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ABSTRACT

In this paper, we study projective klt pairs (X, A) with nef anti-log canonical divisor
—(Kx + A) and their maximal rationally connected fibration ¢: X --» Y. We prove
that the numerical dimension of —(Kx +A) on X coincides with that of —(Kx, +Ax,)
on a general fiber X, of 9: X --» Y, which is an analogue of Ejiri-Gongyo’s result
formulated for the Kodaira dimension. As a corollary, we obtain a relation between the
positivity of the anti-canonical divisor and the rational connectedness, which provides
a sharper estimate than that in Hacon—-M°Kernan’s question. Moreover, in the case of X
being smooth, we show that X admits a “holomorphic” maximal rationally connected
fibration to a smooth projective variety ¥ with numerically trivial canonical divisor,
and also that this is locally trivial with respect to the pair (X, A), which generalizes
Cao—Horing’s structure theorem to the case of klt pairs. Finally, we consider slope
rationally connected quotients of (X, A) and obtain a structure theorem for projective
orbifold surfaces.

1. Introduction

The study of certain “positively curved” varieties, which are often formulated to have positive
bisectional curvatures, tangent bundles, or anti-canonical divisors, occupies an important place
in the theory of the classification of varieties. One of the central problems in this study is
to determine the structure of semi-positively curved varieties in terms of naturally associated
fibrations such as Albanese maps, litaka fibrations, or maximal rationally connected fibrations.
Particularly, the study of nef anti-canonical divisors, which has been developed rapidly in recent
decades, covers a large range of positively curved varieties and is thus extremely important.

Cao—Horing recently established a structure theorem for a smooth projective variety X with
nef anti-canonical divisor (see [CH19]): X admits a locally trivial fibration X — Y to a smooth
projective variety Y with numerically trivial canonical divisor such that the fiber is rationally con-
nected. By combining this with the Beauville-Bogomolov decomposition (see [Bea83]), the uni-
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PROJECTIVE KLT PAIRS WITH NEF ANTI-CANONICAL DIVISOR

versal cover of X can be decomposed into the product of C", Calabi—Yau manifolds, hyperkahler
manifolds, and rationally connected manifolds. Several important previous studies include [CP91,
DPS93, DPS94, DPS96, Zha96, Pau97, CDP15, Caol9, CH19] and the references therein.

This paper is devoted to the study of projective klt pairs (X, A) with nef anti-log canoni-
cal divisor —(Kx + A). It is natural and of interest to consider log pairs rather than varieties
themselves from the viewpoint of birational geometry. We focus on structures of maximal ratio-
nally connected (MRC) fibrations and slope rationally connected (sRC) quotients, as introduced
in [Cam92, KMM92] and [Cam17], respectively. This paper contains three main results: The first
result is a more general solution to the question posed by Hacon-M“Kernan in [HMO07] (see Theo-
rem 1.2). The second result is a generalization of [CH19] to projective klt pairs (see Theorem 1.3).
The third result contributes to a structure of SRC quotients and provides a structure theorem
for projective orbifold surfaces (see Theorem 1.6).

1.1 Positivity of anti-canonical divisors—Hacon—M¢®Kernan’s question

The following question, posed by Hacon—M®Kernan, concerns a relation between the rational
connectedness of X and the positivity of —(Kx + A).

Problem 1.1 (Hacon-M“Kernan’s question, [HM07, Question 3.1]). Let (X, A) be a projective
klt pair with nef anti-log canonical divisor —(Kx +A), and let ¢: X --» Y be an MRC fibration
of X. Then, does the following inequality hold?

K(—(Kx +A)) <dmX —dimY,

where k(o) is the Kodaira dimension.

This question can be seen as a generalization of a fundamental result in birational geometry;
weak Fano varieties are rationally connected. Indeed, the condition dimY = 0 is equivalent to
the rational connectedness of X, and thus the right-hand side in the question measures how
far X is from rationally connected varieties.

Ejiri-Gongyo in [EG19] affirmatively solved the above question by proving the following
inequality:

r(=(Kx +A)) < w(=(Kx, +Ax,)),
where X, is a general fiber of an MRC fibration ¢: X --»Y and Kx, +Ax, is the log canonical
divisor defined by the restriction to X,. In this paper, we prove an analogue of Ejiri-Gongyo’s

result by replacing the Kodaira dimension with the numerical dimension. Moreover, as an appli-
cation, we resolve Hacon—-M“Kernan’s question in the following strong form.

THEOREM 1.2. Let (X, A) be a projective klt pair with nef anti-log canonical divisor —(Kx + A),
and let ¢¥: X --+Y be an MRC fibration of X. Then, the following equality holds:

nd(—(Kx +A)) = nd(=(Kx, + Ax,))

for a general fiber X, of 1. Here nd(e) is the numerical dimension and —(Kx, + Ax,) is the
anti-log canonical divisor on X,. In particular, we obtain a generalization of Hacon-M°Kernan’s
question:

nd(—(Kx +A)) <dimX —dimY .

We emphasize that there are several advantages in considering the numerical dimension ins-
tead of the Kodaira dimension. For example, the equality in Theorem 1.2 does not hold without
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considering the numerical dimension, which is one of the interesting points. Indeed, there is
a counterexample to the equality for the Kodaira dimension, although Ejiri-Gongyo’s inequality
holds (see Example 2.11). Moreover, our inequality in Theorem 1.2 not only recovers Hacon—
MC¢Kernan’s question but also gives a sharper estimate by the well-known formula x(e) < nd(e).

The inequality nd(—(Kx+A)) > nd(—(Kx,+Ax,)) in Theorem 1.2 is proved by an extension
theorem of holomorphic sections from a general fiber X, to the ambient space X. On the other
hand, the converse inequality requires a deeper insight into the direct image sheaf of the pluri-
anti-canonical divisor —m(Kx + A). The key points in this step are to demonstrate a certain
flatness of the direct image sheaf and to estimate the dimension of global sections and the rank
of flat vector bundles.

1.2 Structure theorem of MRC fibrations for kit pairs

From the viewpoint of birational geometry, it is of interest to ask whether Cao—Héring’s struc-
ture theorem can be extended to log pairs. This question is answered in a quite general form
(see Theorem 4.3), which is one of the contributions of this paper. Moreover, by considering
in detail the case where X is smooth, we generalize Cao—Horing’s structure theorem to kit pairs,
as follows.

THEOREM 1.3. Let (X,A) be a projective klt pair such that X is smooth and the anti-log
canonical divisor —(K x +A) is nef. Then, there exists a (holomorphic) MRC fibration{: X —Y
with the following properties:

(1) The variety Y is smooth and ¢1(Y) = 0.

(2) The fibration v is locally trivial with respect to (X, A), namely, for any small (Euclidean)
open set U C Y, there is the isomorphism

(v™H(U),A) 2 U x (X,,Ax,)
over U C 'Y, where X, is the fiber of 1.

Moreover, using the Beauville-Bogomolov decomposition, the universal cover of X can be de-
composed into the product of C™, Calabi—Yau manifolds, hyperkédhler manifolds, and rationally
connected manifolds.

Theorem 1.3 provides a powerful tool for understanding the geometry of nef anti-canonical
divisors. For example, Ejiri-Gongyo’s inequality, explained in Subsection 1.1, can be easily re-
proved from the above theorem. Indeed, for an effective Q-divisor D with D ~g —(Kx + A),
the pair (X, A+6D) is still klt and has nef anti-log canonical divisor for sufficiently small § > 0.
Then, since D is ¥-horizontal by Theorem 1.3, the restriction map

HY(X,—m(Kx +A)) — H°(X,,-m(Kx, + Ax,))

is injective, which leads to Ejiri-Gongyo’s inequality.

The proof of Theorems 4.3 and 1.3 gives a generalization of the argument in [CH19] to
log pairs and also contains several new ingredients in the generalized setting (see Setting 3.1),
for example, Propositions 2.6 and 2.7, Theorems 4.3 and 1.3, and Subsection 4.3.

1.3 Structure theorem of sRC quotients for orbifolds

In the latter part of this paper, we begin to study the structure of sRC quotients. The sRC
quotient, introduced in [Cam17], is a fibration naturally associated with log pairs (X, D) and can
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be seen as a generalization of MRC fibrations. The MRC fibration is defined for X, whereas
the sRC quotient is defined for log pairs (X, D).

Let us briefly review the definition of sSRC quotients, following [Cam17]. An orbifold morphism
f:(X,Dx) — (Y, Dy) between log pairs (X, Dx) and (Y, Dy) is a morphism f: X — Y such
that f(X) is not contained in Dy and that

1 1
: >
1_CDX(F) 1_CDY(E)

Cf*(E‘)(F)

holds for any irreducible component E of Dy and irreducible component F' of f*E. Here c¢p(G)
denotes the multiplicity of a Q-divisor D in a prime divisor G. The notion of rationally connected
manifolds can be generalized to log canonical (Ic) pairs (X, D) with smooth X as follows: The pair
(X, D) is said to be sRC' if for any ample line bundle A on X, there exists a positive integer m 4
such that

hY (X', (@M QYN (X, D)) @w*A)) =0 for any m >ma,
where m: X’ — (X, D) is some (or any) Kawamata cover adapted to (X, D). See [CP19, Defi-

nition 5.3] for the definition and basic properties of the orbifold cotangent bundle 7*Q!(X, D).
The following theorem defines sRC quotients.

THEOREM 1.4 ([Cam17, Theorem 1.5, Corollary 10.6]). Let (X, D) be a Ic pair with smooth X .
Then, there exist an orbifold birational model (X', D’) of (X,D) and an orbifold morphism
p: (X', D) — (R, D) onto a smooth orbifold (R, Dgr) with the following properties:

(1) The general orbifold fibers (X, D,) are sRC.

(2) The divisor Kr + Dp is pseudo-effective.
Here (X, D,) is a general orbifold fiber (that is, the pair of a general fiber X, and D|x,). Such
a fibration is uniquely determined up to orbifold birational equivalence.

Moreover, in the case where —(Kx + D) is nef, the orbifold base (R, Dg) satisfies

k(Kgr+ Dgr) =nd(Kr+ Dgr)=0.

The orbifold morphism p: (X', D") — (R, Dg) in the above theorem is called a sRC quotient
of (X, D). If an orbifold pair (X, D) is sRC, then X itself is rationally connected. However,
the converse implication does not hold when D is a nontrivial divisor. This means that the sRC
quotient of (X, D) might not be trivial, even if the MRC fibration of X is trivial. Therefore,
we can extract more information from the sRC quotients than from MRC fibrations alone.

It is natural to ask whether a structure theorem for sSRC quotients can be obtained in the
same spirit as Theorem 1.3. Motivated by this question, we pose the following conjecture.

CONJECTURE 1.5. Let (X, D) be a klt pair such that X is smooth and —(Kx + D) is nef. Then,
there exists an orbifold morphism p: (X, D) — (R, Dg) with the following properties:

(1) The pair (R, Dg) is a klt pair such that R is smooth and ¢;(Kg + Dg) = 0.

(2) The general orbifold fibers (X,, D,) are sRC.

(3) The morphism p is locally trivial with respect to the pairs; namely, for any small (Euclidean)
open set U C R, there is the isomorphism

(7'(U), D) 2 (U, Dg) x (Xy, Dy)
over U C Y, where X, is the fiber of p.
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In this paper, we prove the conjecture in the case where (X, D) is a smooth orbifold surface
(see Theorem 1.6). Moreover, as a step toward proving Conjecture 1.5 in its full generality, we
prove a certain birational semistability theorem (see Theorem 5.11).

THEOREM 1.6. Let (X, D) be a log smooth klt pair such that X is a surface and —(Kx + D)
is nef. Then, Conjecture 1.5 holds; that is, there exists an orbifold morphism p: (X, D) — (R, DRr)
satisfying the conclusions of Conjecture 1.5.

Moreover, if (X, D) is not sRC and Kx + D is not numerically trivial, then p: (X,D) —
(R, DR) is nontrivial and there exists an effective Q-divisor Dp1 on P* satisfying the following:

e We have deg Dp1 < 2.
e The curve R is either P!, if h'(X,Ox) = 0, or else an elliptic curve.
e We have (X, D) = (R, Dr)x (P*, Dp1) locally over the base R and globally if h* (X, Ox) = 0.

The second part of Theorem 1.6 is stronger than Conjecture 1.5. The sRC quotient in the
theorem gives a more precise description than the classical MRC fibration (which is trivial),
except when (X, D) is sSRC or when —(Kx + D) is numerically trivial. Later in this paper, we
show that Conjecture 1.5 cannot be expected for (non-klt) lc pairs (see Example 5.10), which is
one of our contributions.

The remainder of this paper is organized as follows: Section 2 develops the theory of the pos-
itivity of direct image sheaves and numerically flat vector bundles. In Section 3, as a step toward
the proof of Theorem 4.3, we generalize the key propositions obtained in [Caol9] and [CH19]
to almost holomorphic maps with nef “relative” anti-canonical divisor. In Section 4, we prove
Theorems 1.2, 4.3, and 1.3 by applying the theory established in Sections 2 and 3. In Section 5,
we discuss properties of SRC quotients for orbifolds with nef anti-log canonical divisor.

2. Preliminaries

In this section, we first summarize several results regarding the positivity of direct image sheaves
and then develop the theory of numerically flat vector bundles. The new ingredients here are
Propositions 2.6, 2.7, and 2.8.

2.1 Positivity of direct image sheaves

In this subsection, we briefly recall the notion of singular Hermitian metrics on vector bundles
(more generally, torsion-free sheaves) and the theory of the positivity of direct image sheaves
(see [Ber09, BP08, PT18, HPS18] for more details).

Let E be a (holomorphic) vector bundle of rank r on a complex manifold Y. A singular
Hermitian metric h on E is a Hermitian metric that can be locally written as a measurable
map with values in semi-positive Hermitian forms on C" such that 0 < deth < +oo almost
everywhere. A singular Hermitian vector bundle (E, h) is said to be positively curved if log |s|p
is a plurisubharmonic (psh) function on U for any open set U C Y and any section s € H(U, E*),
where h* := 'h~! is the dual Hermitian metric of h on the dual bundle E*. In the case where
h is a smooth Hermitian metric, (E,h) is positively curved if and only if the Chern curvature
associated with h is semi-positive in the sense of Griffith. For a smooth (1, 1)-form 6 on an open
set U C Y, we simply write

V—10,(E) = 0 ®idg on U
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if dd®log |s|p« — 0 is semi-positive in the sense of currents for any open set U’ C U and any
section s € HO(U’, E*). The notation v/—10y,(F) is used in the above definition, but an appro-
priate definition of the curvature is, in general, unknown for singular Hermitian metrics. We now
introduce the notion of weakly positively curved torsion-free sheaves.

DEFINITION 2.1. Let E be a torsion-free coherent sheaf on a complex manifold ¥ and wy be
a fixed Hermitian form on Y. The sheaf F is said to be weakly positively curved if for any real
number € > 0, there exists a singular Hermitian metric h. on Ely, such that

vV _1®h5(E) > —twy & idE on Y1 s

where Y7 is the maximal locally free locus of FE.

For a proper morphism ¢: I' — Y with connected fibers, the direct image sheaf of the pluri-
relative canonical bundle mKr/y twisted by a line bundle L, that is, ©x (MK sy + L), admits
a positively curved singular Hermitian metric under suitable assumptions; this comes from the
fundamental works developed by several authors, including Berndtsson, Paun, and Takayama
(see, for example, [Ber09, BP08, PT18] and the references therein). The results on the positivity
of direct image sheaves, which play an important role in this paper, can be summarized in the
following form. The first conclusion in the following theorem is derived from [BP08, CP17, PT18].
The second conclusion is an application of the first. Here, we only provide a proof for the second
conclusion.

THEOREM 2.2 ([CP17, Lemma 5.25], [PT18, BP08]). Let ¢: I' = Y be a surjective morphism
with connected fibers between smooth projective varieties and (L,h) be a singular Hermitian
line bundle on T'. Let § be a smooth (1,1)-form on Y and m be a positive integer such that

V=16,(L) > ¢*¢ and Z(h'™|r,) = Or,,
where I'y is a general fiber. The following hold:
(1) The induced singular Hermitian metric H on the direct image sheaf p,(m Ky y + L) satisfies

\/—IGH(QO*(mKF/y—i-L)) =0x®idy onYi.

(2) Let N be a nef line bundle on T'. We further assume that L is p-big. Then, for every € > 0,
there exists a singular Hermitian metric H. on the direct image sheaf o, (mKp/y + N + L)
that satisfies

vV *1@}[5 ((,0*(pr/3/ + N + L)) > (9 — a,uy) ®idy on Yj.

In particular, in the case § = 0, the direct image sheaf p,(mKr)y + N + L) is weakly
positively curved.
Here Y] is the maximal locally free locus of the direct image sheaves.

Proof of Theorem 2.2(2). There exist a singular Hermitian metric H on L and a smooth Hermi-
tian metric gs on N such that

V=10ph(L) + ¢*wy >w and V=104 (N) > —w

for some Kahler form wy on Y and some Kahler form w on I'; because L is (p-big and N is nef.
Then, the metric h. on L + N defined by h. := h' ¢ H¢g, satisfies

Z(hY™r,) = Z(hI=/mH ™ ) = Op, and V=10 (L + N) = ¢*(0 — ewy)
for any 1> ¢ > § > 0. Therefore, item (2) follows from item (1). O
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2.2 Numerically flat vector bundles

In this subsection, we first show that if a reflexive sheaf F is weakly positively curved and
satisfies ¢1(F) = 0, then F is actually a vector bundle and is numerically flat. This was first
proved in [CH19, Corollary 2.12] for projective surfaces. We generalize [CH19, Corollary 2.12]
to arbitrary dimension in virtue of Bando—Siu’s result for admissible Hermitian—Einstein met-
rics (see [BS94]). Note that this result has been slightly generalized to pseudo-effective reflexive
sheaves (see [HIM21]) using the same method as in this paper and has been generalized to the
Kahler setting (see [Wu20]). There is also a geometric approach in [GKP16, HP19] for a more
general setting.

We first recall the definition of numerically flat vector bundles and the fundamental work
of [DPS94] on a characterization in terms of filtrations of Hermitian flat vector bundles.

DEFINITION 2.3. Let E be a vector bundle on a compact complex manifold Y. The vector
bundle F is said to be numerically flat if E is nef and its dual bundle E* is also nef; equivalently, F
is a nef vector bundle satisfying

c1(E) =ci(det E) =0 € HYY(Y,R).

Here E is said to be nef if the tautological line bundle Op(g)(1) is nef on the projective space
bundle P(E).

THEOREM 2.4 ([DPS94]). Let E be a vector bundle on a compact Kéahler manifold Y. Then, the
following conditions are equivalent:

e The vector bundle E is numerically flat.

e There exists a filtration of E by subbundles
OZ:E()CElC"'CEp_l CEPZZE

such that each quotient bundle Ey/FEy_1 is a Hermitian flat vector bundle for any 1 <
k < p (that is, the quotient E}/Ey_1 admits a smooth Hermitian metric hy, such that

V=10, (By/By-1) = 0).

The following lemma, which is needed for the proof of Proposition 2.6, follows by induction on
the dimension, the local cohomology, and the standard argument of restriction to hypersurfaces.

LEMMA 2.5. Let E be a vector bundle on a smooth projective variety Y and Y1 be a Zariski
open set in Y with codim(Y \ Y1) > 2 + i. Then, the morphism

H/(Y,E) — H’(Y}, E)
induced by the restriction is an isomorphism for any j < i.

Proof. The proof is done by induction on the dimension of Y. Let Z be the reduced subvariety
defined by the complement Z :=Y \ Y7 and H be a general hypersurface in the complete linear
system of a very ample line bundle on Y. By the induction hypothesis, the morphism

H'(H,0y(E)) — H’(Hy, Oy, (E))

is an isomorphism for any j < i, where Hy := H \ (Z N H). Taking H to be sufficiently ample,
we may assume that

R*(Y, Oy (E @ H*)) = i ¥(Y,0y (Ky @ E*®@ H)) =0 (2.1)
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for any £ < dimY. Let us consider the long exact sequence on Y induced by
0— Oy(FE® H) — Oy(E) - Og(E) — 0
and its restriction to Y7. Then, from the vanishing result (2.1) and the induction hypothesis, we

see that it suffices to show that H’(Y7, Oy, (E ® H*)) = 0 for any j < i.
Using (2.1) again, we obtain

HI(Y1, Oy, (E® H*)) = H;T (Y, Oy (E @ H*))

from the long exact sequence of the local cohomology (see [Har67, Corollary 1.9]). Let Zy be
the nonreduced scheme with structure sheaf Oy /Ig7 where Z is the ideal sheaf of Z. Then,
by [Har67, Theorem 2.8], the local cohomology can be computed as follows:

HLT(Y, 0y (E ® H)) = lip Ext/*1(Oy,, 0y (E © H*))
k

= lim Ext/ ™ (07, (E* ® H ® Ky), Oy (Ky)).

k

The duality theorem implies that
Eth+1(OZk (E* R H® Ky), Oy(Ky))
= the dual space of H"~U+1(7, 0, (E*® H® Ky)).

The right-hand side vanishes by the inequality dimY — (j 4+ 1) > dimY — (i + 1) > dim Z. This
finishes the proof. O

PRrROPOSITION 2.6. Let F be a reflexive sheaf on a smooth projective variety Y. If F is weakly
positively curved in the sense of Definition 2.1 and if we have ¢1(F) = 0, then F is a numerically
flat vector bundle on Y.

Proof. The proof is done by induction on the rank of F. Note that the conclusion is obvious
in the case of rank 1 because any reflexive sheaves of rank 1 are invertible sheaves (see [Har80,
Proposition 1.9]).

Let Y7 be the maximal locally free locus of F and A be an ample line bundle on Y. Note
that codim(Y \ Y1) > 3 by the reflexivity of F. The main idea of the proof is that, after taking
an appropriate filtration of F, we extend the subsheaves or quotient sheaves to vector bundles
on Y by applying the results of [CH19] and [BS94, Corollary 3].

First, we fix an ample line bundle A on Y and a coherent subsheaf S C F with minimum rank
among coherent subsheaves S C F satisfying [, c1(S) - 1 (A)"~1 > 0. In the proof, we consider
the exact sequence

0—S—F—Q:=F/S§—0. (2.2)
We may assume that S is reflexive and that the quotient sheaf @ = F/S is torsion-free by taking

its saturation.

We now consider the case where rank S = rank F. In this case, we can see that S = F and
that there is no proper subsheaf S’ in F with [}, ¢1(S’) - ¢1(A)"~! > 0 by the construction of S.
This implies that the sheaf F is A-stable. Additionally, the restriction F|g to a surface S is
a pseudo-effective vector bundle by the inequality codim(Y \ Y1) > 3, where S is a complete
intersection

S:=HiNHyN---NH,_ 9
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in Y of general members H; of the complete linear system of A. Therefore, the vector bundle F|g
is numerically flat on .S, and thus we obtain ca(F|s) = 0 (see [DPS94] or [CH19, Corollary 2.12]).
This implies that

/Y er(F) - e (A)? = /S e>(Fls) = 0.

Combining this with the assumption ¢;(F) = 0, we can conclude that F is a Hermitian flat
vector bundle on Y, from the stability of S = F (see [BS94, Corollary 3]). In particular, the
sheaf F is locally free and numerically flat.

We consider the remaining case where rank § < rank F. As F is weakly positively curved, its
quotient Q is also weakly positively curved. In particular, its first Chern class ¢1(Q) is pseudo-
effective. Additionally, we have 0 = ¢1(F) = ¢1(S) + ¢1(Q) by the assumption on F. Combining
this with the choice of S, we see that

/ c1(S)-c1(A)" 1 =0 and / c1(Q) -1 (A)" 1 =0.
Y Y

We now show that S is a vector bundle on Y7 and that the morphism & — F is a bundle morphism
on Y7, following the argument in [DPS94]. By the reflexivity of F and S, it is sufficient to check
that the induced morphism Q* — F* is actually injective as a bundle morphism on Y;. Further,
using [DPS94, Lemma 1.20], this problem can be reduced to checking that the induced morphism
det @* — APF* is injective, where p is the rank of Q. This morphism determines the section

7€ HY(Y,APF* @ det(Q%)*)..

From ¢;(Q) = 0, we can infer that (det Q*)* is a flat line bundle. Combining this with the
assumption on F, we see that APF @ det(Q*) is weakly positively curved. Then, we can show
that 7 is nonvanishing on Y7 by the same argument as in [DPS94, Proposition 1.16]. This implies
that & can be seen as a subbundle of F via the morphism & — F on Yj. In particular, the
quotient Q is also a vector bundle on Y7.

We now have the surjective bundle morphism
AN F@det 0 — S

on Y7, where r and s are the ranks of F and S, respectively. The sheaf A" *T! F®@det Q* is weakly
positively curved by the equality ¢1(Q) = 0 and the assumption on F. Then, the induced metric
on § is weakly positively curved on Y7, and thus is so on Y by the inequality codim(Y \ Y7) > 3.
Therefore, S is a numerically flat vector bundle on Y by the induction hypothesis. In particular,
we obtain ¢;(S) = 0 and ¢1(Q) = 0. The sheaf Q is weakly positively curved, and thus so is the
reflexive hull Q**. Hence Q** is a numerically flat vector bundle on Y by the equality ¢;(Q) =0
and the induction hypothesis.

Finally, we prove that F is a vector bundle on Y. By the above argument, sequence (2.2)
is an exact sequence of vector bundles on Y; and the quotient @ can be extended to a vector
bundle @** on Y. Note that Q itself cannot be expected to be a vector bundle on Y because Q
may not be reflexive. Applying Lemma 2.5 to our case, we see that the restriction map

HY (Y, Q*®S8) — H'Y(Y1,Q*®S)

is an isomorphism by the inequality codim(Y \ Y1) > 3. Let us consider the extension class in
H(Y1,Q* ® S) obtained from the exact sequence (2.2) of vector bundles on Y;. This extension
class can be extended to that in H(Y, Q* ® S). By construction, the extended class determines
the vector bundle whose restriction to Y7 corresponds to F. This vector bundle coincides with F
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on Y because F is reflexive (see [Har80, Proposition 16]). It then follows that F is nef since S
and Q are nef. O

Using the notion of numerical flatness, we obtain a criterion for local triviality with respect
to log pairs with horizontal divisors. In general, for a surjective morphism p: X — Y between
algebraic varieties X and Y, a divisor D on X is said to be p-horizontal (respectively, p-vertical) if
any component of D is dominant over Y (respectively, D is not dominant over Y'). The following
criterion can be regarded as a pair version of [Caol9, Proposition 2.8]. For convenience and
completeness, we briefly recall the argument in [Caol9] and present a precise proof.

PROPOSITION 2.7 (cf. [Caol9, Proposition 2.8]). Let p: X — Y be a surjective morphism
with connected fibers between compact K&hler manifolds, and let A be an effective reduced
p-horizontal divisor on X. Let L be a p-ample line bundle on X. We assume that the direct
image sheaves

px(mL) and po(mL®Zp)
are numerically flat vector bundles on Y for m sufficiently large. Then p: X — Y is locally
trivial with respect to the pair (X, A). Moreover, for the universal cover m: Y — Y of Y, the
fiber product (X, A) = (X,A) Xy Y admits a splitting
(X,4) =V x (F,Alr),
where F' is the fiber of p.
Proof. We may assume that L is p-very ample and the direct image sheaves in the proposition are

numerically flat for any m > 1. We put E,, := ps(mL). By the p-relative embedding associated
with L, we have the following p-relative embedding:

X(—>]P’ (E1)

N

and L = j*Op(g,)(1). Then, for m sufficiently large, we have the exact sequence

0= fe(Opy)(m) @ Ix) = fi(Op,)(m)) = px(mL) =0, (2.3)

where Ty is the ideal sheaf defined by the subvariety X C P(Ej). The vector bundle E; is
determined by a local system since F; is numerically flat. Let Dg, be the flat connection with
respect to this local system. As Y is simply connected, the pull-back 7*E; is a trivial vector
bundle on Y, and thus we can take global flat sections (with respect to Dg, )

{e1,€2,...,e,} C HO(Y/,T(*El)

generating 7* Fy, where r := rank Fj.

The sheaf F}, := fi(Op(g,)(m) @ Ix) is also a numerically flat locally free sheaf because both
[+(Op(,)(m)) = Sym™Ey and ps(mL) are numerically flat by the assumptions. In the same way
as above, we see that the vector bundle F,, admits a flat connection D, and 7*F,, is a trivial
vector bundle. Hence we can take global flat sections (with respect to Dp,,)

{s1,82,...,8:} C HO(Y/,W*Fm)

generating 7 F},, where t is the rank of F,.
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Let us consider the injective morphism
i Fy, = T fo(Ix ® OP(EI)(m)) — W*f*(O]p(El)(m)) = 7*Sym" F;

induced by the exact sequence (2.3). Let D be the flat connection on 7*Sym™ E; induced by Dg, .
Then, by [Caol3, Lemma 4.3.3], the section i(sj) is flat with respect to the connection D.
In particular, the section i(sx) can be written as

N _ (65PN} [e7%
i(sk) = E Af o - €77 €57 - e

a=(a1,ar),lal=m

for some constants ay o € C. The p-relative embedding of X into P! x Y in the diagram

X=XxyY— ~P-1xy
\ -
Y

can be defined by the polynomials i(sk), whose coefficients are independent of y € Y. This implies
that p is locally trivial and X splits into X ~ Y x F', where F is a general fiber of p.

We finally prove the local triviality with respect to the pair (X, A). We consider the restric-
tions pa: A = Y of pand fa: A — Y of f to A. Further, we use the same notation Za to denote
the ideal sheaf of A in both X and P(F}). For m sufficiently large, we have the exact sequence

0 — pu(mL ®ZA) — pu(mL) — pa,(mL ® Ox/Zan) — 0. (2.4)

As the first two terms are numerically flat, so is the third term pa, (mL ® Ox /Za). By taking m
to be sufficiently large, we have another exact sequence

0— f*((’)P(El)(m) ®IA) — f*(OIF’(El)(m) — fA*(OP(El)(m) ® OIF’(EI)/IA) — 0. (2.5)
Then, since A is reduced, we see that

fax(Op(e,) (M) @ Opy)/Ia) = pas(mL @ Ox /Ix)
is also numerically flat. Hence we can conclude that the first term fi(Za ® Op(g,)(m)) is nume-
rically flat by fi(Opg,)(m)) = Sym™Ey.
Applying the same argument as in the first part for f,(Op(g,)(m)®Za), we can show that the
p-relative embedding of A in P'1xY is defined by polynomials whose coefficients are independent

of y € Y. Hence we obtain the local triviality with respect to the pair (X,A) and a splitting
(X,A) =Y x (F,Alp). O

2.3 Global sections of flat vector bundles

In this subsection, we prove the following proposition, which is needed to estimate the dimension
of global sections of flat vector bundles in the proof of Theorem 1.2.

PROPOSITION 2.8. Let w: I' = X be a birational morphism from a smooth projective variety I'
to a (not necessarily smooth) projective variety X and F be a torsion-free sheaf on I'. Let C' be
a complete intersection

C:=HiNHyN- - N Hgim x—1

of a general member H; in the free linear system |m*A|, where A is a very ample line bundle
on X. Assume that the restriction F|c to a general complete intersection C' is a numerically flat
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vector bundle on C. Then, for any line bundle L on I, there exists a constant C';, depending only
on L and X (independent of F) such that

(I, F® L) < Cf, -rank F.
Before proving Proposition 2.8, we first consider the following lemma, which can be regarded
as a vanishing theorem of Fujita type for numerically flat vector bundles.

LEMMA 2.9. Let A be an ample line bundle on a smooth projective variety X and E be a nume-
rically flat vector bundle on X. Then, we have

HI(X,Kx®@E® A) =0
for any q > 0.

Remark 2.10. Tt is natural to ask whether the same conclusion holds under the weaker assumption
that F is nef because it is true in the case where FE is a line bundle. When X is a smooth curve, we
can easily solve this question. Indeed, there is a finite morphism p: X’ — X such that p*(E® A)
is the quotient of the direct sum &;B; of ample line bundles B; because F ® A is an ample vector
bundle (see [CF90]). Then, we see that

0=hr' (X', Kx: @ p*(E® A)) = h°( X', p*(E* ® A%))
= (X, E* ® A* @ p,.Ox/) = h°(X, E* @ A*)
>h(X,Kx® E® A)
by Serre duality, the projection formula, and the injectivity of Ox — p,Ox:.

Proof of Lemma 2.9. First, we observe that the conclusion is obvious if F is a Hermitian flat
vector bundle (that is, it admits a smooth Hermitian metric such that /—10(F) = 0). Indeed,
the vector bundle £ ® A is Nakano positive because the metric h ® h 4 satisfies

V—=10pgn, (E ® A) = idp ® V—104(A4) >Nax 0,

where h 4 is a smooth Hermitian metric on A with positive curvature. Therefore, in the case of F
being Hermitian flat, we obtain the desired conclusion from the Nakano vanishing theorem.

We now treat the general case of E' being numerically flat. Then, by Theorem 2.4, there exists
a filtration of £ by subbundles {E}}}_, that is,

OZ:EQCElC”-CEp_1CEp::E,

such that the quotient bundle Ej/Ej_; is a Hermitian flat vector bundle. The first observation
yields HY(X,Kx ® Ey/Er_1 ® A) =0 for any ¢ > 1 and 1 < k < p. Hence, we deduce

(X, Kx @ By ® A) < hM(X, Kx ® EBp_1 ® A)
by using the long exact sequence obtained from the exact sequence
0—Kx®E, 190A—Kx®FE,®A— KxQ®FE;/Ex 1A —0.
The above inequalities and the Hermitian flatness of Fq yield
MX,KxE®RA) =hM(X,KxE,®A) <h(X,Kx ® Ey®A) =0.
This is the desired conclusion. O

Proof of Proposition 2.8. For a given line bundle L on I', we take a sufficiently ample line bun-
dle B on X such that L* ® 7*B is a big line bundle on I'. First, we show that

H'T,FQL®*B*) =0
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by contradiction. Let H be a general hyperplane in the free linear system |7*A| and ¢ be a nonzero
section

te H'T,F® L ® n*B*).
Then the restriction ¢|z is a nonzero section of 7 ® L ® 7*B*|y and the restriction L* @ 7*B|g

is a big line bundle on H. By repeating this process for general hypersurfaces in |7*A|, we can
construct a smooth curve C with the following properties:

e The curve C is a complete intersection constructed by general members in |7*A|.
e The restriction t|¢ is a nonzero section of F ® L ® 7*B*|¢.
e The line bundle L* ® 7*B|¢ is still big on C' (and thus, ample on C').
Then, by Lemma 2.9 and Serre duality, we have
W(C,F® Lex*B*|c) = h'(C, Ko @ (Flo)* @ L* @ 7™ Blo) = 0.

Here, we have used the assumption that F|c is numerically flat. This contradicts the existence
of the nonzero section t|c.

We now consider a general hypersurface H in |7*B|. We have the exact sequence
0 —>FRLm*B*—FQRL—FRLlg—0

since H is general and F is torsion-free. By the above argument and the induced long exact
sequence, we obtain h%(X, F ® L) < h°(H, F ® L|g). We may assume that L* ® 7*B|y is a big
line bundle on H, and thus, by the same argument as above, we obtain

(X, FoL)<h(H,Fo Llg) <h(HNH',F® Llgnyg)
for general hypersurfaces H and H' in |7* B|. By repeating this process, we obtain

(X, FoL)<h(C,FoLlc) <A (B, F®L|s) =4 - rank F.

Here, C' is a general complete intersection of members of |7*B| and ¥ is the set of the reduced
points defined by C'N H, where H is a general hypersurface in |[7*B|. The cardinality % of ¥ is
equal to the self-intersection number of 7*B and thus depends only on B (and not on F). This
completes the proof. ]

In the rest of this subsection, we observe the following famous example (see [DPS94, Exam-
ple 1.7] for more details), which tells us that the equality in Theorem 1.2 does not hold for the
Kodaira dimension, even when X is smooth and A is the zero divisor.

Ezample 2.11. Let Y be an elliptic curve and E be the (uniquely determined) vector bundle F
on Y having the nonsplitting exact sequence

0— 0y —F— 0Oy —0.

We consider the projective space bundle ¢: X := P(E) — Y. Then, the anti-canonical divisor
—Kx is nef (but not semi-ample). Additionally, we see that

k(-Kx)=0<1=#kr(-Kyx,) and nd(-Kx)=nd(—-Kx,) =1,

where X, is a fiber of the MRC fibration ¢: X — Y. Moreover, we can show that F is numerically
flat but not Hermitian flat. In this example, the direct image sheaves V,, defined in Section 3
are calculated through

Vm = W*(_mKX/Y) = pu(—mKx) = QP*OP(E)(QWL) =S’"E.
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This example demonstrates that we actually need to treat numerically flat (not only Hermitian
flat) vector bundles.

3. Positivity of direct images of nef relative anti-canonical divisors

We first describe our setting in this section. In Section 4, we consider the special case in this
setting, namely, the case where (X, A) is (a Q-factorial model of) a klt pair with nef anti-log
canonical divisor and ¢: X --» Y is an MRC fibration of X.

Setting 3.1. Let ¢: X --» Y be an almost holomorphic map from a Q-factorial projective vari-
ety X to a smooth projective variety Y, and let m: I' — X be a resolution of its indeterminacy
locus and the singularities of X with the morphism ¢: I' — Y in the following diagram:

r u X
s/
7 1
X %/ Wb (3 )
Y.
Assume that there exists an effective Q-divisor D on I' such that
(I, D) is kIt and — m(Kp/y + D) is nef. (3.2)

In this paper, for a Q-divisor L on I', the notation m,L denotes the pushforward as Weil divisor.
This assumption is equivalent to the existence of a m-exceptional Q-divisor E” on I' such that

—(Kry + D) + E" is a nef Q-divisor . (3.3)

Let E be the largest reduced m-exceptional divisor of 7m: I' — X. Note that the exceptional
locus is divisorial since X is Q-factorial. When X is smooth, the image ¢(F) is properly contained
in Y. However, in general, it is possible that ¢(E) = ¢(E"”) =Y. We choose a sufficiently ample
line bundle A on I' so that the natural morphism

Sym?H*(Ty, Alr,) — H°(T'y, pAlr,) (3.4)
is surjective for any p € Z,, where I'y is a general fiber of p: I' = Y. Let Yy C Y be the maximal
Zariski open subset with the following properties:

e The induced morphism I'g := ¢~ (Yy) — Y; has equidimensional fibers.

e The pull-back ¢*P is not contained in E for any prime divisor P C Yj.
Remark 3.2. (1) As pointed out in [Wan20, Remark 2.4], the draft of this paper did not take
care of the Q-factoriality of X. Some conclusions in this subsection hold without assuming the Q-
factoriality of X, but their proof will be much more technical and involved. To avoid unnecessary

confusion, we assume that X is Q-factorial, but this setting is enough for our purposes. We
emphasize that the main results in this paper can be proven without this assumption.

(2) Let L be a Q-divisor on I'. Then, since X is Q-factorial, the pushforward m,L as Weil
divisor is actually Q-Cartier and satisfies

Ox(pmiL) = (7, Or(pL))*™*

for p divisible. In this paper, we interchangeably use the words “Cartier divisors,” “invertible
sheaves,” and “line bundles,” and so we simply denote the invertible sheaf Ox (pm, L) by pm, L.

Remark 3.3. For a given klt pair (X, A) with the nef anti-log canonical divisor —(Kx + A),
we take an MRC fibration ©¥: X --+ Y to a smooth variety Y and its resolution 7: I' — X
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of its indeterminacies and the singularities of X, as in the diagram (3.1). Then Setting 3.1 is
automatically satisfied except for the Q-factoriality. Indeed, from [Zha05, Main theorem] and its
proof, it follows that x(Y) = 0 and that ¢* N is m-exceptional for an effective Q-divisor N on Y
with N ~g Ky. On the other hand, we have the formula of canonical divisors

Kr + A =71"(Kx +A)+ E', (3.5)
where A’ and E’ are effective Q-divisors with no common components. By definition, the pair
(T, A’) is klt. Further, we obtain

_(KF/Y + A,) ~Q QD*N — El - W*(KX + A) .

The Q-divisors E” := E' — ¢*N (which is m-exceptional) and D := A’ satisfy the condition (3.3).

Our goal of this section is to prove Proposition 3.9 stating that appropriate direct image
sheaves satisfy a certain flatness. For this purpose, we need some preliminary results.

The first lemma, which gives a certain birational semistability of ¢: X --» Y, was proved
in [Zha05] when ¢: X --» Y is an MRC fibration. The same proof still works in our setting.

THEOREM 3.4 ([Zha05, Main theorem]). Under Setting 3.1, the following hold:

(1) Any irreducible component of w(o~ (Y \ Yp)) has codimension at least 2. In particular, any
p-exceptional divisor is w-exceptional.

(2) Let B be a prime divisor on Yy and p*B = Zj m;B; be the irreducible decomposition of the
pull-back ¢* B. If B; is a nonreduced component (that is, m; > 1), then Bj is m-exceptional.

The following lemmas also play an important role in the proof; they follow from arguments
similar to those used for [CH19, Lemmas 3.5 and 3.6].

LEMMA 3.5. Let L be a -big line bundle on I and P be a Q-divisor on Y such that L — ¢*P is
pseudo-effective. Let p € Z be an integer (which is not necessarily positive). If o, (p(Kpy+D)+L)
is a nonzero sheaf, then

ou(p(Kr)y + D)+ L+ cE") - P

is weakly positively curved on Y for c¢ divisible and large with respect to p. This means that
for any € > 0, there exists a singular Hermitian metric h. such that

V=104 (o«(p(Kr)y + D) + L+ cE")) = (0 — ewy) ®idy,

where 0 is a smooth (1,1)-form on 'Y representing c¢1(P). In particular, when L is pseudo-effective,
the direct image sheaf go*(p(Kp/y + D) + L + cE") is weakly positively curved on Y.

Proof. Let ¢ be a positive integer such that ¢(D — E”) is Cartier. From the condition (3.3), we
deduce

N := —c(Kr)y + D) 4 cE" (3.6)
is a nef line bundle. We have
p(Krjy + D)+ L+ cE" = (p+¢)(Kpyy + D)+ (N +1L).

By assumption, we can take a singular Hermitian metric A on L such that /=10y (L) > ©*0,
where 6 is a smooth (1, 1)-form on Y representing ¢ (P). The multiplier ideal sheafl'(h|py1/(p+c))
is trivial for ¢ sufficiently large (with respect to p and h). Then, by applying Theorem 2.2, we
conclude that ¢, ((p+ c)(Kryy + D)+ (N + L)) — P is weakly positively curved on Y. O
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LEMMA 3.6. Let L be a p-big line bundle on I" and m be a positive integer. Then the pushforward

1
T <L — —p*(det . (L + mE)>
T
is pseudo-effective, where r is the rank of p.(L + mFE).

Proof. Let E; C I' be the union of the nonreduced locus and the nonflat locus of p: I' = Y
(that is, the set of points y € Y at which ¢ is not flat or the fiber is nonreduced). Let T'(") be a
resolution of singularities of the r-times ¢-fiberwise product I' Xy --- xy I, equipped with the
1th directional projection pr;: '™ — T and the natural morphism ©p: I Y. Set

LU = iprfL and E) .= ipr;E.
i=1

i=1
For an effective divisor Ey supported in > ;_; prf(E), we define the line bundle L' by
L' :=L" 4+ mE" + By — of det(o,(Op(L + mE))).
The section 7 € HO(I'"), L') is obtained from the natural morphism
det 94 (Or (L +mE)) — (¢r)x(Ope (L") + mE™ + Ey)). (3.7)

The restriction of (3.7) to a general point y € Y is nonzero, and thus 7 is a nontrivial section.
Hence L' is an effective line bundle.

By the assumption (3.2), there exists a (not necessarily effective) divisor Es3 supported
in >0, prr(E; + E) such that

—Kroyy — A" 4 Esis nef, where A" = ZPT?D'
i=1

Using [Caol9, Proposition 2.10], we can take an ample line bundle Ay on Y such that the
restriction morphism

H (1", pg (K jy + A) + pg(= Ky jy — A + E3) + pL’ + g Ay)
— H(TY), pgEs + pL' + ¢} Ay)

is surjective for any p € Z; and for ¢ sufficiently large (with respect to p), where I‘g(f) is a general

fiber of ¢,: I'™ — Y. We consider the restriction of the above morphism to the diagonal of T'(")
(which is well defined only on I' \ £} but can be extended to I' by adding a divisor supported
in Ep). Then, we choose an effective divisor F), ;, (depending on p and ¢) supported in £ U E;
such that
HO(T,prL — po* det(x(Or(L + mE))) + ¢* Ay + Fpq)
— HY(Ty, prL — pp* det(o4(Or(L + mE))) + ¢* Ay + F, ) = H*(Ty,prL + F, )
is surjective. The right-hand side is nontrivial because [}, 4 is effective and L is p-effective. Hence,
by surjectivity,
prL — pp” det(pu(Or(L + mE))) + ¢" Ay + Fp 4

is an effective line bundle. The divisor F,, is contained in £ U Ej, and thus w(F},) has codi-
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mension at least 2 by Theorem 3.4. Therefore, its pushforward
1 1
(L= ¢ det(o (On(L + mBN) + Lt Ay + 15 )

1
= (7L = " Qe Or (L4 mE)) + 14
is Q-effective on X. The lemma is proved by letting p — +o0. O

The following proposition, which is also a key result, follows from Lemmas 3.5 and 3.6.

PROPOSITION 3.7. Let A be the ample line bundle on I' chosen in Setting 3.1. There exist integers
mo, my € Z4 satisfying the following:

(1) The rank of p.(pA+ mE) is independent of m when m > pmy.
(2) The natural morphism

det s (pA + mE) — det pi(pA + (m + 1)F) (3.8)
is isomorphic over Yy when m > m,,. In particular, we have
T det(px(pA + mE)) = mop* det(pu(pA + (m + 1)E)).
(3) Fix m, with point (2). We define the Q-divisor A on T' by

1
o* det p (A +myE),

mo

A::A—FmpE—

where ry,, := rank ¢, (A + m,E) = rank ¢, (A + moFE). Then we have
mper(pa(pPA+ E)) =0
for any effective m-exceptional divisor E.

Remark 3.8. Note that pA is a Cartier divisor for p divisible. Even if p is not divisible, the direct
image sheaf is well defined as a true direct image sheaf tensoring with a Q-line bundle:

P (det (A +moE))*.

mo

ox(PA+E) =0, (pA+ meE+ E) ® .
Hence the determinant bundle and the first Chern class can also be defined.

Proof of Proposition 3.7. We first prove point (1). Since X is Q-factorial, the ample line bundle A
can be written as A = 7*B — G for some ample line bundle B on X and some effective -
exceptional divisor G. Let mg be an integer such that moE — G is effective. Then mE — pG is
effective for any m > pmy, as follows from mFE — pG > p(moFE — G) > 0. For a general point
y € Y, the restriction 7: I'y — X, is a birational morphism and its exceptional divisor is E|r,.
This implies that

H(Ty,pA+mE) = H'(T, 7*(pB) + mE — pG) = H*(Ty, 7 (pB))

for any m > pmg. Hence the rank is constant.

We now prove point (2) by contradiction. In the proof, we consider only m with m > pmy.
The rank of ¢, (pA+ mkE) is constant, and thus the morphism (3.8) is well defined. Further, the
line bundle

det oy (pA + (m + 1)E) — det o (pA + mE)
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is effective. If the morphism (3.8) is not an isomorphism over Yj for infinitely many m € Z,., we
can find a sequence {a;}7°, and an effective divisor Dy, with Dy NYy # 0 such that

det pu(pA+ (ax + 1)E) > det ox(pA + arE) + [Dy] .
On the other hand, by applying Lemma 3.6 to L := pA, we obtain

1
T (pA) = r—w*go* det o (pA + mE),
p

where 7, is the rank of p,(pA + mE). These yield

rpma(pA) 2 mep* det i (pA + pmo E) +pr [Dy] .
k=1

The pushforward m,*[Dy] is an effective nonzero divisor by the relation Dy NYy # 0 (see the
definition of Yp). This gives a contradiction.

We finally prove point (3). By the construction of A, we have det ¢, (fl) = 0. From point (2),
we deduce that

det @, (A +mpE + E) — det (A +myE)
is an isomorphism on Y. Here we have used that m, > mg. This implies that

mep* det (cp*(A + E)) = 0" det oy (A) =0. (3.9)

We now show that m,p* det ¢, (pfl + E) is pseudo-effective. By applying Lemma 3.6 to the
¢-big line bundle A + m,E, we can find an effective m-exceptional divisor F' such that A+ Fis
pseudo-effective. By applying Lemma 3.5 to p(A + F ) + E, we see that

go*(p(;l + F) + E+ cpE//)

is weakly positively curved for ¢, sufficiently large. Therefore, its determinant bundle is pseudo-
effective. Using point (2), we obtain

o™ det @y (pfl +pF + E + cpE") = mep* det o, (pfl + E)
since pF + ¢, E" is m-exceptional. We conclude that m.¢* det ¢, (pfl + E) is pseudo-effective.

We finally prove that —ﬂ*cp* det (go* (pA + E)) is pseudo-effective. Applying Lemma 3.6 to
the ¢-big line bundle pA + E, we can find an effective m-exceptional divisor F’ such that

1
pA+E+ F — *detgo*(pA+E)
Tp

is pseudo-effective, where 7, is the rank of ¢, (pfl + E’) We may assume that (1/p) (E + F' )
is a Cartier divisor on I' by choosing the coefficients of F’ to be large and divisible. Applying
Lemma 3.6 to

L::fl—l—l(]_:?—i—F’) and P::idetgo*(pfl—kf?),
p prp
we see that

<A—|— (E+F) . go*detgp*(pfi—i-E))
P

is pseudo-effective. By taking m,p*c1 (o), together with (3.9), we obtain

0= m*cy (tp* <A + = , (E+F )>> ;ﬂﬂ*so*q(so*(p[l +E)),
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where the above inequality means that the difference is pseudo-effective. This completes the
proof. ]

The following proposition, which is obtained from the above results, is the main result of this
section.

PROPOSITION 3.9. Let A be the Q-divisor defined in Proposition 3.7. Then, there exists an effec-
tive m-exceptional divisor F' satisfying the following: For any divisible m € 7Z and p € Z.., for
sufficiently large cp, , > 0, the direct image sheaf

Vm,p = W*(—m(KF/Y + D) + cm,pE” + p(lzi -+ F))
is weakly positively curved and satisfies m,p*c1(Vm,p) = 0.
Proof. By Lemma 3.6, there exists an effective m-exceptional divisor F' such that A+ F is pseudo-
effective (and it is also ¢-big), and so Lemma 3.5 implies that V,, , is weakly positively curved

for ¢, sufficiently large. In particular, its first Chern class ¢i (Vi) is pseudo-effective on Y.
Hence, it is sufficient for the proof to show that —m.*ci (Vi p) is pseudo-effective.

Using Lemma 3.6 again, we can take an effective m-exceptional divisor G such that

) 1
L= —m(Kr)y + D)+ empE" +p(A+ F) + G — —— - ¢" det Vmy

m’p

is pseudo-effective, where 7y, , is the rank of V,, ,. Applying Lemma 3.5 to L, we see that
det (cp*(m(Kp/y + D)+ dpmp B + L))

is pseudo-effective for d,, , sufficiently large. This is equivalent to saying that

det (cp*((cmm + dmm)E" + p(fl + F) + G)) — Tr—p det(Vm.p)

m7p

is pseudo-effective on Y. From point (3) in Proposition 3.7, it follows that
" e1(pu((emp + dmp) B +p(A+ F) +G)) = 0.
Therefore, —m,p*c1(Vm,p) is pseudo-effective on X. This completes the proof. O

4. Structure of rationally connected fibrations

4.1 Proof of Theorem 1.2

We first prove the inequality nd(—(Kx + A)) > nd(—(Kx, + Ax,)) by proving the following
extension theorem from a general fiber X, to the ambient space X.

PROPOSITION 4.1. Let (X, A) be a projective kIt pair such that —(Kx+A) is nef. Let ¢: X --» Y
be an almost holomorphic map to a smooth projective variety Y. Then, there exists an ample
line bundle B on X such that the restriction map to a general fiber X, of v, that is,

HY(X,—m(Kx + A) + B) — H'(X,, —-m(Kx, + Ax,) + Blx,) ,

is surjective for any m > 1 with m(Kx + A) Cartier.

In particular, we have
nd(—(Kx +A)) > nd(—(Kx, + Ax,))
for a general fiber X, of an MRC fibration ¢: X --»Y of X.
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Remark 4.2. Proposition 4.1 can be proved for (not necessarily MRC) almost holomorphic maps.
However, the proof of Theorem 1.3 requires the assumption that ¢: X --+ Y is an MRC fibration.
The equality on the numerical dimension was recently shown for an algebraic fiber space X — Y
with the nef relative anti-canonical divisor —Kx/y (see [EIM20]).

Proof of Proposition 4.1. Throughout the proof, let L be the Q-Cartier divisor defined by L :=
—(Kx + A) and m be a positive integer such that mL = —m(Kx + A) is a Cartier divisor.
We take a log resolution 7m: I' — X of (X,A) that induces a resolution ¢: I' — Y of the
indeterminacy locus Z of v, as in the commutative diagram (3.1). Note that a general fiber
X, of ¢ is compact because 1) is an almost holomorphic map. For a general fiber X, of v, the
inverse image Iy := W_I(Xy) is also a general fiber of ¢, and thus Iy is a smooth subvariety in I
Further, a general fiber I'; is not contained in the exceptional divisor E of 7. Then, we obtain
the commutative diagram

+F

o

HOY(X,mL + B) - HO(D, 7*(mL + B))

o

HO(T,7*(mL + B) + F)

(mlry ) +FIr,

H°(X,,(mL+ B)|x,) HO(Ty,7*(mL + B)|r,)

HO(Ty,7*(mL + B) + F|r,)

for any ample line bundle B and any effective m-exceptional divisor F' on I'. The horizontal maps
on the bottom line are injective, and thus it is sufficient for the proof to find an ample line
bundle B on X and an effective m-exceptional divisor F' on I' such that the rightmost vertical
map is surjective.
We have the formula of canonical divisors
Kr+A'=7"(Kx +A)+ FE,

where A’ and E’ are the effective divisors with no common components. The support of A’ + E’
is normal crossing because 7 is a log resolution of (X, A), and we also have |A’| = 0 because
(X,A) has at most kit singularities. Then, for the effective m-exceptional divisor F' := [E'],
we can easily check that

F':= F — E' is an effective Q-divisor and [A’'+ F'| =0.
In contrast, from the above formula, we have
7*(mL+2B)+ F = Kpr +7*(mL +2B) + F — Kt
=Kr+7((m+1)L+ B)+ (*B+ A"+ F').
We now construct a quasi-psh function g on I' and a smooth Hermitian metric h on 7* B with
the following properties:

e We have /—10,,(7*B) + (1 + §)dd°p > 0 for any 0 < § < 1.

e The function g can be written as mlog (Y12, ||*) modulo the addition of smooth functions
on a neighborhood of a point in I'y, where (21, 22, ..., 2,) are the local coordinates of I" such
that 'y = {z1 = 20 = --- = 2, = 0}. Here, n:= dim X and m :=dimY".

If h and p can be constructed with the above properties, then the singular Hermitian metric
H := gyhhari g on the line bundle 7*((m + 1)L + B) + ("B + A’ + F')

satisfies
V=10 (r*(m+ 1)L+ B)+ (m*B+ A"+ F")) + (1 + 8)dd°p > 0
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for any 0 < § < 1. Here, g, is a smooth Hermitian metric (obtained from the nefness of L) on the
line bundle 7*((m + 1)L + B) with semi-positive curvature and hasy s is the singular Hermitian
metric induced by the effective divisor A’ + F’. Then, by the extension theorem in [CDM17], the
induced morphism

HO(T, Op(7*(mL +2B) + F) @ Z(H))
— H(I, Op(7*(mL +2B) + F) ® I(H)/Z(He "))
is surjective. Further, from the condition on the singularities of p, we see that
I(H)=Or and ZI(He ?)=1Ip, on aneighborhood of I'
because A’ + F’ is a normal crossing Q-divisor with |A’ + F'| = 0 and a general fiber T’

transversely intersects A’ 4+ F’. This leads to the desired conclusion.

For the construction of h and p, we consider a very ample line bundle Ay on Y and sections
{5}, of Ay such that the common zero locus of {s;}™ is the disjoint union of N points {y; }}¥,
whose fibers do not intersect the indeterminacy locus Z of 1. Here, N is the self-intersection
number of Ay. The disjoint union of the fibers F; := ¢~!(y;) is contained in the zero locus
of the section t; := 1)*s; of the reflexive sheaf (m,p* Ay )**. For a smooth Hermitian metric g, the
quasi-psh function p on X defined by

m
pi= mlogz \tz"?]
i=1

satisfies (1 + 0)dd®p > —C+/—10, for some constant C' > 0. Therefore, we may assume that B
admits a smooth Hermitian metric g such that

V=160, (B) + (1+ 6)ddp > 0

by replacing B with a positive multiple of B (if necessary), because B is an ample line bundle
on X. Strictly speaking, we need to deal with Hermitian metrics on complex spaces because X
may not be smooth. However, it is not difficult to check that the above argument still works
when X has singularities. Indeed, the line bundle B determines the embedding of X into the
projective space P(|B|). In this case, the quasi-psh function p and the metric gp can be obtained
from the restriction to X of p and gp constructed on P(|B|). Then, it is easy to see that h := 7*gp
and p := 7*p satisfy the desired properties.
In the rest of this subsection, we prove the converse inequality

nd(—(Kx +4A)) <nd(—(Kx, +Ax,))

by using Propositions 2.8 and 3.9. We first consider the case where X is Q-factorial. In this case,
the assumptions in Setting 3.1 are automatically satisfied by setting D := A’ and E” := E'—p*N
(see Remark 3.3). Recall that N is an effective Q-divisor with N ~g Ky and that ¢*N and E’
are contained in the m-exceptional divisor E. Let us consider the sheaf W,, ;, defined by

Wi p = ¢« <—m7r*(KX +A) + (emp —m)E + p(A+muE + F)

— Lgp* det o, (A + mpE)>

T'mo
and the reflexive hull (¢* Wi, p)**.

We show that (¢*W,, p)** satisfies the assumptions of Proposition 2.8. Let C' be a general
curve constructed by a complete intersection, as in Proposition 2.8. By construction, the curve C
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does not intersect E. In particular, the curve C is contained in I'g := ¢~ !(Yy) and does not
intersect ©*N. We can easily check that

Vinp = @*(—m(Kp/y + A/) + Cm,p(E/ — (p*N) —}—p(A + F))

= ¥x <_m7f*(KX +A) + (m = emp)™N + (emp — m)E'

+p(A+m,E+ F) —
— Winp @ Oy (m = emp)N)

b p*det p, (A + mpE)>

mo

by the formula (3.5) and the definitions of Vy,, and A (see Propositions 3.7 and 3.9). Note
that ©*Vinp and W, , are reflexive on I'g since ¢: I' — Y is flat over Y. By the equality
Tep*c1(Vmp) = 0, we obtain ¢1(¢*Vp, p|c) = 0. Here we have used that C' is contained in I'g. This
implies that ¢1(@* W plc) = 0 since C does not intersect ¢*N. On the other hand, the sheaf V,, ;,
is weakly positively curved, hence so is Wy, , because (¢, , —m)N is effective by the inequality
Cmp = m. Hence, since C' a general curve, the restriction ¢*W, p|c is also weakly positively
curved. Therefore, we can conclude that (¢*W,, ,)**|c is numerically flat by Proposition 2.6.

By Proposition 2.8, we can find a constant C' (independent of m) such that

ho (Y, Winp @ ri det ¢, (A + moE)> < hY (F, (O Winp)™* @ -2 0% det i, (A + moE)>

mo Tmgo

< C-rank Wy, p = O(mnd(_(KXyJFAXy))).

On the other hand, the left-hand side can be computed using the definition of a direct image
sheaf. Indeed, from the definition of the numerical dimension, we can see that

ho <Y Winp ® —— det o, (A + moE)>

T'mo
= (T, —ma*(Kx + A) + (¢mp — m)E' + p(A+myE + F))
= WX, —m(Kx + A) + 7, A)
~ O(mnd(—(KerA)))

for ¢ p > m > 0. Here, we have used the fact that N, E', and E are m-exceptional.

Finally, we consider the case where X is not Q-factorial. In this case, following [BCHM10],
we take a Q-factorial terminal model f: (X', A’) — (X, A) such that Kx/ + A’ = f*(Kx + A).
Then we have

nd(—(Kx +A)) = nd(=(Kx: + A")) and  nd(—(Kx, + Ax,)) = nd(~(Kx; + Ax,)),

where X?’J is a general fiber of the composition map X’ — X --s Y. Therefore, the desired
conclusion follows from the case of Q-factorial varieties. O

4.2 MRC fibrations of klt pairs (X, A) with smooth X

In this subsection, we prove the following result, which can be seen as a generalization of [CH19,
Theorem 1.2].

THEOREM 4.3. Under Setting 3.1, we further assume that X is smooth and that ¢¥: X --» Y is
an MRC fibration. Then, there exist subbundles Vi and V5 of the tangent bundle T'x of X such
that Txy = V1 & Vo and V; = W*Tr/y.
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In particular, by [Hor07, Corollary 2.11], we can choose an MRC fibration ¢: X — Y to be
(holomorphic and) locally trivial; namely, for any small (Euclidian) open set U C Y, there is a
p: v 1 (U) 2 U x F that commutes with the fibrations

v HU) i UxF

X« pry

U,

where F' is the fiber of .

Remark 4.4. The main difference between Theorem 4.3 and [CH19, Theorem 1.2] is that, here, X
is not necessarily simply connected. The sheaves V,, , on Y in Proposition 3.9 are weakly pos-
itively curved and satisfy m,¢*c1(Vmp) = 0. If X is simply connected, it follows that V,,, is
a trivial vector bundle over Y, and then ¢: I' — Y is birational to a product. In the case
where X is not simply connected, the argument is more involved.

Proof of Theorem 4.3. We consider the direct image sheaf V), defined by
Vp = Vop = ¢x(copE” "‘p(‘Zl +F)),

where A is the Q-divisor defined in Proposition 3.7. The sheaf ™V is weakly positively
curved and satisfies ¢ (m.¢*V,) = 0 by Proposition 3.9. Hence, by Proposition 2.6, the reflexive
hull (m,*V,)** is a numerically flat vector bundle on X. In particular, it comes equipped with
a holomorphic flat connection. The morphism ¢: I' — Y is flat over Yy (see the definition of Yjy),
and so the pull-back ¢*V), is reflexive on I'g := ¢ 1(Y). Hence we have

©*Vp = (M Vp)* on Ty \ E,

and thus there exists a flat connection V of ¢*V, on I'g \ E.

Our goal is to show that the flat connection V induces the flatness of V, on Y except for a
subvariety of codimension at least 2. The problem is local in Y}, and thus we assume that Yj is a
sufficiently small open set. Further, we can assume that V), is locally free over Y after removing
a subvariety of codimension at least 2. Let Vy be the Chern connection of ¢*V), associated with
the Hermitian metric H := ¢*h, where h is a Hermitian metric on V,. Let

Mpy € CTy(To, End(¢*V,)) and M € CTy(To \ E, End(¢*V,))
be the connection forms of Vg and V, respectively. Then, we have
V=Vug+M-Myg onTy\¢ '(p(E)).

It follows from H = ¢*h that Vg and My can be obtained from the pull-backs.

We first show that the connection form M descends to a Zariski open set in Yy \ ¢(E).
Note that ¢(F) is properly contained in Yj since X is smooth. For this purpose, we fix a local
frame of V, and consider the frame of ¢*V), induced by its pull-back. Then, with respect to
these trivializations of V, and ¢*V,, the connection form M can be regarded as a matrix of the
(1,0)-forms M;;. The connection form M satisfies

AM +MAM =0 (4.1)

because V is a flat connection. The (1,1)-part of the left-hand side is M because M is of
(1,0)-type. This implies that M;; is a holomorphic 1-form on I'g \ E.
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Let Y7 be a nonempty Zariski open set in Yy \ ¢(FE) consisting of the points y whose
fiber I'y is smooth and rationally connected. The fiber I'y, at y € Y7 has no holomorphic
form as it is a rationally connected manifold, and thus the restriction Mj;|r, should be identi-
cally zero. This implies that there exist holomorphic 1-forms 7;; on Y7 such that M;; = ¢*n;;
holds.

The remaining problem is to extend 7;; to a holomorphic 1-form on Y (except for a subvariety
of codimension at least 2). Let P be a divisorial component of (Y7 \ Yo) U ¢(FE) on Yp. It suffices
to show that 7;; can be extended through a general point in P. For a general point y € P, we
can find a point € I'y such that ¢ E and ¢: X — Y is smooth at z, by Theorem 3.4(2).
There exists a local section of ¢: I' = Y from a neighborhood of y to one of x. By pulling back
M;; = ¢*n;; with this local section, we see that 7;; is bounded on a neighborhood of y, which can
be extended by the Riemann extension theorem. Here we have used that M;; is defined on I'y \ E
(and not only on T'y := ¢~1(Y¥7)). Hence M = ¢*[n;;] holds outside a subvariety of codimension at
least 2. For the Chern connection Vj, of (Vp|y,, h), we can easily check that Vj, + [;;] determines
a flat connection of V.

By the above argument, our situation is the same as in [CH19, Section 3.C|; namely, V, =
@x(copE +p(A+ F)) is flat on Yy. Note that the m-exceptional divisor E (and thus E” and F) is
not dominant over Y since X is smooth. Following the same argument as in [CH19, Section 3.C],
we see that the flat connection of V), on Yj induces a birational morphism from ¢: I'y — Y to
a locally trivial fibration, and the birational morphism does not contract any non-m-exceptional
divisors on I'y. This induces a splitting Tx = V3 &V, on X \ S for some subvariety S of codimen-
sion at least 2. As X is smooth, the splitting can be extended to the total space. This finishes
the proof. O

4.3 Proof of Theorem 1.3

Theorem 4.3 allows us to take a locally trivial MRC fibration ¢: X — Y to a smooth projective
variety Y. Hence m: I' — X in Setting 3.1 can be chosen as the identity map of X.

We first show that ¢;(Y) = 0 and A is ¢-horizontal. Let A = A" 4 Avert be the decompo-
sition of A into the vertical part AVe™ and the horizontal part AP, Then, we have

_Avert _ w*KY — KX/Y . (KX —I—A) _'_Ahor.

The restriction of Ky/y — (Kx +A)+ AP°T to a general fiber of 1) is effective. Hence, by [BP0S],
we see that — AV —)* Ky is pseudo-effective. However, as Y is the base of MRC fibrations, the
variety Y is not uniruled by [GHS03], and thus Ky is pseudo-effective by [BDPP13]. As a con-
sequence, we see that AV = 0 and ¢1(Y) = 0.

Finally, we prove that the identification p: ¢~ 1(U) = U x F in Theorem 4.3 also identifies
the boundary A by applying Proposition 2.7. In our situation, the Q-divisor A constructed
in Proposition 3.7 can be written as

~ 1

A=A— —y*detihA.

T'mo
Further, A is pseudo-effective and 1, (pA) is numerically flat for any p € Z,..

Let A = Y a;A; be the irreducible decomposition. We now prove that v, (qA; + pA) is
a numerically flat vector bundle on Y for any divisible p,q € Z, and any i. By Lemma 3.5,
the direct image ¥ (qA; + pA) is weakly positively curved. It suffices to show that ¢;(P) = 0
by Proposition 2.6, where P is the line bundle defined by P := det (w* (in + pfl)) Note that P
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is pseudo-effective. By applying Lemma 3.6 to ¢A; + p[l, we see that
-1
L :=qA; + pA— —¢*P
r

is pseudo-effective, where r is the rank of 1,(qA; + p[l). Note that L is v-big by definition.
Applying Theorem 2.2 to m > p and the form

- 1
pA — ;T/)*P =mKxy —m(Kx/y +A) + (mA —qA;) + L,
we see that ¥, (pA — (1/r)y* P) is weakly positively curved. This implies that
- r
(s (pA) ~ Zes(P)

is pseudo-effective, where r, is the rank of w*(pfl). This implies that ¢;(P) = 0 because
1 (1/1* (p;l)) = 0 by Proposition 3.7. Then, by applying Proposition 2.7, Theorem 1.3 is pro-
ved.

5. Structure of slope rationally connected quotients

5.1 Orbifold surfaces with nef anti-canonical divisor

This section is devoted to the proof of Conjecture 1.5 for projective surfaces. Theorem 1.6 can
be derived from Theorems 5.1 and 5.3.

THEOREM 5.1. Let (S, D) be a log smooth klt pair such that S is a surface and —(Kg + D) is
nef. Then, there exists an orbifold morphism p: (S, D) — (R, Dg) onto the orbifold base (R, DR)
with the following properties:

(1) The pair (R, DR) is a kIt pair such that R is smooth and ¢;(Kr+ Dr) = 0.
(2) The general orbifold fibers (Sy, D,) are sRC.
(3) The morphism p is locally trivial with respect to pairs; namely, for any small (Euclidean)
open set U C R, there is an isomorphism
(p~'(U), D) = (U, Dglv) x (Sr, Dls,)
over U C R. Here S, is a general fiber of p.

In particular, Conjecture 1.5 is true in the 2-dimensional case.

Remark 5.2. Example 5.10 at the end of this subsection shows that the conclusion of Conjec-
ture 1.5 fails for (non-klt) lc pairs.

Proof of Theorem 5.1. We first consider the case where h'(S, Og) # 0. In this case, the surface S
is not rationally connected. Hence, by applying Theorem 1.3, we can find a locally trivial MRC
fibration ¥: S — Y onto a smooth manifold Y such that ¢;(Y) = 0 and dimY > 0. Notice,
however, that the arguments of the proof of Theorem 5.3 below also apply in a simpler way when
h(S,Os) > 0 and permit us to obtain the conclusion without using Theorem 1.3.

If dimY = 2, the sRC quotient of S coincides with the MRC fibration. Indeed, in this case,
the surface S is not uniruled, and thus the canonical divisor Kg is pseudo-effective. Hence, we
see that —D = —(Kg + D) + Kg is pseudo-effective. This implies that D = 0, and thus the
identity map of S is the sRC quotient.
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If dimY = 1, all the fibers F of 1 are copies of P1. If —deg(Kg + D)|r > 0, we have
2 —deg D|p = —deg(Kr + D|p) = —deg(Ks+ D)|r > 0.
Then, all the fibers are sRC. Hence, the MRC fibration v itself gives the sRC quotient and

satisfies all the conditions of the theorem.

If —deg(Kg+ D)|p =0, then —(Kg+ D) is numerically equivalent to aF" because ¢): S — Y
is locally trivial. Note that a > 0 since —(Kg + D) is nef.

In the case where a > 0, the pair (S, D + 0F) is still a kit pair with nef anti-log canonical
divisor for sufficiently small § > 0. By Theorem 1.3, the boundary divisor D + §F should be
horizontal with respect to the MRC fibration, which gives a contradiction. Hence we obtain ¢ = 0
(that is, —(Kg + D) is numerically trivial). Then, the identity map of S gives the sRC quotient
and satisfies all the conditions of the theorem.

Let us consider the remaining case where h!(S, Og) = 0. Then we can obtain a more precise
decomposition in the following form. Theorem 5.3 completes the proof of Theorem 5.1. O

The remainder of this subsection is devoted to the proof of the following theorem.

THEOREM 5.3. Let (S, D) be a log smooth klt pair such that S is a compact Kéhler surface and
—(Kg + D) is nef. We assume h'(S,Og) = 0 and that (S, D) is not sRC. Then, the pair (S, D)
is a product with respect to klt pairs (B, Dg) and (P!, Dp1):
(S7 D) = (BvDB) X (P17D]P’1) ;

that is, S = B x P! and D = p*Dp + ¢*Dp1.

Proof. By applying [Cam17, Theorem 1.5] (see also Theorem 1.4) to (.S, D), we obtain a birational
orbifold morphism g: (S’, D’) — (S, D) with the following properties:

(1) We have g,D" = D.

(2) The surface S’ is smooth and (S, D' = D + A’) is klt.

(3) We have ¢*(Ks + D) = Kg» + D + A’ — E*.
Here D is the strict transform of D, and A’ and E® are effective g-exceptional Q-divisors with

no common components. Moreover, we can take an orbifold morphism f: (S, D") — (B, Dp)
satisfying the following commutative diagram:

(8",D") < (S,D)

x L7 fog~!

(B,Dp).
In contrast, from [Cam17, Corollary 10.4] and the assumption of nefness, we obtain
Cl(KB—l-DB):O. (5.1)

Therefore, there are two possibilities: either B = P! with deg Dg = 2, or B is an elliptic curve
with Dg = 0. This second case is excluded by the assumption h'(S, Og) = 0. The proof of the

theorem consists of the following steps:

1.

Step 1. Using Lemma 5.4, we show that the rational map fog : S5 --+ B is actually

holomorphic. We may then assume g = idg, S’ = S, and D’ = D.
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Then, f: S — B, which is a (not necessarily minimal) ruled surface, can be factorized into
a sequence of blow-downs ¢g: S — P and a P!-bundle h: P — B. Here P is a smooth surface and
f = hogholds (see the following diagram). We define the divisor Dp on P by Dp := g, D.

(S, D) ? (P, Dp)

Step 2. Using Lemma 5.5, we show that —(Kp + Dp) is nef.

Step 3. Using Lemma 5.7, we show that (P, Dp) is a product of (B, Dp) and (Pl, DPI), as in
the statement of Theorem 5.3. Here Dp1 is the restriction of Dp to a general fiber of h: P — B.

Step 4. Using Lemma 5.9, we show that ¢ = idp and S = P. O

Let us prove the four lemmas mentioned in these steps, using the same notation as above.

1

LEMMA 5.4. In the same situation as above, the rational map f o g~ is a holomorphic map

(without indeterminacy locus).

Proof. We assume that the indeterminacy locus of f o ¢g~! is nonempty. Then, we can choose

a g-exceptional component E = P! of either E® or A’ such that f(F) = B. Recall that the
support of D + A’ + E*® is simple normal crossing and that the coefficients of D lie in [0,1). The
divisor E, being g-exceptional, meets at most two other components of D, each of which has
a coefficient in [0,1). Hence, in the first case (that is, E C E*®), see that deg(Kg + D|g) < 0. In
the second case (that is, E C A’), we set D" := D — cE, where ¢ € [0,1) is the coefficient of E
in D. Then, we have deg(Kg + D"|g) < 0 for the same reason.

Let us now consider the case where E C A’. As B is a curve, there are no f-exceptional
divisors on S’. Further, (B, Dp) is the orbifold base of (S’, D) and FE is f-horizontal. Hence,
the natural maps (S’,D') — (B, Dp) and (S,D") — (B, Dp) are orbifold morphisms with the
same orbifold base. By considering the restriction of f to E, we obtain the orbifold morphism
m: (E,D") — (B, Dp, ) with the orbifold divisor Dp . The divisor E is f-horizontal, and all
components of D" transversely intersect E. Further, we can take a fiber Fy, := f~1(b) of b € B
that intersects F, and thus we have

cp(Fy) - epr(Fy) 2 cpp (Fy)
where cp(Fy) (respectively, cpr(Fy), cpy(Fp)) is the multiplicity of F' in f*(b) (respectively, D',
Dpg). Then, we obtain Dp g > Dp from the above inequality.

As E and B have the same dimension (1), we find that m*(Kp + Dp g) < (Kg + D"|g) and
thus obtain

0 = deg(m*(Kp + Dg)) < deg(m*(Kp + Dp g)) < deg(Kg + D"|g) < 0.

This gives a contradiction.

For the remaining case (that is, E C E*®), the same argument works when applied to Kg+D'|g
(instead of K + D"|g). This concludes the proof of the lemma. O

LEMMA 5.5. Let (S,D) be an arbitrary orbifold pair such that S is a smooth surface and
—(Kgs+ D) is nef. Let g: S — T be the contraction of a (—1)-curve of S. Then, —(Kr + Dr),
where Dy := g, D, is nef. In particular, the divisor —(Kp + Dp) is nef in the above situation.
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Proof. By assumption, we have Kg + D = ¢*(Kp + Dr) + {E for some ¢ € Q. Then, /¢ is
nonnegative since 0 < —(Kg + D) - E = —( - E? = (. Therefore, we see that —g*(Kr + Dr) =
—(Kgs + Dg) + LE is nef by the projection formula. This leads to the lemma. O

Remark 5.6. Even in the case where h'(S,Og) # 0, Lemma 5.4 is true, and its proof is much
easier. Further, Lemmas 5.4 and 5.5 are true in more general situations: Lemma 5.4 holds for
any klt surface pair, and Lemma 5.5 holds for any K-negative contractions by the “negativity
lemma.”

LEMMA 5.7. Let h: P — B be a P'-bundle over a smooth curve B = P'. Let Dp be a (not
necessarily snc-supported) klt orbifold divisor on P with —(Kp+ Dp) nef and Dp be the divisor
on B that gives the orbifold base of (P, Dp). Then, (P, Dp) is isomorphic to the product orbifold
(B,Dg) x (P!, Dp1).

Proof. We may assume that P is the Hirzebruch surface F,, containing a section C C P = F,,
satisfying C? = —m, where m > 0. The divisor Dp can be decomposed into the vertical part Dyt
and the horizontal part D?Jor. Then, we have

DF™ =p*Dp and DT =aC + ZajHj ,
J

where a and the a; are positive rational numbers and the H; are distinct irreducible curves. It
follows from H; - C' > 0 that each H; is numerically equivalent to d;(C + b;F') for some rational
number b; > m; we denote this equivalence by

Hj Edj(c—i—bjF),

where F' is a general fiber of h: P — B and d; is the positive integer defined by the intersection
number d; := H; - F'. Then, we have

—(Kp+Dp)=2C+ (m+2)F — 2F — <a0+2ajdj(0+bjF)>.
J

By computing the intersection of —(Kp + Dp) with C, we obtain

0< —(Kp—i-Dp)-CZ —m + (a—f—Zajdj)m—Zajbjdj

j J
= —m+am+Zajdj-(m—bj).
J
This implies that m = 0 because b; > m and a < 1 (which comes from the klt condition).

Therefore, we conclude that P = Fy = P! x P!. Further, we see that bj = 0, and thus H; = C
for any j. O

Remark 5.8. In the case where B is an elliptic curve, the previous computation shows that either
(P,Dp) is a product, or P is the “non-decomposable” ruled surface over B with minimal self-
intersection curve C such that C? = 0 or C? = 1. Further, if C? = 0, we see that Dp = 0 by the
same argument.

In our situation, the canonical divisor (Kp + Dp) is numerically trivial (see (5.1)), by the
argument in the proof of Theorem 5.3. Hence, B = P! with deg Dg = 2, or B is an elliptic curve
with Dp = 0. The latter case contradicts the assumption 0 = h'(S, Og) = h'(P, Op). Hence, it
is sufficient to consider the former case B = P! for the proof of Theorem 5.3.
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LEMMA 5.9. Let (P,Dp) be a product orbifold (B, Dp) x (P!, Dp1), where both factors are klt
orbifold curves with deg(Kp + Dp) = 0. Let (S, D) be a kIt pair such that S is smooth and
—(Kg+ D) isnef. If g: (S,D) — (P, Dp) is a birational orbifold morphism satisfying Dp = g, D
and (B, Dp) is the orbifold base of g o p, then we have S = P, g =idp, and D = Dp.

Proof. The birational morphism g is the composition of blow-ups of points, and thus, by Lem-
ma 5.5, it is sufficient to prove the lemma when g is the blow-up g: S — P = B x P! at one
point 7 € P. We have a commutative diagram

(S, D) (P,Dp)

pog /

(B,Dp).

Let E be the exceptional divisor of g: S —+ P = B x P! at r € P. Let F' (respectively, C’) be
the strict transform in S of the fiber F' (respectively, C') of p (respectively, ¢) passing through
the blow-up center r, where p (respectively, q) is the first (respectively, second) projection of the
product B x F. Further, let mp € [1,00] (respectively, m¢g € [1,00]) be the multiplicity of F
(respectively, C') in Dp.

By assumption, the divisor Dp can be obtained from the sum of the pull-backs of Dg and

Dp1, and thus we have
1 1
Dp=r+ (1= )P (1- 0 )c,
mpg me

where I is the effective divisor whose support does not contain the point r. We remark that the
case where mp = 1 (respectively, mc = 1) corresponds to the case where r does not lie in the
vertical divisor D}™ (respectively, in the horizontal divisor D;‘jor). On the other hand, when we
define § as the intersection number § := D%‘“ - F, we have

Dp = p* (D) + ¢*(Dp) = 2F + 6C

by the equality deg(Kp + Dp) = 0.

We now compute the numerical class of —(Kg + D) in H%'(S,Q), which is spanned over Q
by the numerical classes of F ' C', and E. When we define D as the strict transform of Dp,
we have Kg+ D = Kg+ D + sE for some 1 > s > 0. A straightforward computation yields

Ks=-2(F'+FE)-2(C'"+E)+ E=—(2F +2C' +3E),

D=2(F' +E)+46C'+E) - <(1—1)E+ (1—1>E) =2F' +6C" + (6+ p)E,

mp mc
where p := (1/mp 4+ 1/m¢). Hence we obtain
—(Ks+D)=2-8)C"+B3—-(0+p+9)E.
By using the equalities C"? = E2 = —1 and C’ - E = 1 of the intersection numbers, we see that
—(Ks+ D) - E=(Ks+D)-C'=-1+(u+s).

Hence 1 = p + s follows from the assumption that —(Kg + D) is nef.

We denote by t the multiplicity of E in D (that is, 1 — 1/t = s). Then, we have ¢ > mp since
(B, Dp) is the orbifold base of po g: (S, D) — (B, Dp). Together with the equality s + u = 1,
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this gives
1 1 1 1
— > =4
mpg t mgr Mg
Hence we see that ¢ = mp and 1/m¢c = 0, which contradicts the klt property of (S, D). O

Ezample 5.10. We now construct a smooth lc orbifold surface (S, D) with nef anti-log canonical
divisor, so that .S is rationally connected but its SRC quotient does not decompose S as a product.

Starting from Sp = P! x P! with projections p and ¢ onto its first and second factors, let
Dy =V +V'+ H, where V and V' are two (reduced) fibers of p and H is a fiber of g. Then,
we have Kg, + Dy = —Hjy. Let g: S — Sp be the blow-up of the two intersection points of H
with V and V', and let E and E’ be the corresponding exceptional divisors. Let H', W, W’ be
the strict transforms of H, V, V', respectively, and let p := pog, ¢ := qog: S — P! be the
composition morphisms. Then, we have

—g"Hy=g"(Ksy + Do) =H'+E+FE =Ks+W+E+ W' +FE +H.
If we define the divisor D by D := W + E + W' + E' + H’, then the above formula shows that
—(Kg + D) is nef. However, the sRC quotient of (S, D) coincides with p’: (S, D) — (P!, Dp1),
where Dp1 is the orbifold divisor defined by the two points of the images of V' and V’. Hence,
p': (S, D) — (P!, Dp1) is obviously not a product.

5.2 Higher-dimensional orbifolds with nef anti-canonical divisor

One of the difficulties toward giving a proof of Conjecture 1.5 for the higher-dimensional case is
the lack of a semistability theorem analogous to Theorem 3.4 because of the appearance of the
orbifold divisor Dg. In this subsection, we prove some results in this direction.

THEOREM 5.11. Let (X, D) be a smooth orbifold pair that is Ic and for which the anti-canonical
divisor —(Kx + D) is nef. Let f: (X', D) — (Z,Dyz) and g: (X',D') — (X, D) be a smooth
neat representative of its SRC quotient with the following commutative diagram:

(X', D) : (X, D)

(Z,Dy).

Then, we obtain ¢,(f*(Kz + Dz)) = 0 and g.(D(f, D)) = 0; that is, these two effective divisors
are g-exceptional. Here, D(f, D) is the divisor defined by D(f, D) := D(f) — D(f),p, (see the
proof below for the definitions of D(f) and D(f)p,)-

Proof. First, note that Kz + Dy is pseudo-effective by [Cam17, Theorem 1.5, Corollary 10.6]
(see Theorem 1.4). We may assume that g: (X', D’) — (X, D) is a birational morphism such
that (X', D) is a log smooth pair. We have the formula of canonical divisors

g*(KX +D) = Kx +D —FE* and D = D”—FA/,

where D" is the strict transform of D in X’ and A’ and E*® are effective g-exceptional divisors
with no common components. We may assume that f: (X', D’) — Z is “neat” and its orbifold
base (Z, Dz) is smooth. Note that (X’, D') is also lc because we are assuming that (X, D) is lc.

The divisor N’ defined by
_N':=g*"(Kx+ D)= Kx + D' — E*
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is nef by assumption. Thus, N’ + BA’ is ample on X’ for an arbitrary small rational number
B > 0 and a fixed polarization A" on X’. We choose an effective Q-divisor B’ on X’ with the
following properties:

(1) The divisor B’ is Q-linearly equivalent to N’ + - A’.
(2) The divisor B’ is f-horizontal.
(3) The divisor Dt := D’ + B’ = D" + A’ + B’ has snc support.
(4) The pair (X', D7) is still lc.
Note that Ky + Dt = Kx + D'+ B = E* 4+ 3- A,

Both f: (X', D") — Z and f: (X', D") — Z have the same orbifold base (Z, D7) because B’
is f-horizontal. For the orbifold base (Z, Dz) of f: (X', D) — Z, applying [Cam04, Theorem
4.11] and [CP19, Theorem 3.4] with a small adaptation shows that

Py i= Kxoj7 + (DY) = D(f) — E

is pseudo-effective, where E’ is (not necessarily effective) g-exceptional. Here, D(f) (respectively,
D(f)/p,) is the effective f-vertical divisor defined by

D(f)= > (tr—1)-F,
Fcx/
where F' runs over all prime divisors of X’ such that the image f(F) by f has codimension 1
(respectively, such that f(F') has codimension 1 and is, moreover, contained in Dyz), and tp is
the multiplicity of F'in f*f(F).
Using Lemma 5.12 (see below), we can show that
f*Dz = D(f)/p, + (D) — A,
for some effective divisor A, and thus, from (DT)Vert = (D’)Ve"t we obtain
Ps+E' = Kyi/7 + (D)™ — D(f)
=Kx + D" — f*(Kz+ Dz) — [D(f) = D(f)/p,] — A
=Kx'+ D" — f*(Kz+ Dz) — D(f,D) - A.

Here, D(f, D) := D(f) — D(f)/p, is the effective divisor consisting of the components of D(f)
whose image by f is not contained in Dz. Thus, we have

Ps+ f*(Kz+Dyz)=E*—FE' +3-A'"—D(f,D) — A.
Then, letting 8 — 07, we find that the pseudo-effective class P, which is the limit of the Pg,

satisfies
P+ f"(Kz+Dgz)=E*—E —D(f,D)—A.
Let C C X be a general curve constructed by a complete intersection of ample divisors

avoiding g(E’). We define the curve C’ on X’ as the inverse image of C' in X', so that C’ does
not intersect E* and E’. Then, we have

Ogcl'f*(Kz—{—Dz) <Cl-(P—|—f*(Kz—|—Dz)):—C,-(D(f,D)—{—A) <0.

Note that the first inequality comes from the pseudo-effectivity of K7+ Dy . The curve C’ satisfies
C'-M > 0 for any non-g-exceptional effective divisor M on X', and thus we obtain the conclusion
from the equalities C’ - f*(Kz + Dz) = C'- (D(f, D)) = 0. O
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LEMMA 5.12. In the above notation, there exists an effective divisor A on X' such that f*Dy =
D(f)/p, + (D)™ = A.

Proof. In this proof, F' denotes an irreducible divisor of X’ such that G := f(F') is a component
of Dz. Then, up to some f-exceptional (hence, g-exceptional) divisors, we have

oo 5 (1)

Fcx’
where mp is the multiplicity of F'in D. Additionally, when we write the multiplicity of Gr in Dz

as mq, we have
1
f*Dz = tr (1— )F
F ’ mGF
cX

Thus, we can write
1 1 t 1
(- )=t (1o L) (1)
maGgr mpg maGgr mpg
Further, by definition, we have mqg, < tr-mp, and so (tr/mag, —1/mp) > 0. If we define the

effective divisor A by
t 1
e ()
Fexy \MGr  TE

then the above equality gives the conclusion f*Dz = D(f)p, + (D) — A. O

Remark 5.13. The proof applies more generally when the pair (X, D) is lc and not necessarily
smooth. The proof does not require the notion of SRC or of the SRC quotient, only the fact
that Kz + Dy is pseudo-effective (although without these notions, we do not have any geometric
description of the situations to which the result applies).

COROLLARY 5.14. We retain the above notation. Then,

e if B C Z is an irreducible divisor not contained in Dz, any nonreduced component of f*B
is g-exceptional;

e if G is a component of Dy and F' is an irreducible component of f*G that is not g-excep-
tional, then tp - mp = mq.

More precisely, we obtain
ffG=E+A+mqg-B+C,
where E is the g-exceptional part of f*G, the divisor A is reduced and contained in D with

all of its components of D-multiplicity mg, while B has no component in D, and C consists of
nonreduced components of f*G contained in D.

Proof. Note that A is not empty according to [GHS03]. The first assertion follows directly from
Theorem 5.11. The second follows from its proof and the fact that (C’-A) = 0. The final assertion
comes from the fact that if F' is not g-exceptional, we have tp - mp = mg > 1. Thus, if F' is not
in D, we have mp = 1, and thus tp = mq. If F' is reduced, tg = 1, and thus mp = mg. ]

Remark 5.15. If G is a component of Dz, and if F' is an irreducible component of f*G and not
f-exceptional, then tp - mp > mg > 1. Hence, if mp = 1 (that is, F' is not contained in D’),
then tp > mg > 1, and this may occur when F' is not g-exceptional. Otherwise, the divisor F is
a component of (D’)vert,
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