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Log canonical pairs over varieties with maximal
Albanese dimension

ZHENGYU Hu

Abstract: Let (X, B) be a log canonical pair over a normal variety
Z with maximal Albanese dimension. If Kx + B is relatively abun-
dant over Z (for example, Kx + B is relatively big over Z), then
we prove that K x + B is abundant. In particular, the subadditivity
of Kodaira dimensions x(Kx + B) > k(Kr + Br) + x(Z) holds,
where F' is a general fiber, Kr + Br = (Kx + B)|r, and &(2)
means the Kodaira dimension of a smooth model of Z. We discuss
several variants of this result in Section 4. We also give a remark
on the log litaka conjecture for log canonical pairs in Section 5.

1. Introduction

Let f : X — Z be a surjective morphism from a smooth variety to a nor-
mal variety Z. An important conjecture in birational geometry is the [litaka
Conjecture which asserts that

K(X) > k(F)+ k(Z)

where k(X)) is the Kodaira dimension of X, F'is a general fiber of f and
k(Z) means the Kodaira dimension of a smooth model of Z. This has been
established in many cases [35], [13], [6], [15], [18], [19], Kollar, Viehweg, etc.

It is natural to raise a similar conjecture of the log version. Consider a
surjective morphism f : (X, B) — Z from a log canonical (lc for short) pair
to a normal variety Z. One conjectures that

K(KX JrB) > Ii(KF JrBF) Jr:“i(Z)

where Kp + Bp = (Kx + B)|p. This has also been established in many
cases. Recently Cao and Paun [12], Hacon, Popa and Schnell [30] proved this
when (X, B) is Kawamata log terminal (klt for short) and Z = A is an abelian
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variety over C and Cao [11] proved this when (X, B) is klt and Z is a complex
surface. If (X, B) is klt with an extra assumption of positivity on Kx + B
and Z has maximal Albanese dimension, then Birkar and Chen [5] obtained
a stronger result which further asserts that (X, B) has a good log minimal
model.

There are some other related conjectures for logarithmic Kodaira dimen-
sions for algebraic fibrations. See Kawamata [34], Fujino [20], litaka [33], etc.

In this paper, we will mainly discuss the case when (X, B) is log canonical
and Z has maximal Albanese dimension. We work over C throughout this
paper. All varieties are quasi-projective and a divisor means a Q-divisor unless
stated otherwise.

Abundance and good minimal models. The first main result of this
paper is the following theorem.

Theorem 1.1 (=Theorem 3.6). Let f : (X,B) — Z be a surjective mor-
phism from a projective log canonical (lc for short) pair (X, B) to a normal
variety Z. Assume that Z has mazimal Albanese dimension and that Kx + B
is relatively abundant over Z. Then, Kx + B is abundant. Moreover, the sub-
additivity of Kodaira dimensions k(Kx + B) > k(Kp + Br) + k(Z) holds,
where F' is a general fiber, Kp + Bp = (Kx + B)|r, and k(Z) means the
Kodaira dimension of a smooth model of Z.

As an immediate corollary of Theorem 1.1 we obtain the following.

Corollary 1.2. Let f : (X,B) — A be a morphism from a projective lc
pair (X, B) to an abelian variety A. Assume that (X, B) relatively has a good
minimal model over A. Then, (X, B) has a good minimal model. In particular,
if Kx + B is semi-ample/A, then it is semi-ample.

This is a generalization of [5, Theorem 1.1]. Here we sketch the main
strategy to prove Theorem 1.1. Since Birkar and Chen [5] already proved
case when (X, B) is klt such that Kx + B is big/Z, we simply need to reduce
to this easier case. To this end, we apply a canonical bundle formula to get a
generalized lc generalized pair (Y, By + My) (see Section 2 Preliminaries for
definitions, [9] for more details) such that Ky + By + My is big/Z. Thanks to
the assumption Kx + B being relatively abundant/Z, we deduce that My is
nef and abundant by a perturbation of the coefficients of B. Again, we modify
the coefficients of By to get a desired kit pair (Y, By + My).

We also give a generalization of [39, Theorem 4.2 and Corollary 4.3] as
below.

Corollary 1.3. Let f : (X, B) — A be the Albanese map from a projective kit
pair (X, B) to its Albanese variety A = Alb(X). Suppose that (F, Br) has a
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good minimal model where F' is the general fiber and Kp+ Bp = (Kx + B)|p.
Then, (X, B) has a good minimal model.

Corollary 1.4. Let f : (X,B) — Z be a surjective morphism from a pro-
jective kit pair (X, B) to a normal variety Z. Suppose that Z has mazimal
Albanese dimension, and that (F, Br) has a good minimal model where F
is the general fiber and Kp + Bp = (Kx + B)|p. Then, (X, B) has a good
minimal model.

In fact, one can prove a stronger version on lc pairs instead of klt pairs
as follows.

Proposition 1.5 (=Proposition 3.11). Let f : (X,B) — Z be a surjective
morphism from a projective lc pair (X, B) to a normal variety Z. Suppose
that Z has mazimal Albanese dimension, and that (F, Br) has a good minimal
model where F' is the general fiber and Kp+ Bp = (Kx+B)|p. Then, Kx+B
is abundant. Moreover, if the canonical ring R(Kx + B) is finitely generated,
for example, (X, B) is klt, or k(Kx+B) = 0, then (X, B) has a good minimal
model.

Generalized polarized pairs and weak nonvanishing. It is known
that minimal model theory works for generalized lc generalized pairs, although
the abundance and the nonvanishing are not expected in general. However,
there are interesting cases that abundance holds.

Proposition 1.6 (=Proposition 4.8). Let (X,B + M) be a generalized lc
generalized pair with data X' — X and M', and f : (X, B+ M) — Z be a
surjective morphism to a normal variety Z. Assume that

e 7 has maximal Albanese dimension,

e Kx + B+ M is abundant/Z,

o M’ is abundant, and

e cvery lc center of (X, B + M) is vertical/Z.

Then, Kx + B+ M is abundant. Moreover, the subadditivity of Kodaira
dimensions K(Kx + B+ M) > k(Kp + Bp + Mp) + x(Z) holds, where F
is a general fiber, Kp + Bp + Mp = (Kx + B+ M)|p, and x(Z) means the
Kodaira dimension of a smooth model of Z.

It is not known if the weak nonvanishing holds for generalized pairs. Most
probably the answer is negative. But there are some cases in which the answer
is positive.

Theorem 1.7 (=Theorem 4.11). Let (X, B+ M) be a generalized lc general-
ized pair with data X' — X and M', and f : (X, B+ M) — Z be a surjective
morphism to a normal variety Z. Assume that
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e 7 has maximal Albanese dimension,

e Kx + B+ M is abundant/Z,

e R(X/Z,Kx + B+ M) is a finitely generated Oz-algebra, and

o M' is semi-ample/Z.

Then, there exists an effective divisor D > 0 such that D = Kx + B+ M.

Since the relative abundance assumption is automatically satisfied when
a fibration is relatively of Fano type, we immediately obtain the corollary
below.

Corollary 1.8 (=Corollary 4.14). Let (X, B4+ M) be a generalized lc general-
ized pair with data X' — X and M', and f : (X, B+ M) — Z be a surjective
morphism to a normal variety Z. Assume that

e 7 has maximal Albanese dimension,

e i(Kp+ Bp + Mp) > 0 where F is a general fiber of f, and

e X is of log Fano type over Z, that is, there is a boundary A such that
(X,A) islc and —(Kx + A) is ample/Z.

Then, there exists an effective divisor D > 0 such that D = Kx + B+ M.

Irregular varieties with Albanese fiber of general type. From an
easy observation one finds that the same argument still works if we slightly
weaken the assumption that the base variety Z has maximal Albanese dimen-
sion.

We say that Z is irregular with Albanese fiber of general type if a general
fiber of a : Z — A = Alb(Z) is of general type.

Proposition 1.9. Let f : (X,B) — Z be a surjective morphism from a
projective lc pair (X, B) to a normal variety Z. Assume that Z is irreqular
with Albanese fibre of general type and that Kx + B is relatively abundant
over Z. Then, Kx + B is abundant. Moreover, the subadditivity of Kodaira
dimensions K(Kx + B) > k(Kp + Br) + k(Z) holds, where F is a general
fier, Kp + Br = (Kx + B)|r, and £(Z) means the Kodaira dimension of a
smooth model of Z.

In the same way Proposition 1.5 can be generalized as below.

Proposition 1.10. Let f : (X,B) — Z be a surjective morphism from a
projective lc pair (X, B) to a normal variety Z. Assume that Z is irreqular
with Albanese fibre of general type, and that (F, Br) has a good minimal model
where F' is the general fiber and Kp + Bp = (Kx + B)|p. Then, Kx + B is
abundant. Moreover, if the canonical ring R(Kx + B) is finitely generated, for
example, if (X, B) is kit, or k(Kx + B) = 0, then (X, B) has a good minimal
model.
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A remark on log litaka conjecture. As we mentioned before Cao
and Paun [12], Hacon, Popa and Schnell [30] proved log litaka conjecture
when (X, B) is klt and Z = A is an abelian variety. By the subadditivity
of logarithmic Kodaira dimensions for algebraic fibrations over varieties of
general type one can easily deduce log litaka conjecture when (X, B) is klt and
Z has maximal Albanese dimension (see Remark 5.1). We therefore consider
the following conjecture for lc pairs.

Conjecture 1.11. Let f : (X,B) — Z be a surjective morphism from a
projective lc pair (X, B) to a normal variety Z. Assume that Z has mazimal
Albanese dimension. Then, the subadditivity of Kodaira dimensions k(Kx +
B) > k(Kp + Br) + k(Z) holds, where F is a general fiber, Kp + Bp =
(Kx + B)|r, and k(Z) means the Kodaira dimension of a smooth model of Z .

Extending results from klt pairs to lc pairs is usually much harder than it
sounds. One may ask if we can deduce Conjecture 1.11 from [12] [30], when we
put an extra positivity assumption on the boundary B. The proposition below
indicates that adding this extra assumption will not decrease the difficulty of
Conjecture 1.11.

Proposition 1.12 (See Proposition 5.3). Conjecture 1.11 holds for lc pairs
(X, B) in dimension < n if and only if Conjecture 1.11 holds for Q-factorial
dlt pairs (Y, By) in dimension < n+ 1 where By is big/Z.

2. Preliminaries

We work over the complex numbers C. All varieties are quasi-projective and
a divisor means a Q-divisor unless stated otherwise.

Pairs. A pair (X/Z, B) consists of normal quasi-projective varieties X, Z,
an Q-divisor B on X with coefficients in [0, 1] such that Kx + B is Q-Cartier
and a projective morphism X — Z. If Z is a point or Z is unambiguous in
the context, then we simply denote a pair by (X, B). For a prime divisor D
on some birational model of X with a nonempty centre on X, a(D, X, B)
denotes the log discrepancy. For definitions and standard results on singular-
ities of pairs we refer to [38].

Log minimal models and Mori fibre spaces. A pair (Y/Z, By) is
a log birational model of a pair (X/Z,B) if we are given a birational map
¢: X --» Y and By = B~ + E where B~ is the birational transform of B
and E is the reduced exceptional divisor of ¢!, that is, E = Y E; where E;



548 Zhengyu Hu

are the exceptional /X prime divisors on Y. A log birational model (Y, By ) is
a weak lc model of (X, B) if
e Ky + By is nef/Z, and

e for any prime divisor D on X which is exceptional /Y, we have
a(D, X, B) < a(D,Y, By),

A weak lc model (Y/Z, By) is a log minimal model of (X/Z, B) if

e (Y/Z, By) is Q-factorial dlt,

e the above inequality on log discrepancies is strict.

A log minimal model (Y/Z, By) is good if Ky + By is semi-ample/Z.

On the other hand, a log birational model (Y/Z, By ) is called a Mori fibre
space of (X/Z, B) if

e (Y/Z, By) is Q-factorial dlt,

e there is a Ky + By-negative extremal contraction Y — T with dimY >
dim T, and

e for any prime divisor D (on birational models of X') we have

Q(D7X7B) < Q(Da}/aBY)
and strict inequality holds if D is on X and contracted/Y .

Note that our definitions of log minimal models and Mori fibre spaces
are slightly different from the traditional definitions in that we allow ¢! to
contract certain divisors.

Lc places and lc centers. A prime divisor T over X is said to be an
lc place of a log pair (X, B) if the log discrepancy a(T, X, B) = 0. A closed
subset Y of X is said to be an lc center of (X, B) if there is an lc place T
such that the center of T is Y.

Log smooth models. A pair (Y/Z, By) is a log smooth model of a pair
(X/Z, B) if there exists a birational morphism 7 : Y — X such that

e (Y/Z, By) is log smooth,

[ ] W*By = B7

e a(E,Y, By) = 0 for every exceptional/X prime divisor on Y.

It is obvious that if (X, B) is lc, then (Y, By) is dlt. In this case, it is easy
to calculate that a(D, X, B) > a(D,Y, By) for any prime divisor D over X.
Moreover, a log minimal model of (Y/Z, By) is also a log minimal model of
(X/Z, B).
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Ample models and log canonical models. Let D be a divisor on a
normal variety X over Z. A normal variety 7" is the ample model/Z of D if
we are given a rational map ¢ : X --» T such that there exists a resolution
X & X' 4 T with

e ¢ being a contraction,

e p*D ~p ¢*Dp + E where Dy is an ample/Z divisor on T, and

o for every divisor B € |p*D/Z|g, then B > E.

Note that the ample model is unique if it exists. The existence of the am-
ple model is equivalent to that the divisorial ring R(D) is a finitely generated
Oz-algebra when D is Q-Cartier.

A normal variety T is the log canonical model/Z (lc model for short) T’
of a pair (X/Z, B) if it is the ample model/Z of Kx + B. The existence of
the lc model of a klt pair is ensured by [4], and the existence of the lc model
of an lc pair is still an open question. It is known that proving the existence
of the lc models of lc pairs (X, B) with Kx + B being big is equivalent to
proving the abundance conjecture for klt pairs.

Nakayama-Zariski decompositions. Nakayama [42] defined a decom-
position D = P,(D) + N,(D) for any pseudo-effective R-divisor D on a
smooth projective variety. We refer to this as the Nakayama-Zariski decom-
position. We call P, the positive part and N, the negative part. We can
extend it to the singular case as follows. Let X be a normal projective variety
and D a pseudo-effective R-Cartier divisor on X. We define P, (D) by taking
a resolution f: W — X and letting P,(D) := f.P,(f*D). A divisor D is

pseudo-movable if D = P,(D), i.e. D € Mov(X).

Generalized polarized pairs. The notion of polarized pairs was intro-
duced in Birkar-Hu [7], and then generalized in Birkar-Zhang [9]. A general-
ized (polarized) pair (X/Z, B + M) with data X’ — X and M’ consists of a
normal variety X, a projective morphism X — 7, a boundary divisor B and
a Weil divisor M together with a birational morphism 7 : (X', B'+ M') — X
such that

e Kx)+ B + M =7*(Kx + B+ M),

e (X', B') is sub-dlt and B = . B’ > 0,

o M is nef/Z and M = m, M.

A generalized pair (X/Z, B+ M) is said to have the abundant moduli part
if M’ is nef and abundant. Note that if 7 can be chosen to be the identity
morphism, then we call (X/Z, B+ M) a polarized pair.
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Generalized singularities. We refer to [9] for the details of generalized
singularities. Let (X, B + M) be a generalized pair and we use the notation
(X', B" + M’) as above. Given a prime divisor D over X, the generalized
log discrepancy a(D,X,B + M) is defined to be the “usual” log discrep-
ancy a(D, X', B"). Note that B’ may contain components with negative co-
efficients. We say that (X, B + M) is generalized klt (resp. generalized lc) if
a(D,X,B+ M) > 0 (resp. a(D, X, B+ M) > 0) for every prime divisor D
over X. This is also equivalent to saying that (X', B’) is sub-klt (resp. sub-
lc). Moreover, one can naturally define a generalized dlt generalized pair. Note
that the existence of Q-factorial dlt blow-up of a generalized lc generalized
pair is ensured by [3, Theorem 3.5].

Minimal models of generalized pairs. A generalized pair (Y, By +
My) together with a birational map ¢ : X --+ Y is a log minimal model of
(X, B+ M) (where By = B~ + E as before) if

e (Y, By + My) is Q-factorial dlt,

e Ky + By + My is nef,

e for any prime divisor D (on birational models of X) we have

a(D,X,B+ M) < a(D,Y, By + My)

and strict inequality holds if D is on X and contracted/Y".

On the other hand we call (Y, By + My ) a Mori fiber space of (X, B+ M)
if it satisfies the conditions above with the condition Ky + By + My being
nef replaced by

e there is a (Ky + By + My )-negative extremal contraction Y — T with
dimY > dim7T.

3. Proof of the main theorem

We will use a canonical bundle formula for lc pairs. Recall the following result
from [31, Theorem 2.1], which is a generalization for lc pairs of the main result
of Fujino and Mori [24].

Theorem 3.1 ([31, Theorem 2.1]). Let f : (X,B) — Z be a projective
morphism from an lc pair to a normal variety Z, B be a Q-boundary divisor.
Then, there exists a commutative diagram of projective morphisms

X' z X

A

Y - A
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with the following properties.

(1). 7 is a birational morphism;

(2). there exists a Q-divisor B" on X' with the coefficients < 1 such that
(X', B") is Q-factorial dlt and

(3). there exists a boundary Q-divisor By and a Q-divisor My on'Y such
that (Y, By + My) is a dlt polarized pair and that Ky + By + My is big/Z;
(4). there ezists an effective Q-divisor R on X' such that fiOx/(|iR]) = Oy
for alli € N and

Kxi + B ~q f"(Ky + By + My) + R;

(5). each component of | By | is dominated by a vertical component of | B'|.

Remark 3.2 (Reduction to klt case) Let (X/Z,B), (X'/Z,B’), (Y/Z, By +
My), f and f’ be as in the previous theorem. It is obvious that

H(KX —‘rB/Z) = H(KX/ +B//Z) = H(Ky —‘rBy +My/Z) =dimY — dim Z.

Let P’ be the vertical/Y part of | B’|. Since k(Kx'+ B'—€eP'/Y) = k(Kx' +
B'/Y) = 0 for every sufficiently small number €, we can apply the canonical
bundle formula Theorem 3.1 (cf. [24, Section 4]) again to obtain a generalized
klt generalized pair (Y, By, + My ) such that

Kx + B — €P' ~q f*(Ky + By + My) + R°

where R¢ is an effective Q-divisor with f{Ox/([iR‘]) = Oy for all i € N. By
the construction of [24, 4.4] we see that (Y, BS. + Ms) is a klt polarized pair,
that is, (Y, By,) is klt and My is nef. Moreover, since Ky + By + My is big/Z,
Ky + B§, + My, is also big/Z. So, we have

k(Kx+B/Z) = k(Kx+B'—eP'/Z) = k(Ky+By,+My /Z) = dim Y —dim Z.

We also need the following canonical bundle formula for le-trivial fibra-
tions from [1] or [22] as well.
Theorem 3.3 (][22, Theorem 1.1}, [1, Theorem 3.3]). Let f : (X,B) =Y be
a projective morphism from an lc pair to a normal variety Y with connected

fibers, B be a Q-boundary divisor. Assume that Kx + B ~g 0/Y . Then there
exists a boundary Q-divisor By and a Q-divisor My on Y satisfying the
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following properties.

(1). (Y, By + My) is a generalized lc generalized pair with data Y —'Y and
My/ N

(2). My, is nef and abundant;

(3). Kx + B ~q [*(Ky + By + My).

The following lemma is obvious.

Lemma 3.4. Let D be a pseudo-effective divisor and P > 0 be an effective
divisor on a projective normal variety X. If k(D — eP) > 0 for some small
rational number € > 0, then k(D — € P) = k(D) for every small rational
number € < €. If ko(D —eP) > 0 for some small rational number e > 0, then
Ko(D — € P) = ko(D) for every small rational number ¢ < e.

Lemma 3.5 (Nonvanishing). Let f : (X, B) — Z be a surjective morphism
from a projective lc pair (X, B) to a normal variety Z. Assume that Z has
maximal Albanese dimension. If k(Kx + B/Z) > 0, then k(Kx + B) > 0.

Proof. Replacing (X, B) with a dlt blow-up we can assume that (X, B) is
Q-factorial dlt. Let g : X --+ Y be a relative litaka fibration of Kx + B over
Z. We now apply Theorem 3.1 to obtain a commutative diagram

p '
I

gl lg'
\

Y Y’

a Q-factorial dlt pair (X', B’) and a Q-factorial dlt polarized pair (Y’, By: +
MY/) such that Ky + B’ ~Q g/*<Ky/ + By~ +My/) + R and Ky + By + My~ is
big/Z. Let P’ be the vertical/Y” part of | B'|. As we discussed in Remark 3.2,
if we apply Theorem 3.1 to (X', B’ — eP’), then we obtain a klt polarized
pair (Y', By, + My,) such that Ky' + By, + My, is big/Z when € > 0 is
sufficiently small. By [5, Theorem 4.1] and [10] we have x(Ky’+ By'+My+) >
k(Ky' + By, + Mg,) > 0 which in turn implies that x(Kx + B) > 0. O

Theorem 3.6. Let f : (X, B) — Z be a surjective morphism from a projective
le pair (X, B) to a normal variety Z. Assume that Z has mazimal Albanese
dimension and that Kx + B is relatively abundant over Z. Then, Kx + B is
abundant. Moreover, the subadditivity of Kodaira dimensions k(Kx + B) >
K(Kp+ Br)+k(Z) holds, where F is a general fiber, Kp+ Br = (Kx + B)|r,

and k(Z) means the Kodaira dimension of a smooth model of Z.



Log canonical pairs over varieties with maximal Albanese dimension 553

Proof. Replacing (X, B) with a dlt blow-up we can assume that (X, B) is
Q-factorial dlt. Let g : X --+ Y be a relative litaka fibration of Kx + B over
Z. By replacing (X, B) with a suitable dlt blow-up again we can assume that
g is a morphism. Since Kx + B is relatively abundant over Z, we have that
ko(Kx + B]Y) = k(Kx + B/Y) = 0 by [40, Theorem 6.1] (note that the
theorem we referred to also applies to singular varieties as we can lift divisors
to smooth models) and hence k,(Kq + Bg) = k(Kg + Bg) = 0 where G is
the generic fiber of ¢. In particular, K¢ + Bg = N,(Kg + Bg). Now run an
LMMP/Y on Kx + B with scaling of some ample divisor. Thanks to [7], [25]
and [37] this process will reach a model (X', B') such that K¢ + B ~g 0
after finite steps where G’ is the generic fiber of ¢’ : X’ — Y. By replacing
X, B and G with X', B" and G’, we can assume that there exists a nonempty
open subset U of Y such that Kx + B ~q 0.

Let P be the vertical /Y part of | B], and let € > 0 be a sufficiently small
number. We claim that k(Kx + B) = k(Kx + B —€P) and k,(Kx + B) =
ko(Kx + B — €P). Thanks to Theorem 3.1 there exists a birational model
m: X” — X and a birational model i : Y’ — Y together with a morphism
g X" Y

X" J X

.| I

y! r Y

such that
W*(KX + B) + F ~Q g//*(Ky/ + By/ + My/) + R

where E is exceptional/X and Ky + By + My is big/Z. Because P is
vertical /Y, 7* P is vertical /Y. Pick a Q-divisor Dy~ on Y such that ¢"* Dy, >
7*P. Note that Ky + By — eDy+ + My is big/Z since € is sufficiently small,
and hence k(Kx + B — €P/Z) = k(Kx + B/Z) > 0. By Lemma 3.5 one
deduces that kx(Kx + B —eP) > 0, and by Lemma 3.4 one deduces the claim.

Now we run an LMMP/Y on Kx + B — eP which terminates at a good

minimal model
h T
Y

by [3, Theorem 1.4]. Because Kx + B ~q,u 0, it is clear that x(Kx + B') =
K(Kx + B’ —¢eP') and k,(Kx' + B') = ko (Kx + B’ — €P’) where B’ and P’

X/
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are the birational transforms of B and P respectively. Moreover, pu: T — Y
is birational. It suffices to show that Ky + B’ — e¢P’ is abundant, namely
k(Kx + B’ — €P') = ks(Kx + B — €P’). To this end, we apply Theorem
3.3 on (X', B'—€eP’) and get a generalized klt generalized pair (T, Ap + Mr)
with the abundant moduli part such that

Kx + B —eP’ ~Q h*(KT + Br + MT).

Because K1 + Ap + My is big/Z and there exists a boundary Bp such that
(T, Br) is kIt and K7+ By ~q K1+ Ap+ My, we can apply [5, Theorem 1.1]
to achieve the conclusion. In particular, we obtain

k(Kx + B) = k(Kx + B — eP")
k(K7 + Br)
>dim7T — dim Z + k(2)
= H(KF + BF) + H(Z)

O

Remark 3.7 We point out that a crucial step in the argument in [5] relies on
the extension theorem from [16] which was obtained via an analytic method.
So, both Theorem 1.1 and [5] do not have a pure algebraic proof at this point.
One wonders if these theorems can be argued in a parallel way as in [13].

Next, we prove some corollaries.

Corollary 3.8. Let f : (X,B) — A be a morphism from a projective lc
pair (X, B) to an abelian variety A. Assume that (X, B) relatively has a good
minimal model over A. Then, (X, B) has a good minimal model. In particular,
if Kx + B is semi-ample/A, then it is semi-ample.

Proof. Replacing (X, B) with a good minimal model/A one can assume that
K x+ B is semi-ample/A and globally nef (see [5, §3]). Let X — Z — A be the
Stein factorization. It is easy to see that Z has maximal Albanese dimension
and Ky + B is semi-ample/Z. Therefore Kx + B is globally abundant by
Theorem 1.1. We can apply a similar argument for every lc center of (X, B)
and then obtain that Kx 4+ B is nef and log abundant. Finally, we establish
the result by [22, Theorem 1.5] and [32]. O

We also give a generalization of [39, Theorem 4.2 and Corollary 4.3] as
Corollary 1.3 and Corollary 1.4. We present them below for the reader’s con-
venience.
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Corollary 3.9. Leta: (X, B) — A be the Albanese map from a projective klt
pair (X, B) to its Albanese variety A = Alb(X). Suppose that (F, Br) has a
good minimal model where F is the general fiber and Kp+ Bp = (Kx + B)|p.
Then, (X, B) has a good minimal model.

Corollary 3.10. Let f : (X, B) — Z be a surjective morphism from a pro-
jective kit pair (X, B) to a normal variety Z. Suppose that Z has mazimal
Albanese dimension, and that (F,Bp) has a good minimal model where F'
is the general fiber and Kp + Bp = (Kx + B)|p. Then, (X, B) has a good
minimal model.

In fact, one can prove a stronger version for lc pairs instead of klt pairs.

Proposition 3.11. Let f : (X,B) — Z be a surjective morphism from a
projective lc pair (X, B) to a normal variety Z. Suppose that Z has mazimal
Albanese dimension, and that (F, Br) has a good minimal model where F is
the general fiber and Kp + Bp = (Kx + B)|p. Then, Kx + B is abundant.
Moreover, if the canonical ring R(Kx + B) is finitely generated, for example,
if (X, B) is kit, or k(Kx + B) =0, then (X, B) has a good minimal model.

Proof. Because (F, Br) has a good minimal model, we have that Kr + Bp
is abundant. By the semi-continuity theorem, we deduce that Kg + Bg is
abundant where G is the generic fibre of f. We therefore conclude that Kx+ B
is abundant thanks to Theorem 1.1.

In particular, if the canonical ring R(Kx + B) is finitely generated, then
Kx + B birationally has a Nakayama-Zariski decomposition with semi-ample
positive part by [40, Proposition 6.4] (note that the proposition we referred
to also applies to singular varieties as we can lift line bundles to smooth
models). Therefore by [7, Theorem 1.1] we deduce (X, B) has a good minimal
model. O

4. Variants
4.1. Variant: generalized pairs

It is known [7], [9] that minimal model theory works for generalized lc gen-
eralized pairs. In [7], we discussed that the abundance and the nonvanishing
are not expected in general. However, there are some interesting cases that
abundance is expected (for example, (X, B + M) has the abundant moduli
part).
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Lemma 4.2 (Weak Nonvanishing). Let f: (X, B+ M) — Z be a surjective
morphism from a projective generalized lc generalized pair (X, B + M) to a
normal variety Z, B be a Q-boundary divisor. Assume that Z has mazimal
Albanese dimension and that Kx + B + M s big/Z. Then, there exists an
effective divisor D > 0 such that D = Kx + B+ M.

Proof. Replacing (X, B + M) with some log resolution we can assume that
(X, B + M) is a dlt polarized pair. Let P := | B]. Pick a sufficiently small
number € and consider the polarized pair (X + B —eP + M). By [5, Theorem
4.1] there exists an effective divisor D" > 0 such that Kx + B—eP+ M = D'.
We simply take D = D' + ¢P to conclude this lemma. O

One may ask if the subadditivity of Kodaira dimensions Conjecture 1.11
holds for a generalized polarized pair (X, B + M). The answer is positive if
we suppose a strong positivity assumption on both Kx + B+ M and M.

Proposition 4.3. Let (X, B + M) be a generalized lc generalized pair with
data X' — X and M', and f : (X,B+ M) — Z be a surjective morphism to
a normal variety Z. Assume that

e 7 has maximal Albanese dimension,

o Kx + B+ M is big/Z, and

o M’ is abundant.

Then, Kx + B+ M is abundant. Moreover, the subadditivity of Kodaira
dimensions k(Kx + B + M) > k(Kp + Bp + Mp) + k(Z) holds, where F
is a general fiber, Kp + Bp + Mp = (Kx + B+ M)|p, and xk(Z) means the
Kodaira dimension of a smooth model of Z.

Proof. Replacing (X, B + M) with a birational model we can assume that
(X, B+ M) is a log smooth dlt polarized pair. Moreover, we can assume that
M is nef and abundant. Let P := |B], € > 0 be a sufficiently small rational
number and let A, be a Q-boundary divisor such that (X, A.) is klt and

Kx—l—AeN@Kx-i-B—EP—‘rM.

Since € can be chosen arbitrary small, Kx + A, is big/Z. Due to Lemma 3.5
and Lemma 3.4 we get that k(K x+A¢) = k(Kx+B+M) and k. (Kx+A) =
ko(Kx + B+ M). Tt suffices to show that Kx + A, is abundant which follows
from [5, Theorem 1.1]. O

Remark 4.4 It is natural to ask if we can remove one of these assumptions
above. The example below shows that Proposition 4.3 fails if we drop the
condition M being abundant.



Log canonical pairs over varieties with maximal Albanese dimension 557

Example 4.5 Let E be an elliptic curve and £ be a nontrivial unipotent
vector bundle over E of rank two with £ normalized and deg A(£) = 0. Let
w8 :=Pg(€) — E be a ruled surface over the base curve E, and E’ be the
divisor corresponding to the nontrivial global section of £. Then, we have the
following properties of E':

(1). E”? =0, so E' is nef;

(2). Kg+2E" ~q 0;

(3). k(E") = 0.

Note that Kg + 3E’ is m-big and nef. However, k(Kg+ 3E') =0 < 1 =
k(Kp + 3E'|r) where F is a general fiber.

Remark 4.6 By modifying Example 4.5 as below we note that Proposi-
tion 4.3 also fails when Kx + B + M is not big/Z.

Example 4.7 Let 7 : S — E be the P!-fibration over an elliptic curve £
as in Example 4.5. Consider a P!-bundle over S

q:Y = P(OS SV, Os(—l)) — 5.

Let p: Y — C = C(S) be the birational contraction of the negative section
S"on'Y and H a general sufficiently ample Q-divisor on C' such that |[H| =0
and Ky + S’ 4+ 3Ey + H' is big where Ey is the birational transform of the
cone of E' on C and H' = p*H. Now set

A = inf{t| Ky + 5" + 3Ey + tH' is pseudo-effective/S}

and Ay = S and My = 3E{ + AH'. We have that My is nef and big, and
Ky + Ay + My = n*(Kg + 3E"). Therefore k(Ky + Ay + My) =0< 1=
K(Kp+ Ap + Mp) + £(E) where F' is a general fiber.

In the example above, we note that Ky + By + My is relatively abundant
over E and My is big. If (Y, By) is klt, then there is a boundary Ay such that
(Y, Ay) is kIt and Ky + Ay ~g Ky + By + My. Hence the subadditivity of
Kodaira dimensions in turn follows from Theorem 1.1. From this discussion,
we see that the existence of an lc center (more precisely, a horizontal lc center)
fails the subadditivity of Kodaira dimensions.

Proposition 4.8. Let (X, B + M) be a generalized lc generalized pair with
data X' — X and M', and f : (X, B+ M) — Z be a surjective morphism to
a normal variety Z. Assume that

e Z has maximal Albanese dimension,

e Kx + B+ M is abundant/Z,
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o M’ is abundant, and

o cvery lc center of (X, B + M) is vertical/Z.

Then, Kx + B + M is abundant. Moreover, the subadditivity of Kodaira
dimensions k(Kx + B+ M) > k(Kp + Bp + Mp) + k(Z) holds, where F
is a general fiber, Kp + Bp + Mp = (Kx + B + M)|p, and k(Z) means the
Kodaira dimension of a smooth model of Z.

Proof. The argument almost follows the lines of the proof of Theorem 1.1.
Replacing (X, B + M), we can assume that it is a Q-factorial dlt polarized
pair. Moreover, there is a morphism g : X — Y over Z and a nonempty open
subset U of Y such that Kx + B ~qy 0. Let P = | B|, and pick a sufficiently
small number € > 0. There is a boundary A such that (X,A) is kit and
Kx+A~g Kx+B—eP+M.ltis easy tosee k(Kx+A) = k(Kx+B+ M)
and k,(Kx + A) = ko(Kx + B+ M). Now run an LMMP/Y on Kx + A
which terminates at a good minimal model h : X’ — T. It follows that
Kxr + A" ~g h*(Kr + Arp) for some kit pair (7, Ap). We see that Kp + Arp
is big/Z which in turn implies the abundance of Kx + A’ and hence the
abundance of Kx + B + M. O

We point out that the abundance of the moduli part portrays a central
role in the proof of Proposition 4.3 and 4.8. Especially Example 4.5 shows that
the subadditivity of Kodaira dimensions fails if we drop this assumption. On
the other hand, Lemma 4.2 indicates that the weak nonvanishing still holds
if we suppose a certain positivity assumption on Kx+ B+ M relatively over Z.

GV-sheaves and Fourier-Mukai transforms. We briefly describe
some basic concepts from the theory of abelian varieties. For any smooth
projective variety X, we will denote by a : X — A the Albanese morphism
of X and A = Pic’(X) the dual of the Albanese variety. We will denote by
D(X) the bounded derived category of coherent sheaves on X. For an abelian
variety A and its dual A, we denote by &4 the normalized Poincaré line bun-
dle on A x A. For a € A we denote by P, the line bundle that represents a.

-~

By [41], the following functors give equivalence between D(A) and D(A):
R, : D(4) = D(A), Rb., (-) = Rp, (0() © Pa).

-~

RV, :D(A) - D(A),RV »,(-) = RpA,*(pz\(‘) ® Pa).

For any coherent sheaf .# on X and any morphism f : X — A to an
abelian variety, we define the i-th cohomological locus

VI(Z, f):={ac A|H (X, F @ P,) #0}.
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If f = a is the Albanese morphism, we will simply denote by V(%) the i-th
cohomological locus. For more definitions and results, we refer to [43] and [14].

For any ample line bundle L on /Al, the isogeny ¢, : A — A is defined by
ér(a) =t;LY ® L. Let L be the vector bundle on A defined by

~

LY =pz (Pal ® Pa).

One has that
o1(LY)= P L.

hO(L)

Let # be a coherent sheaf on an abelian variety A. Then, # is a GV-
sheaf if codim4Supp R'® 5, (F) > i for all i > 0. The main result of [27,
Theorem 1.2] (cf. [43, Theorem A]) asserts that, if for any sufficiently ample
line bundle L on ﬁ,

H(A,ZQLY)=0,i>0,

then % is a GV-sheaf. In particular, one has inclusions
VUZ) D VIF)D ... D V(F).

A theorem on weak nonvanishing. As we mentioned previously, some
weak positivity assumption on both Kx + B + M and M relatively over Z
implies the weak nonvanishing. We first prove an easy lemma.

Lemma 4.9 (cf. [7, Theorem 1.1]). Let (X, B + M) be a generalized lc gen-
eralized pair. Suppose that Kx + B+ M birationally has a Nakayama-Zariski
decomposition with nef positive part. Then (X, B + M) has a log minimal
model.

Proof. Replacing (X, B + M) we can assume that P = B,(Kx + B + M) is
nef. Now run an LMMP on Kx 4+ B + M + aP with scaling of some ample
divisor for some « >> 0. This LMMP is P-trivial due to [7, Theorem 3.2, Proof
of Theorem 1.1]. By an easy computation, we deduce that it terminates with
a log minimal model. O

Lemma 4.10. Let (X/Z, B4+ M) be a generalized lc generalized pair. Assume
that the divisorial ring R(X/Z,Kx + B + M) is a finitely generated Oz-
algebra, and that Kx + B + M is abundant/Z. Then, (X/Z,B + M) has a
log minimal model (X'/Z, B' + M') on which Kx + B'+ M’ is semi-ample
over Z.
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Proof. We first treat the case when Z is a point. Since R(Kx + B + M) is
finitely generated, there is a log resolution f : Y — X such that f*(Kx+ B+
M) = P+ N where P is semi-ample and N is the asymptotic fixed part. Note
that the abundance of Ky +B+ M implies that N = N, (f*(Kx+B+M)) by
[40, Proposition 6.4]. Therefore, Kx + B 4+ M birationally has a Nakayama-
Zariski decomposition with nef positive part. We immediately obtain that
(X, B4+ M) has a log minimal model (X', B’ + M’) according to the previous
lemma. We can assume that the birational map ¢ : Y --+ X’ is a morphism,
and it is obvious that Kx/ + B’ + M’ is semi-ample as ¢*(Kx + B'+ M') =
P,(f*(Kx + B+ M)) = P is semi-ample.

Next, we prove the general case. Run an LMMP/Z on Kx + B + M with
scaling of an ample/Z divisor. From the argument above, we reach a model
g: (X',B"+ M') --» T after finitely many steps where 7" is the lc model of
(X/Z,B+ M) and (Kx» + B" + M')|r, ~q 0 on the generic fiber F, of g.
Replacing (X'/Z, B' + M') with some birational model, we can assume that
g is a morphism and write Kx: + B’ + M’ ~q ¢g*Ar + N where Ap is an
ample/Z divisor and N > 0 is vertical/T. By Lemma [3, Lemma 3.2], N is
very exceptional /T, and hence by the proof of Lemma [3, Theorem 3.4] any
LMMP/T on Kx/ + B' + M’ with scaling of an ample/Z divisor contracts
N and terminates with a minimal model ¢” : (X", B” + M") — T on which
Kyn + B" + M" ~Q g”*AT- O

Next, we prove a weak nonvanishing theorem via a similar argument from
[5, Theorem 4.1].

Theorem 4.11 (Weak nonvanishing). Let (X, B + M) be a generalized lc
generalized pair with data X' — X and M', and f : (X, B+ M) — Z be a
surjective morphism to a normal variety Z. Assume that

e 7 has maximal Albanese dimension,

e Kx + B+ M is abundant/Z,

e R(X/Z,Kx + B+ M) is a finitely generated Oz-algebra, and

o M’ is semi-ample/Z.

Then, there exists an effective divisor D > 0 such that D = Kx + B+ M.

Proof. Replacing (X, B + M) we can assume it is Q-factorial generalized
dlt polarized pair and there is a morphism ¢ : X’ — T over Z such that
M'" ~q ¢* My for some relatively ample/Z divisor Myp. Let A = Alb(Z). Pick
an ample divisor H on A and a sufficiently small number § > 0. Since My
is globally nef and big/A, it follows that M’ + dp™*H is nef and abundant
where p’ : X’ — A is a morphism. Moreover, it is relatively semi-ample over
a nonempty open subset U C A.
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Now run an LMMP/Z on K x + B+ M which terminates at a log minimal
model r : (X", B" + M") — Y on which Kx» + B" + M" ~q r* Dy for some
ample/Z divisor Dy by Lemma 4.10. Replacing (X, B + M) with (X", B” +
M") and letting P be the vertical/Y part of | B| and € > 0 be a sufficiently
small rational number, we can assume Ky + B + M is semi-ample/Z. As we
argued in the proof of Theorem 3.6, run an LMMP/Y on Kx + B—€e¢P+ M
which terminates at a good minimal model X” — Y’/Y. Again, replacing X,
B and Y with X”, B” — eP” and Y’, we can assume that P = 0.

Let S be a minimal lc center of (X, B + M). Because every lc center
of (X,B + M) is horizontal/Y, S is horizontal/A. We claim that there is
an effective divisor L such that (X, B + L) is dlt, (S, Bs + Lg) is klt and
Kx + B+ L ~qg Kx + B+ M + 0p*H where p: X — A is a morphism. To
this end, we pick sufficiently small rational numbers ¢’ and ¢” < § so that
(1—€)Mp+6't*H = N+ E where t : T — A is a morphism, N is semi-ample
and F is effective with sufficiently small coefficients. If any sub-lc center of
(X', B') is contained in the support of ¢* £, then it must be mapped to some
horizontal /A part of E. Therefore, there is a divisor £ ~g E+¢€ My such that
the horizontal /A part of E” is effective and no sub-lc centers is contained in the
support of ¢*E. Note that E’ is not necessarily effective but we can suitably
choose H so that E' + (0 — 0')t*H is effective which concludes the claim.

Applying a canonical bundle formula 3.3 we get Dy +0¢9*H ~q Ky + Ay
where g : Y — A is a morphism and (Y, Ay ) is klt. Now it suffices to prove
the weak nonvanishing for Dy .

Replacing (Y, A) we can assume it is Q-factorial. Since Ky + Ay is big/A,
we can run an LMMP/A on Ky + Ay which terminates at a good minimal
model (Y',Ay/). In particular, Ky: + Ay is globally nef since A does not
contain any rational curve. Replacing (Y, Ay ), we can assume that Dy is nef.
Replacing (X, B + M), we can assume D = Ky + B + M ~q r*Dy-.

Let I be a positive integer so that both I D and I Dy are Cartier, and put
F, = g.0y(sIDy). For any ample divisor H on A and any P € Pic’(A), by
the Kawamata-Viehweg vanishing theorem,

R'g.Oy(sIDy + g*H + g*P) = 0
forall i > 0 and s > 2 and
H'(Y,sIDy + g*H + g*P) = 0
for all ¢ > 0 and s > 2, hence
HY(A, Z5® O4(H + P))

foralli > 0 and s > 2.
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We claim that %, is a GV-sheaf. To this end, let ¢y, : A = A be
the isogeny defined by a sufficiently positive ample line bundle L, one has
¢*(LV) P L. Let g: Y = YXAA—>A<,0 Y = Y be the induced mor-

hO(L)
phism, and F; = §.O5(¢*sI Dy ). By Kawamata-Viehweg vanishing theorem,
we have
H'(A, Fs®O4(L) =0

for ¢ > 0, which in turn implies that
HY(A,Z, L") =0

for ¢ > 0.

Since .Z; is a sheaf of rank h'(G, sl Dy|g) where G is a general fiber of
g, it is a non-zero sheaf for s sufficiently divisible. Therefore, VO(.%,) # 0
otherwise V(%) = () for all i which implies that the Fourier-Mukai trans-
form of .7, is zero. Pick a line bundle P € V(%) and we conclude that
k(sI(Kx + B+ M)+ f*P) > 0. O

Remark 4.12 Note that the assumption R(X/A, Kx+B+M) being finitely
generated automatically holds when (X, B+ M) is generalized klt since abun-
dance implies finite generation. We immediately obtain a corollary for gener-
alized klt pairs.

Corollary 4.13. Let (X, B + M) be a generalized kit generalized pair with
data X' — X and M', and f : (X,B+ M) — Z be a surjective morphism to
a normal variety Z. Assume that

e 7 has maximal Albanese dimension,

o Kx + B+ M is abundant/Z, and

o M’ is abundant/Z.

Then, there exists an effective divisor D > 0 such that D = Kx + B+ M.

Since the relative abundance assumption is automatically satisfied when
a fibration is relatively of Fano type, we immediately obtain the corollary
below. Note that this includes Example 4.5 and 4.7.

Corollary 4.14. Let (X,B + M) be a generalized lc generalized pair with
data X' — X and M', and f : (X, B+ M) — Z be a surjective morphism to
a normal variety Z. Assume that

e 7 has maximal Albanese dimension,

e x(Kp + Bp + Mp) > 0 where F is a general fiber of f, and

o X is relatively of log Fano type over Z, that is, there is a boundary A
such that (X, A) is lc and —(Kx + A) is ample/Z.

Then, there exists an effective divisor D > 0 such that D = Kx + B+ M.
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Remark 4.15 One may ask whether the weak nonvanishing holds if we
weaken the assumption of relative semi-ampleness of M’ in Theorem 3.5. The
answer is probably no. It should be interesting to know any counter example.

4.16. Variant: fibrations over irregular varieties

From an easy observation, one finds that the same argument still works if we
slightly weaken the assumption that the base variety Z has maximal Albanese
dimension.

We say that Z is irregular with Albanese fiber of general type if a general
fiber of a : Z — A = Alb(Z) is of general type.

The following lemma is well-known.

Lemma 4.17 (cf. [28, Corollary 2.11]). Let f : X — Z be an algebraic fiber
space, and let (X, B) be an lc pair. Assume that Z is of general type and
Kx + B is big over Z. Then, Kx + B is big.

Proof. Replacing (X, B) and Z we can assume that (X, B) is log smooth and
Z is smooth. Thanks to [42, V. 4.1 Theorem]| we deduce that x,(Kx + B) >
ko(KFp 4+ Blr) + ko (Kz) = dim X which in turn implies that x(Kx + B) =
dim X by [42, V. 2.7 Proposition]. O

Proposition 4.18. Let f : (X,B) — Z be a surjective morphism from a
projective lc pair (X, B) to a normal variety Z. Assume that Z is irreqular
with Albanese fiber of general type and that Kx + B is relatively abundant
over Z. Then, Kx + B is abundant. Moreover, the subadditivity of Kodaira
dimensions k(Kx + B) > k(Kp + Bp) + k(Z) holds, where F' is a general
fiber, Kp + Brp = (Kx + B)|r, and k(Z) means the Kodaira dimension of a
smooth model of Z.

Proof. Let Z — Z' — A be the Stein factorization. By assumption K is big
over Z'. Let g : X --» Y be a relative litaka fibration of Kx + B over Z.
Using a similar argument in the proof of Theorem 1.1 we get a generalized
pair (}/, By + My) such that Ky + By + My is big/Z, H(Ky + By + My) =
k(Kx+B) and ko (Ky+By+My) = ko (Kx+B). If we modify the coefficients
as in Remark 3.2 so that (Y, Ay) is kIt and Ky +Ay ~q Ky + By + My, then
we have that Ky + Ay is big over Z’ by the previous lemma. It follows that
k(Ky +Ay) = k(Kx + B) and k,(Ky + Ay ) = ko (Kx + B). The abundance
of Kx + B in turn holds as the abundance of Ky + Ay holds. By an easy
calculation we also deduce the subadditivity of Kodaira dimensions. O

In the same way, Proposition 3.11 can be generalized as below.
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Proposition 4.19. Let f : (X,B) — Z be a surjective morphism from a
projective lc pair (X, B) to a normal variety Z. Assume that Z is irreqular
with Albanese fiber of general type, and that (F, Br) has a good minimal model
where F' is the general fiber and Kr + Bp = (Kx + B)|p. Then, Kx + B is
abundant. Moreover, if the canonical ring R(K x + B) is finitely generated, for
example, if (X, B) is klt, or k(Kx + B) =0, then (X, B) has a good minimal
model.

5. A remark on Conjecture 1.11

Finally, we briefly discuss Conjecture 1.11 without the assumption of relative
abundance. Let f : (X, B) — Z be a surjective morphism from a projective
le pair (X, B) of dimension d to a normal variety Z. Assume that Z has
maximal Albanese dimension. Replacing (X, B) with a dlt blow-up, we can
assume that (X, B) is Q-factorial dlt.

An inductive argument. Now we assume that Conjecture 1.11 holds
in dimension < d — 1. Let Z — Z’ — A be the Stein factorization of its
Albanese map. Following [35, Theorem 13] there exists an abelian variety B,
étale covers Z' and B of Z' and B respectively, and a normal variety C' such
that
(1). C is finite over C':= A/B;

( ) 7' is isomorphic to B x C;

JC =dimC = k(2).

Let X' =X'xpZ and Z = Z xp 7. X' and / 7 are étale covers of X’ and
Z respectively. Replacing X', Z and Z" with X' , Z and 2/ , We can assume
that Z/ = B x C' (see [5, Remark 5.1 and the proof of Theorem 1.1, Step 6]
and [35] for details).

If K(Kx + B) > 1, then we are able to show the subadditivity of Kodaira
dimensions

IQ(KX + B) > H(KF + BF) + H(Z)
with an inductive argument as follows. Take a relative litaka fibration g :

X --» Y over Z, and an litaka fibration &' : Y --» T of Kx + B. We can
assume g and h are morphisms and we have the commutative diagram.
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Let G be a general fiber of h and let G’ be the image of G in Y. Because
k(Kg+ Bg) = 0, by an inductive assumption we deduce x(K¢g + Bg/Z) =0
and k(V) = 0 where V is the normalization of the image of G in Z. In
particular, G’ is generically finite over Z, and G is mapped to a point of C
which in turn implies that dim ¢/ < dim Z’ — dimC = dim Z — dim C. We
therefore have

K(Kx +B)=dimX —dimG
=dimY — dim G’
> dimY — dim Z + dim C
= k(Kp + Br) + dim x(2)

If we assume k(Kx + B) < 0 and k(Kp + Br) > 0, then we deduce that
k(Kx 4+ B) = 0 by Lemma 3.5. We can therefore reduce Conjecture 1.11 to
the case when k(K x+B) = 0. Let f : X — Z — Z be the Stein factorization.
By [35, Corollary 9] k(Z) > k(Z), hence it suffices to show that when f is
a surjective morphism with connected fibers if we replace Z with Z. As we
argued before, we can assume that 7' = B x C where C is finite over an
abelian variety and x(C) = dim C' = k(Z). So, if k(Kx + B) = 0, then the
image of X in C is a point by [28, Corollary 2.11(2)] which in turn implies
that k(Z) = 0. Because the main theorem of [35] asserts that the Albanese
map « : Z — A is an algebraic fiber space, we are allowed to replace Z with
Albanese variety A. So, we can assume that Z = A is an abelian variety.

Remark 5.1 From the discussion above, we see that Conjecture 1.11 holds
if it holds for any surjective morphism f : (X, B) — Z with connected fibers
where (X, B) is Q-factorial dlt with x(Kx + B) = 0 and Z = A is an abelian
variety. In particular, Conjecture 1.11 holds for klt pairs by [12] [30].

Conjecture 1.11 with positivity on the boundary. As we mentioned,
extending results from klt pairs to lc pairs is usually much more difficult
than it sounds. Hence we consider adding an appropriate extra assumption.
Note that if we suppose that Kx + B is big/Z, then Conjecture 1.11 follows
directly from Theorem 1.1. So, we would like to see the feasibility of proving
the conjecture if we put an extra bigness assumption on B. Unfortunately,
the next proposition indicates that adding the bigness assumption will not
decrease the difficulty of Conjecture 1.11.

To begin with, let us recall the global ACC Theorem [29, Theorem D].

Theorem 5.2. Fix a positive integer n and a set I C [0,1], which satisfies
the DCC. Then there is a finite set Iy C I with the following property:
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If (X, A) is an lc pair such that

(i) X is projective of dimension n,

(i) the coefficients of A belong to I, and
(iii) Kx + A is numerically trivial,

then the coefficients of A belong to Iy.

Proposition 5.3. The following statements are equivalent.

(1). Conjecture 1.11 holds for lc pairs (X, B) in dimension < n.

(2). Conjecture 1.11 holds for Q-factorial dit pairs (Y, By) in dimension
< n+ 1 where By is big/Z.

(3). Conjecture 1.11 holds for Q-factorial dit pairs (Y, By) in dimension
<n + 1 where By is big.

Proof. First, we prove (1) implies (2). Assume that Conjecture 1.11 holds for
lc pairs (X, B) in dimension < n — 1. Let f : (Y, By) — Z be a surjective
morphism from a projective dlt pair of dimension n to a normal variety Z
with maximal Albanese dimension. In addition, we suppose that By is big/Z.

Let Py = | By | and A := Alb(Z). Pick a sufficiently small rational num-
ber € > 0. Run an LMMP /A with scaling of an ample divisor on Ky + By —
ePy. If Ky + By —ePy is pseudo-effective/A, then this LMMP ends up with a
good minimal model (Y’, By: — ePy+) by [4] which is also a good log minimal
model globally by Corollary 3.8. Moreover, by Lemma 3.4 k(Ky + By) =
/{(Ky/ + By — EPY/) and KU(KY + By) = I€0<Ky/ + By — EPy/) provided €
sufficiently small. So, Ky + By is abundant as Ky + By — ePy: is abundant.
In particular, since k(Ky + By /Z) = k(Ky + By /A) = k(Ky + By —ePy | Z),
the subadditivity of Kodaira dimensions k(Ky + By) > k(Kp + Br) + k(Z)
holds.

If Ky + By — €Py is not pseudo-effective/A, then the LMMP above ends
up with a Mori fiber space g : (Y', By, —ePy+) — T. If we choose € sufficiently
small, then by the global ACC of log canonical thresholds Theorem 5.2 we
have that (Y, By+) is lc and Kys + Byr ~qg 0/T. It follows that some com-
ponent of Py is horizontal/T. Let W be a common log resolution of (Y, By)
and (Y, By). Write p: W — Y and Ky + By = p*(Ky + By ) + Ew where
(W, Bw) is a log smooth model of (Y, By). Now we can run an LMMP/Y”
on Kyw + By which terminates at a good minimal model (W', By) by [3,
Theorem 3.5, Theorem 1.1] because (Y’, By) is Q-factorial lc. More precisely,
Kw + Bw = ¢*(Ky' + By/) + E; — E_ where E, and E_ are effective Q-
divisors. Since an LMMP/Y” contracts E, after finite steps, we have that
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Kw: + By + EL = ¢"(Ky’ + By).

W——=W

RN

Y- -y 2T

IR

Z——A

Since (W', By + E") is lc and Ky + By + E' ~g 0/T, we can run an
LMMP/T on Ky + By which terminates at a good minimal model W" — T’
by [3]. As we pointed out earlier, some component of Py is horizontal /T. We
denote its birational transform on W by S and its birational transform on
W by S”. Pick a common resolution S of S and S”. We obtain the following
commutative diagram of projective morphisms.

7 ——A

Because Ky + By ~q O/T, H(KWH +BWH) = H(KSH +Bs//) and K(KVW” +
By [A) = k(Kgn+Bsn /A) where Kgn+Bgn = (Kyw»+Bwn)|sv. Let (S, By)
be a log smooth model of (S”, Bg»). Then, k(Kz+ Bg) = k(Kg» + Bsr) and
k(K5 + Bg/Z) = k(K3 + Bg/A) = k(Kgs» + Bsr/A). By assumption, we
conclude the subadditivity of Kodaira dimensions.

Now we turn to proving that (3) implies (1) as the implication from (2)
to (3) is obvious. Assume that Conjecture 1.11 holds for Q-factorial dlt pairs
(Y, By) in dimension < n+1 where By is big/Z. Given a surjective morphism
f:(X,B) — Z from a projective lc pair of dimension n to a normal variety
Z with maximal Albanese dimension. We construct a dlt pair (Y, Ay) where
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Ay is big/Z as follows. Consider a P!-bundle
T:Y = ]P’(OX D Ox(—l)) — X.

Let p: Y — C = C(X) be the birational contraction of the negative section
EonY and H a general sufficiently ample Q-divisor on C' such that | H| =0
and Ky + F + By + p*H is big where By is the birational transform of the
cone of B on C. Set

A = inf{t| Ky + E + By + tp"H is pseudo-effective/X }

and Ay = E+ By + A\p*H. Obviously Ay is big and Ky + Ay = 7*(Kx + B)
since the induced morphism F — X is an isomorphism. This completes the
argument. Ul
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