FUNDAMENTAL PROPERTIES OF BASIC SLC-TRIVIAL FIBRATIONS

OSAMU FUJINO

ABSTRACT. We introduce the notion of basic slc-trivial fibrations. It is a generalization
of that of Ambro’s lc-trivial fibrations. Then we study fundamental properties of basic slc-
trivial fibrations by using the theory of variations of mixed Hodge structure on cohomology
with compact support. More precisely, we prove that the moduli part of a basic slc-trivial
fibration is b-strongly nef. Note that the notion of basic slc-trivial fibrations is closely
related to that of normal irreducible quasi-log canonical pairs. So the results obtained in
this paper will play an important role in the theory of quasi-log schemes. Here we give
a structure theorem for normal irreducible quasi-log canonical pairs as an application of
the main theorem. This result makes the theory of quasi-log schemes more powerful and
more flexible.
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From 2006 to 2007, I wrote a preprint [Fn5|, where I obtained some generalizations
of Kollar’s injectivity, vanishing, and torsion-free theorems by using the theory of mixed
Hodge structures on cohomology with compact support. Note that a completely revised
and expanded version of [Fn5] is now published as Chapter 5 of [Fnl0] (see also [Fn9]
and [Fnl13]). The main motivation of [Fn5] is to establish some generalizations of Kollar’s
theorems for the theory of quasi-log schemes introduced by Florin Ambro (see [A3]). In
2009, T wrote a very preliminary version of [FF1] and started a joint work with Taro
Fujisawa. One of my motivations of [FF1] is to formulate an ultimate generalization of
the Fujita—Zucker-Kawamata semipositivity theorem and obtain some kind of canonical
bundle formula for reducible varieties by using the theory of variations of mixed Hodge
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structure on cohomology with compact support. Soon after we released a preprint version
of [FF1] in 2012, T got the projectivity of the coarse moduli spaces of stable varieties in
[Fnl4] as an easy application of [FF1]. I thought that the paper [Fnl4] was an important
unexpected application of [FF1] because everyone thought that the projectivity of the
coarse moduli spaces of stable varieties had been already proved in [Kol]. We note that
the main result of [Fnl4] now can be proved without using the theory of variations of
mixed Hodge structure (see [Fnl5]). The proof in [Fnl5] uses the Kollar-Ohsawa type
vanishing theorem for simple normal crossing pairs. Anyway, in this paper, we discuss a
kind of canonical bundle formula for reducible varieties, which we call a basic slc-trivial
firbration, as an application of [FF1]. This paper relates the theory of variations of mixed
Hodge structure on cohomology with compact support discussed in [FF1] to the theory of
quasi-log schemes established in [Fnl0, Chapter 6]. Therefore, the results in this paper
will play a crucial role in the study of quasi-log schemes.

Let us introduce basic sle-trivial fibrations f : (X, B) — Y. They consist of a projective
surjective morphism f : X — Y from a simple normal crossing variety X to a normal
irreducible variety Y such that (X, B) is a simple normal crossing pair and that Ky + B
is Q-linearly trivial over Y. More precisely, we assume:

(1) Y is a normal irreducible variety,
(2) every stratum of X is dominant onto Y and f,Ox ~ Oy, where f: X — Y is a
projective surjective morphism,
(3) B is a Q-divisor on X such that (X, B) is a simple normal crossing pair and that
B = B=! holds over the generic point of Y,
(4) there exists a Q-Cartier Q-divisor D on Y such that Kx + B ~gq f*D, and
(5) rank f,Ox([—(B<H]) = 1.
We note that X is not necessarily irreducible in the above setup. It may be a reducible
simple normal crossing variety. Of course, we are mainly interested in the case where X
is reducible. The notion of basic sle-trivial fibrations is a natural generalization of that of
le-trivial fibrations (see [A4] and [FG2]) and will suit the theory of quasi-log schemes very
well.

In the above setup, let o : Y/ — Y be a birational morphism from a normal irreducible
variety Y’. Then we can construct a following commutative diagram of basic sle-trivial
fibrations:

(X', Bx') = (X, B)

7 |7

Y’ Y
where By is defined by Kx/ + By, = p*(Kx + B) and f’: (X', Bx/) — Y’ is nothing but
the base change of f: (X,B) - Y by ¢ : Y’ — Y on a nonempty Zariski open set of Y.
We call f: (X', Bx/) — Y’ an induced basic slc-trivial fibration of f : (X,B) — Y by
o:Y" — Y. As for le-trivial fibrations, we can define a discriminant Q-b-divisor B and a
moduli Q-b-divisor M on Y associated to f: (X, B) — Y (see 4.5).

Before we state the main theorem of this paper, we have to introduce the notion of
strongly nef Q-divisors.

Definition 1.1 (Strongly nef divisors, see Definition 2.5). Let X be a normal irreducible
variety and let D be a divisor on X. If there exist a normal complete variety X which
contains X as a dense Zariski open set and a nef divisor D on X such that D = D|x, then
D is called a strongly nef divisor on X. A finite Ry ¢-linear (resp. Qso-linear) combination
of strongly nef divisors is called a strongly nef R-divisor (resp. Q-divisor).
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Let us state the main theorem of this paper, which is a generalization of [A4, Theorem
0.2] (see also [FG2, Theorem 3.6]).

Theorem 1.2 (Main Theorem). Let f : (X, B) = Y be a basic sle-trivial fibration and let
B and M be the induced discriminant and moduli Q-b-divisors of Y respectively. Then we
have the following properties:
(i) K+ B is Q-b-Cartier, and
(ii) M is b-strongly nef, that is, there exists a proper birational morphism o :Y' —'Y
from a normal variety Y’ such that My is a strongly nef Q-divisor on Y and that

M = My-.

We note that K in Theorem 1.2 is the canonical b-divisor of Y. For the precise definition
of Q-b-divisors and b-strongly nef divisors, see Definition 2.12 below.

Theorem 1.2 can be restated as follows without using b-divisors.

Theorem 1.3. Let f: (X, B) — Y be a basic slc-trivial fibration. Then there is a proper
birational morphism o 1 Y' —'Y from a normal variety Y' such that
(i) Ky'+ By is Q-Cartier and v*(Ky+ By') = Ky + Byn for every proper birational
morphism v : YY" =Y from a normal variety Y, and
(ii) My is a Q-Cartier Q-divisor on Y’ that is strongly nef and v*My+ = My for
every proper birational morphism v :Y" —Y' from a normal variety Y.

We note that By (resp. Byw) is the discriminant Q-divisor on Y’ (resp. Y”) and that
My~ (resp. My+) is the moduli Q-divisor on Y’ (resp. Y”) in Theorem 1.3.

In [A4], Florin Ambro established Theorem 1.2 under the assumption that (X, B) has
only sub kawamata log terminal singularities over the generic point of Y. The case where
(X, B) has only sub log canonical singularities over the generic point of Y was proved in
[FG2]. Note that Ambro used the theory of variations of Hodge structure in [A4] and
Gongyo and the author used the theory of variations of mixed Hodge structure in [FG2].

On moduli Q-b-divisors, we pose the following conjecture.

Conjecture 1.4 (b-semi-ampleness conjecture). Let f : (X, B) — Y be a basic sle-trivial
fibration. Then the moduli part M is b-semi-ample.

By Lemma 4.11 below, we see that it is sufficient to prove Conjecture 1.4 under the extra
assumption that Y is complete. Anyway, Conjecture 1.4 is still widely open even when X
is a smooth irreducible variety and B = 0. For some known cases and related topics, we
recommend the reader to see [Ka2], [Fn2|, [A5], [PrSh], [FG2], and so on. In a joint paper
with Taro Fujisawa and Haidong Liu (see [FFL]), we will prove:

Theorem 1.5. If Y is complete and My is numerically trivial in Theorem 1.2, then
My/ ~Q 0 holds.

As an easy consequence of Theorem 1.5, we have the following result.
Corollary 1.6. Conjecture 1.4 holds true when Y is a curve.

We note that Theorem 1.5 is a generalization of [A5, Theorem 3.5] and [Fl, Theorem
1.3] and that Corollary 1.6 is a generalization of [A4, Theorem 0.1]. For the details of
Theorem 1.5 and Corollary 1.6, see [FFL].

As an application of Theorem 1.3, we will prove the following theorem. Theorem 1.7,
which is one of the main motivations of this paper, will play an crucial role in the theory
of quasi-log schemes.
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Theorem 1.7 (Structure theorem for normal irreducible quasi-log canonical pairs). Let
(X, w] be a quasi-log canonical pair such that X is a normal irreducible variety. Then there

exists a projective birational morphism p : X' — X from a smooth quasi-projective variety
X' such that

Kx' + Bx: + Mx: = p'w,

where Bx: 1s a subboundary R-divisor, that is, Bx: = B)S(,l, such that Supp Bx: is a simple
normal crossing divisor and that B, is p-exceptional, and Mx: is a strongly nef R-divisor
on X'. Furthermore, we can make Bx: satisfy p(Bxr) = Nqklt(X,w).

We further assume that [X,w| has a Q-structure. Then we can make By, and Mx
Q-dwvisors in the above statement.

We note that there are many examples of quasi-log canonical pairs in the theory of
minimal models.

Example 1.8. (1) Let (X, A) be a quasi-projective semi-log canonical pair. Then [X, w],
where w = Kx + A, is a quasi-log canonical pair such that W is a glc stratum of [ X, w] if
and only if W is an slc stratum of (X, A). For the details, see [Fn7, Theorem 1.2].

(2) Let W be a glc stratum of a quasi-log canonical pair [X,w]. Then [W,w|w] is also a
quasi-log canonical pair by adjunction (see, for example, [Fnl0, Theorem 6.3.5]).

(3) Let [X,w| be a quasi-log canonical pair such that X is irreducible. Let v : XV — X
be the normalization of X. Then we can prove that [X”, v*w] is a quasi-log canonical pair.
For the details, see [FLh1, Theorem 1.1].

(4) Let W be an slc stratum of a quasi-projective semi-log canonical pair (X, A). Then,
by (1), (2), and (3) above, we see that [W,w|w] and [W", v*(w|w)] are quasi-log canonical
pairs, where w = Kx + A and v : WY — W is the normalization of W.

Here we give an important remark on Theorem 1.7.

Remark 1.9 (Generalized polarized pairs). We put Bx = p.Bxs and Mx = p,Mx/ in
Theorem 1.7. Then By is a boundary R-divisor on X, that is, an effective R-divisor
on X with By = B)S(l, since By is p-exceptional. Of course, Kx + Bx + My is R-
Cartier by construction. Let X — S be any projective morphism between quasi-projective
varieties. Then, (X, By + M) is a generalized polarized pair which comes with the data

X' 2 X — S and My as in [BZ, Definition 1.4]. Moreover, we can easily check
that (X, Bx + Mx) is generalized lc in the sense of [BZ, Definition 4.1]. We note that
(X, Bx + Mx) is generalized kit in the sense of [BZ, Definition 4.1] when Ngklt(X,w) = 0.
For the details of generalized polarized pairs, we recommend the reader to see [BZ, Section
4].

By Theorem 1.7, we can prove a kind of subadjunction formula for minimal glc strata
of quasi-log canonical pairs. Corollary 1.10 is a complete generalization of [Ka3, Theorem
1]. For a different generalization of [Ka3, Theorem 1], see [FG1, Theorem 1.2]. We also
recommend the reader to see [FLw2] for a generalization of Corollary 1.10.

Corollary 1.10 (Subadjunction for minimal qlc strata). Let [ X, w] be a quasi-log canonical
pair and let W be a minimal gle stratum of [X,w|. We assume that W is quasi-projective
and H is any ample R-divisor on W. Then we can construct an effective R-divisor Ay on
W such that (W, Aw) is kawamata log terminal with Ky + Aw ~r w|lw + H. We further
assume that [X,w] has a Q-structure and H is an ample Q-divisor on W. Then we can
make Ay a Q-divisor with Ky + Aw ~q wlw + H.

As an application of Theorem 1.7, we will prove:

Corollary 1.11 ([FLh2]). Every quasi-log canonical pair has only Du Bois singularities.
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Corollary 1.11 is a complete generalization of [Ko3, Corollary 6.32]. We will discuss
Corollary 1.11 and some related topics in a joint paper with Haidong Liu (see [FLh2]).
We note that the arguments in [FLh2] and this paper are free from the minimal model
program.

By using Theorem 1.7, we will also prove:

Corollary 1.12 (Simply connectedness and rationally chain connectedness of quasi-log
canonical Fano pairs, [FLw2]). Let [X,w| be a connected projective quasi-log canonical pair.
Assume that —w is ample. Then X is simply connected and rationally chain connected.

Corollary 1.13 (Lengths of extremal rational curves, [FLw2]). Let [X,w| be a quasi-log
canonical pair and let w: X — S be a projective morphism onto a variety S. Then every
w-negative extremal ray R of the relative Kleiman—Mori cone NE(X/S) is spanned by a
rational curve C with 0 < —w - C < 2dim X.

We will discuss a generalization of Corollary 1.10, Corollaries 1.12 and 1.13 in a joint
paper with Wenfei Liu (see [FLw2]).

Finally, as an application of Theorem 1.7, we will prove the following Fujita-type freeness
for quasi-log canonical surfaces in a joint paper with Haidong Liu (see [FLh3]).

Corollary 1.14 ([FLh3]). Let [X,w] be a projective quasi-log canonical pair of dimension
two and let M be a Cartier divisor on X. We put N = M — w. Assume that N? - X; > 4
for every irreducible component X; of X and that N-C > 2 for every curve C on X. Then
the complete linear system |M| is basepoint-free.

Corollary 1.14 is a generalization of the result for semi-log canonical surfaces obtained
in [Fnl1].

We strongly recommend the reader to see [FLh2|, [FLh3], [FFL], and [FLw2] after read-
ing this paper.

1.15 (Historical comments on related papers). One of the starting points of this paper
is Mori’s work in [M, Section 5, Part II]. It is a prototype of the so-called Fujino—Mori
canonical bundle formula (see [FM]). We note that [FM] is an expanded version of Mori’s
unpublished preprint written and circulated around 1994. We also note that the moduli
part is called the semistable part in [FM]. In [Ka3, Theorem 2|, Kawamata essentially
proved that the moduli part of a klt-trivial fibration is nef. After the author learned [Ka3,
Theorem 2], he soon got some applications of Kawamata’s result in [Fnl] and then obtained
the so-called Fujino—Mori canonical bundle formula with Shigefumi Mori by combining
Mori’s unpublished preprint with [Ka3, Theorem 2|. Then the author discussed the semi-
ampleness of semistable parts for certain algebraic fiber spaces in [Fn2] and also proved
that the semistable part behaves very well under pull-back in [Fn2, Section 4]. In [Fn3,
Section 4], he essentially proved that the moduli part of an le-trivial fibration is nef. This
result is a direct generalization of [Ka3, Theorem 2|. From the Hodge theoretic viewpoint,
[Ka3] is pure and [Fn3, Section 4] is mized. We note that [Fn3, Sections 4 and 5| was
not published. If the author remembers correctly, he planned to divide [Fn3] into two
papers following the editor’s recommendation (see [Fn4, Remark 1.1]). On the other hand,
Ambro started to study some applications of [Ka3, Theorem 2] in his thesis (see [Al])
independently. Then he formulated lc-trivial fibrations, which are now called klt-trivial
fibrations in this paper, and proved that the moduli part is b-nef (see [A4]). His result
recovers [Ka3, Theorem 2]. However, his proof is different from Kawamata’s original
one in [Ka3] and is essentially the same as the arguments in [M, Section 5, Part II] and
[Fn2, Section 4]. Moreover, in [A5], Ambro proved that the moduli part of a klt-trivial
fibration is b-nef and abundant under some mild assumptions. Note that this deep result
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was generalized for le-trivial fibrations by [FG2]. More precisely, in [FG2], Gongyo and the
author showed how to reduce some problems for lc-trivial fibrations to those for klt-trivial
fibrations. On the semi-ampleness, Kawamata essentially proved that the moduli part of
an le-trivial fibration is semi-ample when the dimension of general fibers is one in [Ka2]
(see also [PrSh]). Anyway, as we mentioned before, the b-semi-ampleness conjecture (see
Conjecture 1.4) is still widely open. We recommend the reader to see [Fn8|, where the
author discussed various topics around le-trivial fibrations. Roughly speaking, in [Fn8], the
author formulated lc-trivial fibrations for Kahler manifolds and proved the finite generation
of canonical rings for compact Kahler manifolds. We also recommend the reader to see
[Fn12] for a survey on some related topics. Finally, we note that Kollar surveys le-trivial
fibrations in [Ko2]. His treatment is slightly different from others.

We briefly explain the organization of this paper. In Section 2, we fix the notation and
recall various basic results for the reader’s convenience. Here we introduce the notion of
strongly nef divisors and explain some basic properties. Section 3 is a short section on the
theory of variations of mixed Hodge structure on cohomology with compact support. We
explain some results in [FF1]. Note that Theorem 3.1 is the main ingredient of this paper.
Theorem 3.1 is a generalization of the Fujita—Zucker-Kawamata semipositivity theorem. In
Section 4, we introduce the notion of (pre-)basic sle-trivial fibrations, define discriminant
@Q-b-divisors and moduli Q-b-divisors, and study some basic properties. The notion of
basic sle-trivial fibrations is a generalization of that of Ambro’s lc-trivial fibrations. In
Section 5, we treat an inversion of adjunction for pre-basic sle-trivial fibrations under some
assumptions. Although we do not need the result in Section 5 explicitly in this paper, the
calculation in Section 5 may help the reader understand Theorem 1.7. In Section 6, we take
a cyclic cover of the generic fiber of a given basic sle-trivial fibration to construct a new
pre-basic sle-trivial fibration. Then we interpret the moduli part of a given basic sle-trivial
fibration Hodge theoretically. In Section 7, we discuss various covering lemmas essentially
due to Yujiro Kawamata. We will use them in the subsequent sections. In Section 8, we
prove that the moduli part of a basic sle-trivial fibration behaves very well under pull-back
by generically finite morphisms with some mild assumptions. Section 9 is devoted to the
proof of the main theorem: Theorem 1.2. In Section 10, we treat normal irreducible quasi-
log canonical pairs. By the main result in Section 10, we see that a normal irreducible
quasi-log canonical pair with Q-structure can be seen as a basic sle-trivial fibration. This
fact is one of the main motivations to introduce the notion of basic slc-trivial fibrations.
In Section 11, we prove Theorem 1.7 as an application of Theorem 1.2. By this theorem,
we see that normal irreducible quasi-log canonical pairs are similar to log canonical pairs.
Section 12 is a short section on a remark about the basepoint-free theorem for quasi-log
canonical pairs. In the final section: Section 13, we give some supplementary remarks on
[FF1], which is one of the main ingredients of this paper, for the reader’s convenience.

Acknowledgments. The author was partially supported by JSPS KAKENHI Grant
Numbers JP16H03925, JP16H06337. He would like to thank Yoshinori Gongyo, Wen-
fei Liu, Takeshi Abe, Kenta Hashizume, and Haidong Liu for discussions. He also would
like to thank Professor Taro Fujisawa very much for useful discussions and advice, and for
allowing him to include [FF3] in this paper.

Conventions. We will work over C, the complex number field, throughout this paper. We
will freely use the basic notation of the minimal model program as in [Fn6| and [Fnl0]. A
scheme means a separated scheme of finite type over C. A wvariety means a reduced scheme,
that is, a reduced separated scheme of finite type over C. In this paper, a variety may be
reducible. However, we sometimes assume that a variety is irreducible without mentioning
it explicitly if there is no danger of confusion. The set of integers (resp. rational numbers
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or real numbers) is denoted by Z (resp. Q or R). The set of nonnegative (resp. positive)
rational numbers is denoted by Q> (resp. Qs¢). We use Zsq, Z=o, R>o, and R similarly.

2. PRELIMINARIES

In this section, we fix the notation and recall some basic results for the reader’s conve-
nience.

2.1 (Divisors). 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 (multiplicative) 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% hold. A Cartier divisor D on X is a global section of K% /O%, that is, D is an
element of I'(X, % /O%). A Q-Cartier divisor (resp. An R-Cartier divisor) is an element
of I'(X, K% /O%) @z Q (resp. I'(X, K% /O%) @z R).

Let Dy and Ds be two R-Cartier divisors on X. Then D is linearly (resp. Q-linearly,
or R-linearly) equivalent to Dy, denoted by Dy ~ Dy (resp. Dy ~qg Ds, or Dy ~g Ds) if

k
D, =Dy + Zri(fi)
i=1

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

I'(X,Kx) = D(X,Kx/O0%).
Let f: X — Y be a morphism between schemes. If there exists an R-Cartier (resp. a
Q-Cartier) divisor B on Y such that Dy ~g Dy + f*B (resp. Dy ~g Dy + f*B), then

Dy is said to be relatively R-linearly (resp. Q-linearly) equivalent to Dsy. It is denoted by
Dl ~R,f D2 or Dl ~R,Y D2 (resp. Dl ~Q,f D2 or Dl ~QY Dg)

From now on, let X be an equidimensional scheme. We note that X is not necessarily
regular in codimension one. A (Weil) divisor D on X is a finite formal sum

D= ZdiDi

where D; is an irreducible reduced closed subscheme of X of pure codimension one and d;
is an integer for every i such that D; # D; for every i # j. If d; € Q (resp. d; € R) for
every i, then D is called a Q-divisor (resp. an R-divisor). Let D = ). d;D; be an R-divisor
as above. We put

D' =) "d;D; D<'=) dD; D™= D; and [D]=) [d]D,
d; <1 d; <1 d;=1 7

where [d;] is the integer defined by d; < [d;] < d; + 1. Moreover, we put |D] = —[—D]|
and {D} = D — |D|. Let D be an R-divisor. We call D a subboundary R-divisor if
D = D=! holds. When D is effective and D = D=! holds, we call D a boundary R-divisor.

We further assume that f : X — Y is a surjective morphism onto an irreducible variety
Y. Then we put

D"= Y dD; and D"=D-D
F(D)QY

and call DV the vertical part and D" the horizontal part of D with respect to f : X — Y,
respectively.

2.2 (Singularities of pairs). A pair (X, A) consists of a normal variety X and an R-divisor
A on X such that Ky + A is R-Cartier. A pair (X, A) is called sub kawamata log terminal
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(resp. sub log canonical) if for any proper birational morphism f : Y — X from a normal
variety Y, every coefficient of Ay is < 1 (resp. < 1) where

KY + AY = f*<KX -+ A)

A pair (X, A) is called kawamata log terminal (resp. log canonical) if (X, A) is sub kawa-
mata log terminal (resp. sub log canonical) and A is effective.

Let (X,A) be a sub log canonical pair and let W be a closed subset of X. Then
W is called a log canonical center of (X, A) if there exist a proper birational morphism
f:Y — X from a normal variety Y and a prime divisor £ on Y such that multy Ay =1
and f(E)=W.

We note that — multg Ay is denoted by a(E, X, A) for any prime divisor F on Y and
is called the discrepancy coefficient of E with respect to (X, A).

Let X be a normal variety and let A be an R-divisor on X such that Kx + A is R-
Cartier. Under this assumption, we can define the discrepancy coefficient a(F, X, A) for
any prime divisor £ over X by taking a suitable resolution of singularities. The minimal
log discrepancy of (X, A) in a closed subset Z C X is

mldz(X,A):= inf a(E, X, A)+1,

Cx(E)CZ
where E is a prime divisor over X and cx(F) is the center of E on X.

In this paper, we mainly treat reducible varieties. So we need the notion of (sub) semi-log
canonical singularities.

Definition 2.3 (Semi-log canonical singularities). Let X be an equidimensional variety
that satisfies Serre’s S, condition and is normal crossing in codimension one. Let A be
an R-divisor on X such that no irreducible component of Supp A is contained in the
singular locus of X and that Ky + A is R-Cartier. We say that (X,A) has only sub
semi-log canonical (sub sle, for short) singularities if (X*, Ax») is sub log canonical, where
v : XY — X is the normalization of X and Ky» + Ax» = v*(Kx + A), that is, Axv is
the sum of the inverse images of A and the conductor of X. An sic center of (X, A) is the
v-image of an lc center of (X", Axv). An slc stratum of (X, A) means either an slc center
of (X,A) or an irreducible component of X. If (X,A) has only sub semi-log canonical
singularities and A is effective, then we say that (X, A) has only semi-log canonical (slc,
for short) singularities.

If (X, A) is (sub) semi-log canonical and X is normal, then (X, A) is (sub) log canonical
by definition.

For the details of semi-log canonical singularities, see [Fn7] and [Ko3].

2.4 (Strongly nef divisors). Let us introduce the notion of strongly nef divisors. It is
indispensable for the main theorem of this paper: Theorem 1.2.

Definition 2.5 (Strongly nef divisors). Let X be a normal irreducible variety and let D
be a divisor on X. If there exist a completion X of X, that is, X is a normal complete
variety and contains X as a dense Zariski open set, and a nef divisor D on X such that
D = D|x, then D is called a strongly nefdivisor on X. A finite R -linear (resp. Q-linear)
combination of strongly nef divisors is called a strongly nef R-divisor (resp. Q-divisor).

The following easy lemma is very important in some applications.

Lemma 2.6. Let X be a normal irreducible quasi-projective variety, let D be a strongly
nef divisor on X, and let H be an ample divisor on X. Then D + H 1is ample.

We give a detailed proof for the reader’s convenience.
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Proof of Lemma 2.6. 1t is sufficient to prove that Ox(D + H) is ample. Therefore, by
replacing D and H with mD and mH for some positive integer m, respectively, we may
assume that H is very ample (see, for example, [H, Chapter I, Theorem 7.6]). Thus, there
exists an embedding i : X < PV such that Ox(H) ~ i*Opn~(1). Let X' be the closure
of X in PV, Let X be a completion of X on which there is a nef divisor D such that
D = D|x. By [L, Lemma 2.2], which is an easy application of the flattening theorem (see
[RG, Théoreme (5.2.2)]), we can take an ideal sheaf Z on X' with Supp Oy+/Z C XT\ X
such that the blow-up of X along 7 eliminates the indeterminacy of X --» X. Therefore,
by taking the normalization of the blow-up of X f along Z, we get a projective blratlonal
morphism « : X 5 X T, which is an _isomorphism over X, from a normal variety X such
that the induced b1rat1onal map [ : X-+Xisa morphism, and an effective divisor E on
X such that SuppE cX \ X and —F' is a-ample. Note that we can see X as a Zariski

open set of X.

X > Xt<=X

Therefore, we can construct an ample line bundle £ on X such that £|y ~ Ox(IH) for
some positive integer [. We consider a nef divisor 3*D on X. Since X is projective and L
is an ample line bundle on X, £ ® O (187D) is ample. By restricting it to X, we obtain
that Ox(ID+1H) is an ample line bundle on X. Thus, Ox (D + H) is ample. This is what
we wanted. O

We note that any Cartier divisor is strongly nef when X is affine.

Lemma 2.7. Let X be a normal irreducible affine variety and let D be a (not necessarily
effective) Weil divisor on X which is Cartier. Then there exist a normal irreducible pro-
jective variety X containing X as a dense Zariski open set and a Weil divisor D on X
such that D = D|x and that Ox(D) is a very ample line bundle on X. In particular, D
1s strongly nef.

Proof. We fix a closed embedding X C CV. Then we take the closure X; of X in P¥.
Note that there exists a hyperplane H on PV such that

(2.1) Supp H|x, = X1\ X.

Let X, be the normalization of X;. In this situation, we can see X as a dense Zariski open
set of X5. Let D, be the closure of D in X,. We take an ample Cartier divisor H' on
X5 and a sufficiently large positive integer [. Then we can take an effective Weil divisor I
which is linearly equivalent to Dy 4 (HT, that is, I' — Dy ~ IHT. We take the normalization
of the blow-up of X, along the ideal sheaf Ox,(—1I"). Then we get a projective birational
morphism p : X3 — X, from a normal variety X3 and a Weil divisor D3 on X3 such that
p is an isomorphism over X and that Dj is a Cartier divisor satisfying D = Ds|x. Note
that we saw X as a dense Zariski open set of X3. As in the proof of Lemma 2.6, we take
the normalization of the blow-up of X; along a suitable ideal sheaf on X; to eliminate the
indeterminacy of p~! : X; --» X3. Then we get the following commutative diagram
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where a : X — X is a projective birational morphism from a normal irreducible variety X
such that « is an isomorphism over X. By using (2.1), we can construct an ample divisor
A on X with Supp A = X \ X. Of course, we saw X as a dense Zariski open set of X. We
put D := 3*Ds 4+ mA for some sufficiently large positive integer m. Then D is very ample
and D|x = D by construction. Anyway, we see that D is strongly nef. U

We prepare one more easy lemma on ample divisors.

Lemma 2.8. Let f: X — Y be a projective morphism between quasi-projective varieties.
Let D be an f-ample Cartier (resp. Q-Cartier or R-Cartier) divisor on X and let H be an
ample divisor on Y. Then D+ mf*H is an ample divisor (resp. Q-divisor or R-divisor)
for every sufficiently large positive integer m.

Proof. 1f D is Q-Cartier, then it is well known that D+m f* H is ample for every sufficiently
large positive integer m. When D is an f-ample R-divisor, we can write D = Zle d; D;
where d; € R.g and D; is an f-ample divisor for every ¢. Then

k
D+mf H=> d(Di+mfH)+ ( Zm)

=1

where m; is a positive integer such that D; + m,;f*H is ample for every 2. Therefore, it
is sufficient to prove that aA + bf*H is ample, where a and b are positive real numbers
and A is an ample divisor on X. We fix a positive integer [ such that A + [f*H is ample.
We take a positive real number ¢ such that 0 < ¢ < 1 and b — ¢ € Q. Then we take a
positive rational number d with 0 < d < 1. In this situation, we can write

GA+bf H = S(A+ L H) + (dA+ (b— ) f*H) + (a—f—d> A

l l

This means that aA + bf*H is ample. Anyway, we obtain that D + mf*H always can
be written as a finite R-y-linear combination of ample divisors on X for every sufficiently
large positive integer m. This is what we wanted. U

We give some remarks on strongly nef divisors.

Remark 2.9. (1) Let X be a normal irreducible variety and let D be a strongly nef R-
divisor on X. Then D - C > 0 for every complete integral curve C' on X. In particular, D
is m-nef for any proper morphism 7 : X — S onto a variety S.

(2) Let m: X — S be a projective morphism from a normal quasi-projective irreducible
variety onto a quasi-projective variety S. Let D be a m-nef R-divisor on X, let A be a
m-ample R-divisor on X, and let H be an ample divisor on S. Then, by Lemma 2.8, we
can easily see that D + A+ mn*H is an ample R-divisor on X, that is, a finite Ry y-linear
combination of ample divisors on X, for every sufficiently large positive integer m. We
note that D + A is a m-ample R-divisor on X.

2.10 (b-divisors). Let us quickly recall the notion of b-divisors introduced by Shokurov
(see [Sh, Section 1]). We note that a b-divisor was originally called a bi-divisor in [Sh].

Let X be a normal variety and let DivX be the space of Weil divisors on X. A b-divisor
on X is an element:

D € DivX = lim DivY,
Y—>X
where the (projective) limit is taken over all proper birational morphism f:Y — X from

a normal variety Y under the pushforward homomorphism f, : DivY — DivX. We can
define Q-b-divisors on X similarly. If D = > drl is a (Q-)b-divisor on a normal variety X
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and f : Y — X is a proper birational morphism from a normal variety Y, then the trace
of D on Y is the (Q-)divisor
Dy = > drT.

I is a divisor on Y’

The Q-Cartier closure of a Q-Cartier (Q-)divisor D on a normal variety X is the Q-b-
divisor D with trace
Dy = f*D
where f : Y — X is a proper birational morphism from a normal variety Y.

Definition 2.11 (Canonical b-divisor). Let X be a normal variety and let w be a top
rational differential form of X. Then (w) defines a b-divisor K. We call K the canonical
b-divisor of X.

We need the following definition for Theorem 1.2 and Conjecture 1.4.

Definition 2.12 (b-strongly nef and b-semi-ample Q-b-divisors, and Q-b-Cartier divisors).
Let X be a normal variety. A Q-b-divisor D of X is b-strongly nef (resp. b-semi-ample)
if there exists a proper birational morphism X’ — X from a normal variety X’ such that
D = Dy and Dy is strongly nef (resp. semi-ample). A Q-b-divisor D of X is Q-b-Cartier
if there is a proper birational morphism X’ — X from a normal variety X’ such that
D =Dx.

For more details on b-divisors, see, for example, [C, 2.3.2 b-divisors].

2.13 (Simple normal crossing pairs). In this paper, we will mainly treat simple normal
crossing pairs.

Definition 2.14. 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 a regular system of parameters (z1,...,2,,%1,...,¥:) at @ = 0 in which U
is defined by a monomial equation

Ty-xpy =0

and .
D=) ai(yi =0y, a€eR
=1

We say that (X, D) is a simple normal crossing pair if it is simple normal 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, D) is a simple normal crossing pair and D is reduced, then D is
called a simple normal crossing divisor on X. Let (X, D) be a simple normal crossing pair
such that D = D=! holds. Then it is easy to see that (X, D) is sub slc in the sense of
Definition 2.3. In this situation, we simply say that W is a stratum of (X, D) if W is an
sle stratum of (X, D) in the sense of Definition 2.3. We note that a stratum of a simple
normal crossing variety X means a stratum of a simple normal crossing pair (X, 0).

Let X be a simple normal crossing variety and let A be an R-divisor on X such that no
irreducible component of Supp A is contained in the singular locus of X and that Kx + A
is R-Cartier. Let Z be a closed subset Z C X such that Z contains no stratum of X. Then
we put

Hlldz<X, A) = Hlld,/—l(Z) (XV, @),
where v : XV — X is the normalization and Ky» + 0 = v*(Kx + A), that is, © is the sum
of the inverse images of A and the singular locus of X. We call mldz (X, A) the minimal
log discrepancy of (X, A) in a closed subset Z. We will use it in Theorem 5.1 below.
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We close this section with a useful lemma. We will often use it in the subsequent sections
without mentioning it explicitly. We note that the classical topology means the Euclidean
topology in Lemma 2.15.

Lemma 2.15. Let (X, D) be a simple normal crossing pair with dim X = n and let
f: X — Z be a morphism onto an m-dimensional smooth irreducible variety Z. Assume
that every stratum of (X, Supp D) is smooth over Z. Let a € X be any closed point. Then
we have the following local analytic description of f : (X, D) — Z in a neighborhood of
a€ X.

(i) U and V are open neighborhoods of a € X and f(a) € Z in the classical topology,

respectively.

(i) W is an open set of C" in the classical topology.

(ili) (21,..-,2m) and (z1,...,2n41) are systems of local analytic coordinates of V' and
W, respectively.

(iv) p: W — V is the projection given by (z1,. .., 2n41) = (21, -y Zm)-

(v) U is defined by a monomial equation zyi1 -+ Zmip =0 in W and a = (0,...,0) €
w

(vi) D|y =Y i1 ®(Zmipri = 0)|y with o; € R.
(vil) flu = por, where v is the natural closed embedding U — W.

Ut W

o

Vv

Let p: Z' — Z be a morphism from a smooth irreducible variety Z'. We put X' = X x5 Z'
and consider the following commutative diagram.

X" x

I

Z<—17
p

Let D’ be the pull-back of D on X' by p'. Then we can easily see that (X', D’) is a simple
normal crossing pair and every stratum of (X', Supp D') is smooth over Z' by the above
local analytic description of f: (X,D) — Z.

Proof. By definition, X is Zariski locally a simple normal crossing divisor on a smooth
variety Y in a neighborhood of a € X (see Definition 2.14). By taking a small open set W
of Y containing a in the classical topology, f|y : U — Z, where U := X N W, extends to a
holomorphic map W — Z (see, for example, [Fi, 0.22. Corollary 2]). Since every stratum
of (X,Supp D) is smooth over Z by assumption, we obtain the desired local analytic
description by shrinking W suitably around a and taking a small open neighborhood V' of
f(a) in Z in the classical topology. By this local analytic description, we can easily see
that f : (X, D) — Z behaves well under base change. O

3. VARIATIONS OF MIXED HODGE STRUCTURE

In this section, let us quickly recall the main result of [FF1] (see also [FFS]). We note
that Theorem 3.1 is the main ingredient of Theorem 1.2. Theorem 3.1 follows from the
theory of variations of mixed Hodge structure on cohomology with compact support.

Theorem 3.1 ([FF1, Theorems 7.1 and 7.3]). Let (X, D) be a simple normal crossing
pair such that D is reduced and let f : X — Y be a projective surjective morphism onto
a smooth variety Y such that every stratum of (X, D) is dominant onto Y. Assume that
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there exists a simple normal crossing divisor Xy on'Y such that every stratum of (X, D)
is smooth over Y* =Y \ Xy. Then we have

(i) fuwxyy (D) is a locally free sheaf on'Y .

We further assume that all the local monodromies on the local system Rd(f X*)*L!QX*\D*
around Yy are unipotent, where d = dim X — dimY, X* = f~4Y*), D* = D|x~, and
L: X*\ D* — X*. Then we have the following properties.
(ii) (fiwx/v(D))|v is a nef locally free sheaf on V., where V is any complete subvariety
of Y
(iii) Let p : Y — Y be a morphism from a smooth variety Y' such that p~'(Xy) is
a simple normal crossing divisor on Y'. Let (X', D') be a simple normal crossing
pair and let f' : X' — Y’ be a projective surjective morphism onto Y’ such that
f (X', D"y — Y’ is nothing but the base change of f : (X, D) =Y byp:Y' =Y
over Y \ Xy and that every stratum of (X', D) is dominant onto Y'. Then there
exists a natural isomorphism p*(fiwx/y (D)) ~ fiwx:y/(D') of locally free sheaves
which extends the base change isomorphism over Y \ Xy

We sketch the proof of Theorem 3.1 for the reader’s convenience. The details are con-
tained in [FF1] (see also Section 13 for some supplementary remarks).

Sketch of proof. By [FF1, Theorem 4.15], the local system R%(f|x+).tQx= p~ underlies a
graded polarizable variation of Q-mixed Hodge structure on Y*. Moreover, it is admissible
(see, for example, [FF1, Definition 3.11]). We put

Vi = RY(flx+)et1Qx\ pr ® Oy

Let

o CFPTYVE) € FP(VE) € FPTH(VE) < -
be the Hodge filtration. By [FF1, Theorem 7.3 (b)], we obtain that f.wx/y (D) is isomor-
phic to the upper canonical extension of

(Grh (Vi)™ = Homo,.. (Gr-(Vih.), Oy) .

In particular, fiwx/y(D) is a locally free sheaf on Y. For the details of the (upper)
canonical extensions of Hodge bundles, see [FF1, Remark 7.4]. Anyway, we get (i). When
all the local monodromies on the local system R%(f]x+).uQ x+\p- around Yy are unipotent,
Jiwx vy (D) is the canonical extension of

(Gr%(VE.))" = Homo,. (Gri(VE.), Oy-) .
Therefore fiwx)y (D) ~ (GrOF(V{i))*, where Gr'%(V{) is the canonical extension of
GH (V) = FO(V) (W),

Note that Gr%(V¢) is isomorphic to R?f,Ox(—D) by [FF1, Theorem 7.1 (2)]. Thus we
obtain that ( f*OJX/y(D)) | is a nef locally free sheaf on V' for any complete subvariety
V of Y (see [FF1, Remark 5.22, Corollary 5.23, and Theorem 7.1 (4)]). So we get (ii).
As we saw above, f.wx/y (D) can be characterized by using canonical extensions of Hodge
bundles. We note that canonical extensions of Hodge bundles behave well under pull-back
by p: Y’ — Y such that p~!(Zy) is a simple normal crossing divisor on Y’. More precisely,
we see that the pull-back of (GrOF(Vijf))* is isomorphic to the canonical extension of the
pull-back of (Gr%(Vfﬂ*))*. Therefore, we get a natural isomorphism p* (f*wX/y(D)) ~
fiwxryy(D'), which is nothing but (iii). O

Remark 3.2. In Theorem 3.1, the same results hold for R'f.wx/y (D) for every i. We
only treat the case where ¢ = 0 since it is sufficient for our purposes in this paper. For the
details of the cases where i # 0, see [FF1].
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Anyway, we recommend the interested reader to see [FF1] for the details of Theorem
3.1.

4. BASIC SLC-TRIVIAL FIBRATIONS

In this section, we introduce the notion of (pre-)basic sle-trivial fibrations and define
discriminant Q-b-divisors and moduli Q-b-divisors for (pre-)basic sle-trivial fibrations.

Let us start with the definition of (pre-)basic sle-trivial fibrations.

Definition 4.1 (Basic slc-trivial fibration). A pre-basic slc-trivial fibration f : (X, B) =Y
consists of a projective surjective morphism f : X — Y and a simple normal crossing pair
(X, B) satistying the following properties:

(1) Y is a normal irreducible variety,

(2) every stratum of X is dominant onto Y and f.Ox ~ Oy,

(3) B is a Q-divisor such that B = B=! holds over the generic point of Y, and

(4) there exists a Q-Cartier Q-divisor D on Y such that

Kx + B ~q [*D.

If a pre-basic sle-trivial fibration f: (X, B) — Y also satisfies
(5) rank f,Ox([-B<') =1,

then it is called a basic slc-trivial fibration.

Before we study basic slc-trivial fibrations, we make a remark on lc-trivial fibrations and
klt-trivial fibrations for the reader’s convenience.

Remark 4.2 (Le-trivial fibrations and klt-trivial fibrations). Let f : (X, B) — Y be a basic
sle-trivial fibration. Roughly speaking, if X is irreducible and (X, B) is sub log canonical
(resp. sub kawamata log terminal) over the generic point of Y, then f : (X, B) — Y is
called an [c-trivial fibration (resp. a klt-trivial fibration). We note that a klt-trivial fibration
is called an lc-trivial fibration in [A4] (see [A4, Definition 2.1]). For the details, see [FG2,
Definitions 3.1 and 3.2].

Anyway, the notion of basic sle-trivial fibrations is a generalization of that of le-trivial
fibrations.

4.3 (Induced (pre-)basic sle-tirival fibrations). Let f : (X, B) — Y be a (pre-)basic slc-
trivial fibration and let o : Y’ — Y be a generically finite morphism from a normal irre-
ducible variety Y’. Then we have an induced (pre-)basic sle-trivial fibration f' : (X', Bx/) —
Y’, where By is defined by u*(Kx + B) = Kx + Bxs, with the following commutative
diagram:

(X', Bxr) = (X, B)

| |

Y Y,

where X’ coincides with X Xy Y’ over a nonempty Zariski open set of Y. More precisely, X’
is a simple normal crossing variety with a morphism X’ — X Xy Y’ that is an isomorphism
over a nonempty Zariski open set of Y’ such that X’ is projective over Y’ and that every
stratum of X’ is dominant onto Y.

Lemma 4.4. Let f] : (X],Bx;) — Y’ be an induced (pre-)basic slc-trivial fibration for
i = 1,2. Then there exist an induced (pre-)basic sle-trivial fibration f3 : (X3, Bx;) — Y’
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and a commutative diagram

X
R
X1 X5
N e
Y/

such that p; induces a birational correspondence between each stratum of X4 and X! and
that Kx; + Bx; = p; (Kx; + Bx:) holds for i =1,2.

Proof. By definition, there exists a nonempty Zariski open set U of Y’ such that X/ and
X} coincide with X xy Y” over U. By [BVP, Theorem 1.4], we can take a common partial
resolution X4 of X| and XJ, which coincides with X xy Y’ over U, with the desired
properties. U

4.5 (Discriminant and moduli Q-b-divisors). Let f : (X, B) — Y be a (pre-)basic slc-
trivial fibration as in Definition 4.1. Let P be a prime divisor on Y. By shrinking Y
around the generic point of P, we assume that P is Cartier. We set

o (X, B+ tf*P) is sub slc over
bp = max {t €Q the generic point of P

and set

By = (1—1bp)P,
P
where P runs over prime divisors on Y. Equivalently, we have

bp — max {t c Q (X 76 +tv f P) is sub log canonical } ,

over the generic point of P
where v : XV — X is the normalization and Ky» +© = v*(Kx + B), that is, © is the sum
of the inverse images of B and the singular locus of X. Then it is easy to see that By is
a well-defined Q-divisor on Y and is called the discriminant Q-divisor of f: (X, B) — Y.
We set

My =D — Ky — By
and call My the moduli Q-divisor of f : (X, B) — Y. By definition, we have
Kx + B ~q f*(Ky + By + My).

Let 0 : Y/ — Y be a proper birational morphism from a normal variety Y’ and let
f' (X', Bx/) = Y’ be an induced (pre-)basic slc-trivial fibration by o : Y’ — Y. We can
define By/, Ky/ and My/ such that o*D = Kyl + Byl + My/, O'*By/ = By, O'*KY/ = Ky
and o, My = My. We note that By is independent of the choice of (X', Bx/), that is, By~
is well-defined, by Lemma 4.4 above and Lemma 4.6 below. Hence there exist a unique
Q-b-divisor B such that By, = By for every o : Y’ — Y and a unique Q-b-divisor M such
that My, = My~ for every o : Y’ — Y. Note that B is called the discriminant Q-b-divisor
and that M is called the moduli Q-b-divisor associated to f : (X, B) — Y. We sometimes
simply say that M is the moduli part of f : (X,B) =Y.

The following lemma has already been used in the definition of discriminant Q-b-divisors
in 4.5.

Lemma 4.6. Let f; : (X;, B;) = Y be a pre-basic slc-trivial fibration for i = 1,2. Assume
that there exists a morphism p : Xo — X1 overY which induces a birational correspondence
between each irreducible component of X1 and Xy such that Kx,+ By = p*(Kx, +B1) holds.
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Then f1 : (X1,B1) = Y and fy : (Xs, By) — Y induce the same discriminant Q-divisor
onY.

Proof. Let P be a prime divisor on Y. We may assume that P is Cartier by shrinking Y
around P as above. Since (Xi, By + tf{P) is sub slc over the generic point of P if and
only if (Xy, By + tf5P) is sub slc over the generic point of P for every ¢t € Q. Therefore,
f1:(X1,B1) = Y and f5 : (X5, By) — Y induce the same discriminant Q-divisor on Y by
the definition of discriminant Q-divisors. U

When (X, Supp B 4 Supp f*P) is a simple normal crossing pair, we can explicitly write
down bp.

Remark 4.7 ([Ka3, Theorem 2] and [A1, Remark 3.1]). Let f : (X, B) — Y be a pre-basic
sle-trivial fibration and let P be a prime divisor on Y. By shrinking Y around the generic
point of P, we assume that P is Cartier. If (X, Supp B + Supp f*P) is a simple normal
crossing pair and the irreducible decomposition f*P =} w;Q; satisfies f(Q;) = P for
every 7, then we can explicitly write

1 —d,

(4.1) bp = min ,
J W

where d; = multg, B for every j, by direct calculations. Equivalently, we have

d; —1

(4.2) multp By =1 —bp = max&.
J Wy

Note that (4.2) plays a crucial role when we compare the minimal log discrepancy of (X, B)
with that of (Y, By). See, for example, the proof of Theorem 5.1 below.

We give a small remark on the definition of discriminant Q-divisors.

Remark 4.8. Let f : (X,B) — Y be a pre-basic slc-trivial fibration. We do not need
condition (4) in Definition 4.1 in order to define the discriminant Q-divisor By-.

We will use condition (5) in Definition 4.1 to relate the moduli Q-divisor My with some
Hodge bundles (see Proposition 6.1 below).

We prepare an elementary finite base change formula, which will be used in Sections 8
and 9.

Lemma 4.9 ([Al, Theorem 3.2]). Let us consider a commutative diagram:

(X', Bx)) = (X, B)

| |’

Y Y,

where f: (X, B) = Y is a pre-basic slc-trivial fibration, o : Y' — Y is a finite morphism
of normal irreducible varieties, and f': (X', Bx/) — Y’ is an induced pre-basic slc-trivial
fibration. Then o*(Ky + By) = Ky + By holds, where By (resp. By) is the discriminant
Q-divisor of f : (X,B) =Y (resp. f': (X', Bx:) = Y').

Remark 4.10. In Lemma 4.9, Ky + By is not necessarily Q-Cartier. However, we can
define 0*(Ky + By) since o is a finite morphism between normal varieties.

Proof of Lemma 4.9. Without loss of generality, we may assume that Y and Y’ are both
smooth by shrinking Y suitably. Let P’ be a prime divisor on Y’. We put P = o(P’) and
w = multp o*P. Then it is sufficient to see wbp = bpr because o*(Ky + P) = Ky + P’
holds in a neighborhood of the generic point of P’. By the definition of discriminant
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Q-divisors, we may assume that X is smooth by replacing (X, B) with (X", 0), where
v: XY — X is the normalization with Ky» + © = v*(Kx + B) as usual.

We take any ¢ < bp. Then Kx + B+ cf*P is sub log canonical over the generic point of
P. Therefore, Kx/ + Bx: + ¢(f op)*P = Kx + Bx: + ¢(f')*¢* P is sub log canonical over
the generic point of P’. Since 0*P = wP’, Kx:+ Bx: + cw(f")*P’ is sub log canonical over
the generic point of P’. This implies that cw < bp,. Thus we get bpr > wbp.

We take any ¢ > bp. By taking a suitable birational modification of X, we may assume
that there exists a prime divisor F on X such that a(E, X, B4+c¢f*P) < —1 and f(E) = P.
Since X' is a resolution of X Xy Y’, we can find a prime divisor £/ on X’ such that
wE"Y = E, f(E') = P/, and a(F', Bx: + cw(f')*P') = a(F',Bx: + ¢(f o 0)*P) < —1.
Therefore, we get cw > bp,. This implies wbp > bp:.

Thus we obtain wbp = bps,. This is what we wanted, that is, *(Ky + By) = Ky +
By:. O

We close this section with the following easy lemma.

Lemma 4.11. Let f : (X, B) =Y be a (pre-)basic sle-trivial fibration. Then there exists
a (pre-)basic sle-trivial fibration f: (X, B) — Y such that
(i) Y is a normal CO’ILLpl@t_e %m‘ety_which contains Y as a dense Zariski open set, and
(i) the restriction of f : (X,B) =Y toY coincides with f:(X,B) =Y.

Proof. We can write Kx + B +1r(¢) = f*D for some Q-Cartier Q-divisor D on Y, r € Q,
and ¢ € T'(X,K%). We take a normal complete irreducible variety Y which contains Y
as a dense Zariski open set. By taking a suitable birational modification, we may assume
that there exists a Q-Cartier Q-divisor D on Y with D]y = D. By using [BVP, Theorem
1.4], we can construct a complete simple normal crossing variety X which contains X as
a dense Zariski open set and a projective morphism f : X — Y which is an extension of
f:X — Y. By [BVP, Theorem 1.4], we may assume that every stratum of X is dominant
onto Y and that ¥ := X \ X is a simple normal crossing divisor on X. In particular,
f.0x ~ Os holds since every stratum of X is dominant onto Y. We may further assume
that (X, ¥ + Supp B’) is a simple normal crossing pair, where B’ is the closure of B on X.
We put B := f D — K5 —r(p). Note that we can see ¢ as an element of T'(X, K%). Then

f:(X,B) = Y satisfies the desired properties. d

Lemma 4.11 is indispensable for the proof of Theorem 1.2 (ii).

5. INVERSION OF ADJUNCTION

In this section, we prove the following theorem, which is essentially the same as [A4,
Theorem 3.1]. Although we do not use Theorem 5.1 explicitly in this paper, the arguments
in the proof of Theorem 5.1 below may help the reader understand the proof of Theorem
1.7 in Section 11.

Theorem 5.1 (Inversion of adjunction). Let f : (X,B) — Y be a pre-basic sle-trivial
fibration such that K + B = Ky + By, where K is the canonical b-divisor of Y and B is
the discriminant Q-b-divisor of f : (X, B) — Y. Then there is a positive integer N such

that

%mldf 2(X, B) < mldz(Y, By) < mld; 1z (X, B)

for every closed subset Z C'Y.

Proof. We take a proper birational morphism o : Y' — Y from a smooth variety Y’ such
that 0=1(Z) is a divisor on Y’ and that Suppo~'(Z) U Supp By~ is included in a simple
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normal crossing divisor Xy+. Let f': (X', Bx:) — Y’ be an induced pre-basic slc-trivial
fibration with
(X7 B) - (le BX’)

il |7

Y Y’

We may further assume that Supp By USupp(f’)*Xy~ is included in a simple normal cross-
ing divisor Xxr. Let Xy = 37, B (resp. Xy = >, Q;) be the irreducible decomposition
of ¥y (resp. Xx/). We may assume that there exists jo such that Q;, C (oo f/)"*(Z) and
a(Qj,, X, B) +1 = mld-1(z) (X, B) when mld;-1z) (X, B) > 0. When mld-1(z) (X, B) =
—o00, we assume that a(Q;,, X, B) +1 < 0 holds. If we need, we take more blow-ups of Y’

and may assume that f'(Q;,) = B, for some [, with the aid of the flattening theorem (see
[RG, Théoreme (5.2.2)]). By (4.1), we obtain

a(Plo>Y7 BY) +1= a(leY/aBY’) +1< a(Qjo’X/’BX’) +1= a(Qjon’ B) + 1L

Therefore, if mld;-12)(X,B) > 0, then a(P,,Y,By) + 1 < mlds-1 (X, B). When
mld-1(2) (X, B) = —oo, we get a(F,,,Y, By) + 1 < 0. Anyway, we obtain that

mle(Y, By) < mldfq(z) (X, B)
always holds.
If mldy-1(z)(X, B) = —o0, then
1
N mld;-12 (X, B) < mldz(Y, By)

obviously holds for any positive integer N. Therefore, from now on, we may assume that
mlds-1(7) (X, B) > 0. Let P, be any prime divisor contained in ¢~'(Z). Then

a(P,Y,By)+1=a(P,Y' By/)+1
1
> — | min a(Q;, X', Bx +1)
- N (f’(Qj)—Pz (@ x)
1
> ﬁl Hlldf—l(z)(X, B)
for some positive integer N; by (4.1). By [A2, Theorem 2.3], we can check that
{mldj-12) (X, B)| Z S Y}

is a finite subset of Q>g U {—o0}. Therefore, we can take a positive integer N satisfying
the desired properties. O

6. CYCLIC COVER OF THE GENERIC FIBER

The main purpose of this section is to interpret moduli parts of basic slc-trivial fibrations
Hodge theoretically. We closely follow the formulation in [A4, Section 5]. The approach in
[A4, Section 5] is essentially the same as those in [M, Section 5, Part II] and [Fn2, Section
4).

Let f : (X, B) — Y be a basic slc-trivial fibration. Let F' be a general fiberof f : X — Y.
We put

b(F, BF) = mln{m € Z>0 | m(KF + BF) ~ 0}
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where K + Br = (Kx + B)|r. From now on, we treat the following situation:

(6.1) (X, B) <"— X <— (V, By)

l //
f
h
Y
where f : (X, B) — Y is a basic slc-trivial fibration as above, b = b(F, Br) and

(6:2) Ky +B+3(0) = J"(Ky + By + My)

with ¢ € I'(X, K%), and Supp (B — f*(By + My)) is a simple normal crossing divisor on
X. We further assume that (B")=! is Cartier and that every stratum of (X, (B")=!) is
dominant onto Y by taking some suitable blow-ups (see, for example, [BVP, Section §]

and [Fnl4, Lemma 2.11]). Let 7 : X — X be the b-fold cyclic cover associated to (6.2).
More explicitly, we put

A= Kxyy+ B — f"(By + My).
Then bA = —(¢) ~ 0 holds by definition. We note that the support of {A} is a simple
normal crossing divisor on X. We can define an Ox-algebra structure of @?;é Ox([iA])

by bA = (¢~!) ~ 0. We note that
Ox([iA]) x Ox([jA]) = Ox([(i + j)A])
is well-defined for 0 <i4,j <b—1by [iA| + [jA] < [(i 4+ j)A] and that
Ox(L(i+5)A]) = Ox([(i+j—b)A])
for i 4+ j > b by bA = (p=!) ~ 0. In this situation, we have the following description of X:

b—1

(6.3) X = Specy @OX(UAJ),

Let ¢ be a fixed primitive b-th root of unity and let G = (p) be the cyclic group Z/bZ.
Then G acts on @', Ox([iA]) by Ox-algebra homomorphisms defined by:

pl) =l
for a local section [ of Ox([iA]).

Here, we give an alternative description of X for the reader’s convenience, which is more
familiar than (6.3). We put £ = Ox(—|A]). Then we see that b{A} = (p~1)—b|A] € |L£°].
In this notation, we have

(6.4) X:i‘%c-i(vb{A}D @,c i{A}),

We note that

L7(LH{A}) = Ox([A] + [i{A}]) = Ox (liA]).
Thus this usual description of the b-fold cyclic cover (6.4) coincides with the above de-
scription (6.3). We note that [Ko3, 2.3 Ramified covers] may be helpful.
By construction, 7 : X — X is étale outside Supp{A}. We note that X is normal

and 7 : X — X is a well-known b-fold cyclic cover of X associated to b{A} € ||
over a neighborhood of the generic point of every irreducible component of Supp{A}. By

construction again, there exist ¢ € (X, K*%) such that "¢ = @ in T(X ,K%). We note
that X is connected by the definition of b = b(F, Br). We also note that G = (p) acts
on @ by p(p) = ¢! (p We define B by the formula Ky + By = 7*(Kx + B). We can
easily see that (B%)=™" = 7*((B")™") holds. We can also check that (X, (B%)™") is semi-log
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canonical and that every slc stratum of (X, (B;%):l) is dominant onto Y. Let d: V — X
be a projective birational morphism from a simple normal crossing variety V. We assume
that d is an isomorphism over the generic point of every slc stratum of (X, (B%):l). We
put g:=mod:V — X and

By taking some more blow-ups if necessary, we may assume that (B%)=! is Cartier (see
[BVP, Section 8] and [Fnl4, Lemma 2.11]). We put ¢ = d*p € I'(V,K},). Thus we have
g*o =¥’ € I'(V,K}). Therefore,

(6.5) Ky + By + (¢) = h*(Ky + By + My)

holds. We further assume that (V, By ) is a simple normal crossing pair. By construction,

mwg,y (B @WX/Y ) ® Ox([—iAT).

We note that (Bh) 7*((B")=1) holds and that G acts on W*wg/y((B;i():l) naturally.
Since Ky + (Bh) = d*(Kg + (B%)™") + E, where E is a d-exceptional Q-divisor such
that [E] > 0, dywy,y ((BE)=!) = w)}/y((B%)zl) holds. Therefore, the following eigensheaf
decomposition holds:

h*wv/y((B""})zl) = ﬁwi/y((B?})ﬂ)

6.6 b1
&6) = @f*ox(((l —i)Kx)y —iB +if*By +if*My| + (B")™).
1=0

We note that
rank f,Ox([—=B + f*By + f*My] + (B")™) = rank f,Ox([—(B<")]) =1

by Definition 4.1 (5). If necessary, we take a projective birational modification o : Y' — Y
and construct an induced basic sle-trivial fibration (X', Bx/) — Y’ of f: (X, B) — Y by
o:Y =Y, and so on. Then we get the following commutative diagram similar to the
original diagram (6.1).

(6.7) (X', By)) <= X' <~ (V', By)

f
h/

Y/

We can assume that this new diagram (6.7) coincides with the original diagram (6.1) over
some nonempty Zariski open set of Y’ by [BVP, Theorem 1.4]. By replacing f : (X,B) — Y
and (V, By) with ' : (X', Bx/) — Y’ and (V’, By/) respectively, we further assume that
the following properties hold for (6.1).

(a) Y is a smooth quasi-projective irreducible variety, and X and V' are quasi-projective
simple normal crossing varieties.

(b) ¥x, Xy, and Xy are simple normal crossing divisors on X, V', and Y, respectively.

(c) f and h are projective surjective morphisms.

(d) B, By, and By, My are supported by Xy, ¥y, and Xy, respectively.

(e) every stratum of (X, X%) and (V, Eh) is smooth over Y \ Xy

( ) (Ey) C Ex, f(Z ) C Ey, and h~ (Ey) C Ev, h(E ) C Ey

(g) (B")~! and (B})=! are Cartier.
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By definition and construction, we can easily check the following basic properties of
h:(V,By) % (X, B) Ly, Proposition 6.1 is the main result of this section.

Proposition 6.1. We have the following properties.

(i) 7 : X — X is a Galois cover and its Galois group G is ZVZ.

(ii) h: (V,By) =Y is a pre-basic slc-trivial fibration.

(i) f: (X,B) = Y and h : (V,By) — Y induce the same discriminant and moduli
part on Y.

(iv) For any irreducible component P of Supp Xy, we assume that there exists a prime
divisor Q on'V such that multg(—By +h*By) =0, h(Q) = P, and multg h*P =1
Then My is an integral divisor and Oy (My) is a direct summand of h, Oy (Kv/y +
(B,

(v) In (iv), we further assume that all the local monodromies on the local system

Rdim V—dimY (h

V*)*L!@V*\(B‘P;*):l
around Yy are unipotent, where Y* =Y \ Xy, V* = h=1{(Y*), By« = (By)
Lo VAN (BT — V* is the natural open immersion. Then

(hOv (Kvyy + (BY)™) lw

1s a nef locally free sheaf on W, where W is any complete subvariety of Y. In
particular, (My)|w is a nef Cartier divisor on W.

v, and

Proof of Proposition ¢.1. In the above construction, we have already described the action
of G =7Z/bZ on X explicitly. Therefore, (i) is obvious. By the definition of b = b(F, Br),
the general fiber of h : V' — Y is connected. Since every stratum of V' is dominant
onto Y, we see that the natural map Oy — h,Oy is an isomorphism. By construction,
Ky + By ~qf 0 and By = Bél holds over the generic point of Y. Therefore, h :
(V,By) — Y is a pre-basic sle-trivial fibration. This is (ii). By construction again, we see
that (X, B + tf*P) is sub slc over the generic point of P if and only if (V, By + th*P)
is sub slc over the generic point of P. Therefore, f : (X,B) — Y and h: (V,By) - Y
induce the same discriminant Q-divisor By. This implies (iii) since My = D — Ky — By.

We note that .
Kx+3+5(90) = f*(Ky + By + My)

and

(6.8) Ky + By + (¢) = h*(Ky + By + My).

By (6.8) and multg(—By + h*By) = 0 in (iv), we obtain multg h*My € Z. Since
multg h*P = 1 by the assumption in (iv), My is an integral divisor on Y. By Theo-
rem 3.1, h,Oy(Ky vy + (Bf)™") is a locally free sheaf. As we saw above, by construction
and assumption, we have the following eigensheaf decomposition

h*wv/y((B\’})zl) = J};W}?/Y«B?}):l)

6.9 b-1
69 = P 1.Ox([(1 — )Kxyy —iB +if By +if*My| + (B")™).

i=0
We note that the eigensheaf corresponding to the eigenvalue ¢! is
N = £.Ox([-B + f*By + f*My] + (B")™"),

which is an invertible sheaf on Y. From now on, we will prove that Oy (My) = N holds.
Since Oy (My) and N are both invertible, we can freely replace Y with its Zariski open set
Y such that codimy (Y '\ Y°) > 2. Therefore, we can assume that [—B + f*By] + (B")™!
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and — By + h* By + (B&)=! are both effective. We have already seen that My is an integral
divisor. Since [—B + f*By | + (B")7! is effective, there exists a natural inclusion:

Oy (My) CN = Oy(My) ® f.Ox([-B + f*By] + (B")™).
Let a be an element of C(Y'). Then we see that
(6.10) (h*a-¥) + Kyyy + (B{)™ = h*((a) + My) + (—Bv + h*By + (B},)™)
holds by (6.8). By construction, ¢ is a rational section of Kgy + (B%):1 with the action

of G by p(p) = (~'@. Therefore, by taking an embedding A into C(Y") suitably, a rational
section a of N corresponds to a rational section h*a - ¢ of Kyy + (Bf:)='. Therefore, if
a in (6.10) corresponds to a local holomorphic section of AV on a Zariski open set U C Y,
then

(6.11) ((h*a- ) + Kvyy + (BY)™) 1wy 2 0.
Since — By + h* By contains no fibers over any codimension one points of Y by assumption,
(6.10) and (6.11) imply that

((a) + My) |U Z 0.
This means that a € T'(U, Oy (My)). Thus, we obtain a natural opposite inclusion N° C
Oy (My). Anyway, we get N' = Oy (My). This is (iv). (v) is a direct consequence of (iv)
and Theorem 3.1. O

We close this section with a remark on the assumptions in (iv) and (v) in Proposition
6.1. We will implicitly use it in Sections 7 and 8.

Remark 6.2. Let h : (V,By) — Y be a pre-basic slc-trivial fibration satisfying the
assumptions in (iv) and (v) in Proposition 6.1. We consider the following commutative
diagram of pre-basic slc-trivial fibrations:

(VT, By+) - (V, Bv)

RN

Y

where At : (VT By+) — Y is a pre-basic slc-trivial fibration, « is an isomorphism over Y* =
Y\ 2y, and Kyt + Byt = a*(Ky + By). Then it is almost obvious that At : (VT, Byt) — Y
also satisfies the assumptions in (iv) and (v) in Proposition 6.1.

7. COVERING LEMMAS REVISITED

In this section, we explain some covering lemmas, which are essentially due to Yujiro
Kawamata (see [Kal]). We will use Lemma 7.3, which is the main result of this section,
in Sections 8 and 9.

Let us start with a well-known covering lemma in [Kal].

Lemma 7.1 ([Kal, Theorem 17]). Let X be a smooth quasi-projective variety and let
D be a simple normal crossing divisor on X such that D = Z;Zl D; s the wrreducible
decomposition. Let N; be a positive integer for 1 < j < r. Then we can construct a finite
cover 7 : Z — X satisfying the following properties.

(i) Z is a smooth quasi-projective variety and there is a simple normal crossing divisor
Yx on X such that D < Xx, 7 is étale over X \ Xx, 77 1(3x) is a simple normal
crossing divisor on Z.

(ii) We have 7*D; = N;7—Y(Dy) for every 1 < j <.

Since it is very important to understand how to construct 7 : Z — X, we sketch the
proof of Lemma 7.1 for the reader’s convenience.
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Sketch of proof. Here, we closely follow the presentation in [EV, 3.19. Lemma| and [V,
Lemma 2.5]. We take an ample line bundle A on X such that AN ® Ox(—D,) is gen-
erated by global sections for 1 < j < r. We put n = dim X. We take general members
HY . HY of | AN @ Ox(—=D;)| for 1 < j < r such that D + D i Hi(j) is a simple
normal crossing divisor on X. Let ZZ(j ) be the cyclic cover obtained by taking the N;-th
root out of D]-—i—Hi(j ) (see [EV, 3.5. Cyclic covers] and [V, Lemma 2.3]). More explicitly, let
sz(»j) € I'(X, A7) be a section whose zero divisor is D; —i—HZ-(j). The dual of sgj) :Ox — AN,

A\ V o
that is, <s(»])> : A™Ni — Oy, defines an Ox-algebra structure on @fﬁo " A=, Then we

)

can write Zi(j ) = Specy @INZ’O_ ' A=l In this situation, we can check that the normalization
of

<Z£1) Xx o+ Xx ZT(LI)) Xx o+ Xx <Z{7‘) Xx o+ Xx ZT(LT)>’
which is denoted by Z, has the desired properties. For the details, we recommend the
reader to see [EV, 3.19. Lemmal] and [V, Lemma 2.5]. We note that we can take ¥y =

D+ Hi(] ) by construction. We will use the above description of Z in the proof of
Lemma 7.3 below. 4

The following slight generalization of Lemma 7.1 is very important for our applications.

Lemma 7.2 (see [Ka3, Corollary 19] and [A4, Remark 4.2]). Let X, D, and Ny,...,N,
be as in Lemma 7.1. Let p : X' — X be a projective surjective morphism from a smooth
quasi-projective variety X' such that p~'(D) is a simple normal crossing divisor on X'.
Then we may assume that T : Z — X in Lemma 7.1 fits into a commutative diagram

7" g

X<—X
p

satisfying the following properties.
(i) 7 is a finite cover and p' is a projective morphism.
(il) Z' is a smooth quasi-projective variety.
(iii) There is a simple normal crossing divisor Xx on X' such that 7' is étale over
X'\ Exr, (7)) HEx) is a simple normal crossing divisor, and p~*(Xx) C Ty,
where Yx s the simple normal crossing divisor on X in Lemma 7.1.

Although the proof of Lemma 7.2 is more or less well-known to the experts, we give a
detailed proof for the reader’s convenience.

Proof of Lemma 7.2. We closely follow the presentation in [V, Corollary 2.6]. In the proof
of Lemma 7.1, we can choose the divisors HZ-(j) on X such that D" := p~! <D +22; Hi(j))

is a simple normal crossing divisor on X’. Let ZT be the normalization of an irreducible
component of Z x x X’. Then we get the following commutative diagram:

Z<LZT

N

X -—X'.
p

By construction, 71 is étale over X'\ D'. Let D' =" ; D’; be the irreducible decomposition.
We put
N; = lclm{e(Aé-) | AL is an irreducible component of (71)7!(D’)},
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where e(A’) denotes the ramification index of A} over D). Let 7 : Z — X' be the finite
cover constructed in Lemma 7.1 for X', D', and N;. Let Z' be the normalization of an

irreducible component of Z %y Z1. Thus we get the following commutative diagram:

Ry

|k

X<—X’<~—Z.
P T

Since 7 : Z — X' is constructed as a chain of finite cyclic covers, the same holds true for
B: 7 — Z'. The ramification index of a component of f~*(Al) over Al is N7/e(AL) by
construction. Therefore, the ramification index of an irreducible component of (7/)~'(Dj)
over Dj is given by

N/

J_ . Ly — N7
e(Ag.) e(AJ> J

By the construction of A , this is nothing but the ramification index of an irreducible
component of (7)~*(D}) over D). Therefore, a : Z' — Z is unramified in codimension one.

Since Z is smooth, « is étale. Thus, we can easily check that 7" : Z' — X' satisfies the
desired properties. O

The following lemma is the main result of this section. This somewhat technical covering
lemma will play an important role in Sections 8 and 9.

Lemma 7.3 (Unipotent reduction for pre-basic sle-trivial fibrations). Let h: (V, By) — Y
be a pre-basic slc-trivial fibration such that'Y is a smooth quasi-projective variety. Assume
that there are simple normal crossing divisors Xy and Xy on V and Y respectively such
that h™*(Xy) C Sy, k(%) C Sy, Supp By C Xv, and every stratum of (V,%4) is smooth
over Y \ Xy. Then there exist a finite cover v : Y' =Y from a smooth quasi-projective
variety Y’ such that Yy = v 1 (Zy) is a simple normal crossing divisor on Y’ and a
commutative diagram

LI VAN P v

| A

Y/

5
with the following properties.

(i) p is a projective birational morphism from a simple normal crossing variety V'
which is an isomorphism over Y’ \ Yy-.

(ii) »' : (V',By:) = Y' is a pre-basic sle-trivial fibration, where ' := qop : V' — V
and Ky + By = (v )*(Kv + By).

(iii) There exists a simple normal crossing divisor Yy on V' such that (v')~1(2y) C
v+, Supp Byr C vy, B(ZY) C Syr, (B)"H(Zyr) C By, and every stratum of
(V',3%,) is smooth over Y\ Ly-.

(iv) b : (V' By:) = Y’ satisfies the assumptions in (iv) and (v) in Proposition 6.1.

Proof. Let ¥y = Z;Zl P; and Xy = ), @Q; be the irreducible decomposition of ¥y and

Yy respectively. In this case, we can write h*P; = ), wlel with wlj € Z> for every j.
Let M; be the monodromy matrix on the local system

Rdlrn V—dimY (h

V*)M!Qv*\(B(;*):l
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around P;, where V* := h™'(Y*), By« := Byl|y+, and ¢ : V*\ (BL.)™ — V*. By
[FF1, Theorem 4.5, the local system R4mV-dimY(p V*)*L[QV*\(B(;*):l underlies a graded
polarizable variation of Q-mixed Hodge structure on Y* := Y \ Xy. In particular, M; is
quasi-unipotent. We put

my := min{m € Zq | M}" is unipotent }

and
w = lem{u] | H(Q)) = P}}
Then we set
N; = lem{m;, w’}.

By applying Lemma 7.1 to Y, Xy, and N;, we can construct a finite cover v : Y' — Y. More
precisely, let A be an ample line bundle on Y such that A ® Oy (—P;) is generated by
global sections for 1 < j < r. We put n = dimY. We take general members H, W . HY
of [AY @ Oy (=F;)| for 1 < j <7 such that Xy + 3, H(J is a simple normal crossing
divisor on Y. By the above data A, N;, and Xy + Z H; U ), we can construct a finite
cover v : Y/ — Y, which is a chain of Cychc covers (see the proof of Lemma 7.1). Let

s € D(Y, A7) be a section whose zero divisor is P +H§j). The dual of s : Oy — ANi| that

is, sV : AN — Oy, defines an Oy-algebra structure on @fﬁg " A=, From now on, we will
see v : Y’ — Y in a neighborhood of the generic point of P;. Therefore, by shrinking Y
suitably, we assume that (s = 0) = P;. By construction, we can easily see that v : Y' — Y
can be decomposed as follows:

7:Y'i>§7i>Y,

where Y = Specy @f\;ﬂo_ ! A7 oY =Y is the cyclic cover obtained by taking the N;-th
root out of P], and 8 : Y — Y is a finite étale morphism. Let us consider V' xy Y =
Specy, @~ (h* A)~". Note that the Oy-algebra structure on @57, ' (h*.A)~" is defined by
the dual of h*s € T\(V, (h* A)N7), that is, (h*s)V : (h*A)™Ni — Oy. We put

N]'—l oy
Z = Specy, @ (h*A)™" @ Oy (V@VP]J) :
i=0

J

Of course, the Oy -algebra structure on

R ()

is defined by the isomorphism

(" A)™ 0 0y QNJ‘]’; PD =0y,

J

which is induced by h*s € I'(V, (h*A)™7). Then we get a morphism Z — V xy Y induced
by the natural map of Oy-algebras

Nj—1 Nj—1

D wa = @A ooy QZ};VPJJ) |

i=0 i=0 J
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We put 7' := Z Xy Y’ and take a suitable birational modification a : V! — Z’. Then we
get the following big commutative diagram:

(7.1) Z 2 g ey

e | 7

<;‘/Xy?<;‘/><yyvl n

N

Y y?
@ B8

where 3, 81, and Sy are finite étale morphisms. We put P; = o }(P;). We define B3 by
Kz—l—Bz = b*(Kv+Bv) Similarly, we put B;(KZ'—FB’Z“) = KZ’+BZ’ and a*(KZ/ +BZ’) =
Ky: + By, Without loss of generality, by shrinking Y suitably, we may assume that
h(Q:) = P; holds if h(Q;) C P;. By the construction of o : Y — Y and the definition of
N;j, ¢*P; is reduced (see [KM, Proposition 7.23]) and (Z, ¢*P;) is semi-log canonical, where
c¢:Z — Y. We note that Z — Y’ in (7.1) is the base change of ¢ : Z — Y by an étale
morphism 3 : Y’ — Y. Therefore, we can take a birational modification a : V/ — Z’ which
is an isomorphism over Y’ \ y71(P;) such that ' : (V’, By/) — Y’ is a pre-basic slc-trivial
fibration satisfying the desired properties. Although we constructed b’ : (V' By:,) — Y’
after shrinking ¥ around the generic point of P;, we can construct a desired pre-basic
sle-trivial fibration b’ : (V' By:) — Y’ globally without shrinking Y by the above local
description and [BVP, Theorem 1.4]. O

Anyway, we will use Lemma 7.3 in Sections 8 and 9.

8. PULL-BACK OF THE MODULI PARTS
In this section, we see that the moduli parts behave well under pull-back by generically
finite morphisms with some mild assumptions.
Let )
Kx-I—B—i-E(SO) = f"(Ky + By + My)

and h: (V,By) % (X, B) 5 ¥ be as in Section 6 which satisfies conditions (a)—(g) in
Section 6. Let v : Y’ — Y be a generically finite morphism from a smooth quasi-projective
variety Y’. Assume that there is a simple normal crossing divisor ¥y, which contains
7~ 1(Zy). By base change, we have a commutative diagram:

(8.1) 1% . %

where b’ : (V' By:) N (X', Bx/) I v satisfies the same properties, that is, (a)—(g)

in Section 6, and it is nothing but the base change of h : (V, By) - (X, B) Ly by
v:Y" = Y over Y \ ¥y. We note that By, and By are induced by crepant pull-back,
that is, Kx + Bxr = U*(KX + Bx) and Ky + By, = V*(KV + Bv), Yxr D 0'_1(2)(),

/

Syr D v Hy), and ¢’ = o*. In this situation, we say that the setup &' : (V’, By/)
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(X', Bx/) L ¥ is induced from h : (V,By) - (X, Bx) Ly by the base change
v:Y' =Y.

In the above setup, we have the following theorem, which is a generalization of [A4,
Proposition 5.5]. Note that [A4, Proposition 5.5] is a generalization of [Fn2, Proposition
4.2].

Theorem 8.1. Let h : (V,By) - (X, B) L5 Y bea setup as in Section 6 which
satisfies conditions (a)—(g) in Section 6. Let v :Y' — Y be a generically finite projective
morphism from a smooth quasi-projective variety Y'. Assume that there exists a simple
normal crossing divisor Yy on Y which contains v~1(Xy). We consider an induced setup

h' (V' By) 7, (X', Bx/) Y asin (8.1). Note that ' : (V', By/) 7, (X', Bx/) —
Y is nothing but the base change of h : (V,By) - (X, B) Ty by v : Y — Y over

Y \Xy. Let My be the moduli part of the induced setup h' : (V' By) 7, (X', Bx1) Sy,
Then we obtain v* My = My.

Proof. We divide the proof into the following two steps.

Step 1. In this step, we further assume that h : (V,By) — Y and &' : (V/,By/) — Y’
satisfy the assumptions in (iv) and (v) in Proposition 6.1. Then the moduli parts My and
My are both integral divisors. By Theorem 3.1, there exists a natural isomorphism

~y* (h*OV(KV/y + (Bx};):l) >~ h;OV’(KV’/Y + (BX@’)Zl)?

which is compatible with the action of the Galois group G = Z/bZ (see Proposition 6.1).
Therefore, we have an induced isomorphism of eigensheaves corresponding to the eigenvalue
¢~1. Thus we obtain the isomorphism v*Oy (My) ~ Oy+(My). This means that v* My —
My is linearly trivial. If v is finite, then we know that v*My = My~ holds by Lemma 4.9.
Therefore, v*My — My~ is exceptional over Y. More precisely, codimy y(£) > 2 holds for
E = ~*My — My:. Thus we get v*My = My in this special case since v*My — My is
linearly trivial.

Step 2. In this step we treat the general case. By Lemma 7 3, we can construct a finite

cover 7 : Y — Y such that an induced setup h : (V, By) — (X, By) L5 ¥ asin (8.1)
satisfies the assumptions in (iv) and (v) in Proposition 6.1. By construction, we may
assume that there is a simple normal crossing divisor »; on Y such that Xy C ¥y, 7 is
étale over Y\ Xy, and v~1(X;) is a simple normal crossing divisor on Y’. We may further
assume that v~ 1(3;) U Xy~ is contained in a simple normal crossing divisor. By Lemma,
7.2, we can construct the following commutative diagram:

~l

-~—Y

f

K
-

!/

>~<

-
~

where 7 : Y — Y" is a finite cover from a smooth quasi-projective variety )N/, and there is
a simple normal crossing divisor ¥y on Y’ such that v~1(3;) U J Xy C X, T is étale over

Y\ 3, and (7)71(2,) is a simple normal crossing divisor on Y. Then we apply Lemma
7.3 again. We get a finite cover Y — Y from a smooth quasi-projective variety Y and
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v

e

= ? bl
|l
— e

~

the following commutative diagram:

~

such that an induced setup 7' : (V/, By) 7, (Y,, By) L ¥ satisfies the assumptions in
(iv) and (v) in Proposition 6.1. Anyway, h : (V, Byr) — Y and "V, Byr) — Y’ satisfy
the assumptions in Step 1. Therefore, we get My = (7')* My, We note that 7*My = My
and (7')*My: = My hold by Lemma 4.9 because 7 and 7" are both finite. Thus we get
(7")*(My+ — v*My) = 0. This implies that My = v*My holds.

Anyway, we obtain v*My = My-. O

9. PROOF OF THEOREM 1.2

In this section, we prove Theorem 1.2, which is the main theorem of this paper. Theorem
1.2 obviously generalizes [A4, Theorem 0.2] and [FG2, Theorem 3.6]. Since we have already
checked that the moduli part of a given basic slc-trivial fibration behaves well under pull-
back by generically finite morphisms with some mild assumptions in Theorem 8.1, there
are no difficulties to prove Theorem 1.2.

Let us prove Theorem 1.2.

Proof of Theorem 1.2. Let f : (X, B) — Y be a basic slc-trivial fibration. As usual, we
put
1
KXﬂLB‘i‘E(‘P) = f*(Ky + By + My)

where b = b(F, Br) and ¢ € I'(X,K%). By taking a birational modification of X which
is an isomorphism over the generic point of every stratum of X, we may assume that
Supp(B — f*(By + My)) is a simple normal crossing divisor on X, (B")=! is a Cartier
divisor on X, and every stratum of (X, (B")=!) is dominant onto Y (see, for example,
[BVP, Theorem 1.4 and Section 8] and [Fnl4, Lemma 2.11]). As in Section 6, by taking

the b-fold cyclic cover 7 : ()?, Bg) — (X, B) associated to
1
Kx)y + B — f*(By + My) = 5(90_1)
and a suitable birational modification d : (V, By) — (X, B <), we get

h:(V,By) % (X,B) L V.

Then we take a projective birational morphism o : Y/ — Y from a smooth quasi-projective
variety Y’ and obtain an induced setup h' : (V/, Bys) -+ (X', Bx/) L5 Y which satisfies
conditions (a)—(g) in Section 6.

From now on, we will prove that v*(My+) = My~ and v*(Ky' +By+) = Ky~ + By~ hold
for every proper birational morphism v : Y” — Y’ from a normal variety Y. We take a
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common resolution
Y///

7N

v

Y/ Yl/

such that Y is a smooth quasi-projective variety and that p~'(Xy~) is a simple normal

111

crossing divisor on Y. We consider an induced setup " : (V"' Byw) AN (X", Bxm) RN
Y as in Section 8. By Theorem 8.1, we get p*My, = Myw. Thus we obtain p*(Ky: +
BY/) = Ky/// —|—Bym. Since q: YY" - Y"is birational, V*My/ = My// and V*(Ky/ —|—By/) =
Ky + By follow from the above relations by taking g..

Finally, we will prove that My~ is strongly nef. By Lemma 4.11, we can compactify
f:(X,B) — Y and may assume that X and Y are both complete varieties. Therefore, it is
sufficient to prove that My~ is nef. Let 7 : Y’ — Y’ be a suitable finite cover from a smooth
projective variety Y’ as in Lemma 7.3. More precisely, I (7/, By) — Y’ satisfies the

assumptions in (iv) and (v) in Proposition 6.1, where 1 : (V, By) N (X, B+) Ly

is an induced setup from A’ : (V', By/) N (X', Bx) RINLY by 7 : Y — Y’. Then
7*Mys = Mgy holds by Lemma 4.9 since 7 is finite. By Proposition 6.1, My is a nef
Cartier divisor. Therefore, My~ is nef. Anyway, we obtain that M is b-strongly nef.  [J

10. QUASI-LOG CANONICAL PAIRS

In this section, let us recall the basic definitions of quasi-log canonical pairs and prove
a result on normal irreducible quasi-log canonical pairs, which will play a crucial role in
the proof of Theorem 1.7. For the details of the theory of quasi-log schemes, see [Fnl0,
Chapter 6]. We note that our formulation in [Fnl0, Chapter 6] is slightly different from
Ambro’s original one (see [A3]).

Let us start with the definition of globally embedded simple normal crossing pairs. We
will soon use it for the definition of quasi-log canonical pairs (see Definition 10.2).

Definition 10.1 (Globally embedded simple normal crossing pairs). Let Y be a simple
normal crossing divisor on a smooth variety M and let B be an R-divisor on M such that Y
and B have no common irreducible components and that the support of Y + B is a simple
normal crossing divisor on M. In this situation, the pair (Y, By ), where By := Bly, is
called a globally embedded simple normal crossing pair.

Of course, a globally embedded simple normal crossing pair is a simple normal crossing
pair in the sense of Definition 2.14. We note that a simple normal crossing variety can not
always be embedded as a simple normal crossing divisor on a smooth variety. Therefore, a
simple normal crossing pair is not necessarily a globally embedded simple normal crossing
pair.

Let us quickly look at the definition of quasi-log canonical pairs.

Definition 10.2 (Quasi-log canonical pairs). Let X be a scheme and let w be an R-Cartier
divisor (or an R-line bundle) on X. Let f : Y — X be a proper morphism from a globally
embedded simple normal crossing pair (Y, By). If the natural map

Ox = LOy([—(By)])

is an isomorphism, By is a subboundary R-divisor, and

[fw ~r Ky + By
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holds, then (X,w, f : (Y, By) — X) or simply [X,w] is called a quasi-log canonical pair
(qlc pair, for short).

We say that (X,w, f: (Y, By) = X) or [X,w| has a Q-structure if By is a Q-divisor,
w is a Q-Cartier divisor (or a Q-line bundle), and f*w ~g Ky + By holds in the above
definition.

Let (X,w, f:(Y,By) — X) be a quasi-log canonical pair as in Definition 10.2. Let
v:Y” =Y be the normalization. We put Ky» + © = v*(Ky + By), that is, © is the sum
of the inverse images of By and the singular locus of Y. Then (Y”,©) is sub log canonical
in the usual sense (see 2.2). Let W be a log canonical center of (Y”,0) or an irreducible
component of Y. Then f o v(W) is called a glc stratum of (X,w, f: (Y,By) — X). If
there is no danger of confusion, we simply call it a glc stratum of [X,w]. If C' is a glc
stratum of [X,w] but is not an irreducible component of X, then C'is called a glc center
of (X,w, f:(Y,By)— X) or simply of [X,w]. The union of all glc centers of [X,w] is
denoted by Nqklt(X,w, f : (Y,By) — X) or simply by Ngklt(X,w). It is important
that by adjunction (see [Fnl0, Theorem 6.3.5 (i)]) [Ngklt(X,w),w|nquit(xw)] has a natural
quasi-log canonical structure induced by (X,w, f : (Y, By) — X).

The following theorem is the main result of this section. Although this is a special case
of [FLh1, Theorem 1.1], we give a detailed proof for the reader’s convenience.

Theorem 10.3 (see [FLhl, Theorem 1.1]). Let (X,w, f: (Y, By) = X) be a quasi-log
canonical pair. Assume that X is a normal irreducible variety. Then we can construct a
projective surjective morphism f':Y' — X with the following properties:
(i) (Y, By/) is a globally embedded simple normal crossing pair, Y’ is quasi-projective,
By is a subboundary R-divisor, and Ky + By ~g (f')*w,
(ii) the natural map Ox — fLOy([—(Bs)]) is an isomorphism, and
(iii) every stratum of Y' is dominant onto X.
Therefore, (X, w, f': (Y, By:) — X) is also a quasi-log canonical pair. Moreover, we have:
(iv) if C is a qlc stratum of (X,w, ' : (Y',By/) = X) then C is a qlc stratum of
<X7w7f : <Y7 BY) — X)7 and
(v) Naklt(X, w, f': (Y, Byr) = X) = Naklt(X,w, f : (Y, By) = X).
Furthermore, if Ky + By ~q f*w, then Ky: + By ~g (f')*w holds by construction. We
note that if (X,w, f': (Y', By:) = X) has a Q-structure then f: (Y', By:) — X is a basic
sle-trivial fibration in the sense of Definition 4.1.

Proof. By [Fnl0, Proposition 6.3.1], we may assume that Y is quasi-projective and that the
union of all strata of (Y, By) mapped to Ngklt(X,w, f : (Y, By) — X), which is denoted
by Y is a union of some irreducible components of Y by taking some suitable blow-ups
of the ambient space M of Y. We put Y/ =Y —Y"” and Ky + By, = (Ky + By)|y:. Then
we obtain the following commutative diagram:

ety

sl

V—X
P
where ¢ : Y/ < Y is a natural closed immersion and
yr I VLo x
is the Stein factorization of fo.: Y’ — X. By construction, the natural map Oy — f./Oy-
is an isomorphism and every stratum of Y’ is dominant onto V. By construction again,
L :Y' — Y is an isomorphism over the generic point of X. Therefore, p is birational.
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Thus, p: V — X is an isomorphism by Zariski’s main theorem since X is normal and p is
a finite birational morphism. So we have the following commutative diagram.

ety
sl
X=—X

By construction, it is obvious that By is a subboundary R-divisor and that Ky + By ~g
(f")*w holds. Of course, if Ky + By ~q f*w, then Ky' + By ~g (f')*w.

Lemma 10.4. The natural map
a:Ox = flOy([—(By/)1)
s an isomorphism.

Proof of Lemma 10.4. Since X is normal and f.Oy([—(Bs)]) is torsion-free, it is suffi-
cient to see that « is an isomorphism in codimension one. Let P be a prime divisor on X
such that P C Nqklt(X,w, f : (Y, By) = X). We note that every fiber of f is connected by
f«Oy =~ Ox. Thus, by construction, there exists an irreducible component of By} which
maps onto P. Therefore, the effective divisor [—(By7)] does not contain the whole fiber
of f" over the generic point of P. Thus, « is an isomorphism at the generic point of P.
This implies that the natural map « is an isomorphism. U

Let us go back to the proof of Theorem 10.3. By Lemma 10.4, (X, w, f': (Y’, By:) = X)
is a quasi-log canonical pair. By construction, if C'is a qlc stratum of (X,w, f': (Y, By:) —
X) then C' is a glc stratum of (X,w, f : (Y, By) — X). By construction again, it is easy
to see that

Iqult(X,w,f:(Y,By)—)X) = f;OY'<|—_(B;’1>-| - Y”|Y’) = Iqult(X,w,f’:(Y’,Byx)—>X)

(see the proof of [Fnl0, Theorem 6.3.5 (i)]). Therefore, this new quasi-log canonical pair
(X,w, f": (Y',By:) = X) is the desired one. We note that f’: (Y’, By:) — X is a basic
sle-trivial fibration in the sense of Definition 4.1 when (X, w, f': (Y, By:) — X) has a
Q-structure. O

Theorem 10.3 is one of the main motivations to introduce the notion of basic sle-trivial
fibrations.

We close this section with an important remark on embedded glc centers.

Remark 10.5. In Theorem 10.3, let C' be an embedded qlc center of (X,w, f: (Y, By) —
X), that is, C' is a glc center of (X,w,f : (Y,By) — X) that is not an irreducible
component of Naklt(X,w, f : (Y, By) — X). Then it is not clear whether C' is also a qlc
center of (X,w, f': (Y', By/) — X) or not by the above construction of f’: (Y’ By:) — X.
In Theorem 10.3, we just claim that the equality

Nklt(X,w, f: (Y', By:) — X) = Nqklt(X,w, f : (Y, By) — X)

holds.

11. STRUCTURE THEOREM FOR NORMAL QLC PAIRS

In this section, we prove Theorem 1.7. We believe that Theorem 1.7 will make the
theory of quasi-log schemes more powerful and flexible. We will treat various nontrivial
applications of Theorem 1.7 in [FLh2], [FLh3|, and [FLw2].

Let us start with the following elementary lemma.



32 OSAMU FUJINO

Lemma 11.1. Let (X,w, f: (Y,By) = X) be a quasi-log canonical pair such that X is
a normal irreducible variety and that every stratum of Y is dominant onto X. Then we
obtain a Q-divisor D; on'Y, a Q-Cartier divisor w; on X, and a positive real number r;
for 1 < i <k such that
. k
() i =1,
(i) D; = D', Supp D; = Supp By, D' = By', and [—(D;)]
2
(ill) w = Zle r,w; and By = Zle r;D;, and
(iv) (X,wi, f: (Y, D;) = X) is a quasi-log canonical pair with Ky + D; ~q f*w; for
every i.

[—(BsY)] for every

Proof. We put By =Y ;bjB;j, where B is a simple normal crossing divisor on Y for every
J, bj, # bj, for ji # ja, and Supp B;, and Supp Bj, have no common irreducible components
for ji # jo. We may assume that b; € R\Q for 1 < j <landb; € Qfor j >1+1. We put

w =", apw,, where a, € R and w, is a Cartier divisor on X for every p. We can write

Ky + By + Z cq(ipg) = Z apf wp
g=1 p=1
where ¢, € R and ¢, € I'(Y, K3 ) for every q. We consider the following linear map
¢ R T(Y, K5 /0y) @2 R
defined by

m n l
w(ﬂil, s 7xl+m+n> = Z xaf*wa - Z xm+6<905) - Z xm+n+wB'y-
a=1 B=1 =1

We note that 9 is defined over Q. By construction,

A = w—l (Ky + Z bij)

J>I+1
is a nonempty affine subspace of R+ defined over Q. We put
P:=(ay,...,am,c1,...,Cn,b1,...,b) € A

We can take Py,...,P, € ANQ™™* and ry,...,r, € Ry such that Zle r; = 1 and

Zle r;P, = P in A. Note that we can make P, arbitrary close to P for every i. So we
may assume that P; is sufficiently close to P for every i. For each P;, we obtain

(11.1) Ky + D; ~q f*w;
which satisfies (ii) by using ¢. By construction, (i) and (iii) hold. By (11.1) and (ii),
(X,wi, f:(Y,D;) = X)
is a quasi-log canonical pair for every i. Therefore, we get (iv). U
We prepare one more lemma for the proof of Theorem 1.7, which is essentially contained
in [Fn10, Chapter 6].

Lemma 11.2. Let (X,w, f: (Y, By) — X) be a quasi-log canonical pair such that X is a
normal irreducible variety. We assume that every stratum of Y is dominant onto X . Let
P be a prime divisor on X which is Cartier. We put

(Y, By +tf*P) is sub slc over }

bp := max {t eR ' the generic point of P

Then bp <1 holds.
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Proof. If P is a glc center of [X,w], then bp = 0. Therefore, from now on, we assume
that P is not a qlc center of [X,w|. By shrinking X around the generic point of P, we
may assume that X is quasi-projective and that (Y, By + bpf*P) is sub slc. By taking
a suitable birational modification of Y (see [BVP, Theorem 1.4]), we may further as-
sume that (Y, Supp By + Supp f*P) is a simple normal crossing pair. In this situation,
(X,w+0bpP, f:(Y,By + bpf*P) — X) has a natural quasi-log canonical structure. In
order to prove bp < 1, we may further assume that X is a smooth curve and P is a
point of X by taking general hyperplanes of X and by using adjunction. If bp > 1, then
((By + f*P)")<! = (By + f*P)? holds over P. This implies that f*P < [—(Bs")]. Thus
we get

Ox C Ox(P) € LOy([-(BF)])
in a neighborhood of P. This is a contradiction because the natural map
Ox — [Oy([=(BF)])
is an isomorphism. Therefore, we obtain bp < 1. U
Let us start the proof of Theorem 1.7.

Proof of Theorem 1.7. By Theorem 10.3, we may assume that there exist a projective
surjective morphism f : (Y, By) — X from a simple normal crossing pair (Y, By) such
that every stratum of Y is dominant onto X and that (X,w, f : (Y, By) — X) is a quasi-
log canonical pair. By taking some more blow-ups, we may further assume that (B%)=!
is Cartier and that every stratum of (Y, (B%)~!) is dominant onto X (see, for example,
[BVP, Theorem 1.4 and Section 8] and [Fnl4, Lemma 2.11]).

Step 1. In this step, we treat the case where [ X, w| has a Q-structure. In this situation, f :
(Y, By) — X is a basic slc-trivial fibration (see Theorem 10.3). Let B be the discriminant
Q-b-divisor and let M be the moduli Q-b-divisor associated to f : (Y, By) — X. Since
(Y, By) is sub slc, Bx is a subboundary Q-divisor on X, that is, Bx = (Bx)=! . By
Lemma 11.2, we obtain that By is an effective Q-divisor on X. By the definition of qlc
centers, we have f((B%)™') = Nqklt(X,w). We take a projective birational morphism
p: X' = X from a smooth quasi-projective variety X’. Let f' : (Y’ By/) — X' be an
induced basic sle-trivial fibration with the following commutative diagram.

(Y, By) = (Y", By")

L)

X X'

By Theorem 1.2, we may assume that there exists a simple normal crossing divisor Xy on
X’ such that M = My, Supp M x+ and Supp By are contained in Xy, and that every stra-
tum of (Y’, Supp B,) is smooth over X'\ X x,. Of course, we may assume that My, := My,
is strongly nef by Theorem 1.2. We may further assume that every irreducible component
of ¢;1 ((B%)™!) is mapped onto a prime divisor in Y/ with the aid of the flattening theo-
rem (see [RG, Théoreme (5.2.2)]). We put By, := Byxs. Note that By is a subboundary
Q-divisor on X' since (Y, By~) is sub slc. In the above setup, f/(¢;'(BY)=!) C B%/ by the
definition of B. Thus, we get Nqklt(X,w) C p(B%/). On the other hand, we can easily see
that p(B%') C Ngklt(X,w) by definition. Therefore, p(B%') = Nqklt(X,w) holds. Since
p«Bx: = Bx and By is effective, BY) is p-exceptional. Hence, Bx: and My satisfy the
desired properties. We note that By, and My are obviously Q-divisors by construction.

Step 2. In this step, we treat the general case. We first use Lemma 11.1 and get a
positive real number r; and (X, w;, f: (Y, D;) = X) for 1 < i < k with the properties
in Lemma 11.1. Then we apply the argument in Step 1 to (X,w;, f: (Y, D;) — X) for
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every 1. By Theorem 1.2, we can take a projective birational morphism p : X’ — X from
a smooth quasi-projective variety X’ which works for (X, w;, f : (Y, D;) — X) for every
1. By summing them up with weight r;, we get R-divisors Bx: and My, with the desired
properties. In this case, we do not claim that By is the discriminant of f' : (Y’, By/) — X.

Anyway, we get p: X' — X, Bxs, and My, with the desired properties. Il

As we mentioned in Remark 1.9, (X, By + Mx), where Bx := p,Bx: and My := p. My,
is generalized lc in the sense of [BZ, Definition 4.1]. Moreover, if Ngklt(X,w) = 0, then
(X, Bx + Mx) is generalized klt in the sense of [BZ, Definition 4.1].

Finally, we prove Corollary 1.10.

Proof of Corollary 1.10. By adjunction (see [Fnl0, Theorem 6.3.5]), [W,w|w]| is a quasi-
log canonical pair. Since W is a minimal glc stratum of [X,w], W is a normal irreducible
variety and Ngklt(W,w|y) = 0 holds (see [Fnl0, Theorem 6.3.5 and Lemma 6.3.9]). By
Theorem 1.7, we can take a projective birational morphism p : W/ — W from a smooth
quasi-projective variety W', a subboundary R-divisor By whose support is a simple normal
crossing divisor on W', a strongly nef R-divisor My on W’ such that p*(w|w) = Ky +
By + My, Since Naklt(W, wlw) = 0 holds, we may assume that By, = By). By taking
some more blow-ups, if necessary, we may further assume that there exists an effective
p-exceptional Cartier divisor £ on W’ such that Supp By U Supp F is contained in a
simple normal crossing divisor and that —FE' is p-ample. We note that —eFE + p*H + My
is semi-ample for any 0 < ¢ < 1. Therefore, we can take a general effective R-divisor
G ~g —¢E + p*H + My, such that Supp(By+ + ¢E + G) is a simple normal crossing
divisor on W’ and | By + ¢F + G| < 0. By construction, Ky + By + My + p*H ~g
Ky + Bw + ¢E + G holds. We put Ay = p.(Bw + ¢E + G). Then Ay satisfies the
desired properties.

When [X, w] has a Q-structure and H is an ample Q-divisor, it is easy to see that we can
make Ay a Q-divisor with Ky + Ay ~g w|w + H by the above construction of Ay,. O

12. ON THE BASEPOINT-FREENESS

In this section, we give a small remark on the basepoint-free theorem for quasi-log
canonical pairs.

The following theorem is a special case of the basepoint-free theorem for quasi-log
schemes (see [Fnl0, Theorem 6.5.1]). We can quickly reduce Theorem 12.1 to the usual
Kawamata—Shokurov basepoint-free theorem for kawamata log terminal pairs by Corollary
1.10. Note that the general basepoint-free theorem for quasi-log schemes (see [Fnl0, The-
orem 6.5.1]) easily follows from Theorem 12.1. For the details, see Claims 1, 3, and 4 in
the proof of [Fnl0, Theorem 6.5.1].

Theorem 12.1 (Basepoint-free theorem, see [Fnl0, Theorem 6.5.1]). Let [X,w] be a quasi-
log canonical pair with Naklt(X,w) = 0 and let 7 : X — S be a projective morphism
between schemes. Let L be a mw-nef Cartier divisor on X. Assume that qL — w is w-ample
for some real number ¢ > 0. Then there exists a positive number mq such that Ox(mL) is
w-generated for every integer m > my.

Proof. Without loss of generality, we may assume that S is quasi-projective. Then X is also
quasi-projective. Therefore, we can take an ample Q-divisor H on X such that ¢L —(w+H)
is still m-ample. By Corollary 1.10, we can take an effective R-divisor Ax on X such that
w+ H ~g Kx + Ay and that (X, Ay) is kawamata log terminal. Therefore, by the usual
Kawamata—Shokurov basepoint-free theorem for kawamata log terminal pairs, we obtain
a positive number my such that Ox(mL) is m-generated for every integer m > my. U
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13. SUPPLEMENTS TO [FF1]

In this section, we give some supplementary remarks on [FF1] for the reader’s conve-
nience. We believe that there are no serious troubles in [FF1]. However, we found that
it contains some minor mistakes and ambiguities. So we fix them here. For a completely
different approach to the results in [FF1] based on Saito’s theory of mixed Hodge modules,
see [FFS].

13.1 (Base change theorem). We note that the statement of [FF1, Lemma 3.4 (iv)] is
correct. However, the proof of [FF1, Lemma 3.4 (iv)] is somewhat misleading. Therefore,
we recommend the interested reader to see [Fsl, Lemma 2.20] and its proof. Anyway, we
think that [FF1, Lemma 3.4] is an easy exercise.

13.2 (Semipositivity theorem). In [FF1, Section 5], we discussed a generalization of the
Fujita—Zucker-Kawamata semipositivity theorem (see [FF1, Theorem 5.21]), which plays
a crucial role in this paper. We used [FF1, Corollary 5.23|, which is an easy consequence of
[FF1, Theorem 5.21], in Theorem 3.1 (ii). Unfortunately, there are some ambiguities in the
arguments in [FF1, Section 5]. In [FF1, 5.8], we defined the condition (mMH). It was not
precise enough because the real structure was not mentioned explicitly. In [Fs2, Section
2], Taro Fujisawa, who is one of the authors of [FF1], removed the ambiguities from [FF1,
Section 5]. We recommend the reader to see [Fs2]. We also recommend the interested
reader to see [FFS, Theorem 3] and [FF2]. In [FF2], we give an analytic generalization of
the Fujita—Zucker-Kawamata semipositivity theorem whose proof is completely different
from the arguments in [FF1, Section 5].

13.3 (Lemma on two filtrations). In Section 4 of [FF1], the lemma on two filtrations [D,
Propositions (7.2.5) and (7.2.8)] (see also [PeSt, Theorem 3.12]) was used several times
(explicitly stated at p. 608, the proof of Lemma 4.5, p. 610, Remark 4.6, p. 618, Step 1
of the proof of Lemma 4.10 and p. 623, the proof of Lemma 4.12, and implicitly used at
p. 611, the proof of Lemma 4.8). However, there are missing points in the arguments.
Let K be a complex, W a finite increasing filtration on K and F' a finite decreasing
filtration on K. In order to apply the lemma on two filtrations for the spectral sequence

(EPI(K, W), F.),

rec

it is necessary to discuss about the Fjy-terms. More precisely, it has to be checked that
the strictness of the filtration F on the complex Gr!’ K holds true for all m. Here we will
explain how to check this strictness for the case of Lemma 4.10 of [FF1] mentioned above.
For the other cases, the similar arguments are valid.

In Step 1 of the proof of Lemma 4.10, the bifiltered complex

(Rf.Ox. s (108 Bu), L. F)
is studied. Thus the strictness of the filtration F' on the complex
Gry, Rf.Qx,/a(log E.)
has to be checked for all m. Under the canonical isomorphism
Gry, Rf.Qx,/a(log E,) =~ Rf. Gry, Qx,/a(log E.)
~ Rf pfx_, /a(log E_p,)[m],

the filtration F' coincides with the filtration induced from the stupid filtration, which is
denoted by F' again, on the complex Qx_, /a(log E_,,). Therefore it suffices to prove the
strictness of the filtration F'on Rf_,,.Qx_, a(log E_,,) that is induced by the stupid filtra-
tion F'on Qx_, /a(log E_,,). The strictness of F' on Rf_,,,.Qx_, /a(log E_,,) is equivalent
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to the Ei-degeneracy of the spectral sequence EPY(Rf_,,.Qx_, /a(log E_y,), F). We note
that the morphism of F,-terms

dr : EPYRf_mi8x_, ja(log E_p,), F)
N Ef+r,q—r+1(Rf_m*QX_m/A(log E—m)7 F)

is zero on A* for all p,q and for all » > 1 because X_,, — A is smooth and projective
over A*. On the other hand,

EPNRf_miflx_, a(log E_,), F) = Rrraf . Grh, Qx_,./allog E_p,)
= qu—m*Qg(_m/A(log E—m)a

is a locally free Oa-module of finite rank by [St, (2.11) Theorem]. Therefore the morphism
of Fi-terms d; is zero on the whole A for all p,q. Inductively on r, we obtain that
EPYRf_mflx_,,/a(log E_p,), F) is a locally free Oa-module of finite rank and that d, is
zero on the whole A for all p, g and for all » > 1. Thus the E;-degeneracy is proved.

REFERENCES

[A1] F. Ambro, The adjunction conjecture and its applications, Thesis (Ph.D.)-The Johns Hopkins
University. 1999. arXiv:math/9903060 [math.AG]

[A2] F. Ambro, On minimal log discrepancies, Math. Res. Lett. 6 (1999), no. 5-6, 573-580.

[A3]  F. Ambro, Quasi-log varieties, Tr. Mat. Inst. Steklova 240 (2003), Biratsion. Geom. Linein. Sist.
Konechno Porozhdennye Algebry, 220-239; translation in Proc. Steklov Inst. Math. 2003, no.
1(240), 214-233.

[A4]  F. Ambro, Shokurov’s boundary property, J. Differential Geom. 67 (2004), no. 2, 229-255.

[A5] F. Ambro, The moduli b-divisor of an lc-trivial fibration, Compos. Math. 141 (2005), no. 2,
385-403.

[BVP] E. Bierstone, F. Vera Pacheco, Resolution of singularities of pairs preserving semi-simple normal
crossings, Rev. R. Acad. Cienc. Exactas Fis. Nat. Ser. A Math. RACSAM 107 (2013), no. 1,
159-188.

[BZ] C. Birkar, D.-Q. Zhang, Effectivity of Iitaka fibrations and pluricanonical systems of polarized
pairs, Publ. Math. Inst. Hautes Etudes Sci. 123 (2016), 283-331.

[C] A. Corti, 3-fold flips after Shokurov, Flips for 3-folds and 4-folds, 18-48, Oxford Lecture Ser.
Math. Appl., 35, Oxford Univ. Press, Oxford, 2007.

D] P. Deligne, Théorie de Hodge. 111, Inst. Hautes Etudes Sci. Publ. Math. No. 44 (1974), 5-77.

[EV]  H. Esnault, E. Viehweg, Lectures on vanishing theorems, DMV Seminar, 20. Birkhduser Verlag,
Basel, 1992.

[Fi] G. Fischer, Complex analytic geometry, Lecture Notes in Mathematics, Vol. 538. Springer-Verlag,
Berlin-New York, 1976.

[F1] E. Floris, Inductive approach to effective b-semiampleness, Int. Math. Res. Not. IMRN 2014, no.
6, 1465-1492.

[Fnl]  O. Fujino, Applications of Kawamata’s positivity theorem, Proc. Japan Acad. Ser. A Math. Sci.
75 (1999), no. 6, 75-79.

[Fn2] O. Fujino, A canonical bundle formula for certain algebraic fiber spaces and its applications,
Nagoya Math. J. 172 (2003), 129-171.

[Fn3] O. Fujino, Higher direct images of log canonical divisors and positivity theorems, preprint (2003).
arXiv:math/0302073 [math.AG]|

[Fnd]  O. Fujino, Higher direct images of log canonical divisors, J. Differential Geom. 66 (2004), no. 3,
453-479.

[Fn5] O. Fujino, Vanishing and injectivity theorems for LMMP, preprint (2007). arXiv:0705.2075
[math.AG]

[Fn6] O. Fujino, Fundamental theorems for the log minimal model program, Publ. Res. Inst. Math. Sci.
47 (2011), no. 3, 727-789.

[Fn7]  O. Fujino, Fundamental theorems for semi log canonical pairs, Algebr. Geom. 1 (2014), no. 2,
194-228.

[Fn8] O. Fujino, Some remarks on the minimal model program for log canonical pairs, J. Math. Sci.
Univ. Tokyo 22 (2015), no. 1, 149-192.



[Fn9)

[Fn10]
[Fnli]
[Fn12]

[Fn13]

[Fnld]
[Fn15]
[FF1]
[FF2]
[FF3]
[FFL]
[FFS]
[FG1]
[FG2]

[FM]
[FLh1]

[FLh2]
[FLh3|
[FLwl]
[FLw2]
[Fs1]

[Fs2]
[H]

[Kal]
[Ka2]
[Ka3]

[Kol]
[Ko2]

[Ko3]

BASIC SLC-TRIVIAL FIBRATIONS 37

O. Fujino, Vanishing theorems, Minimal models and extremal rays (Kyoto, 2011), 299-321, Adv.
Stud. Pure Math., 70, Math. Soc. Japan, [Tokyol, 2016.

O. Fujino, Foundations of the minimal model program, MSJ Memoirs, 35. Mathematical Society
of Japan, Tokyo, 2017.

O. Fujino, Effective basepoint-free theorem for semi-log canonical surfaces, Publ. Res. Inst. Math.
Sci. 53 (2017), no. 3, 349-370.

O. Fujino, On semipositivity, injectivity and vanishing theorems, Hodge theory and L*-analysis,
245-282, Adv. Lect. Math. (ALM), 39, Int. Press, Somerville, MA, 2017.

O. Fujino, Injectivity theorems, Higher Dimensional Algebraic Geometry in honour of Professor
Yujiro Kawamata’s sixtieth birthday, 131-157, Adv. Stud. Pure Math., 74, Math. Soc. Japan,
[Tokyol, 2017.

O. Fujino, Semipositivity theorems for moduli problems, Ann. of Math. (2) 187 (2018), no. 3,
639-665.

O. Fujino, Vanishing and semipositivity theorems for semi-log canonical pairs, preprint (2015).
arXiv:1509.00531 [math.AG]

O. Fujino, T. Fujisawa, Variations of mixed Hodge structure and semipositivity theorems, Publ.
Res. Inst. Math. Sci. 50 (2014), no. 4, 589-661.

O. Fujino, T. Fujisawa, On semipositivity theorems, preprint (2017). arXiv:1701.02039 [math.AG]
O. Fujino, T. Fujisawa, A short remark on [2], preprint (2017).

O. Fujino, T. Fujisawa, H. Liu, Fundamental properties of basic slc-trivial fibrations, II, preprint
(2018).

O. Fujino, T. Fujisawa, M. Saito, Some remarks on the semipositivity theorems, Publ. Res. Inst.
Math. Sci. 50 (2014), no. 1, 85-112.

O. Fujino, Y. Gongyo, On canonical bundle formulas and subadjunctions, Michigan Math. J. 61
(2012), no. 2, 255-264.

O. Fujino, Y. Gongyo, On the moduli b-divisors of lc-trivial fibrations, Ann. Inst. Fourier (Greno-
ble) 64 (2014), no. 4, 1721-1735.

O. Fujino, S. Mori, A canonical bundle formula, J. Differential Geom. 56 (2000), no. 1, 167-188.
O. Fujino, H. Liu, On normalization of quasi-log canonical pairs, preprint (2017). arXiv:1711.10060
[math.AG]

O. Fujino, H. Liu, Quasi-log canonical pairs are Du Bois, preprint (2018).

O. Fujino, H. Liu, Fujita-type freeness for quasi-log canonical curves and surfaces, preprint (2018).
O. Fujino, W. Liu, Simple connectedness of Fano log pairs with semi-log canonical singularities,
preprint (2017). arXiv:1712.03417 [math.AG]

O. Fujino, W. Liu, Subadjunction for quasi-log canonical pairs and its applications, preprint
(2018).

T. Fujisawa, Limits of Hodge structures in several variables, I, preprint (2015). arXiv:1506.02271
[math.AG]

T. Fujisawa, A remark on semipositivity theorems, preprint (2017). arXiv:1710.01008 [math.AG]
R. Hartshorne, Algebraic geometry, Graduate Texts in Mathematics, No. 52. Springer-Verlag, New
York-Heidelberg, 1977.

Y. Kawamata, Characterization of abelian varieties, Compositio Math. 43 (1981), no. 2, 253-276.
Y. Kawamata, Subadjunction of log canonical divisors for a subvariety of codimension 2, Birational
algebraic geometry (Baltimore, MD, 1996), 79-88, Contemp. Math., 207, Amer. Math. Soc.,
Providence, RI, 1997.

Y. Kawamata, Subadjunction of log canonical divisors. II, Amer. J. Math. 120 (1998), no. 5,
893-899.

J. Kolldr, Projectivity of complete moduli, J. Differential Geom. 32 (1990), no. 1, 235-268.

J. Kollar, Kodaira’s canonical bundle formula and adjunction, Flips for 3-folds and 4-folds, 134—
162, Oxford Lecture Ser. Math. Appl., 35, Oxford Univ. Press, Oxford, 2007.

J. Kollar, Singularities of the minimal model program. With a collaboration of Sandor Kovécs,
Cambridge Tracts in Mathematics, 200. Cambridge University Press, Cambridge, 2013.

J. Kolldr, S. J. Kovécs, Log canonical singularities are Du Bois, J. Amer. Math. Soc. 23 (2010),
no. 3, 791-813.

J. Kollar, S. Mori, Birational geometry of algebraic wvarieties. With the collaboration of
C. H. Clemens and A. Corti. Translated from the 1998 Japanese original. Cambridge Tracts in
Mathematics, 134. Cambridge University Press, Cambridge, 1998.

W. Liitkebohmert, On compactification of schemes, Manuscripta Math. 80 (1993), no. 1, 95-111.



38

[M]

[PeSt)

OSAMU FUJINO

S. Mori, Classification of higher-dimensional varieties, Algebraic geometry, Bowdoin, 1985
(Brunswick, Maine, 1985), 269-331, Proc. Sympos. Pure Math., 46, Part 1, Amer. Math. Soc.,
Providence, RI, 1987.

C. A. M. Peters, J. H. M. Steenbrink, Mized Hodge structures, Ergebnisse der Mathematik und
ihrer Grenzgebiete. 3. Folge. A Series of Modern Surveys in Mathematics [Results in Mathematics
and Related Areas. 3rd Series. A Series of Modern Surveys in Mathematics|, 52. Springer-Verlag,
Berlin, 2008.

Y. Prokhorov, V. V. Shokurov, Towards the second main theorem on complements, J. Algebraic
Geom. 18 (2009), no. 1, 151-199.

M. Raynaud, L. Gruson, Criteres de platitude et de projectivité. Techniques de “platification”
d’un module, Invent. Math. 13 (1971), 1-89.

V. V. Shokurov, 3-fold log models, Algebraic geometry, 4. J. Math. Sci. 81 (1996), no. 3, 2667—
2699.

J. H. M. Steenbrink, Mixed Hodge structure on the vanishing cohomology, Real and complex
singularities (Proc. Ninth Nordic Summer School/NAVFE Sympos. Math., Oslo, 1976), 525-563.
Sijthoff and Noordhoff, Alphen aan den Rijn, 1977.

E. Viehweg, Quasi-projective moduli for polarized manifolds, Ergebnisse der Mathematik und ihrer
Grenzgebiete (3) [Results in Mathematics and Related Areas (3)], 30. Springer-Verlag, Berlin,
1995.

DEPARTMENT OF MATHEMATICS, GRADUATE SCHOOL OF SCIENCE, OSAKA UNIVERSITY, TOYON-
AKA, OSAKA 560-0043, JAPAN
E-mail address: fujino@math.sci.osaka-u.ac.jp



