Cartier divisor on X whose support is contained in Supp A. Assume
that L ~g Kx + A. Then the natural homomorphism

HY(X,0x(L)) - H(X,Ox(L+ D))

induced by the inclusion Ox — Ox (D) is injective for every q.
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Theorem 5.4.2 is a very useful generalization of Lemma 3.1.1. It is
sufficient for many applications of the minimal model program. How-
ever, we need Theorem 5.4.1 for the theory of quasi-log schemes dis-
cussed in Chapter 6. For various applications of Theorem 5.4.2, see
[F'36, Section 5).

First, let us prove Theorem 5.4.2.

PrROOF OF THEOREM 5.4.2. Without loss of generality, we may
assume that X is connected. We set S = |A] and B = {A}. By
perturbing B, we may assume that B is a Q-divisor (cf. Lemma 5.2.13).
We set M = Ox(L — Kx —5). Let N be the smallest positive integer
such that NL ~ N(Kx+ S+ B). In particular, N B is an integral Weil
divisor. We take the N-fold cyclic cover

N-1

Y = Specx@ M= X
i=0

associated to the section NB € |[M¥|. More precisely, let s € H*(X, M)
be a section whose zero divisor is NB. Then the dual of s : Ox — MY
defines an Ox-algebra structure on @i]i_olj\/l_i. Let Y — Y’ be the
normalization and let 7 : Y — X be the composition morphism. It is

well known that
N-1

Y = Specy @M_’(LZBJ)
i=0

For the details, see | , 3.5. Cyclic covers]. Note that Y has
only quotient singularities by construction. We set T" = 7*S5. Let
T = Y ..; Ti be the irreducible decomposition. Then every irreducible
component of T;, N ---NT;, has only quotient singularities for every
{i1,-+- ,ix} C I. Hence it is easy to see that both Y and 7" have only
Du Bois singularities by Theorem 5.3.7 and Lemma 5.3.8 (see also [1]).
Therefore, the pair (Y, T) is a Du Bois pair by Proposition 5.3.6. This
means that Oy (—T) — QY is a quasi-isomorphism (see also [ :
3.4]). We note that T is Cartier. Hence Oy (—T) is the defining ideal
sheaf of T"on Y. The F;-degeneration of

EPY =H(Y, Q0 7) = H™(Y, jiCy 1)
implies that the homomorphism
HY(Y, jCy_r) — HY(Y,Oy(-T))
induced by the natural inclusion

j!CY_T C Oy(—T)
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is surjective for every ¢ (see Remark 5.3.4). By taking a suitable direct
summand

Cc M-S
of
W*(j!CY—T) - W*OY(_T)a

we obtain a surjection
H(X,C) — H'(X, M~ (=5))

induced by the natural inclusion C C M~(—S) for every q. We can
check the following simple property by examining the monodromy ac-
tion of the Galois group Z/NZ of 7 : Y — X on C around Supp B.

LEMMA 5.4.3 (cf. | , Corollary 2.54]). Let U C X be a con-
nected open set such that U N Supp A # 0. Then H°(U,C|y) = 0.

PROOF OF LEMMA 5.4.3. If U N Supp B # 0, then H(U,C|y) =
0 since the monodromy action on C around Supp B is nontrivial. If
UNSuppS # 0, then H(U,C|yy) = 0 since C is a direct summand of
7T*<jg(Cy,T) and T = 7*S. OJ

This property is utilized by the following fact. The proof of Lemma
5.4.4 is obvious.

LEMMA 5.4.4 (cf. | , Lemma 2.55]). Let F' be a sheaf of
Abelian groups on a topological space V' and let Fy and Fy be subsheaves
of F'. Let Z be a closed subset of V. Assume that

(1) Fyly—z = Fly_z, and
(2) if U is connected, open and UNZ # 0, then H*(U, F1|U) = 0.
Then Fy is a subsheaf of Fs.

As a corollary, we obtain:

COROLLARY 5.4.5 (cf. | , Corollary 2.56]). Let M C M~1(-29)
be a subsheaf such that M|x_suppa = M™(=S)|x_suppa. Then the in-
jection

C — M7 Y(=S)
factors as
C—M— M1-9).
Therefore,
Hq<X7 M) - HQ(X)M—I(_S))

s surjective for every q.
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PrROOF OF COROLLARY 5.4.5. The first part is clear from Lemma
5.4.3 and Lemma 5.4.4. This implies that we have maps

HY(X,C) — HY(X, M) — HI (X, M~ (-9)).

As we saw above, the composition is surjective. Hence so is the map
on the right. U

Therefore, HY(X, M~ (=S—D)) — HI(X, M~(-9)) is surjective
for every q. By Serre duality, we obtain that

HY(X,0x(Kx) @ M(S)) — H(X,Ox(Kx) ® M(S + D))
is injective for every ¢. This means that
HY(X,0x(L)) - H(X,Ox(L+ D))
is injective for every gq. O

Next, let us prove Theorem 5.4.1, the main theorem of this section.
The proof of Theorem 5.4.2 given above works for Theorem 5.4.1 with
some minor modifications.

PROOF OF THEOREM 5.4.1. Without loss of generality, we may
assume that X is connected. We can take an effective Cartier divisor
D' on X such that D'—D is effective and Supp D’ C Supp A. Therefore,
by replacing D with D', we may assume that D is a Cartier divisor.
We set S = |A] and B = {A}. By Lemma 5.2.13, we may assume
that B is a Q-divisor. We set M = Ox(L — Kx — S). Let N be the
smallest positive integer such that NL ~ N(Kx + S + B). We define
an Ox-algebra structure of @' M~ (|iB]) by s € H(X, M") with
(s=0) = NDB. We set

N-1
m:Y = Specy @MﬁZ(LZBJ) — X

1=0

and T = 7*S. Let YV = Zje ;Y; be the irreducible decomposition.
Then every irreducible component of ¥; N- - -NY, has only quotient sin-
gularities for every {ji,---,j;} C J by construction. Let T'= >, , T;
be the irreducible decomposition. Then every irreducible component of
T;, N---NT;, has only quotient singularities for every {iy,--- ,ix} C I
by construction. Hence it is easy to see that both Y and T are Du
Bois by Theorem 5.3.7 and Lemma 5.3.8 (see also [I]). Therefore, the
pair (Y,T) is a Du Bois pair by Proposition 5.3.6. This means that
Oy (=T) — QY1 is a quasi-isomorphism (see also [ , 3.4]). We
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note that 7" is Cartier. Hence Oy (—T') is the defining ideal sheaf of T
on Y. The E;-degeneration of
EPT=HUY, Q) = H (Y, iCy_7)
implies that the homomorphism
HY (Y, jiCy-r) — HI(Y,Oy(-T))
induced by the natural inclusion
JCy_r C Oy(-T)

is surjective for every ¢ (see Remark 5.3.4). By taking a suitable direct
summand

CC M (=S)
of
m(1Cy 1) C .0y (=T),

we obtain a surjection
HY(X,C) — HY(X,M ' (=S))

induced by the natural inclusion C C M~1(=3S) for every ¢. It is easy
to see that Lemma 5.4.3 holds for this new setting. Hence Corollary
5.4.5 also holds without any modifications. Therefore,

HY (X, M (=S - D)) — HY(X, M (-5))
is surjective for every ¢. By Serre duality, we obtain that
HY(X,0x(L)) - H(X,Ox(L+ D))
is injective for every gq. O

We close this section with an easy application of Theorem 5.4.1.

COROLLARY 5.4.6 (Kodaira vanishing theorem for simple normal
crossing varieties). Let X be a projective simple normal crossing variety
and let L be an ample line bundle on X. Then H1(X,Ox(Kx)®L) =0
for every g > 0.

PROOF. We take a general member A € [L£!| for some positive
large number [. Then we can find a Cartier divisor M on X such that
M ~g Kx + 1A and that Ox(Kx) ® £ ~ Ox(M). Then, by Theorem
5.4.1,

Hq(X7 OX<M)) - HQ(X’ OX(M+mA))
is injective for every ¢ and any positive integer m. Since A is ample,
Serre’s vanishing theorem implies that H(X,Ox(M)) = 0 for every
q > 0. [
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5.5. Relative Hodge theoretic injectivity theorem

In this section, we generalize Theorem 5.4.1 for the relative setting.
It is much more useful than Theorem 5.4.1.

THEOREM 5.5.1 (Relative Hodge theoretic injectivity theorem, see
[ , Theorem 6.1]). Let (X, A) be a simple normal crossing pair such
that A is a boundary R-divisor on X. Let m : X — V be a proper
morphism between schemes and let L be a Cartier divisor on X and
let D be an effective Weil divisor on X whose support is contained in
Supp A. Assume that L ~g . Kx + A, that is, there is an R-Cartier
divisor B on V' such that L ~gx Kx + A 4+ 7*B. Then the natural
homomorphism

Rqﬂ'*OX<L) — RqW*OX(L + D)
induced by the inclusion Ox — Ox (D) is injective for every q.

By using | | (see Theorem 5.2.17 and Lemma 5.5.2), we can
reduce Theorem 5.5.1 to Theorem 5.4.1.

LEMMA 5.5.2. Let f : Z — W be a proper morphism from a sim-
ple normal crossing pair (Z,A) to a scheme W. Let W be a projec-
tive scheme such that W contains W as a Zariski open dense sub-
set. Then there exist a proper simple normal crossing pair (Z,A) that
is a compactification of (Z,A) and a proper morphism f : Z — W
that compactifies f : Z — W. Moreover, Z \ Z is a divisor on Z,
Supp A U Supp(Z \ Z) is a simple normal crossing divisor on Z, and
Z\ Z has no common irreducible components with A. We note that we
can make A a K-Cartier K-divisor on Z when so is A on Z, where K
is Z, Q, or R. When f is projective, we can make Z projective.

PROOF OF LEMMA 5.5.2. Let A C Z be any compactification of
A C Z. By blowing up Z inside Z \ Z, we may assume that f :
Z — W extends to f : Z — W, Z is a simple normal crossing variety,
and Z \ Z is of pure codimension one (see Theorem 5.2.16 and | ,

Theorem 1.5]). By Theorem 5.2.17 (see also | , Theorem 1.4]), we
can construct a desired compactification. Note that we can make A a
K-Cartier K-divisor by the argument in | , Section §]. O

REMARK 5.5.3. We put X = (2? — zy?> = 0) C C®. Then X \ {0}
is a normal crossing variety (see Definition 5.8.3 below). In this case,
there is no normal crossing complete variety which contains X \ {0} as
a Zariski open subset. For the details, see | , 3.6 Whitney umbrella].
Therefore, we can not directly apply the arguments in this section to
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normal crossing varieties. For the details of the injectivity, torsion-
free, and vanishing theorems for normal crossing pairs, see Section 5.8
below.

Let us start the proof of Theorem 5.5.1.

PrROOF OF THEOREM 5.5.1. By shrinking V', we may assume that
V is affine and L ~gr Kx + A. Without loss of generality, we may
assume that X is connected. Let V be a projective compactification
of V. By Lemma 5.5.2, we can compactify 7: X — V to 7 : X —-V.
We put [A] = S and B = {A}. Let B (vesp. S) be the closure of
B (resp. S) on X. We may assume that S is Cartier and B is R-
Cartier (see Lemma 5.5.2). We construct a coherent sheaf F on X
which is an extension of Ox(L). We consider Grothendieck’s Quot

scheme Quot (see Theorem 5.2.18). Note that the restriction of

]—'/X/X
Quotf/X/X to X is nothing but X because F|x = Ox(L) is a line
bundle on X. Therefore, the structure morphism from Quot to

/X/X
X has a section s over X. By taking the closure of s(X) in Quotf/X/X,
we have a compactification X' of X and a line bundle £ on X' with
L|x = Ox(L). If necessary, we take more blow-ups of X' outside X
by Theorem 5.2.17 (see also | , Theorem 1.4]). Then we obtain a
new compactification X and a Cartier divisor L on X with L]y = L
(cf. Lemma 5.5.2). In this situation, L ~g (Kx+A), where A = S+ B,
does not necessarily hold. We can write

Zb fi)=L—(Ky+A),

where b; is a real number and f; € I'(X, %) for every i. We set
E =Y bi(f;) - (L— (Kx+A)).

We note that we can see f; € I'(X, K3 for every i (cf. [Li, Section 7.1
Proposition 1.15]). Then we have

L+ [E] ~r Kx+ A+ {-E}.

By the above construction, it is obvious that Supp E' C X\ X. Let D
be the closure of D in X. It is sufficient to prove that the map

¢! R7,0+(L + [E]) — R%,.0Ox(L + [E] + D)

induced by the natural inclusion O — Ox(D) is injective for every
q. Suppose that ¢? is not injective for some ¢. Let A be a sufficiently
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ample general Cartier divisor on V such that H°(V, Kerg? ® O(A)) #
0. In this case, the map
H(V,R'7.0x(L + [E]) ® O(A))
— H(V,R'7,Ox(L + [E] + D) ® O(A))
induced by ¢? is not injective. Since A is sufficiently ample, this implies
that
HY(X,0%(L+[E]+7A))
— HY(X,0x(L+ [E]+7 A+ D))
is not injective. Since
L+ [E]+7TA~g Kx+ A+ {-E}+7A,

this contradicts Theorem 5.4.1. Hence ¢? is injective for every ¢q. [

5.6. Injectivity, vanishing, and torsion-free theorems

The next lemma is an easy generalization of the vanishing theorem
of Reid—Fukuda type for simple normal crossing pairs, which is a very
special case of Theorem 5.6.3 (i). However, we need Lemma 5.6.1 for
our proof of Theorem 5.6.3.

LEMMA 5.6.1 (Relative vanishing lemma). Let f : Y — X be a
proper morphism from a simple normal crossing pair (Y, A) to a scheme
X such that A is a boundary R-diwvisor on' Y. We assume that [ is
an isomorphism at the generic point of any stratum of the pair (Y, A).
Let L be a Cartier divisor on Y such that L ~gy Ky + A. Then
Rif.Oy (L) =0 for every q > 0.

PROOF. By shrinking X, we may assume that L ~g Ky + A. By
applying Lemma 5.2.13 to {A}, we may further assume that A is a
Q-divisor and L ~g Ky + A.

STEP 1. We assume that Y is irreducible. In this case, L—(Ky+A)
is nef and log big over X with respect to the pair (Y,A), that is,
L — (Ky + A) is nef and big over X and (L — (Ky + A))|w is big over
f(W) for every log canonical center W of the pair (Y, A) (see Definition
3.2.10 and Definition 5.7.2 below). Therefore, R?f,Oy (L) = 0 for every
q > 0 by the vanishing theorem of Reid—Fukuda type (see, for example,
Theorem 3.2.11).

STEP 2. Let Y] be an irreducible component of Y and let Y5 be the
union of the other irreducible components of Y. Then we have a short
exact sequence

0 — Oy (—Yaly;) = Oy — Oy, — 0.
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We set L' = L|y, — Y3|y;. Then we have a short exact sequence
0 — Oy, (L) = Oy(L) — Oy,(Lly,) — 0
and L' ~g Ky, + Aly,. On the other hand, we can check that
Lly, ~q Ky, + Yily, + Alys-

We have already known that R?f,Oy, (L") = 0 for every ¢ > 0 by Step
1. By induction on the number of the irreducible components of Y, we
have RYf.Oy,(Lly,) = 0 for every ¢ > 0. Therefore, R?f.Oy (L) = 0
for every ¢ > 0 by the exact sequence:

= RUf.0y, (L) = R'f.Oy(L) — RI[.0y,(L|y,) — -+ .
So, we finish the proof of Lemma 5.6.1. O

It is the time to state the main injectivity theorem for simple normal
crossing pairs. Our formulation of Theorem 5.6.2 is indispensable for
the proof of our main theorem: Theorem 5.6.3.

THEOREM 5.6.2 (Injectivity theorem for simple normal crossing
pairs). Let (X, A) be a simple normal crossing pair such that A is a
boundary R-divisor on X and let m : X — V be a proper morphism
between schemes. Let L be a Cartier divisor on X and let D be an effec-
tie Cartier divisor that is permissible with respect to (X, A). Assume
the following conditions.

(i) L~r- Kx+A+H,
(ii) H is a w-semi-ample R-divisor, and

(iii) tH ~g . D+D'" for some positive real numbert, where D' is an

effective R-Cartier R-divisor that is permissible with respect to
(X, A).
Then the homomorphisms

Ri7,0Ox(L) — R'n,.Ox(L + D),

which are induced by the natural inclusion Ox — Ox (D), are injective
for all q.

Theorem 5.6.2 is new and is a relative version of | , Theorem
3.4].

PROOF OF THEOREM 5.6.2. Weset S = |A| and B = {A} through-
out this proof. We obtain a projective birational morphism f:Y — X
from a simple normal crossing variety Y such that f is an isomorphism
over X \ Supp(D + D’ 4+ B), and that the union of the support of
f*(S+ B+ D+ D’') and the exceptional locus of f has a simple normal
crossing support on Y by Theorem 5.2.17 (see also | , Theorem
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1.4]). Let B’ be the strict transform of B on Y. We may assume
that Supp B’ is disjoint from any strata of Y that are not irreducible
components of Y by taking blow-ups. We write

Ky+S8+B =f(Kx+S+B)+E,

where S’ is the strict transform of S and FE is f-exceptional. By the
construction of f : Y — X, §"is Cartier and B’ is R-Cartier. Therefore,
E is also R-Cartier. It is easy to see that Fy = [E] > 0. We set
L'=f*L+FE, and E_ = E, — E > 0. We note that F, is Cartier
and F_ is R-Cartier because Supp F is simple normal crossing on Y
(cf. Remark 5.2.12). Without loss of generality, we may assume that V'
is affine. Since f*H is an Ry -linear combination of semi-ample Cartier
divisors, we can write f*H ~gr > a;H;, where 0 < a; < 1 and H; is a
general Cartier divisor on Y for every i. We set

B”:B’+E,+%f*(D+D’)+(1—g)ZaiHi

for some 0 < ¢ < 1. Then L' ~g Ky + 5"+ B”. By construction,
| B”] = 0, the support of S’ + B” is simple normal crossing on Y, and
Supp B” D Supp f*D. So, Theorem 5.5.1 implies that the homomor-
phisms

Ri(mo [).0y (L) = Ri(mwo [).Oy (L + [*D)

are injective for all ¢. By Lemma 5.6.1, R7f,Oy (L") = 0 for every ¢ > 0
and it is easy to see that f,Oy(L') ~ Ox(L). By the Leray spectral
sequence, the homomorphisms

Rqﬂ'*OX<L) — Rqﬂ'*OX(L + D)
are injective for all q. O

Since we formulated Theorem 5.6.2 in the relative setting, the proof
of Theorem 5.6.3, which is nothing but [F32, Theorem 1.1], is much
simpler than the proof given in [F'32].

THEOREM 5.6.3 (Vanishing and torsion-free theorem for simple nor-
mal crossing pairs, see ['32, Theorem 1.1]). Let (Y, A) be a simple
normal crossing pair such that A is a boundary R-divisor on Y. Let
f:Y — X be a proper morphism to a scheme X and let L be a Cartier
divisor on'Y such that L — (Ky + A) is f-semi-ample. Let q be an ar-
bitrary non-negative integer. Then we have the following properties.

(i) Every associated prime of R1f.Oy (L) is the generic point of
the f-image of some stratum of (Y, A).
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(ii) Let w: X — V be a projective morphism to a scheme V' such
that
L—(Ky+A)~g f*H
for some m-ample R-divisor H on X. Then RIf.Oy(L) is
me-acyclic, that is,

RPm,Rf.Oy (L) =0
for every p > 0.

PROOF OF THEOREM 5.6.3 (1). Without loss of generality, we may
assume that X is affine. Suppose that R7f,Oy (L) has a local sec-
tion whose support does not contain the f-images of any strata of
(Y, A). More precisely, let U be a non-empty Zariski open set and let
s € I'(U, R1f,Oy (L)) be a non-zero section of RIf.Oy (L) on U whose
support V' C U does not contain the f-images of any strata of (Y, A).
Without loss of generality, we may further assume that U is affine and
X = U by shrinking X. Then we can find a Cartier divisor A on X
with the following properties:

(a) f*A is permissible with respect to (Y, A), and

(b) R1f,Oy(L) — RIf.Oy(L) ® Ox(A) is not injective.
This contradicts Theorem 5.6.2. Therefore, the support of every non-
zero local section of R?f,Oy (L) contains the f-image of some stratum
of (Y, A), equivalently, the support of every non-zero local section of
RIf,Oy (L) is equal to the union of the f-images of some strata of
(Y, A). This means that every associated prime of R?f,Oy (L) is the
generic point of the f-image of some stratum of (Y, A). O

From now on, we prove Theorem 5.6.3 (ii).

PROOF OF THEOREM 5.6.3 (11). Without loss of generality, we may
assume that V' is affine. In this case, we can write H ~r H;+ H,, where
Hy (resp. Hy) is a m-ample Q-divisor (resp. a m-ample R-divisor) on X.
So, we can write Hy ~g ) _,a;A;, where 0 < a; < 1 and A; is a gen-
eral very ample Cartier divisor over V' on X for every 7. Replacing B
(resp. H) with B + ), a;f*A; (resp. Hy), we may assume that H is a
m-ample Q-divisor. We take a general member A € |[mH|, where m is
a sufficiently large and divisible positive integer, such that A" = f*A
and RIf,Oy(L 4+ A’) is m.-acyclic for all ¢. By Theorem 5.6.3 (i), we
have the following short exact sequences

0— qu*Oy(L) — qu*Oy(L + A/) — qu*OA/(L + A/) — 0.

for all ¢. Note that RYf.O 4 (L+ A’) is m.-acyclic by induction on dim X
and that RYf.Oy (L + A’) is also m.-acyclic by the above assumption.
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Thus, EP? = 0 for p > 2 in the following commutative diagram of
spectral sequences.

EY? = RPr,RIf,Oy (L) ———= RP* (7 o [),.Oy(L)

SOP‘Z \L @P‘l’q l

EY' = RPm,RIf, Oy (L + A') == RP*(mo f),Oy(L+ A)
We note that ¢+ is injective by Theorem 5.6.2. We have that
2 == R (w0 f).Oy (L)

is injective by the fact that E5? = 0 for p > 2. We also have that

F;’q — 0 by the above assumption. Therefore, we obtain Fy? = 0 since
the injection

Byt R¥(mo f).0y(L) 255 R™9(n o £).0y (L + A)

factors through E;’q = 0. This implies that RPm,R?f.Oy (L) = 0 for
every p > 0. U

As an application of Theorem 5.6.3, we have:

THEOREM 5.6.4 (Kodaira vanishing theorem for log canonical pairs,
see [F'18, Theorem 4.4]). Let (X,A) be a log canonical pair such that
A is a boundary R-divisor on X. Let L be a Q-Cartier Weil divisor on
X such that L— (Kx +A) is m-ample, where m : X — V is a projective
morphism. Then Rim,Ox (L) =0 for every q > 0.

ProOF. Let f: Y — X be a resolution of singularities of X such
that

Ky = f(Kx +A)+ ) a; B

with a; > —1 for every i. We may assume that ) . E; U Supp f*L is a
simple normal crossing divisor on Y. We put

E = ZazEz

and

F= )Y (1-b)E,

a;=—1
where b; = multg, { f*L}. We note that A= L — (Kx + A) is m-ample
by assumption. We have
[fA=["L—f"(Kx+A)
=[f'L+E+F|—-(Ky+F+{-(f'L+E+F)}).



5.6. INJECTIVITY, VANISHING, AND TORSION-FREE THEOREMS 181

We can easily check that
[Oy([["L+ E+ F) ~ Ox(L)

and that F'+{—(f*L+ E + F)} has a simple normal crossing support
and is a boundary R-divisor on Y. By Theorem 5.6.3 (ii), we obtain
that Ox (L) is m-acyclic. Thus, we have RIm.Ox(L) = 0 for every

q > 0. ]

We note that Theorem 5.6.4 contains a complete form of | ,
Theorem 0.3] as a corollary. For the related topics, see | , Corollary
1.3).

COROLLARY 5.6.5 (Kodaira vanishing theorem for log canonical
varieties). Let X be a projective log canonical variety and let L be an
ample Cartier divisor on X. Then

HI(X,Ox(Kx + L)) = 0

for every g > 0. Furthermore, if we assume that X is Cohen—Macaulay,
then H1(X,Ox(—L)) =0 for every ¢ < dim X .

REMARK 5.6.6. We can see that Corollary 5.6.5 is contained in [F'6,
Theorem 2.6], which is a very special case of Theorem 5.6.3 (ii). The
author forgot to state Corollary 5.6.5 explicitly in [F'G]. There, we do
not need embedded simple normal crossing pairs.

Note that there are typos in the proof of [F'G, Theorem 2.6]. In the
commutative diagram, R’ f,wx (D)’s should be replaced by R f,wx (D)’s.

We close this section with an easy example.

EXAMPLE 5.6.7. Let X be a projective log canonical threefold
which has the following properties: (i) there exists a projective bira-
tional morphism f : Y — X from a smooth projective threefold, and
(ii) the exceptional locus E of f is an Abelian surface with Ky =
f*Kx—FE. For example, X is a cone over a normally projective Abelian
surface in PV and f : Y — X is the blow-up at the vertex of X. Let L
be an ample Cartier divisor on X. By the Leray spectral sequence, we
have

0— H'(X, f.f*Ox(=L)) — H'(Y, f*Ox(~L))
— H'(X,R'[.f"Ox(=L)) — H*(X, f.f*Ox(-L))
— HEY. [ Ox(~L) = -
Therefore, we obtain

H*(X,0x(-L)) = H'(X,0x(-L) ® R' .Oy),
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because HY(Y, f*Ox(—L)) = H*(Y, f*Ox(—L)) = 0 by the Kawamata—
Viehweg vanishing theorem (see Theorem 3.2.1). On the other hand,
we have
R1f,Oy ~ HY(E,Op)

for every g > 0 since R1f, Oy (—F) = 0 for every g > 0 by the Grauert—
Riemenschneider vanishing theorem (see Theorem 3.2.7). Thus, we
obtain H*(X,Ox(—L)) ~ C% 1In particular, H*(X,Ox(—L)) # 0.
We note that X is not Cohen—-Macaulay. In the above example, if we
assume that E is a K3-surface, then H9(X,Ox(—L)) = 0 for ¢ < 3
and X is Cohen—Macaulay. For the details, see Section 7.2, especially,
Lemma 7.2.7.

5.7. Vanishing theorems of Reid—Fukuda type

Here, we treat some generalizations of Theorem 5.6.3. First, we
introduce the notion of nef and log big divisors.

DEFINITION 5.7.1 (Nef and log big divisors). Let f: (Y,A) — X
be a proper morphism from a simple normal crossing pair (Y, A) to a
scheme X. Let 7 : X — V be a proper morphism between schemes
and let H be an R-Cartier divisor on X. We say that H is nef and log
big over V' with respect to f : (Y,A) — X if and only if H|c is nef and
big over V for any C', where C' is the image of a stratum of (Y, A).

We also need the notion of nef and log big divisors for normal pairs.

DEFINITION 5.7.2 (Nef and log big divisors for normal pairs). Let
(X, A) be a normal pair and let 7 : X — V be a proper morphism.
Let D be an R-Cartier divisor on X. We say that D is nef and log big
over V' with respect to (X, A) if and only if D is nef and big over V/
and D|¢ is big over V for every log canonical center C' of (X, A).

We can generalize Theorem 5.6.3 as follows. It is | , Theorem
7.4] for embedded simple normal crossing pairs.
THEOREM 5.7.3 (cf. | , Theorem 7.4]). Let f : (Y,A) — X

be a proper morphism from an embedded simple normal crossing pair
(Y, A) to a scheme X such that A is a boundary R-divisor. Let L be a
Cartier divisor on'Y and let m : X — V be a proper morphism between
schemes. Assume that

[*H ~g L — (Ky + A),

where H is nef and log big over V with respect to f : (Y,A) — X.
Let q be an arbitrary non-negative integer. Then we have the following
properties.
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(i) Every associated prime of R1f.Oy(L) is the generic point of
the f-image of some stratum of (Y, A).
(ii) We have
RPm,Rf.Oy (L) =0
for every p > 0.

PRrROOF. Note that L — (Ky + A) is f-semi-ample. Therefore, (i) is
a special case of Theorem 5.6.3 (i).

From now on, we will prove (ii). We note that we may assume that
V' is affine without loss of generality.

STEP 1. We assume that every stratum of (Y, A) dominates some
irreducible component of X. By taking the Stein factorization, we may
assume that f has connected fibers. Then we may further assume that
X is irreducible and every stratum of (Y, A) dominates X. By Chow’s
lemma, there exists a projective birational morphism p : X' — X
such that ' : X’ — V is projective. By taking a proper birational
morphism ¢ : Y’ — Y that is an isomorphism over the generic point
of any stratum of (Y, A), we have the following commutative diagram.

v 2y

I

X/TX

RN

v
Then, by Theorem 5.2.17 (see also | , Theorem 1.4]), we can write
Ky + A" =" (Ky + A) + E,

where

(1) (Y, A’) is an embedded simple normal crossing pair such that
A’ is a boundary R-divisor.

(2) E is an effective p-exceptional Cartier divisor.

(3) Every stratum of (Y’, A’) dominates X'.

We note that every stratum of (Y, A) dominates X. Therefore,
(,O*L + E ~R Ky/ + A/ + QO*f*H
We note that
and
R, Oyi(p"L+E)=0
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for every ¢ > 0 by Theorem 5.6.3 (i). Thus, by replacing Y and L with
Y" and ¢*L 4+ E, we may assume that ¢ : Y’ — Y is the identity, that
is, we have

Y=—=Y

I

m

X —X

N}

We put F = Rig,Oy(L). Since p*H is nef and big over V and 7’ :
X' — V is projective, we can write u*H = E+ A, where A is a 7’-ample
R-divisor on X’ and E is an effective R-Cartier R-divisor by Kodaira
(see Lemma 2.1.18). By the same arguments as above, we take some
blow-ups and may further assume that (Y, A + ¢*F) is an embedded
simple normal crossing pair. If k is a sufficiently large positive integer,
then

(A} + 24°B) =0,

1 1 k—1
*H=-E+-A+——u*H

and . _

ALY rH

TR
is m’-ample. Thus, F is p.-acyclic and (wmopu), = w’-acyclic by Theorem
5.6.3 (ii). We note that

1 1 kE—1

L (Ky+ A+ 1g'B) ~p g (pA+——p'H).
y + A+ 9 RI\7% + w M

So, we have R1f,Oy (L) ~ pu,F and RIf,Oy(L) is m.-acyclic. Thus,
we finish the proof when every stratum of (Y, A) dominates some irre-
ducible component of X.

STEP 2. We treat the general case by induction on dim f(Y'). By
taking some embedded log transformations (see Lemma 5.7.4 below),
we can decompose Y = Y’ UY" as follows: Y’ is the union of all strata
of (Y,A) that are not mapped to irreducible components of X and
Y"=Y —Y’'. We put

Kyl/ —|— AY” = (KY + A)’Y” — Ylyy//,

Then f: (Y", Ayn) — X and L” = L|y»—Y'|y~ satisfy the assumption
in Step 1. We consider the following short exact sequence

0— Oy//(L”) — Oy(L) — Oy/(L) — 0.
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By taking RYf,, we have short exact sequence
0 — RIf,Oyn(L") — R£.Ov(L) — R f.0v/(L) — 0
for every ¢. This is because the connecting homomorphisms
R1f.Oy/(L) — R™ f.Oyn(L")

are zero maps for every ¢ by (i). Since (ii) holds for the first and third
members by Step 1 and by induction on the dimension, respectively, it

also holds for RYf,Oy (L).
So, we finish the proof. O

We have already used Lemma 5.7.4 in the proof of Theorem 5.7.3.
Lemma 5.7.4 is easy to check. So we omit the proof.

LEMMA 5.7.4 (cf. | , p-218 embedded log transformation]). Let
(X, A) be an embedded simple normal crossing pair and let M be an
ambient space of (X,A). Let C' be a smooth stratum of (X,A). Let
o: N — M be the blow-up along C. LetY denote the reduced structure
of the total transform of X in N. We put

Ky + Ay = f"(Kx + A),
where f = oly. Then we have the following properties.

(i) (Y, Ay) is an embedded simple normal crossing pair with an

ambient space N.

(ii) f.Oy ~ Ox and R f,Oy =0 for every i > 0.

(iii) The strata of (X,A) are exactly the images of the strata of
(Y7 AY) :

(iv) o=1(C) is a mazimal (with respect to the inclusion) stratum of
(Y> AY) :

(v) If A is a boundary R-divisor on X, then Ay is a boundary
R-diwvisor on Y.

REMARK 5.7.5. We need the notion of embedded simple normal
crossing pairs to prove Theorem 5.7.3 even when Y is smooth. It is
a key point of the proof of Theorem 5.7.3. Note that we do not need
the assumption that Y is embedded in Step 1 in the proof of Theorem
5.7.3.

As a corollary of Theorem 5.7.3, we can prove the following van-
ishing theorem. It is the culmination of the works of several au-
thors: Kawamata, Viehweg, Nadel, Reid, Fukuda, Ambro, Fujino, and
others. To the author’s best knowledge, we can not find it in the
literature except [F'17]. Note that Theorem 5.7.6 is a complete gener-
alization of | , Theorem 1-2-5].
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THEOREM 5.7.6 (see [F'17, Theorem 2.48]). Let (X,A) be a log
canonical pair such that A is a boundary R-divisor and let L be a Q-
Cartier Weil divisor on X. Assume that L — (Kx + A) is nef and
log big over V' with respect to (X,A), where m : X — V is a proper
morphism. Then Rim,Ox(L) =0 for every q > 0.

PROOF. Let f:Y — X be a log resolution of (X, A) such that

with a; > —1 for every i. We may assume that ) . F; U Supp f*L is a
simple normal crossing divisor on Y. We put

E = ZCLIE@

and
a;j=—1

where b; = multg, {f*L}. We note that A = L — (Kx + A) is nef and
log big over V with respect (X, A) by assumption. So, we have

[TA=["L— f"(Kx+A4)
=[f'L+E+F|—(Ky+F+{-(f'L+E+F)}).
We can easily check that
[Oy([f"L+ E+ F) =~ Ox(L)

and that F+{—(f*L+ E + F)} has a simple normal crossing support
and is a boundary R-divisor on Y. By the above definition of F', A is nef
and log big over V' with respect to f : (Y, F+{—(f*L+E+F)}) — X.
Therefore, by Theorem 5.7.3 (ii), we obtain that Ox (L) is m.-acyclic.
Thus, we have Rim,Ox (L) = 0 for every ¢ > 0. O

As a special case, we have the Kawamata—Viehweg vanishing theo-
rem for klt pairs.

COROLLARY 5.7.7 (Kawamata—Viehweg vanishing theorem, see |
Remark 1-2-6]). Let (X, A) be a klt pair and let L be a Q-Cartier Weil
divisor on X. Assume that L — (Kx + A) is nef and big over V, where
m: X — V is a proper morphism. Then Rim,Ox(L) = 0 for every
q>0.

We add one example.
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ExXAMPLE 5.7.8. Let Y be a projective surface which has the fol-
lowing properties: (i) there exists a projective birational morphism
f X — Y from a smooth projective surface X, and (ii) the ex-
ceptional locus E of f is an elliptic curve with Kx + E = f*Ky. For
example, Y is a cone over a smooth plane cubic curve and f: X — Y
is the blow-up at the vertex of Y. We note that (X, F) is a plt pair.
Let H be an ample Cartier divisor on Y. We consider a Cartier divisor
L=f*H+ Kx+FEon X. Then L — (Kx + FE) is nef and big, but not
log big with respect to (X, E'). By the short exact sequence

0—-Ox(ffH+ Kx) — Ox(f"H+ Kx + E) — Op(Kg) — 0,
we obtain
R'f.Ox(f*H + Kx + E) ~ H'(E, Op(Kg)) ~ C(P),
where P = f(F). By the Leray spectral sequence, we have
0— HYY, f.Ox(Kx + E)® Oy(H)) — H'(X,Ox(L))
— H°(Y,C(P)) — H*(Y, f.Ox(Kx + E) ® Oy (H))
N

If H is sufficiently ample, then H'(X, Ox (L)) ~ H(Y,C(P)) ~ C(P).
In particular, H'(X, Ox (L)) # 0.

REMARK 5.7.9. In Example 5.7.8, there exists an effective Q-divisor
B on X such that L — %B is ample for every k£ > 0 by Kodaira’s lemma
(see Lemma 2.1.18). Since L- E = 0, we have B+ E < 0. In particular,

1
(X, E + - B)

is not log canonical for any k& > 0. This is the main reason why
H'(X,0x(L)) # 0. If (X, E + +B) were log canonical, then the am-
pleness of L — (Kx + E + +B) would imply H*(X,Ox(L)) = 0 by
Theorem 5.6.4.

If Y is quasi-projective in Theorem 5.7.3, we do not need the as-
sumption that the pair (Y, A) is embedded.

THEOREM 5.7.10 ([F'F, Theorem 6.3]). Let f : (Y,A) — X be a
proper morphism from a quasi-projective simple normal crossing pair
(Y, A) to a scheme X such that A is a boundary R-divisor. Let L be a
Cartier divisor on'Y and let m : X — V be a proper morphism between
schemes. Assume that

f*H ~g L — (Ky + A),
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where H is nef and log big over V with respect to f : (Y,A) — X.
Let q be an arbitrary non-negative integer. Then we have the following
properties.
(i) Every associated prime of R1f.Oy (L) is the generic point of
the f-image of some stratum of (Y, A).
(ii) We have
RPm,Rf.Oy (L) =0
for every p > 0.

We can easily reduce Theorem 5.7.10 to Theorem 5.7.3. For the
proof of Theorem 5.7.3, see the proof of [F'F', Theorem 6.3]. We used
Theorem 5.7.10 for the proof of the main theorem of [F'F].

5.8. From SNC pairs to NC pairs

In this section, we prove the injectivity, vanishing, and torsion-
free theorems for embedded normal crossing pairs, although the results
in this section are not necessary for the theory of quasi-log schemes
discussed in Chapter 6.

Theorem 5.8.1 is a generalization of | , Theorem 3.1].

THEOREM 5.8.1. Let (X, A) be an embedded normal crossing pair
such that A is a boundary R-divisor and let 7 : X — V be a proper
morphism between schemes. Let L be a Cartier divisor on X and let D
be an effective Cartier divisor that is permissible with respect to (X, A).
Assume the following conditions.

(i) L ~pr Kx + A+ H,
(ii) H is a m-semi-ample R-divisor, and

(ili) tH ~rx D+D’ for some positive real numbert, where D' is an

effective R-Cartier R-divisor that is permissible with respect to
(X, A).
Then the homomorphisms
R, Ox(L) — Rim.Ox(L + D),

which are induced by the natural inclusion Ox — Ox (D), are injective
for all q.

Theorem 5.8.2 is nothing but | , Theorem 7.4].

THEOREM 5.8.2. Let (Y,A) be an embedded normal crossing pair
such that A is a boundary R-divisor. Let f :' Y — X be a proper
morphism between schemes and let L be a Cartier divisor on' Y such
that L — (Ky + A) is f-semi-ample. Let q be an arbitrary non-negative
integer. Then we have the following properties.
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(i) Every associated prime of R1f.Oy(L) is the generic point of
the f-image of some stratum of (Y, A).

(ii) Let m : X — V be a proper morphism between schemes. We
assume that

L—(Ky+A)~g f*H

where H is an R-Cartier divisor on X which is nef and log big
over V' with respect to f : (Y,A) — X. Then we obtain that
Rif.Oy (L) is ms-acyclic, that is,

RPm,Rf.Oy (L) =0
for every p > 0.
Before we go to the proof, let us recall the definition of normal

crossing pairs. The following definition is the same as | , Definition
2.3] though it may look different.

DEFINITION 5.8.3 (Normal crossing pair). A variety X has normal
crossing singularities if, for every closed point x € X,

C[[l’oa e 7.1']\[]]
(IO ... Ik)
for some 0 < k < N, where N = dim X. Let X be a normal crossing

variety. We say that a reduced divisor D on X is normal crossing if,
in the above notation, we have

OX,:E =

C[[x()a e 7I’N]]
(xo .. .xijil .. .xil)
for some {iy, -+ ,4;} C {k+1,---,N}. We say that the pair (X, A) is
a normal crossing pair if the following conditions are satisfied.

OD,ac =

(1) X is a normal crossing variety, and
(2) A is an R-Cartier R-divisor whose support is normal crossing
on X.
We say that a normal crossing pair (X, A) is embedded if there exists

a closed embedding ¢+ : X <— M, where M is a smooth variety of
dimension dim X + 1. We call M the ambient space of (X, A). We put

Ky +0 =" (Kyx + A),

where v : X¥ — X is the normalization of X. A stratum of (X, A) is
an irreducible component of X or the r-image of some log canonical
center of (X*,0) on X.

A Cartier divisor B on a normal crossing pair (X, A) is called per-
missible with respect to (X, A) if the support of B contains no strata of



190 5. INJECTIVITY AND VANISHING THEOREMS

the pair (X, A). A finite Q-linear (resp. R-linear) combination of per-
missible Cartier divisor with respect to (X, A) is called a permissible
Q-divisor (resp. R-divisor) with respect to (X, A).

The following definition is almost obvious.

DEFINITION 5.8.4 (Nef and log big divisors). Let f: (Y,A) — X
be a proper morphism from a normal crossing pair (Y, A) to a scheme
X. Let m: X — V be a proper morphism between schemes and let H
be an R-Cartier divisor on X. We say that H is nef and log big over
V' with respect to f: (Y,A) — X if and only if H|c is nef and big over
V for any C, where C is the image of a stratum of (Y, A).

The following three lemmas are easy to check. So, we omit the
proofs.

LEMMA 5.8.5. Let X be a normal crossing divisor on a smooth
variety M. Then there exists a sequence of blow-ups

with the following properties.
(1) o441 @ Miyw — M; is the blow-up along a smooth stratum of X;
for every i > 0,
(ii) Xo = X and X;11 is the inverse image of X; with the reduced

structure for every i > 0, and
(i) Xy is a simple normal crossing divisor on Mj.

For each step 0,11, we can directly check that
O-Z'+1*OX¢+1 = OXl
and
Rq0i+1*0Xi+1 =0
for everyi >0 and ¢ > 1. Let A be an R-Cartier R-divisor on X such
that Supp A is normal crossing. We put Ay = A and
Kx,, + A =07 (Kx, +A)

for alli > 0. Then it is obvious that A; is an R-Cartier R-divisor and
Supp 4A; is normal crossing on X; for every i > 0. We can also check
that A; is a boundary R-divisor (resp. a boundary Q-divisor) for every
1 >0 if sois A. If A is a boundary R-divisor, then the o;,1-1mage of
any stratum of (X;11, Air1) is a stratum of (X;, ;).

REMARK 5.8.6. Each step in Lemma 5.8.5 is called embedded log
transformation in | , Section 2]. See also Lemma 5.7.4.
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LEMMA 5.8.7. Let X be a simple normal crossing divisor on a
smooth variety M. Let S+ B be a boundary R-Cartier R-divisor on X
such that Supp(S + B) is normal crossing, S is reduced, and |B] = 0.
Then there exists a sequence of blow-ups

Mk—>Mk_1—>---—>M0:M
with the following properties.

(i) 0i11 @ My — M; is the blow-up along a smooth stratum of
(X;, S;) that is contained in S; for every i > 0,
(il) we put Xo = X, So = 8, and By = B, and X;41 is the strict
transform of X; for every i >0,
(iii) we define

KX1+1 + Si-‘rl + Bi+1 = O-;—i-l(KXi + SZ + Bl)

for every © > 0, where By is the strict transform of B; on
Xi-i-l;

(iv) the oip1-image of any stratum of (X411, Sit1+ Biy1) is a stra-
tum of (X;, S; + B;), and

(v) Sk is a simple normal crossing divisor on Xj.

For each step 0,11, we can easily check that

and
RqO'i_,_l*OXH_l =0
for every i >0 and g > 1. We note that X; is simple normal crossing,

Supp(S; + B;) is normal crossing on X;, and S; is reduced for every
i>0.

LEMMA 5.8.8. Let X be a simple normal crossing divisor on a
smooth variety M. Let S+ B be a boundary R-Cartier R-divisor on
X such that Supp(S + B) is normal crossing, S is reduced and sim-
ple normal crossing, and |B| = 0. Then there exists a sequence of
blow-ups

M, —- M, 11— ---—My=M
with the following properties.

(i) 0i11 @ My — M; is the blow-up along a smooth stratum of
(X;, Supp B;) that is contained in Supp B; for every i > 0,
(il) we put Xo = X, So = 8, and By = B, and X;41 is the strict
transform of X; for every i >0,
(iii) we define

KX1+1 + Si-‘rl + Bi+1 = O-;:k—i-l(KXi + SZ + Bl)
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for every i > 0, where S;11 s the strict transform of S; on
Xiy1, and
(iv) Supp(Sk + Bx) is a simple normal crossing divisor on Xj.
We note that X; is simple normal crossing on M; and Supp(S; + B;)
1s normal crossing on X; for every i > 0. We can easily check that
| B;] <0 for every i > 0. The composition morphism My — M is
denoted by o. Let L be any Cartier divisor on X. We put E = [—By].
Then E is an effective o-exceptional Cartier divisor on Xy and we
obtain
0.0x, (0" L+ FE) ~ Ox(L)
and
R0, Ox, (0" L+ E)=0
for every ¢ > 1 by Theorem 5.6.3 (i). We note that
oL+ FE— (Kx, +Sk+{Bx}) =0"L —0"(Kx+ S+ B)

15 R-linearly trivial over X and o is an isomorphism at the generic
point of any stratum of (X, Sk + By).

Let us go to the proof of Theorems 5.8.1 and 5.8.2.

PROOF OF THEOREM 5.8.1. We take a sequence of blow-ups and
obtain a projective morphism o : X’ — X from an embedded simple
normal crossing variety X’ by Lemma 5.8.5. We can replace X and
L with X" and ¢*L by Leray’s spectral sequence. So, we may assume
that X is simple normal crossing. We put S = |A] and B = {A}.
Similarly, we may assume that S is simple normal crossing on X by
applying Lemma 5.8.7. Finally, we use Lemma 5.8.8 and obtain a
birational morphism

o:(X',8"+B")— (X,S+B)
from an embedded simple normal crossing pair (X', S" + B’) such that
KX/+S/+B/:0*(Kx+S+B)

as in Lemma 5.8.8. By Lemma 5.8.8, we can replace (X,S + B) and
L with (X', S"+{B’'}) and o*L + [—B’] by Leray’s spectral sequence.
Then we apply Theorem 5.6.2. Thus, we obtain Theorem 5.8.1. U

PrROOF OoF THEOREM 5.8.2. We take a sequence of blow-ups and
obtain a projective morphism o : Y’ — Y from an embedded simple
normal crossing variety Y’ by Lemma 5.8.5. We can replace Y and
L with Y" and o*L by Leray’s spectral sequence. So, we may assume
that Y is simple normal crossing. We put S = |A| and B = {A}.
Similarly, we may assume that S is simple normal crossing on Y by
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applying Lemma 5.8.7. Finally, we use Lemma 5.8.8 and obtain a
birational morphism
o:(Y',S8"+B')— (Y,S+ B)
from an embedded simple normal crossing pair (Y’,S" + B’) such that
Ky + S+ B'= 0" (Ky + S + B)
as in Lemma 5.8.8. By Lemma 5.8.8, we can replace (Y, S + B) and

L with (Y',S"+{B'}) and ¢*L + [—B’] by Leray’s spectral sequence.
Then we apply Theorem 5.7.3. Thus, we obtain Theorem 5.8.2. U

5.9. Examples

In this section, we treat various supplementary examples. These
examples show that some results obtained in this chapter are sharp.

5.9.1 (Hodge theoretic injectivity theorems). Let X be a smooth
projective variety and let M be a Cartier divisor on X such that N ~
mM , where N is a reduced simple normal crossing divisor on X and
m > 2. We put A = i]V and L = Kx + M. In this setting, we can
apply Theorem 5.4.2 since L ~g Kx +A. If M is semi-ample, then the
existence of such N and m is obvious by Bertini. Here, we give some
explicit examples where M is not nef.

EXAMPLE 5.9.2. We consider the P-bundle
T X = ]P)]}DI(OPI D O]pl(2)) — I[Dl.

Let E and G be the sections of 7 such that £? = —2 and G? = 2. We
note that £+2F ~ G, where F is a fiber of 7. We consider M = E+F'.
Then

2M =2E +2F ~ E + Q.

In this case, M - E = —1. In particular, M is not nef. Unfortunately,
we can easily check that

H'(X,0x(Kx +M))=0
for every 7. So, it is not interesting to apply Theorem 5.4.2.
EXAMPLE 5.9.3. We consider the P!-bundle
7Y =Pp (Op @ Op1(4)) — P

Let G (resp. E) be the positive (resp. negative) section of 7, that is,
the section corresponding to the projection Opt @& Op1(4) — Op1(4)
(resp. Op1 @ Op1(4) — Op1). We put M’ = —F + 2G, where F is a
fiber of w. Then M’ is not nef and

M ~G+E+F +F+ H,
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where F} and F; are distinct fibers of 7, and H is a general member
of the free linear system |2G|. Note that G + F + Fy + F, + H is a
reduced simple normal crossing divisor on Y. We put X =Y x C,
where C is an elliptic curve, and M = p*M’, where p : X — Y is the
projection. Then X is a smooth projective variety and M is a Cartier
divisor on X. We note that M is not nef and that we can find a reduced
simple normal crossing divisor N such that N ~ 2M. By the Kiinneth
formula, we have
HY(X,0x(Kx + M)) ~ H(P', Op (1)) ~ C*.

Therefore, X with L = Kx + M and A = %N satisfies the conditions
in Theorem 5.4.2. Moreover, we have H'(X, Ox (L)) # 0.

Example 5.9.2 shows that the assumptions for the Hodge theoretic
injectivity theorems in Section 5.4 are geometric.

5.9.4 (Kodaira vanishing theorem for singular varieties). The fol-
lowing example is due to Sommese (cf. | , (0.2.4) Example]). It
shows that the Kodaira vanishing theorem does not necessarily hold
for varieties with non-lc singularities.

PROPOSITION 5.9.5 (Sommese). We consider the P3-bundle
T Y = ]P)]pl (O]}Dl @ OP1(1)®3) — ]P)l

over P1. Let M = Oy (1) be the tautological line bundle of 7 : Y — P!.
We take a general member X of the linear system |(M@m*Op (—1))®4].
Then X 1is a normal projective Gorenstein threefold and X is not log
canonical. We put L= M@ m*Op1(1). Then L is ample. In this case,
we can check that H*(X, L") = C. By Serre duality,

HY(X,0x(Kx)® L) =C.
Therefore, the Kodaira vanishing theorem does not hold for X.

ProoF. We consider the following short exact sequence
0= LY -X)—=L'—=Ltx —0.
Then we have the long exact sequence
= H'(Y,L7Y(=X)) — H'(Y, L") — H'(X, L)
— HTYY, LT (=X)) — - -

Since HY(Y,L£™) = 0 for i < 4 by the original Kodaira vanishing
theorem (see Theorem 3.1.3), we obtain that

H*(X, LY = H(Y, L' (—X)).
Therefore, it is sufficient to prove that H*(Y, £L~!'(—X)) = C.
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We have
LYNX)=M'@7°0p(-1) @ M™* @ 7*Op1 (4)
= M@ 71*Op (3).
We note that R'm, M = 0 for i # 3 because M = Oy(1). By
Grothendieck duality,
RHom(Rm, M, Op1 (Kp)[1]) = Rr. RHom(M™°, Oy (Ky)[4]).
By Grothendieck duality again,
Rm,M™° = RHom(Rr, RHom(M™° Oy (Ky)[4]), Op (Kp1)[1])
= RHom(Rm,(Oy(Ky) ® M®), Op1 (Kp1))[—3]
= (x).
By definition, we have
Oy (Ky) = 7 (Op1 (Kp1) @ det(Op1 @ Op1 (1)%%)) @ M~
=1 0p (1) @ M~
By this formula, we obtain
Oy (Ky) ® M® = 7*Opi (1) @ M.
Thus, R'm.(Oy(Ky) ® M?) =0 for every ¢ > 0. We note that
7.(Oy (Ky) @ M?) = Op (1) ®@ 7, M
= Opi (1) @ (Op ® Op (1))
= Opi (1) ® Op: (2)%°.
Therefore, we have
() = RHom(Op(1) & Op(2)*, Opi (—2))[3]
= (On(=3) @ O (—4))[-3].
So, we obtain R*m,M™° = Op1(—3) & Op1(—4)%3. Thus, we have
Rt M@ Op1(3) = Opr @ Op1 (—1)%2.
By the spectral sequence, we have
HAY, L7 (=X)) = HY(Y, M~ & On(3))
= H(P', R*m,(M™° @ m*Op(3)))
= H°(P',Op © Op (—1)%?)
= C

Therefore, H*(X, L) = C.
Let us recall that X is a general member of the linear system

(M @ 7 Op1 (—1))%4.
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Let C be the negative section of m : Y — P! that is, the section
corresponding to the projection
Opt @ Op (1P — Op1 — 0.

From now, we will check that |M @ 7*Op:(—1)| is free outside C'. Once
we checked it, we know that |(M @ 7*Opi1(—1))®4| is free outside C.
Then X is smooth in codimension one. Since Y is smooth, X is normal
and Gorenstein by adjunction.

We take Z € IM @ 7*Op1(—1)| # ). Since
HO(Y, M ® W*Oﬂml(—1> ® W*Opl(—l)) = 0,

Z can not have a fiber of 7 as an irreducible component, that is, any
irreducible component of Z is mapped onto P! by 7 : Y — P!. On the
other hand, let [ be a line in a fiber of 7 : Y — P!'. Then Z -1 = 1.
Therefore, Z is irreducible. Let F' = IP3 be a fiber of 7 : Y — PL. We
consider

0=H' Y, M7 0p(-1) @ Oy(~F)) — H (Y, M @ 7*Op1(—1))

— HYF,0p(1)) » HH(Y,M @ 7*Op1 (1) @ Oy (—F)) — -- - .
Since (M @ 1*Op1(—1)) - C = —1, every member of |M @ 7*Op:(—1)|
contains C. We put P = FFNC. Then the image of

a: H(Y,M @ 7*Opi(—1)) — H°(F,Op(1))
is H(F,mp ® Op(1)), where mp is the maximal ideal of P. This is
because the dimension of H°(Y, M ® 7*Op1(—1)) is three. Thus, we
know that |[M ® 7*Op1(—1)| is free outside C. In particular, |(M &
*Op1(—1))®4| is free outside C'.

More explicitly, the image of the injection

a: H(Y,M @ 7*Op1(—1)) — H°(F,0p(1))

is H'(F,mp ® Op(1)). We note that
H'(Y,M @71 Op1(—1)) = H(P', Op1 (—1) & OF?) = C?,

and
HO(Y, (M & 7 Ops (—1))%4) = HO(PY, Sym (Op (—1) & OFE)) = CF.
We can check that the restriction of H(Y, (M & 7*Opi(—1))®%) to F
is Sym* H(F,mp ® Op(1)). Thus, the general fiber f of 7 : X — P! is
a cone in P? on a smooth plane curve of degree 4 with the vertex P =
fNC. Therefore, (Y, X) is not log canonical because the multiplicity

of X along C'is four. Thus, X is not log canonical by the inversion of
adjunction. Anyway, X is the required variety. O

By the same construction, we have:
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EXAMPLE 5.9.6. We consider the P**1-bundle
Tm:Y = ]P)Ipl (Opl D Opl(l)@(k+1)) — ]P)l

over P! for k > 2. We put M = Oy(1) and £ = M @ 7°Opi(1).
Then £ is ample. We take a general member X of the linear system
(M ®@7*Op1 (—1))2*+2)|. Then we can check the following properties.

(1) X is a normal projective Gorenstein (k + 1)-fold.
(2) X is not log canonical.
(3) We can check

RkJrlﬂ_*Mf(kJrB) — OPI(—l _ /{7) D O[pl(—z _ k)@(k+1)
and
Riﬂ,*Mf(kJrB) -0
for ¢ # k + 1.
(4) Since L7(—X) = M=) @ 7*Opi (k + 1), we have
Hk+1(Y, £_1<—X)) — HO(PI,Rk+17T*M_(k+3) ® O[Pl (IC + 1))
= HO(Pl, Opl EB Opl(—1)®(k+1))
=C.

Thus, H*(X, £7') = H*Y(Y, L7} (—X)) = C.

We note that the first cohomology group of an anti-ample line bun-
dle on a normal variety with dimension > 2 always vanishes by the
following Mumford vanishing theorem.

THEOREM 5.9.7 (Mumford). Let V' be a normal complete algebraic

variety and let £ be a semi-ample line bundle on V. Assume that
k(V,L) > 2. Then H'(V,L7") = 0.

PROOF. Let f: W — V be a resolution of singularities. By Leray’s
spectral sequence, we obtain

0 — H'(V, fof LY — H\ (W, fLT) =

By the Kawamata—Viehweg vanishing theorem (see Theorem 3.3.7)
and Serre duality, H'(W, f*£~') = 0. Thus, we obtain H*(V,L™!) =
HYV, f.f*L~1h =0. O

5.9.8 (On the Kawamata—Viehweg vanishing theorem). The next
example shows that a naive generalization of the Kawamata—Viehweg
vanishing theorem does not necessarily hold for varieties with log canon-
ical singularities. Example 5.9.9 is also a supplement to Theorem 5.7.6.
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EXAMPLE 5.9.9. We put V = P? x P2. Let p; : V — P? be the
i-th projection for ¢ = 1 and 2. We define £ = pjOp2(1) ® p3Op2(1)
and consider the P-bundle 7 : W = Py (L ® Oy) — V. Let F =
P? x P? be the negative section of 7 : W — V/, that is, the section of
7 corresponding to L & Oy — Oy — 0. By using the linear system
|Ow (1) @ 7*ptOp2(1)], we can contract F' = P? x P? to P2 x {point}.

Next, we consider an elliptic curve C' C P? and put Z = C x C C
V =P2x P2 Let 7:Y — Z be the restriction of 7 : W — V to Z.
The restriction of the above contraction morphism

Doy W@ piopm) W — U

to Y is denoted by f : Y — X. Then, the exceptional locus of f : Y —
Xis E=F|y =C x C and f contracts E to C' x {point}.

Let Oy (1) be the tautological line bundle of the P!-bundle 7w : W —
V. By the construction, Oy (1) = Ow(D), where D is the positive
section of m, that is, the section corresponding to L & Oy — L — 0.
By definition,

Ow (Kw) = 7" (Oy (Kv) ® L) ® Ow(-2).
By adjunction,
Oy(Ky) = m"(0z(Kz) ® L|z) ® Oy(=2) = 7" (L]|z) ® Oy (-2).
Therefore,
Oy (Ky + E) =7*(L]z) ® Oy(—2) @ Oy (E).

We note that E = Fly. Since Oy (E) ® 7*(L|z) ~ Oy (D), we have
Oy (—(Ky + E)) = Oy (1) because Oy (1) = Oy (D). Thus, —(Ky + E)
is nef and big.

On the other hand, it is not difficult to see that X is a normal
projective Gorenstein threefold, X is log canonical but not klt along
G = f(E), and that X is smooth outside G. Since we can check that
f*Kx = Ky + E, —Kx is nef and big.

Finally, we consider the short exact sequence

0—-J—0x —0x/J —0,

where J is the multiplier ideal sheaf of X. In our case, we can easily
check that J = f.Oy(—FE) = Zg, where Z is the defining ideal sheaf
of G on X. Since —Ky is nef and big, H (X, J) = 0 for every i > 0
by Nadel’s vanishing theorem (see Theorem 3.4.2). Therefore,
H'(X,0x) = H'(G,Og)
for every ¢ > 0. Since G is an elliptic curve,
HY(X,0x) = H'(G,0q) = C.
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We note that — Ky is nef and big but — K x is not log big with respect
to X.

5.9.10 (On the injectivity theorem). The final example in this sec-
tion supplements Theorem 5.6.2.

EXAMPLE 5.9.11. We consider the P*-bundle
m:X = ]P]pl(@]pl D O]pl(l)) — ]P)l.

Let S (resp. H) be the negative (resp. positive) section of m, that
is, the section corresponding to the projection Op1 @ Opi(1) — Op
(resp. Op1 @ Op1(1) — Opi(1)). Then H is semi-ample and S+ F ~ H,
where F' is a fiber of 7.

CLAIM. The homomorphism

HY(X,0x(Kx+S+H)) — H(X,0x(Kx +S+H+ S+ F))
induced by the natural inclusion Ox — Ox (S + F) is not injective.

Proor or CrLAIM. It is sufficient to see that the homomorphism

HY(X,0x(Kx+S+H)) — H(X,0x(Kx +S+ H +F))

induced by the natural inclusion Oy — Ox(F') is not injective. We
consider the short exact sequence

0— Ox(Kx+S+H)— Ox(Kx +S+H+F)

We note that F' ~ P and Op(Kr + (S + H)|r) =~ Op:. Therefore, we
obtain the following exact sequence

0—C— H' (X,Ox(Kx+S+H)) — H (X,Ox(Kx+S+H+F)) — 0.
Thus,

HY(X,0x(Kx+ S+ H)) — H' (X,0x(Kx +S+H+ F))
is not injective. We note that S + F' is not permissible with respect to

(X, 9). O

Therefore, the permissibility assumption is indispensable for Theo-
rem 5.6.2.






CHAPTER 6

Fundamental theorems for quasi-log schemes

This chapter is the main part of this book. In this chapter, we in-
troduce the notion of quasi-log schemes and establish the fundamental
theorems for quasi-log schemes.

Section 6.1 is an overview of the main results of this chapter. In
Section 6.2, we introduce the notion of quasi-log schemes. Note that our
treatment is slightly different from Ambro’s original theory of quasi-
log varieties (see [ ]). In Section 6.3, we discuss various basic
properties, for example, adjunction and vanishing theorems, of quasi-
log schemes. In Section 6.4, we show that a normal pair has a natural
good quasi-log structure. By this fact, we can apply the theory of
quasi-log schemes to normal pairs. We also treat toric polyhedra as
examples of quasi-log schemes. Section 6.5 is devoted to the proof of
the basepoint-free theorem for quasi-log schemes. In Section 6.6, we
prove the rationality theorem for quasi-log schemes. In Section 6.7,
we discuss the cone and contraction theorem for quasi-log schemes.
Thus we establish the fundamental theorems for quasi-log schemes. In
Section 6.8, we discuss some properties of quasi-log Fano schemes and
related topics. Section 6.9 is devoted to the proof of the basepoint-free
theorem of Reid—Fukuda type for quasi-log schemes. Here, we prove
it under some extra assumptions. For the details of the basepoint-free
theorem of Reid—Fukuda type for quasi-log schemes, see the author’s
recent preprint [F'40].

6.1. Overview

In this chapter, we establish the fundamental theorems for quasi-
log schemes. This means that we prove adjunction (see Theorem 6.3.4
(1)), various Kodaira type vanishing theorems (see Theorem 6.3.4 (ii)),
basepoint-free theorem (see Theorem 6.5.1), rationality theorem (see
Theorem 6.6.1), cone and contraction theorem (see Theorem 6.7.4), and
so on, for quasi-log schemes after we introduce the notion of quasi-log
schemes. Note that our formulation of the theory of quasi-log schemes
is slightly different from Ambro’s original one in [ ].

In this book, we adopt the following definition of quasi-log schemes.

201
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DEFINITION 6.1.1 (Quasi-log schemes, see Definition 6.2.2). A quasi-
log scheme is a scheme X endowed with an R-Cartier divisor (or R-line
bundle) w on X, a proper closed subscheme X_,, C X, and a finite
collection {C'} of reduced and irreducible subschemes of X such that
there is a proper morphism f : (Y, By) — X from a globally embedded
simple normal crossing pair satisfying the following properties:

(1) f*w ~R Ky + By.
(2) The natural map Ox — f.Oy([—(Bs')]) induces an isomor-
phism

Ix_.. — LOy([-(B3)] — [B7')),
where Zx___ is the defining ideal sheaf of X_ .

(3) The collection of subvarieties {C'} coincides with the images
of (Y, By )-strata that are not included in X_.

We simply write [X,w] to denote the above data
(Xawaf : (Y7 BY) - X)

if there is no risk of confusion. The subvarieties C' are called the ¢lc
strata of [ X, w].

Once we establish the following adjunction and vanishing theo-
rem for quasi-log schemes (see Theorem 6.3.4), the notion of quasi-log
schemes becomes very useful. Therefore, Theorem 6.1.2 is a key result
of the theory of quasi-log schemes. The proof of Theorem 6.1.2 heavily
depends on the results discussed in Chapter 5.

THEOREM 6.1.2 (see Theorem 6.3.4). Let [ X, w] be a quasi-log scheme
and let X' be the union of X _o, with a (possibly empty) union of some
qle strata of [X,w]. Then we have the following properties.

(i) (Adjunction). Assume that X' # X_,. Then X' is a quasi-log
scheme with W' = w|x and X' . = X_o. Moreover, the qlc
strata of [X' W' are exactly the qlc strata of [X,w] that are
included in X'.

(ii) (Vanishing theorem). Assume that @ : X — S is a proper
morphism between schemes. Let L be a Cartier divisor on X
such that L —w is nef and log big over S with respect to [X,w].
Then R'm.(Zx @ Ox (L)) = 0 for every i > 0, where Zx: is the
defining ideal sheaf of X' on X.

One of the main results of this chapter is:

THEOREM 6.1.3 (Cone and contraction theorem, Theorem 6.7.4).
Let [X,w] be a quasi-log scheme and let m : X — S be a projective
morphism between schemes. Then we have the following properties.
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(i) We have:
NE(X/S) = NE(X/S)uso + NE(X/S) -0 + Y _ Rj,

where R;’s are the w-negative extremal rays of NE(X/S) that
are rational and relatively ample at infinity. In particular, each
R; is spanned by an integral curve C; on X such that ©(C;) is
a point.

(ii) Let H be a m-ample R-divisor on X. Then there are only
finitely many R;’s included in (w + H)<o. In particular, the
R;’s are discrete in the half-space wy.

(iii) Let F be an w-negative extremal face of NE(X/S) that is rel-
atwely ample at infinity. Then F' is a rational face. In partic-
ular, ' is contractible at infinity.

We give a proof of Theorem 6.1.3 in Section 6.7 after we establish
the basepoint-free theorem for quasi-log schemes (see Theorem 6.5.1)
and the rationality theorem for quasi-log schemes (see Theorem 6.6.1).
Note that the proof of the basepoint-free theorem and the rationality
theorem is based on Theorem 6.1.2.

In Section 6.4, we see that a normal pair has a natural quasi-log
structure. By this fact, we can apply the results in this chapter to
normal pairs.

As we mentioned above, our treatment is slightly different from
Ambro’s original one. So, if the reader wants to taste the original
flavor of the theory of quasi-log varieties, then we recommend him to
see | .

6.2. On quasi-log schemes

First, let us recall the definition of globally embedded simple normal
crossing pairs in order to define quasi-log schemes.

DEFINITION 6.2.1 (Globally embedded simple normal crossing pairs,
see [F'17, Definition 2.16]). Let Y be a simple normal crossing divisor
on a smooth variety M and let D be an R-divisor on M such that
Supp(D +Y) is a simple normal crossing divisor on M and that D and
Y have no common irreducible components. We put By = Dly and
consider the pair (Y, By). We call (Y, By) a globally embedded simple
normal crossing pair and M the ambient space of (Y, By ).

Let us define quasi-log schemes.

DEFINITION 6.2.2 (Quasi-log schemes). A quasi-log scheme is a
scheme X endowed with an R-Cartier divisor (or R-line bundle) w
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on X, a proper closed subscheme X ., C X, and a finite collection
{C} of reduced and irreducible subschemes of X such that there is a
proper morphism f : (Y, By) — X from a globally embedded simple
normal crossing pair satisfying the following properties:
(1) f*w ~R Ky + By.
(2) The natural map Ox — f.Oy([—(Bs')]) induces an isomor-
phism

Ix_ .. — LOy([—(ByY)] - |BY'Y)),

where Ty _ is the defining ideal sheaf of X_ .
(3) The collection of subvarieties {C'} coincides with the images
of (Y, By )-strata that are not included in X .

We simply write [X,w] to denote the above data
(X,w,f : (Y, By) — X)

if there is no risk of confusion. Note that a quasi-log scheme [X,w] is
the union of {C'} and X_.. We also note that w is called the quasi-log
canonical class of [ X, w], which is defined up to R-linear equivalence. A
relative quasi-log scheme X /S is a quasi-log scheme X endowed with a
proper morphism 7 : X — S. We sometimes simply say that [X,w] is
a quasi-log pair. The subvarieties C' are called the glc strata of [X,w],
X _« is called the non-gle locus of [X,w], and f : (Y, By) — X is called
a quasi-log resolution of [ X, w]. We sometimes use Nqlc(X, w) to denote
X oo

For the details of the various definitions of quasi-log schemes, see
[F'39, Section 4 and Section 8§].

REMARK 6.2.3. Let Div(Y) be the group of Cartier divisors on Y
and let Pic(Y) be the Picard group of Y. Let

dy : Div(Y)® R — Pic(Y) ® R

be the homomorphism induced by A — Oy (A) where A is a Cartier
divisor on Y. When w is an R-line bundle in Definition 6.2.2,

ffw ~r Ky + By
means
f*w = (Sy(Ky + By)

in Pic(Y) ® R. Even when w is an R-line bundle, we usually use —w to
denote the inverse of w in Pic(X) ® R if there is no risk of confusion.

We give an important remark on Definition 6.2.2.
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REMARK 6.2.4 (Schemes versus varieties). A quasi-log scheme in
Definition 6.2.2 is called a quasi-log variety in | ] (see also [F'17]).
However, X is not always reduced when X_, # 0 (see Example 6.2.5
below). Therefore, we will use the word quasi-log schemes in this paper.
Note that X is reduced when X_,, = ) (see Remark 6.2.11 below).

EXAMPLE 6.2.5 (] , Examples 4.3.4]). Let X be an effective
Cartier divisor on a smooth variety M. Assume that Y, the reduced
part of X, is non-empty. We put w = (Kj + X)|x. Let X_, be
the union of the non-reduced components of X. We put Ky + By =
(Ky + X)|y. Let f:Y — X be the closed embedding. Then

(X,w,f : (Y, By) — X)

is a quasi-log scheme. Note that X has non-reduced irreducible com-
ponents if X_,, # (). We also note that f is not surjective if X_ ., # 0.

REMARK 6.2.6. A ¢lc stratum of [X,w]| was originally called a glc
center of [X,w] in the literature (see, | |, [F'17], and so on). We
changed the terminology.

DEFINITION 6.2.7 (Qlc centers). A closed subvariety C' of X is
called a glc center of [ X, w] if C'is a glc stratum of [X,w] which is not
an irreducible component of X.

For various applications, the notion of qlc pairs is very useful.

DEFINITION 6.2.8 (Qlc pairs). Let [X,w] be a quasi-log pair. We
say that [X,w| has only quasi-log canonical singularities (qlc singulari-
ties, for short) if X ., = (). Assume that [X, w] is a quasi-log pair with
X _« = 0. Then we sometimes simply say that [X,w] is a glc pair.

We give some important remarks on the non-qlc locus X_ .

REMARK 6.2.9. We put A = [—(B5')] and N = | By'|. Then we
obtain the following big commutative diagram.

0— [.Ov(A=N) — f.Oy(4) — f.On(A)

TN

04>f*OY(_N> [:Oy J«On
BIT 52T ﬂ3T
0 Ix . Ox Ox . ——0

Note that a; is a natural injection for every i. By an easy diagram
chasing,

Ix . — f.Oy(A—N)

—o0
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factors through f,Oy(—N). Then we obtain 3; and (3. Since o is
injective and o4 o (31 is an isomorphism, «; and 3; are isomorphisms.
Therefore, we obtain that f(Y) N X_,, = f(INV). Note that f is not
always surjective when X_,, # (). It sometimes happens that X__
contains some irreducible components of X. See, for example, Example
6.2.5.

REMARK 6.2.10 (Semi-normality). By restricting the isomorphism
Ix .. — [:Oy(A—N)
to the open subset U = X \ X_,, we obtain

Oy — [:Or-110)(A).
This implies that
Oy — [0 1wy

because A is effective. Therefore, f : f~1(U) — U is surjective and has
connected fibers. Note that f~!(U) is a simple normal crossing variety.
Thus, U is semi-normal. In particular, U = X \ X_, is reduced.

REMARK 6.2.11. If the pair [ X, w] has only qlc singularities, equiv-
alently, X_. = (), then X is reduced and semi-normal by Remark
6.2.10. Note that f(Y) N X_, = 0 if and only if By = By', equiva-
lently, By' = 0, by the descriptions in Remark 6.2.9.

We close this section with the definition of nef and log big divisors
on quasi-log schemes.

DEFINITION 6.2.12 (Nef and log big divisors on quasi-log schemes).
Let L be an R-Cartier divisor (or R-line bundle) on a quasi-log pair
[X,w] and let # : X — S be a proper morphism between schemes.
Then L is nef and log big over S with respect to [X,w] if L is w-nef and
L|¢ is m-big for every glc stratum C' of [ X, w].

6.3. Basic properties of quasi-log schemes

In this section, we discuss some basic properties of quasi-log schemes.
Theorem 6.3.4 is the main theorem of this section. Note that Theorem
6.3.4 heavily depends on the results discussed in Chapter 5.

The following proposition makes the theory of quasi-log schemes

flexible.

PROPOSITION 6.3.1 ([['17, Proposition 3.50]). Let f : V — W be a
proper birational morphism between smooth varieties and let By, be an
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R-divisor on W such that Supp By s a simple normal crossing divisor
on W. Assume that
Ky + By = f*(Kw + Bw)

and that Supp By is a simple normal crossing divisor on V. Then we
have

FOv([=(ByY)] = |B7Y]) = Ow([—(By')] - LBw' ).
Furthermore, let S be a simple normal crossing divisor on W such that
S C Supp Bji?. Let T be the union of the irreducible components of

B! that are mapped into S by f. Assume that Supp f; ' By U Exc(f)
1s a simple normal crossing divisor on V. Then we have

£ Or([—(BFY] = [B7']) = Os([—(Bs)] — [B5')),
where (Ky + By)|r = Kr + Br and (Kw + By)|s = Ks + Bgs.
ProoF. By Ky + By = f*(Kw + Bw), we obtain
Ky =f*(Kw + By +{Bw})
+ By | + B3 ) = (1B3'] + | BY']) — By — {Bv}.

If a(v, W, By + {Bw}) = —1 for a prime divisor v over W, then we
can check that a(v, W, Byy) = —1 by the same argument as in the proof
of Lemma 2.3.9. Since

(B + 1By ]) — (LB + [B7'])
is Cartier, we can easily see that
FUBW ]+ 1By ]) = By + By + E,

where F is an effective f-exceptional divisor. Thus, we obtain

FOv([=(B3Y)] = [B7']) = Ow([=(B3)] = [ By ).
Next, we consider the short exact sequence:

0— Ov([—=(By")] - LBy = T)
— Ov([=(Bi)] = [B7']) = Or([—(B7")] — |B7']) — 0.

Since T' = f*S — F, where F' is an effective f-exceptional divisor, we
can easily see that

FOv([=(B5Y] = By = T) = Ow([=(Bi')] — [ Bi'] = 9).
We note that
([=(By)] = [By'| =T) = (Kv +{Bv} + By = T)
= —f"(Kw + Bw).
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Therefore, every associated prime of R' f,Ov ([—(Bg)]— | Byt —T) is
the generic point of the f-image of some stratum of (V, {By }+By'—T)
(see, for example, Theorem 5.6.3, Theorem 3.16.3, and | , Theorem

6.3 (1)]).
CrAM. No strata of (V,{By}+ Bi;* —T) are mapped into S by f.

PROOF OF CLAIM. Assume that there is a stratum C of (V, { By }+
B! — T) such that f(C) C S. Note that

Supp f*S C Supp f. ' By U Exc(f)

and
Supp Byt € Supp f, ' By U Exc(f).
Since C' is also a stratum of (V, Bi;') and
C C Supp f*9,
there exists an irreducible component G of B! such that
C C G CSupp f*S.

Therefore, by the definition of T, GG is an irreducible component of T’
because f(G) C S and G is an irreducible component of Bj'. So, C'is
not a stratum of (V,{By} + Bji' — T'). This is a contradiction. O

On the other hand, f(7') C S. Therefore,
FOr([=(BFY)] = |B']) — R fOv([=(BZ")] = |Bz'| = T)
is a zero map by Claim. Thus, we obtain
FOr([=(BF")] = | B']) =~ Os([=(B5")] = [Bs'])
by the following commutative diagram.

0 0

Ow([=(Bi1 = |Bi'] = S) —= LOv([=(By)] = By = T)

~

Ow([=(By)1 = |Bii']) £:0v([=(B)] = [B7])

Os([=(Bs)] = [B5')) £Or([=(BF)] = |B7'))

0 0
We finish the proof. O
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It is easy to check:

PROPOSITION 6.3.2. In Proposition 6.3.1, let C" be a log canonical
center of (V, By) contained in T'. Then f(C") is a log canonical center
of (W, Bw) contained in S or f(C") is contained in Supp By;'. Let C be
a log canonical center of (W, By) contained in S. Then there exists a
log canonical center C" of (V, By) contained in T such that f(C") = C.

The following important theorem is missing in | ].

THEOREM 6.3.3. In Definition 6.2.2, we may assume that the am-
bient space M of the globally embedded simple mormal crossing pair
(Y, By) is quasi-projective. In particular, Y is quasi-projective.

PROOF. In Definition 6.2.2, we may assume that D + Y is an R-
divisor on a smooth variety M such that Supp(D + Y) is a simple
normal crossing divisor on M, D and Y have no common irreducible
components, and By = D|y as in Definition 6.2.1. Let g : M’ — M
be a projective birational morphism from a smooth quasi-projective
variety M’ with the following properties:

(i) Kyr + By = g"(Ky + D +Y),
(ii) Supp By is a simple normal crossing divisor on M’, and
(iii) Suppg;*(D + Y) U Exc(g) is also a simple normal crossing
divisor on M.
Let Y/ be the union of the irreducible components of B3} that are
mapped into Y by g. We put

(KM/ + BM/>|Y/ = KY/ +BY’
Then
9Oy ([=(B3))] = | By ]) = Oy ([=(Bs)] = [BY))
by Proposition 6.3.1. This implies that
IX—oo — f*g*OY’([_(B}f’lﬂ - LB}%} )
By the above construction,
Ky/ + By/ = g*(Ky + By) ~R g*f*w.

By Proposition 6.3.2, the collection of subvarieties {C'} in Definition
6.2.2 coincides with the images of (Y’, By/)-strata that are not con-
tained in X . Therefore, by replacing M and (Y, By) with M’
and (Y, By/), we may assume that the ambient space M is quasi-
projective. U
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The following theorem is a key result for the theory of quasi-log
schemes. It follows from the Kollar type torsion-free and vanishing
theorem for simple normal crossing varieties discussed in Chapter 5

(see Theorem 5.6.3 and Theorem 5.7.3).

THEOREM 6.3.4 (see | , Theorems 4.4 and 7.3] and [F'17, The-
orem 3.39]). Let [X,w] be a quasi-log scheme and let X' be the union of
X_ o with a (possibly empty) union of some qlc strata of [X,w]. Then
we have the following properties.

(i) (Adjunction). Assume that X' # X_,. Then X' is a quasi-log
scheme with W' = w|x and X' ., = X_o,. Moreover, the qlc
strata of [X',w'] are exactly the qlc strata of [X,w| that are
included in X'.

(ii) (Vanishing theorem). Assume that 7 : X — S is a proper
morphism between schemes. Let L be a Cartier divisor on X
such that L —w is nef and log big over S with respect to [X,w].
Then R (Zx: @ Ox (L)) = 0 for every i > 0, where Ix: is the
defining ideal sheaf of X' on X.

PROOF. By taking some blow-ups of the ambient space M of (Y, By),

we may assume that the union of all strata of (Y, By) mapped to X,
which is denoted by Y”, is a union of irreducible components of Y (see
Proposition 6.3.1). We put Ky + By = (Ky+By)|y:and Y =Y -Y".
We prove that f: (Y, By/) — X’ gives the desired quasi-log structure
on [ X', w']. By construction, we have f*w' ~p Ky + By, on Y. We
put A = [—(Bs")] and N = |By']. We consider the following short
exact sequence

0— Oyn(=Y') = Oy — Oy — 0.
By applying ® Oy (A — N), we have
0— Oy(A—N-Y')—> Oy(A—N) — Oy:(A—N) — 0.
By applying f., we obtain
0— fiOyn(A—=N—-Y') = f.Oy(A—N) — f.Oy/(A—N)
— R'f.Oyn(A=N-=Y") — ..

By Theorem 5.6.3, no associated prime of R!f,Oy»(A — N —Y’) is
contained in X’ = f(Y”). We note that

(A — N — Y,)|Y” — (KY” + {BY”} + B;,l, — Yllyu) = _(KY” + BYN)

~r —(f"w)lyn,
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where Ky~ + Byn = (Ky + By)|y~. Therefore, the connecting homo-
morphism ¢ : f,Oy/(A—N) — R f,Oyn(A— N —Y") is zero. Thus we
obtain the following short exact sequence

0— f*Oy//(A — N — Y/) — IXfoc — f*Oy/(A - N) — 0.

We put Zx: = f.Oyn(A—N—Y"). Then Zx: defines a scheme structure
on X' We put Tx» = Ix_/Zx:. Then Iy =~ f.Oy/(A — N) by
the above exact sequence. By the following big commutative diagram:

O e f*Oy//(A - N - Y/) —_— f*Oy<A - N) _— f*Oy/(A — N) E——

i i |

0 f*OY”(A - Y,) f*OY (A) f*OY’<A)
0 IX/ OX OX/

we can see that Ox: — f.Oy+([—(Bs!)]) induces an isomorphism
Iy — fOv([=(By)] = | By ).

Therefore, [X', '] is a quasi-log pair such that X' = X_,,. We note
the following big commutative diagram.

0 0
0 Ty Ix_ . —1Ix  —0
0 Txr Ox Ox 0
Ox ., —Ox/ _
0 0

By construction, the property on qlc strata is obvious. So, we obtain
the desired quasi-log structure of [ X', w'] in (i).

Let f: (Y, By) — X be a quasi-log resolution as in the proof of (i).
If X' = X_ in the above proof of (i), then we can easily see that

f*OyH(A — N — Y/) ~ f*Oy//(A — N) ~ IX*OO ZIX/.

0
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Note that
fH(L—w) ~r f*L — (Kyn + Byn)

on Y" where Ky» + By» = (Ky + By)|y». We also note that

f*L — (KY// =+ BY”)

=(f"L+A—=N=Y')ly» — (Ky» +{Byr} + Byw = Y'ly»)
and that no stratum of (Y”,{By~}+ By) —Y'|y~) is mapped to X .
Then, by Theorem 5.7.3, we have

Riﬂ'*(f*Oy//(f*L +A—N — Y/)) = Rin*(IX/ X OX<L)) =0
for every ¢ > 0. Thus, we obtain the desired vanishing theorem in
(ii). O

Let us recall the following well-known lemma for the reader’s con-

venience (see | , Proposition 4.7] and [F'17, Proposition 3.44]).

LEMMA 6.3.5. Let [X,w]| be a quasi-log scheme with X_o, = 0.
Assume that X is the unique glc stratum of [ X,w|. Then X is normal.

The following proof is different from Ambro’s original one (see
[ , Proposition 4.7]).

ProoF. Let f : (Y,By) — X be a quasi-log resolution. Since
X o =0, we have f.Oy([—(Bs')]) ~ Ox. This implies that f,Oy ~
Ox. Let v : X¥ — X be the normalization. By assumption, X is
irreducible and every stratum of (Y, By) is mapped onto X. Thus
the indeterminacy locus of v"1o f : Y --» X" contains no strata of
(Y, By ). By modifying (Y, By) suitably by Proposition 6.3.1, we may
assume that f:Y — X factors through X".

N

XV —X

Note that the composition
OX — I/*OXV — V*T*Oy = f*Oy ~ OX

is an isomorphism. This implies that Ox ~ v,Oxv. Therefore, X is
normal. U

We introduce Ngklt(X,w), which is a generalization of the notion
of non-klt loci of normal pairs.
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NOTATION 6.3.6. Let [X,w]| be a quasi-log scheme. The union
of X_, with all glc centers of [X,w] is denoted by Nqklt(X,w). If
Nklt(X,w) # X_w, then

[qult (Xa (,(J), w'qult(X7w)]
is a quasi-log scheme by Theorem 6.3.4 (i). Note that Nqklt(X,w) is

denoted by LCS(X) and is called the LCS locus of a quasi-log scheme
[ X, w] in [ , Definition 4.6].

Theorem 6.3.7 is also a key result for the theory of quasi-log schemes.

THEOREM 6.3.7 (see | , Proposition 4.8] and [F'17, Theorem
3.45]). Assume that [X,w] is a quasi-log scheme with X_o, = (. Then
we have the following properties.

(i) The intersection of two qlc strata is a union of qlc strata.

(ii) For any closed point x € X, the set of all glc strata passing
through x has a unique minimal (with respect to the inclusion)
element C,. Moreover, C, is normal at x.

PRrROOF. Let C; and Cy be two gle strata of [X,w]. We fix P €
C1NCs. Tt is enough to find a gle stratum C such that P € C' C C1NCs.
The union X’ = C} U Cy with ' = w|x/ is a glc pair having two
irreducible components. Hence, it is not normal at P. By Lemma
6.3.5, P € Naklt(X’,w"). Therefore, there exists a qlc stratum C' C Cy
with dim C' < dim C4 such that P € C N Cy. If C C Cy, then we are
done. Otherwise, we repeat the argument with C'; = C' and reach the
conclusion in a finite number of steps. So, we finish the proof of (i). The
uniqueness of the minimal (with respect to the inclusion) glc stratum

follows from (i) and the normality of the minimal stratum follows from
Lemma 6.3.5. Thus, we have (ii). O

Lemma 6.3.8 is obvious. We will sometimes use it implicitly in the
theory of quasi-log schemes.

LEMMA 6.3.8. Let [X,w] be a quasi-log scheme. Assume that X =
VUX_ o and VN X_o =0. Then [V,w|v] is a quasi-log scheme with
only quasi-log canonical singularities.

The following lemma is a slight generalization of | , Lemma
3.71], which will play a crucial role in the proof of the rationality the-
orem for quasi-log schemes (see Theorem 6.6.1).

LEMMA 6.3.9 (see [F'17, Lemma 3.71] and [F'40, Lemma 3.16]).
Let [X,w] be a quasi-log scheme with X _o, = 0 and let © € X be a
closed point. Let Dy, Do, --- , Dy be effective Cartier divisors on X

such that x € Supp D; for everyi. Let f : (Y, By) — X be a quasi-log
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resolution. Assume that the normalization of (Y, By + Zle f*D;) is
sub log canonical. This means that (Y",Z) is sub log canonical, where
v:Y" =Y is the normalization and

k
Kyv +Z=v"(Ky + By + Y _ f*Dy).
i=1
Note that it requires that no irreducible component of Y is mapped into
Ule Supp D;. Then k < dim, X. More precisely, k < dim, C,, where
C., is the minimal qlc stratum of [ X, w| passing through x.

Proor. We prove this lemma by induction on the dimension.

STEP 1. By Proposition 6.3.1, we may assume that
k
(Y,Supp By + Y _ f*D;)
i=1

is a globally embedded simple normal crossing pair. Note that

FOy([=(BFN)]) = Ox.
Therefore, there is a stratum S; of (Y, By + f*D;) mapped onto D;
for every i. Note that f : (Y, By + Zle f*D;) — X gives a natural

quasi-log structure on [X,w + Zle D;] with only quasi-log canonical
singularities.

STEP 2. In this step, we assume that dim, X = 1. If x is a glc
stratum of [X,w], then we have k = 0. Therefore, we may assume
that = is not a gle stratum of [X,w]. By shrinking X around z, we
may assume that every stratum of (Y, By) is mapped onto X. Then
X is irreducible and normal (see Lemma 6.3.5), and f : Y — X is flat.
In this case, we can easily check that f.Oy([—(Bs')]) =~ Ox implies
k<1=dim,X.

STEP 3. We assume that dim, X > 2. If x is a glc stratum of [ X, w],
then & = 0. So we may assume that x is not a glc stratum of [ X, w]. Let
C' be the minimal gle stratum of [ X, w] passing through 2. By shrinking
X around z, we may assume that C' is normal (see Theorem 6.3.7). By
Proposition 6.3.1, we may assume that the union of all strata of (Y, By)
mapped to C, which is denoted by Y’, is a union of some irreducible
components of Y. Then f : (Y', By/) — C gives a natural quasi-log
structure induced by the original quasi-log structure f : (Y, By) — X
(see Theorem 3.2.7). Therefore, by the induction on the dimension,
we have k£ < dim, C < dim, X when dim, C < dim, X. Thus we
may assume that X is the unique glc stratum of [X,w]. Note that f :
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(Y, By + f*D;) — X gives a natural quasi-log structure on [X,w+ D; |
with only quasi-log canonical singularities. Let X’ be the union of glc
strata of [X,w + D] contained in Supp D;. Then [X', (w + Dy)|x/] is
a glc pair with dim, X’ < dim, X. Note that [ X', (w + D;)|x/] with
Ds|xr, -+, Dg|x: satisfies the condition similar to the original one for
[X,w] with Dy, -, Dy. Therefore, k — 1 < dim, X’ < dim, X. This
implies £ < dim,, X.

Anyway, we obtained the desired inequality k£ < dim, C,, where C,
is the minimal glc stratum of [ X, w] passing through z. O

6.4. On quasi-log structures of normal pairs

In this section, we see that a normal pair has a natural quasi-log
structure. By this fact, we can use the theory of quasi-log schemes
for the study of normal pairs. Moreover, we discuss toric varieties and
toric polyhedra as examples of quasi-log schemes.

6.4.1 (Quasi-log structures for normal pairs). Let (X, B) be a nor-
mal pair, that is, X is a normal variety and B is an effective R-divisor
on X such that Kx + B is R-Cartier. We put w = Kx + B. Let
f:Y — X be a resolution such that Supp f, !B U Exc(f) is a simple
normal crossing divisor on Y. We put

Ky + By = f*(Kx + B).

Since B is effective, [—(By')] is effective and f-exceptional. Therefore,
[0y ([=(B1)]) ~ Ox. We put

Ix_.. = [Oy([=(BFY)] = [ BF)).

Then Zx__ is an ideal sheaf on X. By Proposition 6.3.1, Zx__ is
independent of the resolution f : Y — X. It is nothing but the non-lc
ideal sheaf Inp.c(X, B) of the pair (X, B). By this ideal sheaf Zx___, we
define a proper closed subscheme X_, of X. Let {C'} be the set of log
canonical strata of (X, B). Then, by definition, the set {C'} coincides
with the images of (Y, By )-strata that are not included in X_,. We
put M =Y xCand D = B xC. Then (Y, By) ~ (Y x {0}, By x {0})
is a globally embedded simple normal crossing pair with the ambient
space M. Therefore, the data

(X,w,f :(Y,By) — X)

gives a natural quasi-log structure, which is compatible with the orig-
inal structure of the normal pair (X, B). By the above description,
(X, B) is log canonical if and only if (X,w, f : (Y, By) — X) has only
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qlc singularities. Therefore, the notion of glc pairs is a generalization
of that of log canonical pairs.

6.4.2. We use the same notation as in 6.4.1. Let X’ be the union of
X _« with a union of some log canonical centers of (X, B). Then, by
Theorem 6.3.4 (i), X’ has a natural quasi-log structure with w’ = w|x
and X' = X_ .. Moreover, the glc strata of [X' '] are exactly
the log canonical centers of (X, B) that are contained in X’. By the
proof of Theorem 6.3.4 and Proposition 6.3.1, we can easily check that
the quasi-log structure of [X’ '] is essentially unique, that is, it is
independent of the resolution f:Y — X.

By the descriptions in 6.4.1 and 6.4.2, Theorem 3.16.4 and Theorem
3.16.5 become special cases of Theorem 6.3.4 (ii).

We can treat toric varieties and toric polyhedra as examples of
quasi-log schemes.

6.4.3 (Toric polyhedron). Here, we freely use the basic notation of
the toric geometry (see, for example, [Ful]).

DEFINITION 6.4.4. For a subset ® of a fan A, we say that ® is star
closedif c € &, 7 € A and ¢ < 7 imply 7 € .

DEFINITION 6.4.5 (Toric polyhedron). For a star closed subset ®
of a fan A, we denote by Y = Y(®) the subscheme J, 4 V(o) of
X = X(A), and we call it the toric polyhedron associated to ®.

Let X = X(A) be a toric variety and let D be the complement of
the big torus. Then the following property is well known and is easy
to check.

PROPOSITION 6.4.6. The pair (X, D) is log canonical and K x+D ~
0. Let W be a closed subvariety of X. Then, W is a log canonical center

of (X, D) if and only if W =V (o) for some o € A\ {0}.

Therefore, we have the following theorem by adjunction (see Theo-
rem 6.3.4 (i)).

THEOREM 6.4.7. Let Y = Y (®) be a toric polyhedron on X =
X(A). Then, the log canonical pair (X, D) induces a natural quasi-log
structure on [Y,0]. Note that [Y,0] has only qlc singularities. Let W
be a closed subvariety of Y. Then, W is a qlc stratum of [Y,0] if and
only if W =V (o) for some o € ®.

Thus, we can use the theory of quasi-log schemes to investigate
toric varieties and toric polyhedra. For example, we have the following
result as a special case of Theorem 6.3.4 (ii).



6.5. BASEPOINT-FREE THEOREM FOR QUASI-LOG SCHEMES 217

COROLLARY 6.4.8. We use the same notation as in Theorem 6..7.
Assume that X is projective and L is an ample Cartier divisor on X.
Then H(X,Zy @ Ox (L)) = 0 for every i > 0, where Iy is the defining
ideal sheaf of Y on X. In particular, the restriction map

H°(X,0x(L)) — H°(Y, Oy (L))
18 surjective.

We can prove various vanishing theorems for toric varieties and toric
polyhedra without appealing the results in Chapter 5. For the details,
see [F11] and [F'16].

6.5. Basepoint-free theorem for quasi-log schemes

Theorem 6.5.1 is the main theorem of this section. It is | ,
Theorem 5.1].

THEOREM 6.5.1 (Basepoint-free theorem). Let [X,w] be a quasi-log
scheme and let m : X — S be a projective morphism between schemes.
Let L be a m-nef Cartier divisor on X. Assume that

(i) gL — w is m-ample for some real number ¢ > 0, and
(ii) Ox__(mL) is m|x__ -generated for every m > 0.
Then Ox(mL) is w-generated for every m > 0, that is, there ezists a

positive number mg such that Ox(mL) is m-generated for every m >
my.

Before we prove Theorem 6.5.1, let us prepare some lemmas. Lemma
6.5.2 is a variant of Shokurov’s concentration method (see, for example,
[Sh1] and | , Section 3.5]).

LEMMA 6.5.2 (see [F'28, Lemma 12.2]). Let f : Y — Z be a projec-
tive morphism from a normal variety Y onto an affine variety Z. Let'V
be a general closed subvariety of Y such that f:V — Z 1is generically
finite. Let M be an f-ample R-divisor on Y. Assume that

(M|p)* > km¢,

where F' is a general fiber of f 'Y — Z, d = dim F, and k is the
mapping degree of f 'V — Z. Then we can find an effective R-Cartier
R-divisor D on Y such that

D ~p M

and that multy D > m. If M s a Q-diwvisor, then we can make D a
Q-dwisor with D ~q M.
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PrRooOF. We can write
M:M1+(IQM2+"'+CLZMZ,

where M, is an f-ample Q-divisor such that (M;|r)? > km?, a; is a
positive real number, and M; is an f-ample Cartier divisor for every .
If M is a Q-divisor, then we may assume that [ = 2 and as is rational.
Let Zy be the defining ideal sheaf of V on Y. We consider the following
exact sequence

0= f(Oy(pM1) ® I7") — f.Oy (pM)
— [(Oy(pM1) ® Oy /Iy") — -
for a sufficiently large and divisible positive integer p. By restricting
the above sequence to a sufficiently general fiber F' of f, we can check
that the rank of f.Oy(pM;) is greater than that of f,(Oy(pM;) ®

Oy /Z{™) by the usual estimates (see Lemma 6.5.3 below). Therefore,
[(Oy (pM;) @ TV™) # 0. Let D; be a member of

H(Z, f.(Oy(pMy) @ T)™)) = H(Y, Oy (pM:) @ I}

and let D; be an effective Q-Cartier Q-divisor such that D; ~q M; for
i > 2. We can take Dy with multyDy > 0. Then D = (1/p)D; +
as Dy + - -+ + a; D, satisfies the desired properties. O

We note the following well-known lemma. The proof is obvious.

LEMMA 6.5.3. Let X be a normal projective variety with dim X = d
and let A be an ample Q-divisor on X such that aA is Cartier for some
positive integer a. Then

hO(X, Ox(taA)) = x(X, Ox(taA))
taA)?
= (tad) + (lower terms in t)

d!

by the Riemann—Roch formula and Serre’s vanishing theorem for every
t>0.
Let P € X be a smooth point. Then

dime O /mS — (O‘ o d)

d

T
for all a > 1, where mp is the maximal ideal associated to P.

+ (lower terms in «)

Let us start the proof of Theorem 6.5.1.
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PROOF OF THEOREM 6.5.1. Without loss of generality, we may
assume that S is affine. We use induction on the dimension of dim X \
X_oo. Theorem 6.5.1 is obviously true when dim X \ X_, = 0.

Cramm 1. Ox(mL) is m-generated around Naklt(X,w) for every
m > 0.

PrROOF OF CrAmM. We put X’ = Nqgklt(X,w). Then [ X', '], where
W' = w|x, is a quasi-log scheme by adjunction when X’ # X_ (see
Theorem 6.3.4 (i)). If X' = X_, then Ox/(mL) is m-generated for
every m > 0 by the assumption (ii). If X' # X ., then Ox/(mL)
is m-generated for every m > 0 by induction on the dimension of
X\ X_. By Theorem 6.3.4 (ii), R'm.(Zx: ® Ox(mL)) = 0 for every
m > q. Therefore, the restriction map m.Ox(mL)) — m.Ox/(mL) is
surjective for every m > ¢. By the following commutative diagram:

m.0x(mL) —= m*1,.Ox/(mL) — (

| l

Ox (mL) OX/(mL)

0,
we know that Ox(mL) is m-generated around X’ for every m > 0. O

CrLAM 2. Ox(mL) is w-generated on a non-empty Zariski open set
for every m > 0.

PrOOF OF CLAIM. By Claim 1, we may assume that Ngklt(X,w)
is empty. Without loss of generality, we may assume that X is con-
nected. Then, by Theorem 6.3.7 and Lemma 6.3.5, X is irreducible
and normal. Therefore, we may further assume that S is an irreducible
variety.

If L is m-numerically trivial, then m,.Ox(L) is not zero. This is
because

hO(XmOXn(L)) X(Xn’oXn(L))

X(X'ﬂ’ OXT]) = hO(Xn7 OX’I]) > O

by Theorem 6.3.4 (ii) and by [Kle, Chapter II §2 Theorem 1], where
X, is the generic fiber of 7 : X — S. Let D be a general member of
|L|. Let f: (Y,By) — X be a quasi-log resolution and let M be the
ambient space of (Y, By). By taking blow-ups of M, we may assume
that (Y, Supp By + f*D) is a globally embedded simple normal crossing
pair by Proposition 6.3.1. We note that every stratum of (Y, By) is
mapped onto X by assumption. We can take a positive real number
¢ < 1 such that By + ¢f*D is a subboundary and some stratum of
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(Y, By + c¢f*D) does not dominate X. Note that f.Oy([—(Bs')]) =~
Ox. Then f: (Y, By +cf*D) — X gives a natural quasi-log structure
on the pair [ X, w + ¢D] with only qlc singularities. We note that ¢L —
(w + ¢D) is m-ample. By Claim 1, Ox(mL) is m-generated around
Ngklt(X,w + ¢D) # 0 for every m > 0. So, we may assume that L is
not m-numerically trivial.

We take a general closed subvariety V' of X such that 7 : V — S
is generically finite. Then we can take an effective R-Cartier R-divisor
D on X such that multy D > k- codimyxV, where k is the mapping
degree of # : 'V — S, and that D ~g (¢ + r)L — w for some r >
0 by Lemma 6.5.2. By taking blow-ups of M, we may assume that
(Y,Supp By + f*D) is a globally embedded simple normal crossing
pair by Proposition 6.3.1. By the construction of D, we can find a
positive real number ¢ < 1 such that By + c¢f*D is a subboundary
and some stratum of (Y, By + ¢f*D) does not dominate X. Note
that f.Oy([—(Bs')]) =~ Ox. Then f : (Y,By + c¢f*D) — X gives
a natural quasi-log structure on the pair [X,w + ¢D] with only qlc
singularities. We note that ¢'L — (w + ¢D) is m-ample by ¢ < 1, where
¢ = q+cr. By construction, Ngklt(X, w+¢D) is non-empty. Therefore,
by applying Claim 1 to [X,w + ¢D], Ox(mL) is m-generated around
Ngklt(X,w + ¢D) for every m > 0.

So, we finish the proof of Claim 2. O

Let p be a prime number and let [ be a large integer. Then we
have that m,Ox(p'L) # 0 by Claim 2 and that Ox(p'L) is m-generated
around Ngklt(X,w) by Claim 1.

CLAIM 3. If the relative base locus Bsy |p' L| (with the reduced scheme
structure) is not empty, then there exists a positive integer a such that
Bs, [p¥L| is strictly smaller than Bs, |p'L|.

PrROOF OF CLAIM. Let f : (Y,By) — X be a quasi-log resolu-
tion. We take a general member D € [p'L|. We note that S is
affine and [p'L| is free around Nqklt(X,w). Thus, f*D intersects any
strata of (Y, Supp By) transversally over X \ Bs, |p'L| by Bertini and
f*D contains no strata of (Y, By). By taking blow-ups of M suit-
ably, we may assume that (Y, Supp By + f*D) is a global embedded
simple normal crossing pair by Proposition 6.3.1. We take the max-
imal positive real number ¢ such that By + c¢f*D is a subboundary
over X \ X_. We note that ¢ < 1. Here, we used the fact that
Ox =~ £.Oy([—=(Bs")]) over X \ X_«. Then f: (Y, By +cf*D) — X
gives a natural quasi-log structure on the pair [X,w’ = w + ¢D]. Note
that Ngle(X,w) = Nqle(X,w') by construction. We also note that
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[X,w'] has a glc center C' that intersects Bs, [p'L| by construction.
By induction on the dimension, Ocyx__ (mL) is w-generated for every
m > 0 since (¢ + cp')L — (w +¢D) is m-ample. We can lift the sections
of Ocux_..(mL) to X for m > q + c¢p' by Theorem 6.3.4 (ii). Then
we obtain that Ox(mL) is m-generated around C' for every m > 0.
Therefore, Bs, [p®L]| is strictly smaller than Bs, |p'L| for some positive
integer a U

CrAaM 4. Ox(mL) is w-generated for every m > 0.

ProoOF oF CrAIM. By Claim 3 and the noetherian induction, we
obtain that Ox (p'L) and OX(p’l/L) are m-generated for large [ and [,
where p and p’ are prime numbers and they are relatively prime. So,
there exists a positive number mq such that Ox(mL) is m-generated
for every m > my. O

Thus we obtained the desired result. ]

Corollary 6.5.4 is a special case of Theorem 6.5.1. Note that a log
canonical pair has a natural quasi-log structure with only qlc singular-
ities (see 6.4.1).

COROLLARY 6.5.4 (Basepoint-free theorem for log canonical pairs,
see [F'27] and [F'28]). Let (X,A) be a log canonical pair and let 7 :
X — S be a projective morphism. Let L be a m-nef Cartier divisor
on X. Assume that gL — (Kx + A) is m-ample for some positive real
number q. Then Ox(mL) is m-generated for every m > 0.

We strongly recommend the reader to see | , Section 2|, where we
describe the difference between the approach discussed in this section
and the framework established in [F28&].

6.6. Rationality theorem for quasi-log schemes

In this section, we prove the following rationality theorem for quasi-
log schemes (see | , Theorem 5.9]).

THEOREM 6.6.1 (Rationality theorem). Assume that [X,w] is a
quasi-log scheme such that w is Q-Cartier. This means that w is R-
linearly equivalent to a Q-Cartier divisor (or a Q-line bundle) on X.
Let m: X — S be a projective morphism between schemes and let H be
a m-ample Cartier divisor on X. Assume that v is a positive number
such that

(1) H + rw is m-nef but not m-ample, and
(2) (H +rw)|x_., is 7|x_ -ample.
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Then r is a rational number, and in reduced form, r has denominator
at most a(dim X + 1), where aw is R-linearly equivalent to a Cartier
divisor (or a line bundle) on X .

Before the proof of Theorem 6.6.1, we recall the following lemmas.

LEMMA 6.6.2 (see [ , Lemma 3.19]). Let P(x,y) be a non-
trivial polynomial of degree < n and assume that P vanishes for all
sufficiently large integral solutions of 0 < ay — rx < e for some fixed
positive integer a and positive € for some r € R. Then r is rational,
and in reduced form, r has denominator < a(n +1)/e.

PROOF. We assume that r is irrational. Then an infinite number of
integral points in the (z, y)-plane on each side of the line ay—rxz = 0 are
closer than €/(n + 2) to that line. So there is a large integral solution
(«',y') with 0 < ay’ —ra’ < e/(n+ 2). In this case, we see that

(Qx,v 2y/)’ T ((n + 1)%’, (n + 1)?/)

are also solutions by hypothesis. So (y'z — z'y) divides P, since P and
(y'z — 2'y) have (n + 1) common zeroes. We choose a smaller ¢ and
repeat the argument. We do this n + 1 times to get a contradiction.
Now we assume that r = w/v in lowest terms. For given j, let
(2',y") be a solution of ay — rx = aj/v. Note that an integral solution
exists for every j. Then we have a(y'+ku)—r(z'+akv) = aj/v for all k.
So, as above, if aj/v < ¢, (ay —rz) — (aj/v) must divide P. Therefore,
we can have at most n such values of j. Thus a(n+1)/v > «. O

LEMMA 6.6.3. Let C be a projective variety and let Dy and Dy be
Cartier divisors on X. Consider the Hilbert polynomial

P(Ul,UQ) = X(C, Oc(ulDl + 'LLQDQ)).

If Dy is ample, then P(uq,us) is a nontrivial polynomial of total degree
< dimC. This is because P(uy,0) = h°(C,Oc(uiDy)) # 0 if uy is
sufficiently large.

ProoOF oF THEOREM 6.6.1. Without loss of generality, we may
assume that aw itself is Cartier. Let m be a positive integer such that
H' = mH is w-very ample. If H' 4+ r’w is w-nef but not m-ample, and
(H' 4+ r'w)|Nqle(X w) 18 T|Ngie(x,w)-ample, then we have

1
H+rw=—(H +1'w).
m

This gives r = %r’ . Thus, r is rational if and only if r" is rational. As-
sume furthermore that r’ has denominator v. Then r has denominator
dividing mwv. Since m can be arbitrary sufficiently large integer, this
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implies that r has denominator dividing v. Therefore, by replacing H
with mH, we may assume that H is very ample over S.

For each (p,q) € Z?, let L(p,q) denote the relative base locus of
the linear system associated to M(p,q) = pH + gaw on X (with the
reduced scheme structure), that is,

L(p,q) = Supp(Coker (7" m.Ox (M (p, q)) — Ox(M(p,q))))-
By definition, L(p,q) = X if and only if m.Ox (M (p,q)) = 0.

CLAM 1 (cf. | , Claim 3.20]). Let ¢ be a positive real number
with € < 1. For (p,q) sufficiently large and 0 < aq — rp < &, L(p,q) is
the same subset of X. We call this subset Ly. Let I C Z? be the set of
(p,q) for which 0 < aq—rp <1 and L(p,q) = Lo. Then I contains all
sufficiently large (p,q) with 0 < ag —1rp < 1.

PROOF. We fix (po, o) € Z?* such that py > 0and 0 < agg—rpo < 1.
Since H is m-very ample, there exists a positive integer my such that
Ox(mH + jaw) is m-generated for every m > mg and every 0 < j <
qo — 1. Let M be the round-up of

(4 2)/ (=50

If (p,¢') € Z* such that 0 < ag’ —rp’ < 1 and ¢ > M + gy — 1, then
we can write
p'H + ¢ aw = k(poH + qoaw) + (IH + jaw)

for some kK > 0, 0 < 57 < g9 — 1 with [ > mg. This is because we
can uniquely write ¢ = kqo + 7 with 0 < j < g9 — 1. Thus, we have
kqgo > M. So, we obtain

1 1
L=p —kpy> 2 — = — (k)22 > (9 _ p—0>M— 2> me.
T T

do T qo r
Therefore, L(p',q") C L(po, qo). By the noetherian induction, we obtain
the desired closed subset Ly C X and I C Z2. O

CLAM 2. We have Lo N Ngle(X,w) = 0.

PROOF. We take (o, 3) € Q? such that o > 0, 8 > 0, and Ba/a > r
is sufficiently close to r. Then (aH + faw)|Ngie(x,w) 15 T|Ngle(xX w)-ample
because (H + 7w)|Ngle(x,w) 18 T|Ngle(xw)-ample. If 0 < ag —rp < 1 and
(p,q) € Z* is sufficiently large, then

M(p,q) = mM (e, B) + (M(p, q) — mM(c, 5))
such that M (p,q) — mM («a, 3) is m-very ample and that

m(aH + Baw)|Ngle(x w)
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is also 7|ngle(xw)-very ample. It can be checked by the same argument
as in the proof of Claim 1. Therefore, Ongic(xw)(M(p,q)) is m-very
ample. Since

W*OX(M(}% Q)) - 7T*(I)NIC(X,B)<]\4(p7 Q))

is surjective by the vanishing theorem: Theorem 6.3.4 (ii), we obtain
L(p,q) N Ngle(X,w) = (). We note that

M(p,q) —w = pH + (qa — 1w
is m-ample because (p, q) is sufficiently large and ag—rp < 1. By Claim
1, we have Ly N Nqle(X,w) = 0. O

CrAmM 3. We assume that v is not rational or that v is rational
and has denominator > a(n + 1) in reduced form, where n = dim X .
Then, for (p,q) sufficiently large and 0 < aq —rp < 1, Ox(M(p,q)) is
m-generated at the generic point of every qlc stratum of [ X, w].

Proor or CrLAIM. We note that
M(p,q) —w = pH + (qa — 1)w.

If ag—rp < 1 and (p, q) is sufficiently large, then M(p,q) — w is 7-
ample. Let C be a glc stratum of [ X, w]. We note that we may assume
C' N Nqle(X,w) = 0 by Claim 2. Then

Pe, (p,q) = x(Cy, Oc, (M (p,q)))

is a non-zero polynomial of degree at most dim C,, < dim X by Lemma
6.6.3. Note that C,, is the generic fiber of C' — 7(C'). By Lemma 6.6.2,
there exists (p,q) such that Fc, (p,q) # 0, (p,q) sufficiently large, and
0 < aq —rp < 1. By the m-ampleness of M(p, q) — w,

Pe,(p,q) = x(Cy, Oc, (M(p. ) = h*(Cy, Oc, (M (p. q)))
and
m.Ox(M(p,q)) — 7.0c(M(p,q))
is surjective by Theorem 6.3.4 (ii). We note that

Rlﬂ'* (ICUquc(X,w) & Ox(M(p, Q))) =0

by the vanishing theorem (see Theorem 6.3.4 (ii)) and that Nqle(X, w)N
C = (). Therefore, Ox(M(p,q)) is m-generated at the generic point of
C'. By combining this with Claim 1, Ox (M (p, q)) is m-generated at the
generic point of every glc stratum of [ X, w] if (p, ¢) is sufficiently large
with 0 < aqg —rp < 1. So, we obtain Claim 3. U
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Note that Ox(M(p,q)) is not w-generated for (p,q) € I because
M (p, q) is not m-nef. Therefore, Ly # (. We shrink S to an affine open
subset intersecting m(Lg). Let Dq,---, D11 be general members of

m.Ox (M (po, q0)) = H°(X, Ox(M(po, @0)))
with (po,qo) € I. Let f : (Y,By) — X be a quasi-log resolution of
[ X, w]. We consider f : (Y, BY—I—Z?:JT f*D;) — X. By taking blow-ups
of the ambient space M of (Y, By ), we may assume that (Y, Supp By +
Z?:f f*D;) is a globally embedded simple normal crossing pair by

Proposition 6.3.1. We can take the maximal positive real number ¢
such that By + ¢ 3. f*D; is subboundary over X \ Nqle(X,w) by

(2

Claim 3. Note that f*D; contains no strata of (Y, By) for every i
since D; is a general member of H°(X, Ox(M(p,q))) for every i (see
Claim 3). On the other hand, ¢ < 1 by Lemma 6.3.9. Then f :
(Y, By + czgll f*D;) — X gives a natural quasi-log structure on

the pair [X,w + ¢D], where D = Z?Ill D;. By construction, the pair

[X,w + ¢D] has some qglc centers contained in Ly. Let C' be a dlc
center contained in Ly. We note that Nqlc(X,w) = Nqle(X,w+c¢D) by
construction. In particular, CNNgle(X,w+cD) = CNNgle(X,w) = 0.
We consider

w+cD =cn+ 1)poH + (1 + c(n + 1)ga)w.
Thus we have
pH + gaw — (w + ¢D)
=(p—cn+Dpy)H + (ga — (1 + ¢(n+ 1)ga))w.
If p and ¢ are large enough and 0 < aqg — rp < aqy — rpo, then
pH + gaw — (w + ¢D)
is m-ample. This is because
(p—c(n+ po)H + (qa — (1 +¢(n + 1)goa))w
= (p— (I +cn+1)po)H + (qa — (1 4 ¢(n +1))goa)w
+poH + (qoa — 1)w.

Suppose that r is not rational. There must be arbitrarily large (p, q)
such that 0 < aqg —rp < € = aqy — rpy and

xX(Cy, Oc, (M(p,q))) #0

by Lemma 6.6.2 because

Pe,(p,q) = x(Cy, Oc, (M(p, q)))



226 6. FUNDAMENTAL THEOREMS FOR QUASI-LOG SCHEMES

is a nontrivial polynomial of degree at most dim C,, by Lemma 6.6.3.
Since M (p,q) — (w + ¢D) is m-ample by 0 < ag — rp < aqo — po, We
have

h*(Cy, Oc, (M (p,q))) = X(Cy, Oc, (M (p, q))) # 0
by the vanishing theorem: Theorem 6.3.4 (ii). By the vanishing theo-
rem: Theorem 6.3.4 (ii),

mOx(M(p,q)) — mO0c(M(p, q))
is surjective because M (p,q) — (w + ¢D) is m-ample. We note that

R'T(Zounae(x wiep)y @ Ox (M (p,q))) = 0

by Theorem 6.3.4 (ii) and that C' N Nqle(X,w + ¢D) = (). Thus C
is not contained in L(p,q). Therefore, L(p,q) is a proper subset of
L(po, o) = Lo, giving the desired contradiction. So now we know that
r is rational.

We next suppose that the assertion of the theorem concerning the
denominator of r is false. We choose (po, qo) € I such that agy — rpo is
the maximum, say it is equal to d/v. If 0 < ag—rp < d/v and (p, q) is
sufficiently large, then

X(Cy, Oc, (M(p,q))) = h*(Cy, Oc, (M(p, q)))

since M(p,q) — (w + ¢D) is m-ample. There exists sufficiently large
(p,q) in the strip 0 < ag — rp < 1 with e = 1 for which

h(Cy, Oc, (M (p,q))) = x(Cy, Oc, (M(p,q))) # 0

by Lemma 6.6.2 since x(C,, O¢, (M (p,q))) is a nontrivial polynomial
of degree at most dim C,, by Lemma 6.6.3. Note that ag —rp < d/v =
aqgo — po holds automatically for (p,q) € I. Since

1.0x(M(p,q)) — 7.0c(M(p,q))

is surjective by the m-ampleness of M(p, q) — (w + ¢D), we obtain the
desired contradiction by the same reason as above. So, we finish the
proof of the rationality theorem. 0

6.7. Cone theorem for quasi-log schemes

The main theorem of this section is the cone theorem for quasi-
log schemes (see [ , Theorem 5.10]). Before we state the main
theorem, let us fix the notation.

DEFINITION 6.7.1 (see | , Definition 5.2]). Let [X,w] be a
quasi-log scheme with the non-qlc locus X_,,. Let 7 : X — S be
a projective morphism between schemes. We put

NE(X/S) oo =Im(NE(X_/S) — NE(X/S)).
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We sometimes use NE(X/S)xge(xw) to denote NE(X/S)_s. For an
R-Cartier divisor D, we define

Dso={z€ Ny(X/S) | D-z>0}.
Similarly, we can define D+, D<g, and D.y. We also define
Dt ={z€ N\(X/S)| D-z=0}.
We use the following notation
NE(X/S)pso = NE(X/S) N Dy,
and similarly for > 0, <0, and < 0.

DEFINITION 6.7.2 (see | , Definition 5.3]). An extremal face of
NE(X/S) is a non-zero subcone F' C NE(X/S) such that 2,2 € F
and z+2' € F imply that z, 2’ € F. Equivalently, F = NE(X/S)NH*
for some m-nef R-divisor H, which is called a supporting function of F.
An extremal ray is a one-dimensional extremal face.

(1) An extremal face F is called w-negative if FNNE(X/S)u>0 =
{0}.

(2) An extremal face F is called rational if we can choose a m-nef
Q-divisor H as a support function of F.

(3) An extremal face F is called relatively ample at infinity if F'N
NE(X/S)_o = {0}. Equivalently, H|x__ is 7|x__-ample for
any supporting function H of F.

(4) An extremal face F' is called contractible at infinity if it has
a rational supporting function H such that H|y__ is 7|x__-
semi-ample.

The following theorem is a direct consequence of Theorem 6.5.1.

THEOREM 6.7.3 (Contraction theorem). Let [X,w] be a quasi-log
scheme and let m: X — S be a projective morphism between schemes.
Let H be a m-nef Cartier divisor such that F = H* N NE(X/S) is
w-negative and contractible at infinity. Then there exists a projective
morphism pp : X — Y over S with the following properties.

(1) Let C' be an integral curve on X such that w(C) is a point.
Then ¢p(C) is a point if and only if [C] € F.

(2) Oy =~ (¢r).Ox.

(3) Let L be a line bundle on X such that L-C = 0 for every curve
C with [C] € F. Assume that L¥™"|x__ is op|x_. -generated
for every m > 0. Then there is a line bundle Ly on'Y such
that L ~ %Ly
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PRroOF. By assumption, ¢ H —w is m-ample for some positive integer
q and H|x__ is m|x__-semi-ample. By Theorem 6.5.1, Ox(mH) is -
generated for some large m. We take the Stein factorization of the
associated morphism. Then, we have the contraction morphism g :
X — Y with the properties (1) and (2).

We consider ¢r : X — Y and NE(X/Y). Then NE(X/Y) = F,
L is numerically trivial over Y, and —w is ppg-ample. Applying the
basepoint-free theorem (see Theorem 6.5.1) over Y, both L®™ and
L®m+1) are pull-backs of line bundles on Y. Their difference gives a
line bundle Ly such that L ~ ¢} Ly. O

One of the main purposes of this book is to establish the following
theorem.

THEOREM 6.7.4 (Cone theorem). Let [X,w| be a quasi-log scheme
and let m : X — S be a projective morphism between schemes. Then
we have the following properties.

(1) NE(X/S) = NE(X/S),s0+NE(X/S) o+ R;, where R;’s
are the w-negative extremal rays of NE(X/S) that are ratio-
nal and relatively ample at infinity. In particular, each R; is
spanned by an integral curve C; on X such that w(C;) is a
point.

(2) Let H be a m-ample R-divisor on X. Then there are only
finitely many R;’s included in (w + H)<o. In particular, the
R;’s are discrete in the half-space wy.

(3) Let F be an w-negative extremal face of NE(X/S) that is rel-
atiwely ample at infinity. Then F' s a rational face. In partic-
ular, ' 1s contractible at infinity.

We closely follow the proof of the cone theorem in | .

PROOF. First, we assume that w is Q-Cartier. This means that w
is R-linearly equivalent to a Q-Cartier divisor. We may assume that
dimg N(X/S) > 2 and w is not m-nef. Otherwise, the theorem is
obvious.

STEP 1. In this step, we prove:
CrAamM. We have
NE(X/S) = NE(X/S)uz0 + NE(X/S) s+ Y _F,
F

where F'’s vary among all rational proper w-negative extremal faces that
are relatively ample at infinity and —— denotes the closure with respect
to the real topology.
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Proor or CraiMm. We put

B =NE(X/S)uso+ NE(X/S) s+ Y _F.

It is clear that NE(X/S) D B. We note that each F is spanned by
curves on X mapped to points on S by Theorem 6.7.3 (1). Supposing
NE(X/S) # B, we shall derive a contradiction. There is a separating
function M which is Cartier and is not a multiple of w in N'(X/S)
such that M > 0 on B\ {0} and M - 2, < 0 for some 2, € NE(X/S).
Let C be the dual cone of NE(X/S),>o, that is,

C={DeN' (X/S)|D-z2>0forz€ NE(X/S),>0}.

Then C' is generated by m-nef divisors and w. Since M is positive on
NE(X/S).,>0\ {0}, M is in the interior of C, and hence there exists a
m-ample Q-divisor A such that M — A = L' + pw in N'(X/S), where
L' is a m-nef Q-divisor on X and p is a non-negative rational number.
Therefore, M is expressed in the foorm M = H + pw in N'(X/9),
where H = A+ L' is a m-ample Q-divisor. The rationality theorem
(see Theorem 6.6.1) implies that there exists a positive rational number
r < p such that L = H + rw is m-nef but not w-ample, and L|x__ is
7| x__-ample. Note that L # 0 in N'(X/S), since M is not a multiple
of w. Thus the extremal face F}, associated to the supporting function
L is contained in B, which implies M > 0 on Fj. Therefore, p < r.
This is a contradiction. This completes the proof of Claim. 0

STEP 2. In this step, we prove:

CrAM. In the equality of Step 1, it is sufficient to assume that
F’s vary among all rational w-negative extremal rays that are relatively
ample at infinity.

ProOOF OF CLAIM. Let F' be a rational proper w-negative extremal
face that is relatively ample at infinity, and assume that dim F' > 2.
Let prp : X — W be the associated contraction. Note that —w is
pr-ample. By Step 1, we obtain

F=NEX/W)=3 G,
G

where the G’s are the rational proper w-negative extremal faces of
NE(X/W). We note that NE(X/W)_. = 0 because ¢ embeds X_,
into W. The G’s are also w-negative extremal faces of NE(X/S) that
are ample at infinity, and dim G < dim F. By induction, we obtain

(V) NE(X/S)=NE(X/S)uz0+ NE(X/S)-oc + Y R;,
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where the RR;’s are w-negative rational extremal rays. Note that each
R; does not intersect NE(X/S)_w. O

STEP 3. The contraction theorem (see Theorem 6.7.3) guarantees
that for each extremal ray R; there exists a reduced irreducible curve
C; on X such that [C}] € R;. Let ¢, : X — W, be the contraction
morphism of R;, and let A be a m-ample Cartier divisor. We set

A

w - Cj '
Then A+r;w is 1;-nef but not ¢;~ample, and (A+r;w)|x__ is ¥;|x .-
ample. By the rationality theorem (see Theorem 6.6.1), expressing

r; = u;/v; with uj,v; € Zso and (uj,v;) = 1, we have the inequality
v; < a(dim X +1).

ri =

STEP 4. Now take m-ample Cartier divisors Hy, Hy,--- , H,; such
that w and the H;’s form a basis of N*(X/S), where p = dimg N'(X/9).
By Step 3, the intersection of the extremal rays I?; with the hyperplane

{z e N\ (X/F) | aw - z = —1}
in N1(X/9S) lie on the lattice
A={z€ N(X/S) | aw-z=—1,H; -z € (a(a(dim X + 1))!)"'Z}.
This implies that the extremal rays are discrete in the half space
{z € Ni(X/S) |w-2z <0}

Thus we can omit the closure sign — from the formula () and this
completes the proof of (1) when w is Q-Cartier.

STEP 5. Let H be a m-ample R-divisor on X. We choose 0 < ¢; < 1
for 1 <i < p—1 such that H — Zf;ll ;H; is m-ample. Then the R;’s
included in (w+ H) o correspond to some elements of the above lattice
A for which 37! &;H; - z < 1/a. Therefore, we obtain (2).

STEP 6. The vector space V = F+ C N'(X/S) is defined over Q
because F'is generated by some of the R;’s. There exists a m-ample
R-divisor H such that F' is contained in (w + H)-o. Let (F') be the
vector space spanned by F. We put

Wp = NE(X/S)wsnz0+ NE(X/S) oo+ > _ Rj.
R;¢F

Then W is a closed cone, NE(X/S) = We+ F, and WpN (F) = {0}.
The supporting functions of F' are the elements of V' that are positive on
Wr\ {0}. This is a non-empty open set and thus it contains a rational
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element that, after scaling, gives a m-nef Cartier divisor L such that
F =Lt NNE(X/S). Therefore, F is rational. So, we have (3).

From now on, we assume that w is R-Cartier.

STEP 7. Let H be a m-ample R-divisor on X. We shall prove
(2). We assume that there are infinitely many R;’s in (w + H)<o and
get a contradiction. There exists an affine open subset U of S such
that NE(7~'(U)/U) has infinitely many (w + H)-negative extremal
rays. So, we shrink S and may assume that S is affine. We can write
H = E+H', where H' is m-ample, [ X, w+ E| is a quasi-log pair with the
same qlc centers and non-glc locus as [X,w], and w + F is Q-Cartier.
Since w + H = w + E + H', we have

NE(X/S) = NE(X/S)urnzo + NE(X/S) oo+ > _ R;.
finite
This is a contradiction. Thus, we obtain (2). The statement (1) is

a direct consequence of (2). Of course, (3) holds by Step 6 once we
obtain (1) and (2).

So, we finish the proof of the cone theorem. O

By combining Theorem 6.7.4 and the main result of [F33] (see
Theorem 4.11.9), we obtain the cone and contraction theorem for semi
log canonical pairs in full generality. For the details, see [F'33].

We close this section with the following nontrivial example.

EXAMPLE 6.7.5 ([F'17, Example 3.76]). We consider the first pro-
jection p : P! x P! — P!. We take a blow-up p : Z — P! x P! at (0, 00).
Let A, (resp. Ag) be the strict transform of P! x {oo} (resp. P! x {0})
on Z. We define M = Pz(Oz & Oz(Ap)) and X is the restriction of
M on (po u)~*(0). Then X is a simple normal crossing divisor on
M. More explicitly, X is a P-bundle over (po u)~'(0) and is obtained
by gluing X; = P! x P! and X5 = Ppi1(Op1 @ Opi(1)) along a fiber.
In particular, (X,0) is a semi log canonical surface. By construction,
M — Z has two sections. Let DT (resp. D~) be the restriction of
the section of M — Z corresponding to Oz & Oz(Ag) — Oz(Ay) — 0
(resp. Oz®0z(Ag) — Oz — 0). Then it is easy to see that DV is a nef
Cartier divisor on X and that the linear system |mD™| is free for every
m > 0. Note that M is a projective toric variety. Let E be the section
of M — Z corresponding to Oz & Oz(Ag) — Oz(Ag) — 0. Then, it is
easy to see that F is a nef Cartier divisor on M. Therefore, the linear
system |E| is free. In particular, |D*| is free on X since D' = E|x. So,
|mD™| is free for every m > 0. We take a general member By € [mD™|
with m > 2. We consider Ky + B with B = D™ + By + B; + By, where
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B, and B, are general fibers of X; = P! x P! ¢ X. We note that
By does not intersect D~. Then (X, B) is an embedded simple normal
crossing pair. In particular, (X, B) is a semi log canonical surface. Of
course, [X, Kx + B]| has a natural quasi-log structure with only glc sin-
gularities (see also Theorem 4.11.9). It is easy to see that there exists
only one integral curve C' on X5 = Ppi1(Op1 @ Opi(1)) C X such that
C - (Kx + B) < 0. Note that C' is nothing but the negative section
of Xy = Ppi(Op1 @ Op1(1)) — PL. We also note that (Kx + B)|x, is
ample on X;. By the cone theorem (see Theorem 6.7.4), we obtain

NE(X) = NE(X)(xx+5)20 + Rz0[C].

By Theorem 6.7.4, we have ¢ : X — W which contracts C. We can
easily see that Ky + By, where By, = ¢, B, is not Q-Cartier because C
is not Q-Cartier on X. Therefore, we can not always run the minimal
model program for semi log canonical surfaces.

The above example implies that the cone and contraction theo-
rem for quasi-log schemes do not directly produce the minimal model
program for quasi-log schemes or semi log canonical pairs. For some
related examples, see | ]. However, Kento Fujita ([F'k2]) estab-
lished a variant of the minimal model program for semi-terminal pairs
in order to construct semi-terminal modifications for quasi-projective
demi-normal pairs. His arguments use not only the cone and contrac-
tion theorem for semi log canonical pairs (see Theorem 6.7.4), but also
Kollar’s gluing theory (see | , Section 5]). For the details, see

[Flc2].

6.8. On quasi-log Fano schemes

In this section, we discuss quasi-log Fano schemes and some related
results.
Let us introduce the notion of quasi-log Fano schemes.

DEFINITION 6.8.1 (Quasi-log Fano schemes). Let [X,w] be a quasi-
log scheme and let 7 : X — S be a projective morphism between
schemes. If —w is m-ample, then [X,w]| is called a relative quasi-log
Fano scheme over S. When S is a point, we simply say that [X,w] is
a quasi-log Fano scheme.

The following result is an easy consequence of the adjunction and
the vanishing theorem for quasi-log schemes: Theorem 6.3.4.

THEOREM 6.8.2 (see | , Theorem 6.6]). Let [X,w] be a quasi-
log scheme and let m : X — S be a proper morphism between schemes
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such that m,Ox ~ Og and that —w is nef and log big over S with respect
to [X,w|. Let P € S be a closed point.

(i) Assume that X_o N7 Y(P) # 0 and C is a glc stratum such
that C N7 Y(P) #0. Then CNX_oNa Y(P) # 0.

(ii) Assume that [X,w] has only qlc singularities, that is, X_, =
0. Then the set of all glc strata intersecting = '(P) has a
unique minimal element with respect to the inclusion.

PROOF. Let C be a dle stratum of [X,w| such that P € #(C) N
T(X_). Then X' = CU X_ with o' = w|x/ is a quasi-log scheme
and the restriction map 7,Ox — 7, Oy is surjective by Theorem 6.3.4.
Since m,0x ~ Og, X_ and C' intersect over a neighborhood of P. So,
we have (i).

Assume that [ X, w] has only glc singularities, that is, Nqle(X,w) =
(). Let C} and Cy be two qle strata of [ X, w] such that P € 7(C)Nm(Cy).
The union X’ = C; UCy with o’ = wly: is a qlc pair and the restriction
map m,.Ox — m,Ox is surjective. Therefore, C; and Cy intersect over
P. Furthermore, the intersection C; N Cs is a union of glc strata by
Theorem 6.3.7. Therefore, there exists a unique qlc stratum Cp over
a neighborhood of P such that Cp C C for every glc stratum C' with
P e n(C). So, we finish the proof of (ii). O

The following corollary is obvious by Theorem 6.8.2.

COROLLARY 6.8.3. Let (X,A) be a proper log canonical pair. As-
sume that —(Kx + A) is nef and log big with respect to (X, A) and that
(X, A) is not klt. Then there exists a unique minimal log canonical cen-

ter Cy such that every log canonical center contains Cy. In particular,
Nklt(X, A) is connected.

For some related results, see [F'36, Section 5]. In [F'39], we obtain:

THEOREM 6.8.4 (see [['39, Corollary 1.3]). Let [X,w] be a quasi-log
Fano scheme with only qlc singularities. Then the algebraic fundamen-
tal group of X is trivial, equivalently, X has nontrivial finite étale
covers.

We think that Theorem 6.8.4 is not so obvious. For the details of
Theorem 6.8.4 and some related results and conjectures, see [F'39)].

6.9. Basepoint-free theorem of Reid—Fukuda type

In this section, we explain the basepoint-free theorem of Reid—
Fukuda type for quasi-log schemes. For the details, see [F'40].
In [F40], we obtain:
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THEOREM 6.9.1 (Basepoint-free theorem of Reid—Fukuda type for
quasi-log schemes). Let [X,w| be a quasi-log scheme, let m: X — S be
a projective morphism between schemes, and let L be a w-nef Cartier
divisor on X such that qL — w is nef and log big over S with respect
to [X,w] for some positive real number q. Assume that Ox___(mL) is
w-generated for every m > 0. Then Ox(mL) is m-generated for every
m > 0.

REMARK 6.9.2. Theorem 6.9.1 was stated in | , Theorem 7.2]
without proof. Although Ambro wrote that the proof of | , The-
orem 7.2| is parallel to that of | , Theorem 5.1], it does not seem
to be true. For the details, see [F'40, Remark 1.4].

By applying Theorem 6.9.1 to normal pairs, we obtain:

THEOREM 6.9.3. Let X be a normal variety, let A be an effective
R-divisor on X such that Kx + A is R-Cartier, and let m : X — S be a
projective morphism between schemes. Let L be a w-nef Cartier divisor
on X such that L — (Kx + A) is nef and log big over S with respect to
(X, A) for some positive real number q. Assume that Onie(x,a)(mL) is
m-generated for every m > 0. Note that Nle(X, A) denotes the non-lc
locus of (X, A) and is defined by the non-lc ideal sheaf Tnrc(X,A) of
(X,A). Then Ox(mL) is w-generated for every m > 0.

As a special case, we have:

COROLLARY 6.9.4 (see [F'17, Theorem 4.4]). Let (X,A) be a log
canonical pair and let m : X — S be a projective morphism onto a
variety S. Let L be a w-nef Cartier divisor on X such that gL — (Kx +
A) is nef and log big over S with respect to (X,A) for some positive
real number q. Then Ox(mL) is m-generated for every m > 0.

In this section, we prove Theorem 6.9.1 under the extra assumption
that X_, = 0, which is sufficient to Corollary 6.9.4.
First, let us prepare an easy lemma.

LEMMA 6.9.5 (cf. [F'40, Lemma 3.15]). Let [X,w] be a quasi-log
scheme with Nqle(X,w) =0 and let E be a finite Rsg-linear combina-
tion of effective Cartier divisors on X. We put

w=w-+ek

with 0 < ¢ < 1. Then [X,®] has a natural quasi-log structure with the
following properties.

(1) Let{C;}ier be the set of qlc strata of [X,w] contained in Supp E.
We put
X*=(UQ)

i€l
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as in Theorem 6.3.4. Then Nalc(X,@) coincides with X*
scheme theoretically.

(ii) C is a qlc stratum of [X,@] if and only if C' is a qlc stratum
of [X,w] with C ¢ Supp E.

ProoOF. Let f: (Y, By) — X be a quasi-log resolution as in Def-
inition 6.2.2. By Proposition 6.3.1, the union of all strata of (Y, By)
mapped to X*, which is denoted by Y, is a union of some irreducible
components of Y. We put Y =Y —Y” and

Ky/ + BYI = (Ky + By)|y/.

We may further assume that (Y, By, + f*F) is a globally embedded
simple normal crossing pair by Proposition 6.3.1. We consider f :
(Y',By: +ef*E) — X with 0 < ¢ < 1. We put A = [—(B5")].
Then X* is defined by the ideal sheaf f.Oy/(A —Y") (see the proof of
Theorem 6.3.4 (i)). Note that

(A=Y")lyr = =By +ef E| + (By +ef"E)~"
= [=(By +ef"E)~'] = [(By +ef"E)"].

Therefore, if we define Nqle(X, @) by the ideal sheaf
FOv([=(By: +ef*E)<'] = [(By +ef ' E)™'|) = f.Oy(A=Y"),

then f: (Y, By, +ef*E) — X gives the desired quasi-log structure on
(X, @]. O

Let us prove Theorem 6.9.1 under the extra assumption that X _,, =

0.

PROOF OF THEOREM 6.9.1 WHEN X__ = (). We divide the proof
into several steps.

STEP 1. If dim X = 0, then Theorem 6.9.1 obviously holds true.
From now on, we assume that Theorem 6.9.1 holds for any quasi-log
scheme Z with Z_., = () and dim Z < dim X.

STEP 2. We take a qlc stratum C' of [X,w]. We put X’ = C. Then
X'’ has a natural quasi-log structure induced by [X,w] (see Theorem
6.3.4 (i)). By the vanishing theorem (see Theorem 6.3.4 (ii)), we have
R'7.(Zxs ® Ox(mL)) = 0 for every m > q. Therefore, we obtain that
m.O0x(mL) — m.Ox/(mL) is surjective for every m > ¢. Thus, we
may assume that X is irreducible for the proof of Theorem 6.9.1 by
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the following commutative diagram.

T m.Ox(mL) — m*1.Ox/(mL) — 0

l |

Ox(mL) Oxl (mL) —0

STEP 3. We may further assume that S is affine for the proof of
Theorem 6.9.1. Of course, we may assume that X is connected.

STEP 4. In this step, we assume that X is the unique glc stratum
of [X,w]. By Lemma 6.3.5, we have that X is normal. By Kodaira’s
lemma (see Lemma 2.1.18), we can write ¢L —w ~g A+ E on X
such that A is a m-ample Q-divisor on X and FE is a finite Ry -linear
combination of effective Cartier divisors on X. We put w = w + ¢F
with 0 < ¢ < 1. Then [X, @] is a quasi-log scheme with Nqle(X, o) = ()
(see Lemma 6.9.5). Note that

gL -0 ~g (1 —¢)(gL —w) + €A

is m-ample. Therefore, by the basepoint-free theorem for quasi-log
schemes (see Theorem 6.5.1), we obtain that Ox(mL) is w-generated
for every m > 0.

STEP 5. From now on, by Step 4, we may assume that there is a
qle center C” of [X,w] (see Theorem 6.3.7 (i)). We put

X' = (Y0

as in Theorem 6.3.4, where {C;};c; is the set of all glc centers of [ X, w],
equivalently, X’ = Nqklt(X,w). Then, by induction on the dimen-
sion, Ox/(mL) is m-generated for every m > 0. By the same argu-
ments as in Step 2, that is, the surjectivity of the restriction map
m.Ox(mL) — m.Ox:/(mL) for every m > q, Ox(mL) is mw-generated
in a neighborhood of X’ for every large and positive integer m. In
particular, for every prime number p and every large positive integer [,
Ox(p'L) is m-generated in a neighborhood of X’ = Nqklt(X,w).

STEP 6. In this step, we prove the following claim.

CrAIM. If the relative base locus Bs, |p'L| (with the reduced scheme
structure) is mot empty, then there is a positive integer a such that
Bs, [p®L| is strictly smaller than Bs, |p'L|.

PROOF OF CLAIM. Note that Bs, [p*L| C Bs, |p'L| for every pos-
itive integer a. Since gL — w is nef and big over S, we can write

gL —w~gr A+ FE
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on X by Kodaira’s lemma (see, for example, Lemma 2.1.18, | ,
Lemma A.10], and so on) where A is a m-ample Q-divisor on X and E
is a finite R (-linear combination of effective Cartier divisors on X. We
note that X is projective over S and that X is not necessarily normal.
By Lemma 6.9.5, we have a new quasi-log structure on [X, @], where
w=w+eF with 0 < ¢ < 1, such that

quC(X, w) = <1L€JIC’Z)

where {C;}ic; is the set of glc centers of [ X, w] contained in Supp E.

We put n = dim X. Let Dy, -+, D, be general members of [p'L|.
Note that Ox(p'L) is m-generated in a neighborhood of Nqklt(X,w).
Let f: (Y, By) — X be a quasi-log resolution of [X,w]. We consider
f:(Y,By + 30 D)) — X. We may assume that (Y, Supp By +
Z"H f*D;) is a globally embedded simple normal crossing pair by
Proposition 6.3.1. By Step 5, we can take the minimal positive real
number ¢ such that By + CZ"H f*D; is a subboundary R-divisor over
X \ Nqle(X,w). Note that we have ¢ < 1 by Lemma 6.3.9. Thus,

n+1

I (KBYJFch*Di) —

gives a natural quasi-log structure on [X,o + ¢ Y1 D;]. Note that
[X,3 + ¢ 32 Dy] has only quasi-log canonical singularities on X \
Nqle(X,@). We also note that D; is a general member of |p'L| for
every i. By construction, there is a glc center Cy of [ X, + CZ”H Dj]
contained in Bs, [p'L|. We put & + ¢ Y74 D; = @. Then

Co N Nale(X, @) =0
because
Bs, [p'L| N Nqklt(X, w) = 0.
Note that Nqle(X, @) = Nqle(X, ) by construction. We also note that
(q+cpL —@ ~g (1 —e)(gL —w) +cA
is ample over S. Therefore,
1.0x(mL) — m.0c,(mL) ® m.Onge(x,z) (ML)
is surjective for every m > q + cp' since
R'7(Zeyungarxm) @ Ox(mL)) =0

for every m > q + ¢p' by Theorem 6.3.4 (ii). Moreover, O¢,(mL) is
m-generated for every m > 0 by the basepoint-free theorem for quasi-
log schemes (see Theorem 6.5.1). Note that [Cy,@|c,] is a quasi-log



238 6. FUNDAMENTAL THEOREMS FOR QUASI-LOG SCHEMES

scheme with only quasi-log canonical singularities by Theorem 6.3.4 (i)
and Lemma 6.3.8. Therefore, we can construct a section s of Ox (p™L)
for some positive integer a such that s|c, is not zero and s is zero
on Nqle(X,©). Thus, Bs, [p*L| is strictly smaller than Bs, [p'L|. We
complete the proof of Claim. 0

STEP 7. By Step 6 and the noetherian induction, Ox(p'L) and
Ox(p" L) are both m-generated for large I and [’, where p and p’ are
distinct prime numbers. So, there exists a positive integer m such that
Ox(mL) is m-generated for every m > my.

Thus we obtain the desired basepoint-free theorem. 0

For the proof of Theorem 6.9.1 with X__, # @), we need various new
operations on quasi-log schemes. The proof of Theorem 6.9.1 in [F40]
is much harder than the proof given in this section. For the details, see

[F40].



CHAPTER 7

Some supplementary topics

In this chapter, we treat some related results and supplementary
topics.

In Section 7.1, we discuss Alexeev’s criterion for Serre’s S5 condition
(see | |) with slight generalizations. Note that Alexeev’s criterion is
a clever application of our new torsion-free theorem (see Theorem 5.6.3
(i) or Theorem 3.16.3 (i)). Although we have already obtained vari-
ous related results and several generalizations (see, for example, [AH],
[ N |, and so on), we only treat Alexeev’s criterion here. Note
that log canonical singularities are not necessarily Cohen—Macaulay. In
Section 7.2, we collect some basic properties of cone singularities for
the reader’s convenience. The results in Section 7.2 are useful when we
construct various examples. We have already used them several times
in this book. In Section 7.3, we give some examples of threefolds. They
show that we need flips even when we run the minimal model program
for a smooth projective threefold with the unique smooth projective
minimal model. This means that we necessarily have singular varieties
in the intermediate step of the above minimal model program. In Sec-
tion 7.4, we describe an explicit example of threefold toric log flip. It
may help us understand the proof of the special termination theorem in
[F'13]. In Section 7.5, we explicitly construct a three-dimensional non-
Q-factorial canonical Gorenstein toric flip. It may help us understand
the non-Q-factorial minimal model program explained in Section 4.9.
In this example, the flipped variety is smooth and the Picard number
increases by a flip.

7.1. Alexeev’s criterion for S; condition

In this section, we explain Alexeev’s criterion for Serre’s S3 condi-
tion (see Theorem 7.1.1). It is a clever application of Theorem 5.6.3
(i) (see also Theorem 3.16.3 (i)). In general, log canonical singularities
are not Cohen-Macaulay. So, the results in this section will be useful
for the study of log canonical pairs.

THEOREM 7.1.1 (cf. [ , Lemma 3.2]). Let (X, B) be a log canon-
tcal pair with dim X =n > 3 and let P € X be a scheme theoretic point

239
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such that dim {P} < n — 3. Assume that {P} is not a log canonical
center of (X, B). Then the local ring Ox p satisfies Serre’s Ss condi-
tion.

We slightly changed the original formulation. The following proof
is essentially the same as Alexeev’s. We use local cohomologies to
calculate depths.

PROOF. We note that Ox p satisfies Serre’s S, condition because X

is normal. Since the assertion is local, we may assume that X is affine.
Let f:Y — X be a resolution of X such that Exc(f) U Supp f, !B is
a simple normal crossing divisor on Y. Then we can write

Ky + By = f*(Kx + B)

such that Supp By is a simple normal crossing divisor on Y. We put
A= [—(Bs")] > 0. Then we obtain

A=Ky + By +{By} - f*(Kx + B).

Therefore, by Theorem 5.6.3 (i) or Theorem 3.16.3 (i), every associ-
ated prime of R'f,0y(A) is the generic point of some log canonical
center of (X, B). Thus, P is not an associated prime of R!f,Oy(A) by
assumption.

We put Xp = SpecOx p and Yp =Y Xx Xp. Then P is a closed
point of Xp and it is sufficient to prove that H3(Xp, Ox,) = 0. We
put F = f~1(P), where f : Yp — Xp. Then we have the following
vanishing theorem. It is nothing but Lemma 3.15.2 when P is a closed
point of X (see | , Chapter III, Exercise 2.5]).

LEMMA 7.1.2 (cf. Lemma 3.15.2). We have Hix(Yp, Oy,) = 0 for
i <n—dim{P}.

PROOF OF LEMMA 7.1.2. Let I denote an injective hull of Ox, /mp
as an Oyx,-module, where mp is the maximal ideal corresponding to

P. We have
RFFOYP >~ RFP(Rf*OYP>

~ Hom(RHom(Rf.Oy,,w%,), )

~ Hom(Rf,Oy (Ky) ® Ox,[n —m],I),
where m = dim { P}, by the local duality theorem (] , Chapter V,
Theorem 6.2]) and Grothendieck duality (| , Chapter VII, The-
orem 3.3]). We note the shift that normalizes the dualizing complex
w¥,- Therefore, we obtain Hp(Yp,Oy,) = 0 for i < n —m because

RIf,0y(Ky) = 0 for every 5 > 0 by the Grauert-Riemenschneider
vanishing theorem (see Theorem 3.2.7). u
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Let us go back to the proof of the theorem. We use the method
of two spectral sequences discussed in Section 3.15. We consider the
following spectral sequences

Byt = Hp(Xp, R f.0y,(A)) = HE™(Yp, Oy, (4)),

and
By = Hb(Xp, R f.Oy,) = HE(Yp, Oy,).

By the above spectral sequences, we have the commutative diagram.

H;:(Yp, Oy,) Hi(Yp, Oy, (A))

T |

H3(Xp, f.Oy,) HE(Xp, f.Oy,(A4))

Hp(Xp,Ox,)

H}(Xp,Ox,)

Since P is not an associated prime of R!f,Oy(A), we have
Ey' = HY(Xp, R' .0y, (A)) = 0.
By the edge sequence

0—EY S B' B B2 S B2

Y

we know that ¢ : E2° — E? is injective. Therefore, H3(Xp, Ox,) —
H2(Yp, Oy,) is injective by the above big commutative diagram. Thus,
we obtain H%(Xp,Ox,) = 0 since H2(Yp, Oy,,) = 0 by Lemma 7.1.2.

U

REMARK 7.1.3. The original argument in the proof of | , Lemma
3.2] has some compactification problems when X is not projective. Our
proof does not need any compactifications of X.

As an easy application of Theorem 7.1.1, we have the following
result. It is | , Theorem 3.4].

THEOREM 7.1.4 (see | , Theorem 3.4)). Let (X,B) be a log
canonical pair and let D be an effective Cartier divisor. Assume that
the pair (X, B+ eD) is log canonical for some € > 0. Then D is Ss.

Proor. Without loss of generality, we may assume that dim X =
n > 3. Let P € D C X be a scheme theoretic point such that
dim {P} < n—3. We localize X at P and assume that X = Spec Ox p.
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By assumption, {P} is not a log canonical center of (X, B). By The-
orem 7.1.1, we obtain that H5(X,Ox) = 0 for i < 3. Therefore,
HL(D,0p) =0 for i < 2 by the long exact sequence

++ = Hp(X,0x(=D)) — Hp(X,0x) — Hp(D,0p) — -+ .

We note that H5(X,Ox(—D)) ~ H5(X,Ox) = 0 for ¢ < 3. Thus, D
satisfies Serre’s Sy condition. O

We give a supplement to adjunction (see Theorem 6.3.4 (i)). It may
be useful for the study of limits of stable pairs (see | D).

THEOREM 7.1.5 (Adjunction for Cartier divisors on log canonical
pairs). Let (X, B) be a log canonical pair and let D be an effective
Cartier divisor on X such that (X, B+ D) is log canonical. LetV be a
union of log canonical centers of (X, B). We consider V' as a reduced
closed subscheme of X. We define a scheme structure on VN D by the
following short exact sequence

0— Ov(—D) - Ov - OVQD — 0.
Then, Ovynp is reduced and semi-normal.

PRrOOF. First, we note that VN D is a union of log canonical centers
of (X, B + D) (see Theorem 6.3.7). We also note that D contains no
log canonical centers of (X, B) since (X, B + D) is log canonical. Let
f:Y — X be a resolution such that Exc(f) U Supp f, (B + D) is a
simple normal crossing divisor on Y. We can write

Ky + By = f*(Kx + B+ D)

such that Supp By is a simple normal crossing divisor on Y. We take
more blow-ups and may assume that f~'(VND) and f~!(V) are simple
normal crossing divisors. Then the union of all strata of By;! mapped
to VN D (resp. V), which is denoted by W (resp. U+W), is a divisor on
Y. Weput A = [—(Bs')] > 0 and consider the following commutative
diagram.

0 e Oy(A — U — W) e Oy(A) e OU+W(A) — 0

| |

0 Oy (A—-W) Oy (A) —— Ow(A) ——0
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By applying f,, we obtain the big commutative diagram by Theorem
5.6.3 (i) and Theorem 6.3.4 (i).

0
0 [Ou(A—=W)
00— [LOV(A—U—W)—= 0Oy Oy 0
0 [0y (A=W) Ox Oyap ——>0
f:Ou(A—=W) 0

A key point is that the connecting homomorphism
fOup(A—=W) — R f.Oy(A—U—-W)

is a zero map by Theorem 5.6.3 (i). We note that Oy and Oynp in the
above diagram are the structure sheaves of qlc pairs [V, (Kx+B+D)|v]|
and [V N D, (Kx + B+ D)|vnp] induced by (X, B+ D) (see Theorem
6.3.4 (i)). In particular, Oy ~ f.Opsw and Oyrp ~ f.Ow. So, Oy
and Oynp are reduced and semi-normal since W and U 4+ W are simple
normal crossing divisors on Y.

Therefore, to prove this theorem, it is sufficient to see that f,Oy(A—
W) ~ Oy(—D). We can write

A=Ky +By'+{By} - f*(Kx+ B+ D)
and
f*D=W+E+ f]'D,

where E is an effective f-exceptional divisor. We note that f-1DNU =
). Since A—W = A— f*D+ E + f7'D, it is enough to see that
[:Ou(A+E+ f71D) ~ f.Oy(A+E) ~ Oy. We consider the following

short exact sequence
0—-0y(A+E—-U)—-Oy(A+FE)— Oy(A+E)— 0.
Note that
A+E-U=Ky+By' — f7'D—-U~W +{By} — f*(Kx + B).
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Thus, the connecting homomorphism f,Oy(A + E) — R'f,Oy(A +

E —U) is a zero map by Theorem 5.6.3 (i). Therefore, we obtain that
0— fLOy(A+ E—-U) — Ox — f.Oy(A+ E) — 0.

We can easily check that f,Oy(A+ E — U) = Zy, the defining ideal
sheaf of V. So, we have f.Oy(A + E) ~ Oy. We finish the proof of

this theorem. U
The next corollary is one of the main results in | ]. The original
proof in | | depends on the Ss-fication. Our proof uses adjunction

(see Theorem 7.1.5). As a consequence, we obtain the semi-normality
of |[B] N D.

COROLLARY 7.1.6 (cf. | , Theorem 4.1]). Let (X, B) be a log
canonical pair and let D be an effective Cartier divisor on D such that
(X, B+ D) is log canonical. Then D is Sy and the scheme | B| N D is
reduced and semi-normal.

ProOOF. By Theorem 7.1.4, D satisfies Serre’s Sy condition. By
Theorem 7.1.5, | B| N D is reduced and semi-normal. O

The following proposition may be useful. So, we include it here. It
is | , Lemma 3.1] with slight modifications as Theorem 7.1.1.

PROPOSITION 7.1.7 (cf. | , Lemma 3.1)). Let X be a normal
vartety with dimX = n > 3 and let f : Y — X be a resolution
of singularities. Let P € X be a scheme theoretic point such that
dim {P} < n —3. Then the local ring Ox p is Ss if and only if P is
not an associated prime of R' f.Oy.

PrOOF. We put Xp = SpecOxp, Yp = Y Xx Xp, and F =
f~YP), where f : Yp — Xp. We consider the following spectral
sequence N o

EyY = Ho(X, RIf,0y,) = H;7 (Yp, Oy,,).
Since Hp(Yp,Oy,) = H#(Yp,Oy,) = 0 by Lemma 7.1.2, we have an
isomorphism H%(Xp, R' f.Oy,) ~ H%(Xp, Ox, ). Therefore, the depth
of OX’p is Z 3 if and OIlly if HIQD(XP,OXP) = H?;;(Xp,le*pr) = 0.
It is equivalent to the condition that P is not an associated prime of
R'f.Oy. O

7.1.8 (Supplements). Here, we give a slight generalization of | ,
Theorem 3.5]. We can prove it by a similar method to the proof of
Theorem 7.1.1.

THEOREM 7.1.9 (cf. | , Theorem 3.5]). Let (X, B) be a log
canonical pair and let D be an effective Cartier divisor on X such
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that (X, B + D) is log canonical for some € > 0. Let V be a union
of some log canonical centers of (X, B). We consider V' as a reduced
closed subscheme of X. We can define a scheme structure on V N D
by the following exact sequence

0— Ov(—D) — OV — OVﬂD — 0.

Then the scheme V N D satisfies Serre’s Sy condition. In particular,
| B] N D has no embedded point.

Proor. Without loss of generality, we may assume that X is affine.
We take a resolution f : Y — X such that Exc(f) U Supp f,'B is a
simple normal crossing divisor on Y. Then we can write

Ky + By = f*(Kx + B)

such that Supp By is a simple normal crossing divisor on Y. We take
more blow-ups and may assume that the union of all strata of By
mapped to V', which is denoted by W, is a divisor on Y. Moreover, for
any log canonical center C' of (X, B) contained in V', we may assume
that f~1(C) is a divisor on Y. We consider the following short exact
sequence

0= Oy(A—=W) — Oy(A) — Ow(A) — 0,
where A = [—(Bg')] > 0. By taking higher direct images, we obtain
0— f.Oy(A—W) = Ox — f.Ow(A) — R f,Oy(A=W) — --- .

By Theorem 5.6.3 (i) or Theorem 3.16.3 (i), we have that f.Ow(A) —
R'f.Oy(A—W) is a zero map, f.Ow(A) ~ Oy, and f,Oy(A—W) ~
Ty, the defining ideal sheaf of V on X. We note that f,.Oy ~ Oy.
In particular, Oy is reduced and semi-normal. For the details, see
Theorem 6.3.4 (i).

Let P € VN D be a scheme theoretic point such that the height
of P in Oynp is > 1. We may assume that dimV > 2 around P.
Otherwise, the theorem is trivial. We put Vp = SpecOy.p, Wp =
W xy Vp, and F = f~}(P), where f : Wp — Vp. The pull-back of
D on Vp is denoted by D for simplicity. To check this theorem, it
is sufficient to see that H%(Vp N D, Oy,p) = 0. First, we note that
HY(Vp,Ov,) = HAX(Wp,Ow,) = 0 by f.Ow ~ Oy. Next, as in the
proof of Lemma 7.1.2, we have

RFFOWP >~ RFP(Rf*OWP)
~ Hom(RHom(Rf.Ow,,wy,), 1)
~ Hom(Rf.Ow (Kw) ® Oy,[n —1—m]|, I),



246 7. SOME SUPPLEMENTARY TOPICS

where n = dim X, m = dim {P}, and [ is an injective hull of Ov,/mp
as an Oy,-module such that mp is the maximal ideal corresponding to
P. Once we obtain "2 f, Oy (Kw )20y, = 0, then H-(Wp, Ow,) =
0. It implies that Hp(Vp, Oy,,) = 0since H5(Vp, Ov,) C HE(Wp, Ow,).
By the long exact sequence

RN ]—]%(VP7 Oy, ) — H?D(Vp N D, Ov,.np)
— Hp(Vp, Ovp(=D)) — -+,

we obtain H%(Vp N D, Oy,np) = 0. This is because H3(Vp, Oy,,) = 0
and Hy(Vp, Oy, (—D)) ~ Hp(Vp,Oy,) = 0. So, it is sufficient to see
that Rn_m_gf*OW(Kw) X OVp = 0.

To check the vanishing of R"™™~2 f,Ow (Kyw ) ® Oy,,, by taking gen-
eral hyperplane cuts m times, we may assume that m =0 and P € X
is a closed point. We note that the dimension of any irreducible com-
ponent of V' passing through P is > 2 since P is not a log canonical
center of (X, B) (see Theorem 6.3.7).

On the other hand, we can write W = U; + Uy such that U, is
the union of all the irreducible components of W whose images by f
have dimensions > 2 and U; = W — U,. We note that the dimension
of the image of any stratum of Uy by f is > 2 by the construction of
f:Y — X. We consider the following exact sequence

--- = R £.0y,(Ky,) — R f.0w(Kw)
- Rn_2f*OU1 (KUl + U2|U1) - Rn_lf*OUQ(K[b) .

We have R" 2,0y, (Ky,) = R" ' f.Oy,(Ky,) = 0 around P since the
dimension of general fibers of f : Uy — f(Usy) is < n — 3. Thus, we
obtain R"2f,Ow(Kw) ~ R"2f.0y, (Ky, + Us|y,) around P. There-
fore, the support of R"2f,Ow (Kyw) around P is contained in one-
dimensional log canonical centers of (X, B) in V and R"2f,Ow (Kw)
has no zero-dimensional associated prime around P by Theorem 5.6.3
(i). Note that, by the above argument, we have R"2f,Ow (Ky) = 0
when U; = 0. When U; # 0, by taking a general hyperplane cut of X
again, we have the vanishing of R"2f,Ow (K ) around P by Lemma
7.1.10 below. So, we finish the proof. U

We have already used the following lemma in the proof of Theorem

7.1.9.

LEMMA 7.1.10. Let (Z,A) be a d-dimensional log canonical pair
and let x € Z be a closed point such that x is a log canonical center of
(Z,A). Let V be a union of some log canonical centers of (Z,A) such
that dimV > 0, x € V, and x is not isolated in V. Let f : Y — Z be
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a resolution such that f~(z) and f~1(V) are divisors on'Y and that
Exc(f)USupp f 1A is a simple normal crossing divisor on'Y. We can
write

Ky + By = f*(Kz + A)
such that Supp By is a simple normal crossing divisor on'Y . Let W be

the union of all the irreducible components of By' mapped to V.. Then
R, Ow(Kw) = 0 around x.

Proor. We can write W = W; + W5, where W5 is the union of all
the irreducible components of W mapped to z by f and W, = W —W;.
We consider the following short exact sequence

By the Grauert—Riemenschneider vanishing theorem (see Theorem 3.2.7),
we obtain that

RV, Oy (Ky + W) ~ R7 , 0w (Kw).
Next, we consider the short exact sequence
0— OY<KY + Wl) - OY(KY + W) - OWz(KW2 + lewz) — 0.

Around z, the image of any irreducible component of W; by f is positive
dimensional. Therefore, R4~1f,0y(Ky + W1) = 0 near z. It can be
checked by induction on the number of irreducible components using
the following exact sequence

- — RTE Oy (Ky + Wi — S) — ROy (Ky + W)
— RV, O04(Kg+ (Wy = S)|g) — -+,

where S is an irreducible component of W;. On the other hand, we
have

R . Ow, (Kw, + Wilw,) = H* ' (Wa, Ow, (Kw, + Wilw,))

and Hdil(WQ, OWQ(KWQ + W1|W2)) is dual to HO(WQ, OWQ(—W1|W2))
Note that f.Ow, ~ O, and f.Ow ~ Oy by the usual argument on
adjunction (see Theorem 6.3.4 (i)). Since Wy and W = W; + W, are
connected over x, H°(Wa, Ow,(—Wilw,)) = 0. We note that Wi|w, # 0
since x is not isolated in V. This means that R4 f,Ow (Kw) = 0
around z by the above arguments. U

7.2. Cone singularities

In this section, we collect some basic facts on cone singularities for
the reader’s convenience. They are useful when we construct examples.
First, let us give two useful lemmas.
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LEMMA 7.2.1. Let X be an n-dimensional normal variety and let
f:Y — X be a resolution of singularities. Assume that R'f,Oy = 0
for1 <i<mn-—2. Then X is Cohen—Macaulay.

PROOF. We may assume that n > 3. Since Supp R"! f,Oy is zero-
dimensional, we may assume that there exists a closed point x € X
such that X has only rational singularities outside x by shrinking X
around z. Therefore, it is sufficient to see that the depth of Ox, is
> n = dim X. We consider the following spectral sequence

Ey’ = H,(X, R/ [.Oy) = H(Y, Oy),
where F' = f~'(z). Then H.(X,Ox) = E° ~ E}? =0 fori <n — 1.
This is because H&(Y,Oy) = 0 for i < n — 1 by Lemma 3.15.2. This

means that the depth of Ox , is > n. So, we obtain that X is Cohen—
Macaulay. 0

LEMMA 7.2.2. Let X be an n-dimensional normal variety and let
f Y — X be a resolution of singularities. Let x € X be a closed
point. Assume that X is Cohen—Macaulay and that X has only rational
singularities outside x. Then R'f.Oy =0 for 1 <i<n —2.

Proor. We may assume that n > 3. By assumption, we have
Supp R f.Oy C {x} for 1 < i < n — 1. We consider the following
spectral sequence

Ey = H (X, R f,0y) = H (Y, 0y),
where F' = f~'(z). Then HY(X,R/f.Oy) = E3’ ~ E% = 0 for
j<mn—2since By =0fori>0and j>0, E5°=0fori<n-—1,
and H%(Y,Oy) = 0 for j < n by Lemma 3.15.2. Therefore, we obtain

Rf.Oy =0for1<i<n-—2. O
We point out the following fact explicitly for the reader’s conve-
nience. It is | , 11.2 Theorem. (11.2.5)].

LEMMA 7.2.3. Let f :' Y — X be a proper morphism, let v € X
be a closed point, and let G be a sheaf on Y. If Supp R’ f.G C {z}
for 1 <i <k and Ho(Y,G) = 0 for i < k where F' = f~'(x), then
R .G~ HI (X, f,.G) forj=1,--- k—1.

The assumptions in Lemma 7.2.2 are satisfied for n-dimensional iso-
lated Cohen—Macaulay singularities. Therefore, we have the following
corollary of Lemmas 7.2.1 and 7.2.2.

COROLLARY 7.2.4. Let x € X be an n-dimensional normal isolated
singularity. Then v € X is Cohen—Macaulay if and only if R f,Oy =0
for1 <1< n—2, where f :Y — X s a resolution of singularities.
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We note the following easy example.

ExXAMPLE 7.2.5. Let V be a cone over a smooth plane cubic curve
and let ¢ : W — V be the blow-up at the vertex. Then W is smooth
and Ky = ¢*Ky — FE, where E is an elliptic curve. In particular,
V' is log canonical. Let C' be a smooth curve. We put ¥ = W x C,
X =VxC,and f = ¢ xidg : Y — X, where id¢ is the identity
map of C'. By construction, X is a log canonical threefold. We can
easily check that X is Cohen—Macaulay (see also Theorem 7.1.1 and
Proposition 7.1.7). We note that R!'f.Oy # 0 and that R!f.Oy has
no zero-dimensional associated components. Therefore, the Cohen—
Macaulayness of X does not necessarily imply the vanishing of R! f,Oy.

Let us go to cone singularities (see also | , 3.8 Example] and
[ , Exercises 70, 71]).

LEMMA 7.2.6 (Projective normality). Let X C PV be a normal
projective irreducible variety and let V. C ANT! be the cone over X.
Then V is normal if and only if

HO(PYN, Opn(m)) — HY(X,Ox(m))

is surjective for every m > 0. In this case, X C PV is said to be
projectively normal.

Proor. Without loss of generality, we may assume that dim X > 1.
Let P € V be the vertex of V. By construction, we have H%(V, Oy ) =
0. We consider the following commutative diagram.

0—— HO(AN—H, OAN-H) E—— HO(AN'H \ P, OANH)

i |

H(V,Oy) H°(V \ P,0Oy)

|

0

0

We note that H'(V,Oy) = 0 for every i > 0 since V is affine. By
the above commutative diagram, it is easy to see that the following
conditions are equivalent.

(a) V is normal.

(b) the depth of Oy p is > 2.

(c) Hp(V,Oy) =0.

(d) HY(ANTL\ P, Ogni1) — HO(V \ P,Oy) is surjective.

Hp(V,0y) —=0
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The condition (d) is equivalent to the condition that H°(PY, Opn (m)) —
H°(X,Ox(m)) is surjective for every m > 0. We note that

H (AN P,Oyin) ~ @5 HOPY, Opw (m))

m>0
and
H(V\ P,Oy) ~ P H(X,0x(m)).
m>0
So, we finish the proof. O

The next lemma is more or less well known to the experts.

LEMMA 7.2.7. Let X C PN be a normal projective irreducible vari-
ety and let V.C ANT! be the cone over X. Assume that X is projec-
tively normal and that X has only rational singularities. Then we have
the following properties.

(1) V is Cohen—Macaulay if and only if H'(X,Ox(m)) = 0 for
every 0 < i < dim X and m > 0.

(2) V has only rational singularities if and only if H'(X, Ox(m)) =
0 for every ¢ > 0 and m > 0.

PrROOF. We put n = dim X and may assume n > 1. For (1), it
is sufficient to prove that Hh(V,Oy) = 0 for 2 < i < n if and only if
H(X,0Ox(m)) = 0 for every 0 < i < n and m > 0 since V is normal,
where P € V is the vertex of V. Let f : W — V be the blow-up
at P and ¥ ~ X the exceptional divisor of f. We note that W is
the total space of Ox(—1) over E' ~ X and that W has only rational
singularities. Since V is affine, we obtain H*(V \ P, Oy) ~ H5™(V, Oy)
for every ¢+ > 1. Since W has only rational singularities, we have
HL(W,Ow) =0 for i <n+1 (see Lemma 3.15.2 and Remark 3.15.3).
Therefore,

H(V\P,Oy)~ H(W\E,Oy) ~ H(W, Oy)
for i <mn — 1. Thus,
Hy(V,0y) ~ H™Y(V\P,Oy) ~ H™' (W, 0w) ~ @ H' (X, Ox(m))
m>0

for 2 < i < n. So, we obtain the desired equivalence.
For (2), we consider the following commutative diagram.

H”(V \ P, Ov> — HIZ—H(V, Ov) —0

S

0
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We note that V is Cohen—Macaulay if and only if R'f,Oy = 0 for
1 <i<n-—1 (see Lemmas 7.2.1 and 7.2.2) since W has only rational
singularities. From now on, we assume that V' is Cohen-Macaulay.
Then, V' has only rational singularities if and only if R" f.Ow = 0. By
the same argument as in the proof of Theorem 3.15.1, the kernel of «
is HY(V, R"f,Ow). Thus, R"f,Ow = 0 if and only if H"(W, Oy) =~
D,,~0 H"(X,Ox(m)) = 0 by the above commutative diagram. So, we
obtain the statement (2) with the aid of (1). O

The following proposition is very useful when we construct various
examples. We have already used it several times in this book.

PROPOSITION 7.2.8. Let X C PV be a normal projective irreducible
variety and let V. C AN be the cone over X. Assume that X is
projectively normal. Let A be an effective R-divisor on X and let B be
the cone over A. Then, we have the following properties.

(1) Ky + B is R-Cartier if and only if Kx + A ~g 7H for some
r € R, where H C X is the hyperplane divisor on X C PV.
(2) If Kx + A ~g rH, then (V, B) is
(a) terminal if and only if r < —1 and (X, A) is terminal,
(b) canonical if and only if r < —1 and (X, A) is canonical,
(c) kit if and only if r < 0 and (X, A) is klt, and
(d) leif and only if r <0 and (X, A) is lc.

PROOF. Let f: W — V be the blow-up at the vertex P € V and
E ~ X the exceptional divisor of f. If Ky 4+ B is R-Cartier, then
Kw + f7'B ~r f*(Ky + B) + aF for some a € R. By restricting it
to E, we obtain that Kx + A ~g —(a + 1)H. On the other hand, if
Kx+A ~g rH, then Ky + f, !B ~g ; —(r +1)E. Therefore, Ky + B
is R-Cartier on V. Thus, we have the statement (1). For (2), it is
sufficient to note that

Kw + f.'B=f"(Kv+B) = (r+1)E
and that T is the total space of Ox(—1) over £ ~ X. O

7.3. Francia’s flip revisited

In this section, we treat some explicit examples of threefolds. These
examples show that the notion of flips is indispensable for the study of
higher-dimensional algebraic varieties.

In Example 7.3.1, we construct Francia’s flip on a projective toric
variety explicitly. Francia’s flip is a monumental example (see [Fral).
So, we include it here. Our description may look slightly different from
the usual one because we use the toric geometry.
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EXAMPLE 7.3.1. We fix a lattice N ~ Z? and consider the lattice
points e; = (1,0,0), e = (0,1,0), e3 = (0,0,1), e4 = (1,1, —2), and
es = (—1,—1,1). First, we consider the complete fan A; spanned
by e1,es,e4, and e5. Since e; + ey + e4 + 2e5 = 0, X7 = X(4) is
P(1,1,1,2). Next, we take the blow-up f : Xy = X(Ay) — X; along
the ray es = (0,0,1). Then X, is a projective Q-factorial toric variety
with only one (1, 1,1)-singular point. Since p(X>) = 2, we have one
more contraction morphism ¢ : Xo — X3 = X(A3). This contraction
morphism ¢ corresponds to the removal of the wall (e, es) from A,.
We can easily check that ¢ is a flipping contraction. By adding the
wall (e3,e4) to Az, we obtain the following flipping diagram.

It is an example of Francia’s flip. Note that es + e4 + e = 0 and
e; + eg = 2e3 + leg + Oes. Therefore, we can easily check that Xy ~
Pp1 (Opr @ Op1 (1) & Op1(2)) (see, for example, [Ful, Exercise in Section
2.4]). We can also check that the flipped curve C' ~ P! is the section
of m : Ppi(Op1t @ Opi(1) ® Op1(2)) — P! defined by the projection
Op1 @ Opl(l) @ Op (2) — Op1 — 0.

By taking double covers, we have an interesting example of smooth
projective threefolds (cf. [Fra]).

ExXAMPLE 7.3.2. We use the same notation as in Example 7.3.1. Let
g : X5 — X5 be the blow-up along the ray eg = (1,1, —1). Then Xj is
a smooth projective toric variety. Let Ox,(1) be the tautological line
bundle of the P2-bundle 7 : X4 = Pp1(Op1 @ Op1 (1) © Opi(2)) — PL.
It is easy to see that Ox,(1) is nef and Ox,(1) - C = 0, where C
is the flipped curve. Therefore, there exists a line bundle £ on X3
such that Ox, (1) ~ ¢¥*L, where ¢ : X4 — X3. We take a general
member D € |£%¥|. We note that |L£] is free since £ is nef. We take
a double cover X — X, (resp. Y — Xj5) ramifying along Supp 1D
(resp. Supp(p o g)7'D). Then X is a smooth projective variety such
that Kx is ample. It is obvious that Y is a smooth projective variety
and is birational to X. So, X is a smooth projective threefold with
ample canonical divisor and is the unique minimal model of a smooth
projective threefold Y. It is easy to see that we need flips to obtain
the minimal model X from Y by running a minimal model program.
In particular, the minimal model program from Y to X must pass
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through singular varieties by Theorem 1.1.4. Note that Y --» X is not
a morphism.

Example 7.3.2 clarifies the difference between the minimal model
theory for smooth projective surfaces and the minimal model program
for higher-dimensional algebraic varieties.

7.4. A sample computation of a log flip

In this section, we treat an example of threefold toric log flips. In
general, it is difficult to know what happens around the flipping curve.
Therefore, the following nontrivial example is valuable because we can
see the behavior of the flip explicitly. It helps us understand the proof
of the special termination theorem in [F'13].

EXAMPLE 7.4.1. We fix a lattice N = Z3. We put e; = (1,0,0),
ey = (—1,2,0), e3 = (0,0,1), and e, = (—1,3,—3). We consider the
fan

A = {{ey, e3,€4), (€2, €3, €4), and their faces}.

We put X = X(A), that is, X is the toric variety associated to the fan
A. We define torus invariant prime divisors D; = V(e;) for 1 <i < 4.
We can easily check the following claim.

CrAM. The pair (X, Dy + Ds) is a Q-factorial dit pair.

We put C = V({e3,e4)) ~ P!, which is a torus invariant irreducible
curve on X. Since (ey, e3,€e4) is a non-singular cone, the intersection
number D, - C' = 1. Therefore,

2
CD4:—§

and

1
We note the linear relation e; 4+ 3e; — 6e3 — 2e4 = 0. We put Y =
X ({e1,e9,e3,€4)), that is, Y is the affine toric variety associated to the

cone (eq, e, e3,¢e4). Then we have the next claim.

CrLAM. The birational map f : X — Y is a flipping contraction
with respect to Kx + Dy + D3 such that —Ds is f-ample.

Note that f : (X,D; + D3) — Y is a pl flipping contraction in
the sense of | , Definition 4.3.1]. We note the intersection numbers
C-D; =3 and D3-C = —2. Let ¢ : X --» X be the flip of f. We
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note that the flip ¢ is an isomorphism around any generic points of log
canonical centers of (X, Dy + D3). We restrict the flipping diagram

f(Ds)
It is not difficult to see that Df — f(Ds3) is an isomorphism. We
put (Kx + D1 + Ds3)|p, = Kp, + B. Then f : D3 — f(D3) is an

extremal divisorial contraction with respect to Kp, + B. We note that
B = Di|p,.

CrAM. The birational morphism f : D3 — f(Dj3) contracts E ~ P!
to a point Q on Di ~ f(Ds) and Q is a 5(1,1)-singular point on
Di ~ f(Ds). The surface Dy has a %(1,1)-singular point P, which
1s the intersection of E and B. We also have the adjunction formula
(Kp, + B)|p = Kp + 2P.

Let D;" be the torus invariant prime divisor V(e;) on X+ for all i
and let BT be the strict transform of B on Dy .

CLAIM. We have
(Kx+ + DY + Dy )|p+ = Kpt+ + B7

and ]
(KD; —|— B+)‘B“’ - KB“' + 5@

We note that f*: Dy — f(D3) is an isomorphism. In particular,

is of type (DS) in the sense of [F'13, Definition 4.2.6]. Moreover, f :
B — BT is an isomorphism but f : (B,3P) — (B*,1Q) is not an
isomorphism of pairs (see [F'13, Definition 4.2.5]). We note that B
is a log canonical center of (X, Dy + Ds). So, we need | , Lemma
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4.2.15]. Next, we restrict the flipping diagram to D;. Then we obtain
the diagram.

f(D1)
In this case, f : D1 — f(D;) is an isomorphism.
CrAIM. The surfaces Dy and DY are smooth.

It can be directly checked. Moreover, we obtain the following ad-
junction formulas.

CLAIM. We have

2
(Kx + Dy + D3)|p, = Kp, +B+§B’,

where B (resp. B") comes from the intersection of Dy and D3 (resp. Dy).

We also obtain

2 1
(Kx+ + Df + D)l py = Kpy + B™+ 2B + OF,

where B (resp. B'") is the strict transform of B (resp. B') and F is
the exceptional curve of f+: Df — f(Dy).

CrLAIM. The birational morphism f+ : Df — f(Dy) ~ Dy is the
blow-up at P= BN B'.
We can easily check that
1

2 . 2 1
Kp: + B" + §B’++ SF = fY(Kp, + B+ 5B’) -F

It is obvious that Kp+ + BY + 2B 4 JF is f*-ample. Note that F
comes from the intersection of Df and Dy . Note that the diagram

is of type (SD) in the sense of [['13, Definition 4.2.6].
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7.5. A non-Q-factorial flip

The author apologizes for the mistake in | , Example 4.4.2]. For
the details on three-dimensional terminal toric flips, see | ]. In
this section, we explicitly construct a three-dimensional non-Q-factorial
canonical Gorenstein toric flip. We think that it is not so easy to
construct such examples without using the toric geometry.

ExAMPLE 7.5.1 (Non-Q-factorial canonical Gorenstein toric flip).
We fix a lattice N = Z3. Let n be a positive integer with n > 2. We
take lattice points eg = (0, —1,0),

n—1
ei=Mm+1—1, Z k,1)

k=n+1—1

for1 <i<n+1, and e,,5 = (—1,0,1). Note that e; = (n,0,1). We
consider the following fans.

Ax = {(eo,e1,ent2),(€1,€2, -+ ,€nt1,€Ens2),and their faces},
AW - {<€0a €1y ,Cn+1, €n+2>, and its faces}, and
Ax+ = {(eg,ei,€ir1),fori=1,--- n+1 and their faces}.

We define X = X(Ax), X" = X(Ax+), and W = X(Ay). Then we

have a diagram of toric varieties.

We can easily check the following properties.

(i) X has only canonical Gorenstein singularities.
(ii) X is not Q-factorial.
(iii) Xt is smooth.
(iv) ¢ : X — W and ¢t : XT — W are small projective toric
morphisms.

(v) —Kx is p-ample and Kx+ is pT-ample.

(vi) p(X/W) =1 and p(Xt/W) =n.
Therefore, the above diagram is a desired flipping diagram. We note
that

€ + €ip2 = 2€;41 + €
fori=1,--- ,n—1and
n(n —1)

en + €ny2 = 2€,41 + — 5
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We recommend the reader to draw pictures of Ax and Ax+ when
n=2.

By this example, we see that a flip sometimes increases the Pi-
card number when the flipping variety X is not Q-factorial. Moreover,
the flipped variety X sometimes becomes Q-factorial even when the
flipping variety X is not Q-factorial.
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