BOUNDEDNESS OF POLARIZED LOG CALABI-YAU
FIBRATIONS WITH BOUNDED BASES

XIAOWEI JIANG, JUNPENG JIAO, MINZHE ZHU

ABSTRACT. We investigate the boundedness problem for log Calabi-Yau fibra-
tions whose bases and general fibers are bounded. We prove that the total spaces
of log Calabi—Yau fibrations are bounded in codimension one after fixing some nat-
ural invariants, which confirms a conjecture of Birkar and Hacon. We also prove
that the total spaces are bounded if, in addition, the irregularity of the general
fibers vanishes. Then we apply our results to the boundedness problem for stable
minimal models and fibered Calabi—Yau varieties.
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1. INTRODUCTION

Throughout this paper, we work over an algebraically closed field k of charac-
teristic zero. By integral divisor, we mean a QQ-Cartier Weil divisor with integer
coefficients that is not necessarily Cartier and need not be effective.

According to the minimal model program conjecture and the abundance conjec-
ture, every projective variety Y is birational to a projective variety X with mild
singularities such that either X is canonically polarized, or X admits a Mori—Fano
fibration X — Z, or X admits a Calabi—Yau fibration X — Z. For this reason,
canonically polarized varieties, Fano varieties, Calabi—Yau varieties, and their fibra-
tions play a central role in birational geometry. From the perspective of constructing
a moduli space for a given class of varieties, the first step is to determine whether
they form a bounded family. For the definition of boundedness for varieties, see
§2.9.

The boundedness of canonically polarized varieties is established in [HMX14,
HMX18], and the boundedness of Fano varieties with mild singularities, known as the
famous BAB conjecture, is proved by Birkar [Birl9, Bir21b]. However, for Calabi—
Yau varieties, due to the lack of a natural polarization, the question of boundedness
remains widely open even in dimension three for strict Calabi—Yau manifolds. Nev-
ertheless, for polarized Calabi—Yau varieties, Birkar shows that boundedness holds
under certain conditions [Bir23al: either one allows a non-effective polarization while
requiring the underlying variety to be klt, or, if the underlying variety is slc, the
polarization must be an effective divisor that does not contain the non-klt center of
the variety.

Based on the predictions of the minimal model program and the abundance
conjecture, it is important to extend boundedness results to Fano fibrations and
Calabi-Yau fibrations. Such fibrations also frequently appear in inductive argu-
ments. In [Jial8], Jiang considered the birational boundedness of Fano fibrations
under several conjectural assumptions. Later, Birkar used some of these arguments
to obtain the birational boundedness of Fano fibrations and carried out further
work to establish boundedness [Bir24]. However, the boundedness of Calabi-Yau
fibrations is not fully understood, although some literature addresses this direction
[FS20, Bir21a, Bir22, Jia23, BDCS24, FHS24, Fil24, Jia25, HH25, Zhu25].

A Calabi-Yau fibration f: X — Z consists of a projective variety X and a con-
traction f: X — Z such that Kx ~q 7 0. In this paper, we investigate the following
guiding question: under what conditions does the total space of a Calabi-Yau fi-
bration f: X — Z belong to a bounded family? We answer this question with the
following result, which is a special case of Theorem 1.4 and Theorem 1.7.

Theorem 1.1. Let d € N and v,r,e € R>?. Consider projective normal varieties
X such that

(1) X is e-lc of dimension d,
(2) f: X — Z is a fibration such that Kx ~gq,z 0,

(3) A is an integral divisor on X that is ample over Z, and vol(A|r) < v, where
F is the general fiber of f: X — Z,
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(4) H >0 is a very ample divisor on Z such that H'™Z% < r and
(5) f*H — Kx is pseudo-effective.

Then the set of such X is bounded in codimension one. If further,
(6) Supp R'£.Ox € Z,

then the set of such X forms a bounded famaly.

Note that condition (4) implies that the base Z belongs to a bounded family,
and condition (3) implies that the general fiber F' belongs to a bounded family; see
[Bir23a, Corollary 1.6]. However, even if both the base and the general fiber belong
to bounded families, the total space need not be bounded in general.

For example, by [Fil24, Example 3.1], there exists a set of smooth elliptic surfaces
fa: Sp — C over a curve C with g(C) > 2, such that each f, is smooth and
isotrivial. It then follows from the canonical bundle formula that Kg, ~q fiKc.
Hence condition (5) is satisfied in this setting since we may choose a very ample
divisor H on C' such that H — K¢ is pseudo-effective. However, the collection {S,,}
is not bounded, as S,, does not admit a multisection of degree smaller than n. This
example illustrates that condition (3) is not merely used to bound the general fibers.

On the other hand, by [Mir81, Corollaries 2.4 and 2.5], there exists a set of minimal
elliptic surfaces g,,: X,, — P! with sections C' satisfying C? = —n for n € N, such
that Kx, ~g (n — 2)F, where F' denotes a fiber of g,. In this case, condition (3) is
satisfied, yet the total spaces X, are still not bounded, since the “degree” of Ky,
cannot be controlled by a very ample divisor H on Z with bounded H¥™4. This
demonstrates the necessity of condition (5).

Condition (6) means that the irregularity of the general fiber F' vanishes, and it
is natural to ask whether this assumption can be removed in order to obtain full
boundedness.

Polarized log Calabi—Yau fibration. We now turn to the preparation for more
general statements of our results. Inspired by the study of Fano type fibrations (see
Definition 4.1 and Theorem 4.2) in [Jial8, Bir24|, we introduce a special structure
for log Calabi—Yau fibrations equipped with polarizations on both the base and the
general fiber.

Definition 1.2. A polarized log Calabi-Yau fibration (resp. weak polarized log
Calabi—Yau fibration) f : ((X,B),A) — (Z, H) consists of
(1) a projective pair (X, B),
(2) a fibration f : X — Z such that Kx + B ~g f*N for some R-divisor N on
Z?
(3) an integral divisor A on X that is ample over Z, and
(4) a very ample divisor H > 0 on Z such that H — N is ample (resp. pseudo-
effective).

Note that H is a polarization on the base Z, and A|p is a polarization on the
general fiber F' of f: X — Z. If f is constant, that is, if Z is a point, then
Kx + B ~g 0 and A is an ample integral divisor on X. In this case, we call
(X, B), A) a polarized log Calabi-Yau pair.
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We now fix some invariants of a (weak) polarized log Calabi—Yau fibration.

Definition 1.3. Let d € N, v,7,¢ € R*?, and ® C [0,1] N R be a DCC set.

(1) A (weak) (d,r,€)-polarized log Calabi—Yau fibration is a (weak) polarized log
Calabi-Yau fibration f : ((X, B), A) — (Z, H) satisfying
e (X, B) is a projective e-lc pair of dimension d, and
o HimZ <,
(2) If, additionally,
e vol(Alr) < w, where F' is a general fiber of f : X — Z,
then we call f : ((X,B),A) — (Z,H) a (weak) (d,v,r,€)-polarized log
Calabi—Yau fibration.
(3) Furthermore, if
e the coefficients of B belong to P,
then we refer to f : ((X,B),A) = (Z,H) as a (weak) (d, ®,v,r, €)-polarized
log Calabi—Yau fibration.

Boundedness of polarized log Calabi—Yau fibration. Birkar’s work on Fano type
fibrations [Bir24] can be viewed as a relative version of the BAB theorem [Bir21b].
In a similar spirit, our results may be regarded as a relative analogue of Birkar’s
boundedness theorem for polarized log Calabi—Yau pairs [Bir23a].

One of our main boundedness statements in codimension one for weak polarized
log Calabi—Yau fibrations concerns the case where the coefficients of B belong to a
finite set ®. In particular, this includes the special case B = 0, that is, & = {0},
which was first conjectured by Birkar and Hacon.

Theorem 1.4. Letd € N, v,r,e € Q°°, and ® C [0,1]NQ be a finite set. Consider
the set of all weak (d, ®,v,r,€)-polarized log Calabi-Yau fibrations f : ((X, B), A) —
(Z,H). Then the set of such (X, B+ f*H) is log bounded in codimension one.

For a more general version of this result, see Theorem 3.1. By combining Theorem
1.4 with the technique from [Bir23b], we establish the boundedness in codimension
one for polarized log Calabi—Yau fibrations with arbitrary real coefficients for B.
However, we need to assume the ampleness of H — N due to a technical reason.

Theorem 1.5. Let d € N and v,7,¢6,6 € R>°. Consider the set of all (d,v,r,€)-
polarized log Calabi-Yau fibrations (X, B),A) — (Z, H) and R-divisors 0 < A <
B where the non-zero coefficients of A are greater than 6. Then the set of such
(X, A+ f*H) is log bounded in codimension one.

Question 1.6. With the same notation as Theorem 1.4, is the set of such pairs
(X, B+ f*H) log bounded?

When dim Z = 1, boundedness is studied in [HH25]. For Q-factorial terminal
minimal threefolds of Kodaira dimension two, [FHS24] derives boundedness from
boundedness in codimension one by studying the Kawamata—Morrison cone conjec-
ture and the liftability of flops. In this paper, we propose an alternative approach.
Under the additional condition that Supp R f,Ox C Z, we obtain the actual bound-
edness of (d, ®, v, r, €)-polarized log Calabi—Yau fibrations.
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Theorem 1.7. Letd € N, v,r,e € Q7Y and ® C [0,1]NQ be a finite set. Consider
the set of all weak (d, ®,v,r,€)-polarized log Calabi—Yau fibrations f : ((X, B), A) —
(Z,H) such that Supp R'f.Ox C Z. Then the set of such (X,B + f*H) is log
bounded.

Boundedness of stable minimal models and fibered Calabi—Yau varieties. We
now apply these general boundedness results to some special cases of polarized log
Calabi—Yau fibrations. First, we consider the case where Kx + B is semi-ample.
It turns out that under some natural conditions, we can choose H = [N for some
bounded positive integer [ > 1. Then H — N is automatically ample. In this
case, ((X,B),A) is a so-called stable minimal model [Bir22, Jia23, Zhu25]. Jiao
[Jia25] shows that (X, B) is crepant birationally bounded. When dim F' = 1, the
log boundedness in codimension one of (X, B) follows from [Fil24].

Corollary 1.8. Let d € N, u,v € Q% and ® C [0,1]NQ be a DCC set. Consider
the set of ((X, B), A) such that

(1) (X, B) is a projective kit pair of dimension d,

(2) the coefficients of B are in ®,

(3) Kx + B is semi-ample defining a contraction f : (X,B) — Z,

(4) vol(Kx + B) = u,

(5) A is an integral divisor on X that is ample over Z, and vol(A|r) < v, where

F s the general fiber of f : X — Z.

Then the set of such (X, B) is log bounded in codimension one. Moreover, if
Supp R' f.Ox C Z, then the set of such (X, B) forms a log bounded family.

Next we consider another important case of polarized log Calabi—Yau fibration,
where the total space is a Calabi—Yau variety. Such a fibration is called a fibered
Calabi—Yau variety. In this case, we have N ~q 0, so H — N is automatically ample.
Furthermore, we assume that the base Z is rationally connected. Note that if X
is a strict Calabi—Yau manifold, then by [BDCS24, Corollary 5.1], this condition is
automatically satisfied.

Corollary 1.9. Let d € N and ¢,v € R™Y. Assume that
(1) (X, B) is a projective e-lc pair of dimension d,
(2) Kx + B ~g 0,
(8) f: X — Z is a contraction to a rationally connected variety Z, and
(4) A is an integral divisor on X such that 0 < vol(A|r) < v, where F is the
general fiber of f: X — Z.

Then the set of such X is bounded in codimension one.

By [Bir23b], we do not need to assume the boundedness of the torsion index of
Kx + B. If dim F' = 1, this case is studied in [BDCS24, Theorem 1.4]. The case
where X has terminal singularities is treated in [Jia25, Theorem 8.2].

Sketch of proof. We sketch the proofs of our main theorems, starting with The-
orem 1.4. Given a (d, ®, v, r, €)-polarized log Calabi—Yau fibration f : (X, B),A) —
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(Z,H), note that the base Z is bounded by assumption and the general fiber
((F, Br), Ar) is bounded by [Bir23a, Corollary 1.6]. We study the induced rational
map from Z to a “moduli space” of the general fibers. For this purpose, we use
the strongly embedded fine moduli space S of polarized log Calabi-Yau pairs con-
structed in [Bir22,Bir23a]. Since S also parametrizes the polarizations, the universal
family (X, B) — S is not necessarily of maximal variation, and the rational map
Z --» S is not necessarily bounded. Applying [Amb05], we obtain a new family
(X', B') = S' of maximal variation with b-nef and big moduli part M'. Therefore,
since the moduli part Mz of f : (X, B) — Z is controlled by H, a volume argu-
ment shows that, up to a generically finite cover, the map Z --+ S' is bounded; see
Theorem 3.5.

The traditional strategy for proving boundedness of polarized fibrations is to
modify the vertical part of the polarization A so as to obtain a global ample divisor
on X with bounded volume; see [Bir22, Jia23, Bir24, Zhu25, HH25]. However, this
approach fails in our setting. Instead, we construct a new polarization L arising
from the family (X', B') — &' such that L = mA over the generic point of Z for
some fixed m € N. More precisely, we define a polarization £ on (X,B) — S by
pulling back A' to a Galois cover of X, taking the Galois sum, and then descending
it to X'. For every s € S, we have L, = m.A,; see Theorem 3.4(6). Finally, we define
L as the closure of the pullback of £ via the moduli map Z --+ §. Since L arises
from the fixed family ((X', B'), A') — &' and the map Z --» S' is bounded up to a
generically finite cover, by the invariance of plurigenera and an argument about the
descent of volume from a generically finite cover, we can show that, after modifying
the vertical part of ((X, B), L) — Z, the volume of L can be controlled on a suitable
birational model; see Lemma 3.6 and Theorem 3.8.

To proceed, we apply weak semistable reduction [AK00] and the minimal model
program for lc pairs [HX13] in Theorem 3.7 to obtain a new birational model
(X', A"), L") — Z of (X, B), L) — Z satistying that

(1) (X', A"+ al') is lc for some fixed positive real number «,
(2) Kx + A’ + al' is big, and
(3) vol(Kx + A" + al') is bounded from above.

Then, we apply [HMX13, HMX14] to obtain the log birational boundedness of
(X', A"). Moreover, we can deduce that Supp(A’) contains both the strict transform
of Supp(B) on X’ and the exceptional divisors over X. We then apply the MMP in
family [HMX18] to bound (X, B) in codimension one.

Regarding the proof of Theorem 1.5, we consider two cases. If the horizontal
part B" of B is nonzero, then Kx is not pseudo-effective over Z. Let t be the
pseudo-effective threshold of A with respect to Kx over Z. By the argument as in
[Bir23b, Theorem 10.1], we can run an MMP on Kx + tA over Z to decompose the
new fibration into a Fano type fibration and a lower-dimensional polarized Calabi—
Yau fibration. We then proceed by applying the boundedness of Fano type fibrations
[Bir24] and induction. If B® = 0, then B is vertical over Z. After reducing to the
case where Z is Q-factorial and modifying B to be a very exceptional divisor over
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Z, we run an MMP on Ky + B over Z by [Birl2] to contract all components of
Supp(B). This case then follows directly from Theorem 1.4 with & = {0}.

Now we turn to the sketch of the proof of Theorem 1.7. The polarization L con-
structed in Theorem 1.4 satisfies L = mA over the generic point of Z for some fixed
m € N, and one might hope to modify its vertical part to extend this equivalence
over all of Z. However, [Xie25, Example 5.1] shows that this is not possible in gen-
eral. Nonetheless, under the assumption that Supp R'f.Ox C Z, we may assume
that L ~g mA over the generic point of Z. Then we construct a new polarization
J such that J ~g mA over Z and the components of Supp(J — L) can be con-
trolled uniformly, see Lemma 5.2. The remaining difficulty is that the components
of Supp(J — L) are vertical over Z, hence non-big over Z, and the coefficients ap-
pearing in J — L are uncontrolled. To address this issue, we study the finiteness of
log canonical models where the boundary divisors vary in a polytope whose bound-
ary contains non-big divisors, see Lemma 5.3. Finally, by the relative ampleness of
A over Z and a standard argument of running an MMP in a family [HMXI18], we
establish the pure boundedness of (X, B) from boundedness in codimension one.

Structure of the paper. This paper is organized as follows. In §2 we recall some
definitions and preliminary results. In §3, we prove Theorem 1.4, which establishes
boundedness for fibrations with finite coefficient sets. In §4, we extend the argument
to arbitrary coefficients and prove Theorem 1.5. In §5, we focus on fibrations whose
general fibers have vanishing irregularity and prove Theorem 1.7. Finally, in §6, we
deduce Corollaries 1.8 and 1.9 as consequences of our main results.
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2. PRELIMINARIES
2.1. Notations and conventions. We collect some notations and conventions used
in this paper.

(1) A projective morphism f : X — Z between normal quasi-projective varieties
is called a contraction if f,.Ox = Oy. In particular, f is surjective with
connected fibers.



(2)

(3)

(6)

(7)
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For a fibration f : X — Z, we use X,, to denote the generic fiber of f and
X, to denote the general fiber of f. For an R-divisor B on X, we write
B, := B|x, and B, := Blx,.
Let f: X — Z be a morphism between normal quasi-projective varieties,
and let M and L be R-Cartier R-divisors on X. We say M ~z L (resp.
M ~qz L, M ~pz L) if there is a Cartier (resp. Q-Cartier, R-Cartier )
divisor N on Z such that M — L ~ f*N (resp. M — L ~q f*N, M — L ~g
fEN).
Let X be a normal quasi-projective variety, and let M be an R-divisor on X.
Write M = > m;M;, where M; are the distinct irreducible components. We
define MZa = Zmi>a m,-MZ-, Mga = Zmi<a m,-Ml-, M>a = Zmi>a m,;Mi,
and Moo =3, _, miM;. -
Let f : X — Z be a morphism between normal quasi-projective varieties,
and let D be a R-divisor on X. We say D is horizontal over Z if the induced
map Supp D — Z is dominant, otherwise we say D is vertical over Z. Given
an R-divisor D on X, there is a unique decomposition D = D" + DV such
that

e Supp D", Supp D" have no common components,

e cvery component of Supp D" is horizontal over Z, and

e DV is vertical over Z.
We call D" the horizontal part of D and DY the wvertical part of D with
respect to f: X — Z.
We say that a set & C R satisfies the descending chain condition (DCC, for
short) if ® does not contain any strictly decreasing infinite sequence. Simi-
larly, we say that a set ® C R satisfies the ascending chain condition (ACC,
for short) if ® does not contain any strictly increasing infinite sequence.
Let X be a normal projective variety of dimension d, and let D be a Q-divisor
on X such that the litaka dimension (D) is non-negative. The litaka volume
of D, denoted by Ivol(D), is defined as

KDY, Ox(mD))

m"f(D)

Ivol(D) = lim sup
m—0o0
When D is big, this is also called the volume of D, denoted by vol(D). If D
is semi-ample and defines a contraction f : X — Z such that D ~q f*H for
some ample Q-divisor H on Z, then Ivol(D) = vol(H) = HY™Z,

2.2. Pairs and singularities. A sub-pair (X, B) consists of a normal quasi-projective
variety X and an R-divisor B on X such that Kx + B is R-Cartier. If, in addition,
B >0,

then (X, B) is called a pair.

Let D be a prime divisor over X. Let m: X’ — X be a log resolution of (X, B)

such that D is a prime divisor on X’. We can write

Kx + B =" (Kx + B).

The log discrepancy of D with respect to (X, B) is defined by

a(D,X,B) :=1—multp B
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We say that (X, B) is sub-klt (resp. sub-le, sub-e-lc) if a(D,X,B) > 0 (resp.
a(D,X,B) >0, a(D, X, B) > ¢) for every prime divisor D over X. If (X, B) is a
pair, we drop the prefix “sub” and say that (X, B) is kit (resp. lc, e-lc).

A non-klt place of (X, B) is a prime divisor D over X, that is, a prime divisor on
some birational model of X, such that a(D, X, B) < 0. A non-kit center of (X, B)
is the image of a non-klt place on X.

A log place of (X, B) is a prime divisor D over X such that a(D, X, B) € [0,1).
A log center of (X, B) is the image of a log place on X.

2.3. Minimal models. Suppose that f : X — Z and f™ : X™ — Z are pro-
jective morphisms, ¢ : X --» X is a birational map over Z which does not ex-
tract any divisor, and (X, B) and (X™, B™) are lc pairs, where B™ = ¢,B. If
a(E,X,B) > a(E,X™,B™) (resp. a(E,X,B) > a(F,X™,B™)) for all prime ¢-
exceptional divisors £ C X, X™ is Q-factorial, and Kxm + B™ is nef over Z, then
we say that ¢ : X --» X™ is a minimal model (resp. weak log canonical model) of
(X, B) over Z.

A minimal model (resp. weak log canonical model) ¢ : X --» X™ of (X, B)
over Z is called a good minimal model (resp. semi-ample model) if Kxm + B™ is
semi-ample over Z. In this case,

R(X/Z, Kxn + B™) := P fI"Oxn(I(EKxm + B™))

1>0
is a finitely generated O z-algebra, and let
X¢=ProjR(X/Z, Kxm + B™).

If Kxm+ B™ is semi-ample and big over Z, then X¢ is called the log canonical model
of (X, B) over Z.

Definition 2.1. ([Birl7, Definition 1.3]) Let f : X — Z be a contraction between
two projective varieties, and let L be an R-Cartier R-divisor on X. The relative
exceptional locus of L (also called the relative null locus when L is nef over Z) is
defined as

E(L/Z) = U 1%

L|y is not big over f(V)

where the union runs over the integral subvarieties V' C X with positive dimension.

Lemma 2.2. Assume that

e (X,B) is alc pair and f: X — Z is a contraction,

o 1 : 7 — Z is a finite cover,

o X' is the normalization of X Xz Z' and denote the natural finite cover X' —
X by w, and the contraction X' — Z' by f’,

o (X' B') is a lc pair such that Kx + B' = m*(Kx + B), and

o n: X" --» X'/Z" is an isomorphism in codimension one and B" is the strict
transform of B on X".
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(X", B") =% > (X', B) == (X, B)

Then we have the following statements:

(1) If (X,B) --» (X™,B™) is a good minimal model of Kx + B over Z and
(X", B") --» (X"™ B"™) is a good minimal model of Kxn + B" over Z,
then (X" B"™) is isomorphic in codimension one to the normalization of
(X™, B™) x5 7,

(2) If furthermore Kx + B is big over Z, assume that (X, B) --» (X€, B®) is the
log canonical model of Kx + B over Z, and (X", B") --» (X", B") is the
log canonical model of Kx» + B" over Z'. Then (X"¢, B") is isomorphic to
the normalization of (X¢, B¢) xz Z'.

Proof. (1). By [HX13, Lemma 2.4(1)], the set of exceptional divisors of X --» X™
coincides with the support of N,(Ky + B/Z), and the set of exceptional divisors of
X" --s X"™ coincides with the support of N,(Kx» + B"”/Z"). Thus it suffices to
prove

Supp(N, (Ko + B'/7)) = i1 Supp(N, (Kx + B/7)).
Since X’ — X is a finite cover, by [Nak04, §3, Theorem 5.16], we have

7 Supp(N, (Kx + B/Z)) = Supp(N, (Kx + B'/2')).

Since (X', B’) is isomorphic in codimension one to (X”, B”), there is a one-to-one
correspondence between |m(Kx + B')/Z’'| and |m(Kx» + B")/Z’| for every m € N,
hence

n ' Supp(Ny(Kx: + B'/Z")) = Supp(N,(Kx» + B"/Z")),

and we finish the proof.
(2). Since X’ — X is a finite cover, we have

7 'E(Kx + B/Z) =E(Kx: + B'/Z")

by [Gom22, Theorem 1.1]. Since (X", B") is isomorphic in codimension one to
(X', B'), the divisorial part of E(Kx» + B"/Z') coincides with the strict transform

of the divisorial part of E(Kx + B'/Z'). Let (X¢ B¢) be the normalization of
(X B®) xz Z'. Since X™ — X°¢ contracts E(Kxm + B™/Z) and X"™ — X"° con-
tracts E(K x»m + B"™/Z"), we conclude that (X"¢, B"”¢) is isomorphic in codimension
one to (X¢, B°).

Note that Kg. + B is ample because Ky + B¢ is ample and X¢ = X¢is a
finite cover. Since K g. + B¢ and Kxne + B" are both ample, and since (X", B")
and (X¢, B°) are isomorphic in codimension one, we conclude that (X", B") is
isomorphic to (X¢, B°). O
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2.4. b-divisors. Let X be a normal quasi-projective variety. A b-divisor M over
X is a collection of R-divisors My on Y for each birational morphism Y — X that
are compatible with respect to pushdown, that is, if Y’ — X is another birational
morphism and ¢ : Y’ --» Y is a morphism, then ¢¥,My, = My-.

A b-divisor M is b-R-Cartier if there is a birational morphism Y — X such that
My is R-Cartier and My~ is the pullback of My on Y” for any birational morphism
Y’ — Y. In this case, we say that M descends to Y, and it is represented by My,
we write M = My

A b-R-Cartier R-divisor M represented by My for some birational model Y — X
is b-nef if My is nef. Similarly, M is b-nef and big if My is nef and big.

Definition 2.3 (Discrepancy b-divisors). The discrepancy b-divisor A = A(X, B)
of a sub-pair (X, B) is the b-R-divisor of X with the trace Ay = > a;A; defined by
the formula

Ky = f*(Kx + B) + Ay,
where f : Y — X is a proper birational morphism of normal quasi-projective vari-
eties. Similarly, we define A* = A*(X, B) by

a;>—1
Note that A(X, B) = A*(X, B) when (X, B) is sub-klt. By the definition, we have
Ox([A*(X,B)]) ~ Ox if (X, B) is lc. We also have Ox(]A(X, B)]) ~ Ox when
(X, B) is klt.

2.5. Generalized pairs and singularities. A generalized sub-pair (X, B,M)/Z
consists of:

(1) a normal quasi-projective variety X equipped with a projective morphism
X = Z,

(2) an R-divisor B on X, and

(3) a b-R-Cartier b-divisor M over X, represented by a projective birational
morphism f : X’ — X and an R-Cartier R-divisor My, on X’ such that
My is nef over Z and Kx + B + My is R-Cartier.

When Z is a point, we omit it and say that the pair is quasi-projective, in which
case we also say that (X, B,M) is a generalized sub-pair with nef part M. If, in
addition, B > 0, then (X, B,M) is a generalized pair.

Let D be a prime divisor over X. Replace X’ with a log resolution of (X, B) such
that D is a prime divisor on X’. We can write

Kx'+ B'+ My, = 7" (Kx + B+ Mxy).
Then the generalized log discrepancy of D is defined as
a(D,X,B,M)=1—multp B
We say that (X, B,M) is sub-klt (resp. sub-lc, sub-e-lc) if a(D, X, B, M) > 0
(resp. a(D, X, B,M) >0, a(D, X, B,M) > ¢) for every prime divisor D over X. If

(X, B,M) is a generalized pair, we remove the prefix “sub” and say the generalized
pair is kit (resp. lc, e-lc).
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2.6. Canonical bundle formula.

Definition 2.4. An lc-trivial fibration (rvesp. klt-trivial fibration) f : (X,B) — Z
consists of a projective surjective morphism f : X — Z with connected fibers
between normal quasi-projective varieties and a pair (X, B) satisfying the following
properties:

(1) (X, B) is sub-lc (resp. sub-klt) over the generic point of Z,

(2) rank f,Ox([A*(X,B)]) =1, and

(3) there exists an R-Cartier R-divisor Lz on Z such that

Kx+ B ~gr f"Ly.

In [Amb04, Amb05], klt-trivial fibrations as in Definition 2.4 are called le-trivial
fibrations.

Let f: (X,B) — Z be an lc-trivial fibration such that dim Z > 0. Fix a prime
divisor D on Z and let tp be the lc threshold of f*D with respect to (X, B) over
the generic point of D. Now let By := > (1 — tp)D, where the sum runs over all
the prime divisors on Z. Let My := Ly — (K7 + Bz). Then we have

Kx + B ~p f*(Kz + By + My).

We call By the discriminant R-divisor and My the moduli R-divisor of adjunction.
Note that Bz is uniquely determined but M, is determined only up to R-linear
equivalence.

Now let ¢: X' — X and ¢: Z' — Z be birational morphisms from normal quasi-
projective varieties, and assume that the induced map f’: X’ --» Z’ is a morphism.
Let Kx/ + B’ be the pullback of Kx + B on X', and let Ly = 9*Lz;. Then
f(X',B") — Z' is an lc-trivial fibration, and we can define a discriminant R-
divisor Bz and a moduli R-divisor Mz on Z’ such that

le + B/ ~R f/*(KZ/ + le + ]\42/)7

with By = ¢,Bz and My = 1), My . In particular, the le-trivial fibration f: (X, B) —
Z induces b-R-divisors B and M on Z, called respectively the discriminant and the
moduli b-R-divisors.

Theorem 2.5 ([Amb04, FG14, Hu20]). With the above notation and assumptions,
suppose that (X, B) is lc over the generic point of Z. Then there exists a proper
birational morphism Z' — Z from a normal quasi-projective variety such that My
is nef, and My = v*My for any proper birational morphism v: Z" — Z'. In
particular, we can view (Z, Bz, M) as a generalized pair.

Proposition 2.6 ([Amb05, Proposition 3.1]). Let f : (X, B) — Z be a klt-trivial
fibration over a proper normal variety Z. Let T : Z' — Z be a surjective morphism
from a proper normal variety Z', let X' be the normalization of the main component
of X Xz 7', and let B be the divisor on X' such that Kx+ B’ = 7% (Kx+ B). Then
we say that f': (X', B") — Z' is the klt-trivial fibration induced by base change. Let
M and M’ be the corresponding moduli b-divisors of f and f' respectively. Then we
have
"M = M.
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Theorem 2.7 ([Amb05]). Let f : (X,B) — Z be a klt-trivial fibration over a
normal projective variety Z such that B is a Q-divisor. Suppose that the geometric
generic fiber Xz = X X zSpec k(Z) is projective and By is effective. Then there exist
non-singular projective varieties Z, T and V', and a commutative diagram

such that

(1) fr: (Xp,Br) — T is a klt-trivial fibration,
(2) T is generically finite and surjective, and p is surjective,
(8) there exists a nonempty open subset U C Z and an isomorphism

(X B XzU—> XTyBT XTU

~.,

(4) let M, N be the corresponding moduli b-divisors of f and fr, then N is
b-nef and big, and 7™M = p*N,

(5) 7 is generically finite and surjective, ® : Z --+ V is bimeromorphic to the
period map defined in [Amb05, Proposition 2.1], and

(6) i :T --» Z is a rational map such that fr : (Xp, Br) — T is equal to the
pullback of f: (X, B) — Z via i over some open subset of T'.

Proof. The assertions (1)—(4) are stated in [Amb05, Theorem 3.3|, while (5) and (6)
can be derived from the proof of [Amb05, Theorem 2.2]. Indeed, by the algebraiza-
tion theorem in [Kaw83, Theorem 11], the period map defined in [Amb05, Propo-
sition 2.1] is bimeromorphic to a morphism ° : Z° — V° from a non-empty open
subset of Z to a non-singular quasi-projective variety V°. Let T° — V' be a generi-
cally finite surjective morphism from a non-singular quasi-projective variety 7° such
that if Z° is the main part of Z° Xy T°, then the induced morphism po Z° = T°
has a section a. By base change via the section i : T° -5 Z° A Z°, we induce a
family fro : (Xgo, Bro) — T°. After replacing 7 and T° by generically finite covers
from non-singular quasi-projective varieties, we have an isomorphism of pairs over
70
(X, B) Xz 70 ;> (XTO; BTO) X o 70.

Let Z, T and V be non-singular projective compactifications of Z°, T° and V°
respectively, and let (X7, Br) be a normal projective compactification of (X0, Bro)
so that fr. induces a klt-trivial fibration fr : (Xr, Br) — T. Then (5) and (6) are
satisfied. O
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2.7. Finite covers.

Proposition 2.8. Let f: (X,B) — Z be a projective isotrivial fibration between
normal quasi-projective varieties with general fiber (F, Bp). Assume that there exists
a Galois cover Z' — Z with Galois group G such that

(Xa B) = ((F7 BF) X Zl)/Ga
where G acts on (F, Br) x Z' and the action is G-equivariant with respect to the

projection (F, Bp) x Z' — Z'. Assume further that (F, Br) is kit and that k(F, Kp+
Bp) > 0.

Then there exists another Galois cover Z — Z with the Galois group H such that
(X,B):=(X,B) x; Z =~ (F,Bp) x Z.
Moreover,
(X,B) ~ ((F,Br) x Z)/H,
where H acts diagonally on (F, Bp) X Z, that s, there exists a homomorphism
pr: H — Aut(F, Br) :== {0 € Aut(F) | 0.Br = Br}
such that for every h € H,
h-((f,0),2) = (pr(h) - (f,0), 1 - 2),
for all (f,b) € (F,Bp) and Z € Z.

Remark 2.9. One may replace H by the quotient H/ker(pr) and replace Z by the
corresponding Galois cover, so that the induced action on (F, Br) becomes faithful.
However, we do not require this, since in applications we frequently replace Z by
further Galois covers.

Proof. We follow the argument of [Koll5, Theorem 43].
Since f: (X, B) — Z becomes a product family after the Galois cover Z' — Z,
we have
Im(G — Aut(F, Br)) = Im(m(Z) — Aut(F, Br)).
Consider the discrete part of the monodromy representation
p: m(Z) = Aut(F, Bp)/ Aut’(F, Br),

where Aut”(F, Br) is the connected component of Aut(F, Br) containing the iden-
tity. Then

Hy:=Im(p?) = Im(G — Aut(F, Br)/ Awt’(F, Br))
is a finite group. Let Z¢ — Z be the corresponding Galois cover with Galois group
Hy.

The trivialization of the translation part Aut’(F, Br) is more subtle and it de-
pends on additional choices.

Since (F, Br) is klt and x(F, Kz + Br) > 0, the group Aut’(F, Br) is an abelian
variety by [Amb05, Proposition 4.6]. A general Aut’(F, Br)-orbit Ay C F defines
an isotrivial abelian family

X4 A=z
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By assumption, there exists an f-ample line bundle L on X, whose pullback defines a
relatively ample line bundle L 4a on A¢. We may assume that the degree m of L 44 on
the general fiber is at least 3. By [Koll5, Remark 44], there exists a closed subscheme
T C A? such that T? — Z4 is étale and every fiber T¢ C Ap is a translate of the
subgroup of m-torsion points. Since L 44 is Hy-invariant, the morphism 7¢ — Z¢ is
H j-equivariant, hence it defines a monodromy representation

7T1(Zd) — AutO(F, BF)

Let I' € m(Z%) be a finite-index subgroup that is normal in m(Z), and let Z — Z
be the corresponding Galois cover with Galois group H := m(Z)/T.

By pullback, we obtain an isotrivial abelian fibration A — Z with a trivialization
of the m-torsion points. For m > 3, by [ACGI11, p. 513, Lemma 2.9], we have

A~ Apx Z. Consequently, the same pullback also trivializes the fibration
(X,B)~ (F,Bp) x Z — Z.
The H-action on (X, B) & (F, By) X Z is given by
he ((£,0),2) — (prz(h) - (f,0), h-Z),

where ppz: H — Aut(F, Br). Note that ppz preserves the m-torsion points, and
that the automorphisms of an abelian torsor (abelian variety without a specified
origin) preserving a finite nonempty set form a discrete group. It follows that ppz

is in fact independent of z. Hence the H-action on ()Z' : E) can be written as

O

The following lemma allows us to modify a generically finite cover into a finite
cover.

Lemma 2.10. Let m: T — V be a generically finite cover between normal projec-
tive varieties. Then there exists a generically finite cover S' — T from a smooth
projective variety S' and a birational map S* --» V from a projective variety S*
such that S' — S* is a finite cover.

Proof. Let " — T be a finite cover such that S’ — V' is Galois over an open subset
of V' with Galois group G. Let S” be the closure of V' in K(S’). Then §” --» S’ is
birational and V = 5" /G.

Let S' — S” be a G-equivariant resolution such that S' — S’ is a morphism, and
let S* be the quotient of S' by G. Then, the map S* --+ V is birational, S' — T is
a generically finite surjective morphism, and S' — S* is a finite cover.

T~

SrE__gr S!

Lol

T—"5Ve--8*
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The following lemma shows that relative Q-linear triviality can descend under
finite covers.

Lemma 2.11. Assume that

(1) f: X — Z is a contraction between two normal projective varieties,

(2) D is a Q-Cartier Q-divisor on X,

(3) w:2Z"— Z is a finite cover,

(4) X' is the normalization of X Xz Z', and

(5) denote the induced finite cover X' — X by m and the induced contraction
X' —=Z" by .

X =I5 X

1
7tz

If ™D ~Q,z' 0, then D ~Q,Z 0.

Proof. Replacing Z’ with a finite cover and replacing X’ accordingly, we can assume
that p @ Z' — Z is a Galois cover with Galois group G. Then G acts on X’ by
base change, hence 7 : X’ — X is also a Galois cover. Since 7*D ~gq z 0, there is
a Q-Cartier Q-divisor L' on Z’ such that 7*D ~q f”L'. Since 7*D is G-invariant,
replacing L' with ﬁ > geq 9°L', we can assume that L' is G-invariant. Therefore,
there exists a Q-Cartier Q-divisor L on Z such that L' = p*L. Then 7*D ~q f*u*L,
hence D ~q f*L and we finish the proof. 0J

2.8. Locally stable family.

Definition 2.12 (Relative Mumford divisor). Let f : X — Z be a flat finite type
morphism with Sy fibers of pure dimension d. A subscheme D C X is a relative
Mumford divisor if there is an open set U C X such that

(1) codimy_ (X, \ U,) > 2 for each z € Z,

(2) D|y is a relative Cartier divisor,

(3) D is the closure of D|y, and

(4) X, is smooth at the generic points of D, for every z € Z.

By D|y being relative Cartier we mean that D|y is a Cartier divisor on U and
that its support does not contain any irreducible component of any fiber U,.

If D C X is a relative Mumford divisor for f : X — Z and T' — Z is a morphism,
then the divisorial pullback Dy on Xp := X Xz T is the relative Mumford divisor
defined to be the closure of the pullback of D|y to Ur. In particular, for each z € Z,
we define D, = D|x. to be the closure of D|y. which is the divisorial pullback of D
to X,.

Definition 2.13 (Locally stable family). A locally stable family of slc pairs (X, B) —
Z over a reduced Noetherian scheme Z is a flat finite type morphism X — Z with
Sy fibers and a Q-divisor B on X satisfying

(1) each prime component of B is a relative Mumford divisor,
(2) Kxz + B is Q-Cartier, and
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(3) (X., B,) is an slc pair for any point z € Z.

Slc pairs naturally appear in the degeneration of lc pairs. For background on slc
singularities, see [Koll3, §5].

Given a morphism 7" — Z of reduced schemes, we get the induced locally stable
family (Xp, By) — T where X7 = X Xz T and By is defined by divisorial pullback.

Definition 2.14 (Hodge line bundle). If f : (X, B) — Z is a locally stable family
of pairs such that N(Kx,z + B) ~z 0, we set

AHodge,f,N ‘= f+Ox(N(Kx/z + B)).

Proposition 2.15. Let f: (X, B) — Z be a locally stable family of pairs such that
N(Kxz + B) ~z 0. Then we have the following statements:

(1) AHodge,f,N 1S the unique line bundle (up to isomorphism) satisfying
Ox(N(Kx/z + B)) = " Aodge, f,N-
(2) If ¢ : Z' — Z is a morphism and f': (X', B") — Z' denotes the pullback of
(X,B) = Z by p, then there is a canonical isomorphism
Qp*)‘Hodge,f,N % )\Hodge,f’,N~

(8) If Z is smooth and the generic fiber of X — Z is normal, then f: (X, B) —
Z is an lc-trivial fibration with Oz(NMyz) = Atodge,f.n, and the moduli b-
divisor M of f descends on Z.

Proof. This is [ABB"23, Proposition 14.7]. While the proposition is stated only for
families of boundary polarized Calabi—Yau pairs, their proof also applies to families
of general Calabi—Yau pairs. 0

We need the following lemma about numerically trivial divisors in a flat family.

Lemma 2.16. Let f: X — S be a projective flat morphism with integral fibers and
of relative dimension d, and let L be a flat family of divisors over S. If there exists
a point 0 € S such that Lo =0, then Ly =0 for all s € S.

Proof. Let H be a relatively very ample line bundle on X. Take a closed point s on
S. Choose m > 0 such that

(X, n(mH, + L)) = h°(X,,n(mH, + L)) for n > 1.
Since L is flat over S, it follows that
X(Xs,n(mHg + Ly)) = x(Xo,n(mHy + Lo)).
Therefore, we have
R (X, n(mH, + L)) = h®(Xo, n(mHy + Ly)).
From the leading term in the polynomial expansion in n, we obtain
(mH, + Lg)* = (mHy + Lo)*.

Similarly, we have
(mHs)d = (mHo)d.
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Since Lo = 0, it follows that
(mH, + Ly)* = (mH,)".
Expanding the left-hand side and canceling the dominant terms, we obtain
HV . Ly=H?. [2=0.

Restricting to a surface by taking general hyperplane sections and applying the
Hodge index theorem, we conclude that L, = 0. U

2.9. Bounded families of pairs and morphisms. We say that a collection of log
pairs P is log birationally bounded (resp., log bounded, or log bounded in codimension
one) if there is a quasi-projective scheme X, a reduced divisor £ on X, and a
projective morphism h : X — T, where T is of finite type and £ does not contain
any fiber, such that for every (X, B) € P, there is a closed point ¢ € T and a
birational map f : &; --+ X (resp. isomorphic, or isomorphic in codimension one)
such that & contains the support of f; !B and any f-exceptional divisor (resp. &
coincides with the support of f !B, or & coincides with the support of f;'B).

We say that a collection of morphisms F is bounded if there exist quasi-projective

schemes X, Z, and projective morphisms X %z T, where T is of finite type,
such that for every morphism X — Z in F, there is a closed point ¢ € T such that
X; — Z,; is isomorphic to X — Z.

3. POLARIZED LOG CALABI-YAU FIBRATIONS: FINITE COEFFICIENTS

In this section, we consider the boundedness of weak polarized log Calabi—Yau
fibrations f : ((X, B),A) — (Z, H) such that the coefficients of B belong to a finite
set ®. We will prove the following more general form of Theorem 1.4.

Theorem 3.1. Let d € N, v,r,e € Q7% and ® C [0,1] N Q be a finite set. Then
there exists a positive integer | and a bounded set of couples P depending only on
d,®,v,r e satisfying the following.

Assume that f : (X, B),A) — (Z, H) is a weak (d, ®, v, 1, €)-polarized log Calabi-
Yau fibration, and Hy > 0 is a general element of |6dH|. Then there exists a couple
(V,0) and an effective integral divisor J on V such that

(1) there is a contraction h:V — Z and V is Q-factorial,
(2) V --» X/Z is an isomorphism in codimension one,
(3) (V,© + Supp(J)) belongs to P,

(4) © contains h*Hyz and the strict transform of B, and

(5) J = 1Ay over the generic point of Z, where Ay is the strict transform of A
onV.

Lemma 3.2. Assume that Theorem 3.1 holds when A is an effective integral divisor
and vol(A|r) = v for some fized v € Q>°, where F is the general fiber of f : X — Z.
Then the theorem holds in general.

Proof. 1f (F, Bp) is the general fiber of f : (X,B) — Z and Ap := A|p, then by
[Bir23a, Theorem 1.3], there exists a positive integer m depending only on dim F
and e such that H°(F,Ox(mAl|r)) # 0. By upper-semicontinuity of cohomology
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and [BCHM10, Lemma 3.2.1], mA ~ G for some effective integral divisor G on X.
Replacing A and v with G and m¥™ v respectively, we may assume that A > 0.
Moreover, by [Bir23a, Corollary 1.6], the pair (F, Supp(Br + Ar)) belongs to a log
bounded family. Hence, we can assume that vol(Ar) is fixed. 0

From now until the end of this section, we will assume that A is an effective
integral divisor and that vol(A|r) = v for some fixed v € QY.

3.1. Family of polarized log Calabi—Yau pairs.

Definition 3.3. ([Bir22,Bir23a]) Let d € N, v € QY and ® C [0,1] N Q be a finite
set. A (d, ®,v)-polarized log Calabi-Yau pair ((X, B), A) is defined by the data:
(1) (X, B) is projective slc pair of dimension d with Kx + B ~q 0,
(2) the coefficients of B are in @,
(3) A >0 is an ample integral divisor with volume vol(A) = v,
(4) (X, B +tA) is slc for some t € Q°.
If (X, B) is klt, then ((X,B),A) is called a kit (d,®,v)-polarized log Calabi-Yau
pair.

Given a weak (d, ®,v,r, €)-polarized log Calabi-Yau fibration f : ((X,B),A) —
(Z,H), it follows that the general fiber ((F, Bp), Ar) of f is a klt (dim F, ®,v)-
polarized log Calabi-Yau pair, hence it is bounded by [Bir23a, Corollary 1.6].

In the following theorem, we use the moduli theory for polarized log Calabi—-
Yau pairs [Bir22] to construct a locally stable family of polarized log Calabi—Yau
pairs fs : ((X,B),A) — S such that, over an open subset of Z, the fibration
f:((X,B),A) — Z is obtained as the pullback of fs. We then apply [Amb05] to fs
to produce a new family fs : (X', B') — S' of maximal variation. As a consequence,
the moduli b-divisor M’ of fg descends to a nef and big divisor Mg on S', which
plays a crucial role in establishing the boundedness of the moduli map in Theorem
3.5. A key step in the proof of Theorem 3.4 is the construction of a new polarization
L on X induced from X', such that £, = m.A, for some bounded integer m € N and
all s € §. This construction allows us to prove the boundedness of the log canonical
volume of a certain log general type pair in Theorem 3.8, and it is also essential for
the proof of Theorem 1.7. Finally, we establish several auxiliary results that will be
used in later subsections.

Theorem 3.4. Let d € N, v € Q°° and ® C [0,1] N Q be a finite set. Let
f:(X,B) = Z be a klt-trivial fibration, and let A be an effective integral divisor on
X. Assume that the general fiber ((F,Br), Ar) of [ is a kit (d, ®,v)-polarized log

Calabi—Yau pair. Then there exists a commutative diagram

((X,B),A) «+—((Xy, By), Ay) — ((X,B), A, L) «=— X 2% (&', B, £')

T

Z U Se—T 85— (8 MY)

lﬂ

Y (S*,H)
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satisfying the following:
(1) S, S, and S' are smooth schemes.
(2) 8" and S8* are projective schemes.
(3) 7: S — 8 is finite, m: S' — S* is generically finite, p: S — S' is dominant,
and v: S — §* is a morphism.
(4) The generic fiber of the base change of (X,B) — S to S is isomorphic to the
generic fiber of the base change of (X',B') = S' to S.
(5) X is a common resolution of the main components of X x5S and X' xg S.
(6) There ezist Q-Cartier integral divisors A and L on X, and a Q-Cartier
integral divisor L' on X', such that for some m € N, depending only on
(d, ®,v), the following hold:
o Li=mA, foralls €S, and
o TLL = piL.
(7) The morphisms (X,B+aL) — S and (X', B' + aL') — 8" are locally stable
for some a € Q>° depending only on (d, ®,v).
(8) There exists a very ample divisor H > 0 on 8* such that
e the morphism 7 is étale and Galois over S* \ Supp(H), and
e cvery fiber of (X', B'), L) — S' over S'\Supp(7n*H) is a kit (d, ®, mv)-
polarized log Calabi—Yau pair.
(9) The moduli b-divisor M' of (X', B') — S' descends to S'. Moreover, there
exists an effective divisor M' ~g Mg such that IM' is Cartier and IM" >
7 H for some l € N depending only on (d, ®,v).

(10) There exists an open subset U C Z and a morphism ¢: U — S such that
((Xv, Bu),Ay) — U is isomorphic to the base change of ((X,B),A) — S
via @.

(11) If the composition y o ¢ extends to a morphism ¢ : Z — S*, then

W(Z) ¢ m(Supp(M')).

Proof.  Step 1. In this step, we construct a universal family ((X(1), Ba)), Aq)) —
Sq) parametrizing the general fibers of f: ((X, B),A) = Z.

By [Bir22, Lemma 10.2], there exists « € Q7Y and r € N, depending only on
(d, ®,v), such that the following hold:

e (F,Br + aAr) is klt for the general fiber ((F, Br), Ar) of f, and

e (K + Br + aAp) is very ample without higher cohomology.

Set n := h° (T(Kp—l—BF—i—aAF)) —1. Then, r(Kr+ Br+aAr) defines an embedding
F — P". Since r(Kr + Bp + aAr) is very ample without higher cohomology, there
exists a non-empty open subset U C Z such that r(Kx, + By + aAy) defines an
embedding Xy — Pp.

By [Bir22, Proposition 9.5], there exists a finite type scheme Sy representing the
functor of strongly embedded (d, ®,/., v, a, r,]P")-polarized log Calabi-Yau families
(see [Bir22, Definition 9.3]) over reduced schemes, where ¢ € N>? satisfies ¢® C N.
After replacing S(1y by a suitable locally closed subscheme, we may assume that S
parametrizes klt (d, ®, v)-polarized log Calabi—Yau pairs. Let

(X € P, By, Awy) = Sy
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be the corresponding universal family. Then (X{(1), By + ad(1y) — Sy is locally
stable and Kx,, + B ~qg,s,, 0. Moreover, there exists a moduli map ¢: U — S
such that the restriction ((Xy, By), Ay) — U is isomorphic to the pullback of the
universal family via ¢.

Step 2. In this step, we apply Theorem 2.7 to the universal family obtained in
Step 1.

By applying Theorem 2.7 to a projective compactification of (X(1), B1)) = S
we have a non-singular quasi-projective variety 3(1), non-singular projective varieties
T and V, and a commutative diagram

(X, Bay) (X7, Br)

fS(l)l i le

S E=—38H ——=T —=V,

such that
o (X7,Br) — T is a klt-trivial fibration,
o T : 3(1) — Spy and 7 : T — V are generically finite, surjective morphisms,
p: 3(1) — 7T is a dominant morphism,

there exists a nonempty open subset U C 3(1) and an isomorphism

(X(1)7B(1) ><5(1)2/{—> XT7BT XU

S~

the moduli b-divisor of fr is b-nef and big,

7 : Suy --» V is bimeromorphic to the period map defined in [Amb05, Propo-
sition 2.1], and

i:T --» Sq) is a generically finite rational map such that fr : (X7, Br) = T
is equal to the pullback of fg(l) via 7 over some open subset of T .

Step 3. In this step, we shrink §(;) and construct a smooth projective variety S :
over which (X', B') — S' is a locally stable family of maximal variation. Then, we
verify (1)—(4).

Let S(2) be an open subset of §;y and 3(2) be an open subset of U such that

o S(2) is smooth,

e 7 is a morphism on Sy)

° 3(2) — S(2) is a finite cover, and

® i|70o : T = S(9) is a finite morphism for some open subset 7° of T.

Let ((X(2), B(2)), A2)) = S(2) be the corresponding base change. Then, the pullback
of (X2), Bi2) + aA(a)) = S(2) via ¢ defines a locally stable morphism (X7, Bro +
CYATO) — TO-



22 XIAOWEI JIANG, JUNPENG JIAO, MINZHE ZHU

By [KX20, Lemma 4], there exists a generically finite cover T’ — 7° and a
compactification 7~ < S' such that the pullback of (Xyo, Bro + aAye) — T° on
T extends to a locally stable morphism (X', B' + aA') — S

By Lemma 2.10, after replacing S' with a generically finite cover from a smooth
projective variety and (X', B' + a.A') — S' with the corresponding base change, we
may assume that there exists a birational map S* --» V such that 7 : &' — S* is
a finite cover. Replacing Sy by an open subset and shrinking 3(2) accordingly, we
may assume that v : S2) — S is a morphism.

After replacing 3(2) by a finite cover, we may assume that 3(2) — &' is a dominant
morphism. In this case, we have an isomorphism

(X2), B2)) X5y Sz = (X', B') X1 S 3.

Next, after replacing 3(2) by another finite cover, we may assume that 3(2) —
S(2) is a Galois cover with Galois group G. Replacing S(3) by an open subset and

shrinking 3(2) accordingly, we may assume that 3(2) — 82y is an étale Galois cover.
Therefore, 3(2) is smooth.

Step 4. In this step, we construct new polarizations L) and L' on Xy and X :
respectively that satisfy (6).
Consider the following diagram:

TX o ,\g | ° Px
X2) «—— X2) X5, S2) F= X Xg: S(o) —

l |

!

h+—

Sop e S 8 S
Y

Recall that 3(2) — S(2) is an étale Galois cover with Galois group G. For each g € G
acting on 3(2), let
S) = @) X5 S

/.
0'g. X(Q) ><3<2)

be the morphism induced by the base change idx,, Xs,, ¢, and let
Og: X' X 5! 3(2) — X Xs! 3(2)

be the morphism W oo} o UL, Then the action of G on X' x g S(9) is G-equivariant
with respect to the projection X' x g 3(2) — 3(2), and X' x g 3(2) — X{2) is also an
étale Galois cover with Galois group G. Let

Loy:=Y g piA,

geG

then 2(2) is G-invariant, and hence there exists an effective Q-Cartier integral divisor
L) on X9y such that Z(Q) = TvL2).

Denote by S(!Q) and S(*Q) the images of 3(2) in S' and S*, respectively, and let X, st
be the base change of X' over Sé2). Let v € 55 be a closed point. Then 71 (v) is a
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finite set of points since 7 : S' — &* is finite. Let s € 7 (v) be a closed point. Set
S :=~"Yv) and S := 77(S). Let (Xs,Bs) — s, (Xs,Bs) — S, and (Xg,Bg) — S
be the families obtained by base change, where

v _
(Xg,Bg) = (Xs,Bs) xg S = (X,,B,) x S.

Now the group G acts on (X, B,) x S, and this action is G-equivariant with respect
to the projection (X,, By) x S — S.

By Proposition 2.8, there exists a Galois cover 7: S — S with Galois group H,
which also acts on X, such that

(XS“»BS“) = (‘)(5785) Xs S = (XsaBs) X S.

Moreover,
(Xs,Bs) ~ ((XS,BS) X S)/H,

where H acts diagonally on (X, Bs) X §._After replacing S by a higher Galois cover,
we may assume that 7 factors through S. We have the following diagram:

(X5, Bs)

S

7 (v)

Denote A := A'ly,. Then, for each g € G, there exists h € H, which is a lift of g,
such that

R iy = TP AL = WA, = i AL,
which is vertical over X, via py. Here the last equality follows from the fact that H

acts diagonally on (X;, Bs) x S. Therefore, (Tx).75g" pi Al is also vertical over X,
via py. Hence,

Loy = Lole, =Y 9" P%A,
geG
is vertical over &, via py. Since v can be any closed point of SEE)’ it follows that

2(2) is vertical over Xséz)' Let

—

S — Sy — Siy)

be the Stein factorization of p: 3(2) — S(!z)‘ Replacing S(!Q) by 3!(2), we may as-
sume that p has connected fibers. After shrinking SéQ), and then replacing X%)
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accordingly, we may assume that

pPx: X' X ! 3(2) — XS(’Q)

is equidimensional with integral fibers. Therefore, there exists a divisor E!(Q) on X st
such that L) = pﬁ(ﬁ!@). Let £' be the closure of EI(Q) on X', then we have

TvLe) = piL.

Note that 7 is a morphism on S(!Q), and let 7 be the preimage of i(Séz)) in S. Since
A = i* A2y, we have

P AlF = pii* A)lr = Ty Aw) 7
By Lemma 2.16, it follows that
(ppAD)s = (T3 Ap)s  for all s € Sa).

Moreover, since Ty is the quotient morphism by G, the divisor 734 2) is G-invariant.
Hence,

* 1 * __k
TxAp) = il > 9T Aw

geG

Therefore, for any s € 3(2), we obtain

(T2L2)s = (Lg))s = (Z g*pi««‘“) = (Z Q*T}Am)) = Gl(TxAw)s-

geG geqG
Since the morphism 3(2) — S(9) is surjective, we conclude that

(L2))s = |G|(Ag))s for all s € Sy).

Step 5. In this step, we verify (7)—(9).

By the construction in the previous step, the general fiber of ((X(2), B(2)), L(2)) =
S is a (d, ®,|G|%)-polarized log Calabi-Yau pair. After replacing Sp) with an
open subset and decreasing «, we may assume that (X(2), B2) + aL)) — S is
locally stable. Applying [KX20, Lemma 4] to an open subset (S')° C S' over which
(X', B'+ aL') — S is locally stable, and then replacing 3(2) with a finite cover, we
may assume that (X', B'+aL') — S'is locally stable and that 3(2) — &' is dominant.
In this process, we may have lost the local stability of (X', B' + aA') — &' and the
finiteness of 7 : S' — S*; however, these properties will not be used later. Therefore,
(7) holds.

For (8), let # > 0 be a very ample divisor on S*. Because S' — S* is generically
finite, 7*H is a big divisor on S'. Then we can choose H general such that

e 7 is étale and Galois over §* \ Supp(H), and

e every fiber of (X', B'), L") — &' over 8"\ Supp(7*H) is a klt (d, ®, v)-polarized

log Calabi—Yau pair.
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Now, we address (9). Since ' is smooth and (X', B') — S' is locally stable of
maximal variation, by Proposition 2.15, the moduli b-divisor M' descends to a nef
and big divisor Mg, on S'. We can choose a general member 0 < M' € |Mi9!\<@
such that IM' is Cartier and 7*H < IM' for some | € N depending only on (d, ®, v).

Let S3) be the open subset of S such that v~ (7(Supp(M"))) N Sz = 0 and
S(3) be the preimage of S(). Let ((X(3), Bs)), Ay, L3)) = Sy and X5y — S(3) be
the corresponding base change.

Step 6. In this step, we construct S and verify (10) and (11).

Note that S is an open subset of S(;), and the moduli map ¢: U — Sy ob-
tained in Step 1 may map into S := Spy \ Sg). Since the constructions in
Steps 2-5 depend only on the given family, they apply equally to the induced family
((Xavs), Bavsy): Aavsy) = Sag) over the complement locus. By Noetherian induc-
tion, after repeating this process finitely many times, we obtain a locally closed
decomposition S = |JS; of Spy. Let gj, 8}, and S be the schemes constructed in
Steps 2-5 corresponding to S;. Let S = [JS§;, and replace S' and S* by US; and
U §7, respectively. Then we obtain the following diagram:

that satisfies the requirements (1)-(9), where X is the common resolution of the
main components of X xsS and X' xg S.

Recall that in Step 1, ((Xy,By),Ay) — U is isomorphic to the pullback of
((Xay, Bay), Aqy) = Suy via the moduli map ¢: U — Sp). After replacing U by
an open subset, we may assume that ¢ induces a morphism ¢: U — S. Then
((Xv, By), Ay) — U is isomorphic to the pullback of ((X,B),A) — S viaU — S.
Therefore, (10) follows.

Finally, we deal with (11). Suppose that o ¢ extends to a morphism ¢ : Z — S*.
By the construction of S, we have v~ (m(Supp(M'))) = 0. Since ¢|y factors
through S, we have ¢(Z) ¢ 7(Supp(M")).

0

3.2. Boundedness of moduli map. In this subsection, we construct a birational
model (W, D) of Z such that (W, D) is log bounded and the map W --» §* induced
by the moduli map Z --+ §* is a bounded morphism.

Theorem 3.5. Let d € N, v,r,e € Q7% and ® C [0,1] N Q be a finite set. Let
f:((X,B),A) = (Z,H) be a weak (d,®,v,r,€)-polarized log Calabi-Yau fibration.
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((X,B),A) - -~ ((X,B), A L) AT”—% (x',BY, L)

T P ™

(Z7H)___¢___+Sw<8*7%)

~

be the commutative diagram obtained in Theorem 3.4. Then there exists a birational
morphism h : W — Z from a normal projective variety W and a reduced divisor D
on W such that

(1) the induced rational map Yy : W --+ §* is a morphism,

(2) D D Supp(h;'Bz+ E+15H), where By is the discriminant Q-divisor with
respect to [ : (X, B) — Z, and E is the sum of reduced exceptional divisors
of h, and

(3) Kw + D — h*H s big.

Moreover, the set of such pairs (W, D) is log bounded, and the morphism ¥y : W —
S* is bounded.

Proof.  Step 1. In this step, we construct a birational model W of Z such that
W --» Z and W --» §* are morphisms.

Since the coefficients of B belong to the finite set ®, by [BH22, Lemma 6.7], there
exists ¢ € N and 6 € Q> depending only on d, ®,v, €, such that we can write the
canonical bundle formula

q(Kx + B) ~qf"(Kz + Bz + My)

such that (Z, Bz, M) is a d-lc generalized pair, ¢By is integral, and ¢M is Cartier,
where M is the moduli divisor on any sufficiently high resolution 2/ — Z. In
particular, the coefficients of By belong to a fixed finite set Z. Replacing Z by
ZU{l— ¢}, we may assume that 1 — 2 € .

Let g : Z' — Z be a log resolution of (Z, Bz) such that the moduli b-divisor M
of f descends to Z’, and the rational map vy o ¢ : Z --» §* extends to a morphism
' 7' — 8*. In particular, My is nef. Define

BZ’ = g*_lBZ + (1 — g)EZ/,
where E is the sum of all reduced g-exceptional divisors. Since (Z, Bz, M) is é-Ic,
it follows that
KZ/ +BZ/ —|—MZ/ —g*(KZ —|—BZ +Mz)
is effective and has the same support as Fz. Moreover, the coefficients of Bz belong
to the finite set Z.

By the boundedness of the length of extremal rays, Kz + Bz + My + 3dH is

ample. Since
KZ/ +BZ/ —|—MZ/ —g*(KZ +BZ +Mz)

is effective, it follows that

KZ/ + BZI —|— le + ?)dg*H + 3dwl*,}—l
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is big. Consider (7', Bz, M + 3dg*H + 3dy"™*H) as a ——lc generalized pair with nef
part M + 3dg*H + 3dy"*H. By [BZ16, Lemma 4.4], the divisor

KZ’ -+ BZI + MZ/ + 3dg*H + 3d1/1/*7'[

admits a generalized log canonical model Z’ --» W. In particular, the birational
map Z' --+ W does not extract any divisor. Since d > dim Z’, the boundedness of
the length of extremal rays ensures that the birational map Z’ --» W is automati-
cally over both Z and §*, inducing morphisms h: W — Z and ¢y : W — §*. Let
By be the pushforward of Bz. Then

Supp(Bw) D Supp(h; ' Bz + E),

where F is the sum of reduced exceptional divisors of h.

\ \'%

_>S*

C/JI<—N|

Step 2. In this step, we show that IMz — ¢"*H is pseudo-effective for some [ € N
depending only on (d, ®,v).

Let 7z : Z — Z' be a generically finite cover from a smooth variety Z such that

o 1)/ : 7' — S* lifts to a morphism v : Z — S' which factors through S, and

e the generic fiber of (X, B) xz Z — Z is isomorphic to the generic fiber of

(X, B) xg Z — 7.
Since (X', B') — &' is locally stable over the smooth base S', the morphism
(X' BYxe Z = Z

is also locally stable over the smooth base Z. By parts (2) and (3) of Proposition
2.15, the moduli b-divisor M of (X', B') x ¢ Z — Z descends to Z and satisfies

M ~g My
Let M be the moduli b-divisor of (X,B) xz Z — Z. Since the generic fiber of
(X, B) x 3 Z — Z is isomorphic to the generic fiber of (X', B') xg1 Z — Z, it follows
from [Birl9, Lemma 3.5] that MZ ~ M. We may still denote the moduli b-divisor
of (X,B) xz Z — Z by M without confusion, and it descends to Z.

Since 7y : Z — Z' is a generically finite cover and M descends to Z’, it follows

from Proposition 2.6 that

MZ ~Q W}, MZ’-
By parts (9) and (11) of Theorem 3.4, there exists [ € N depending only on (d, @, v)
such that

TH < IM,
and ¢'(Z') ¢ m(Supp(M')). Then, we obtain
T lMyr ~g My ~g O IM' > 0 TH ~g Tt H.

Therefore, Mz — ¢"*H is pseudo-effective.
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Step 3. In this step, we show that vol(Ky + By + My + 3dh*H + 3dy;,H) is
bounded from above.
Since Z' --» W is the generalized log canonical model of

Kz + Bz + Mg + 3dg*H + 3dy"*H,
and Mz — ¢"*H is pseudo-effective by Step 2, we have
vol(Kw + Bw + My, + 3dh*H + 3diy, H)
<vol(Kz + Bz + My + 3dg*H + 3dy"H) (3.1)
<vol(Kz + Bz + (3dl + 1)My + 3dg*H).
By Step 1, gMy: is Cartier. Hence, replacing [ with g/, we may assume that
(Mg + 3dg*H)

is Cartier.
Since the coefficients of Bz belong to the finite set Z, by [BZ16, Theorem 8.1],
there exists e € (0,1) depending only on d,Z,[ such that

Ky + By +eMy + 3dg™H
is big. Choose A € (0,1) such that
Ae+ (1 —=AN)3Bdl+1)=1.
Then, we have
MKz + Bz +eMy + 3dg*H)
+(1 = AN)(Kz + Bz + (3dl + 1)My + 3dg™H)
=Kz + Bz +My + 3dg*™H.
Thus, we obtain
vol(Kz + Bz + (3dl + 1)My + 3dg™H)
3(1_—1>\)d vol(Kz + Bz + My + 3dg™H). (3:2)
By the definition of the weak polarized log Calabi-Yau fibration, H — (K7 + Bz +
M) is pseudo-effective. Since

Kz + Bz +My — g"(Kz + Bz + My)
is effective and exceptional over Z, and dim Z < d, we have
vol(Kz + Bz + My + 3dg*H)
=vol(Kz + Bz + My + 3dH)
<(3d + 1)*HI™7
<(3d + 1)%r.

(3.3)

Combining equations (3.1)—(3.3), we conclude that

(3d +1)4
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Step 4. In this step, we show that W belongs to a bounded family. Moreover, the
morphism ¢y : W — §* is also bounded.

Since Z' is smooth and M descends to Z’; after replacing Z’ with a higher model
so that Z' — W is a morphism, (W, By, My +3dh* H+3dy5,H) is a g-lc generalized
pair with nef part M + 3dg*H + 3di"*H, satisfying the following conditions:

e The coefficients of By, belong to the finite set Z,

o [(My +3dg*H + 3dy"*H) is Cartier, and

o Ky + By + My + 3dh*H + 3diy;H is ample with bounded volume,
it follows from [BH22, Lemma 6.6] that (W, By, M + 3dh*H + 3dy;;,H) is log
bounded. In particular, there exists m € N depending only on d, ®,v,€,r such
that

Hy = m(Kw + By + My + 3dh* H + 3du;, H)

is very ample and vol(Hy ) is bounded from above.

Let I'y,, C W x &* be the graph of the morphism ¢y : W — §*. Since Hy and
‘H are very ample, the product W x &* can be embedded into a projective space
via the Segre embedding PM x P2 c PN. Moreover, the restriction of Opn (1) to
'y, = W is given by Hy + 1y, H. Note that

vol(Hw + ¢y, H) = vol (m(KW + Bw + My + 3dh"H) + (3dm + 1)1/%‘0
< vol((m + 1)(Kw + Bw + My + 3dh*H) + (3dm + 1)1%/%)

< vol (m+ 1) (K + By + My + 340" H + 3duiy M) ),

which is bounded from above by Step 3. The first inequality follows from the fact
that Kw + Bw + My + 3dh*H is big (see Step 1). Consequently, I'y,, is bounded.
Since every morphism ¢y : W — S* is determined by its graph I'y,, , it follows that
the morphism ¢y : W — §* is bounded.

Step 5. In this step, we define a reduced divisor D on W and conclude the proof.
Since h*H and v¢j;,H are base point free, it follows that 3d(Hw + h*H + ¢}, H) is
very ample. We can find a general reduced divisor
0<De|3d(Hw + h"H + Yy H)|

such that D contains the support of h;' B + E + 13,/H, where E is the sum of the
reduced exceptional divisors of h. Moreover, by the boundedness of the length of
extremal rays, the divisor Ky + D — h*H is big.
Let d = dim W, by [HMX13, Lemma 3.2|, we have
(4d" + 2)Hy)* 1 - D < 29 vol(Ky + D + (4d' + 2)Hy)
< 2¢ vol(Kw + Bw + My + D + (4d’ + 2)Hy)
= o vol(Kyw + By + My, + 3dh*H + 3dipiy H),
which is bounded from above by Step 3, where a = 2 + 2m(4d’ 4+ 3d + 2). Hence,

(W, D) is log bounded, completing the proof.
]
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Let d € N, v,7,¢e € Q7% and ® C [0,1] N Q be a finite set. Let a be the positive
rational number defined in Theorem 3.4. Let f : ((X,B),A) — (Z, H) be a weak
(d, ®,v,r, €)-polarized log Calabi—Yau fibration. By Theorem 3.5, there exists a
family of pairs (W, D) — T over a finite type scheme T, and a projective morphism
© : W — S§* such that (W, D) = W;,Dy), and vy : W — S* is equivalent to
O, : W, — §* for some closed point t € T.

Let W be the normalization of the main component of W xs« §', and let Dy
denote the preimage of D via the map W — W. After replacing (W, 5W) with
its log resolution and passing to a stratification of 7', we may assume that the pair
(W, Dyy) is log smooth over T. Let © : (W, Dy;) — S' be the induced morphism,
and let F : (X35, Byy), L35) — W be the pullback of ((X',B'), L) — S' via ©. We

have the following commutative diagram:

(Xy5, Byy). Lyy ——— (W, Dyy) —— W, D) —— T

| bl

(X!,B!),,C! S! ™ S*

Lemma 3.6. There exists w € N depending only on d, ®,v,r, € such that
VOl(K} -+ Bwt -+ OéZWt -+ ‘T:l_)wt) S w

Wi
for every closed point t € T.
Proof. Since (X', B' + aL') — S' is locally stable, it follows that

(Tw, BW + OéZW> — W

is also locally stable. Since (W, Dyy) is log smooth, it follows from [Kol23, Corollary
4.55] that

(Tw, E’W + OéZW + ?*5W)
is lc. After passing to a stratification of T, we may assume that
admits a fiberwise log resolution (Y55, Ryy) — 1. Then, by [HMX13, Theorem 1.8

3)],
VOl(Kfﬁ + Bwt + OéZWt —+ ?:’Z_)Wt) = VO](KjW -+ ﬁWt,>0)

Wi

is independent of t € T'. O

3.3. Log birational boundedness. In this subsection, we do some preparation for
the proof of log birational boundedness of weak (d, ®,v,r, €)-polarized log Calabi—
Yau fibrations f : (X, B),A) — (Z, H).

In the following theorem, we construct a special birational model ((X’, A"), A") —
(Z',D") of (X,B),A) — Z, where (Z',D') — Z factors through the log bounded
birational model (W, D) of Z constructed in Theorem 3.5.

Theorem 3.7. Let d € N, v € Q”°, and ® C [0,1] N Q be a finite set. Let o be the
rational number defined in Theorem 3.4. Assume that
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o f:(X,B)— Z is alog Calabi-Yau fibration such that (X, B) is klt, and A
is an effective integral divisor on X,

the general fiber (X, By), Ay) is a (d, ®,v)-polarized log Calabi-Yau pair,
there is a canonical bundle formula Kx + B ~q f*(Kz + Bz +My),

W — Z is a birational morphism, and

D is a reduced divisor on W containing the strict transform of Supp(Bz)
together with the exceptional divisors over Z.

Then we can construct a commutative diagram

((77§)7Z>—>((X/7B/)7A/) _________ _><<X7B)7A)
f Jf/ lf
(Z,D)— = (2'.D') —— (W,D) ———— Z

satisfying the following properties:
(i) Z' — W is a birational morphism,
(i) [+ X' — Z' is a contraction, and B', A" are horizontal Q-divisors on X',
(iii) the generic fiber of (X', B'+ aA’) — Z' is isomorphic to the generic fiber of
(X,B+ad) > Z,
(iv) ™ Z — Z' is a finite cover,
(v) (Z',D") and (Z,D) are log smooth, where D' is the sum of the strict trans-
form of D and all exceptional divisors over W, and D is the preimage of D’
under w’,
(vi) X is the normalization of X' Xz Z, and B, A are horizontal Q-divisors equal
to the pullback of B', A’ on X over the generic point of Z', and
(vii) f: ((X,B),A) = Z is a family of (d,®,v)-polarized log Calabi-Yau pairs.
Furthermore, if f : (X,B) — Z has kit fibers over codimension one points of
Z\ D, then, setting A’ := B’ +red(f"*D’), we have
(1) f' has integral fibers over codimension one points of Z' \ D',
(2) (X', A"+ aA’) is le,
(3) KX/ —I— A/ ~Q fl*<KZ/ + D/ —I— MZ’); cmd
(4) Supp(A') contains the strict transform of Supp(B) together with all excep-
tional divisors over X.

Proof.  Step 1. In this step we construct a birational morphism Z’ — W and a
finite cover Z — Z'.

Let Y be a log resolution of (X, B + aA). Let By be the strict transform of B
plus the reduced horizontal exceptional divisors over Z, and let Ay be the strict
transform of A. Let Z° C Z be an open subset such that

e W — Z is an isomorphism over Z°,

o f:((X,B),A) — Z is a family of (d, ®,v)-polarized log Calabi—Yau pairs over

Z°, and

o fy:(Y,By + Ay) — Z is log smooth over Z°.

Then By and Ay are effective Q-divisors which are horizontal over Z°. By [AKO00,
Theorem 2.1 and Proposition 4.4], there is an extension Z° < Z’ such that
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Z' is a log resolution of (W, D),

there is an equidimensional toroidal morphism f{ : Y — 7',

if Bi, A} are the closures of By|z. and Ay|z., respectively, then they are
contained in the toroidal boundary of Y’, and

((Y',By), Ay) — Z' is an extension of ((Y, By), Ay) Xz Z° — Z°.

Let D’ be the sum of the strict transform of D on Z’ and all reduced exceptional
divisors over W. By [AK00, Proposition 5.1], there exists a finite cover 7': Z — Z'
such that fy:Y — Z is an equidimensional toroidal morphism with reduced fibers,
where Y is the normalization of Y’ x 4 Z.

Note that the finite cover Z — Z’ is a Kawamata covering. To ensure the smooth-
ness of Z in the construction, we add extra branch loci artificially (see [Kaw24, The-
orem 1.8.2]). Let R’ be the divisor on Z’ whose support contains the union of
Supp(D’) and the branch divisors of 7. Define R := red(7*R'). Then (Z, R) is log
smooth by [AK00, Lemma 5.9].

Let D := red(7*D’) be the reduced divisor on Z. By construction, D C R. Let
By and Ay be the pullbacks of B} and A} to Y. Then they are contained in the
toroidal boundary of Y.

By [ACSS21, Proposition 2.16], (Y, By + pAy + fyX) is lc for any reduced simple
normal crossing divisor ¥ on Z, where p € (0,1) is sufficiently small. It follows that

?Y: (77§Y + ,UZY) —~Z

is a locally stable morphism by [Kol23, Corollary 4.55].

Step 2. In this step we construct a family of (d, ®,v)-polarized log Calabi—Yau
pairs (X, B),A) — Z.

Since (Y, By + pAy) — Z is locally stable and Z is smooth, every lc center of
(Y, By + Ay ) dominates Z by [Kol23, Corollary 4.56]. As a general fiber (Y,, B, +
(A}) is klt, we conclude that (Y, By +pAy) is klt. The general fiber (Y, By, ) has a
semi-ample model (X,, By), and hence it admits a good minimal model by [HMXI8,
Lemma 2.9.1]. Thus, by [HX13, Theorem 1.1], running an MMP on K5 + By over
7 yields a good minimal model (Y,, Fl) over Z. Let A’ be the pushforward of Ay

By [Kol23, Corollary 4.57.1], (X', B') — Z is also locally stable. Since K+ + B
is semi-ample over Z and has Kodaira dimension 0 on the generic fiber, and since
X = 7is equidimensional, upper semi-continuity of fiber dimensions gives

—

DeﬁnE (7’, §’I+M’)_--+ (X, B+pA) to be the log canonical model of Kyf—l—E/—l—uzl
over Z. As X --» X does not extract any divisor,

Kx+ B ~g70. (3.4)

Finally, by [Kol23, Corollary 4.57.2], ((X, B), A) — Z is a stable family of polarized
log Calabi-Yau pairs. Since the general fiber is (d, ®,v)-polarized, by the definition
of v the family (X, B + aA) — Z is locally stable.
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Step 3. In this step we construct a contraction f': X' — Z’ together with hori-
zontal Q-divisors B’, A’ on X', and show that the generic fiber of (X', B'+aA’) — Z’
is isomorphic to that of (X, B+ aA) — Z.

By the Hurwitz formula [Kol13, §2.41.4] we have

Kj‘l—ﬁz 7T*(KZ/ —f-R/),

where both (Z, R) and (Z', R') are log smooth by construction. By [Kol23, Corollary
4.55], (Y, By + pAy + fyR) is le. Let my : Y — Y’ be the natural finite cover.
Since étale morphisms are stable under base change, the ramification divisor of 7y
is contained in Supp(fy R). Thus, by [Kol13, §2.41.4],

Ky + By + Ay + fy R = 1y (Kyr + By + pAy +red(fiR)),

and (Y, By, + pAy +red(fR')) is lc.
Since the general fiber (Y, By, ) admits a semi-ample model (X, By), by [HX13,
Theorem 1.1] we can run an MMP on
KY’ —+ Bg/ —+ red( },;(R,)

over Z' (equivalently, on Ky + B{, +red(fyfR') — af{f R’ for a < 1). This yields a
good minimal model

(X,/, B// + red(f//*R/>>
over Z', with morphism f”: X" — Z'. Let A” be the pushforward of A .

By Lemma 2.2(1), X is isomorphic in codimension one to the normalization of
X" X g Z. Now let

(X', B" +red(f"R') + pA’)

be the log canonical model of Kx» + B” +red(f"™* R')+ pA” over Z', where f': X' —
Z'. Then the generic fiber of

(X', B" +red(f*R')+ aA") —» Z'

coincides with that of
(X,B+ad) = Z.

As both By and Aj are horizontal over Z’, so are B’ and A’. By Lemma 2.2(2),
X is isomorphic to the normalization of X’ xz Z and

Kv+B+aA+ [ R=ny(Kx + B +aA +red(f*R)),
where 7x : X — X'. Using A = 7 A’, this simplifies to
K+ B+ [ R=1%(Kx + B +red(f*R)).
Combining (3.4) with Lemma 2.11, we conclude that
Kx + B +red(f"R') ~q.z 0.

Finally, since (X, B+ aﬁ—i—?*ﬁ) is 1c, [Kol13, Corollary 2.43| implies that (X', B+
red(f*R') + aA’) is also lc.



34 XIAOWEI JIANG, JUNPENG JIAO, MINZHE ZHU

Step 4. In this step we prove the furthermore part. From now on we assume
that (X, B) — Z has klt fibers over codimension one points in Z \ D, and denote
A" := B +red(f*D").

Let P be a prime divisor on Z’ not contained in Supp(D’), and let Bz be the strict
transform of Bz on W. Since Supp(Bz) C Supp(D) and Supp(D’) contains both
the strict transform of D and all exceptional divisors over Z, by the definition of the
discriminant part in the canonical bundle formula, we conclude that f': X' — Z’
has a reduced fiber over the generic point of P.

Let P be an irreducible component of the preimage of P on Z. By assumption,
(X, B) has a klt fiber over the generic point of P. By inversion of adjunction,
(X, B+ f P) is plt near the fiber over the generic point of P. By [Koll3, §2.41.4],
over the generic point of P the divisor K+ + B + ?F is equivalent to the pullback
of Kx» + B' + f”*P. Hence, near the fiber of the generic point of P, the pair
(X', B"+ f"P) is plt by [Kol13, Corollary 2.43|. Therefore, f™*P is irreducible over
the generic point of P. This proves (1).

Because f’ is equidimensional and has reduced fibers over codimension one points
of Z'\ D', we obtain

red(f*R') =red(f*D)+ f*(R — D").
Since
Kx+ B +red(f"R') ~g.z 0
and (X', B +red(f"R') + aA’) is lc, it follows that
Kx+A'= Kxi + B+ red(f*D) ~g,2 0

and (X', A"+ aA’) is also lc. This proves (2).

Next, observe that if P is a prime divisor on Z’ not contained in Supp(D’), then
(X', A+ f™*P) is plt over the generic point of P, which implies that the discriminant
divisor of f' : (X', A’) — Z' is contained in Supp(D’). If P is a prime divisor
contained in Supp(D’), then let(X’, A’; P) = 0. Thus,

KX’ -+ A/ ~Q f/*(KZ’ + _D, + MZI>,

where M is the moduli b-divisor corresponding to f : (X, B) — Z. This proves (3).

Finally, we prove (4). First, we show that Supp(f*D’) contains all exceptional
divisors over X. Suppose E’ is a prime divisor on X’ exceptional over X but not
contained in Supp(f”*D’). Since (X,B) — Z and (X', B’) — Z’ have the same
generic fiber, E' is vertical over Z’. As f': X’ — Z' is equidimensional, P’ := f'(E’)
is a prime divisor on Z’' not contained in Supp(D’). Because Supp(D’) contains all
exceptional divisors over Z, the image of P’ on Z is also a prime divisor P. Let F' be
a component of f~!P dominating P. Then F is a non-klt center of (X', B’ + f*P’)
over the generic point of P’, distinct from E’, since E’ is exceptional over X. This
contradicts the fact that (X', B+ f*P’) is plt near the fiber over the generic point
of P'.

Let @' be an irreducible component of the strict transform of Supp(BY) in X',
and let @ be the image of @’ in X. Then @ C Supp(BY). Since f' : X' — Z' is
equidimensional, f/(Q’) is a prime divisor on Z’. By [Jia25, Lemma 2.6.(b)], every
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f-vertical log center of (X, B) dominates a generalized log center of (Z, Bz, M).
It follows that f(Q) is a generalized log center of (Z, Bz, M), and hence f'(Q’)
is a generalized log place of (Z, Bz, M). By construction, the divisor D’ contains
the strict transform of Supp(Byz) together with all the exceptional divisors over
Z. Therefore, f'(Q') C Supp(D’), and consequently Q" C Supp(f”*D’). Hence,
Supp(f*D’) contains the strict transform of Supp(BY). On the other hand, since
the fibrations (X, B) — Z and (X', B') — Z' have the same generic fiber, Supp(B’)
contains the strict transform of Supp(B"). Combining the above, we conclude that
Supp(A’) contains the strict transform of Supp(B) and all exceptional divisors over
X. This proves (4).

O

In the following theorem, we aim to bound the log canonical volume of the special
birational model constructed in Theorem 3.7.

Theorem 3.8. Let d € N, v,r,e € Q°, and ® C [0,1] N Q be a finite set. Then
there exists a rational number o € (0,1) and positive numbers m,w depending only
on d,®,v,r e satisfying the following:

If f: (X,B),A) = (Z,H) is a weak (d, ®,v,r, €)-polarized log Calabi-Yau fibra-
tion, then there exists a polarized log Calabi-Yau fibration f': ((X',A"), L") — Z'
such that

(1) X' --» X is a birational map, and Z' — Z is a birational morphism,

(2) the generic fiber of f : (X,B) — Z is isomorphic to the generic fiber of
(XA — 7,

(3) Ly, = L'|x; is numerically equivalent to mAj :=mA'|x, on X, where A’ is
the strict transform of A on X', and

(4) The coefficients of A’ are in & U {1}.

Moreover, we have

(5) A’ contains the strict transform of Supp(B) on X' and all exceptional divi-
sors over X,

(6) (X', A"+ al’) is lc,

(7) Kx + A" +aLl’ — h*H is big, where b : X' — Z, and

(8) vol(Kx» + A"+ al’) < w.

Proof.  Step 1. In this step we construct a polarized log Calabi—Yau fibration
(XA LY — 7

by Theorem 3.7.

By Theorem 3.5, there exists a birational morphism h : W — Z and a reduced
divisor D on W such that

e (W, D) is log bounded,

e the induced rational map ¥y : W --+» §* is a bounded morphism,

e D D Supp(h;'Bz + E +¢}yH), where E is the sum of the reduced exceptional

divisors of h, and H is a very ample divisor on &*,
o Kyw+ D — h*H is big.
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Let W be the normalization of the main component of W xg- S', and let Dy
denote the preimage of D via W — W. After replacing (W, Dyy) with its log
resolution, we may assume that (W, Dyy) is log smooth. Then W — W is generically
finite. Let

fw (X, By). L) = W

be the pullback of (X', B"),L') = S' viaW — S

Let L on X be the closure of the pullback of £ via the moduli map U — S for
some open subset U C Z. By Theorem 3.4, the general fiber ((X,, B,),L,) is a
(dim X, @, v')-polarized log Calabi-Yau pair, where v’ depends only on d, ®, v.

Applying Theorem 3.7, we obtain a family of (dim X, @, v’)-polarized log Calabi-
Yau pairs

f((X,B),L) = Z,
and a polarized log Calabi-Yau fibration
f(XxXhAN L) — 7

satisfying (1)-(4). We may assume that Z’ is the log resolution of (W, D) extracting
all exceptional divisors of W — W.

Step 2. In this step we prove (5)—(7).

By Theorem 3.7 (2)(4), to show that A’ contains the strict transform of Supp(B)
on X’ and all exceptional divisors over X, and that (X', A" + «L’) is lc, it suffices
to prove that (X, B) — Z has klt fibers in Z \ D.

Let Z — 7 be a generically finite morphism such that

® Z — Z --» & is a morphism and factors through S — S, and

o 7 — 7' — W factors through W — W.

We have the following commutative diagram:

(Z',D") +—— (Z,D) +—— (Z, D)

lg /
U<2<—h(W,D) «—— (W, D)
S (S*,H) S' S

Let ((X,B), L) be the normalization of the main component of the base change
of ((X,B),L) by Z — Z. Let ((Xw, Bw), Lw) be the normalization of the main
component of the base change of (X7, Byy), L) by Z — W.

By Theorem 3.4 (4) and (6), the generic fiber of ((X, B), L) — Z is isomorphic
to the generic fiber of ((Xw, Bw), Lw) — Z. Moreover, since both ((X, B), L) — Z

and ((Xw, Bw), Lw) — Z are families of polarized log Calabi-Yau pairs, by the
separatedness of the moduli of polarized log Calabi—Yau pairs, we obtain

((‘)?7 §>7z> = (()’ZW,EW),EW)
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By Theorem 3.4 (8), Theorem 3.5 (2_), and the fact that Dy is the preimage
of D, we conclude that (X7, By) — W has kit fibers over W\ Dy;. Therefore,
(X, B) — Z has kit fibers over Z \ D', where D' is the preimage of Dy. Since D

contains the preimage of D on Z, it follows that Supp(D’) € Supp(D ) where D is
the preimage of D. Hence (X, B) has kit fibers over Z \ D.

We now show that
Ky + AN +all —h*H
is big. By Theorem 3.5 (3), Kw + D — h*H is big. Since D’ contains the strict
transform of D plus the reduced exceptional divisors over W, it follows that K, +
D' — (Kw + D) is effective. Hence Kz + D' — g*h*H is big. Let 0 < a < 1. By
Theorem 3.7 (3), we have
Kx + AN +al' —h*H = f"(Kz + D' +Myg — ¢g*h*H) + oL’ + (o — a) L.

Since L' is big over Z' and L’ > 0, it follows that Ky + A’ + «aL’ — h'* H is the sum
of a big Q-divisor and an effective Q-divisor, and hence big.

Step 3. In this step we prove that vol(Ky: + A’ + aL’) is bounded from above.
Consider the following commutative diagram:

(X', B +al') «*— (X,B+ aL) —— X' —“ (X3, By + aLyy)

| 1 b

(Z',D") +—"——(Z,D) . (W, D)

v

Here X 5 X' &% Xy is the Stein factorization of X — X7, hence v is a finite
morphism and 7 is a birational morphism. Now we claim that

Nept"(Kxr + A"+ al’) = v (Kx, + By + aly + f57Dy).
Since the generic fiber of
(X', A +al')xy Z — Z
is equal to the generic fiber of
(Xyp, By + aLyy + fDw) x5 Z — Z,

it suffices to compare vertical divisors. Let P be a prime divisor on X which is
vertical over Z, and assume that its image P’ := n(P) is also a prime divisor on X"
Let Py denote the image of P on X77. We claim that the image of Pon X'is a
prime d1v1sor as well.

Indeed, since Py is a prime divisor and fj is equidimensional, its image fy-(Pyy)
is a prime divisor on W. By Step 1, the morphism Z’ — W is a log resolution of
(W, D) extracting all exceptional divisors of W — W. It follows that 7 o f (13) is
a prime divisor on Z’. Since both f’ and f are equidimensional with fibers of the
same dimension, the image /,L(lg) is a prime divisor on X', which we denote by P’.

We now distinguish two cases:
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Case (1): coeffpr A’ = 1. In this case, f/(P’) is a prime divisor contained in
Supp(D’). By construction, 7—!(D’) is the union of 7~ (Dy) and some T-exceptional
divisors. Therefore, fy(Py) is a prime divisor contained in Supp(Dyy). Hence, by

[Kol13, §2.41.4], over the generic point of P’, we have
v (Kx,. + By + aLiy + fi:Dyr) = Kz, + P = n’ (Kx + A+ aL').

Case (2): coeffpr A’ = 0. In this case, f'(P’) is not contained in Supp(D’) and
fiv(Pyr) is not contained in Supp(Dy). Hence, by Theorem 3.7 (1), f’ has reduced
fibers over the generic point of f/(P'). Since the ramification locus of W — W is
contained in Supp(Ds) by Theorem 3.4 (8), the map W --» Z' is étale over the
generic point of f/(P’). Therefore, the ramification index of p along P equals that
of v along P. By the Hurwitz formula, we have

V' (Kx, + By + aly + fiDw) = nup” (Kx + A"+ al’)
over the generic point of P. This proves the claim.
By the claim, we obtain
vol(u* (Kx» + A"+ aL')) < vol(v*(Kx. + By + aLy + fi-Dy)).
By [Hol12, Lemma 4.3], it follows that
vol(u* (Kxr + A"+ al')) = deg(p) vol(Kx: + A" + al'),
vol(v*(Kx,, + By + aly + fiDyr)) = deg(v) vol(Kx. + By + aLy + fiDiw)-
Since deg(v) - deg(W/Z) = deg(n), we conclude

ol( Ky + AN +al) < ——
vollKx )< Gee(/2)

by Lemma 3.6, where w is a positive integer depending only on d, ®,v,r, €.

O

3.4. Log boundedness in codimension one. We now proceed to establish the
main theorem of this section.

Proof of Theorem 3.1.  Step 1. Let
(XA L) =2 — Z
be the fibration constructed in Theorem 3.8. By [HMX14, Theorem 1.3], there exists
a fixed positive integer n such that the linear system
In(Kx + A"+ al’)|

defines a birational map. Let 7 : Y' — X’ be a log resolution of (X', A’ + L) such
that

InT*(Kx + A"+ aL)| = |M| + F,
where |M| is the free part and F is the fixed part. Set
G:=M+7*h"H.
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Then |G| is base point free and defines a birational morphism p : Y’ — Y such that
1« G is very ample on Y. Moreover, every curve contracted by p intersects m*h™* H
trivially, hence the induced map ¢ : Y --» Z is in fact a morphism.

By construction, we have

G+ F ~gnr*(Kx + A"+ al')+7*h"H.
Let 1z denote the generic point of Z. Since Ky + A’ ~q,,, 0, we obtain
G+ F ~q,, nat*L'.

Step 2. Define
Yi=red(n'AY+ G+ F+n*h*Hy; + F,

where £ denotes the reduced exceptional divisor of 7 : Y" — X'/ and set ¥ = p,>'.
In this step, we prove that (Y,X) belongs to a log bounded family and that the
morphism ¢ : Y — Z is bounded.

Since Kx + A’ + oL’ — W*H is big by Theorem 3.8 (7), it follows that

vol(G) < vol ((n+ 1)(Kx + A’ + aL’)) < (n+ 1)%w.

By [HMX14, Lemma 7.3], there exists a fixed positive number § < 1 such that
Kx + B(A"+ aL') is big.

Define
1

min{ci edU {1} ’ C; 7é O}’
and choose a fixed positive number ¢ satisfying

t -1
c+if <1, equivalently, t > ¢ .
141 1-p

Then we conclude that
vol(Ky: + X' + (4d + 2)G)
<vol(Kx: + mX + (4d + 2)7.G)
<vol(Kxr + ¢A'+ (10d 4+ 3)(n + 1) (Kx + A"+ aL’))
<vol(Kx: + ¢cA"+ t(Kx: + (A" + aL’)) + (10d + 3)(n + 1)(Kx: + A" + alL'))
<vol((1+t + (10d + 3)(n + 1)) (Kx + A’ + L")
<(1+t+ (10d + 3)(n + 1)) w,

where the second inequality holds since Kx: + A"+ L’ — h'*H is big. Therefore, by
[HMX13, Lemma 3.2],

Y- ((4d 4 2)pG) = 2 - ((4d 4 2)G)4
< 2%vol(Y', Ky + X' + (4d + 2)G)
< 241+t 4 (10d + 3)(n + 1)) %w.

Thus by [HMX13, Lemma 2.4.2 (4)], (Y, X) forms a log bounded family. By [HJ22,
Lemma 2.8], g : Y — Z is a bounded morphism.

C =
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Step 3. There exists a family of contractions
y—=Z=T

and three effective divisors €2, G, and F on Y such that for some closed point t € T,
the fiber ), — Z,; is isomorphic to g : Y — Z, with

O~ G ~uG, F,>~uF.

Since u,G is a very ample divisor on Y and ampleness is an open condition, after
passing to a stratification we may assume that G is ample over the generic point of
Z. If we write

Jy =G+ F,
then Jy is big over Z. Setting

JY = /L*G—F/,L*F,

we have
Jy ~qun, nopm L.

After taking a log resolution of (),) and passing to a stratification of T', we
may assume that 7" is smooth and (), €2) is log smooth over T'. Replacing Jy by its
pullback, it remains big over Z. After passing to a finite étale cover of a stratification
of T (see [Kol13, Claim 4.38.1]), we may assume that every prime component of
restricts to a prime divisor fiberwise. Moreover, after replacing (), 2) by a sequence
of blowups of strata, we extract all divisors whose log discrepancies with respect to
(Y, (1 —¢€)Q2) are at most one. Up to a further stratification of 7', this process can
be assumed to be fiberwise. Therefore, the induced birational map

V- X' - X

does not extract any divisor.
Since H is very ample and Hy € |6dH| is general, we may assume that (X, B +
% f*Hjz) is e-lc. By the canonical bundle formula,

Kx+ B ~g f*(Kz+ Bz + My).

By the boundedness of the length of extremal rays, Ky + Bz + Mz + 3dH is ample,
and hence

Kx+B+3if"Hy ~g [*(Kz+ Bz + My + $Hy)
is semi-ample.

Let I'y, be the strict transform of B + 1f*H; on ), together with (1 — 3€)E,
where E is the reduced exceptional divisor of }; --+ X. Define I'y to be the divisor
supported on 2 whose restriction to ); is I'y,. Since the coefficients of B + % f*Hz
lie in a finite set, the possible coefficients appearing in I'y, also belong to a finite
set & U {%, 1— %e} Therefore, without loss of generality, we may assume that I'y is
fixed on V.

By construction, (X,B + 3f*Hz) is a good minimal model of (¥,,T'y,). By
[HMX18, Theorem 1.2], the pair (),I'y) admits a relative good minimal model
(V,T') over T, which, up to a stratification of 7', induces good minimal models
fiberwise. By the boundedness of the length of extremal rays, the induced map
VY --» Z is a morphism. If we denote the pushforward of Jy by J, then J is big
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over Z. By [HX13, Lemma 2.4], the pair (), [';) is isomorphic in codimension one
to (X, B+ 3f*Hy).

Since L’ is numerically equivalent to the strict transform of mA on the generic
fiber of X’ — Z, and since Jy ~q,,, nopm*L’, we conclude that J; is numerically
equivalent to the strict transform of mnaA on the generic fiber of V; — Z. Replacing
n by a bounded multiple, we may assume that [ := mna is an integer. Thus, the
pair (V;,I';) and the integral divisor J; are what we need.

O

Remark 3.9. We remark that the relative bigness of J will be used in the proof of
Theorem 1.7.

4. POLARIZED LOG CALABI-YAU FIBRATIONS: ARBITRARY COEFFICIENTS

In this section, we consider the boundedness of polarized log Calabi—Yau fibrations
f:((X,B),A) = (Z, H) where the coefficients of B are arbitrary.
We first recall the definition and boundedness result for Fano type fibrations.

Definition 4.1 ([Bir24, Definition 1.1]). Let d € N and r,e € R*". A (d, r, €)-Fano
type fibration f: (X, B) — (Z, H) consists of

(1) a projective e-lc pair (X, B) of dimension d,

(2) a fibration f : X — Z such that Kx + B ~g f*N for some R-divisor N on

Z,

(3) —Kx is big over Z, i.e., X is of Fano type over Z,

(4) H > 0 is a very ample divisor on Z with H4™Z <y and

(5) H — N is ample.

Theorem 4.2 ([Bir24, Theorem 1.3]). Let d € N and r,e,§ € R>°. Consider the
set of all (d,r,€)-Fano type fibrations (X, B) — (Z, H) and R-divisors 0 < A < B
where the non-zero coefficients of A are larger than J.

Then the set of such (X, A+ f*H) is log bounded.

Proof. By [Bir24, Theorem 1.4], there exists a positive number ¢ < 1 depending
only on d,r,e such that (X,B + tf*H) is 5-lc. Then (X,B +tf*H) — Z is a
(d, 2%, £)-Fano type fibration, hence by [Bir24, Theorem 1.3], (X, A + f*H) is log
bounded. OJ

Lemma 4.3. Let d € N and r,e,0 € R™Y. Assume that

e (X, B) is an e-lc pair of dimension d,

f X — Z is a contraction to a normal projective variety,

Kx 4+ B ~g f*N for some R-divisor N on Z,

H is a very ample divisor on Z such that H¥"™Z <1 and H — N is ample,
0 < A < B is an R-dwisor on X such that the non-zero coefficients of A
are larger than ¢,

f X — Z factors through a contraction h : X — Y, and denote the
morphism Y — Z by g,

—Kx 1is big overY,
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e u:Y -->Y'/Z is a birational map which does not extract any divisor, and
denote the morphism Y' — Z by ¢, and
e (Y. g"H) is log bounded.
Then there exists a Q-factorial projective variety X' and a contraction f' : X' — Z
such that
(1) v:X --» X'/Z is an isomorphism in codimension one,
(2) (X', B') is e-le, where B' = v, B,
(3) [+ X' — Z factors through I/ : X' —Y"', where —Kx. is big over Y’, and
(4) (X', A"+ f*H) is log bounded, where A" = v, A.

X---Y--5X
hl lh’
y---f_ sy

Proof. Since Kx + B ~g 7 0, it follows that Kx + B ~gy 0. By [BDCS24, Proposi-
tion 3.6], after replacing Y by a Q-factorial model and replacing X accordingly, we
may assume that Y is Q-factorial.

Let A’ be an ample divisor on Y. As p: Y --» Y’ does not extract any divisor,
we can define A to be the pullback of A" on Y. Note that h*A is abundant over
Z because the Kodaira and numerical dimension are invariant by pullback under
contractions, see [Nak(04, Chapter 5, Proposition 2.7(4)]. By [HH20, Lemma 2.13],
for 0 < e < 1, (X, B+ eh*A) admits a good minimal model X” over Z. Since Y is
the ample model of (X, B 4+ eh*A) over Z, there is a contraction h” : X" — Y.

Let B” denote the strict transform of B on X”. Then (X”, B”) remains an e-lc
pair. Let {Fy, -, Ex} be the divisors contracted by the birational map X --» X”.
The log discrepancy of any E; with respect to (X", B”) is at most 1. Therefore, by
[BCHM10, Corollary 1.4.3], there exists a birational model X’ — X on which the

only extracted divisors are {4, -- - , Ei}. Consequently, we obtain a birational map
v:X -+ X'/Z
which is an isomorphism in codimension one, together with a contraction
h X =Y.

Let f': X’ — Z denote the induced morphism X’ — Y’ — Z. Define
Ky + B' = v.(Kx + B).
Since Kx + B ~g f*N, we have
Kx + B ~g f*N,

and (X', B') is also e-lc.
As (Y', g H) is log bounded, there exists a constant ' € R>? and a very ample
divisor Hy+ on Y’ such that

HI™Y' <y and Hy — g™ H is ample.
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In particular, Hy: — ¢"*N is ample. Note that — Ky is big over Y’ because —Kx is
big over Y, and v : X --» X’ is isomorphic in codimension one. Therefore,

h,/ . (X,,B,) — (Y/, Hy/)
isa (d,r’, e)-Fano type fibration. By Theorem 4.2, (X', A’+ f"* H) is log bounded. [

Remark 4.4. Applying Lemma 4.3 in the special case where X = Y| we obtain the
following. Suppose that

X - X"/Z
is a birational map which does not extract any divisor and (X", f”*H) is log bounded,
where f” : X" — Z. Then there exists a Q-factorial variety X’ that is isomorphic
to X in codimension one over Z, and

(X/,Al+f/*H)
is log bounded, where f': X' — Z.

For the polarized log Calabi-Yau fibration ((X, B), A) — (Z, H), if the horizontal
part B" £ 0, we can decompose it into a Fano type fibration and a lower-dimensional
polarized log Calabi—Yau fibration.

Proposition 4.5. Assume that Theorem 1.5 holds in dimension < d—1. Moreover,
assume it also holds when X s of dimension d and B is vertical over Z. Then
Theorem 1.5 holds in dimension d.

Proof. The argument follows closely that of [Bir23b, Theorem 10.1].

Step 1. By assumption it suffices to consider the case where the horizontal part B"
of B is non-zero. Then Kx is not pseudo-effective over Z because Kx+B ~p 7 0. Let
t be the smallest number such that Ky + tA is pseudo-effective over Z. By [Bir23a,
Lemma 4.11], ¢ is bounded from above. Moreover, if we consider (X,0,tA) as a
generalized pair with nef part tA, it follows from [BZ16, Lemma 4.4] that Kx +tA
admits a good minimal model over Z, which is not of general type. Considering
intersection numbers shows that ¢ belongs to a fixed set of rational number which
is discrete away from zero, see [Bir23a, Lemma 4.11].

Step 2. In this step we reduce to the case when X is Q-factorial and ¢ > 1.
Let [ be the largest integer such that A = [Kx + A is big over Z. Then

vol(Ay) = vol(—IBr + Ar) < vol(Ar) < v,

where ' is the general fiber of f: X — Z. Let fi: X; — Z be the ample model
of A over Z, and let B, A; be the pushdowns of B, A on X;. If the horizontal
part BY = 0, then (X1, f{ H) is log bounded in codimension one by assumption. By
Remark 4.4, this implies that (X, A+ f*H) is also log bounded in codimension one.
Therefore, we may assume Bl # 0.

Repeating this procedure, we obtain a sequence of birational maps over Z:

(X, B), A) —-» (X1, B1), A1) == -+ == ((Xp, By), Ap) - - --

satisfying B! # 0 for all i. Since the Picard number p(X) is finite, there exists
k € N such that X; --+ X, is isomorphic in codimension one for all i > k. By the
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definition of ;fk, we know Kx, + A}c is not big over Z, hence Ky, , + Aj41 is not big
over Z. Denote by ;1 the smallest number such that Kx, ,, + 41 A4 is pseudo-
effective over Z. Then t;.; > 1. By Remark 4.4, to prove that (X, A + f*H) is log
bounded in codimension one, it suffices to show that (X1, fi;H) is log bounded
in codimension one, where fr1: X;y1 — Z. Thus we may replace ((X, B), A) with
((Xkt1, Brt1), Ag+1) and assume that X is Q-factorial and ¢ > 1.

Step 3. Since t belongs to a fixed set of rational numbers which is discrete away
from zero, and since t > 1 and t is bounded above, there are only finitely many
possibilities for ¢. In the following we assume that t is fixed.

View (X, N) as a generalized pair over Z with nef part N := tA. Then (X, N) is
an e-lc generalized pair. By [BZ16, Lemma 4.4|, there exists a good minimal model
f' X' = Z of Kx +tA over Z. Let B',A’, A’ be the pushdowns of B, A, A on X'.
By Remark 4.4, it suffices to prove that (X', f*H) is log bounded in codimension
one.

Let h: X' — Y/Z be the non-birational contraction induced by Ky + tA’, and
denote the morphism Y — Z by ¢. By [Fil20], there exists a generalized canonical
bundle formula

Kx +tA ~g h*(Ky + Cy + Ry).

Since A’ is big over Z, it follows that —Kx is big over Y. Hence, by [Bir23b,
Theorem 8.3], (Y, Cy, R) is a 7-Ic generalized pair for some fixed 7 € R>°.

As t is fixed, there exists p € N such that p(Kx + tA’) is integral. Let G be the
general fiber of h: X’ — Y. Then G is elc and belongs to a bounded family by
[Bir21b]. After replacing p by a bounded multiple, we may assume that p(Kg+tAg)
is Cartier by [HLQ23, Theorem 1.10]. Since G is of Fano type, we have Pic’(G) = 0,
and thus p(Kq +tAg) ~ 0. Therefore, there exists a rational function o on X’ such
that p(Kx: + tA") + Div(«a) is vertical over Y. Since

p(KX/ + ZfA’) + DlV(Oé) ~Q,y 0,

it follows from [CHL24, Lemma 2.5] that p(Kx: + tA’) + Div(«) is the pullback of
a Q-Cartier Q-divisor on Y. Hence we obtain the canonical bundle formula

p(Kx +tA) ~ ph*(Ky + Cy + Ry).

Since p(K x:+tA’) is integral and the multiplicities of the fibers of h over codimension
one points are bounded, after replacing p by a bounded multiple we may assume
that

J :=p(Ky +Cy + Ry)

is an integral divisor.

Step 4. In this step we prove that the volume of the restriction of J on the general
fiber of g : Y — Z is bounded from above.

Let ¢ : W — X and v : W — X’ be common resolutions. Pick a general
point of Z and let Fy, Fx, Fx/, Fy be the corresponding fiber over this point. By
[Bir23a, Theorem 1.1], there exists a fixed positive integer m such that |mA|p, |
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defines a birational map. Let ¢ = dim Fyy and e = dim Fy. Then

vol(Jry) < (0" (mA)[ry ) - (" (p(Kxr + tA)) |y )°
< m”p°vol(¢" Al + " (Kx +tA)|R,)
<mpvol(p"(Kx + (1 +t)A)|my,)
<mpvol((1 4+ t)A|py ) < (1 +1t)m ™ po.

Step 5. Applying [Bir23a, Theorem 1.1] to a Q-factorialization of Fy and the
divisor J, we conclude that there exists a fixed positive integer n such that |nJ|pg, |
defines a birational map. Therefore, there exists an effective integral divisor J’ such

that J' ~ nJ/Z, and then
vol(J'| g, ) <0,
where v = (1 + t)“m n®p°u.
By [Zhu25, Lemma 2.11] (see also [Bir23b, Theorem 1.9]), there exists a fixed
7 € R”Y such that we can write a canonical bundle formula

Ky + B' ~g h*(Ky + Dy + Sy),

where (Y, Dy, S) is a 7-1c generalized pair. By [Amb05, Theorem 4.1], we may choose
a boundary Dy such that

Ky+ﬁy ~r Ky + Dy + Sy
and (Y, Dy) is 5-lc. Consequently,
g: ((Y,ﬁy), Jl) - (Zv H)

is a (dim Y, v’, r, 7)-polarized log Calabi-Yau fibration. By the induction hypothesis,
(Y,g*H) is log bounded in codimension one. Hence, by Lemma 4.3, (X', f*H)
is log bounded in codimension one. Finally, by Remark 4.4, the same holds for
(X,A+ f*H).

O

If the horizontal part B" vanishes, we can run an MMP for very exceptional
divisors to reduce the problem to Theorem 3.1 with & = {0}.

Proof of Theorem 1.5. By Proposition 4.5, it suffices to treat the case where B is
vertical over Z.

By [Zhu25, Lemma 2.11] (see also [Bir23b, Theorem 1.9]), there exists a fixed
§ € R”% such that we can write the canonical bundle formula

Kx+ B ~p f*(Kz+Bz+Mz),

where (Z, Bz, M) is a d-lc generalized pair. By [Bir24, Theorem 2.3|, there exists a
Q-factorialization

w: 2" — 7
such that Z’ belongs to a bounded family. Let H' be a very ample divisor on Z’
satisfying H'4™ %" < ¢/ for some fixed ' € R>?, and such that H' — p*H is ample.
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By [BDCS24, Proposition 3.6], there exists a Q-factorial e-lc pair (X', B), iso-
morphic to (X, B) in codimension one, together with a contraction
X' -7
satisfying Kx: + B' ~g 7 0. Let A’ be the strict transform of A in X’. Then
vol(A'|p) = vol(A|p) < v,

where I, F’ denote the general fibers of f: X — Z and f': X' — Z’, respectively.

Suppose that f': X' — Z' admits a very exceptional divisor £. We run an
MMP for (X', B' + A\E) over Z’', where X is a sufficiently small positive number.
By [Birl2, Theorem 1.8], this MMP terminates with a model X” on which £ is
contracted. If X” — Z’ still has a very exceptional divisor, we repeat this process.
Since the relative Picard number p(X'/Z’) strictly decreases each time, after finitely
many steps we reach a contraction

g:Y =7

with no very exceptional divisor. Let By and Ay be the pushdowns of B’ and A’
to Y. Then Ky + By ~g z 0 and (Y, By) is e-lc. Moreover, since X’ --» Y is an
isomorphism over an open subset of Z’, we have

vol(Ay| g, ) = vol(A'|p) < v,

where Fy is the general fiber of g: Y — Z’.
Let Y’ be the ample model of Ay over Z’, and denote by By and A}, the pushdowns
of By and Ay to Y'. Then Ky + By ~g z 0 and (Y, By) is e-lc. Furthermore,

vol(Ay|py ) = vol(Ay|r,) < v,
where FY is the general fiber of ¢': Y’ — Z’. Therefore,
g (V' B)), Ay) = 7

is a (d,v,1’, €)-polarized log Calabi—Yau fibration.

Note that ¢': Y’ — Z’ has no very exceptional divisor. Since By, is vertical over
Z" and Z' is Q-factorial, it follows that By is of fiber type over Z’. Hence, there
exists an effective R-Cartier R-divisor C’ on Z’ such that

By, = ¢g"C".
Consequently,
Ky ~g g™ ("N = C").
Note that H — (u*N — C") is in general pseudo-effective, rather than ample. Hence,
g (Y',0),4y) = Z'

is merely a weak (d, 0, v,r’, €)-polarized log Calabi—Yau fibration.

By Theorem 1.4, (Y, ¢"*H’) is log bounded in codimension one. Since H' — p*H
is ample, it follows that (Y’,¢"*H) is also log bounded in codimension one, where
g:Y' — Z. Finally, as X --» Y’ is a birational map which does not extract
any divisor, Remark 4.4 implies that (X, A + f*H) is log bounded in codimension
one. ([l
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5. FIBRATIONS WHOSE GENERAL FIBERS HAVE VANISHING IRREGULARITY

In this section, we consider the boundedness of polarized log Calabi—Yau fibrations
f:((X,B),A) — (Z, H) such that Supp R'f.Ox C Z.

The following lemma addresses the issue when the base of a polarized log Calabi—
Yau fibration is not Q-factorial.

Lemma 5.1. Let d,r € N and e € R>°. Assume that
e (X, B,M) is an e-lc generalized projective pair of dimension d,
o H is a very ample divisor such that H® < r, and
e H— (Kx+ B+ My) is ample.
Then there exists a positive integer ' depending only on d,r, e such that
(1) there exists a couple (X', %) such that m: X' — X is a Q-factorialization,
(2) the irreducible components of X' generate N'(X'/X),
(3) H' is a very ample divisor on X' such that H'Y <1’ and
(4) H — %' and H — n*H are ample.

Proof. By [Bir24, Theorem 2.3], there exists a Q-factorialization
7: X =X

such that X’ is in a bounded family. Therefore, there exists a bounded resolution W
of X’ such that the Picard number p(X") < p(W) is bounded from above, and hence
the relative Picard number p(X’/X) is also bounded from above. In the following
we apply induction on p(X’/X) to construct ¥’ and H' on X’ satisfying the desired
properties.

By the cone theorem [KM98, Theorem 3.7], the birational morphism 7 : X’ — X
can be decomposed into a sequence of extremal contractions

X=X-X,—- - =2X,1,=-X=X.

Again by [Bir24, Theorem 2.3], X;_; also belongs to a bounded family. Hence, there
exists a positive integer r;_; depending only on d, r, € and a very ample divisor H;
on X;_1 such that

Hld_1 <mr_1 and H;_;— p*H is ample,
where p: X;_ 1 — X. Writing
Kx, ,+B-1+My, , =p(Kx + B+ My),
it follows that
H_1—(Kx,_, +B-1+Mxy, )

is ample. Since p(X'/X;_1) < p(X'/X), by the inductive hypothesis we obtain the
following:

e there exists a couple (X', %') such that the irreducible components of ¥’
generate N'(X'/X;_1),

e there exists a fixed v’ € N and a very ample divisor H' on X’ such that
H'" <7’ and

e both H' — Y/ and H' — v*H,_, are ample, where v : X’ — X;_;.
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In particular, H' — 7n*H is also ample.

Finally, since H;_; is ample over X and u : X;_; — X is an extremal contraction,
by replacing ¥’ with ¥’ U Supp(v*H,_,), H' with 2H’, and r’' with 29, we conclude
that the irreducible components of ¥’ generate N'(X'/X). O

The following lemma bounds certain vertical divisors in a log bounded family.

Lemma 5.2. Let €,6 € R™" and ® C [0,1] N Q be a finite set. Assume that
e (X, B) is a projective Q-factorial e-lc pair belonging to a bounded family,
e the coefficients of B are in P,
e Kx + B is semi-ample and defines a contraction f: X — Z,
e there is a canonical bundle formula Kx + B ~q f*(Kz + Bz + Myz) such
that (Z, Bz, M) is a generalized 6-lc pair, and
o N is an integral divisor on X such that N ~q,, 0, where 1 is the generic
point of Z.
Then there exists an effective Q-divisor D on X such that

(1) D is vertical over Z,
(2) N ~qz D, and
(8) (X, Supp(B) U Supp(D)) is log bounded.

Proof.  Step 1. Since (X, B) belongs to a log bounded family of e-lc pairs with
coefficients of B contained in a finite set, it follows from [BDCS24, Lemma 2.17]
that the set of morphisms f : (X, B) — Z is bounded. Moreover, there exists a
bounded m € N such that m(Kx + B) is base point free and satisfies

Set
H = m(KZ + BZ + Mz>
Then H is a very ample divisor on Z, and H4™Z is bounded from above.
Applying Lemma 5.1, we obtain that
e there exists a couple (Z', %) such that 7 : Z' — Z is a Q-factorialization,
e the irreducible components of ¥’ generate N*(Z'/Z),
e H'is a very ample divisor on Z’ such that H'9™ %" is bounded from above, and
e both H' — ¥ and H' — n*H are ample.
Therefore, by replacing m with a bounded multiple, we may assume that H — ¥ is
pseudo-effective, where ¥ = 7, >/,
By [BDCS24, Proposition 3.6], there exists a commutative diagram

X -f5Xx
A
7157

such that g : X’ --» X is an isomorphism in codimension one.

Step 2. Let N' := p*N. Since N ~q,, 0, we have
N/ NQ?"Z’ 07
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where 7 is the generic point of Z’. As Z' is Q-factorial, there exists a very
exceptional /Z" Q-divisor L' on X’ such that

Nl NQ,Z’ Ll.
Since the irreducible components of ¥ generate N'(Z’/Z), there exists a Q-Cartier
Q-divisor C" on Z' with
Supp(C’) C Supp(Y) and N’ ~gy L' + f*C.

Let L := u,L’. Then L is very exceptional over Z, because L' is very exceptional
over Z', and 7, u are isomorphisms in codimension one. Hence, we have

N ~Q,Z L —+ /,L*f,*cl.

Since f: X — Z is a bounded morphism, by [BDCS24, Lemma 2.20], we conclude
that Supp(L) is bounded.

Possibly enlarging 3 and replacing H', H by bounded multiples, we may assume
that there exists an effective Q-Cartier Q-divisor T" on Z such that

Supp(T) € ¥ and C'+ 7T, L+ f*T are effective.

Replacing C” and L by C" + 7n*T and L + f*T, we may assume that C’ and L are
effective Q-divisors.

Since H — ¥ is pseudo-effective, it follows that m(Ky + B) — p. f*> is pseudo-
effective. Therefore, the couple

(X, Supp(B) U Supp(L) U Supp(p. f*C"))

is log bounded.
Finally, set
D=L+ uf"C".
Then D is effective, vertical over Z, satistfies N ~g z D, and (X, Supp(B)USupp(D))

is log bounded. This completes the proof.
O

We also need the following result on the finiteness of log canonical models when
the boundary divisors vary in a polytope.

Lemma 5.3. Assume that

(1) (X, B) is a projective Q-factorial kit pair,

(2) X — Z is a contraction to a normal projective variety,

(3) KX —|—B ~0Q,Zz 0,

(4) L is an effective Q-divisor on X which is big over Z,

(5) Dy,---, Dy are effective Q-divisors on X that are vertical over Z, and

(6) V is the affine subspace generated by L and all D; in the real vector space of

divisors, and P is the polytope in V generated by L and all D;.

Then there exist finitely many rational maps 7j : X --»Y;/Z for 1 < j <1 satisfying
the following.

For each point C € P, there exists 1 < j <1 such that m; gives the ample model
of C' over Z.
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Proof. Let ¢ be a positive rational number such that (X, B + §(L + Zle Dy)) is
klt. Let V' be the affine subspace generated by B + L and B + dD; in the real
vector space of divisors, and let P’ be the polytope in V' generated by B 4+ dL and
B+6D;. Since Kx + B ~q z 0, it suffices to prove the finiteness of ample models of
Kx+C" over Z for all C" € P'. By [MZ23, Theorem 5.1] (see also [Kaw24, Theorem
2.10.3]), it is enough to show that (X,C’) has a good minimal model over Z for
every C' € P'.
Let C’ € P’ and write

Cl =B + CL()L + ZaiDi, with Z(Zi = 0.

If a9 > 0, then Kx + C’ is big over Z, and by [BCHMI10], (X,C") has a good
minimal model over Z. If ag = 0, then since each D; is vertical over Z, we have
Kx + C'" ~q,, 0, where 1y is the generic point of Z. By [Birl2, Theorem 1.4] or
[HX13, Theorem 1.1], (X,C") has a good minimal model over Z. This completes
the proof. O

With the necessary preparations complete, we can now prove the main theorem
of this section.

Proof of Theorem 1.7. By Theorem 3.1, there exists a couple (V,0), an effective
integral divisor J on V' and a positive integer [, depending only on d, ®, v, r, €, such
that
e there is a contraction h : V — Z and V is Q-factorial,
e V --» X/Z is an isomorphism in codimension one,
e (V,0 + Supp(J)) is bounded,
e O contains both By and h*Hz, where By is the strict transform of B on V,
and Hy is a general element of |6dH |, and
e Jx = [A over the generic point of Z, where Jx is the strict transform of J
on X.
Since Supp R' f,Ox C Z, Grauert’s theorem implies h'(X,, Ox,) = 0, where X,
is the general fiber of f: X — Z. Consequently,

Ix ~qun, LA,

where 77 is the generic point of Z. Since V' --+ X/Z is an isomorphism in codimen-
sion one, we have

J ~qu, lAy,

where Ay is the strict transform of A on V. By Lemma 5.2, there exists a log
bounded pair (V, By + J + > D;) and rational numbers a; > 0 for 1 < i < k such
that
J + ZazDz ~Q,Z lAV
By log boundedness, we may assume there exists a family (V, By) — S together
with divisors J and D; on V such that there exists a point s € S with

(V,By) ~ (Vs,By,), Js~J, and D;;~ D,.

By [HX15, Proposition 2.4], after passing to a stratification of S, we may assume
that Ky + By is Q-Cartier and klt. By [HJ22, Lemma 2.8], there is a fibration
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gV — Z over § such that V, — Z; is isomorphic to V' — Z. Moreover, by
Remark 3.9, we may assume that 7 is big over Z. Since each D; is vertical over Z,
D; is vertical over Z as well.

Let H be a Cartier divisor on Z which is ample over S, and let G € |6nH| be a
general member, where n = dim X'. By the boundedness of the length of extremal
rays, the log canonical model of

(V. By + pu(J + > aiD;))
over Z coincides with the log canonical model of
V. By + u(JT + 3 aDi) + 39)

over S, for p > 0 sufficiently small. After passing to a stratification and applying
[HMX18, Theorem 1.2] to a fiberwise log resolution of

(V, By + (T + 3" aDy) + 5G)

over 8, we may assume that it admits a relative log canonical model over § which
induces log canonical models fiberwise.
By Lemma 5.3, there exist finitely many rational maps

V-2

such that for every (ai,as, ..., ax), there exists j for which ); is the log canonical
model of

WV, By + u(J + > aiDy))

over Z. Then Y is the log canonical model of
(Vi By + p(J + > aiD;))

over Z, hence also of (V, By + ulAy) over Z. Since (X, B+ ulA) is the log canonical
model of (V, By + plAy) over Z, it follows that V;, >~ X. Therefore, we conclude
that (X, B+ f*H) is log bounded. O

6. STABLE MINIMAL MODELS AND FIBERED CALABI-YAU VARIETIES

In this section, we apply our boundedness results on polarized log Calabi—Yau
fibrations to stable minimal models and fibered Calabi—Yau varieties.

Definition 6.1 ([Bir2la, Definition 1.1]). Let d € N, u € Q% and ® C Q=° be a
DCC set. Let Fyp(d, @, u) be the set of projective generalized pairs (X, B, M) such
that

(1) (X, B,M) is klt of dimension d,

(2) the coefficients of B are in @,

(3) there is a birational morphism X’ — X such that M descends to X’ and
My = > p; M where M is nef Cartier and u; € ® for any 1,

(4) Kx + B + My is ample, and

(5) VOI(KX + B + Mx) = U.



52 XIAOWEI JIANG, JUNPENG JIAO, MINZHE ZHU

Proof of Corollary 1.8. By Lemma 3.2, we may assume that A is an effective integral
divisor and vol(A|r) = v is fixed. By [Bir2la, Lemma 8.2|, all log discrepancies of
(X, B) that are smaller than 1 are in a fixed finite set ®’, depending only on d, u, v, .
In particular, the coefficients of B belong to @', and there exists a positive number
¢, depending only on d, u,v, ®, such that (X, B) is e-lc.
By [Bir2la, Lemma 7.4], there exists a positive integer p, depending only on
d,u, ®, such that we can write a canonical bundle formula
Kx + B ~q f"(Kz + Bz + My),

where pMy is Cartier on some high resolution 2’ — Z.
By [HMX14, Theorem 1.1], the coefficients of By are in a fixed DCC set W,
depending only on d, ®. Replacing ¥ by ¥ U {1—17}, we obtain
(Zv BZa M) € nglt<d,7 \117 U),

where d = dim Z. By [Bir2la, Theorem 1.4|, (Z, Bz, M) belongs to a bounded
family. Furthermore, by the remark following [Bir22, Theorem 4.3], there exists a
fixed positive integer [ such that

H:=1(Kz+ Bz +My)
is very ample. Consequently,

f((X,B),A) = (Z,H)
is a (d, 9 ,U,ldlu,e)—polarized log Calabi—Yau fibration. Therefore, the corollary
follows from Theorem 1.5 and Theorem 1.7. 0

Proof of Corollary 1.9. By [Zhu25, Lemma 2.11] (see also [Bir23b, Theorem 1.9]),
there exists a canonical bundle formula

Kx + B ~g f*(Kz+ Bz + My)

such that (Z, Bz, M) is a é-lc generalized pair for some § € R>? depending only
on d,e,v. Since Z is rationally connected, by [Bir23b, Theorem 1.7], there exists a
projective variety Z’ such that

e /' --» Z is an isomorphism in codimension one, and
e there is a fixed positive integer r and a very ample divisor H on Z’ such
that H'4m2" <.
By [BDCS24, Propositions 3.6 and 3.7], there exists an e-lc pair (X', B") which
is isomorphic in codimension one to (X, B), and a contraction f': X' — Z’ with
Kx/ + B" ~g 7 0. Let A’ be the strict transform of A on X’. Then

vol(A'|p) = vol(A|r) < v,
where F” is the general fiber of f': X' — Z'. Let X” be the ample model of A" over
7', and B"” and A” be the pushdown of B’ and A" on X”. Then we conclude that
f// . ((X//’BI/)’A//> - Z/

is a (d,v,r,€)-polarized log Calabi-Yau fibration. Therefore, Theorem 1.5 implies
that X” is bounded in codimension one. Since X --+ X’ does not extract any
divisor, by [BDCS24, Corollary 2.13], X is bounded in codimension one. O
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