ON MIXED-w-SHEAVES

OSAMU FUJINO

ABSTRACT. We introduce the notion of mixed-w-sheaves and use it for the study of a
relative version of Fujita’s freeness conjecture. It is related to the Iitaka conjecture. We
note that the notion of mixed-w-sheaves is a generalization of that of Nakayama’s w-
sheaves in some sense. One of the main motivations of this paper is to make Nakayama’s
theory of w-sheaves more accessible and make it applicable to the study of log canonical

pairs.
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1. INTRODUCTION

Let us recall Fujita’s famous freeness conjecture on adjoint bundles. Note that every-
thing is defined over C, the complex number field, in this paper.

Conjecture 1.1 (Takao Fujita). Let X be a smooth projective variety with dim X = n
and let £ be any ample invertible sheaf on X. Then wx @ L% is generated by global
sections for every l > n + 1.

Although there have already been many related results, Conjecture 1.1 is still open. As
a generalization of Conjecture 1.1, Popa and Schnell proposed the following conjecture,
which is a relative version of Fujita’s freeness conjecture.
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Conjecture 1.2 (Popa and Schnell, see [PS, Conjecture 1.3]). Let f: X — Y be a
surjective morphism between smooth projective varieties with dimyY = n. Let L be any
ample invertible sheaf on'Y . Then, for every positive integer k, the sheaf

f w ® £®l
is generated by global sections for | > k(n +1).

We can find some interesting results on Conjecture 1.2 in [De], [Du], [DuM], and [I].
In this paper, we do not directly treat Conjecture 1.2. When the base space Y is a curve
in Conjecture 1.2, we have the following stronger result. We note that we are mainly
interested in the case where k > 2 for some geometric applications.

Theorem 1.3. Let f: X — C be a surjective morphism from a smooth projective variety
X onto a smooth projective curve C. Let H be an ample invertible sheaf on C with
degH > 2 and let k be any positive integer. Then the sheaf
f*wg?l/cc ® (Ve ® H
15 generated by global sections. Let L be an ample invertible sheaf on C. Then
f* ® £®l

1s generated by global sections for | > 2k. In particular, Conjecture 1.2 holds true when
the base space is a smooth projective curve.

Here, we give a detailed proof of Theorem 1.3 in order to explain our idea.

Proof of Theorem 1.3. If f*wX o= 0, then there is nothing to prove. So we assume that
f*wX i # (0. We take any closed point P.

Claim. H'(C, f*wX/C®wc®H®Oc( P))=0.

Proof of Claim. By [Ka, Theorem 1], f*wX o 18 a nef locally free sheaf. This fact also
follows from Viehweg s weak positivity theorem since C' is a smooth projective curve.
Therefore, £ = f*w o @H® Oc(—P) is ample. If H'(C,€ ® we) # 0, then we get

HY(C,&*) # 0 by Serre duahty. This implies that there is a nontrivial inclusion 0 = O¢ —
&£*. By taking the dual of this inclusion, we have the following surjection &€ — O¢ — 0.
This is a contradiction since £ is ample. Hence we have H'(C, € ®@ we) = 0. O

By the Claim, the natural restriction map
HY(C, wa/C®wc®’H) — wa/C®wc®’H®(C( )

is surjective. This means that f*wX o ®uwe ® ‘H is generated by global sections. Since C'
is a smooth projective curve, we ® £%? is generated by global sections. This implies that
fwh @ L5 = fuh, @ we @ L2 @ (e @ £52) ¢
is generated by global sections because deg £LE(!=2(=1) > 9 by assumption. 0

A key point of Theorem 1.3 is the fact that f, wX Jc s a nef locally free sheaf on C for
every positive integer k. When f: X — Y is a weakly semistable morphism in the sense
of Abramovich-Karu (see [AK]), it is conjectured that f.w§ /Y is a nef locally free sheaf on
Y for every positive integer k (see [Fn4] and [Fn8, Conjecture 3.14]). Hence it is natural
to consider the case where f: X — Y is weakly semistable.
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Theorem 1.4 (see Theorem 8.2). Let f: X — Y be a surjective morphism from a normal
projective variety X onto a smooth projective variety Y with connected fibers. Assume that
f is weakly semistable in the sense of Abramovich-Karu and that the geometric generic
fiber X5 of f: X =Y has a good minimal model. Let H be an ample Cartier divisor on
Y, let k be a positive integer with k > 2, and let A be an ample Cartier divisor on'Y such
that |A| is free. Then

(@t ) ov w0y
18 generated by global sections for all integers s > 1, where n = dimY.

By Theorems 1.3 and 1.4, we propose a new conjecture similar to Conjecture 1.2.

Conjecture 1.5. Let f: X — Y be a surjective morphism between smooth projective
varieties with dimY = n. Let L be any ample invertible sheaf on Y. Then, for every
positive integer k, the sheaf

fuy ® wy ® L
18 generically generated by global sections for | > n+ 1. More precisely,

fuy ® wy @ L

1s generated by global section on U for 1l > n + 1, where U 1is the largest Zariski open set
of Y such that f is smooth over U.

Even when f is the identity in Conjecture 1.5, the generically generation, which is a
special case of Fujita’s conjecture (see Conjecture 1.1), looks like a difficult open problem.
We note that an example (see Example 10.1) shows that f*w%Y Rwy @ LZ is not always
generated by global sections in Conjecture 1.5. We only expect that it is generically
generated by global sections. The best known result on Conjecture 1.5 is the following
theorem. The author learned it from Masataka Iwai.

Theorem 1.6 (Masataka Iwai, see Theorem 12.1). Let f: X — Y be a surjective mor-
phism between smooth projective varieties with connected fibers and let L be an ample
wvertible sheaf on Y. Let U be the largest Zariski open set of Y such that f is smooth
over U. We put dimY =n. Then

fusy ® wy ® L2
1s generated by global sections on U for all integers a > 1 and b > w + 1.

The proof of Theorem 1.6 is essentially analytic. We will give a sketch of the proof of
Theorem 1.6 in Section 12. On the other hand, by Nakayama’s theory of w-sheaves (see
[N, Chapter V]), we can prove:

Theorem 1.7. Let f: X — Y be a surjective morphism between smooth projective va-
rieties and let H be an ample divisor on' Y such that |H| is free. We put dimY = n.

Then
(@ f*w?;’;y) ®wy ® Oy(IH)

is generically generated by global sections for all integers k> 1, s > 1, and | >n + 1.
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Let H' be an ample divisor on'Y such that |H'| is not necessarily free. Then the sheaf

(@ f*wggf;y> ® wy ® Oy (LH)

is generically generated by global sections for all integers k > 1, s > 1, and | > n® +
min{2, k}.
In this paper, we will introduce the notion of mixed-w-sheaves, which is a generalization

of that of Nakayama’s w-sheaves, and establish Theorems 1.8 and 1.9. Then we will obtain
Theorem 1.7 as a special case of Theorems 1.8 and 1.9.

Theorem 1.8. Let f: X — Y be a surjective morphism from a normal projective variety
X onto a smooth projective variety Y with dimY = n. Let A be an effective R-divisor
on X such that Kx + A is R-Cartier and that (X,A) is log canonical over a nonempty
Zariski open set of Y. Let L be a Cartier divisor on X with L ~r k(Kx,y +A) for some
positive integer k. Let H be a big Cartier divisor on'Y such that |H| is free. Then

(@ f*OX(L)> © Oy (Ky + LH)

1s generically generated by global sections for all integers s > 1 and [ > n + 1.

Theorem 1.9. In Theorem 1.8, we assume that H' is a nef and big Cartier divisor on
Y such that |H'| is not necessarily free. Then we have that

<® f*(’)X(L)> ® Oy (Ky + [H")

is generically generated by global sections for all integers s > 1 and | > n® + min{2, k}.

We note that Iwai’s analytic method can not be applied to log canonical pairs because
it depends on L? method. We also note that Nakayama’s theory of w-sheaves can not be
directly applied to the study of log canonical pairs.

Let us quickly explain the idea of the proof of Theorem 1.7, which is mainly due to
Nakayama (see [N, Chapter V]). Let f: X — Y be a surjective morphism between smooth
projective varieties and let H be an ample Cartier divisor on Y such that |H]| is free. We
fix a positive integer £ > 2. Then we can construct a surjective morphism ¢g: Z — Y
from a smooth projective variety Z and a direct summand F of .0 z(K ) such that there
exists a generically isomorphic injection

F e (f*w?;’;y ® wy ® OY(H)) .
By Kollar’s vanishing theorem, we have
H(Y,F®Oy((n+1—1i)H))=0

for every i > 0, where n = dimY. Therefore, by Castelnuovo-Mumford regularity,
F ® Oy ((n+ 1)H) is generated by global sections. This implies that

(fewithy)” @ wy @ Oy((n+2)H)

is generically generated by global sections. Note that we do not try to establish any
vanishing theorems for f*w?;]/fy ® wy @ Oy (H) directly. By the above observation, it is
natural to consider:



ON MIXED-w-SHEAVES 5

Definition 1.10 (Mixed-w-sheaf and pure-w-sheaf, see Definition 5.1). A torsion-free
coherent sheaf F on a normal quasi-projective variety W is called a mized-w-sheaf if there
exist a projective surjective morphism f: V' — W from a smooth quasi-projective variety
V and a simple normal crossing divisor D on V such that F is a direct summand of
f+Ov(Ky + D). When D = 0, F is called a pure-w-sheaf on W.

For the study of klt pairs, the notion of pure-w-sheaves is sufficient and is essentially
due to Nakayama (see [N, Chapter V]). In this paper, we study some basic properties of
mixed-w-sheaves. They are indispensable for the study of log canonical pairs. Of course,
the theory of mixed-w-sheaves (resp. pure-w-sheaves) in this paper is based on that of
mixed (resp. pure) Hodge structures. Roughly speaking, Nakayama only treats pure-w-
sheaves in [N, Chapter V]. However, his theory of w-sheaves is more sophisticated and
some of his results are much sharper than ours. We do not try to make the framework
discussed in this paper supersede Nakayama’s theory of w-sheaves in [N, Chapter V].
One of the main purposes of this paper is to make Nakayama’s theory of w-sheaves more
accessible and make it applicable to the study of log canonical pairs. Theorem 9.3 (and
Remark 9.4) is one of the main results of this paper, which we call a fundamental theorem
of the theory of mixed-w-sheaves.

Theorem 1.11 (see [N, Chapter V, 3.35. Theorem|, Theorem 9.3, and Remark 9.4). Let
f: X =Y be a surjective morphism from a normal projective variety X onto a smooth
projective variety Y. Let L be a Cartier divisor on X and let A be an effective R-divisor
on X such that Kx + A is R-Cartier. Let D be an R-divisor on Y. Let k be a positive
integer with k > 2. Assume the following conditions:
(i) (X, A) is log canonical (resp. klt) over a nonempty Zariski open set of Y, and
(ii) L+ f*D — k(Kx/y +A) — f*A is semi-ample for some big R-divisor A on Y.
If f.Oy (L) # 0, then there exist a mized-w-big-sheaf (resp. pure-w-big-sheaf) F on'Y and
a generically isomorphic injection

F <= Oy(Ky + [D]) ® (f.Ox(L))™.

For the precise definition of mixed-w-big-sheaves and pure-w-big-sheaves, see Definition
5.3 below.
As an application of Theorem 1.11, we give a detailed proof of:

Theorem 1.12 ([N, Chapter V, 4.1. Theorem (1)], [Fnll, Section 3], and Theorem 11.3).
Let f: X = Y be a surjective morphism from a normal projective variety X onto a smooth
projective variety Y with connected fibers. Let A be an effective R-divisor on X such that
Kx + A is R-Cartier and that (X, A) is log canonical over a nonempty Zariski open set
of Y. Let D be an R-Cartier R-divisor on X such that D — (Kx;y + A) is nef. Then, for
any R-divisor QQ on'Y , we have

ko(X, D+ [*Q) = ko (F, D|F) + £(Y, Q)
and

ko(X, D + [*Q) = £(F, D|p) + £o(Y, Q)
where F' is a sufficiently general fiber of f: X — Y.

We note that ,(X, D) and x(X, D) denote Nakayama’s numerical dimension and the
litaka dimension of D, respectively. Theorem 1.12 already played a crucial role in the
theory of minimal models. We need Theorem 1.12 for the proof of the following famous
and fundamental result on the existence theorem of good minimal models for kit pairs.
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Theorem 1.13 ([DHP, Remark 2.6], [GL, Theorem 4.3], and [Fnll, Theorem 3.2]). Let
(X, A) be a projective kit pair such that A is a Q-divisor. Then (X, A) has a good minimal
model if and only if ke (X, Kx + A) = (X, Kx + A).

We explain the organization of this paper. In Section 2, we collect some basic definitions.
In Section 3, we prepare some useful and important lemmas. They will play a crucial role
in this paper. In Section 4, we quickly explain some basic properties of Viehweg’s weakly
positive sheaves and big sheaves. In Section 5, we introduce mixed-w-sheaves and mixed-
w-big-sheaves. In Sections 6 and 7, we prove some basic properties of mixed-w-sheaves
based on the theory of mixed Hodge structures. In Section 8, we treat a very special but
interesting case. More precisely, we treat weakly semistable morphisms f: X — Y in the
sense of Abramovich-Karu with the assumption that the geometric generic fiber X7 of
f: X — Y has a good minimal model. In this case, we can prove some strong results
with the aid of the theory of minimal models. Section 9 is the main part of this paper.
We prove Theorem 1.11. Section 10 is devoted to the proof of Theorems 1.7, 1.8, and
1.9. In Section 11, we prove Theorem 1.12, which has already played a crucial role in
the theory of minimal models, and a slight generalization of the twisted weak positivity
theorem, which is an extension of results of various people. In the final section: Section
12, we give a sketch of the proof of Theorem 1.6. The proof is essentially analytic and is
independent of the other sections.

Acknowledgments. During the preparation of this paper, the author was partially sup-
ported by JSPS KAKENHI Grant Numbers JP16H03925, JP16H06337, JP19HO01787,
JP20H00111, JP21H00974, JP21H04994. He thanks Masataka Iwai, Takumi Murayama,
and Sho Ejiri for useful comments, suggestions, and discussions. In 2020, he gave a series
of lectures based on a preprint version of this paper in Tianyuan Workshop, which was
organized by Lei Zhang. The author thanks him and every audience.

We will work over C, the complex number field, throughout this paper. We note that
a scheme is a separated scheme of finite type over C and a wvariety is an integral scheme.

2. PRELIMINARY

In this section, we collect some basic definitions. For the details, see [Fn2], [Fn6|, and
[Fn10].

Let us start with the definition of canonical sheaves and canonical divisors.

Definition 2.1 (Canonical sheaf and canonical divisor). Let X be an equidimensional
scheme of dimension n and let a: X — SpecC be the structure morphism. Then the
dualizing complex of X is w$ = a'C, where @' is the functor obtained in [H, Chapter
VII. Corollary 3.4 (a)] (see also [C, Section 3.3]). Then we put

wx = h"(w%)

and call it the canonical sheaf of X.

We further assume that X is normal. Then a canonical divisor Kx of X is a Weil
divisor on X such that

Ox,. (Kx) = Q%

holds, where Xg,, is the largest smooth Zariski open set of X.

It is well known that

O X(K X) >~ Wx

holds when X is normal.
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If f: X — Y is a morphism between Gorenstein schemes, then we put
wx/y = wx @ ffwi
If f: X — Y is a morphism from a normal scheme X to a normal Gorenstein scheme
Y, then we put

Kx/y = KX - f*Ky
Let us quickly look at the definition of singularities of pairs.

Definition 2.2 (Singularities of pairs). Let X be a normal variety and let A be an
effective R-divisor on X such that Kx + A is R-Cartier. Let f: Y — X be a resolution
of singularities of X such that Exc(f) U f,'A has simple normal crossing support, where
Exc(f) is the exceptional locus of f on Y and f,'A is the strict transform of A on Y.
Then we can write

Ky = f"(Kx +A)+ Y a;E;

with f, (30, a;E;) = —A. We say that (X,A) is log canonical (resp. klt) if a; > —1
(resp. a; > —1) for every i. If A =0 and a; > 0 holds for every i, then we say that X has
only canonical singularities.

If (X,A) is log canonical and there exist a resolution of singularities f: Y — X as

above and a prime divisor E; on Y with a; = —1, then f(E;) is called a log canonical
center of (X, A).

Definition 2.3 (DIt pairs). Let (X, A) be a log canonical pair. If there exists a resolution
of singularities f: Y — X such that the exceptional locus Exc(f) of f is a divisor on Y,
Exc(f) U f,'A has simple normal crossing support, and

Ky = f"(Kx + A)+ Y a;E;

with a; > —1 for every f-exceptional divisor F;, then the pair (X, A) is called a dlt pair.
The following definitions are very useful in this paper.

Definition 2.4 (Horizontal and vertical divisors). Let f: X — Y be a dominant mor-
phism between normal varieties and let D be an R-divisor on X. We can write

D = Dhor + Dver

such that every irreducible component of Dy, (resp. Dye) is mapped (resp. not mapped)
onto Y. If D = Dy, (resp. D = D), then D is said to be horizontal (resp. vertical).

Definition 2.5 (Operations for R-divisors). Let D = > . d;D; be an R-divisor on a normal
variety X, where D; is a prime divisor on X for every ¢, D; # D, for i # j, and d; € R
for every ¢. Then we put

D] =) |di]D;;, {D}=D—[D|, and [D]=—[-D].

7

Note that |d;] is the integer which satisfies d; — 1 < |d;] < d;. We also note that | D],
[D], and {D} are called the round-down, round-up, and fractional part of D respectively.

If 0 < d; <1 for every 7, then we say that D is a boundary R-divisor on X. We
note that ~q (resp. ~g) denotes the Q-linear (resp. R-linear) equivalence of Q-divisors
(resp. R-divisors).
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In this paper, we will repeatedly use the following notation:

D='=>"D; D*'=) dD; and D<= dD,
d;i=1

d;>1 d;<0
We recall the following definition for the reader’s convenience.

Definition 2.6 (Generic generation). Let F be a coherent sheaf on a variety X. We say
that F is generated by global sections on U, where U is a Zariski open set of X, if the
natural map

H' X, F)®Ox — F
is surjective on U. We simply say that F is generated by global sections when U = X. We
say that F is generically generated by global sections if F is generated by global sections
on some nonempty Zariski open set of X.

We close this section with the definition of exceptional divisors for proper surjective
morphisms between normal varieties.

Definition 2.7 (Exceptional divisors). Let f: X — Y be a proper surjective morphism
between normal varieties. Let E be a Weil divisor on X. We say that E is f-exceptional
if codimy f(SuppFE) > 2. We note that f is not always assumed to be birational.

3. PRELIMINARY LEMMAS

In this section, we collect some useful and important lemmas for the reader’s conve-
nience. They are more or less well known to the experts.

Let us start with the following easy lemmas on R-divisors. We will use them repeatedly
in this paper.

Lemma 3.1. Let A be a Cartier divisor on a normal variety V. Let B be an R-Cartier
R-divisor on V' such that B = Ziel b;B; where b; € R and B; is a prime divisor on V'
for every i with B; # B; fori # j. Assume that A ~g B. Then we can take a Q-Cartier
Q-divisor C'=>"._,¢;B; on'V such that

(i) A~ C,

(ii) ¢; = b; holds if b; € Q, and

(iil) |¢; — bi| < 1 holds for b; € R\ Q.
In particular, SuppC = SuppB, |C| = |B], [C]| = [B], and Supp{C'} = Supp{B}.

el

Proof. 1t is an easy exercise. For the details, see, for example, the proof of [Fn2, Lemma
4.15]. 0J

Lemma 3.2. Let D = )., a;D; be an R-divisor on a smooth projective variety V , where
a; € R and D; is a prime divisor on V' for every i with D; # D; for i # j. Assume that
D is semi-ample. Then we can construct a Q-divisor Dt = Zie[ b;D; such that
(i) D' is semi-ample,
(i) b; = a; holds if a; € Q, and
(ili) |b; — a;] < 1 holds for a; € R\ Q.

Proof. Since D is semi-ample, we can write D = > et m;M; where m; is a positive real
number and M; is a semi-ample Cartier divisor on V for every j. As usual, by perturbing
m;s suitably, we get a desired semi-ample Q-divisor D' on V. For the details, see, for
example, the proof of [Fn2, Lemma 4.15]. O
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Next, we treat a very useful covering trick, which is essentially due to Yujiro Kawamata.
We will use it in the proof of Theorem 9.3.

Lemma 3.3. Let f: V — W be a projective surjective morphism between smooth quasi-
projective varieties and let H be a Cartier divisor on W. Let d be an arbitrary positive
integer. Then we can take a finite flat morphism 7: W' — W from a smooth quasi-
projective variety W' and a Cartier divisor H' on W' such that 7*H ~ dH' and that V' =
V xw W' is a smooth quasi-projective variety with wy jw = p*wyw, where p: V' — V.
By construction, we may assume that 7: W' — W is Galois.

Proof. We take general very ample Cartier divisors D; and D, with the following prop-
erties.
(i) H ~ Dy - Dy,
(ii) Dy, Do, f*Dq, and f*Dy are smooth,
(iii) Dy and D5 have no common components, and
(iv) Supp(D; + D) and Supp(f*D; + f*D,) are simple normal crossing divisors.

We take a finite flat cover due to Kawamata with respect to W and Dy + D, (see [EV,
3.19. Lemmal and [V3, Lemma 2.5]). Then we obtain 7: W' — W and H’ such that
7*H ~ dH'. By the construction of the above Kawamata cover 7: W/ — W, we may
assume that the ramification locus X of 7 in W is a general simple normal crossing divisor.
This means that f*P is a smooth divisor for any irreducible component P of ¥ and that
f*¥ is a simple normal crossing divisor on V. In this situation, we can easily check that
V' =V xy W' is a smooth quasi-projective variety.

vy

f ’i lf

W/ T> W
By construction, we can also easily check that wy /i = p*wy/w by the Hurwitz formula.
Let us see the construction of f': V' — W' more precisely for the reader’s convenience.

Let A be an ample invertible sheaf on W such that A®¢®@ Oy (—D;) is generated by global
sections for 7 = 1,2. We put n = dim W. We take smooth divisors

g, o 1D 7P HO

on W in general position such that A®? = Oy (D; + H ) for 1 <j<nandi=1,2. Let

j ) be the cyclic cover associated to A®? = Oy (D; + HJ( Jfor1<j<mandi=1,2.
Then W’ is the normalization of

(Zl(l) Xw = Xw ZT(Ll)) Xw <Z£2) Xw = Xw Z£2)> .

We note that W’ is smooth since
n
ﬂ (D; OHZ =0
7j=1

for i = 1,2. For the details, see, for example, [EV, 3.19. Lemma] and [V3, Lemma 2.5].
Let S](-’) be the cyclic cover of V associated to (f*A4)*" = Oy (f*D; + f*H]@). Then we
define V' as the normalization of

(SF) Xy - Xy S(l)> Xy <Sf2) Xy oo Xy ST(LQ)> :

n
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As before, V' is smooth since
N DinfH) =0
j=1

for i = 1,2. Note that p: V' — V is a finite flat morphism between smooth quasi-
projective varieties. Since V' Xy W’ — V is finite and flat and V' is smooth, V' xy, W' is
Cohen-Macaulay (see, for example, [KM, Corollary 5.5]). We put

S=Di+Dy+ Y HY.
0,3
Then > is a simple normal crossing divisor on W. Let U be the largest Zariski open set
of W such that f is smooth over U. We put

=%, U(W\U)NY),
where Yy is the singular locus of ¥. Since
Dy, Do, HY ... HW g®  H®

are general, codimy II > 2 and codimy f~!II > 2 hold. We note that 7: W/ — W is
étale outside ¥. Let P be any closed point of ¥ \ II. Then f: V' — W is smooth over
a neighborhood of P. Hence we can check that V' xy W’ is smooth in codimension
one. Therefore, V' xy W’ is normal. Since p factors through V' xy W’ by construction,
we see that V' = V xy W’ by Zariski’s main theorem. By the above description, if
Kw: = 7*Kw + R, then Ky = p*Ky + f”R. Therefore, wy/w = p*wy w holds. By the
above construction of 7: W' — W, we see that 7: W/ — W is Galois. O

We give a very important remark on Lemma 3.3.

Remark 3.4. In the proof of Lemma 3.3, let .S be any simple normal crossing divisor
on V. Then we can choose the ramification locus ¥ of 7 such that f*P ¢ S for any
irreducible component P of ¥ and that f*> US is a simple normal crossing divisor on V.
If we choose Y as above, then we obtain that p*S is a simple normal crossing divisor on

V.

Lemma 3.5 is an elementary property of semi-ample R-divisors. We give a proof for
the sake of completeness.

Lemma 3.5. Let f: V — W be a surjective morphism between normal projective vari-
eties. Let D be a nef and f-semi-ample R-divisor on V' and let H be an ample R-divisor
on W. Then aD + bf*H s semi-ample for any positive real numbers a and b.

Proof. Since D is f-semi-ample, there exists a surjective morphism ¢g: V' — Z with the

following commutative diagram
N

w

such that

(i) Z is a normal projective variety, and
(ii) D ~gr g*A, where A is a nef and h-ample R-divisor on Z.
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We can take a large positive real number ¢ such that A 4+ ch*H is ample because H is
ample and A is h-ample. If b/a > ¢ holds, then
aA+bh'H = a(A+ch"H) + (b —ac)h"H
is ample. If b/a < ¢ holds, then
aA+bh'H = (a—0b/c)A+ (b/c)(A+ch"H)
is ample. Hence aA + bh*H is always ample. This implies that
aD +bf*H ~g g*(aA+ bh*H)
is semi-ample for any positive real numbers a and b. 0

Finally, let us explain Viehweg’s fiber product trick. We include the proof for the
benefit of the reader. We will use it in the proof of Theorems 1.8 and 1.9 in Section 10.

Lemma 3.6 (see [M, (4.9) Lemma]). Let V' be a reduced Gorenstein scheme. Note that
V' may be reducible. We consider

v v Ly
where v: V¥ — V is the normalization and 0: V' — V¥ is a resolution of singularities.
Then, for every positive integer n, we have

(3.1) v.Oyv (nKyv) C wi”

and

(3.2) 3.0vi(nKy: + E) C Oyv(nKyv)
where E is any d-exceptional divisor on V'. In particular, we have
(3.3) (v 06).Oy/(nKy: + E) Cwi”

for every positive integer n. IfU is a Zariski open set of V' such that vod is an isomorphism
over U, then the inclusion (3.3) is an isomorphism over U.

Proof. In Steps 1 and 2, we will prove (3.2) and (3.1), respectively.
Step 1. By taking the double dual of §,Ov/(nKy/+ E), we obtain Oy (nKyv). Therefore,

we have
5*OV’(nKV’ + E) C Oyv (nKvu)

for every integer n.
Step 2. Since v is birational, the trace map v, Oy (Ky+) — wy is a generically isomorphic
injection
(34) I/*OVV (KVV> — CL)V.
More precisely, the above trace map is an isomorphism over the isomorphism locus of v
and then it is injective since v, Oy (Kyv) is torsion-free. Since v is finite,
(35) V*I/*OVV(KVV> — OVV(KVU)
is surjective. Since Oyv(Kyv) is torsion-free, the kernel of (3.5) is the torsion part of
v*'v,Oyv (Kyv). Therefore, by (3.4), we get an inclusion
(36) OVV (KVV) — V*CL)V
because v*wy is torsion-free. Let n be a positive integer with n > 2. Then we have

OVV (nKVu) = OVV(KVV + (n — 1)Kvu) — OVV(KVV) X V*wgnil
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by (3.6). Therefore, by taking v,, we get
v, Oy (nKyv) = 1,0y (Kyv) @ w1 s wi"
by (3.4). This is what we wanted.
By the above construction of (3.1) and (3.2), it is obvious that the inclusion
(v 00).Ov(nKy: + E) Cwi"
is an isomorphism over U. 0

Lemma 3.7. Let f: Xqg — Yy be a projective surjective morphism between smooth quasi-
projective varieties and let Ay be an effective R-divisor on X such that SuppAg is a simple
normal crossing divisor on Xo and (Xo, Ag) is log canonical over a nonempty Zariski open
set of Yy. Let Ly be a Cartier divisor on Xo such that Ly ~r k(Kx,/v, + Qo) for some
positive integer k. Assume that f is flat. We consider the s-fold fiber product

Xg = XO Xy, X() Xyy = Xy Xg
s

of Xy over Yy and let f°: X§ — Yoy be the induced morphism. We take a resolution of

singularities p: Xés) — X§ which is an isomorphism over a nonempty Zariski open set of
Yy. Then we can write

OX((JS)(KX(()S)) = p*wXS & OX(()S)(R)
where R is an (f* o p)-vertical Cartier divisor by construction. Let p;: X§ — Xo be the
1-th projection. We put m; = p; o p: Xés) — Xo. We consider
S
Ly = wi Lo+ kR.
i=1

We further assume that f.Ox,(Lo) is locally free. Then there exists a generically isomor-
phic injection

FO0 0 (Ly") = K £.0x, (Lo)

i=1

with ) = f*op. We have

(s) ES *
Note that

(X((f), Z W:AO>
=1

1s log canonical over a monempty Zariski open set of Yy. We also note that XO(S) may be
reducible, that 1s, Xés) may be a disjoint union of smooth varieties.

Proof. By the flat base change theorem, we have

S
_ *
Wxs /vy = ®p¢ WXo/Yo-
i=1
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In particular, X is Gorenstein. We note that

L= 3 b 0 Kn) 47
(3.7) = s
g+ S b )
i=1

Claim. We have the following isomorphism of locally free sheaves:

JiO0x; (ZP?I@) ~ ®f*OX0(LO)-
=1

Proof of Claim. We use induction on s. If s = 1, then the statement is obvious. So we
assume that s > 2. We consider the following commutative diagram

q —
X;— X3!

N ]

Xo*f>yb

where ¢ = (p1,- -+ ,ps—1). Then we have

s s—1
(3.8) Ox; (Zp;* Lo) ~ Ox;s(PiLo) @ " Oy (Zzﬁ Lo) -
=1

=1

Therefore, we obtain

5 s—1
ijXg <ZP:LO> ~ f*ps* (Oxg(p:LO) ®q*OXS—1 <ZP:L0>>
=1

=1
s—1
~ fi | Oxo(Lo) @ ps,q"Oxs (pr Lo))
=1
s—1
~ fo | Oxo(Lo) @ f* i Oyen (ZPE‘%))
=1
~ fo | Ox,(Lo) ® [ (@f*OXO Lo>>

s—1

~ f.0x,(Lo) © Q) f.Ox,(Lo)

= ® f*OXo (LO)'

Note that the first isomorphism follows from (3.8), the second one is due to the projection
formula, the third one is obtained by the flat base change theorem, the fourth one is due
to induction on s, and the fifth one follows from the projection formula. Hence we obtain
the desired isomorphism. 0
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Let us go back to the proof of Lemma 3.7. We have an inclusion

p*OX(()s)(Lés)) - w?}g/yo & OXS (Zp:([/o — kKXg/Y@))
i=1

~ Ox; (me)
i=1

by (3.7) and Lemma 3.6, which is an isomorphism over a nonempty Zariski open set of
Yy. By taking f7, the Claim yields a generically isomorphic injection

fiS)OXéS>(LéS)) C fJOx; (ZP:%)
=1

~ &) £.0x,(Lo),

i=1

where f) = %o p: X(gs) — Yp. By assumption, Ly — kKx, /v, ~r k2. Therefore,

L(()S) ~gr k (KXSS)/YO + Z W?A())
i=1

by (3.7). We can take a nonempty Zariski open set U of Y, such that f is smooth over
U, SuppA is relatively simple normal crossing over U, and p is an isomorphism over U.

Then we see that <X[§‘S), oo, W*A()) is log canonical over U. O

7

4. WEAKLY POSITIVE SHEAVES AND BIG SHEAVES

We briefly recall some basic properties of Viehweg’s weakly positive sheaves and big
sheaves. For the details, see [Fn10, Chapter 3], [V1], [V2], and [V3].

Definition 4.1 (Weak positivity and bigness). Let F be a torsion-free coherent sheaf
on a smooth quasi-projective variety W. We say that F is weakly positive if, for every
positive integer a and every ample invertible sheaf H, there exists a positive integer
such that S (F)@H®? is generically generated by global sections. We say that a nonzero
torsion-free coherent sheaf F is big (in the sense of Viehweg) if, for every ample invertible

sheaf H, there exists a positive integer a such that g“(}" ) @ HO 1 is weakly positive.

Remark 4.2. In this paper and [Fnl0], we adopt Viehweg’s definition of weakly positive
sheaves in [V2, Definition 3.1]. Note that it is slightly weaker than [V1, Definition 2.1].
The definition of weakly positive sheaves depends on the literature. Definition 4.1 seems
to be sufficient and suitable for applications to the litaka conjecture (see [Fnl0]).

Example 4.3. Let D be a Cartier divisor on a smooth projective variety W. Then
Ow (D) is weakly positive if and only if D is pseudo-effective in the usual sense. We note
that Ow (D) is big in the sense of Definition 4.1 if and only if D is big in the usual sense,
that is, (W, D) = dim W.

For the reader’s convenience, let us recall the following basic properties of big sheaves

without proof.

Lemma 4.4 ([V2, Lemma 3.6] and [Fnl0, Lemma 3.1.15]). Let F be a nonzero torsion-
free coherent sheaf on a smooth quasi-projective variety W. Then the following three
conditions are equivalent.
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(i) There ezist an ample invertible sheaf H on W, some positive integer v, and an

inclusion P H — §”(]—"), which is an isomorphism over a nonempty Zariski open
set of W.
(ii) For every invertible sheaf M on W, there exists some positive integer v such that

§7(}") ® MO is weakly positive. In particular, F is a big sheaf.
(iii) There exist some positive integer vy and an ample invertible sheaf M on W such
that S7(F) @ M®! is weakly positive.
We will use the following three easy lemmas on big sheaves in this paper. So we
explicitly state them here for the reader’s convenience.

Lemma 4.5. Let F be a weakly positive sheaf and let H be an ample invertible sheaf on
a smooth quasi-projective variety W. Then F & H is big.

We give a proof for the sake of completeness.

Proof of Lemma 4.5. Since F is weakly positive, §2b(.7-" )@ H® is generically generated by
global sections for some positive integer b. By replacing b with a multiple, we may assume
that H® ! is generated by global sections. Then S2(F @ H) @ HO ™ = §2(F) @ H o2~
is generically generated by global sections. In particular, §2b(]-" QR H) @ HO ! is weakly
positive. This implies that 7 ® H is big by Lemma 4.4. 0

Lemma 4.6. Let G be any nonzero torsion-free coherent sheaf on a smooth quasi-projective
variety W and let H be an ample invertible sheaf on W. Then there exists a positive in-
teger | such that G @ H®' is big.

Proof. Since H is ample, G @ H®™ is generated by global sections for some positive integer
m. Therefore, there exists a surjection

finite
This implies that G ® H®™ is weakly positive (see [Fnl0, Lemma 3.1.12 (ii)]). By Lemma
4.5, we obtain that G @ H® is big for every integer { > m + 1. O

Lemma 4.7. Let F be a torsion-free coherent sheaf on a smooth quasi-projective variety
W and let 7: W' — W be a finite surjective morphism from a smooth quasi-projective
variety W'. Assume that 7*F is big. Then F is a big sheaf on W,

We include the proof for the benefit of the reader.

Proof of Lemma 4.7. We take an ample invertible sheaf H on W. By replacing W with
W\ ¥ for some suitable closed subset ¥ of codimension > 2 (see, for example, [Fnl0,
Lemma 3.1.12 (i)]), we may assume that F is locally free. Since 7*F is big by assumption,
there exists a positive integer a such that S*(7*F) @ T*H® 1 = 7* (S*(F) @ H®!) is
weakly positive (see Lemma 4.4). Therefore, S(F) ® H®™! is weakly positive since 7 is
finite (see, for example, [Fnl0, Lemma 3.1.12 (v)]). This means that F is big by Lemma
4.4. U

5. MIXED-w-SHEAVES AND MIXED-w-BIG SHEAVES

In this section, we introduce mixed-w-sheaves, mixed-w-big-sheaves, mixed-w-sheaves,
and mixed-0-big-sheaves. We also treat some important examples in Lemmas 5.5, 5.9,
and 5.10.

Let us start with the definition of mixed-w-sheaves and pure-w-sheaves.
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Definition 5.1 (Mixed-w-sheaf and pure-w-sheaf). A torsion-free coherent sheaf F on
a normal quasi-projective variety W is called a mized-w-sheaf if there exist a projective
surjective morphism f: V — W from a smooth quasi-projective variety V' and a simple
normal crossing divisor D on V' such that F is a direct summand of f.Oy(Ky + D).
When D =0, F is called a pure-w-sheaf on W.

We give a very important remark on Definition 5.1.

Remark 5.2 (Pure-w-sheaves versus Nakayama’s w-sheaves). The notion of pure-w-
sheaves is essentially the same as that of Nakayama’s w-sheaves in [N] when we treat
torsion-free coherent sheaves on normal projective varieties (see the Remark after [N,
Chapter V, 3.8. Definition]). However, the definition of pure-w-sheaves in Definition 5.1
does not coincide with [N, Chapter V, 3.8. Definition|. Our definition seems to be more
reasonable than Nakayama’s from the mixed Hodge theoretic viewpoint.

For some geometric applications, the notion of mixed-w-big-sheaves and pure-w-big-
sheaves is very useful.

Definition 5.3 (Mixed-w-big-sheaf and pure-w-big-sheaf). Let F be a torsion-free co-
herent sheaf on a normal quasi-projective variety W. If there exist projective surjective
morphisms f: V — W, p: V — Z, and an ample divisor A on Z satisfying the following
conditions:

(i) V is a smooth quasi-projective variety,
(ii) Z is a normal quasi-projective variety,
(iii) D is a simple normal crossing divisor on V/,
(iv) there exists a projective surjective morphism ¢q: Z — W such that f = g o p, and
(v) F is a direct summand of f.Oy(Ky + D + P), where P is a Cartier divisor on V'
such that P ~qg p*A,

then F is called a mized-w-big-sheaf on W. As in Definition 5.1, F is called a pure-w-
big-sheaf on W when D = 0. The relationships between V., W, Z and f, p, ¢ can be
visualized as follows.

Remark 5.4. Of course, we defined mixed-w-big-sheaves and pure-w-big-sheaves referring
to [N, Chapter V, 3.16. Definition (1)]. However, Nakayama’s definition of w-bigness is
different from ours. Roughly speaking, we treat only a special case where X =Y in [N,
Chapter V, 3.16. Definition (1)].

Lemma 5.5 gives a very basic example of mixed-w-sheaves.

Lemma 5.5. Let V' be a smooth quasi-projective variety and let D be a simple normal
crossing divisor on' V. Let L be a semi-ample Cartier divisor on V. Then Oy (Ky+D+L)
is a mized-w-sheaf on V and Oy (Ky + L) is a pure-w-sheaf on V.

Although this lemma is well known, we give a proof for the sake of completeness.
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Proof of Lemma 5.5. Let m be a positive integer such that |mL| is free. We take a general
section s € H(V, Oy (mL)), whose zero divisor is B. We may assume that B is a smooth
divisor, B and D have no common irreducible components, and Supp(B + D) is a simple
normal crossing divisor on V. The dual of

S: OV — Ov(mL)

defines an Oy-algebra structure on

We put
m—1
mw: Z = Specy, @ Oy (—iL) = V.
i=0
Then Z is a smooth quasi-projective variety and 7*D is a simple normal crossing divisor
on Z by construction. We can check that
m—1
7.02(Kz + 7°D) ~ @ Oy (Ky + D +iL)
i=0
since m,Oy = @, Oy(—iL). This means that Oy (Ky 4+ D + L) is a mixed-w-sheaf on
V. We put D = 0 in the above argument. Then we see that Oy (Ky + L) is a pure-w-sheaf
on V. U

We treat two elementary lemmas.

Lemma 5.6. Let F be a mized-w-big-sheaf (resp. pure-w-big-sheaf) on a normal quasi-
projective variety W. Then F is a mized-w-sheaf (resp. pure-w-sheaf) on W.

Proof. We may assume that F is a direct summand of f,Oy (Ky + D+ P) as in Definition
5.3. By Lemma 5.5, Oy (Ky + D + P) is a mixed-w-sheaf on V. Therefore, we see that

F is a mixed-w-sheaf on W. If we put D = 0, then we see that F is a pure-w-sheaf on
w. O

Lemma 5.7. Let F be a mized-w-sheaf (resp. pure-w-sheaf) on a normal quasi-projective
variety W and let A be an ample invertible sheaf on W. Then F®.A is a mized-w-big-sheaf
(resp. pure-w-big-sheaf) on W.

Proof. We may assume that F is a direct summand of f.Oy (Ky + D) as in Definition 5.1.
We put Z = W. Let A be an ample divisor on W such that Oy (A) = A. Then F ® A is
a direct summand of f,Oy(Ky + D + f*A). Therefore, F ® A is a mixed-w-big-sheaf on
W. When D = 0, we see that F ® A is a pure-w-big-sheaf on W. 0

We can not replace the assumption that A is ample with one that A is big in Lemma
5.7.

Remark 5.8. Let F be a pure-w-sheaf on a normal quasi-projective variety W and let
B be an effective big Cartier divisor on W. A simple example (see Example 7.2 below)
shows that F ® Ow (B) is not necessarily a mixed-w-big-sheaf on W.

Lemmas 5.9 and 5.10 give many nontrivial important examples of mixed-w-sheaves and
mixed-w-big-sheaves in the study of higher-dimensional algebraic varieties.
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Lemma 5.9. Let f: V — W be a projective surjective morphism from a smooth projec-
tive variety V' onto a normal projective variety W. Let D be a simple normal crossing
divisor on 'V and let M be an R-divisor on V such that M — f*H is semi-ample for
some ample Q-divisor H on W. We assume that D and Supp{M} have no common
irreducible components and Supp(D + {M?}) is a simple normal crossing divisor on V.
Then f.Oy(Kyv + D + [M]) is a mized-w-big-sheaf on W and f.Ov(Ky + [M]) is a
pure-w-big-sheaf on W.

Proof. By Lemma 3.2, we can construct a Q-divisor M on V such that MT — f*H is
semi-ample, Supp{M'} = Supp{M}, and [M'] = [M]. Therefore, we may assume that
M is a Q-divisor by replacing M with M'. By Kawamata’s covering construction, we can
construct a finite Galois cover 7w: V' — V from a smooth projective variety V' with the
following properties:

(i) #*D is a simple normal crossing divisor on V",

(ii) 7*{M?} is a Z-divisor on V’,

(iii) Supp(7*D + 7*{M}) is a simple normal crossing divisor on V' and

(iv) (m.Ov/(Kyr + 7D + 7 M) ~ Oy (Ky + D+ [M]), where G is the Galois group
of m: V! = V.

By assumption, 7* M is semi-ample. Let us consider the contraction morphism p: V' — Z

associated to |mm* M| for some sufficiently large and divisible positive integer m. Since

7™M — (f om)*H is semi-ample, we have a morphism ¢: Z — W with the following

commutative diagram:

such that

(a) Z is a normal projective variety, and
(b) there is an ample Q-divisor A on Z with 7*M ~g p*A.

Therefore, f.Oy(Ky+ D+ [M]) is a mixed-w-big-sheaf on W since it is a direct summand
of (for),Ovy:(Ky+m*D+7*M). We put D = 0 in the above argument. Then f,Oy (Ky+
[M1]) is a pure-w-big-sheaf on W. O

Lemma 5.10. Let V' be a smooth quasi-projective variety and let D be a simple normal
crossing divisor on V. Let B be a Q-divisor on V' such that rB ~ 0 for some positive
integer r, Supp{ B} and D have no common irreducible components, and Supp({B} + D)
18 a simple normal crossing divisor on V. Then there exist a generically finite proper
morphism w: V' — V from a smooth quasi-projective variety V' and a simple normal
crossing divisor D" on' V' such that Oy (Ky+D+[B]) is a direct summand of Oy ( Ky +
D"). In particular, Oy (Ky + D+ [B]) is a mized-w-sheaf on V.. When D =0, Oy (Ky +
[B]) is obviously a pure-w-sheaf on V.

Proof. If B ~ 0, then there is nothing to prove. By replacing r suitably, we may assume
that iB £ 0 for 1 <i <r — 1 and that r > 2. We consider the following Oy -algebra

A= @OV —iB])
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defined by an isomorphism Oy (—rB) ~ Oy. Let Z be the normalization of Spec, A.

Then we have
r—1

7.02(Kz + 7 D) ~ P Ov(Ky + D + [iB])
i=0
where 7: Z — V. By construction, we see that (Z,7*D) is dlt. We take a suitable
resolution of singularities p: V' — Z and write

KV’ + D/ = p*<KZ +T*D) + F

where D’ is a reduced simple normal crossing divisor on V' and E is an effective p-
exceptional Q-divisor on V'. We put 7 := 70 p: V' — V. Then
W*OV/<K\// + D/) ~ T*Oz(KZ + T*D)
r—1
~ P Ov(Ky + D + [iB)).
i=0
Therefore, we have the desired statement. 0

We close this section with the definition of mixed-w-sheaves, mixed-w-big-sheaves, pure-
w-sheaves, and pure-w-big-sheaves.

Definition 5.11 (Mixed-@-sheaf, mixed-w-big-sheaf, pure-w-sheaf, and pure-w-big-sheaf).
A torsion-free coherent sheaf G on a normal quasi-projective variety W is called a mized-
w-sheaf (resp. mized-l-big-sheaf) if there exist a mixed-w-sheaf (resp. mixed-w-big-sheaf)
F on W and a generically isomorphic injection F < G** into the double dual G** of G.
If F is a pure-w-sheaf (resp. pure-w-big-sheaf) in the above inclusion F < G**, then G is
called a pure-w-sheaf (resp. pure-w-big-sheaf).

Remark 5.12. Let X be a smooth projective variety, let D be a simple normal crossing
divisor on X, let H be an ample Cartier divisor on X, and let B be an effective Cartier
divisor on X. Then Ox(Kx) is a pure-w-sheaf, Ox(Kx + H) is a pure-w-big-sheaf,
Ox(Kx+ B) is a pure-w-sheaf, and Ox (K x + H + B) is a pure-w-big-sheaf. By definition,
it is obvious that Ox (K x+D) is a mixed-w-sheaf, Ox (K x+ D+ H) is a mixed-w-big-shealf,
Ox(Kx + D + B) is a mixed-w-sheaf, and Ox(Kx + D + H + B) is a mixed-w-big-sheaf.

Let f: X — Y be a surjective morphism between smooth projective varieties and let
A be a simple normal crossing divisor on X. Let k be a positive integer with k£ > 2 and
let H be an ample Cartier divisor on Y. Then we will show that

Oy (Ky + H) ® f.Ox(k(Kx/y +A))
is a mixed-i-big-sheaf on Y when f,Ox(k(Kx/y + A)) # 0. This is a special case of

Theorem 9.3, which we call a fundamental theorem of the theory of mixed-w-sheaves.

6. BASIC PROPERTIES: PART 1

In this section, we treat the weak positivity and the bigness of mixed-w-sheaves and
mixed-w-big-sheaves, respectively.

Let us start with the following weak positivity theorem, which follows from the theory
of mixed Hodge structures.

Theorem 6.1. Let f: V — W be a projective surjective morphism between smooth quasi-
projective varieties. Let D be a simple normal crossing divisor on V. Then f.Oy (Kyw +
D) is weakly positive.
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Proof. We may assume that V' and W are smooth projective varieties by compactifying
f:V — W suitably. Then this result is more or less well known. For the proof based
on the theory of variations of mixed Hodge structure (see [Fnl|, [FFS], [FF], [Fs], and
so on), see [Fn9, Theorem 7.8 and Corollary 7.11]. For the proof based on the vanishing
theorem, see [Fn3, Theorem 8.4]. O

As an easy consequence of Theorem 6.1, we have:

Theorem 6.2 (Weak positivity). Let F be a mized-w-sheaf on a smooth quasi-projective
variety W. Then F ® w%’{,_l 15 weakly positive.

Proof. We may assume that F is a direct summand of f,Oy (Ky + D) as in Definition 5.1.
By Theorem 6.1, f,Ov(Kyw + D) is weakly positive. Then F ® wi;- * is weakly positive
since it is a direct summand of f,Oy (Ky,w + D). O

When F is a mixed-w-big-sheaf on W in Theorem 6.2, F ® wi ' is not only weakly
positive but also big.

Theorem 6.3 (Bigness). Let F be a mized-w-big-sheaf on a smooth quasi-projective va-
riety W. Then F ® wyy; ' is big.

Proof. Without loss of generality, we may assume that F is a direct summand of f,Oy (Ky +
D + P) as in Definition 5.3. It is sufficient to prove that f.Ov(Kyw + D+ P) is big. Let

and A be as in Definition 5.3. Let H be an ample Cartier divisor on W. We take
a positive integer m such that mA — ¢*H is ample. We can take a finite surjective
morphism 7: W/ — W from a smooth quasi-projective variety W' and get the following
commutative diagram

vy

d

W' —W
such that 7*H ~ mH' for some Cartier divisor H', V' =V xy W’ is a smooth quasi-
projective variety, p*D is a simple normal crossing divisor, and p*w%?w = w{‘?,”/w, holds
for every integer n (see Lemma 3.3 and Remark 3.4). By Lemma 4.7, It is sufficient to
prove that

T*f*OV(KV/W -+ D —+ P) ~ f;OV’<KV’/W’ + p*D + p*P)

is a big sheaf on W’. By construction, we see that p*P — f"*H' is a semi-ample Cartier
divisor on V"’ since it is Q-linearly equivalent to p*p*(A—(1/m)q*H). Therefore, by Lemma
5.5, Oyi(Kyr + p*D + p*P — f"H') is a mixed-w-sheaf on V'. Thus, £ := flOv/(Ky/ +
p*D + p*P — f"H') is a mixed-w-sheaf on W’. We note that

fLOv/(Kvijwi + p*D + p*P) ~ £ @ wiy, ' @ Oy (H').

By Theorem 6.2, £ ® wiy, ' is weakly positive. By Lemma 4.5, £ @ wiy, ' @ Oy (H') is big
since H' is ample. This is what we wanted. O
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We close this section with an obvious corollary.

Corollary 6.4. Let F be a mized-io-sheaf (resp. mized-W-big-sheaf) on a smooth quasi-
projective variety W. Then F ® w{%—l is weakly positive (resp. big).

Proof. We note that F @wiy; ! is weakly positive (resp. big) if and only if so is F* @w{ "
Therefore, the desired statement follows from Theorems 6.2 and 6.3. O

7. BASIC PROPERTIES: PART 2

In this section, we discuss some vanishing theorems for mixed-w-sheaves and several
related topics.

Lemma 7.1 (Vanishing theorem for mixed-w-big-sheaf). Let F be a mized-w-big-sheaf
on a normal projective variety W. Then H (W, F QN) =0 for every i > 0 and every nef
invertible sheaf N' on W.

Proof. We may assume that F is a direct summand of f,Oy (Ky + D+ P) as in Definition
5.3. Let N be a Cartier divisor on W such that N' ~ Oy (N). It is sufficient to prove that
H (W, f.Oy(Ky+D+P+f*N)) = 0 for every i > 0. We take an ample Q-divisor H on W
such that A—q¢*H is an ample Q-divisor on Z, where A and ¢q: Z — W are as in Definition
5.3. Then we can take a boundary Q-divisor A on V such that A ~o D+ P — f*H and
that SuppA is a simple normal crossing divisor on V. Then we have

Ky + D+ P+ f*N— (Ky+A) ~g f*(H+ N).

We note that H + N is ample. Therefore, by [Fn2, Theorem 6.3 (ii)] (see also [Fn6,
Theorem 3.16.3 (ii) and Theorem 5.6.2 (ii)], and so on), we obtain that H*(W, f.Oy (Ky +
D+ P+ f*N)) =0 for every ¢ > 0. O

Example 7.2 shows that the vanishing theorem does not necessarily hold for mixed--
big-sheaves.

Example 7.2. We put X = Ppi(Op1 @ Opi(1)). Let C be the unique (—1)-curve on
X. It is not difficult to see that there exists an ample Cartier divisor H on X such that
C' - H = 1. By definition, Ox(Kx + C) is a mixed-w-sheaf on X. Then, by Lemma 5.7,
Ox(Kx + C + H) is a mixed-w-big-sheaf on X. By definition, Ox(Kx +C + H + C) is
a mixed-@w-big-sheaf on X. Let us consider the following short exact sequence
O—)Ox(KX—i-C—l—H) —)Ox(Kx+O+H+C) —)Oc(Kc+H|C—|—C|C) — 0.

Since C ~ P! and H - C = 1, we obtain

Oc(KC + ch + O|C) ~ OPI(K[[M).
Since H(X,Ox(Kx + C + H)) =0 for : = 1 and 2, we have

HI(X, Ox(KX +C+ H+ C)) ~ Hl(Pl, Opl(K]pl)) =C.

In particular, Ox(Kx +C+ H + () is not a mixed-w-big-sheaf on X by Lemma 7.1. We

note that Ox (K x) is a pure-w-sheaf and that H + 2C' is an effective big Cartier divisor.
However, Ox(Kx + H + 2C) is not a mixed-w-big-sheaf.

As an easy consequence of Lemma 7.1, we have:

Lemma 7.3. Let F be a mized-w-sheaf (resp. mized-w-big-sheaf) on a normal projective
variety W with dimW = n. Let A be an ample invertible sheaf on W such that |A| is
free. Then F @ A®"L (resp. F @ A®") is generated by global sections.
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Proof. This is a direct consequence of Lemmas 5.7, 7.1, and Castelnuovo-Mumford regu-
larity. 0

Let us recall a vanishing theorem for dlt pairs.

Lemma 7.4. Let f: V — W be a surjective morphism from a smooth projective variety
V' onto a normal projective variety W. Let A be an effective R-divisor on V' such that
(V,A) is dit and that every log canonical center of (V,A) is dominant onto W. Let L be
a Cartier divisor on' V' such that L — (Ky + A) ~g f*H for some nef and big R-divisor
H on W. Then H(W, RV f,Oy(L) @ N) =0 fori >0, j > 0, and every nef invertible
sheaf N' on W.

Sketch of Proof. By Kodaira’s lemma, we can write H ~g A+ E such that A is an ample
R-divisor on W and E is an effective R-Cartier R-divisor on W. Since every log canonical
center of (V,A) is dominant onto W, (VA +cf*E) is dlt for 0 < ¢ < 1. Let N be a
Cartier divisor on W such that N~ Oy (N). We note that

L+ f*N—(Ky+A+¢cf'E)~p f*(N+ (1 —¢)H +cA)
and that N + (1 —e)H + €A is ample for 0 < e < 1. By [Fn9, Lemma 7.14],
H(W, R f,Oy(L) @ N') = 0
for i > 0 and 57 > 0. U
In Lemmas 7.5 and 7.6, we treat mixed-w-big-sheaves on smooth projective curves.

Lemma 7.5. Let G be a mized-l-big-sheaf on a smooth projective curve C. Then H'(C,G®
N) =0 holds for every nef invertible sheaf N on C.

Proof. We note that G is locally free since C' is a smooth curve. By definition, we have
a mixed-w-big-sheaf F on C' and a generically isomorphic injection ¢: F < G. Note that
the cokernel of ¢ is a skyscraper sheaf on C. By Lemma 7.1, H'(C, F ® N') = 0 holds.
Therefore, we have H'(C, GoN') = 0 by the surjection H'(C, FQN) — HY(C,GeN). O

Lemma 7.6. Let £ be a locally free sheaf on a smooth projective curve C' and let P be
a closed point of C. If £ ® Oc(—P) @ N®7 is a mized-G-big-sheaf on C' for some nef
invertible sheaf N' on C, then & is generated by global sections at P.

Proof. By Lemma 7.5, H(C, € ® Oc(—P)) = 0. This means that the natural restriction
map

H(C,€) — £ @ C(P)

is surjective. Therefore, £ is generated by global sections at P. 0

Let us discuss generically global generations of mixed-w-big-sheaves.

Lemma 7.7. Let F be a mized-w-sheaf on a normal projective variety W with dim W = n.
Let H be a big Cartier divisor on W such that |H| is free. Then F & Ow ((n + 1)H) is
generically generated by global sections.

Proof. If W is a curve, then H is ample. Therefore, the statement follows from Lemma
7.3 when n = 1. We will use induction on n. We may assume that F = f,Oy(Ky + D)
as in Definition 5.1.
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Step 1. Let pu: V = Vbea projective birational morphism from a smooth projective
variety V such that
Ky +D=u (Ky+D)+E

where D and E are effective divisors and have no common irreducible components. Since
1 O (K + D) ~ Oy (Ky + D), we may replace (V, D) and f: V — W with (V, D) and
fou: V- W, respectively. By taking u: VoV suitably, we may assume that all the
log canonical centers of (V, Dy,) are dominant onto W, where Dy, is the horizontal part
of D. Since f,Oy(Ky + Dyor) — f+Ov(Ky + D) is a generically isomorphic injection, we
may replace D with Dy,,.

Step 2. We will prove that f,Oy(Ky + D) ® Oy ((n+ 1)H) is generically generated by
global sections by induction on n = dim W. We take a general member W’ of |H|. We
put f~1(W’) = V’. Then we have a short exact sequence

0— Oy(Ky + D) = Oy(Ky +V'+ D) = Oy:(Ky: + D|y) = 0
by adjunction. Since W' is a general member of |H],
R'f.Oy(Ky + D) @ Ow(nH) — R' f,Oy(Ky + V' + D) ® Ow(nH)
is injective. Hence we get a short exact sequence
(1) 0 — f.Oy(Ky + D) ® Ow(nH) — f.Oy(Ky + V' + D) ® Ow(nH)
— fOvi(Kyr + D|y) @ Owr(nH|w) — 0.
By the vanishing theorem (see Lemma 7.4), we have
(7.2) H* (W, f,.Ov(Ky + D) ® Oy (nH)) = 0.
Therefore, the restriction map
HY(W, £.Ov(Ky + D) ®@ Ow((n+ 1)H)) — H*(W', f,.Ov:(Ky: + Dlyr) @ Ow:(nH|w))
is surjective by (7.1) and (7.2). By induction on n, f,Ov/(Ky: + D|y) @ Ow(nH|w) is
generically generated by global sections. This implies that so is f.Oy (Ky + D)@ Ow ((n+
1)H).
We obtain the desired statement. 0

Lemma 7.8 is similar to Lemma 7.7.

Lemma 7.8. Let F be a mixed-w-big-sheaf on a normal projective variety W with dim W =
n. Let H be a big Cartier divisor on W such that |H| is free. Then F@Ow (nH) is gener-
ically generated by global sections.

The proof of Lemma 7.8 is essentially the same as that of Lemma 7.7.

Sketch of Proof of Lemma 7.8. If n = 0, then the statement is trivial. If n = 1, then it
follows from Lemma 7.6. Therefore, we assume that n > 2. As in the proof of Lemma
7.7, we may assume that F = f,Oy(Ky + D+ P) as in Definition 5.3. Moreover, we may
further assume that D = Dy, and that every log canonical center of (V, D) is dominant
onto W (see Step 1 in the proof of Lemma 7.7). We take a general member W’ of |H|
and put V' = f~1(W’). Then the natural restriction map

HO(VV, f*OV(KV + D+ P) &® Ow(nH))
— H(W', f.Ov/(Ky' + Dy + Ply) @ Ow((n— 1) H|w))
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is surjective as in Step 2 in the proof of Lemma 7.7. By induction on dimension, we see
that

is generically generated by global sections. 0

We close this section with the following result, which is due to [DuM]. We will use it
in the proof of Theorem 1.9.

Lemma 7.9. Let F be a mized-w-sheaf on a normal projective variety W and let H be a
nef and big Cartier divisor on W. We put dimW =n. Then F @ Ow (IH) is generically
generated by global sections for 1 > n? + 1.

Proof. We may assume that F = f.Oy(Ky + D) as in Definition 5.1. Then, by [EKL,
Theorem 1] and [DuM, Theorems C and 2.20], F ® Ow ({H) is generically generated by
global sections for [ > n? + 1. O

For the details of Lemma 7.9, we recommend the reader to see [DuM].

8. A SPECIAL CASE

In this section, we freely use the standard notation and some basic results in the theory
of minimal models (see, for example, [Fn2], [Fn6], and [Fnl0]). We treat weakly semistable
morphisms f: X — Y in the sense of Abramovich-Karu with the assumption that the
geometric generic fiber X7 of f: X — Y has a good minimal model. In this case, we
can prove some strong results with the aid of the theory of minimal models. We do not
need the results of this section in the subsequent sections. Hence the reader can skip this
section.

Here we adopt the following definition of weakly semistable morphisms in the sense of
Abramovich-Karu (see [AK]).

Definition 8.1 (Weakly semistable morphisms). Let f: X — Y be a projective surjective
morphism between normal quasi-projective varieties with connected fibers. We say that
f: X =Y is weakly semistable if

(i) the varieties X and Y admit toroidal structures (Ux C X) and (Uy C Y) with

Ux = .f_l(UY)7

(ii) with this structure, the morphism f is toroidal,

(iii) the morphism f is equidimensional,

(iv) all the fibers of the morphism f are reduced, and
(v) Y is smooth.

The following result is the main theorem of this section.

Theorem 8.2. Let f: X — Y be a surjective morphism from a normal projective variety
X onto a smooth projective variety Y with connected fibers. Assume that f is weakly
semistable in the sense of Abramovich-Karu and that the geometric generic fiber Xz of
f: X =Y has a good minimal model. Let H be an ample Cartier divisor on'Y . Let k be
a positive integer such that k > 2 and f*w?él/“y # 0. Then

fudly @ wy © Oy (H)

is locally free and is a pure-w-big-sheaf on'Y . More generally, we obtain that

(® f*w}?'jy> ® wy ® Oy (H)
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s a pure-w-big-sheaf on'Y for every positive integer s. Therefore, if A is an ample Cartier
divisor on'Y such that |A| is free, then

<® f*w?}'/“y> ® wy @ Oy (H + nA)

18 generated by global sections, where n = dimY .

Proof. As mentioned above, we will freely use some basic results in the theory of minimal
models. We note that X has only rational Gorenstein singularities by [AK, Lemma
6.1] since f: X — Y is weakly semistable by assumption. Hence X has only canonical
Gorenstein singularities.

Step 1. By the proof of [Fn4, Theorem 1.6] (see also [Fn5]), we have already known that
f*w_%”y is a nef locally free sheaf on Y for every m > 1.

Step 2. We consider a relative good minimal model f': X’ — Y of f: X — Y (see [Fn4,
Theorem 3.3]).

Since
FoXy = FLOx(mKxy)
holds for every m > 1, it is sufficient to prove that
[10x/(Kx + (k= 1)Kx/ )y + [ H)
is a pure-w-big-sheaf on Y.
Step 3. In this step, we will prove:
Claim. Ky y is nef and f'-semi-ample.

Proof of Claim. Since f': X' — Y is a relative good minimal model of f: X =Y, Kx//y
is f’-semi-ample. Therefore,

[ Ox(IKxy) = Ox:/(IKx1y)

is surjective for a sufficiently large and divisible positive integer I. Since f,Ox/(IKx//y) =~
f*w;egl/y is a nef locally free sheaf, Kx//y is nef by the above surjection. U

Step 4. Since Ky//y is nef and f’-semi-ample, (k — 1)Kx//y + af™H is semi-ample for
every positive rational number a by Lemma 3.5. Since X' is a relative minimal model of
f1 X — Y and X has only canonical singularities, X" also has only canonical singularities.
We take a birational morphism p: X — X’ from a smooth projective variety X such that
the exceptional locus Exc(p) of p is a simple normal crossing divisor on X. Since X’ has
only canonical singularities, we see that

psOx(Kz + [(k = 1)p"Kxy +p" f"H]) =~ Ox:(Kxr + (k = 1) Kxryy + f"H)
holds. By Lemma 5.9,
(f" 0 p)Og(Kg + [(k = Dp"Kxryy + p" f"H]) = fiOx/(Kxr + (k = 1) Kxrpy + [ H)
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is a pure-w-big-sheaf on Y since

1
_p*fl*H

(k= Dp"Kxyy +p"f"H — 5

is semi-ample. This means that
[y @ wy © Oy (H)
is locally free and a pure-w-big-sheaf on Y.

Step 5. In this step, we will briefly explain how to prove that

(® T wX/Y) ®wy ® Oy(H)

is a pure-w-big-sheaf on Y for every positive integer s.
Let

XS:XXYXXY"'XyX

J/

be the s-fold fiber product of f: X — Y and let f*: X* — Y be the induced morphism.
Then we can check that X*® has only rational Gorenstein singularities since f: X — Y is
weakly semistable (see [Fn4, Section 5] and Step 4 in the proof of [Fnl0, Theorem 4.3.1]).
Therefore, X*® has only canonical Gorenstein singularities. Let F' be a general fiber of
f: X =Y. Then F has a good minimal model by assumption and [Fn4, Theorem 3.3].
This implies that

FP=FxFx---xF

s

also has a good minimal model. We note that F* is a general fiber of f*: X* — Y. Hence
f*: X® — Y has a relative good minimal model over Y by [Fn4, Theorem 3.3]. By the
flat base change theorem and the projection formula, we can check that

(8.1) <®f wX/Y) = swgf/y

holds (See [Fn4, Section 5] and Step 4 in the proof of [Fn10, Theorem 4.3.1]). In particular,
fSst y is a nef locally free sheaf on Y. By applying the arguments in Steps 2, 3, and 4
to f*: XS — Y, we obtain that

(8:2) fiwt )y ®@ wy © Oy (H)
is a pure-w-big-sheaf on Y. Therefore, by (8.1) and (8.2), we have that

((X) f*w?}’jy> ®wy ® Oy (H)

is a pure-w-big-sheaf on Y for every positive integer s.

By Lemma 7.3,

<® f*w?}'/“y> ® wy @ Oy (H + nA)

is generated by global sections. 0
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Remark 8.3. In the proof of [Fn4, Theorem 3.3], which was used in the proof of Theorem
8.2, we need Theorem 1.13 (see [Fn4, Theorem 3.4]). We note that we will not use Theorem
8.2 in the subsequent sections. Hence there is no problem.

We note that the global generation of

(® f*wX/Y> ®@wy @ Oy (H + nA)

was already treated in [Ko, Theorem 3.6]. In some sense, Theorem 8.2 generalizes [SY,
Theorem 1.8].

Theorem 8.2 predicts that f*wX Iy Quy ® Oy (H) has good properties. Of course, we
strongly hope to prove Theorem 8.2 without using the assumption that X3 has a good
minimal model.

9. FUNDAMENTAL THEOREM

This section is the main part of this paper. The main result of this section is Theorem
9.3, which we call a fundamental theorem of the theory of mixed-w-sheaves.

Let us start with the following lemma.

Lemma 9.1 ([N, Chapter V, 3.34. Lemmal). Let f: X — Y be a surjective morphism
from a normal projective variety X onto a smooth projective variety Y. Let L be a Cartier
divisor on X and let A be an effective R-divisor on X such that Kx + A is R-Cartier.
Let k be a positive integer with k > 2. We assume the following conditions:

(i) (X, A) is log canonical over a nonempty Zariski open set of Y, and
(ii) L — k(Kx)y + A) is nef and f-semi-ample.

Let H be an ample divisor on Y. We assume that f.Oy(L) # 0. We take a positive
integer | such that

Oy(lH) ® f.Ox(L)
s big. Then
Oy (Ky + (I = [I/k])H) ® f.Ox(L)
is a mized-o-big-sheaf on Y. Hence we obtain that

Oy(Ky +(k—1)H) ® f.Ox(L)
is always a mized-o-big-sheaf on 'Y .

We include all the details although Lemma 9.1 is essentially the same as [N, Chapter
V, 3.34. Lemma].

Proof of Lemma 9.1. We divide the proof into several small steps.

Step 1 (Resolution of smgularltles) Let p: X = Xbea projective birational morphlsm
from a smooth projective variety X such that Kg + A= p*(Kx + A) and that SuppA
is a simple normal crossing divisor on X. We put E = [—(A<)]. Then E is an effective

p-exceptional divisor on X , A+ E is effective, and (X, A + FE) is log canonical over a
nonempty Zariski open set of Y by construction. We note that

WL+EE—k(Kg, +A+E)=p"(L-kKxy+A4))
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and that pu,Oz(p*L + kE) ~ Ox(L). Therefore, by replacing f: X — Y, L, and A with
fopu: X =Y, p*L+EkE, and A + F respectively, we may assume that X is smooth and
SuppA is a simple normal crossing divisor on X.

Step 2. We note that by Lemma 4.6 we can always take a positive integer [ such that
Oy (IH) ® f,Ox(L) is big since H is an ample divisor on Y. Since Oy (IH) ® f,Ox(L) is
big, we can take a positive integer a such that

SOy (1) @ f,Ox (L)) ® Oy (—H) = Oy((al = 1)H) @ 5*(f,0x(L))
is generically generated by global sections by Lemma 4.4.
Step 3. We take an effective f-exceptional divisor £ on X such that
(f:Ox (bL))™ ~ f.Ox (b(L + E))

holds for every 1 < b < a. For a related result, see [Fnl2, Theorem 1.2]. By taking a
resolution of singularities as in Step 1, we may assume that Supp(A + E) is a simple
normal crossing divisor on X. Since

(L+E)—k(Kx)y + A+ (1/k)E) =L — k(Kx/y + A),
we may replace L and A with L + E and A + (1/k)E, respectively. This is because
Oy (Ky + (I - [I/k])H) ® f.Ox(L)
is a mixed-w-big-sheaf on Y if and only if so is
Oy (Ky + (I = [I/k])H) ® (f.Ox(L))""
Hence we may assume that f,Ox(bL) is reflexive for every 1 <b < a.

Step 4. By taking a suitable birational modification of X again (see Step 1), we may
further assume that the image of the natural map

[ f.0x(L) — Ox(L)

is invertible and can be written as Ox (L — B) such that Supp(A + B) is a simple normal
crossing divisor on X. By the definition of B, we have f.Ox(L — B) = f.Ox(L).

Step 5. We note that we can take an effective f-exceptional divisor £ on X such that
the map f*f.Ox(L) — Ox(L — B) induces

f*5°(f.0x(L)) = Ox(a(L = B) + E).
Then we have the following map
(9-1) H(Y, Oy ((al = 1)H) @ 5(f,0x(L))) © Ox = Ox(a(L = B) + E+ (al — 1) f*H).

By taking a suitable birational modification of X again (see Step 1), we may assume that
the image of (9.1) is
Ox(a(L—B)+E—F+(al—1)f"H)

for some effective f-vertical divisor F' on X. We may further assume that Supp(A + B +
E + F) is a simple normal crossing divisor on X. We put

N:=a(L-B)+E—-F+(al —1)f"H.
Then |N| is free by (9.1) and the definition of F'.
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Step 6. We take a positive number . Then, by Lemma 3.5, we obtain that L —k(Kx,y +
A)+e f*H is semi-ample because L —k(Kx/y+A) is nef and f-semi-ample by assumption.
We put

We note that

(al—z)k(;k:—l) § P(kk—nw _ _H

Then
k—1 1
o N = (L—k(Kxyy +A)+ef'H) =af'H
for some o > 0 if € is sufficiently small. Thus M and M —a f*H are semi-ample. Without

loss of generality, we may assume that € and « are rational numbers since

(l_w)_(az—1])€(k—1)_%:&

E—1
—B+A].

M —

Step 7. We consider

We put
. o g . k—1
By =max < T |T is a Weil divisor with 0 <T < Band T < TB—i—A )

We write
{%B—FAJ —BOZA1+A2

where A; is the horizontal part and A, is the vertical part. We note the following easy
Claim.

Claim. Let r be a real number with 0 < r <1, let k be a positive integer with k > 2, and
let b be a nonnegative integer. Then

E—1 k—1 1 ¢fr=1andb=0
e e —mindp, |2 — ’
L k +TJ mm{ ’{ k +TJ} {O otherwise.

Proof of Claim. We assume that

k—1

b < \‘Tb + TJ —1

holds. Then

k—1

b < Tb +r—1.

Hence we obtain 0 < % <r—1<0. Thus we get r =1 and b = 0. By this observation,
we obtain the desired result. O

By assumption (i) and the Claim, A; = AT!. By construction and the Claim, we see
that A; C SuppA=! and that A; and Supp{ M} have no common irreducible components.
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Step 8. We have the following generically isomorphic injections:

FOx(Kx + Ay + [M]) = wy((I = |I/k)H) ® (f*OX (L— L%BjLAJ +A1>)**

= wy((l = [I/k])H) ® (f.Ox (L — By — As))™
= wy((I—|l/k])H) ® f.Ox(L).
We note that
f:O0x(L) = f.Ox(L — B) C f.Ox(L — By) C f.Ox(L).
This implies that
Oy(Ky + (I - [I/k])H) ® f.Ox(L)
is a mixed-Gw-big-sheaf on Y because f.Ox(Kx + Ay + [M]) is a mixed-w-big-sheaf by

Lemma 5.9.
Step 9. Let [y be the minimum positive integer such that
Oy(Ky +lH) ® f.Ox(L)
is a mixed-w-big-sheaf on Y. By Theorem 6.3,
Oy (loH) ® f.Ox(L)
is big. By the result obtained above,
Oy (Ky + (lo — |lo/k])H) ® f.Ox(L)

is a mixed-i-big-sheaf on Y. This implies that Iy — [lo/k] > lo. Thus we get Iy < k — 1.
Hence we have

Oy(Ky + (k- 1)H) ® f.Ox(L)

is a mixed-W-big-sheaf on Y.
Thus we get the desired statements. 0

Remark 9.2. In Lemma 9.1, we further assume that (X, A) is klt over a nonempty Zariski
open set of Y. Then we can easily see that A; = 0 in Step 7 in the proof of Lemma 9.1.
Therefore, we obtain that

Oy(Ky + (I — [l/k))H) ® f.Ox (L)
and
Oy(Ky 4+ (k—1)H)® f.Ox(L)

are pure-w-big-sheaves on Y.

Theorem 9.3 is the most important result in the theory of mixed-w-sheaves. So we call
it a fundamental theorem of the theory of mixed-w-sheaves.

Theorem 9.3 ([N, Chapter V, 3.35. Theorem]). Let f: X — Y be a surjective morphism
from a normal projective variety X onto a smooth projective variety Y. Let L be a Cartier
divisor on X and let A be an effective R-divisor on X such that Kx + A is R-Cartier.
Let D be an R-divisor on Y. Let k be a positive integer with k > 2. Assume the following
conditions:

(i) (X, A) is log canonical over a nonempty Zariski open set of Y, and
(ii) L+ f*D — k(Kx/y + A) — f*A is semi-ample for some big R-divisor A on'Y.
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If f.Oy(L) # 0, then
Oy (Ky + [D]) ® [.Ox(L)

is a mized--big-sheaf on Y .
Proof. We divide the proof into several small steps.

Step 1 (Reductions). By taking a resolution as in Step 1 in the proof of Lemma 9.1, we
may assume that X is a smooth projective variety and that SuppA is a simple normal
crossing divisor on X. We note that

L+ f*[D] -k <KX/Y—|—A+%f*{—D}> —[fA=L+f'D—-k(Kxyy +A)— frA

Therefore, by replacing L and A with L + f*[D] and A + 1 f*{—D}, respectively, we
may assume that D = 0. By Kodaira’s lemma, we have A ~g A; + Ay such that A; is
an ample R-divisor and A, is an effective R-divisor. By replacing A and A with A; and
A+ % f* Ay respectively, we may further assume that A is an ample R-divisor on Y. We
take an ample Cartier divisor H on Y and a positive integer m such that A — %H is
ample. Then

k—1

m

is semi-ample. Therefore, we may replace A with %H . By taking a resolution as in Step
1 in the proof of Lemma 9.1 again, we may assume that X is a smooth projective variety
and that SuppA is a simple normal crossing divisor on X. By Lemma 3.2, we may further
assume that A is a Q-divisor. We take an effective f-exceptional divisor F and replace L
and A with L + E and A + (1/k)E respectively. Then we may assume that f,Ox (L) is
reflexive. By taking a birational modification of X, we may assume that the image of

f*f.0x(L) — Ox(L)

is Ox(L — B) for some effective divisor B such that Supp(A + B) is a simple normal
crossing divisor on X. Let S denote the union of all f-exceptional divisors on X. We
may assume that Supp(A + B + S) is a simple normal crossing divisor on X by taking a
suitable birational modification of X again (see Step 1 in the proof of Lemma 9.1).

L — /{:(Kx/Y +A) — f*H

Step 2. By Lemma 3.3 and Remark 3.4, we take a finite flat Galois cover 7: Y’ — Y
from a smooth projective variety Y’ and get the following commutative diagram

X . x

o
Y/?Y

such that X’ = X xy Y’ is a smooth projective variety, 7*H ~ mH' for some ample

Cartier divisor H" on Y’, and p*w?}?Y = w?}f‘/y, for every integer n. Let G denote the

Galois group of 7: Y — Y. By construction (see the proof of Lemma 3.3), we may
assume that H' is G-invariant. We put L' = p*L, B’ = p*B, A’ = p*A, and S' = p*S.
Without loss of generality, we may assume that Supp(A’ + B’ 4+ 5’) is a simple normal
crossing divisor on X' and that p*(Kx/y +A) = Kx//ys+ A’ holds (see Remark 3.4). We
note that

L'—(k=1)f"H — k(Kx/y + A") ~q p* (L —k(Kx;y +A) — F 1f*H)

m
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by construction. This implies that (L' — (k — 1) f"*H') — k(Kx//y + A’) is semi-ample.
Step 3. We apply Lemma 9.1 to

(L'= (k= 1)f"H") — k(Kx/ vy + A").

Then we obtain that Oy/(Ky/) @ flOx/(L') is a mixed-&-big-sheaf on Y’. Therefore,
fiOx:(L') is a big sheaf on Y’ by Theorem 6.3. Thus we can take a positive integer a such

that §“( fiOx/(L')) is generically generated by global sections (see Lemma 4.4). Then we
take an effective G-invariant f’-exceptional divisor £’ on X’ such that

(fiOx:/(bL'))™ = fiOx/(b(L' + E"))
holds for every 1 < b < a. By replacing L', A’, and B’ with L' + E’, A’ + (1/k)E’, and
B’ + E’ respectively, we may assume that f/Oy/(bL’) is reflexive for every 1 < b < a.

Step 4. We can take an effective G-invariant f’-exceptional divisor £’ on X’ such that
the surjective map

[ [.0x/(L') = Ox/(L' - B')
induces
FE5(f10x:(L)) = Oxi(a(L' — B') + E').
Then we have the following map
(9.2) H(Y', S4(f'Ox/(L'))) ® Oxr — Oxi(a(L' — B') + E").
By taking an equivariant resolution of singularities of X', we may assume that the image
of (9.2) is
Ox/(a(L' — B"Y+ E' — F")

for some effective G-invariant f’-vertical divisor F’ on X’. Of course, we may assume that
Supp(A’ + B'+ E’' + F') is a simple normal crossing divisor on X’. We put

N :=alll -B)+E - F.
Then |N'| is free by (9.2) and the definition of F’. We put

M =L — (Kxiy +A') — h ; 1B’+ kc;ﬁl(E’ —F).

Then
k—1 1 k—1

N (L = k(R A) = (k= 1) H) =

In particular, M’ and M’ — %f’*H’ are semi-ample.

f/* H,.

Step 5. We put

k

as in Step 7 in the proof of Lemma 9.1. Then A} is a G-invariant f’-horizontal simple
normal crossing divisor on X’. As before, Supp{M'} and A} have no common irreducible
components. Thus, by Lemma 5.9, f/Ox/(Kx + A} + [M']) is a mixed-w-big-sheaf on
Y’. Note that the Galois group G acts on flOx/(Kx + A} + [M']).

{—k_lB’JrA’J = By + A} + A,
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Step 6. Therefore, we get the following generically isomorphic G-equivariant embedding:
(9.3) fiOx(Kxr + Ay + [M']) = Oy/(Ky/) ® f,Ox/(L)

as in Step 8 in the proof of Lemma 9.1. We note that f.Ox/ (L) ~ 7*f.Ox (L) by the flat
base change theorem. We take 7, of (9.3) and then take the G-invariant parts. Thus, we
get a mixed-w-big-sheaf

F o= (nflOx (K + Ay + TMT)"
on Y and a generically isomorphic injection
F = Oy(Ky) ® f.Ox(L).
This means that Oy (Ky) ® f.Ox (L) is a mixed-w-big-sheaf on Y.
Hence we obtain that Oy (Ky + [D]) ® f.Ox(L) is a mixed-w-big-sheaf on Y. O

Remark 9.4. As in Remark 9.2, we further assume that (X, A) is kIt over a nonempty
Zariski open set of Y in Theorem 9.3. Then we see that A} = 0 in Step 5 in the proof of
Theorem 9.3. Hence we obtain that

Oy(Ky + [D]) ® f.Ox(L)
is a pure-iw-big-sheaf on Y.
As a corollary of Theorem 9.3, we have:

Corollary 9.5 ([N, Chapter V. 3.37. Corollary]). Let f: X — Y be a surjective morphism
from a mnormal projective variety X onto a smooth projective variety Y with dimY = n.
Let L be a Cartier divisor on X and let A be an effective R-divisor on X such that Kx+A
is R-Cartier. Let D be an R-divisor on' Y. Let k be a positive integer with k > 2. Assume
the following conditions:

(i) (X, A) is log canonical over a nonempty Zariski open set of Y, and
(ii) L+ f*D — k(Kx/y + A) is nef and f-semi-ample.

Then the following properties hold.

(1) There ezists a Cartier divisor G on'Y, which depends only on f: X — Y, such
that

Oy (G +[D]) @ f.0x(L)

15 generically generated by global sections.
(2) Let H be a big Cartier divisor on'Y such that |H| is free. Then

Oy(Ky + [D]+ (n+1)H) @ (f.Ox(L))™

15 generically generated by global sections.
(3) Let H' be a nef and big Cartier divisor on'Y such that |H| is not necessarily free.
Then the sheaf

Oy (Ky + [D] +1H") ® (f.Ox(L))™
is generically generated by global sections for | > n? + 2.

Proof. Tn Step 1, we will treat (2) and (3), which are direct consequences of Theorem 9.3.
In Step 2, we will prove (1), which is much more difficult than (2) and (3).
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Step 1. By Kodaira’s lemma, we have H ~g A 4+ B such that A is an ample Q-divisor
and B is an effective Q-divisor on Y. Let us consider

Lt f*H+ D — k(Kxy +A) — f* <%A+B> |

Note that it is semi-ample by Lemma 3.5. We also note that %A + B is big. Therefore,
by Theorem 9.3,

Oy(Ky + [D]+ H)® f.Ox(L)

is a mixed-w-big-sheaf on Y. Thus, by Lemma 7.8,
Oy(Ky + [D] + (n+1)H)® (f.Ox(L))™

is generically generated by global sections. By the same argument, we see that

Oy(Ky + [D] + H") @ f.Ox(L)
is a mixed-w-big-sheaf on Y. Thus, by Lemma 7.9, the sheaf

Oy(Ky + [D] +1HY) @ (f.Ox(L))**

is generically generated by global sections for [ > n? 4+ 2.

Step 2. By taking a resolution of singularities as in Step 1 in the proof of Lemma 9.1, we
may assume that X is smooth. By replacing L and A with L+ f*[D] and A+ ¢ f*{—D}
respectively, we may assume that D = 0. By the flattening theorem, there is a birational
morphism 7: Y' — Y from a smooth projective variety Y’ such that the main component
of X xy Y’ is flat over Y’. Let X’ be a resolution of the main component of X xy Y.
Then we get the following commutative diagram.

X' e x

o

Y’ —Y
By construction, any f’-exceptional divisor is p-exceptional. We put Ky + B = p*(Kx +
A). We may assume that SuppB is a simple normal crossing divisor on X’'. We write
(9.4) Ky, =17"Ky+ R
where R is an effective T-exceptional divisor on Y’. We put

L' :=p" L+ k[—(B°)] - kf*R

and A’ = B + [—(B<%)]. Note that [—(B<")] is effective and p-exceptional. Then we
have

L' — k(Kxyyr + A') = p"(L — k(Kx)y + A)).
We take an effective f’-exceptional divisor F on X’ such that
(F1Ox (L))" = [1Ox (L' + E).
Note that E is p-exceptional and that there is a generically isomorphic injection
7.[.0x/(L'+ E) = f.p.Ox:/ (L' + E) C f.Ox(L).
Therefore, we have a generically isomorphic injection

(9.5) 7 ((fLO0x/(L')™) C f.Ox(L).
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By Kodaira’s lemma, we have 7*H ~g A + B such that A is an ample Q-divisor and B
is an effective Q-divisor. Note that

1 1 1
L'+E+ f"T"H — k (KX,/Y, + A+ EE + Ef’*B) - §f/*A

=L —k(Kxy +A") + %f’*A
is semi-ample by Lemma 3.5. Therefore, by Theorem 9.3,
Oy(Ky'+7H)® f.Ox/(L' + E)
is a mixed-w-big-sheaf on Y’. Thus, by Lemma 7.8,
Oy/(Ky: + (n+ 1)7"H) @ (f.O0x/(L'))™

is generically generated by global sections. If we take a Cartier divisor G on Y such that
|7*G — (Ky' + (n+ 1)7*H)| # 0, then

Oy (T"G) & (£.0x/(L'))”
is generically generated by global sections. By (9.5), we obtain that so is Oy (G) ®
We complete the proof of Corollary 9.5. O

We note that [N, Chapter V, 3.37. Corollary] needs the assumption that (X, A) is kit
over a nonempty Zariski open set of Y. On the other hand, Corollary 9.5 can be applied
to log canonical pairs. This is the main difference between [N, Chapter V, 3.37. Corollary|
and Corollary 9.5.

Sho Ejiri pointed out the following example, which was constructed by Hiroshi Sato.
For some related example, see Example 10.1 below.

Example 9.6 ([FG, Example 4.6]). There exists a flat toric morphism f: X — Y from
a smooth projective toric threefold X onto Y = Ppi(Op1 @ Op1(3)). Let A be the union
of all torus invariant divisors on X. Then it is well known that (X, A) is log canonical
with Ky + A ~ 0. In this case,

f*Ox(/{Z(Kx/y + A)) X Oy(Ky) ~ Oy(—(l{? — 1)Ky>

holds for every integer k. Note that —Ky is not nef by Y = Ppi(Op1 & Op1(3)). Hence
there are no ample Cartier divisors A on Y such that

[Ox(k(Kx/y +A)) ® Oy (Ky + A) ~ Oy (—(k = 1)Ky + A)
is generated by global sections for every positive integer k& > 2. We note that if Oy (—(k —
1)Ky + A) were generated by global sections for every integer k£ > 2 then —Ky would
be nef. This is a contradiction. Therefore, we can not replace generic generations with
global generations in Corollary 9.5.
10. PROOF OF THEOREMS 1.7, 1.8, AND 1.9
In this section, we prove Theorems 1.7, 1.8, and 1.9 in Section 1.

Let us first prove Theorem 1.8.
Proof of Theorem 1.8. We divide the proof into small steps.
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Step 1. By taking a suitable resolution of singularities of X, we may assume that X is a
smooth projective variety and SuppA is a simple normal crossing divisor on X (see Step
1 in the proof of Lemma 9.1). We may further assume that every log canonical center of
(X, Apor) is dominant onto Y.

Step 2. In this step, we will prove the generic generation of f,Ox(L) ® Oy (Ky + [H)
when k = 1.

By replacing L and A with L — |Aye ] and A — [Aye| respectively, we may further
assume that (X, A) is dIt and that every log canonical center of (X, A) is dominant onto Y.
By the arguments in Step 2 in the Proof of Lemma 7.7, we see that f.Ox(L)®0Oy (Ky+IH)
is generically generated by global sections.

Step 3. In this step, we will see that (f,Ox (L))" ® Oy (Ky +1H) is generically generated
by global sections when k > 2.

This follows directly from Corollary 9.5. More precisely, we put D = 0 and apply
Corollary 9.5 (2).

Step 4. In this final step, we treat the case when s > 2. We take the s-fold fiber product
X° Z::)( nyXy"' Xy)(/

S

of X over Y. Let f*: X® — Y be the induced morphism. Let p: X® — X* be a resolution
of singularities of the dominant components of X® such that p is an isomorphism over a
nonempty Zariski open set of Y. We put f® = f*op: X) =Y. We note that X may
be reducible, that is, a disjoint union of some smooth projective varieties. We can take
a Zariski open set U of Y such that codimy (Y \ U) > 2, f.Ox(L) is locally free on U,
and f is flat over U. By applying Lemma 3.7 to f~!(U) — U, we can construct a Cartier
divisor L® on X ) and an effective R-divisor A®) on X ) such that

L(S) ~R k‘(KX(s)/y + A(S)),

(X©) AG)Y is log canonical over a nonempty Zariski open set of Y, and there exists a
generically isomorphic injection

(fOx (W)™ (@ f*OX(L)> _

By Theorem 9.3,
Oy (Ky + H) ® [ Ox (L)

is a finite direct sum of mixed--big-sheaves when k& > 2. Note that X (s) may be reducible.
Therefore,

Oy(Ky + H)® <® f*Ox(L)>
is also a finite direct sum of mixed-i-big-sheaves. Thus, by Lemma 7.8,
Oy (Ky +1H) @ (@ f*OX(L)>

is generically generated by global sections for [ > n + 1 when k > 2 (see also Corollary
9.5 (2)).
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If £ = 1, then we can check that Oy (Ky +1H) ® [0 (L)) is generically generated
by global sections for [ > n 4 1 by the arguments in Steps 1 and 2. Therefore,

Oy(Ky +H)® <® f*OX(L)>

is generically generated by global sections for [ > n 4+ 1 when k = 1.
Hence we have obtained the desired statements. 0]
Next we prove Theorem 1.9.

Sketch of Proof of Theorem 1.9. It is not difficult to modify the proof of Theorem 1.8.
Step 1. In this step, we will treat the case when k = 1.

As usual, by taking a suitable birational modification of X, we may assume that X is
smooth and SuppA is a simple normal crossing divisor on X. By replacing L and A with
L —|A>| and A — | A>!] respectively, we may assume that A is a boundary R-divisor
on X. Note that A>! is f-vertical. By perturbing the coefficients of A, we may further
assume that A is a Q-divisor with L ~g Kx/y + A. By Lemma 5.10,

Ox(Kx + |A] +[L - Kx)y —A]) ~Ox(L) ® f*Oy(Ky)
is a mixed-w-sheaf on X. Therefore, f.Ox(L) ® Oy (Ky) is a mixed-w-sheaf on Y. Thus,
by Lemma 7.9, f.Ox(L) ® Oy (Ky + [HT) is generically generated by global sections for
[ > n?+1. Similarly, we may assume that the sheaf f*(s)OX(s) (L)) ® Oy (Ky) in the proof
of Theorem 1.8 is a finite direct sum of mixed-w-sheaves on Y when k£ = 1. Therefore,

(@ f*OX(L)> ® Oy (Ky + LHT)

is generically generated by global sections for [ > n? + 1.

Step 2. In this step, we will treat the case when k > 2.

If we use Lemma 7.9 instead of Lemma 7.8, then the proof of Theorem 1.8 implies that

s

Oy(Ky +1H") ® (@ f*OX(L)>

is generically generated by global sections for [ > n? + 2 (see also Corollary 9.5 (3)).
Thus we get the desired statements. 0
Finally, we prove Theorem 1.7.

Proof of Theorem 1.7. We put L = kKyx;y. Then this theorem directly follows from
Theorems 1.8 and 1.9. [

In [FF, Section 8|, we constructed the following example, which shows that we can not
replace the generic generation with the global generation in Conjecture 1.5.

Example 10.1. There exists a surjective morphism f: X — Y between smooth projective
varieties with the following properties.
(i) Y is a Kummer surface. In particular, wy ~ Oy holds.
(i) C;is a (—2)-curve on Y for 1 <14 < 16.
(iti) f is smooth over U =Y \ 321° C;.
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(iv) Ly/y is a Weil divisor on Y which is numerically equivalent to } S0 G
(v) We have
ok Oy (32:2,1C)) k=21,
f*WX/y = ' 16
Oy(Lx/y + Zi:l l01> k=20+1.
Let H be an ample Cartier divisor on Y. By Reider’s theorem (see, for example, [BHPV,
Chapter IV, (11.4) Theorem]), [3H]| is free. We note that Ly,y 4+ 3H is ample by Nakai’s

ampleness criterion. Therefore, by Reider’s theorem again, |Lx,y + 3H| is free. This
means that

fooy @ wy © Oy (3H)
is generated by global sections on U. On the other hand, we have
(fwihy @ wy ® Oy(38H)) - Ci = —k + 3H - G,
Therefore, it & > 3H - C;, holds for some 1 < iy < 16, then
fuoy @ wy ® Oy (3H)
is not generated by global sections.
We close this section with an easy remark.

Remark 10.2. Let Y be a smooth projective variety and let H be an ample Cartier divisor
on Y. Let m be any positive integer. Then we can construct a finite cover f: X — Y
from a smooth projective variety X such that Oy (—mH) is a direct summand of f,Ox.
Therefore, we need the condition £ > 1 in Theorems 1.7, 1.8, and 1.9.

11. SOME OTHER APPLICATIONS

In this section, we treat Nakayama’s inequality on ., and a slight generalization of the
twisted weak positivity theorem. Theorem 11.3 and a special case of Theorem 11.7 have
already played a crucial role in the theory of minimal models.

Let us first recall the definition of s, for the reader’s convenience.

Definition 11.1 (Nakayama’s numerical dimension, see [N, Chapter V.2.5. Definition]).
Let D be a pseudo-effective R-Cartier divisor on a normal projective variety X and let
A be a Cartier divisor on X. If H%(X,Ox(|mD]| + A)) # 0 for infinitely many positive
integers m, then we set

o(D; A) = max {k € Z>o

g0
thUdeﬂH (X,O0x(ImD] + A)) - 0}‘

m—00 mk

If H9(X, Ox(|mD]+A)) # 0 only for finitely many m € Zs, then we set o(D; A) = —oc.
We define Nakayama’s numerical dimension k, by

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

It is well known that x,(X, D) > 0 (see, for example, [N, Chapter V. 2.7. Proposition]).
If D is not pseudo-effective, then we put k,(X, D) = —oo. By this convention, we can
define k., (X, D) for every R-Cartier divisor D on X. It is obvious that

ko (X, D) > k(X, D)

always holds for every R-Cartier divisor D on X by definition, where (X, D) denotes the
litaka dimension of D.
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For the details of k,(X, D) and x(X, D), we recommend the reader to see [N]. The
following remark is easy but very useful.

Remark 11.2 ([N, Chapter V, 2.6. Remark (6)]). Let X be a smooth projective variety
and let D be an R-divisor on X. We put

im H°(X D+ A
U(D;A)’:max{k€Z>0U{—oo} limsupdlm (X, Ox([mD] + ))>O},

m—00 mk

where A is a divisor on X. Then we have the following equality
ko (X, D) = max{c(D;A)"| A is a divisor}.

We will use this characterization of k, in the proof of Theorem 11.3 below.

We note the following easy but important fact that k,(X,ID) = k,(X, D) holds for
every positive integer [ (see [Fnll, Remark 2.2]), which will be useful in the proof of
Theorem 11.3 below.

The inequalities in Theorem 11.3 are indispensable in the theory of minimal models
(see Remarks 11.4 and 11.5).

Theorem 11.3 ([N, Chapter V, 4.1. Theorem (1)] and [Fnll, Section 3]). Let f: X — Y
be a surjective morphism from a normal projective variety X onto a smooth projective
variety Y with connected fibers. Let A be an effective R-divisor on X such that Kx + A is
R-Cartier and that (X, A) is log canonical over a nonempty Zariski open set of Y. Let D
be an R-Cartier R-divisor on X such that D — (K x/y +A) is nef. Then, for any R-divisor
Q onY, we have

ko(X, D+ f*Q) > rio(F, D|p) + k(Y, Q)
and

ko(X, D+ [*Q) 2 k(F, D|p) + ro(Y, Q)
where F is a sufficiently general fiber of f: X — Y.

Before we prove Theorem 11.3, we give two important remarks.

Remark 11.4. We think that one of the most important results of Nakayama’s theory
of w-sheaves is the inequality on k, in [N, Chapter V, 4.1. Theorem (1)]. However, as
we explained in [Fn7, Remark 3.8] and [Fnll, Section 3], the proof of [N, Chapter V,
4.1. Theorem (1)] is incomplete. For the details, see, for example, [Fnll, Section 1]. So,
in Theorem 11.3, we claim two weaker inequalities than Nakayama’s original one (see
[Fnll, (3.3) and (3.4)]). The first inequality in Theorem 11.3 is still sufficiently powerful
for some geometric applications (see [Fnll, Section 3]).

Remark 11.5 (see [Fnll, Section 3|). The troubles in the proof of [DHP, Remark 2.6]
and [GL, Theorem 4.3] caused by the incompleteness of [N, Chapter V, 4.1. Theorem
(1)] can be corrected by using the first inequality in Theorem 11.3. For the details, we
recommend the reader to see [HH, Lemma 2.11].

Let us prove Theorem 11.3.

Proof of Theorem 11.5. If () is not pseudo-effective, then the desired inequalities are ob-
viously true. So we may assume that () is pseudo-effective. Similarly, we may further
assume that D|p is pseudo-effective. As usual (see Step 1 in the proof of Lemma 9.1),
we may assume that X is smooth and SuppA is a simple normal crossing divisor on X
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by the basic properties of k, and k. We take a sufficiently ample Cartier divisor A on X
such that A+ {—mD} is ample for every integer m. Then
[mD] 4+ A—m(Kx)y +A) =m(D — (Kxy +A))+ A+ {-mD}
is ample for every positive integer m. Then we can take an ample Cartier divisor H on
Y such that Oy(H) ® f.Ox([mD] + A) is generically generated by global sections for
every positive integer m by Corollary 9.5 (1). Thus there exists a generically isomorphic
injection
O A < Oy (H) @ f.Ox([mD] + A),
where r(mD; A) := rank f,Ox([mD] + A). This induces the following injection
Oy (ImQ] + H)®""PA) — Oy (ImQ] + 2H) ® f.Ox([mD] + A).
Therefore, we have
dime H*(X, Ox([m(D + f*Q)] + A+ 2f*H)
(11.1) > dime H*(X, Ox([mD] + f*(|mQ]) + A+ 2f*H))
> r(mD; A) - dime H*(Y, Oy (|mQ]| + H))

for every positive integer m. We can take a positive integer mg and a positive real number
Cy such that

(11.2) Com " FPIF) < r(mmgD; A)

for every large positive integer m (see, for example, [N, Chapter II, 3.7. Theorem]). Thus
we have

dim H°(X, Ox([mmo(D + f*Q)] + A+ 2f*H))

11.3
(1L3) > Com ™ EPIE) - dim HO(Y, Oy (|mmeQ| + H))

for every large positive integer m by (11.1) and (11.2). We may assume that H is suffi-
ciently ample. Then we get

dim H°(X, Ox ([mmo(D + f*Q)] + A+ 2f*H))

(11.4) lim sup R EDIE e (V) >0
by (11.3) and the definition of k,(Y, Q). This means that the following inequality
(11.5) ko(X, D+ f*Q) > k(F,D|r) + £,(Y, Q)

holds.

Similarly, we can take a positive integer m; and a positive real number C; such that
(11.6) Cim"@) < dim H(Y, Oy (|mm1Q]))
' < dim H(Y, Oy (|mm,Q] + H))

for every large positive integer m (see, for example, [N, Chapter II, 3.7. Theorem]) if H

is a sufficiently ample Cartier divisor. Then, by (11.1) and (11.6), we have
a17) dim H°(X, Ox([mmi(D + Q)] + A+ 2f*H))
' > Cym Q) . r(mmyD; A)

for every large positive integer m. Therefore, we get

dim HY(X, Ox([mmy(D + f*Q)] + A+ 2f*H))

mre (FD[p)+r(Y.Q)

(11.8) lim sup

m— 00

>0
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when A is sufficiently ample. Note that

D; A
(11.9) o(miD|r; Alp)" = max {k € Zxo U {—oo} limsup—r(mn;i A 0}

k
m—00

for a sufficiently general fiber F' of f: X — Y and that
ko(F,D|p) = ko (F,m1D

(11.10) (5, Dle) = Ko B Dle) Do

= max{o(m1D|r; A|r)"| A is very ample}.

Hence we have the inequality
(11.11) ko(X, D+ f*Q) > ko(F, D|r) + (Y, Q)
by (11.8). O

It is highly desirable to solve the following conjecture. As we explained in [Fnll],
Nakayama’s original inequality on k, (see [N, Chapter V, 4.1. Theorem (1)]) follows from
Conjecture 11.6 and the argument in the proof of Theorem 11.3.

Conjecture 11.6 ([Fnll, Conjecture 1.4]). Let X be a smooth projective variety and let
D be a pseudo-effective R-divisor on X . Then there exist a positive integer mq, a positive
rational number C, and an ample Cartier divisor A on X such that

Cm~XP) < dim H(X, Ox(|mmeD] + A))
holds for every large positive integer m.
Finally, we treat a slight generalization of the twisted weak positivity theorem.

Theorem 11.7 (Twisted weak positivity theorem). Let f: X — Y be a surjective mor-
phism from a normal projective variety X onto a smooth projective variety Y. Let A
be an effective R-divisor on X such that Kx + A is R-Cartier and that (X, A) is log
canonical over a nonempty Zariski open set of Y. Let L be a Cartier divisor on X with
L ~r k(Kx/y+A) for some positive integer k. Then the sheaf f.Ox (L) is weakly positive.

Proof. Let o be a positive integer and let H be an ample invertible sheaf on Y. By
Theorem 1.8 or Theorem 1.9, we can take a positive integer 8 which depends only on Y

such that
<® f*(’)X(L)> Q H®P

is generically generated by global sections for every positive integer s. This implies that
5% (£.0x(L)) & H™

is generically generated by global sections. This means that f.Ox (L) is weakly positive.
O

12. ON IwAI’S THEOREM: THEOREM 1.6

This section is independent of the other sections. Here we explain the following result
due to Masataka Iwai. The proof of Theorem 12.1 is analytic and is completely different
from the arguments in this paper.
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Theorem 12.1 (Masataka Iwai). Let f: X — Y be a surjective morphism between smooth
projective varieties with connected fibers and let L be an ample invertible sheaf on'Y . Let
U be the largest Zariski open set of Y such that f is smooth over U. We put dimY = n.
Then

fuolsy @ wy © L2
is generated by global sections on U for all integers a > 1 and b > @ + 1.

Sketch of Proof. Here we will only explain how to modify the proof of [I, Theorem 1.4].
As in [I, Theorem 2.3], we take a smooth hermitian metric hy on £, a Kédhler metric w
on Y, and a quasi plurisubharmonic function ¢ on Y. Let h, be the singular hermitian
metric on w% 7y in [I, Theorem 2.4]. We put

D g prLENEED and gy — h?f*hgﬂw’

Lh= X/Y

where N = "("TH and b' = b — (N + 1) > 0. Then we consider the adjoint bundle
wx ® LT~ WX/Y ® f*(wy @ LZ).
In this situation, the proof of [I, Theorem 1.4] implies that
HOY, fo(wx ® L) ® Oy = fo(wx @ L)
is surjective on U, equivalently,
HO(Y, fuw¥y @ wy @ L) ® Oy = fuwl)y @wy @ L

is surjective on U. This is what we wanted. U
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