JOURNAL OF THE

AMERICAN MATHEMATICAL SOCIETY
Volume 00, Number 0, Pages 000-000

S 0894-0347(XX)0000-0

PROJECTIVITY OF THE MODULI SPACE OF STABLE
LOG-VARIETIES AND SUBADDITVITY OF LOG-KODAIRA
DIMENSION

SANDOR J KOVACS AND ZSOLT PATAKFALVI

CONTENTS
1. Summary of results 1
2. Overview 3
3. Basic tools and definitions 9
4. Almost proper varieties and big line bundles 12
5. Ampleness Lemma 14
6. Moduli spaces of stable log-varieties 19
7. Determinants of pushforwards 28
8. Pushforwards without determinants 40
9. Subadditivity of log-Kodaira dimension 49
10.  Almost proper bases 58
References 59

1. SUMMARY OF RESULTS

Throughout the article we are working over an algebraically closed base field k
of characteristic zero. The main result of is the following.

Theorem 1.1 (=Corollary 7.3). Any algebraic space that is the coarse moduli space of
a moduli functor of stable log-varieties with fixed volume, dimension and coefficient
set (as defined in Definition 6.2) is a projective scheme over k.

In the non-logarithmic case an essentially equivalent statement was proved in
[Kol90] and [Fujl2], but in the logarithmic case a similar result has only been
known in dimension 1, that is, this is a new result for moduli spaces of log-varieties
of dimension at least 2. Of course, it also proves projectivity of ]Q,n, although
admittedly it is not an efficient proof in that case.
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In Section 6.A we also present one particular functor satisfying the above condi-
tion, based on a functor suggested by Kollar [Koll3a, §6]. In particular, the above
result is not vacuous.

Kollar’s proof of the non-logarithmic case is based on his celebrated Ampleness
Lemma. The naive application of the Ampleness Lemma in the logarithmic case
yields that for a family f : (X, D) — Y of stable log-varieties, the functorial line
bundle det f, Ox (m(Kx,y+D)) is big provided that the ambient varieties X, of the
fibers have maximal variation (here m is sufficiently divisible). However, a family
of log-varieties may have positive variation even if the ambient variety stays the
same for general fibers, since the boundary divisors can still change. This simple
roadblock has been a formidable obstacle in proving this result for many years.
By generalizing the Ampleness Lemma (see Section 5) and then using a somewhat
complex argument (see Section 2.A and Section 7) we prove that in fact the line
bundle det f.Ox (m(Kx/y + D)) is big if the pairs (X, D) vary maximally, even if
the ambient varieties X,, do not (see point (2) of Theorem 7.1). This result provides
the main ingredient of the proof of Theorem 1.1.

For certain applications, e.g., Theorem 1.3, one needs to understand the positiv-
ity of f.0x(m(Kx/y + D)), that is, the direct image of the relative pluricanonical
sheaf before taking the determinant. Positivity of this sheaf is much stronger than
that of its determinant. Our second main result is concerned with this:

Theorem 1.2 (=Theorem 8.1). If f : (X, D) = Y is a family of stable log-varieties
of mazimal variation over a mormal, projective variety Y with a klt general fiber,
then f.Ox(r(Kx;y + D)) is big for every sufficiently divisible integer r > 0.

This is a direct generalization of [Kol87] and [EV90, Thm 3.1] to the logarithmic
case. Note that it fails without the klt assumption, see Examples 8.5, 8.6, 8.7.

Theorem 1.2 yields numerous applications, including ampleness of the CM line
bundle on the moduli space of stable varieties by Patakfalvi and Xu [PX15], and a
log-version of [Abr97] by Ascher and Turchet [AT16]. We also prove Theorem 1.2
and our other positivity results over almost projective bases in Section 10, that is,
over bases that are big open sets in projective varieties.

For us the main importance of Theorem 1.2 is its application to the Iitaka-
Viehweg conjecture on subadditivity of log-Kodaira dimension. We prove this con-
jecture assuming that the general fiber is of log general type in Theorem 9.5. This
generalizes to the logarithmic case the celebrated results of Kawamata, Viehweg
and Kollar on the subadditivity of Kodaira dimension [Kaw81, Kaw85, Vie83a,
Vie83b, Kol87], also known as Iitaka’s conjecture Cy, ., and its strengthening by
Viehweg, known as C’;; m- For the strongest statement we are proving the reader is
referred to Section 9. Here we only state two corollaries that need less preparation.

Theorem 1.3 (=Theorem 9.6 and Corollary 9.8).

(1) Let f: (X,D) — (Y, B) be a surjective map of projective log canonical snc
pairs such that supp D 2 supp f*B. Assume that Kx, + D, is big, where
7 is the generic point of Y, and that either both B and D are reduced or
D > f*B, then

K(Kx + D) > k(Ky + B) + k (Kx, + Dy) .
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(2) Let f : X — Y be a dominant map of (not necessarily proper) algebraic
varieties such that the generic fiber has maximal Kodaira dimension. Then

K(X) > k(YY) +r(Xy).

In the non-logarithmic case recent related results include [Bir09, CH11, Fuj03,
Laill, Fuj13, CP16]. In the logarithmic case Fujino obtained results similar to
the above assuming that the base has maximal Kodaira dimension [Fujl4a, Thm
1.7], or that the family is relative 1-dimensional [Fuj15]. Recently, Cao and Paun
covered the case when the base is an abelian variety.

In a slightly different direction Fujino obtained another related result on subad-
ditivity of the numerical log-Kodaira dimension [Fujl4b]. A version of the latter,
under some additional assumptions, had been proved by Nakayama [Nak04, V.4.1].
The numerical log-Kodaira dimension is expected to be equal to the usual log-
Kodaira dimension by the Abundance Conjecture. However, that conjecture is
arguably one of the most difficult open problems in birational geometry currently.
Our proof does not use either the Abundance Conjecture or the notion of numerical
log-Kodaira dimension.

Further note that our proof of Theorem 1.3 is primarily algebraic. That is, we ob-
tain our positivity results, from which Theorem 1.3 is deduced, in a purely algebraic
way, starting from the semi-positivity results of Fujino [Fuj12, Fujl4a]. Hence, our
approach has a good chance to be portable to positive characteristic when the ap-
propriate semi-positivity results (and other ingredients such as the minimal model
program) become available in that setting. See [Pat14] for the currently available
semi-positivity results, and [CZ13, Pat16b] for results on subadditivity of Kodaira-
dimension in positive characteristic.

Acknowledgement. The authors are thankful to Janos Kollar for many insightful
conversations on the topic; to Maksym Fedorchuk for the detailed answers to ques-
tions about the curve case; to James MCKernan and Chenyang Xu for information
on the results in the article [IMX14]; to Chuanhao Wei for pointing out a gap in
the proof of Corollary 9.8 in an early version; to Dan Abramovich and Vladimir
Lazi¢ for useful comments on the presentation; and to Christopher Hacon for a long
list of corrections and suggestions.

2. OVERVIEW

Since Mumford’s seminal work on the subject, .#, the moduli space of smooth
projective curves of genus g > 2, has occupied a central place in algebraic geometry
and the study of .#,; has yielded numerous applications. An important aspect of
the applicability of the theory is that these moduli spaces are naturally contained
as open sets in ]g the moduli space of stable curves of genus g, and the fact that
this latter space admits a projective coarse moduli scheme.

Even more applications stem from the generalization of this moduli space, .#j .,
the moduli space of n-pointed smooth projective curves of genus g and its projective
compactification, 79,71, the moduli space of n-pointed stable curves of genus g.

It is no surprise that after the success of the moduli theory of curves huge efforts
were devoted to develop a similar theory for higher dimensional varieties. However,
the methods used in the curve case, most notably GIT, proved inadequate for the
higher dimensional case. Gieseker [Gie77] proved using GIT that the moduli space
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of smooth projective surfaces of general type is quasi-projective, but the proof did
not provide a modular projective compactification. Subsequently several people
wrote down examples of natural limits of families of surfaces of general type that
were not asymptotically stable (e.g., [SB83]). This led to the natural question, first
asked by Kollar, whether asymptotically stable limits of surfaces of general type
exits at all. Recently Wang and Xu [WX14] showed that in fact such limits do
not exist in general, at least when one considers asymptotic Chow-stability and the
standard linearization on the Chow variety.

The right definition of stable surfaces only emerged after the development of the
minimal model program allowed bypassing the GIT approach [KSB88]. The exis-
tence and projectivity of the moduli space of stable surfaces and higher dimensional
varieties have only been proved very recently as the combined result of the effort of
several people over many years [KSB88, Kol90, Ale94, Vie95, HK04, AH11, Kol08,
Kol13a, Kol13b, Fuj12, HMX14, Kol14].

Naturally, one would also like to have a higher dimensional analogue of n-pointed
curves and to extend the existing results to that case [Ale96]. The obvious analogue
of an n-pointed smooth projective curve is a smooth projective log-variety, that is,
a pair (X, D) consisting of a smooth projective variety X and a simple normal
crossing divisor D C X. For reasons originating in the minimal model theory of
higher dimensional varieties, one would also like to allow some mild singularities
of X and D and fractional coefficients in D, but we will defer the discussion of
the precise definition to a later point in the paper (see Definition 3.9). We note
here that the introduction of fractional coefficients for higher dimensional pairs led
Hassett to go back to the case of n-pointed curves and study a weighted version
in [Has03]. These moduli spaces are more numerous and have greater flexibility
than the traditional ones. In fact, they admit natural birational transformations
among each other and demonstrate the workings of the minimal model program
in concrete highly non-trivial examples. Furthermore, the log canonical models of
these moduli spaces of weighted stable curves may be considered to approximate
the canonical model of .#,,, [HH09, HH13].

The theory of moduli of stable log-varieties, also known as moduli of semi-log
canonical models or KSBA stable pairs, which may be regarded as the higher di-
mensional analogues of Hassett’s moduli spaces above, is still very much in the
making. It is clear what a stable log-variety should be: the correct class (for sur-
faces) was identified in [KSB88] and further developed in [Ale96]. This notion
generalizes to arbitrary dimension [Koll3a]. On the other hand, at the time of
the writing of this article it is not entirely obvious what the right definition of the
corresponding moduli functor is over non reduced bases. For a discussion of this
issue we refer to [Koll3a, §6]. A major difficulty is that in higher dimensions when
the coefficients of D are not all greater than 1/2 a deformation of a log-variety
cannot be simplified to studying deformations of the ambient variety X and then
deformations of the divisor D. An example of this phenomenon, due to Hassett,
is presented in Section 2.B, where a family (X, D) — P! of stable log varieties is
given such that D — P! does not form a flat family of pure codimension 1 sub-
varieties. In fact, the flat limit Dy acquires an embedded point, or equivalently,
the scheme theoretic restriction of D onto a fiber is not equal to the divisorial re-
striction. Therefore, in the moduli functor of stable log-varieties one should allow
both deformations that acquire and also ones that do not acquire embedded points
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on the boundary divisors. This is easy to phrase over nice (e.g., normal) bases see
Definition 6.2 for details. However, at this point it is not completely clear how it
should be presented in more intricate cases, such as for instance over a non-reduced
base. Loosely speaking the optimal infinitesimal structure of the moduli space is
not determined yet (see Remark 6.15 for a discussion on this), although there are
also issues about the implementation of labels or markings on the components of
the boundary divisor (cf. Remark 7.17).

By the above reasons, several functors have been suggested, but none of them
emerged yet as the obvious “best”. However, our results apply to any moduli
functor for which the objects are stable log-varieties (see Definition 6.2 for the
precise condition on the functors). In particular, our results apply to any moduli
space that is sometimes called a KSBA compactification of the moduli space of
log-canonical models.

As mentioned Mumford’s GIT method used in the case of moduli of stable curves
does not work in higher dimensions and so we study the question of projectivity
in a different manner. The properness of any algebraic space as in Theorem 1.1
is shown in [Koll4]. For the precise statement see Proposition 6.4. Hence, to
prove projectivity over k one only has to exhibit an ample line bundle on any
such algebraic space. Variants of this approach have been already used in [Knu83,
Kol90, Has03]. Generalizing Kolldr’s method to our setting [Kol90], we use the
polarizing line bundle det f.Ox (r(Kx/y + D)), where f : (X, D) — Y is a stable
family and r > 0 is a sufficiently divisible integer. Following Kollar’s idea using
the Nakai-Moishezon criterion it is enough to prove that this line bundle is big
for a maximal variation family over a normal base. However, Kollar’'s Ampleness
Lemma [Ko0l90, 3.9,3.13] is unfortunately not strong enough for our purposes and
hence we prove a stronger version in Theorem 5.1. There, we also manage to drop
an inconvenient condition on the stabilizers from [Kol90, 3.9,3.13], which is not
necessary for the current application, but we hope will be useful in the future.
Applying Theorem 5.1 and some other arguments outlined in Section 2.A we prove
that the above line bundle is big in Theorem 7.1.

2.A. Oultline of the proof

As mentioned above, using the Nakai-Moishezon criterion for ampleness, Theo-
rem 1.1 reduces to the following statement (= Proposition 7.16): given a family of
stable log-varieties f : (X, D) — Y with maximal variation over a smooth, projec-
tive variety, det f.Ox (q(Kx/y + D)) is big for every sufficiently divisible integer
q > 0. This follows relatively easily from the bigness of Kx,y + D. To be precise it
also follows from the bigness of the log canonical divisor K x () /)yt D of some
large enough fiber power for some integer r > 0 (see Notation 3.12 and the proof of
Proposition 7.16). In fact, one cannot expect to do better for higher dimensional
bases, see Remark 7.2 for details. Here we review the proof of the bigness of these
relative canonical divisors, going from the simpler cases to the harder ones.

2.A(i). The case dimY = 1 and dim X = 2. In this situation, roughly speaking,
we have a family of weighted stable curves as defined by Hassett [Has03]. The only
difference is that in our notion of a family of stable varieties there is no marking
(that is, the points are not ordered). This means that the marked points are allowed
to form not only sections but multisections as well. However, over a finite cover of
Y these multisections become unions of sections, and hence we may indeed assume
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that we have a family of weighted stable curves. Denote by s; : Y — X (1,...,m)
the sections given by the marking and let D; be the images of these sections. Hassett
proved projectivity [Has03, Thm 2.1, Prop 3.9] by showing that the following line
bundle is ample:

(2.A.1) det f.Ox(r(Kx/y + D)) ® (@ siOx (r(Kxy + D))) .

i=1
Unfortunately, this approach does not work for higher dimensional fibers. This is
demonstrated in the example of Section 2.B, where the sheaves corresponding to
570x(r(Kx/y + D)) which are the same as (f|p,), Op,(r(Kx,y + D)|p,) are not
functorial in higher dimensions. In fact, the function

v 0 (D), 0, (r(Expy + Doy,

jumps down in the limit in the case of example of Section 2.B, which means that
there is no possibility to collect the corresponding space of sections on the fibers
into a direct image sheaf. Note that here it is important that (D;), means the
divisorial restriction of D; onto X,. Indeed, with the scheme theoretic restriction
there would be no jumping down, since D; is flat as a scheme over Y. However,
the scheme theoretic restriction of D; onto X, contains an embedded point and
therefore the space of sections on the divisorial restriction is one less dimensional
than on the scheme theoretic restriction.

So, the idea is to try to prove the ampleness of det f.Ox (r(Kx/y + D)) in the
setup of the previous paragraph, hoping that that argument would generalize to
higher dimensions. Assume that det f.Ox(r(Kx/y + D)) is not ample. Then by
the ampleness of (2.A.1), for some 1 < i <m, s7Ox (r(Kx/y + D)) must be ample.
Therefore, for this value of i, D; - (Kx/y + D) > 0. Furthermore, by decreasing
the coefficients slightly, the family is still a family of weighted stable curves. Hence
Kx/y 4+ D —¢D; is nef for every 0 < e < 1 (see Lemma 7.7, although this has been
known by other methods for curves). Putting these two facts together yields that

(Kx/y+D)* = (Kx)y +D)-(Kx/y + D —¢D;)  +(Kx/y +D)-eD; >0.

>0, because Kx,y+D and Kx,y+D—eD; are nef >0

This proves the bigness of Kx/y + D, and the argument indeed generalizes to higher
dimensions as explained below.

2.A(ii). The case where dimY =1 and dim X is arbitrary. Let f : (X,D) — Y be
an arbitrary family of non-isotrivial stable log-varieties over a smooth projective
curve. Let D; (i =1,...,m) be the union of the divisors (with reduced structure) of
the same coefficient (cf. Definition 7.4). The argument in the previous case suggests
that the key is to obtain an inequality of the form

(2.A.2) (Kx/y +D)

Note that it is considerably harder to reach the same conclusion from this inequality,
than in the previous case, because the D; are not necessarily Q-Cartier and then
(X, D — eD;) might not be a stable family. To remedy this issue we pass to a
Q-factorial dlt-blowup. For details see Lemma 7.13.

Let us now turn to how one might obtain (2.A.2). First, we prove using our
generalization (see Theorem 5.1) of the Ampleness Lemma a higher dimensional

)dim Di > O

D;
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analogue of (2.A.1) in Proposition 7.8, namely, that the following line bundle is

ample:

The main difference compared to (2.A.1) is that f|p, is no longer an isomorphism
between D; and Y as it was in the previous case where the D; were sections. In
fact, D; — Y has positive dimensional fibers and hence &; := (f|p,), Op, (r(Kx/y+
D)|p,) is a vector bundle of higher rank. As before, if det f.Ox (r(Kx/y + D)) is
not ample, then for some ¢, det &; has to be. However, since &; is higher rank now,
it is not as easy to obtain intersection theoretic information as earlier.

As a result one has to utilize a classic trick of Viehweg which leads to working
with fibered powers. Viehweg’s trick uses the fact that there is an inclusion

(2.A.3)  det f.Ox(r(Kx/y + D)) ® <® det (f|p,). Op,(r(Kx/y + D)
i=1

d
(2.A.4) det & —— Q) &,

J=1

where d := rk &;. Here the latter sheaf can be identified with a direct image sheaf
from the fiber product space ng) — Y (see Notation 3.12). This way one obtains

that

dim D{*
) >0,

( (KX(d>/y + DX(d)) |D§d)
from which it is an easy computation to prove (2.A.2)

2.A(ili). The case where both dimY and dim X are arbitrary. We only mention
briefly what goes wrong here compared to the previous case, and what the solution
is. The argument is very similar to the previous case until we show that (2.A.3) is
big. However, it is no longer true that if det f.Ox (r(Kx/y + D)) is not big, then
one of the det &; is big. So, the solution is to treat all the sheaves at once via an
embedding as in (2.A.4) of the whole sheaf from (2.A.3) into a tensor-product sheaf
that can be identified with a direct image from an appropriate fiber product (see
(7.12.1)). The downside of this approach is that one then has to work on X for
some big [, but we still obtain an equation of the type (2.A.2), although with D;
replaced with a somewhat cumbersome subvariety of fiber product type.

After that an enhanced version of the previous arguments yields that Ky /v +
D@ is big on at least one component, which is enough for our purposes. In
fact, in this case we cannot expect that Kx/y + D would be big on any particular
component, cf. Remark 7.2. However, the bigness of Kx ) /y +DW on a component
already implies the bigness of det f.Ox (r(Kx/y + D)) (see Proposition 7.16). This
argument is worked out in Section 7.

2.A(iv). Subadditivity of log-Kodaira dimension. First we prove Theorem 1.2 in
Section 8 using ideas originating in the works of Viehweg. This implies that al-
though in Section 7 we were not able to prove the bigness of Kx/y 4+ D (only of
Kxwy + DW) it actually does hold for stable families of maximal variation with
klt general fibers (cf. Corollary 8.3). Then with a comparison process (see the proof
of Theorem 9.9) of an arbitrary log-fiber space f' : (X', D') — Y’ and of the im-
age in moduli of the log-canonical model of its generic fiber, we are able to obtain
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enough positivity of Kx//y++ D’ to deduce subadditivity of log-Kodaira dimension
if the log-canonical divisor of the general fiber is big.

2.B. Animportant example

The following example is due to Hassett (cf. [Koll3a, Example 42]), and has been
referenced at a couple of places in the introduction.

..
.......:;;

~
o

1 1
T T
0 oo

Let 2 be the cone over P! x P! with polarization Opip1(2,1) and let 2 be the
conic divisor %p;‘P—i— %péQ, where py : P! x P! — P! is the projection to the second
factor, and P and @ are general points. Let Hy be a cone over a hyperplane section
C of P! x P! with the given polarization, and H,, a general hyperplane section of
2 (which is isomorphic to P! x P!). Note that since deg Op1 wp1(2,1)|c = 4, Hp is
a cone over a rational normal curve of degree 4. Let f : 5 — P! be the pencil of
Hy and H,. It is naturally a subscheme of the blowup 2 of 2" along Ho N H.
Furthermore, the pullback of 2 to 2" induces a divisor 2’ on 57, such that

(1) its reduced fiber over 0 is a cone over the intersection of %pﬁP + %ng with
C, that is, over 4 distinct points on P! with coefficients %, and
(2) its fiber over oo is two members of one of the rulings of P! x P! with
1

coefficients 5. In the limit both of these lines degenerate to a singular

conic, and they are glued together at their singular points.

In case the reader is wondering how this is relevant to stable log-varieties of gen-
eral type, we note that this is actually a local model of a degeneration of stable
log-varieties, but one can globalize it by taking a cyclic cover branched over a large
enough degree general hyperplane section of Z°. For us only the local behaviour
matters, so we will stick to the above setup. Note that since x(0g, ) = 2, the
above described reduced structure cannot agree with the scheme theoretic restric-
tion 7 ., of 2’ over 0, since then X(ﬁ‘@(l),sch) = 1 would hold. Therefore 7 .,
is non-reduced at the cone point. Furthermore, note that the log canonical divisor of
(Z°, 2) is the cone over a divisor corresponding to Op: . p1 (72 +2,-2+1+ % + %) ~
Op1 wp1 . In particular, this log canonical class is Q-Cartier, and hence (7, 2') does
yield a local model of a degeneration of stable log-varieties.

2.C. Organization

We introduce the basic notions on general and on almost proper varieties in Sec-
tion 3 and Section 4. In Section 5 we state our version of the Ampleness Lemma.
In Section 6 we define moduli functors of stable log-varieties and we also give an
example of a concrete moduli functor for auxiliary use. Section 7 contains the proof
of Theorem 1.1 as well as of the necessary positivity of det f.Ox (r(Kx/y + D)).
Section 8 is devoted to the proof of Theorem 1.2. Section 9 contains the statements
and the proofs of the subadditivity statements including Theorem 1.3. Finally,
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in Section 10 we shortly deduce almost projective base versions of the previously
proven positivity statements.

3. BASIC TOOLS AND DEFINITIONS

We will be working over an algebraically closed base field k of characteristic
zero in the entire article. In this section we give those definitions and auxiliary
statements that are used in multiple sections of the article. Most importantly we
define stable log-varieties and their families here.

Definition 3.1. A wariety will mean a reduced but possibly reducible separated
scheme of finite type over k. A wvector bundle W on a variety Z in this article
will mean a locally free sheaf. Its dual is denoted by W*.

Remark 3.2. It will always be assumed that the support of a divisor does not
contain any irreducible component of the conductor subscheme. Obviously this is
only relevant on non-normal schemes. The theory of Weil, Cartier, and Q-Cartier
divisors works essentially the same on demi-normal schemes, i.e., on schemes that
satisfy Serre’s condition So and are semi-normal and Gorenstein in codimension
1. For more details on demi-normal schemes and their properties, including the
definition and basic properties of divisors on demi-normal schemes see [Koll3b,
§5.1].

Definition 3.3. Let Z be a scheme. A big open subset U of Z is an open subset
U C Z such that depch\U Oyz > 2. If Zis 9o, e.g., if it is normal, then this is
equivalent to the condition that codimz(Z \ U) > 2.

Definition 3.4. The dual of a coherent sheaf .% on a scheme Z will be denoted by .%#*
and the sheaf .7 ** is called the reflexive hull of #. If the natural map F — F#**
is an isomorphism, then % is called reflexive. For the basic properties of reflexive
sheaves see [Har80, §1].

Let Z be an Sy scheme and % a coherent sheaf on Z. Then the reflexive powers
of # are the reflexive hulls of tensor powers of .# and are denoted the following
way:

Fml = (Fom)™

Obviously, .Z is reflexive if and only if .# ~ .Z1l. Let & be coherent sheaf on Z.
Then the reflexive product of .% and ¥ (resp. reflexive symmetric power of .%) is
the reflexive hull of their tensor product (resp. of the symmetric power of .%) and
is denoted the following way:

Felg = (Fe9)"  Syml)(F) = (Sym"(F))"
Notation 3.5. Let f: X — Y and Z — Y be morphisms of schemes. Then the base
change to Z will be denoted by
fZ X7 — Z7
where Xz := X xy Z and fz := f xy idz. If Z = {y} for a point y € Y, then we
will use X, and f, to denote X,y and fy,y.

Lemma3.6. Let f: X — Y and g: Z — Y be surjective morphisms such that'Y is
normal and let £ and A be line bundles on X and Z respectively. Assume that
there is a big open set of Y over which X and Z are flat and f..& and g..V are



10 SANDOR J KOVACS AND ZSOLT PATAKFALVI

locally free. Then
((gopz)c(px L @py A )" =~ £ L [R] g

Furthermore, if X and Z are flat and f..£ and g are locally free over the entire
Y, then the above isomorphism is true without taking reflexive hulls.

Proof. Since the statement is about reflexive sheaves, we may freely pass to big
open sets. In particular, we may assume that f and ¢ are flat and f..Z and g../
are locally free. Then

projection formula for pz flat base-change

v \
(gopz)(px L @A) = g ((p2), PxZL @ N) =

~ g (L ®N) T f+l @ g .

flat base-change projection formula for g

Notation 3.7. Let f : X — Y be a flat equidimensional family of demi-normal
schemes, and Z — Y a morphism between normal varieties. Then for a Q-divisor
D on X that avoids the generic and codimension 1 singular points of the fibers of
f, we will denote by Dz the divisorial pull-back of D to Xz, which is defined as
follows: As D avoids the singular codimension 1 points of the fibers, there is a big
open set U C X such that D|y is Q-Cartier. Clearly, Uz is also a big open set in
Xz and we define Dz to be the unique divisor on Xz whose restriction to Uy is
(Dlv) z-

Remark 3.8. Note that this construction agrees with the usual pullback if D itself
is Q-Cartier, because the two divisors agree on Ug.

Also note that Dy is not necessarily the (scheme theoretic) base change of D as
a subscheme of X. In particular, for a point y € Y, D, is not necessarily equal to
the scheme theoretic fiber of D over y. The latter may contain smaller dimensional
embedded components, but we restrict our attention to the divisorial part of this
scheme theoretic fiber. This issue has already come up multiple times in Section 1,
in particular in the example of Section 2.B.

Finally, note that if ¢(Kx/y 4+ D) is Cartier, then using this definition the line
bundle Ox (¢(Kx,y + D)) is compatible with base-change, that is, for a morphism
Z =Y,

(Ox(a(Kx)y + D)), ~ 0z(¢(Kx,/z + Dz)).

To see this, recall that this holds over Uz by definition and both sheaves are reflexive
on Z. (See Definition 3.10 for the precise definition of Kx,y.)

Definition 3.9. A pair (Z,T) consist of an equidimensional demi-normal variety Z
and an effective Q-divisor I' C Z. An snc pair (or log-smooth log-variety) is a
pair (Z,T) such that Z is smooth and supp I is a simple normal crossing divisor.
Notice that for an snc pair we are not placing any bounds on the coefficients of the
boundary divisor I'. A stable log-variety (Z,T') is a pair such that

(1) Z is proper,

(2) (Z,T) has slc singularities, and

(3) the Q-Cartier Q-divisor Kz + I' is ample.
For the definition of slc singularities the reader is referred to [Koll13b, 5.10]
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Definition 3.10. Let f : X — Y be a dominant morphism of relative dimension d.
If f is either

(1) a flat projective family of equidimensional demi-normal varieties, or
(2) a surjective morphism between normal projective varieties,

then wy/y is defined to be h=(f'Cy). In particular, if Y is Gorenstein (e.g., Y
is smooth), then wx/y ~wx ® f*w{,l. In any case, wx,y is a reflexive sheaf (c.f.,
[PS14, Lemma 4.9]) of rank 1. Furthermore, if either in the first case Y is also
normal or in the second case Y is smooth, then wx,y is trivial at the codimension
one points, and hence it corresponds to a Weil divisor that avoids the singular
codimension one points [Kol13b, 5.6]. This divisor can be obtained by fixing a
big open set U C X over which wx/y is a line bundle, and hence over which it
corresponds to a Cartier divisor, and then extending this Cartier divisor to the
unique Weil-divisor extension on X. Note that in the first case U can be chosen to
be the relative Gorenstein locus of f, and in the second case the regular locus of
X. Furthermore, in the first case, we have Kx /vy |y ~ Kx,, /v for any V — Y base-
change from a normal variety (here restriction is taken in the sense of Notation 3.7).

Definition 3.11. A family of stable log-varieties, f : (X,D) — Y over a normal
variety consists of a pair (X, D) and a flat proper surjective morphism f: X — Y
such that

(1) D avoids the generic and codimension 1 singular points of every fiber,
(2) Kx;y + D is Q-Cartier, and
(3) (Xy,Dy) is a connected stable log-variety for all y € Y.

Notation 3.12. For a morphism f: X — Y of schemes and m € N, define

x{m = ny =X xy X Xy -+ xy X,
1

m times

and let fI™ : XU™ — ¥ be the induced natural map. For a sheaf of @x-modules
F define

= Qi 7,
=1
(m)

where p; is the i-th projection Xy~ — X. Similarly, if f is flat, equidimensional
with demi-normal fibers, then for a divisor I" on X define

m
3
FX(Ym) = E p; I,
i=1

a divisor on Xl(/m).

Finally, for a subscheme Z C X, Zﬁ(/m) is naturally a subscheme of X}(,m). Notice
however that if m > 1 and Z has positive codimension in X, then Z3(,m) is never a
divisor in Xi(/m). In particular, if Y is normal, f is flat, equidimensional and has
demi-normal fibers, and I' is an effective divisor that does not contain any generic
or singular codimension 1 points of the fibers of f, then

(3.12.1) (Fg,””)red - (ﬁ p;*F)

ed
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Notice the difference between I'y () and Fg;”). The former corresponds to taking
Y

the (m)™ box-power of a divisor as a sheaf, while the latter to taking fiber power
as a subscheme. In particular,

Oy (L yom ) = (Ox(T)§™,

while Fgfn ) is not even a divisor if m > 1.
In most cases, we omit Y from the notation. Le., we use X ™) T y(ny, T,
) and .Z (™) instead of X}(,m)7 L yom), Fg,m), fl(/m) and 3“3(,7”), respectively.
Y
4. ALMOST PROPER VARIETIES AND BIG LINE BUNDLES

Definition 4.1. An almost proper variety is a variety Y that admits an embedding
as a big open set into a proper variety Y — Y. If Y is almost proper, then a proper
closure will mean a proper variety with such an embedding. The proper closure is
not unique, but also, obviously, an almost proper variety is not necessarily a big
open set for an arbitrary embedding into a proper (or other) variety. An almost
proper variety Y is called almost projective when it has a proper closure Y which
is projective. Such a proper closure will be called a projective closure.

Lemma 4.2. Let Y be an almost projective variety of dimension n and B a Cartier
divisor on'Y . Then there exists a constant ¢ > 0 such that for all m >0

hO(Y, Oy (mB)) < ¢-m™

Proof. Let 1 : Y < Y be a projective closure of Y and set %, = 1.0y (mB). Let 5
be a very ample invertible sheaf on Y such that H(Y, 7# ®(%)*) # 0 where (%;)*
is the dual of #;. It follows that there exists an embedding Oy (B) — 4|y and
hence for all m > 0 another embedding Oy (mB) — 5" |y. Pushing this forward
to Y one obtains that %,, C LI |y >~ ™. Note that the last isomorphism
follows by the condition of Y being almost projective/proper, that is, because
depthy\y O3 > 2. Finally this implies that

RO(Y, Oy (mB)) = h°(Y, Byn) < BO(Y, ™) ~ c-m",
where the last inequality follows from [Har77, 1.7.5]. O
Definition 4.3. Let Y be an almost proper variety of dimension n. A Cartier divisor

B onY is called big if h°(Y, Oy (mB)) > ¢-m™ for some ¢ > 0 constant and m > 1
integer. A line bundle .Z is called big if the associated Cartier divisor is big.

Lemma 4.4. Let Y be an almost proper variety of dimension n and ¢ Y < Y a
projective closure of Y. Let B be a Cartier divisor on'Y and denote its restriction
toY by B = Bly. Then B is big if and only if B is big.

Proof. Clear from the definition and the fact that 1,0y (mB) ~ O5(mB) for every
m € Z. O

Remark 4.5. Note that it is generally not assumed that B extends to Y as a Cartier
divisor.

Lemma 4.6. Let Y be an almost projective variety of dimension n and B a Cartier
divisor on Y. Then the following are equivalent:

(1) mB ~ A+ E where A is ample and E is effective for some m > 0,



PROJECTIVITY OF MODULI AND SUBADDITVITY OF LOG-KODAIRA DIMENSION 13

(2) the rational map ¢, p| associated to the linear system |mB| is birational
for some m > 0,

(3) the projective closure of the image ¢|,,,g| has dimension n for some m > 0,
and

(4) B is big.

Proof. The proof included in [KM98, 2.60] works almost verbatim. We include it
for the benefit of the reader since we are applying it in a somewhat unusual setup.

Clearly, the implications (1) = (2) = (3) are obvious. To prove (3) = (4),
let T = @5 (Y) € PN, By assumption dimT = n, so by [Har77, L7.5] the
Hilbert polynomial of T"is h(T, 07 (1)) = (deg T/n!) - 1" + (lower order terms). By
definition of the associated rational map ¢),,, 5| induces an injection H(T, O (1)) C
H°(Y, Oy (ImB)), which proves (3) = (4).

To prove (4) = (1), let B be a Cartier divisor on Y and let ¢ : Y < Y be a
projective closure of Y. Further let A be a general member of a very ample linear
system on Y. Then A := ANY is an almost projective variety by [Fle77, 5.2]. It
follows by Lemma 4.2 that h°(A, Oa(mB|a)) < c-m™~ 1, which, combined with the
exact sequence

0 — H(Y, Oy (mB — A)) — H°(Y, Oy (mB)) — H°(A, O4(mB|,)),

shows that if B is big, then H(Y, Oy (mB — A)) # 0 for m > 0 which implies (1)
as desired. g

The notion of weak-positivity used in this article is somewhat weaker than that
of [Vie95]. The main difference is that we do not require being global generated on
a fixed open set for every b > 0 in the next definition. This is a minor technical
issue and proofs of the basic properties work just as for the definitions of [Vie95],
after disregarding the fixed open set. The reason why this weaker form is enough
for us is that we use it only as a tool to prove bigness, where there is no difference
between our definition and that of [Vie95].

Definition 4.7. Let X be a normal, almost projective variety and # an ample line
bundle on X.

(1) A coherent sheaf # on X is weakly-positive, if for every integer a > 0
there is an integer b > 0, such that Sym!®®l (%) @ .7 is generically globally
generated. Note that this does not depend on the choice of 5 [Vie95, Lem
2.14.a).

(2) A coherent sheaf .# on X is big if there is an integer ¢ > 0 such that
Syml(#) @ s~ is generically globally generated. This definition also
does not depend on the choice of J# by a similar argument as for the
previous point. Furthermore, this definition is compatible with the above
definition of bigness for divisors and the correspondence between divisors
and rank one reflexive sheaves.

Lemma4.8. Let X be a normal, almost projective variety, F a weakly-positive and
9 a big coherent sheaf. Then
a
(1) @ , Sym!® (Z), [@] Z, det.Z are weakly-positive,
i=1
(2) genemcally surjective images of ¥ are weakly-positive, and those of ¢ are

big,
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(8) if o is an ample line bundle, then F & <7 is big, and
(4) if 9 is of rank 1, then F[R]¥ is big.

Proof. Let us fix an ample line bundle 7. (1) follows verbatim from [Vie95, 2.16(b)
and 2.20], and (2) follows immediately from the definition. Indeed, given generi-
cally surjective morphisms .% — %’ and 4 — 4’, there are generically surjective
morphisms Sym!®(#) @ #* — Sym*(F') @ #° and Syml(¥) @ 1 —
Syml® (9') ® A~ proving the required generic global generation.

To prove (3), take an a > 0, such that &/* @ ! is effective and &7 is very
ample for ¢ > a. Then for a b > a such that Symwb] (F)®.a/" is globally generated,
the embedding

SymP (F) @ @ < SymPY(F) @ 730 ~
~ SymPNF @ o) @ 7~ < SymPNF @ @) @ #1

is generically surjective which implies the statement.
To prove (4) take an a, such that 7~ @ ¢1% is generically globally generated.
This corresponds to a generically surjective embedding 5 — ¢!9.  According

to (1) and (3), (Sym[“](zgz)@%) is big. Hence, by (2), Sym!”(Z) @ @4 ~

Sym! (Z[2]%9) is also big. Therefore, for some b > 0, Sym” (Sym! (Z[2]9)) @
A1 is generically globally generated and then the surjection

Sym® (Sym!(Z[2]9)) — Sym"“(7[]%)

concludes the proof. ([l

5. AMPLENESS LEMMA

Theorem 5.1. Let W be a weakly-positive vector bundle of rank w on a normal almost
projective variety Y over the field k with a reductive structure group G C GL(k, w)
the closure of the image of which in the projectivization P(Mat(k,w)) of the space
of w x w matrices is normal. Further let QQ; be vector bundles of rank q; on'Y
admitting generically surjective homomorphisms a; : W — Q; fori=0,...,n and
A= X o May) : Y(k) = X Gr(w, ¢;)(k)/G(k) the induced classifying map of
sets. Assume that A has finite fibers on a dense open set of Y. Then ®?:0 det Q;
is big.

Remark 5.2. One way to define the above classifying map A is to choose a basis
on every fiber of W over every closed point up to the action of G(k). For this it is
enough to fix a basis on one fiber of W over a closed point, and transport it around
using the G-structure. In fact, a little less is enough. Given a basis, multiplying
every basis vector by an element of k* does not change the corresponding rank
q quotient space, and hence the classifying map, so we only need to fix a basis
up to scaling by an element of £*. To make it easier to talk about these in the
sequel we will call a basis which is determined up to scaling by an element of k> a
homogeneous basis.

Remark 5.3. The normality assumption in Theorem 5.1 is satisfied if W = Sym? V'
with v := rk V and G := GL(k,v) acting via the representation Sym®. Indeed, in
this case the closure of the image of G in P(Mat(k, w)) agrees with the image of the
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embedding Sym? : P(Mat(k,v)) — P(Mat(k,w)). In particular, it is isomorphic to
P(Mat(k,v)), which is smooth.

For more results regarding when this normality assumption is satisfied in more
general situations see [Tim03, DC04, BGMRI11] and other references in those pa-
pers.

Remark 5.4. Theorem 5.1 is a direct generalization of the core statement [Kol90,
3.13] of Kollar’s Ampleness Lemma [Kol90, 3.9]. This statement is more general in
several ways:

o The finiteness assumption on the classifying map is weaker (no assumption on
the stabilizers).

o The ambient variety Y is only assumed to be almost projective instead of pro-
jective.

Some aspects of our proof are based on Kollar’s original idea, but the generality
that we need requires several modifications and other ideas to allow for weakening
the finiteness assumptions.

Note that if Y is projective and W is nef on Y, then it is also weakly positive
[Vie95, Prop. 2.9.e].

We will start by making a number of reduction steps to simplify the statement.
The goal of these reductions is to show that it is enough to prove the following
theorem which contains the essential statement.

Theorem 5.5. Let W be a weakly-positive vector bundle of rank w on a normal almost
projective variety Y with a reductive structure group G C GL(k,w) the closure of the
image of which in the projectivization P(Mat(k,w)) of the space of w X w matrices
is normal. Further let a: W — @ be a surjective morphism onto a vector bundle of
rank ¢ and A(«a) : Y (k) = Gr(w, q)(k)/G(k) the induced classifying map. If M)
has finite fibers on a dense open set of Y, then the line bundle det Q is big.

Lemma 5.6. Theorem 5.5 implies Theorem 5.1.

Proof. Step 1. We may assume that the oy are surjective. Let Q; =ima; C Q.

Then there exists a big open subset ¢ : U — Y such that Q; |v is locally free of rank

¢ If @;_; det(Q; |v) is big, then so is [Q;;] det Q; = ¢, (Q_; det(Q; |v)) and

hence so is Q). ; det Q;. Therefore we may replace Y with U and Q; with Q; |v.
Step 2. It is enough to prove the statement for one quotient bundle. Indeed,

let W' =@ , W with the diagonal G-action, Q' = @ _,Q;, and o := P, :

W' — @’ the induced morphism. If all the «; are surjective, then so is a.
Furthermore, there is a natural injective G-invariant morphism

>"< Gr(w,q) —— Gr <7‘w, z": qi)
i=0

=0

(Ll,...,LT) I%-élzz
i=0
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The G-action on X, Gr(w, ¢;) is the restiction of the G-action on Gr (rw, Y1, q;)
via this embedding and hence the induced map on the quotients remain injective:

X otua foir(on ) fo

=0

It follows that the classifying map of o/ : W/ — @’ also has finite fibers and then
the statement follows because det @ ~ ®?=0 det Q;. (]

Lemma 5.7. If V C W is a G-invariant sub-vector bundle of the G-vector bundle
W on a normal almost projective variety X, and W is weakly positive, then so is
V.

Proof. V' corresponds to a subrepresentation of (G, and by the characteristic zero
and reductivity assumptions it follows that V is a direct summand of W, so V is
also weakly positive. [l

Remark 5.8. The above lemma, which is used in the last paragraph of the proof,
is the only place where the characteristic zero assumption is used in the proof of
Theorem 5.1. In particular, the statement holds in positive characteristic for a
given W if the G-subbundles of W are weakly-positive whenever W is. According
to [Kol90, Prop 3.5] this holds for example if Y is projective and W is nef satisfying
the assumption (A) of [Kol90, Prop 3.6]. The latter is satisfied for example if
W = Sym®(W’) for a nef vector bundle W’ of rank w’ and G = GL(k,w").

Proof of Theorem 5.5. We start with the same setup as in [Kol90, 3.13]. Let 7 :
P =P(a¥,W*) — Y, which can be viewed as the space of matrices with columns
in W, and consider the universal basis map

w

s: P oe(-1) = =W,
j=1

formally given via the identification H°(P, Op(1) @ m*W) ~ H*(Y,@;_, W* @ W)
by the identity sections of the different summands of the form W* ®@ W . Informally,
the closed points of P over y € Y can be thought of as w-tuples (z1,...,zy,) € Wy
and hence a dense open subset of P, corresponds to the choice of a basis of W, up
to scaling by an element of k£, i.e., to a homogenous basis. Similarly, the map ¢
gives w local sections of 7*W which over (z1,...,x,) take the values 1,...,Zy,
up to scaling by an element of £* where this scaling corresponds to the transition
functions of Op(—1).

As explained in Remark 5.2, to define the classifying map we need to fix a
homogenous basis of a fiber over a fixed closed point. Let us fix such a point
Yo € Y and a homogenous basis on Wy, and keep these fixed throughout the proof.
This choice yields an identification of P, with P(Mat(k, w)). Notice that the dense
open set of Py, corresponding to the different choices of a homogenous basis of
Wy, is identified with the image of GL(k,w) in P(Mat(k,w)) and the point in
Py, representing the fixed homogenous basis above is identified with the image of
the identity matrix in P(Mat(k,w)). Now we want to restrict to a G orbit inside
all the choices of homogenous bases. Let G denote the closure of the image of
G C GL(k,w) in P(Mat(k,w)). Via the identification of P,, and P(Mat(k,w)),
G corresponds to a G-invariant closed subscheme of P, which carried around by
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the G-action defines a G-invariant closed subscheme P C P. Note that since G is
assumed to be normal, so is P by [EGA-IV, II 6.5.4]. To simplify notation let us
denote the restriction 7|p also by 7. Restricting the universal basis map to P and
twisting by Op(1) gives

B=clp ®idgp) : EB Op — "W ® Op(1).
j=1

Let T C P be the divisor where this map is not surjective, i.e., those points
that correspond to non-invertible matrices via the above identification of P,, and
P(Mat(k,w)). By construction, 8 gives a trivialization of 7*W ® 0p (1) over P\ Y.
It is important to note the following fact about this trivialization: let p € P, be
the closed point that via the above identification of P, and P(Mat(k,w)) corre-
sponds to the image of the identity matrix in P(Mat(k,w)). Then the trivialization
of W ® Op (1) given by S gives a basis on (7*W,, ), which is compatible with our
fixed homogenous basis on Wy,. Furthermore, for any p’ € (P \ T),, the basis on
(m* Wy, )p given by /3 corresponds to the fixed homogenous basis of W, twisted by
the matrix (which is only given up to scaling by an element of £*) corresponding
to the point p’ € P, via the identification of P, and P(Mat(k, w)). Note that as
G is reductive, it is closed in GL(k, w) and hence G(k) is transitive on (P\Y),,. It
follows that then the choices of homogenous bases of W, given by 5 on (7*Wy, )y
for p’ € (P\T),, form a G(k)-orbit, and this orbit may be identified with (P\T),,.
Transporting this identification around Y using the G-action we obtain:

For every y € Y (k), (P \ T), may be identified with the G(k)-orbit of
(5.5.1)  homogenous bases of W, containing the homogenous basis obtained

from the fixed homogenous basis of Wy, via the G-structure.

Next consider the composition of & = 7*a ® idg, (1) and B:
w B * a *
@Y, Op — > W © Op(1) —= 7°Q © Op(1)
which is surjective on P\ Y. Taking ¢'" wedge products yields

p B4 . al %
70 @) O~ 1 (ATW) © Op(g) —Zm 17 det Q ® O (g)

which is still surjective outside T and hence gives a morphism

v:P\T — Gr(w,q) CP (/q\(k@w)> =:Pgy,

Pliicker embedding
such that
(x) by (5.5.1), on the k-points v is a lift of the classifying map Aa) : ¥V —
Gr /G, where Gr := Gr(w, ¢) is the Grassmannian of rank ¢ quotients of a
rank w vectorspace, and
(%k) v*0ar(1) ~ (7" det Q ® Op(q)) |p\r, Where Oc.(1) is the restriction of
Op,, (1) via the Pliicker embedding.

We will also view v as a rational map v : P --» Gr. Let o : P — P be the blow
up of (im7?) ® (7*det Q ® Op(q))”" C Op and set 7 := wo 0. It follows that
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7V=voo:P — Gr is well-defined everywhere on P and there exists an effective
Cartier divisor £ on P such that

(5.5.2) o (m"det Q ® Op(q)) ~ V" 0a:(1) ® Op(E).

Let Y° C Y be the dense open set where the classifying map A(«) has finite fibers

and let P° :=771(Y°)\ 07 }(T) C P. Observe that P° ~ 7= 1(Y?) \ T via o.
Next let T' be the image of the product map (7 xv) : P - Y x Gr:

T:=im[(mTxV)] CY x Gr,

and let 7 : " — Gr and ¢ : T — Y be the projection. Furthermore, let o :
P — T denote the induced morphism. We summarize our notation in the following
diagram. Note that although Y is only almost proper, every scheme in the diagram
(except Gr which is proper over k) is proper over Y.

\\ I

P
P TCYXGI‘

/

Claim 5.5.3. The map 7|y(po) has finite fibers.

N

Proof. Since k is assumed to be algebraically closed, it is enough to show that
for every k-point x of Gr there are finitely many k-points of ¥(P°) mapping onto
x. Let (y,x) be such a k-point, where y € Y (k). Choose then z € P°(k) such
that 9(z) = (y,x). Then 7(z) = y and v(z) = x. Furthermore, if ¢ denotes the
quotient map Gr(k) — Gr(k)/G(k) and we set A to denote the classifying map
AMa) : Y (k) = Gr(w, q)(k)/G(k), then by (%),

Ay) = A7 (2)) = £(v(2)) = £(x).
Therefore, y € A\~1(£(x)). However, by the finiteness of A there are only finitely
many such y. [l

By construction ¢(P°) is dense in T and it is constructible by Chevalley’s The-
orem. Then the dimension of the generic fiber of 7 equals the dimension of the
generic fiber of 7|y(poy and hence 7 is generically finite.

Next consider a projective closure Y <+ Y of Y and let T C Y x Gr denote the
closure of T'in Y x Gr. Let ¢ : T — Y and 7 : T — Gr denote the projections.
Clearly, ¢|7 = ¢, 7| = 7, and 7 is also generically finite. Let H be an ample Cartier
divisor on Y. Since 7* 0, (1) is big, there is an m, such that 7* O, (m)®¢* Oy (—H)
has a non-zero section. Let H = H |3 and restrict this section to T'. It follows that
the line bundle

(5.5.4) 0 (7 O (m) ® 6" Oy (—H)) ~ 7* O (m) @ 7* Oy (—H)

also has a non-zero section, and then by (5.5.2) and (5.5.4) there is also a non-zero
section of

o (*(det Q)™ @ Op (mq)) 07" Oy (—H) = 0" (x*(det Q)™ © v Gy (~H) ® Op (mq)).
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Pushing this section forward by ¢ and using the projection formula we obtain a
section of

(7 (det Q)™ @ 1 Oy (—H) © Op (mq)) © 0.0 =
~71*(det Q)" @ 7* Oy (—H) ® Op (mq) .

o is birational and P is normal

Pushing this section down via 7w and rearranging the sheaves on the two sides of
the arrow we obtain a non-zero morphism

(5.5.5) (e Op(mq))* @ Oy (H) — (det Q)™.

Now observe, that by construction

(7. Op(mq))" ~ (Symmq (@ W*)) ~ Sym"™? (@ W)

is weakly-positive and (m.Op(mq))” is a G-invariant subbundle of (. Op(mgq))” for
m > 0. In particular, by Lemma 5.7, (7.0p (mq))” is weakly positive as well. Then
by (5.5.5) and Lemma 4.8 it follows that det @ is big. O

6. MODULI SPACES OF STABLE LOG-VARIETIES

Definition 6.1. A set I C [0, 1] of coefficients is said to be closed under addition, if
for every integer s > 0 and every z1, ...,z € I such that > ;_, z; <1 it holds that
Zle x; € 1.

Definition 6.2. Fix 0 < v € Q, 0 < n € Z and a finite set of coefficients I C [0, 1]
closed under addition. A functor .# : Gch, — Sets (or to groupoids) is a moduli
(pseudo-)functor of stable log-varieties of dimension n, volume v and coefficient set
I, if for each normal Y,

(1) f is a flat morphism,
(2) D is a Weil-divisor on X avoiding the generic

(X, D) and the codimension 1 singular points of X,
forally €Y,
(6.21) A4(Y) = fl (3) foreachy €Y, (X, D,) is a stable log-variety (’
Yy of dimension n, such that the coefficients of

D, are in I, and (Kx, + D,)" = v, and
(4) Kx/y + D is Q-Cartier.

and the line bundle Y + det f.Ox (r(Kx/y + D)) associated to every family as
above extends to a functorial line bundle on the entire (pseudo-)functor for every
sufficiently divisible integer r > 0.

Also note that if .# is regarded as a functor in groupoids, then in (6.2.1) instead
of equality only equivalence of categories should be required.

Remark 6.3. (1) Note that the definition implies that for any (Xg, Dy) stable log-
variety of dimension n, such that the coefficients of Dy are in I, and (Kx, +
Do) = v, (Xo, Do) € M (Speck).

(2) The condition “D is a Weil-divisor on X avoiding the generic and the codimen-
sion 1 singular points of X, for all y € Y” guarantees that D, can be defined
sensibly. Indeed, according to this condition, there is a big open set of X, over
which D is Q-Cartier.
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(3) The condition ”"Kx/y + D is Q-Cartier” is superfluous by a recent, yet un-
published result of Kollar stating that for a flat family with stable fibers if
y+— (Kx, + Dy)" is constant, then Kx/y + D is automatically Q-Cartier.

(4) To guarantee properness I has to be closed under addition as divisors with
coeflicients ¢y, ...,cs, can come together in the limit to form a divisor with
coefficient >°7_, ¢;.

(5) By [HMX14, Thm 1.1], after fixing n, v and a DCC set I C [0, 1], there exist

(a) a finite set Iy C I containing all the possible coefficients of stable log-
varieties of dimension n, volume v and coefficient set I, and

(b) a uniform m such that m(Kx + D) is Cartier for all stable log-varieties
(X, D) of dimension n, volume v and coefficient set I.

In particular, m may also be fixed in the above definition if it is chosen to be

sufficiently divisible after fixing the other three numerical invariants.

Proposition 6.4. Let n > 0 be an integer, v > 0 a rational number and I C [0, 1]
a finite coefficient set closed under addition. Then any moduli (pseudo-)functor of
stable log-varieties of dimension n, volume v and coefficient set I is proper. That
18, if it admits a coarse moduli space which is an algebraic space, then that coarse
moduli space is proper over k. If in addition the pseudo-functor itself is a DM-stack
, then it is a proper DM-stack over k (from which the existence of the coarse moduli
space as above follows [KeM97, Con05] ).

Proof. This is shown in [Koll4, Thm 12.11]. O

The following is a simple consequence of [[it82, Thm 11.12]. We include an
argument for the convenience of the reader.

Proposition 6.5 (Iitaka). If (X, D) is a stable log-variety then Aut(X, D) is finite.
Proof. Let m: X — X be the normalization of X and D is defined via
Kv+D=n"(Kx + D)

where Kx and K+ are chosen compatibly such that Kx avoids the singular codi-
mension one points of X. Note that D > 0 by [Kol13b, (5.75)]. Any automorphism
of (X, D) extends to an automorphism of (Y, ﬁ), hence we may assume that (X, D)
is normal. Furthermore, since X has finitely many irreducible components, the
automorphisms fixing each component form a finite index subgroup. Therefore,
we may also assume that X is irreducible. Let U C X be the regular locus of
X \ Supp D. Note that U is Aut(X, D)-invariant, hence there is an embedding
Aut(X, D) — Aut(U). In particular, it is enough to show that Aut(U) is finite.
Next let g : (Y, E) — (X, D) be a log-crepant resolution that is an isomorphism
over U and for which ¢g=!(X \ U) is a normal-crossing divisor. Let F be the reduced
divisor with support equal to g~ (X \U). Then (Y, E) is log-canonical, and E < F.
Therefore, g*(Kx + D) = Ky + E < Ky + F and hence (Y, F) is of log general
type. However, U = Y \ Supp F, and hence U itself is of general type. Then by
[lit82, Thm 11.12] a group (which is called SBir(U) there) containing Aut(U) is
finite. O

6.A. A particular functor of stable log-varieties

In what follows we describe a particular functor of stable log-varieties introduced
by Jénos Kolldr [Koll3a, (3) of page 155]. The main reason we do so is to be able
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to give Definition 6.16 and prove Corollary 6.18 and Corollary 6.19. These are used
in the following sections.

In fact, our method will be somewhat non-standard: we define a pseudo-functor
My, m.n, Which is larger than needed in Definition 6.6. We show that ., ., 5 is a
DM-stack (Proposition 6.11) and if m is sufficiently divisible (after fixing n and
v), the locus of stable log-varieties of dimension n, volume v and coefficient set
I is proper and closed in .4, . Hence the reduced closed substack on this
locus is a functor of stable log-varieties as in Definition 6.2. We emphasize that
our construction is not a functor that we propose to use in the long run. For
example, we are not describing the values it takes on Artinian non-reduced schemes.
However, it does allow us to make Definition 6.16 and prove Corollary 6.18 and
Corollary 6.19, which is our goal here. Finding a reasonably good functor(s) is an
extremely important, central question which is postponed for future endeavors.

The issue in general about functors of stable log-varieties is that, as Defini-
tion 6.2 suggests, it is not clear what their values should be over non-reduced
schemes. The main problem is to understand the nature and behavior of D in
those situations. Kollar’s solution to this is that instead of trying to figure out
how D should be defined over non-reduced schemes, let us replace D as part of the
data with some other data equivalent to (6.2.1) that has an obvious extension to
non-reduced schemes. This “other” data is as follows: instead of remembering D,
fix an integer m > 0 such that m(Kx + D) is Cartier, and remember instead of
D the map wQ{™ — Ox(m(Kx + D)) =: . There are two things we note before
proceeding to the precise definition.

(1) A global choice of m as above is possible according to Remark 6.3.

(2) Fixing (X,¢ cwm = _2”) is slightly more than just fixing (X, D), since
composing ¢ with an automorphism £ of % is formally different, but yields
the same D. In particular, we have to remember that different pairs (X, ¢)
that only differ by an automorphism £ of .Z should be identified eventually.

We define our auxiliary functor .4, ,, » according to the above considerations.

Definition 6.6. Fix an integer n > 0, a polynomial h : Z — Z and an integer m > 0
divisible enough (after fixing n and h). We define the auxiliary pseudo-functor
%n,m,h as

(6.6.1)
(1) f is a flat morphism of pure relative dimension n,
(2) £ is arelatively very ample line bundle on X such
X that R* f«(£L") = 0 for every r > 0, and
(3) forally € Y:
o . Rm i. ¢ is an isomorphism at the generic points and
%n,m,h(y) - 5 (b . OJX/Y — g at the codimension 1 singular points of X, and
hence it determines a divisor D,, such that
Y Ly > Oy(m(Kx, + Dy)),
ii. (Xy, Dy) is slc, and
iii. h(r) = x(Xy, 3;) for every integer r > 0.
where

(a) as indicated earlier, if Y is normal, ¢ corresponds to an actual divisor D
such that Ox (m(Kx,y+D)) ~ £. Explicitly, D is the closure of %7 where
FE is the divisor determined by ¢ on the relatively Gorenstein locus U.

(b) The arrows in ., ,, , between

(X -5, ¢: w;@}% - .,2”) € Mpmn(S),
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and
(X’ —T,¢ : w%f’;T — .Z/) € Mpmn(T),

over a fixed T'— S are of the form (a: X' — X, : o*.Z — &’), such that
the square

X =X

T—S8
is Cartesian, and ¢ is an isomorphism such that the following diagram is
commutative.

a* ¢

x dm
a OJX/S

oa*Z .

- . a*w@)m o
X/8

(662) isomorphism on the relative Goren-
stein locus given by [Con00, 3.6.1]

unique extension of the canonical
— |~ 3

&m ) o

¢/

In other words, ¢’ corresponds to £ o a*¢ via the natural identification
Hom (a*w?%,f’) = Hom (w‘?}f’;T,Zv )

(¢) An arrow as above is an isomorphism if T'— S is the identity and « is an
isomorphisms.

(d) We fix the following pullback construction. It features subtleties simi-
lar to that of (6.6.2) stemming from the fact that only the hull w%]y

of w%’/”y is compatible with base-change. So, let us consider (X,¢) :=

(X — S,¢: w?}% — ,Z) € Mpmn(S) and a k-morphism T — S. Then

(X,¢)r = (XT —= T, 97 :w}eg;"/T — $T>, where ¢ is defined via the

following commutative diagram.

XKm

Wxr/T
\L w\
Wl &
X /T T
s
(w§7y) T

In other words, via the natural identification Hom ((w?;;"y) ,XT) =
T

Hom (w?}?/T, XT), ¢ corresponds to @7y
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We leave the proof of the following statement to the reader. We only note that
the main reason it holds is that the presence of the very ample line bundle . makes
descent work.

Proposition 6.7. When viewed as a pseudo-functor (or equivalently as a category
fibered in groupoids) My m.n is an étale (or even fppf) stack.

Proposition 6.8. Consider two objects

(F:X 200 = 2), (£ X 50wy = 2) € Mypmn(Y).
Then the isomorphism functor of these two families lsomy ((X, @), (X', @")) is rep-
resentable by a quasi-projective scheme over'Y, denoted by Isomy (X, ¢), (X', ¢")).
Furthermore, this isomorphism scheme is unramified over Y .

Remark 6.9. Recall that, by definition, Isomy ((X, ¢), (X', ¢'))(T) is the set of T-
isomorphisms between (X, ¢)r and (X', ¢')r for any scheme T over k.

Proof. First, we show the representability part of the statement. Denote the
connected components of the Isom scheme Isomy (X, X’) parametrizing isomor-
phisms v : Xy — X7 such that v*.Z} =r & (cf. [Kol96, Exercise 1.10.2])
by I := Isom3 (X,X’) — Y. It comes equipped with a universal isomorphism
a: X; — X;. Now, let J := Isom;(a*.%/, %) be the open part of Hom; («* %/, £7)
[Kol08, 33] parametrizing isomorphisms. This space also comes equipped with a
universal isomorphism ¢ : a%.2} — ;. This space J, with the universal family
ay: Xy — X} and € o5.2) — £ is a fine moduli space for the functor

T {(B,0|8: Xr — X} and ¢ : B*.& — Lr are isomorphisms}.

This is almost the functor Isomy ((X, @), (X', ¢')), except in the latter there is an
extra condition that the following diagram commutes:

B* bl

By —— e B2
(6.9.1) l: LC
m Prr)
w?éT/T gT

Note that here we do not have to take hulls. Indeed, B*w;eéT”/T itself is isomorphic
T

to w?é;"/T via the m-th tensor power of the unique extension of the canonical map
of [Con00, Thm 3.6.1] from the relative Gorenstein locus, since § is an isomorphism
and hence f*w X7 18 reflexive.

Hence we are left to show that the condition of the commutativity of (6.9.1)
is a closed condition. That is, there is a closed subscheme S C J, such that the
condition of (6.9.1) holds if and only if the induced map T'— J factors through S.

Set 9 := ¢ and let ¥’ be the composition

* U
® % Qm @ d)[J]

m * cpl
Wy = atWx a* L Z .

Consider M := Hom (w;@é;"/J,fJ) [Ko0l08, 33]. The homomorphisms 3 and )’ give

two sections s,s" : J — M. Let S := s'"1(s(J)).
In the remainder of the proof we show the above claimed universal property
of S. Take a scheme T over k and a pair of isomorphisms (f,(), where g is a
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morphism Xp — X/ and ¢ is a homomorphism 8*.%; — Zp. Let p: T — J
be the moduli map, that is via this map 8 = ar and { = £&p. We have to show
that the commutativity of (6.9.1) holds if and only if p factors through the closed
subscheme S C J.

First, by the natural identification Hom (w?é;”/T, .,Z”T) = Hom ((w;@é;”/ J)T ,fT)

the commutativity of (6.9.1) is equivalent to ¢¥r = /.. Second, by functorial-
ity of Mor, the latter condition is equivalent to sy = s%. (as sections of My —
T). However, the latter is equivalent to the factorization of T' — J through
S, which shows that indeed Isomy ((X,¢),(X’,¢")) := S represents the functor
Isomy ((X, ¢), (X', ).

For the addendum, note that Isomy ((X, ¢), (X', ¢’)) is a group scheme over Y.
Since chark = 0, the characteristics of all the geometric points is 0 and hence
all the geometric fibers are smooth. This implies that Isomy ((X, ¢), (X', ¢")) is
unramified over Y [StacksProject, Tag 02G8], since its geometric fibers are finite
by Proposition 6.5. g
Lemma 6.10. Let (f X — Y}w?@}”y —>$) satisfy conditions (1), (2), (3i) and
(3iii) in (6.6.1), i.e., do not assume that (X,,D,) is slc. Further assume that
Xy is demi-normal for all y € Y and Y is essentially of finite type over k. Then
the subset Y° :={y € Y | (Xy, D) is slc} CY is open.

Proof. Let 7:Y’ — Y be a resolution. As 7 is proper, we may replace the original
family with the pullback to Y’ and so we may assume that Y is smooth. Next
we show that the slc locus {y € Y|(X,, Dy) is slc} is constructible. For that it is
enough to show that there is a non-empty open set U of Y such that either (X,, D,)
is slc for all y € U or (X, D,) is not slc for all y € U and conclude by noetherian
induction. To prove the existence of such a U, we may assume that Y is irreducible.
Let p: X’ — X be a semi log-resolution and U C Y an open set for which

o p LU = U is flat,

o X, — X, is a semi log-resolution for all y € U, and

o for any exceptional divisor E of p that does not dominate Y (i.e., which is

f-vertical) f(p(E))NU = 0.

It follows that for y € U, the discrepancies of (X, D,) are independent of y. Hence,
either every such (X, D,) is slc or all of them are not slc.

Next, we prove that the locus {y € Y|(Xy, Dy) is slc} is closed under general-
ization, which will conclude our proof by [Har77, Exc 1.3.18.c]. For, this we should
prove that if Y is a DVR, essentially of finite type over k, and (X¢, D¢) is slc for the
closed point £ € Y, then so is (X,,, D,,) for the generic point n € Y. However, this
follows immeditaley by inversion of adjunction for slc varieties [Pat16a, Cor 2.11],
since that implies that (X, D+ X¢) is slc and then by localizing at 7 we obtain that
(X5, Dyy) is sle. O

Proposition 6.11. ., . n is a DM-stack of finite type over k.

Proof. For simplicity let us denote .4, ;.5 by 4. By [DMG69, 4.21] we have to
show that .# has representable and unramified diagonal, and there is a smooth
surjection onto .# from a scheme of finite type over k. For any stack 2 and a
morphism from a scheme T' — 2~ X £ corresponding to s,t € Z'(T), the fiber
product £ X g x, 2 T can be identified with Isomr(s,t). Hence the first condition
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follows from Proposition 6.8. For the second condition we are to construct a cover
S of A by a scheme such that S — .# is formally smooth. The rest of the proof
is devoted to this.

Set N := p(1) — 1. Then, $ilbly contains every (X,0:w{" = &) € M(k),
where X is embedded into P} using H°(X,.%). Let J& = ﬁi[bﬁN be the open
subscheme corresponding to X C PV such that H*(X, Ox(r)) = 0 for all integers
i > 0 and r > 0. According to [EGA-TV, II1.12.2.1], there is an open subscheme
Jt5 C 74 parametrizing the reduced equidimensional and Ss varieties. Since small
deformations of nodes are either nodes or regular points, we see that there is an open
subscheme 5% C % parametrizing the demi-normal varieties (where reducedness
and equidimensionality is included in demi-normality). Let %3 be the universal
family over J#3. According to [Kol08, 33] there is a fine moduli scheme M, :=

Hom 4, (w%:?%, ﬁ%(l)). Define %, and €y, (1) to be the pullback of %; and of

O, (1) over My. Then there is a universal homomorphism 7 : w%’; v, — Owi(1).
Let M5 C M, be the open locus where « is an isomorphism at every generic point
and singular codimension one point of each fiber is open. Let % and 04, (1) the
restrictions of %4 and Oq, (1) over Ms. According to Lemma 6.10, there is an even

smaller open locus Mg C M5 defined by
Mg = {t € Ms ‘w?};;)t — O(a), (1) corresponds to an slc pair } .

Then define S := Mg and g : U — S and ¢ : wU/S — Oy(1) to be respectively the
restrictions of % — My and of v over Mg. From Definition 6.6 and by cohomology
and base-change it follows that for each (h Xr—T,¢": wX T $T> e #(T)
such that T is Noetherian,

(1) the sheaf h,.%r is locally free, and

(2) giving a map v : T — S and an isomorphism (a,§) between (b : Xp —
T,¢' : “’X = #r) and (UT — T, ¢ :w[‘?;”/T — ﬁUT(l)) is equivalent
to fixing a set of free generators so, ..., s, € hZr.

Indeed, for the second statement, fixing such a generator set is equivalent to giving
a closed embedding ¢ : X7 — P with Hilbert polynomial h together with an
isomorphism ¢ : £ — " Opy(1). Furthermore, the latter is equivalent to a map
Vpre : T — J6 together with isomorphisms o : X¢ — (%)r and & : £ —
a*O(a4,),(1). Then the composition

* m [ 13 *
o w(@’%)T/T =5 w?} > L —— 1" O (1)

yields a lifting of vpye to a morphism v : T — S, such that («, § ~1)is an isomorphism
between (X7, ¢’) and (UT,gb[T]).

Now, we show that the map S — .# induced by the universal family over S is
smooth. It is of finite type by construction, so we have to show that it is formally
smooth. Let § : (A’,m’) — (A, m) be a surjection of Artinian local rings over k such
that m(kerd) = 0. Set T := Spec A and T” := Spec A’. According to [EGA-IV,
IV.17.14.2], we need to show that if there is a 2-commutative diagram of solid arrows
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as follows, then one can find a dashed arrow keeping the diagram 2-commutative.

S<~——T

N

M<~—T'

In other words, given a family (h Xy =T @ w;e;;",/T, — 92”) € A (T"), with
an isomorphism (5, ¢) between (X, ¢4) and (Up, ¢r). We are supposed to prove
that (8, () extends over T'. However, as explained above, (5, () corresponds to free
generators of (hp), %, which can be lifted over 7" since T'— T” is an infinitesimal
extension of Artinian local schemes. O
Lemma 6.12. Let (f X — Y,w;eé;"y — Z) € Mpmn(T) for some T essentially of
finite type over k and I C [0,1] a finite coefficient set closed under addition. Then
the locus

(6.12.1) {t € T|(Xy, Dt) has coefficients in I}

is closed (here Dy is the divisor corresponding to ¢;). Furthermore, if m is suffi-
ciently divisible (after fixing n, v and I), then the above locus is proper over k.

Proof. For the first statement, by [Har77, Exc 11.3.18.c] we need to prove that the
above locus is constructible and closed under specialization. Both of these follow
from the fact that if 7" is normal, and D7 is the divisor corresponding to ¢, then
there is a dense open set U C T such that the coefficients of Dy and of D, agree
for all t € U. For the “closed under specialization” part one should also add that
if T is a DVR with generic point 1 and special point €, then the coefficient set of
D,, agrees with the coefficient set of D, and the coefficients of D, are sums formed
from coefficients of D. Since I is closed under addition, if D,, has coefficients in I,
so does D..

The properness statement follows from [Koll4, Thm 12.11] and [HMX14, Thm
1.1]. O

Notation 6.13. Fix an integer n > 0, a rational number v > 0 and a finite coefficient
set I C [0, 1] closed under addition. After this choose an m that is divisible enough.
For stable log-varieties (X, D) over k for which dim X = n, (Kx + D)™ = v and the
coefficient set is in I, there are finitely many possibilities for the Hilbert polynomial
h(r) = x(X,rm(Kx + D)) by [HMX14, Thm 1.1]. Let hy,...,hs be these values.
For each integer 1 < i < s, let .#; denote the reduced structure on the locus (6.12.1)
of My m.n, and let A, o 1 :=17_, #; (where II denotes disjoint union).

Proposition 6.14. .#,, ., 1 is a pseudo-functor for stable log-varieties of dimension n,
volume v and coefficient set I.

Proof. Given a normal variety T', #y, o 1(T) = II;_, .#;(T). Since in Notation 6.13,
M; were defined by taking reduced structures, for reduced schemes T, there are
no infinitesmial conditions on .#;(7T). That is it is equivalent to the sub-groupoid

of Mo m.n; (T) consisting of (X —T, ¢: w?}’/”T — .L”), such that the coefficients of

(X¢,Dy) is in I. Then it follows by construction that the disjoint union of these
is equivalent to the groupoid given in (6.2.1) and that the line bundle det f,.#”
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associated to (X —-T,¢: w?é% — f) € My, 1(T) yields a polarization for every
integer 7 > 0. (I

Remark 6.15. Ay, 1 a-priori depends on the choice of m, which will not matter
for our applications. However, one can show by exhibiting isomorphic groupoid
representations that in fact the normalization of any DM-stack .# which is a
pseudo-functor of stable log-varieties of dimenion n, volume v and coefficient set I
is isomorphic to the normalization of .4, , r.

Definition 6.16. Given a family f : (X,D) — Y of stable log-varieties over an
irreducible normal variety, such that the dimension dim X, = n and the volume
(Kx, + Dy)" of the fibers are fixed. Let I be the set of all possible sums, at most
1, formed from the coefficients of D. Then, there is an associated moduli map
w:Y — M, 1. The variation Var f of f is defined as the dimension of the image
of u.

Note that this does not depend on the choice of m or I (see Remark 6.15), since
it is dimY — d, where d is the general dimension of the isomorphism equivalence
classes of the fibers (X,, D,). This general dimension exists, because it can also be
expressed as the general fiber dimension of Isomy ((X, @), (X, ¢)), where (X, ¢) €
Mo.m.n;(Y) corresponds to (X, D).

Further note that it follows from the above discussion that using any pseudo-
functor of stable log-varieties of dimension n, volume v and coefficient set I instead
of My v 1 leads to the same definition of variation.

Remark 6.17. Corollary 6.20 gives another alternative definition of variation: it is
the smallest number d such that there exists a diagram as in Corollary 6.20 with
d=dimY".

Corollary 6.18. Given f : (X, D) =Y a family of stable log-varieties over a normal
variety Y, cmd a compactification Y DY, there is a generically finite proper mor-
phism T : Y 57 from a normal variety, and a family f : (X D) Y of stable
log-varieties, such that (Xy/,Dy/) ~ (Xy+, Dy+), where Y' := 771Y.

Proof. Let n be the dimension and v the volume of the fibers of f. Let I C [0, 1]
be a finite coefficient set closed under addition that contains the coefficients of D.
Denote for simplicity .4, ., 1 by .#. According to [LMB00, Thm 16.6], there is
a finite, generically étale surjective map S — 4, and f : (X, D) — Y induces
another one Y — .#. Let Y’ be a component of the normalization of Y x_4 S
dominating Y. Note that since .# is a DM-stack, Y is a scheme and Y/ — Y is
finite and surjective. Hence, we may compactify Y’ to obtain a normal projective
variety 7/, such that the maps Y’ — S and Y/ — Y extend to morphisms Y &8
and Y — Y (note that both S and Y are proper over k). Hence, we have a
2-commutative diagram

VeV — =9 ,
YC— =Y M
\/

which shows that the induced family on Y’ has the property as required, that is,
by pulling back to Y’ it becomes isomorphic to the pullback of (X, D) to Y. O
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Corollary 6.19. If .# is a moduli (pseudo-)functor of stable log-varieties of dimen-
sion n, volume v and coefficient set I admitting a coarse moduli space M which is
an algebraic space, then there is a finite cover S — M from a normal scheme S
induced by a family f € #(S).

Proof. Since for every moduli (pseudo-)functor .# of stable log-varieties of dimen-
sion n, volume v and coefficient set I, .# (k) is the same (as a set or as a groupoid),
and furthermore M is proper over k according to Proposition 6.4, it is enough to
show that there is a proper k-scheme S, such that S supports a family f € .Z(S)
for which

(1) the isomorphism equivalence classes of the fibers of f are finite, and
(2) every isomorphism class in .# (k) appears as a fiber of f.

However, the existence of this follows by [LMBO00, Thm 16.6] and Proposition 6.11.
O

Corollary 6.20. Given a family f : (X, D) =Y of stable log-varieties over a normal
variety, there is diagram

(X', D") =<— (X", D) — (X, D)

vl

Y’ Y Y

with Cartesian squares, such that

(1) Y and Y are normal,

(2) Var f = dimY”,

(8) Y" =Y is finite, surjective, and

(4) (X', D") = Y’ is a family of stable log-varieties for which the induced
moduli map is finite. In particular, the fiber isomorphism classes of f' :
(X',D") =Y’ are finite.

Proof. Set n :=dim X, and v := (Kx, +D,)". Let I be the set of all possible sums,
at most 1, formed from the coefficients of D. Then there is an induced moduli map
v:Y — My Let S — A, 1 be the finite cover given by Corollary 6.19. The
map Y X g4, S — Y is finite and surjective. Define Y to be the normalization
of an irreducible component of ¥~ x My, S that dominates Y and define Y’ to be
the normalization of the image of Y in S. That is, we obtain a 2-commutative
diagram

Y// Yl

]

Y HU' %n,v,l
This yields families over Y/ and Y as required by the statement. O
7. DETERMINANTS OF PUSHFORWARDS

The main results of this section are the following theorem and its corollary. For the
definition of stable families see Definition 3.11 and for the definition of variation see
Definition 6.16 and Remark 6.17. We also use Notation 3.12 in the next statement.
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Theorem 7.1. If f : (X,D) — Y s a family of stable log-varieties of mazimal
variation over a smooth projective variety, then

(1) there exists an v > 0 such that Kx)y + Dx is big on at least one
component of X or equivalently

dim X ("
) >0,

(KX(T)/Y + DX(T)
and
(2) for every sufficiently divisible ¢ > 0, det f.Ox(q(Kx/y + D)) is big.

Remark 7.2. The r-th fiber power in point (1) of Theorem 7.1 cannot be dropped.
This is because there exist families f : X — Y of maximal variation that are not
varying maximally on any of the components of X. Note the following about such
a family:

(1) Kx,y cannot be big on any component X; of X. Indeed, since the variation
of f|x, is not maximal, after passing to a generically finite cover of X,
Kx/y|x, is a pull back from a lower dimensional variety.

(2) On the other hand, X" — Y will have a component of maximal variation
for r > 0. In particular, Ky ,y does have a chance to be big on at least
one component.

To construct a family as above, start with two non-isotrivial smooth families g; :
Z; — C; (i = 1,2) of curves of different genera, both at least two [BPVdV8&4,
Sec V.14]. Take a multisection on each of these. By taking a base-change via
the multisections, we may assume that in fact each g; is endowed with a section
Si . Cl — Zz Now define f1 = g1 X idc2 : X1 = Zl X Cg —Y = Cl X CQ and
fo :=1de, Xg2 @ Xg := Cy X Zo — Y. The section s; of g; induce sections of f;
as well. Let D; be the images of these. Then, according to [Kol13b, Thm 5.13],
(X1, D1) and (X2, Ds) glue along Dy and Dy to form a stable family f : X — Y
as desired. Also notice that in this example f®? : X() — Y has a component of
maximal variation.

Corollary 7.3. Any algebraic space that is the coarse moduli space of a functor of sta-
ble log-varieties with fized volume, dimension and coefficient set (see Definition 6.2)
is a projective variety over k.

The rest of the section contains the proofs of Theorem 7.1 and Corollary 7.3. The
first major step is Proposition 7.8, which needs a significant amount of notation to
be introduced.

Definition 7.4. For a Q-Weil divisor D on a demi-normal variety and for a ¢ € Q we
define the c-coefficient part of D to be the reduced effective divisor

D, .= Z FE,

coeff g D=c

where the sum runs over all prime divisors. Clearly

D= ZcDC.

ceQ
Notice that D, is invariant under any automorphism of the pair (X, D), that is,
under any automorphism of X that leaves D invariant. In fact, an automorphism
of X is an automorphism of the pair (X, D) if and only if it leaves D, invariant for
every ¢ € Q.
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Definition 7.5. Let f : (X, D) — Y be a family of stable log-varieties. We will say
that the coefficients of D are compatible with base-change if for each ¢ € Q and
yey,
D.|x, = (Dy)e.

Note that this condition is automatically satisfied if all the coefficients are greater
than %

Notation 7.6. Let f : (X, D) — Y be a family of stable log-varieties over a smooth
projective variety. For a fixed m € Z that is divisible by the Cartier index of
Kx/y + D, and an arbitrary d € Z set £y := Ox (dm(Kx,y + D)).

Observe that there exists a dense big open subset U C Y over which all the
possible unions of the components of D (with the reduced structure) are flat. Our
goal is to apply Theorem 5.1 for fyy : Xy — U (we allow shrinking U after fixing d
and m, while keeping U a big open set).

Next we will group the components of D according to their coefficients. Recall
the definition of D, from Definition 7.4 where ¢ € Q and observe that there is an
open set V C U over which

(A) D. is compatible with base-change as in Definition 7.5 for all ¢ € Q, and
(B) the scheme theoretic fiber of D, over v € V is reduced and therefore is equal
to its divisorial restriction (see the definition of the latter in Notation 3.7).

To simplify notation we will make the following definitions: Let {c1,...,cn} =
{c € Q| D. # 0} be the set of coefficients appearing in D and let D; := D,,, for
1=1,...,n

Next we choose an m € Z satisfying the following conditions for every integers
j,d>0and i=1,.
(C) m(Kx)y + D) is Cartler
(D) Zy= Ox(dm(Kx)y + D)) is f-very ample,
(E) Rif.4y =0,
(F) (RJ (f1p,). gd‘pi) v =0, and
(@) (i) |V = ((f|p.). “1lp,) v is surjective.
These conditions imply that

(H) N> N :=hr%(Z]x,) — 1 is independent of y € Y, and in fact
(I) f+Zq and (( Di)*$d|Di)

By possibly increasing m we may also assume that

(J) the multiplication maps
Sym?(f.41) = (foZa) and  Sym’(£.20)lv — ((fIp.). Zalp,) Iv

are surjective.

For the surjectivity of the map Sym®(f..24)lv — ((f|p,), Zilp,)
the composition of the restriction map Sym? (£,.21) |v — Sym? ((f|p,), Li|p,) Iv
and the multiplication map Sym® ((f|p,), %|p,) v — ((f|Di)*.,§fd|Di) lv. The
former is surjective by the choice of m and condition (G) while the surjectivity
of the latter follows by the finite generation of the relative section ring, after an
adequate increase of m.

We fix an m satisfying the above requirements for the rest of the section and
use the global sections of Z1|x, to embed X, (and hence D;|x, as well) into
the fixed projective space PY for every closed point y € V. The ideal sheaves
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corresponding to these embeddings will be denoted by #x, and Sp, < respectively.
As the embedding of X, is well-defined only up to the action of GL(N + 1, k), the
corresponding ideal sheaf is also well-defined only up to this action. Furthermore,
in what follows we deal with only such properties of X, D;|x,, #x, and /p, X,
that are invariant under the GL(N + 1, k) action.

So, finally, we choose a d > 0 such that
(K) for all y € V, X, as well as D;|x, are defined by degree d equations.

From now on we keep d fixed with the above chosen value and we supress it from
the notation. We make the following definitions:

(L) W :=Sym’(f.2)|v, and

(M) Qo := (f«Za)|u-

Further note that (f|p,), -Zi|p, is torsion-free, since f|p, is surjective on all com-
ponents and D; is reduced. Hence by possibly shrinking U, but keeping it still a
big open set, we may assume that

(N) Qi := ((fIp,), ZalD,)|y; is locally free for alli =1,...,n.

Our setup ensures that we have natural homomorphisms «; : W — @Q; which are

surjective over V and we may make the following identifications for all closed points
y € V up to the above explained GL(N + 1, k) action:

W @ k(y) H (PY, 0px (d))

Qo ® k(y) HO (X, 0x,(d))

Qi @ k(y) HO (Dz-|Xy, Op,y, (d)) fori>0
ker {W ®k(y) = Qo ® k;(y)] H (PY, 7, (d))
ker [W Dh(y) = Qi ® k(y)} H (PY, 7, (d)) , for i > 0.

We will use this setup and notation for the rest of the present section.

Lemma 7.7. Let f : (X,D) — Y be a family of stable log-varieties over a normal
proper variety Y, and let m > 0 be an integer such that

(1) m(Kx/y + D) is Cartier,

(2) m(Kxy + D) is relatively basepoint-free with respect to f, and

(3) R'f.Ox(m(Kx;y +D)) =0 for all i > 0.
Then f.Ox(m(Kx,y + D)) is a nef locally free sheaf. Further note, that the above
conditions and hence the statement hold for every sufficiently divisible m. In partic-

ular, it applies for the m chosen in Notation 7.6, and hence f..Z; is weakly positive
for all d > 0.

Proof. The assumptions guarantee that f.O0x(m(Kx/y + D)) is compatible with
base-change. As being nef is decided on curves, we may assume that Y is a smooth
curve. Note that then by the slc version of inversion of adjunction (e.g., [Pat16a,
Cor 2.11]) (X, D) itself is slc. Hence, [Fujl2, Theorem 1.13] applies and yields the
statement. (]



32 SANDOR J KOVACS AND ZSOLT PATAKFALVI

Proposition 7.8. In addition to Notation 7.6, assume that Var f is maximal. Then
for alld >0,

det f.. %y @ (@7, det ((f|p,), Zu

D; )) 18 big.

Proof. Note that f..#] is weakly positive by Lemma 7.7 and hence so is W =
Sym? f,.%,. This will allow us to use Theorem 5.1 in the situation of Notation 7.6
by setting G := GL(N + 1,k) (see Remark 5.3) with the natural action on W if
we prove that the restriction over V of the classifying map of the morphisms «; for
1=0,...,n have finite fibers.

Translating this required finiteness to geometric terms means that fixing a gen-
eral y € V (k) and the fiber X, there are only finitely many other general z € V(k),
such that for the fiber X, the degree d forms in the ideals of X, and D,| X, can
be taken by the same ¢ € GL(N + 1, k) to the degree d forms in the ideals of X,
and D;|x,. However, if such a ¢ exists, then (X,,D,) ~ (X,, D,) meaning that
y and z lie in the same fiber of the associated moduli map p : Y — &y, .1 (see
Section 6.A). The maximal variation assumption implies that p is generically finite,
so there is an open Y? C Y, over which y has finite fibers, which is exactly what
we need. By shrinking V', we may assume that V' C Y° and applying Theorem 5.1
yields the statement. (Il

Lemma 7.9. Let [ : (X,D) — Y be a family of stable log-varieties over a smooth
variety. Then D.|r is flat for all ¢ € Q, where T is the locus over which D, is
Cartier. Note that T'|x, is a big open set for every y € Y.

Proof. As Op,), is the cokernel of € : Or(—D.) — Or, it is enough to prove that
gy : Op(=D.)® Or, — Or, is injective for every y € Y [StacksProject, Tag 00MD].
However, as O7(—D.) ® Or, is a line bundle on Ty, and hence S, and the map ¢,
is an isomorphism, in particular injective, at every generic point of T}, it is in fact
injective everywhere. O

Lemma 7.10. Let f : (X, D) — Y be a family of stable log-varieties over a smooth
variety. Then D. — Y is an equidimensional morphism for all c € Q.

Proof. By assumption D, has codimension 1 in X and it does not contain any
irreducible components of any fiber. It follows that the general fiber of D, over Y
has codimension 1 in the corresponding fiber of X and that this is the maximum
dimension any of its fibers may achieve. Since the dimension of the fibers is semi-
continuous this implies that all fibers of D, have the same dimension. [l

Lemma 7.11. Let f : (X, D) — Y be a family of stable log-varieties over a smooth
variety. Let Z be the fiber product X" over Y of some copies of X and of the
D; =D.,’s. Then

(1) every irreducible component of Z dominates Y,

(2) there is a big open set of Y over which Z is flat and reduced,

(3) Z is equidimensional over X, and

(4) X" is regular at every generic point of Z.

Proof. First notice that (3) follows directly from Lemma 7.10.

Next recall that we have already noted in Notation 7.6 that there exists a big
open set U C Y, over which X and all the possible unions of the components of
D are flat, and hence so is Z. It follows that all the embedded points of Z over U
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map to the generic point i of Y. However Z,, is reduced, so Z is not only flat, but
also reduced over U. This proves (2).

On the other hand, Z can definitely have multiple irreducible or even connected
components. Assume that there exists an irreducible component S that does not
dominate Y. Then S is contained in the non-flat locus of Z. However, according to
Lemma 7.9, the non-flat locus of D; has codimension at least one in each fiber of
D; — Y for all i’s. Therefore, the non-flat locus of Z also has codimension at least
one in each fiber. Hence, the existence of S would contradict (3) (and ultimately
Lemma 7.10). This proves (1).

By (1) the generic points of Z are dominating the generic points of D;. At these
points the corresponding fibers of X are regular and so (4) follows. O

Notation 7.12 is used in the proof of Theorem 7.1.1, which is presented right
after it.

Notation 7.12. Assume that we are in the situation of Notation 7.6, in particular,
recall the definition D; = D.,. To simplify the notation we also set Dy := X. For a
fixed positive natural number r € N consider a partition of r: i.e., a set of natural
numbers r; € N for i =0,...,n such that Y r; = r. We will denote a partition
by [ro,r1,...,7n]. For [ro,r1,...,7r,] we define the following mized product (we
omit Y from the notation for sanity):

D{rorem) = <>< DE”)> = (D(()TO) Xy -+ Xy Dﬁf’”) 4
red

i=0 ¥

Observe that D{ro:r1:-mn) jg naturally a closed subscheme of Xg ),
Let us assume now that r; > 0 for some j. Then [ro+1,r1,...,7; —1,...,7,] is
another partition of the same r and up to reordering the terms of the products

D('r’g,rl,...,rn) c D(roJrl,rl,...,rjfl,...,rn)

is a reduced effective Weil divisor. It follows from Lemma 7.11 that no compo-
nent of D{"0:71-") ig contained in the singular locus of D(rotbri,.rj=1l,..;ra) Iy
particular, for a sequence of partitions,

[ro, 71,72, -y Tuly [ro + L,m1 — Lo, ooyl ooy [ro + 71,0, 72, oy 0],
[ro+7r14+1,0,r0 —1,...,r0],...,[ro + 71 +72,0,0,...,7],...
[ro+- 4+7rn-1,0,...,0,7], [ro+--+rn-1+1,0,...,0,7,—1],...,[r,0,...,0,0]

we obtain a filtration of X(") where each consecutive embedding is a reduced ef-
fective Weil divisor in the subsequent member of the filtration and furthermore no
component of the former is contained in the singular locus of the latter:

D(TD,T17T2;~~77‘n) C D(T0+17T1—17T2,-~77‘n) cC---C D(T0+T170,T27-~~7Tn) C
C D(To+7"1+1,O,T2—1,...,’r‘n) cC---C D(T0+T1+T2,0,0,...,Tn) c...
c D(.TOJF"'JFT'!Lfl307"'7O)T7t) c DETO+"'+T7L71+1y07"')07T'rL71) C.o.C DET’O""’O’O) — X(T).

In fact, using Lemma 7.11, one can see that for every (not necessarily subsequent)
pair D’ C D” of schemes appearing in the above filtration, D" is regular at the
generic points of D’. Indeed, according to Lemma 7.11 every generic point & of D’
is over the generic point 1 of Y. Hence it is enough to see that D;’ is regular at &.
Observe, that D;]/ is a product over Spec k(n), and not over a positive dimensional
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scheme as D" is. Hence it is enough to see that all the components of D; are regular
at the image of &€ under the appropriate projection X (") — X. However, this follows
immediately from our definition of stable families (Definition 3.11), that is, by the
assumption that D; avoid the codimension one singular points of the fibers and
hence in particular of X,.

Proof of Theorem 7.1.1. We will use the setup established in Notation 7.6 and 7.12.
As before, f..%; is a nef vector bundle by Lemma 7.7. Therefore, by the surjective
natural map f*f..£y — Ly, Kx;y + D is nef as well. Clearly the same holds for
KX<j>/Y + Dx ) for any integer j > 0.

Now, let ro := rk f..%; and for ¢ > 0 let r; := vk (f|p,), Zalp,. Furthermore,
set r := Z?:o iy Z = Do) and g 7 — 7 the normalization of Z. Note
that Z can be reducible and a priori even non-reduced, but it is a closed subscheme
of X its irreducible components dominate ¥ and non-reducedness on Z may
happen only in codimension greater than 2 by Lemma 7.11.

Consider the natural injection below, which can be defined first over the big open
set U C Y of Notation 7.6, and then extended reflexively to Y,

Di)*jd

Lq : g = det (f*jd) & <® det ((f D))C%
i=1

C—>®f*gd® ® ®(sz)*$dD1 =
(7.12.1) 1 &8
~ () o\
o <<f Z)* Za z>

iterated use of Lemma 3.6

By a slight abuse of notation we will denote the composition of restriction from
X to Z and the pull-back via the normalization morphism 7 : Z — Z by restric-
tion to Z. In other words we make the following definition:

Olz =n"0()lz

So, for instance, (f(r) |Z)* denotes the pulling back by the composition

- o)
7 " g o ox() gy_

As in its definition above, if we restrict ¢4 to U, then the reflexive hulls are uneces-
sary on the right hand side of (7.12.1). Then by adjointness we obtain a non-zero
homomorphism

( f(r)
Pulling this further back over Z yields a non-zero homomorphism

(7.12.2) ( 7

* (r)
Z) eﬁZfd‘U — "?d

(10],) "

* (r)
Z) %’U - fd

(701,) e
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Since Z — Y and hence also Z — Y is an equidimensional morphism, ( f | Z)_l U
is also a big open set in Z and hence (7.12.2) induces a non-zero homomorphism

(7.12.3) (f“)

The non-zero map (7.12.3) induces another non-zero map
* ()
2) o (247)

where on the left hand side we have a relatively ample and nef line bundle tensored
with the pullback of a big line bundle. Hence the line bundle on the left hand side
is big on every component of Z. Therefore the line bundle on the right hand side
is big on at least one component. Let L") denote a Cartier divisor corresponding

Q*ﬂgﬁi%”

2z ,

Z

Z®(ﬂm

to .,fd(r). For the self-intersection of L(") on (the normalization) of a subvariety, say

. dim 2’
Z', we use the notation L") Zl,m . Then by

the nefness of L{" it follows that

, which formally means (L") )dim z

YA

0< L™ Ciimz,
and then also
dim Z
(7.12.4) 0< L™
z

Next we will define a filtration starting with X (") and ending with Z where
each consecutive member is a reduced divisor in the previous member. Recall that
r =Y i ,ri and observe that for any integer 7y <t < r there is a unique 0 < j <n
such that

Jj+1

J
Zri <t< Zri.
i=0 i=0

and hence
J
0< tj+1 Z:t—Z’l"Z‘ < Tjt1-
i=0
Now recall Notation 7.12 and let us define Z, := X(") and for any t, 7o <t <r,
J times

. e
Z, = DXicomi 41,0, 00y — B, Mz, )

Notice that Z,, = Z and that for all t, ro < ¢t < r, Z; C Z;41 is a reduced
effective divisor without components contained in the singular locus of Z;,1 (see
Notation 7.12 for the explanation). Note that set theoretically Z; is the intersection
of Z;41 with pf Djy1. We claim that this is in fact true also divisorially. Indeed,
Zy is reduced and by Lemma 7.11 it is equidimensional. So, it is enough to check
that Z; and the divisorial restriction pj D;; agrees at all codimension one points &
of Zi41. If pfDj 41 contains £ in its support, then D;; contains p(§), hence p;(§)
has to be a codimension 1 regular point of X lying over the generic point 1 of Y.
Note multe p; Dj 11 = mult,, ) Djy1 = 1, and that Z;, contains exactly the same
codimension one points of Z; 1, which concludes our claim that

(7.12.5) Zy =p; Djt1lz,4.-
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Our goal is to show that

0< (Lm)‘“mx(r) <: (um)dimz") .

For any rational number 1 > ¢ > 0 we have

dim Z;

i : r—1 .
(L(r))dler _ (L(T))dlmzr . Z Er—t (L(T) B L(T) dlmZt> _
Zt I
t=ro
. r—1 i .
_ o L(T) dim Z N Z grftfl (L(T) dim Z; 44 . L(T) di Zt) .
Zit1 Z
t=ro
Thus, according to (7.12.4), it is enough to prove that for each integer ro <t <r,
dim Z¢ 41 dim Z;
(7126) 0< L(T) s —c L(T) t
Zi41 Z

In the rest of the proof we fix an integer ro < ¢ < r, and prove (7.12.6) for that
value of ¢. Let Zt-{-l be the normalization of Z;;, and let S be the strict transform
of Z; in Zt+1- Denote by p the composition Zg_H — Zii1 — X According to the
discussion in Notation 7.12, ZtJrl — Zy41 is an isomorphism at the generic point of
Z;. Hence it is enough to prove that

0< (p*L(r)> )dimzH_l _ (p*L(r))dimz’H_l.(p*L(r) _ ES) .

Note that the right most expression is the intersection of several Cartier divisors
with a Weil Q-divisor, and hence it is well-defined. Furthermore, since p* L(") is nef,
to prove the above inequality it is enough to prove that the Q-divisor (p*L(T) —e8 )

dim E,Jrl

e ( p* L)

S

is pseudo-effective on every component of ZH 1. This follows if we apply Lemma 7.13
by setting Z = Z;41, Z = Zy41, E := p;Djyq and by using (7.12.5) (and its
implication that S = pz‘Dj+1|Z+1). O

Recall that a Q-Weil divisor D is called Q-effective if mD is linearly equivalent
to an effective divisor for some integer m > 0.
Lemma 7.13.

(1) Let f:(X,D) =Y be an equidimensional, surjective, projective morphism
from a semi-log canonical pair onto a smooth projective variety, such that
Kx,y + D is f-ample and all irreducible components of X dominate Y .

(2) Let Z be a closed subscheme of X, which is equidimensional overY, reduced,
and all its irreducible components dominate Y .

(3) Let E be a reduced effective divisor on X with support in Supp D, in partic-
ular, no component of E is contained in the singular locus of X. Assume
that E does not contain any component of Z and that both Z and X are
regular at the generic points of Z and at the codimension one points of Z
that are contained in E.

(4) Let Z — Z be the normalization.

Then (Kx;y + D —eE)|3 is pseudo-effective for every e € Q, 0 < e < 1, meaning
that for any fized ample divisor A on Z, (Kx/y + D —€E)|z + 0A is Q-effective
on every component of Z for every §d € Q,0 < 6 < 1.
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Remark 7.14. In the above statement E| is defined by considering the (big) open

locus in Z, where FE is Cartier, pulling back to Z and taking the closure there using
that the complement has codimension at least 2.

Proof. Reduction step: Let 7 : (X,D) — (X, D) be the normalization and Z
and E the strict transforms (by the regularity assumptions 7 is an isomorphism
at all generic points of Z and E so these strict transforms are meaningful). Since
7 — 7 factors through Z — Z, this setup shows that we may assume that (X, D)
is log canonical.
Summary of assumptions after the reduction step:
(1) f:(X,D) —Y is an equidimensional, surjective, projective morphism from
a log canonical pair onto a smooth projective variety, such that Kx,y + D
is f-ample,
(2) Z is equidimensional over Y, reduced, and all its irreducible components
dominate Y,
(3) Supp E € Supp D,
(4) no irreducible component of Z is contained in the support of F, and
(5) regularity assumptions: X is regular at the generic points of Z and both
E and Z are regular at the codimension one points of Z that are contained
in E.
The argument. Set L := Kx/y + D, £ := Ox(L) and S := E|z and let
p be the composition Z — Z — X. Note that to establish that p*L —eS is
pseudo-effective one may use an arbitrary Cartier divisor A on A , and show that
p*L —eS + §A is Q-effective on every component for every 0 < § < 1. Indeed,
choosing an ample A’, it follows that tA’ — A is effective on every component for
some t > 0, and hence then

p'L—eS+0tA =p"L—eS+0A+5(tA — A)

is also Q-effective on every component as well. Here we will choose A to be the
pullback of an appropriate ample line bundle on Y.

Let us take a Q-factorial dlt model 7 : (T,©) — (X, D) such that Kr + 0 =
T*(Kx + D) (cf. [KK10, 3.1]) and define g := f o7. Note that 7 is an isomorphism
both at the generic points of Z and at the codimension one points of Z that are
contained in E, since X is regular at all these points. Set I := 7' E. Consider

1
qr*L—F:q(KT/y+@—qF).

for a sufficiently divisible integer ¢ > 0. There are two important facts about the
above divisor. On one hand,

(7.13.1) r.0r(qr*L —T) C Ox(qL — E),

on the other hand, the above divisor is the ¢'" multiple of the relative log-canonical
divisor of a dlt pair. Hence according to [Fujl4a, Thm 1.1}, for every sufficiently
divisible ¢,

9+0r(qm"L —T)
is weakly positive. Therefore after fixing an ample line bundle H on Y, for each
a > 0, there is a b > 0, such that

Sym!“)(g, 07 (¢r*L —T)) @ H"
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is generically globally generated.

Let U be the open set where both g.0r(qg7*L—T') and f.Ox(¢L — F) are locally
free. Over U consider the composition of the following homomorphisms, where the
left most one is the push-forward of the embedding in (7.13.1):

£ Sym®(g.Or(¢r*L —T)) = f* Sym®(f.0x(¢L — E)) —
— f*f*ﬁ’x(ab(qL — E)) — ﬁx(ab(qL — E))

Let us pause for a moment and recall that ¢ — E is not necessarily Cartier in
general. However, it is Cartier over a big open set of f*U, so the natural map
Sym®(f,O0x(qL — E)) — f.Ox(ab(¢L — E)), which yields the middle arrow above,
can still be constructed over that big open set and then extended uniquely, since
X is normal.

Setting h := f o p, still over U, we obtain the following natural morphism by
pulling back the composition of (7.13.2) via p.

h* Sym® (g, Or(qr*L —T)) — O5(ab(qgp™L - 5)).
Again, note that gL — F is not necessarily Cartier over Z. However, by our regu-
larity assumption it is Cartier over a big open set Uz of Z. So the above map is
constructed first over p~1(Uz N f~1U) and then extended uniquely using that Z is
normal.

So, since Z—Yis equidimensional, h~1U is a big open set of Z. In particular,
we obtain a homomorphism

(7.13.3) WP Syml® (g, Or(qm* L — 1)) @ h*H® — 05 (ab(gp*L — S)) ® h*H".

Now choose ¢ sufficiently divisible so that 7,07 (¢7*L —T') ~ Ox(qL) ® 7.0r(-T)
is f-globally generated (recall that L is f-ample). Note that the ideal 7,07 (-T")
is supported on Supp F and Supp E does not contain any component of Z by
assumption. Hence, it follows that the natural map

h*g.Or(qr*"L —T) = Oz(qp*L — S)

(7.13.2)

is surjective at all generic points of Z and then the same holds for the map
in (7.13.3). Furthermore, the sheaf on the left hand side in (7.13.3) is glob-

ally generated at every generic point of Z. This gives us the desired sections of
0(ab(gp*L — S)) ® h*H® and concludes the proof. O

We will need the following analog of Lemma 4.6 for reducible schemes.

Lemma 7.15. If X is a projective scheme of pure dimension n over k and L a nef
Cartier divisor which is big on at least one component (that is, L™ > 0), then for
every Cartier divisor D that does not contain any component of X, L —eD is Q-
effective for every rational number 0 < € < 1 (however the corresponding effective
divisor may be zero on every irreducible component but one).

Proof. Let £ := Ox(L). Consider the exact sequence,
0 —— 2*(-D) z° 2 p 0

Since L is nef, by the asymptotic Riemann-Roch Theorem [Laz04a, Corollary
1.4.41], hO(L*) = L™+ O(a""'). Furthermore, h°(.2%|p) = O(a™"!). Hence, for
every a > 0 H°(£%(—D)) # 0. O

Theorem 7.1.2 is an immediate consequence of the following statement.
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Proposition 7.16. If f : (X, D) — Y is a family of stable log-varieties of mazimal
variation over a mormal proper variety, then there exists an integer ¢ > 0 and a
proper closed subvariety S C Y, such that for every integer a > 0, and closed
irreducible subvariety T C'Y not contained in S, det f,Ox(aq(Kx/y + D))|7 is

big, where T is the normalization of T.

Proof. First note that ¢ may be chosen sufficiently divisible, so f.Ox (aq(Kx/y +
A)) commutes with base-change, and hence we may replace Y by any of its reso-
lutions. That is, we may assume that Y is smooth and projective. We may also
replace T by a resolution of T" in the statement.

Let H be any ample effective Cartier divisor on Y, and let J# := Oy (H) be the
associated line bundle. Let r > 0 be the integer given by Theorem 7.1.1. Since
every component of X dominates Y, according to Lemma 7.15, q(Kx(r>/y +

Dxw) — ( f (T))* H is linearly equivalent to an effective divisor for some multiple ¢
of dm. Equivalently, there is a non-zero map

(7.16.1) (f")' A — Oxe) (¢ (Kxw jy + Dxin)) -

Let S CY be the (proper) closed set over which (7.16.1) is zero. For any integer
a > 0 consider the following non-zero map induced by the a* tensor power of
(7.16.1).

= [ (JO) A = [ O (aq (Kxo jy + Dxin)) =

(7.16.2) ~ ) f.0x(ag(Kx)y + D))

Lemma 3.6

This is necessarily an embedding, because Y is integral. Let o : T = Y be a
resolution of an irreducible closed subset T" of Y that is not contained in S. Then,
the induced map

o A — ®a*f*ﬁx (aq (KX/Y + D)) ~ ® (ff)* Ox.- (aq <Kxf/f + Df))
is not zero and therefore it is actually an embedding.
Let 2 denote the saturation of 6*. 2 in ®" (f7), ﬁxf/f(aq(KXf/T + Dx)).
Then £ is big since 7 is ample and it induces another exact sequence

0—=%—= Q" (f7), Ox, (1 Ky, 7+ D)) —=9 —=0,

where ¢ is locally free in codimension one. (f7), Ox. (ag(Kx_,7 + D7) is nef
T

by Lemma 7.7, so ¢ is weakly-positive by [Vie95, prop 2.9.¢] and point (2) of

Lemma 4.8. Note that we cannot infer that ¢ is nef, since ¢ is not necessarily

locally free. However, we can infer that det¥ is weakly-positive as well by (1) of

Lemma 4.8 and then for some N > 0,

B @ detd ~ det <® (/7). Ox; (aq (Kxf/fﬂ%))) ~

N
~ (det (ff)* Ox (aq (Kxf/f + DT)))
is big by (4) of Lemma 4.8. This concludes the proof. (I
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Proof of Corollary 7.3. Let M be the algebraic space in the statement, and .#
the (pseudo-)functor that it coarsely represents. First note that by finiteness of
the automorphism groups (Proposition 6.5), an appropriate power of the functorial
polarization required in Definition 6.2 descends to M. Since M is proper by Propo-
sition 6.4, according to the Nakai-Moishezon criterion we only need to show that the
highest self-intersection of this polarization on every proper irreducible subspace of
M is positive. However, by Corollary 6.19 it is enough to show this, instead of M,
for a proper, normal scheme Z, that supports a family f: (Xz, Dz) — Z with the
property that each fiber of f is isomorphic to only finitely many others.

Let us state our goal precisely at this point: we are supposed to exhibit an r» > 0
such that for any closed irreducible subvariety V C Z,

cr (det (fv), Ox, (r (Kx, v + Dv)))dimv > 0.

In fact we, are proving something slightly stronger. We claim that there exist an
integer q > 0, such that for every integer a > 0 and closed irreducible subvariety
vV CZ,

e1 (det (fy), Oxy (ag (Kxy v + Dv))) ™Y > 0.
We prove this statement by induction. For dim Z = 0 it is vacuous, so we may
assume that dim Z > 0. By Proposition 7.16 there exist a gz > 0 and a closed
subset S C Z that does not contain any component of Z, such that for every
a > 0 and every irreducible closed subset T" C Z not conpained in S, 1£ we set
Nagy i=det f.Ox, (aqz (Kx,,7z + Dz)), then ¢; (/I{qu|T)d1mT > 0. Let S denote
the normalization of S. Then by induction, since dim S < dim Z, there exists a
qg > 0, such that for every a > 0 and every irreducible closed subset V' C §,

c (</Vaq§|v)dimv > 0. Taking ¢ := max{qz, qg} concludes the proofs of the claim
and of Corollary 7.3. O

Remark 7.17. If one allows labeling of the components as well, which was excluded
up to this point from Definition 6.2 for simplicity, then Theorem 7.1 still yields pro-
jectivity as in Corollary 7.3 for the unlabeled case. This follows from the fact that
each stable log-variety admits at most finitely many labelings. Hence, forgetting
the labeling of a labeled family with finite isomorphism equivalence classes yields a
non-labeled family with finite isomorphism equivalence classes. In particular, the
proof of Corollary 7.3 implies that the polarization by det f.0x (dm(Kx y + D))
yields an ample line bundle on the base of the labeled family as well.

8. PUSHFORWARDS WITHOUT DETERMINANTS

The main goal of this section is to prove the following result.

Theorem 8.1. If f : (X, D) = Y is a family of stable log-varieties of mazimal varia-
tion over a normal, projective variety Y with kit general fiber, then f.Ox (q(Kx/y +
D)) is big for every sufficiently divisible integer g > 0.

Remark 8.2. One might wonder if this could be true without assuming that the
general fiber is klt. We will show below that that assumption is in fact necessary.

Corollary 83. If f : (X,D) — Y is a family of stable log-varieties of maximal
variation over a normal, projective variety Y with kit general fiber, then Kxy + D
is big.
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This corollary follows from Theorem 8.1 by a rather general argument which we
present in the following lemma.

Lemma 84. Let f : X — Y be a surjective morphism between normal proper va-
rieties and assume also that Y is projective. Let £ be an f-big line bundle on X
such that f..Z is a big vector bundle. Then £ itself is big.

Proof. Choose an ample line bundle & on Y such that f*«/ ® £ is big. Then by
Definition 4.7 there is a generically isomorphic inclusion for some integer a > 0:

P 7 < sym*(£.2)

This induces the following non-zero composition of homomorphisms, which con-
cludes the proof:

Pf el fSym(f.L)0L = [ f(L)0 L — 2% O
—
ig

Proof of Corollary 8.3. Take & = Ox(q(Kx/y + D)) for a sufficiently divisible
q>0. (Il

Next we show that the klt assumption in Theorem 8.1 is necessary.

Example 8.5. Let f : X — Y be an arbitrary non-isotrivial smooth projective
family of curves over a smooth projective curve. Assume that it admits a section
o :Y — X (this can be easily achieved after a base change) and let D = imo C X.
This is one of the simplest examples of a family of stable log-varieties. Notice that
the fibers are log canonical, but not klt. By adjunction Kp = (Kx + D)|p and
as f|p : D — Y is an isomorphism, it follows that Ox(Kx/y + D)|p ~ Op. The
following claim implies that f.Ox (r(Kx,y + D)) cannot be big for for any integer
> 0.

Claim 8.5.1. Let f : X — Y be a flat morphism, . a torsion-free sheaf on X,
and & a locally free sheaf on Y. Further let D C X be the image of a section
o :Y — X and assume that Y is irreducible, that .Z|p C €p, and that there
exists a homomorphism g : f*& — £ such that g|p # 0. Then & cannot be big.

Proof. Since f|p is an isomorphism, if & were big, so would be (f*&)|p and then
olp # 0 would imply that €p is big. This is a contradiction which proves the
statement. (I

A variant of Example 8.5 shows that even assuming that D = 0 would not be
enough to get the statement of Theorem 8.1 without the klt assumption:

Example 8.6. Let f : X — Y be an arbitrary non-isotrivial smooth projective
family of curves over a smooth projective curve. Assume that it admits two disjoint
sections 0; : Y — X fori = 1,2 and let D; = imo C X. Next glue X to itself by
identifying Dy and D via the isomorphism o 0 05 1 and call the resulting variety
X'. Then the induced f’ : X’ — Y is a family of stable varieties. The same
computation as above shows that f,Ox/(rKx:/y) cannot be big for any r > 0 for
this example as well. For computing the canonical class of non-normal varieties see
[Koll13b, 5.7].

A variant of the above examples can be found in [Kee99, Thm. 3.0], for which
not only Ky y + D is numerically trivial on a curve C' contained in D (and hence
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other ones can be constructed where the same happens over the double locus), but
Kx,y + D|c is not even semi-ample.

One might complain that in Example 8.6 the fibers are not normal. One can
construct a similar example of a family of stable varieties where the general fiber is
log canonical (and hence normal) that shows that the kit assumption is necessary,
but this is a little bit more complicated.

Example 8.7. Let Z be a projective cone over a genus 1 curve C. Assume that Z C
P3 is embedded compatibly with this cone structure, that is, via this embedding,
Z NP? = C for some fixed P2 C P3. Fix also coordinates g, ..., 23 such that
Ty, 9,23 are coordinates for P? and the cone point is P := [1,0,0,0]. Choose
two general polynomials f(x1,x2,x3) and g(zo,21,22,x3). Consider the pencil of
hypersurfaces in Z defined by these two equations. This yields a hypersurface
9 C Z x P! with 9y = V(f) N Z a general conic hypersurface section of Z and
Do = V(g9) N Z a general hypersurface section of Z. Since g was chosen generally,
P & 9. On the other hand, P € %, and hence P ¢ %, for t # 0. Furthermore,
since in codimension 1 hypersurface sections of Z disjoint from P acquire only
nodes Z; is either smooth or has only nodes for ¢ £ 0. Hence, for d > 0 the family
(Z x PY,2) — P! is a family of stable log-varieties outside ¢t = 0. For ¢t = 0 we
run stable reduction. Since the stable limit is unique, we may figure out the stable
limit without going through the meticulous process by hand: it is enough to exhibit
one family that is isomorphic in a neighborhood of 0 to the original family after
a base-change and which does have a stable limit. The pencil 2 around t = 0
is described by the equation f(x1,x2,23) + tg(zo, x1,x2,23). Extract a d-th root
from t and denote the new family also by (Z x Speck[t], 2) (i.e., we keep the same
notation for the boundary). Then 2 around ¢ = 0 is described by the equation

Fl(tax()axlavaxS) = f(x17x27m3) + tdg(l'o,l'l,xQ,{Eg).
Now set
Fo(t, xo, w1, T2, 73) = f(1,m2,23) + t%g(20/t, 71, 72, 3),

and let 2’ be the hypersurface of Z x Spec k[t] defined by F». Then in a punctured
neighborhood of ¢t = 0, (Z x Specklt], 2) is isomorphic to (Z x Speck[t], 2'), via
the map

l‘l’—>l‘l(’&750) t—t T — t-xg.

Here the key is that Z, being a cone, is invariant under scaling by xy. Note that
since g is general, xd has a non-zero coefficient, say c. Then it is easy to see
that F»(0,21,22,73) = f(21,72,23) + cxd. That is, &} is a d-th cyclic cover of
V(f)NC CP? in Z. Since f is general, V(f)NC is smooth (i.e., a union of reduced
points), and hence %) is also smooth. Furthermore, 2 avoids P. It follows that
(Z, 2}) is log canonical, whence stable and therefore it has to be the central fiber
of the stable reduction.

Summarizing, after the stable reduction, we obtain a family (%,2) — Y of
stable log-pairs over a smooth projective curve (we denote the divisor by Z here
as well for simplicity), such that 2, ~ Z and %, avoids the cone point in 2, for
each y € Y. Note that Z cannot be isomorphic to Y x Z anymore (not even after
a proper base-change), since then 2, would give a proper family of moving divisors
in Z that does not contain P. This is impossible, since a proper family covers a
proper image, which would have to be the entire Z.
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In any case, after possibly a finite base-change, we are able to take the cyclic
cover of Z of degree d ramified along 2. For d > 0 the obtained family X — Y is
stable of maximal variation over the projective curve Y. It has elliptic singularities
along a curve B that covers d times the singularity locus of Z — Y. Hence, B — Y
is proper and has d preimages over each point. In particular it is étale (though B
might be reducible). If we blow-up B, and resolve the other singular points as well
(which are necessarily disjoint from B, since they originate from the nodal fibers
of 2 — Y), we obtain a resolution 7 : V. — X. Let E be the (reduced) preimage
of B. Then we have that Ky/y + F + F = n*Kx/y, where F' is exceptional and
disjoint from E. In particular then

Kgyy = (Kvyy +E)le = (Ky)yy + E+ F)lg =" Kx)vle = (t|e)" (Kx/v|s) -

Hence it is enough to show that K,y = 0 (since then we have found a horizontal
curve over which Kx/y is numerically trivial). Since B — Y is étale, it is enough
to show that Kg/p = 0. However £ — B is a smooth family of isomorphic genus
one curves. In particular, after a finite base-change we may also assume that it has
a section, in which case we do know that its relative canonical sheaf is numerically
trivial. However, then it is numerically trivial even without the base-change. It
follows that Kx/y|p is numerically trivial and the same argument as above shows
that then it cannot be big.

Recall that if (X, D) is a klt pair and T a Q-Cartier divisor, then the log canonical
threshold is defined as

let(T; X, D) := sup{¢|(X, D + tI") is log canonical }.

Lemma 8.8. The log canonical threshold is lower semi-continuous in projective, flat
families with Q-Cartier relative log canonical bundle. That is, if f : (X,D) — S
is a projective, flat morphism with S normal and essentially of finite type over
k such that Kx,g 4+ D is Q-Cartier, (X, D) is kit for all s € S and ' > 0 is
a Q-Cartier divisor on X not containing any fibers, then let(Ly; X, Dy) is lower
semi-continuous.

Furthermore, if S is regular, then for every s € S there is a neighborhood U of
s, such that

let(D| p-1p5 U, D|p-11) > let(Ds; X, Dss).

Proof. Let us first show the second statement, which is an application of inversion
of adjunction. Let A = f~'H for some very ample reduced effective divisor H.
Then

(A,D|g +tI'|a) islc = (X,D +1I' + A) is lc in a neighborhood of A =
= (X, D +1tT) is lc in a neighborhood of A.

Applying this inductively gives the second statement, since for regular schemes
every point can be (locally) displayed as the intersection of hyperplanes.

Next, let us prove that s — lct(I's; X, D;) is constant on a dense open set U and
that U can be chosen such that lct(I'| y-1¢; f U, D|p-117) agrees with this constant
value. For this we may assume that S is smooth. Take a log-resolution 7 : Y — X
of (X, D +T). By replacing S with a dense Zariski open set we may assume that
(Y,Excm + 7*D + 7*T") is relative simple normal crossing over S. That is, every
stratum is smooth over S, where a stratum is either Y or the intersection of any
collection of divisors showing up. However, then the discrepancies of (X, Ds +
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tT's) agree for all s € S and t € Q and furthermore, this is the same set as the
discrepancies of (X, D + tI"). This concludes our claim.

The above two claims show that we have semi-continuity over smooth curves,
and also that the function is constructible. These together show that the function
is semi-continuous in general. (I

Definition 8.9. We define the log canonical threshold of a line bundle £ on a pro-
jective pair (X, A) as the minimum of the log canonical thresholds of the effective
divisors in P (H%(X,.#)*), the complete linear system of .#"

let(Z; X, A) == min {let(T; X, A) | T € P (H(X,.2)*)}.
By the above lemma this minimum exists.
Lemma 8.10. The log canonical threshold of a line bundle is bounded in projective,
flat families. That s, let f : (X,D) — T be a projective flat morphism with T
normal and essentially of finite type over k and £ a line bundle on X. Assume

that (X, D) is kit for all t € T and Kx7 + D is Q-Cartier. Then there exists a
real number ¢, such that lct(Zs; Xe, Dy) > ¢ for allt € T.

Proof. First assume that f,.Z commutes with base-change (and it is consequently
locally free) and let P := Proj((f+«Z)*). Notice that the points of P; for t € T
may be identified with elements of the linear systems P (H X, & )*) Further let
I be the universal divisor on X xp P corresponding to .Z, that is, (z,[D]) € T iff
x € D. Now, applying Lemma 8.8 to X x7 P — P and T" yields the statement.

In the general case, we work by induction on the dimension of T. We can find
a dense open set over which f,.Z commutes with base change. So, there is a
lower bound as above over this open set, and there is another lower bound on the
complement. Combining the two gives a lower bound over the entire 7T'. O

Proposition 8.11. Let (X, Dx) and (Y, Dy) be two kit pairs and £ and AN line
bundles on X andY respectively. Then

let (p%-Z @ py A3 X X Y, p%x Dx + py Dy ) = min{lct(.Z; X, Dx),lct(A;Y, Dy )}
Proof. 1t is obvious that

let(p L @ py AN X XY, p% Dx + py Dy ) < min{let(%; X, Dx),lct(A4;Y, Dy)}.
We have to prove the opposite inequality. To do that, choose I € [p%.Z ® p}-A|

and
t < min{let(Z; X, Dx),lct(A;Y, Dy)}.
We have to show that (X x Y, p% Dx + p} Dy + tI') is log canonical.
Let 7: Y — (Y, Dy) be a log-resolution, and define Dy via the equality

K{, + D? = T*(Ky + Dy).

Let p: X x Y — X x Y be the product morphism, and denote by mx and 7y the
two projections X x Y — X and X x Y — Y, respectively. According to [Vie95,
Claim 5.20], Y can be chosen such that p*T’ =T" + F%A where A is simple normal

crossing on Y and I contains no fibers of 7. By further blowing up Y if necessary,
we may also assume that A + Dy is simple normal crossing.
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To prove that (X x Y, p% Dx +p} Dy +1tT') is log canonical, it is enough to prove
that X x Y is log canonical with the following boundary (where we are allowing
the boundary to have negative coeflicients):

mxDx + 75Dy +tp'T = wx Dx + 75 (Dy + tA) + I
Let E be the reduced divisor supported on Supp (Df, + A).
Claim 8.11.1. Tt is enough to show that (X xY, 7% Dy +n% E+1I") is log canonical.

Indeed, (8.11.1) follows as soon as the coefficients of Dy + A are at most 1. To
see that, let z € X be a general closed point and let YV, = {2} x Y C X x Y and
Y, = {}xY C X xY. Further let Dy, and Dy denote the divisors corresponding
to Dy and Dg respectively via the obvious isomorphisms Y, ~ Y and }N’l ~Y.
Then, (Y;, Dy, +t(I'y,)) is klt by the assumption ¢ < let(4";Y, Dy). However,
then }Nﬁc is also klt with the boundary:

Dy, +t(p'Tlg, ) = Dy, +t(rpA+T')g, ).

Then, it follows that (}7, Dg +tA) is kit as well. Since, the support of Dy + tA
is a simple normal crossing divisor this implies that the coefficients are at most 1,
which in turn implies (8.11.1).

Next, let G be an arbitrary fiber of my : X X Y — Y. Then G ~ X and via
this isomorphism (7% Dx + tI") | corresponds to Dx + tI', where I'' € |.Z|. In
particular, it follows that (G, (7% Dx + tI')|¢) is Klt.

Let y € Y be a closed point and if necessary, add new components to E such

that the intersection of the components Fy,..., Fqimy of E containing y is equal
to {y}. Then
dimY
N k. (W;DX T tr’) wr | = (G (#5Dx 1))
i=1 i>dimY Ty i

i=1

is klt, so in particular log canonical. Then by inversion of adjunction [Kaw07] and
downward induction on j, we obtain that

(7LE: . (W;DX +75 Y Ei+ tF’)

i<j i>]

ﬂ W:;Ei

i<j

is also log canonical for every j = dimY,dimY — 1,...,0. In particular,

ﬂ W%Ei

i<0

(X xY, 7y Dx + a5 E+10") = | (75 E; | (w;(DX +75 Y Ei+ tF’)
i<0 i>0

is also log canonical, which is what we needed to prove according to (8.11.1). O

For the next statement recall Notation 3.12.
Corollary 8.12. If (X, D) is a projective kit pair, £ a line bundle on X, then for all
integers m > 0,

et ($<m);X<m>, DX<m)) = 1ct(Z; X, D).
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In the next statement multiplier ideals are used. Recall that the multiplier ideal
of a pair (X, D) consisting of a normal variety and an effective Q-divisor such that
Kx + D is Q-Cartier is 7 (X, D) :=1,.07([Kz/x — 7 D]) C Ox.

Lemma 8.13. Let (X, D) be a pair, and A a general element of a base-point free
linear system V on X. Then Z(X,D)= #(A,D|a).

Proof. Let 7 : Z — X be a log resolution of (X, D). The key observation is that
defining H := 77'A = 7*A, the restriction p := 7|y : H — A is also a log-
resolution and that H + 7, ! D + Exc 7 is simple normal crossing. Consider the the

following exact sequence
(8.13.1)

0—=0z([Kz —m"(Kx + A+ D)]) —
—0z([Kz+ H—-1(Kx +A+ D)]) ——
— Ou([Kpy — p*(Ka+ D|a)]) —=0

According to [Laz04b, Theorem 9.4.15(1)] R'7.0z([Kz — 7*(Kx + A+ D)]) = 0,
and by the projection formula,

T*ﬁz(fKZ - T*(KX + A+ D)~|)
(8.13.2) ~ Ox(—A)©@1.07([Kz — 7" (Kx + D)])
~ Ox(-A) @ 1.07([Kz + H—7*(Kx + A+ D)]).

Applying f.(_) to (8.13.1) and using (8.13.2) and the above vanishing yields the
statement. g

Proposition 8.14. Let f : X — Y be a surjective morphism between projective,
normal varieties with equidimensional, reduced Sy fibers, L a Cartier divisor and
A > 0 an effective divisor on X such that A contains no general fibers, (X, A,)
is kit for general y € Y and L — Kx/y — A is a nef and f-ample Q-Cartier divisor.
Assume further that Ky is Cartier. Then f.Ox (L) is weakly-positive (in the weak
sense).

Proof. Set £ := Ox(L). Let A be a general very ample effective divisor on Y and
m > 0 an integer. In this proof a subscript (_)4 will denote a base change to A.

Claim 8.14.1. For any nef Cartier divisor N on Y the natural restriction map,

HO (X0, 7 (X0, A ) @ 20 ((f<m>)* (Ky +24+N))) —

0 ( x(m) (m) (m) ()}
S H (XA (X5 Ay ) @ 2 (1) (Ky+2A+N)>’Xim)>
is surjective.
Proof. Note that in the statement we are already using the fact that

I (Xim),AXgm)) ~ ﬁXgm) ® 7 (X(m),Ax(m)) )

which follows from Lemma 8.13. For the above homomorphism to be surjective, it
is enough to prove that

(814.2) H' (X0, 7 (X0, Axin ) @200 ((f("”)* (Ky +4+N))) =0
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However,
Lxom + (f(m))* (Ky + A+ N) = (Kxom +Axem) =
= (L= Kx/y = A) g + (f(m))* (w)

nef and ample
relatively ample

is ample, hence (8.14.2) holds by Nadel-vanishing. This proves the claim. [

Note that the assumptions of the proposition remain valid for f|x, : X4 — A
and Alx,. Hence we may use (8.14.1) iteratively. By the klt assumption on the
general fiber, we may further leave out the multiplier ideal in the last term. Thus
we obtain a surjective homomorphism

5o (X(m’j (X(m),AX(m)) % g(m) <(f(m))* (KY‘FA‘FZH:Ai))) .

=1
— HO (X;m% f;m)

where Ay, ..., A, € |A| are general, y € (|, A; is arbitrary and n := dim Y. Since
the left hand side of this homomorphism is a subspace of

H° <Y, Oy <Ky +A+Y Ai> ® f£m>$<m>>

i=1

and the right hand side can be identified with f*(m)f(m) ® k(y) (recall y € Y is
general), we obtain that

HO (Y, Oy (Ky +A+Y Ai> ® fimlzﬂ(m)) — M 2 @ k(y)

i=1
is surjective. Therefore,

Lemma 3.6
|
Oy (Ky + A+ X, A) @ [ 200 2 6y (Ky + A+ 50, A) o [@L] .2

is generically globally generated for all m > 0. However, then it follows that so
is Oy (Ky + A+ Y1 [ A)® Syml™(f,.#), since there is a generically surjective
homomorphism from the former to the latter. This yields weak positivity (in the
weak sense). O

Proof of Theorem 8.1. Let T : Y — Y be a resolution of singularities. We claim
that we may replace f : (X,D) — Y with f : (Xy,Dy) — Y, and hence we
may assume that Y is smooth. Indeed, the pullback of f.O0x(q(Kx/y + D)) to
Y is isomorphic to f*ﬁ P (q (K Xy /¥ + D?)) for every sufficiently divisible ¢ by
the relative ampleness of Kx,y + D. In particular, if we know the theorem for
f: (XQ,D;,) — Y, then we know that the pullback of [+O0x(q¢(Kx/y + D)) to
Y is big. This in turn implies that f.0x(q(Kx/y + D)) is also big (c.f., [Vie83a,
1.4.4]).
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So, from now we assume that Y is smooth. According to Theorem 7.1, for all
sufficiently divisible ¢ > 0, det f. Ox (q(Kx/y + D)) is big. Fix such a ¢q. According
to Lemma 8.10 there is a real number ¢ > 0 such that

c <lct (ﬁxy (q (ny + Dy)) ?vaDy)

for every y € U, where U is the open locus over which the fibers (X, D,) are klit.

Fix also such a ¢ and let [ := (ﬂ By replacing Y with a finite cover, we may

assume that det f.Ox (q(Kx/y + D)) = Oy (lA) for some Cartier divisor A. Define
m =1k f.Ox (q(Kx/y + D)) and consider the natural homomorphism,
(8.14.3)

Oy (1A) = det f.Ox (q(Kxy + D)) ——

—— L, [+Ox(a(Kx/y + D)) = ™oy (¢ (Kxom y +Dxom))

Lemma 3.6

which implies that
(8.14.4) (f<m>) IA+T ~ g (Kxm jy + Dyom)

for some appropriate effective divisor I' on X (™). Note that since (8.14.3) has a

local splitting, I'y # 0 for any y € Y. In particular, I' does not contain any Xl(,m)
for any y € U, since fibers over U are irreducible.
By (8.14.4) we obtain that
(8.14.5)
1 q(2l—1)
) AT A St
T
Note that for each y € U,

(KX(m)/Y + D)((m)) ~0 2q (KX(m)/Y + DX(m)) _ (f(m)> A

let Gry;X?gm), (DX<m>)y) >
> 11t (O (4 (Kyom + (Dxim), ) ) X0, (Dxom), ) =

=1-lct (ﬁxy (q(KXy —|—Dy)) Xy, D )

Corollary 8.12

c>1

—|
ol

_ 1
|

Therefore, (X?Sm), 1Ty + (DX<m))y> is kIt for all y € U. Then by (8.14.5) and
Lemma 7.7 we may apply Proposition 8.14 to show that

F O oy <2q (Kxomy + Dxomy) — (f(m)>* A) ~
=~ f»gm)ﬁxm) (2¢ (Kxom) vy + Dxom)) @ Oy (=A) ~

~ Oy (- ®®f*ﬁx (29 (Kxy + D))

i=1

Lemma 3.6
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is weakly-positive. Therefore there exists an integer b > 0 such that

Oy (bA) ® Sym?” (ﬁy(—A) ® é f+O0x (2 (Kx/y + D))) ~

i=1

~ Oy (—bA) ® Sym? (é f+O0x (2 (Kx/y + D))) -

i=1

— Oy (—bA) ® Sym®™™ ( f.0x (2q (Kx,y + D)))
is generically globally generated. Hence f,Ox (2q (K x/y + D)) is big. O

9. SUBADDITIVITY OF LOG-KODAIRA DIMENSION

In this section we will consider the question of subadditivity of log-Kodaira
dimension. Since, at this point, there are multiple non-equivalent statements of
this conjecture in the literature, we state a couple of them. All of these follow from
Theorem 9.9.

Definition 9.1. A log canonical fiber space is a surjective morphism f: (X,D) =Y
such that

(1) both X and Y are irreducible, normal and projective,
(2) Kx + D is Q-Cartier and
(3) (Xy, D) has log canonical singularities, where 7 is the generic point of Y.

Notation 9.2. We will use the notation introduced above for the present section. In
particular, f : (X, D) — Y will denote a log canonical fiber space and 1 the generic
point of Y.

Next we define the notion of variation for log canonical fiber spaces. Unfortu-
nately, at this time we have to put a restriction on the log canonical fiber spaces
on which the definition works. The main issue is that in Definition 6.16, variation
is defined only for families of stable log-varieties. For general log canonical fiber
spaces as in Definition 9.1 the reasonable expectation is that we would define varia-
tion as the variation of the relative log canonical model of (X, D) (restricted to the
open locus where it is a stable family). However, for log canonical singularities, the
existence of a log canonical model is not known at this time even in the log-general
type case. Hence, in order to make this definition, we assume that a relative log
canonical model exists. This is known for example if the general fiber is klt.

Definition 9.3. Let f : (X, D) — Y be alog canonical fiber space such that Kx, +D,,
is big and (X, D,;) admits a log canonical model. Then set Var f to be the variation
of the log canonical model of (X,,, D,,) as defined in Definition 6.16.

Remark 9.4. If (X, D,) is klt and Kx, + D, is big, then (X, D,) admits a log
canonical model by [BCHMI10, Thm 1.2]) and hence in this case Var f is defined.

Theorem 9.5. Let f : (X, D) — Y be a log canonical fiber space with Kx, + Dy, big.
Then subadditivity of log-Kodaira dimension holds. That is,

k(Kx 4+ D) > x(Y) + w(Kx, + D).
If in addition (X,), D) is kit and k(Y) > 0, then
k(Kx 4+ D) > max{x(Y), Var f} + x(Kx, + D).
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Theorem 9.6. Let [ : (X, D) — (Y, B) be a surjective map of projective log canonical
snc pairs (cf. Definition 3.9). Assume that Kx, + D, is big and that either

(1) both B and D are reduced and supp D D supp f*B, or
(2) D= f*B
Then
K(Kx + D) > k(Ky + B) + k (Kx, + Dy) .
In the next corollary we use the notion of Kodaira dimension of an arbitrary
algebraic variety X.

Definition 9.7. Let X be an algebraic variety, X a proper compactification of X,
and m : X — X a resolution of singularities such that X is projective and D =

(X \ 7 (X )) has simple normal crossings, i.e., (X, D) is an snc pair. Then set

K(X) = r(Kg+ D).
This is independent of the projective compactification or its resolution chosen [[it82,
§11.2].

Corollary 9.8. Let f : X — Y be a dominant map of (not necessarily proper) alge-
braic varieties such that the generic fiber has mazimal Kodaira dimension. Then

K(X) > k(YY) +r(Xy).

Proof. Let Y be a proper compactification of ¥ and o : Y — Y a resolution of
singularities such that Y is projective and B = Y \ 0~ 1(Y) is a simple normal
crossing divisor. Next let X be a proper compactification of X such that f extends
to a morphism f : X — Y. Further let myy : X — W be a resolution of singularities
where W C X X3 Y is the component dominating Y. Note that the induced
morphism 7 : X — X is also a resolution of singularities and we may choose X to

be projective and such that D= ()A(: \ 7r’1(X)> has simple normal crossings. Let

f: X — Y denote the induced morphism. By construction supp f*B C supp D
and )?,7 is the resolution of a compactification of X, and En is the corresponding
boundary divisor, it follows that K X, + D, is big, and hence Theorem 9.6 implies
the statement. O

We will prove Theorems 9.5 and 9.6 via the following more general statement.
Theorem 9.9. Let f: (X,D) = Y be a log canonical fiber space such that

(1) Y is smooth,
(2) (X, D) is an snc pair, and
(3) Kx, + D, is big.

Further let M be a Q-Cartier divisor on'Y with k(M) > 0. Then
K(Kx/y + D+ f*M) > k(M) + k(Kx, + D).
If in addition (X,), Dy) is klt, then
K(Kx/y + D+ f*M) > max{x(M), Var f} + k(Kx, + D).
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Q.A. Proof of Theorem 9.5

Let 7: Y’ — Y be a resolution of Y, and let X’ be a resolution of the component
of X Xy Y’ dominating Y’ that is also a log-resolution of (X, D). Let p: X' — X
be the induced map. Choose canonical divisors Kx and Kx: such that they agree
on the locus where g is an isomorphism and define D’ > 0 and R > 0 without
common components via

Then k(Kx + D) = k(Kx/ + D’), and similarly & (KX" + Dn) =K (KX; + D;,)
by restricting (9.A.1) to X,,. If in addition (X, D,) is klt, then Var f = Var f
as the log canonical models of (X, D,) and of (X;, D;) agree. Then Theorem 9.9
applied to f’: (X', D’) — Y, which clearly satisfies the assumptions required, with
M = Ky completes the proof.

9.B. Proof of Theorem 9.6

Lemma 9.10 (Simple normal crossing in codimension 1). Let f : (X,D) =Y be a
log canonical fiber space such that'Y is a smooth projective variety and (X, D) is
an snc pair. Let Dy be the horizontal part of D. Then there is a log resolution
0: X' — (X, D), such that for D, = 071Dy, the strict transform of Dy, on X',
and for each prime dwisor E in'Y, (X, D} + f*E) is simple normal crossing over
a neighborhood of the generic point of E.

Proof. Let U C Y be the largest open subset such that every stratum of (X, D)
(see [Koll3b, 1.7] for stratum) is smooth over U. Let Ej,...,E, be the com-
ponents of the divisorial part of Y \ U and define X’ to be a log-resolution of
(X,D+>7 | f*E;) that is an isomorphism over f~1U. d

Lemma 9.11 (Reduced fibers in codimension 1). Let f : (X,D) — Y be a log
canonical fiber space such that'Y is a smooth projective variety and (X, D) is an
snc pair. Let Dy, be the horizontal part of D and assume that for each prime divisor
E inY, (X,Dy + f*E) is an snc pair over a neighborhood of the generic point of
E. Then there exist a finite surjective morphism 7 :Y' — 'Y of smooth projective
(irreducible) varieties and a resolution X' of the normalization X™ of X Xy Y’ such
that:

(1) If ¢ + X" — X is the induced morphism and D™ the horizontal part of
¢*D, then (X™,D™) is a locally stable family at every codimension one
point y € Y'. That is, at every such y € Y' the following two equivalent
conditions hold:

o (X",Xig—I— D™) is lc around X}, where Xig is the closure of X', or
equivalently
o (X, Dy) is sle and Kxn + D" is Q-Cartier around X,

(2) The induced ' : X' — Y’ agrees with the pullback of f via an étale mor-
phism over a dense open subset of Y.

(3) If in addition there exists an effective simple normal crossing divisor B on
Y such that both B and D are reduced and Supp D 2 Supp f*B, then there
exists an effective simple normal crossing divisor D' on X', which agrees
with the pull-back of D over a dense open subset of Y, and for which the
inequality k(Kx /y+ + D'+ f*7*(Ky + B)) < k(Kx + D) holds.
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Proof. Let 7 : Y/ — Y be a surjective finite morphism, guaranteed by [Kaw81,
Thm. 17], such that for any codimension 1 point y € Y’, the multiplicity of every
irreducible component of X,y divides the ramification index of 7 at y. Notice that
according to [Koll4, first 6 paragraphs in the proof of Thm 12.11], this choice of 7
satisfies the requirements of (1). In fact, to apply [Kol14, Thm 12.11] our assump-
tion that (X, D + f*E) is simple normal crossing in a neighborhood of the generic
point of E, and hence (X, Dj, + (f*E)yed) is log canonical in this neighborhood, is
vital. It is also used that D™ = (* Dy, since ( is finite. In any case, (1) in particular
implies that the fibers of f*: X™ — Y’ are reduced in codimension 1 of Y.

Next, let v : X’ — X™ be a log resolution of (X", (*D) that does not change
the general fibers of f". In this case, point (2) holds automatically.

We are left to show (3). Let B’ = (7*B)rea and S := (¢*D)req. Note that
by the construction of [Kaw81, Thm. 17], 7 can be chosen such that B’ is a sim-
ple normal crossing divisor. The assumption Supp D 2 Supp f*B implies that
Supp S O Supp(f™)*B’. Using that the codimension one fibers of f™ are reduced
this implies that (f™)*B’ < S. Denote by 2 the set of codimension 1 points of X"
that are not contained in supp S and at which ( is ramified. For every z € 2 denote
by @, the corresponding prime divisor and ¢, the ramification index. Similarly, let
Z be the set of codimension 1 points of Y’ that are not contained in supp B’ and at
which 7 is ramified. Also, for every y € # denote by R, the corresponding prime
divisor and by 7, the ramification index. Then we obtain the following formulas:

(9.B.1) Ky + B =7"(Ky + B)+ > _(r, — 1)R,
YER

and

(9.B.2) Kxn+8=C(Kx+D)+ Y (¢ —1)Qa
€2

There are two important facts, we use in the next step. First, if x € X™ is a
codimension 1 point mapping onto a codimension 1 point f™(x), then g;|rsn(z).
Indeed, if z, v, t and u are the local parameters at the codimension one points
x, (z), f*(z) and 7(f"(x)), then up to multiplication by units z = ¢t = u"/™@
and z = v¥ = (u*)% = u*%, where a is the multiplicity of ((z) in the fiber
over 7(f™(x)). Second, if x € 2, then f"(x) € %, since (f*)*B’ < S and by the
previous fact if ¢ is ramified at x then so is 7 at f™(x). In particular, (9.B.1) and
(9.B.2) yields

(9.B3) ("(Kx+D) - f"(Ky +B)=
= Kxnjy+(8 = (f")B) + > (riw) — ¢2)Qx + > (rf@) = DRs)

re2 z is a codimension 1

point of X" not in 2,
such that f™(z) € Z

where the divisor T is effective.
Define D" and T’ to be the strict transforms of S — (f™)*B and T, respectively,
on X’. Then point (3) follows from the following inequality that holds for every
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integer m > 0.

ho (m (KX//Y’ —+ D/ —+ f/*T*(KY —+ B))) S

since D’ < T’

<h®(m (Kx/ )y +T + f*m*(Ky + B))) <

since ’y*(KX//y/ + T') = Kxn/y + T

<h® (m (Kxnyyr +T+ (") (Ky + B))) =

by (9.B.3)
=hW(m¢*(Kx +D)). O

Proposition 9.12. Theorem 9.9 implies Theorem 9.6.

Proof. If f*B < D, then apply Theorem 9.9 for (X,D — f*B) and M := Ky + B.
Otherwise we prove the statement below.

STEP 1: Normal crossing in codimension 1. Apply Lemma 9.10 to f: (X,D) = Y
and define D’ := (0*D)eq. With this choice, Supp f*B C Supp D', where f’ :
X’ — Y is the induced morphism. Furthermore, & (KXn + Dn) =K (KX; + D;)
since 0.(Kx: + D') = Kx + D, k(Kx: + D') < k(Kx + D), and the generic fiber
is unchanged. That is, we may assume that the consequences of Lemma 9.10 hold
for f:(X,D) =Y.

STEP 2: Reduced fibers in codimension 1. By Step 1 we may apply Lemma 9.11 for
f:(X,D) =Y to obtain f': (X', D) — Y’ as stated there (same notation, but
different from the the one in the previous step). However, then if  and ' are the
generic points of Y and Y, respectively, then the following computation concludes
the proof.

KJ(KX +D) Z K}(KX//y/ +D/+f/*T*(Ky +B)) 2

by Lemma 9.11

>k (KX;, + D;,) + k(" (Ky + B)) = 1 (Kx, + D) + 5(Ky + B). O

by Theorem 9.9 with M = 7*(Ky + B) by Lemma 9.11

, , T is finite
(X,,]/ ) D,,]/) = (X, D)n/

9.C. Proof of Theorem 9.9
Lemma 9.13. Consider the following commutative diagram of normal varieties,
where [ is flat and Gorenstein, T is surjective, X := X Xy Y’ and X" is the
normalization of the component of X xy Y’ dominating Y.

X< X2 xn

| A

Y%Y/

Then, there is a natural embedding wxn /vy — B*a*wx)y .

Proof. Since f is flat and Gorenstein, ws /. ~ awy/y by [Con00, Thm 3.6.1].
In particular, w /v s a line bundle. Consider the pull-back of the Gorthendieck
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trace of 8, ¢ : B*Bawxn vy — B*wy/y,. We claim that ¢ factors through the natural
map § : B*Biwxnyr — wxnys. For this, first note that § is surjective, since (3
is affine and for any morphism of rings A — B and B-module M, the natural
morphism M ® 4 B — M is surjective. Next note that ﬁ*o.)y/y, is a line bundle, in
particular torsion-free and hence ¢ factors through the natural map 8*B.wxn /)y —
B*Bewxn )y /T, where .7 is the torsion part of 3*B,wxn /y+. Therefore, it is enough
to show that the latter map is isomorphic to &, that is, that keré = 7. To
show that ker¢é C 7 simply observe that § is generically an isomorphism, and
hence so is £&. The opposite containment, ker £ O 7, follows from the fact that
wxny is torsion-free. This proves the claim, and hence we obtain an embedding

Wxn )y < B*wy/y/ ~ frafwx)y- (]

Lemma 9.14. Let w : Z — W be a birational morphism of normal projective vari-
eties with Kz and Kw are Q-Cartier, L a Q-Cartier divisor on W, and B a (not
necessarily effective) m-exceptional Q-Cartier Q-divisor on Z. Then

kK(Kw + L) > k(Kz +7*L + B)

Proof. Let ¢ : W° < W be a dense open embedding over which 7 is an isomorphism.
Then for any sufficiently divisible m € Z there is an injective map as follows. This
proves the statement.

ra 02K + 7L+ E) < 1. (ra07(mK 7) ® O (mL) [we)
~ 1, (Owo(mKwo + mLlwe)) ~ Ow (m(Kw + L)). O

Proof of Theorem 9.9.

STEP 0: Assuming kit. If (X, D,) is not klt, then by decreasing the coefficients of
D a little all our assumptions remain true, and so we may assume that (X, D,) is
klt.
STEP 1: Allowing an extra divisor avoiding a big open set . of the base. According

o [Vie83a, Lemma 7.3], there is a birational morphism Y — Y from a smooth
prOJectlve variety, and another one from X onto the > component of X xy Y dom-
inating Y such that for the induced map f X — Y and for every prime divisor
FE C X , if codimg f ( ) > 2, then F'is X5 X exceptional. Furthermore, it follows
from the proof of [Vie83a, Lemma 7.3] that we may choose X5 XandVY —Y
to be isomorphisms over the smooth locus of f on Y and also X — X to be a
log-resolution of (X, D). Let p: X — X and 7: Y — Y be the induced maps and
set D := o*D and M :=7*M.
Claim 9.C.1. Let B > 0 be an effective divisor on X for which codimg f(B) > 2.
Then

K(Kx/y + D+ f*"M) > 6(Kg 5 + D+ f*M + B).

Proof of (9.C.1). Since both Y and Y are smooth, there is an effective divisor F’
on Y such that Ky = 7*Ky + F. In particular, the following holds:

Kzip =

Now apply Lemma 9.14 with 7 = pand L = —f*Ky + D + f*M. U

e ['Ky=Kg— f(r"Ky + F) = Kg — 0" [*Ky — f*F.
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It follows that it is enough to prove that for some 0 < B for which codimy f(B) > 2,
(9.C.2) K(Kx/y + D+ f*M + B) > max{x(M), Var f} + r(Kx, + Dy).

STEP 2: Discarding vertical components of D. Notice that vertical components
of D may be discarded at any time because their presence may only decrease the
log-Kodaira dimension (e.g., by (9.C.1)). We will apply this principle repeatedly in
the sequel.

STEP 3: Replacing Var f by Var fean. Let fean @ (Xcan, Dean) — Yo be the log
canonical model of (X, D) over some dense open set Yy C Y over which (X, D) is
klt. By shrinking Yy we may assume that f.,, is a stable family. Note that since
(X, D) is klt over Yy, Var f = Var fca, (where the latter is taken as the variation
as a stable family of log-varieties), hence, in order to obtain (9.C.2) it is enough to
prove the following inequality:

(9.C3)  K(Kxyy + D+ f*M + B) > max{x(M), Var fean} + k(Kx, + Dy).

Throughout the rest of the proof we will define several new objects and morphisms.
Table 1 on page 56 indicates the interrelations of these.

STEP 4: An auzilliary base change. Set n := dim X —dim Y, v := vol (K)Q7 + Dn)’
where 7 is the generic point of Y. Let I C [0, 1] be a finite coefficient set closed under
addition (Definition 6.1) that contains the coefficients of D. Let p : Yo — My 1
be the moduli map associated to foan and let S — .4, , ; be the finite cover
guaranteed by Corollary 6.19. Further let Y2"* be a resolution of a compactification
of a component of Yo X 4, , ;S that dominates Y. We may assume that the rational
maps ¢ : Y2 -5 Y and Y*"* --5 § are morphisms. Let Y be the normalization
of the image of Y2** in S and f” : (X”,D"”) — Y" the family over Y induced by
f € #(S) given in Corollary 6.19. Then the pullback of this family over §~1(Yp) is
isomorphic to the pullback of (Xcan, Dean) and hence dimY” = Var fea,.

STEP 5: Local stable reduction over a big open set. Let X*"* be a resolution of
the main component of X xy Y™ such that the pullback of D to X" is simple
normal crossing. Let D?*"* be the horizontal part of this pullback. Now, we apply
Lemma 9.10 and then Lemma 9.11 to (X2, D) — Y2 TLet Y’ be the one
obtained in Lemma 9.11 and similarly to the notation used there let

X" — X2 xyaux Y/ be the normalization,

D™ be the horizontal part of the pullback of D*"™* to X",

X' be a log resolution of (X™, D™), and

ff:X =Y, 7:Y - Y and f* : X — Y’ be the induced natural
morphisms.

O O O O

STEP 6: Choosing nice big open sets. Let Yj C Y’ be a big open set such that

(1) (X™,D™) is kIt and forms a flat locally stable family of log-varieties over
Yy,
Let X§ := (f")7'Yy, Dy := D"|xp and let fl.. : (X/.n, Dlan) — Yg be the log
canonical model of (X, Df}) over Y. By shrinking Y (but keeping it big in Y”)
we may further assume that

(2) fl. is flat (and hence it is a family of stable log-varieties).

Let 1’ be the generic point of Y’. Then (X;},,Dg,) ~ (Xn,D,])n,7 since over the
locus (in Y') over which f is smooth and (X, D) is a relative normal crossing divisor,
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(Xcan»Dcan)é—l(Yo)
(f Y07D|f 1Y0 - — > Xcanchan i
" D//)é_ I(YO)
fC&n

(-)(7 D) Xaux Daux //7 D//)

YB,UX Y// C S

(X', D) =—(X{, D)
// / (Xédn’ Dé:a,n)
. Xn Dn XO , D’ﬂ 777777 > 2‘
(X”, DH)YO’
fo
f(/:an
P —
Y’ Y]

TABLE 1. The interrelations of the spaces defined throughout the
proof. The bold arrows denote stable log-families, the hook arrows
denote open embeddings. Note that not all squares are Cartesian.

(X™, D™) is isomorphic to (X, D) xy Y. Therefore

(X/ D/ ) /= (XC‘(ln7Dcan)17/ ~ (XH,DN)”,

can?’ can

That is, (X", D") xy~ Yy is isomorphic to (X/,,, D) over . Equivalently, their
Isom scheme has a rational point over 1’ whose closure yields a section of the Isom
scheme over a big open set of Y. Therefore, by further restricting Yj (and still

keeping it big) we may assume that
(3) (X",D") xyn Yy is isomorphic to (X, Dlan)-

STEP 7: Bounding r (Kx/_ Yy Dian + foanT™ M). By Corollary 8.3 Kxn/yn +
D" is big. In particular, there is a very ample divisor H and an effective divisor E
on X", such that H + E ~ q(Kx/y» + D") for some sufficiently divisible ¢ > 0.
Let m : X.,,, — X" be the induced map and let V' C |r*H| be a linear system

can

inducing 7. Further let W C |qfZ 7 M| be the linear system corresponding to the
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natural embedding HO(Y, Oy (¢M)) < H°(X_,,, f.7*Ox: (gM)).

can’ Jcan can
ow
— - - - = ~
— f/ ~
can T N
Xppy ey v 27
- - _ Plgm|
T=dv Tt -
J/ dvew T =
-
X" X"xZ

We compute the dimension of a general fiber of ¢y . For that choose an open
set U' C X{,,, such that ¢y w is a morphism over U’ and ¢41s| is a morphism
over 7 (fl., (U"). In the next few sentences, when computing fibers of ¢y 1w,

¢w and @jqns, we take U' and 7. (fi.,), U’ as the domain. So, choose z € Z

and z € X" general, where Z is the image of ¢j457. We have ¢;LW((Q:,Z)) =
b (2) N éy' (z). Furthermore, ¢y (2) is of the form f!1(Z') for a variety Z' of

dimension dimY — x(M). On the other hand, ¢y, (x) intersects each fiber of f!
in at most one point and has dimension dimY — Var f.,,. Therefore,

(9.C.4) dim ¢y} - (7, 2)) < min{dim Y — Var fean, dimY — x(M)}.
+

an

Hence,

(9.C.5)

since n*H + n*E ~ q (Kxéan/Yé + D;an> and E > 0

1
6 (Kxgy, /vy + Dean + fn™ M) 2 5 (x7H 4 qfGm" M) > dimim gy >
> n+dimY —min{dim Y — Var fean, dimY — (M)} = n+max{Var fean, c(M)}.

by (9.C.4)
STEP 8: Conclusion. Let X} := f'=1Y], f} : X} — Y{ the induced morphism and
define on X, the effective divisor Dy, via the equality
Kx; + Dy = g5 (Kxp + Dgy) + G,
where go : X) — X{ is the induced morphism and G is any effective Q-divisor that
makes the equality hold. Let D’ be the smallest extension of D{ from X{ to X'.
Note then that for every integer ¢ > 0,
H° (X4, 0x; (q (Kxy vy + Do+ (fg) 7°M))) ~
~ HO (Xg)l, ﬁXg‘ (q (KX{)‘/YO' + D(T)L + (fgb)*T*M))) ~
~ HY (Xans Oz, (4 (K, pvg + Dian + Jiia7™M))) -
Hence, by (9.C.5) there is an effective divisior B’ in X’ supported on X'\ X{, such
that
(9.C.6) K(Kxi vy + D'+ f*7"M + B') > n + max{Var fean, £(M)}.
Then define the following.

o Let X be the normalization of the main component of X xy Y’ (different
from X", which is the normalization of the main component of X®"™ X yaux
Y.

o Let v: X' — X and o: X — X be the induced morphisms.
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o Let X . X L X be the Stein-factorization of . Note that p is not
necessarily finite since d is not finite in general, so taking Stein-factorization
is not void. N

o Let T be an effective Weil-divisor on X given by Lemma 9.13 such that
Kg/y, < 0"Kx/y + T, and T is mapped into the non-flat locus of f on Y’
(which has codimension at least 2).

o Let (y*D’), and (y*D’);, be the vertical and the horizontal parts of v, D’.
Note that since « factors through X™, where the pushforward of D’ is D™,
which does not have vertical components over Yy, (v.D’), is supported over
Y’ \ Yy. Furthermore, by the same factorization (y.D’), is the horizontal
part of ¢*D.

o Let B be an effective divisor on X such that codimy f(Supp B) > 2 and
C*B > T+ E&7.B + (7.D')y. Such a choice of B is possible by the choice
of T and the fact that codimy~ Y\ Yj > 2.

Then the following holds for every g > 0:
K (qC* (Kx)y+D+f*M+B)) > h° (q (("(Kx)y + D+ f*M) + &T + 7. B')) >

since ¢*B > £+T + £4v+ B’ + £ (v D' )y

> 1 (¢ (0" (Kx/y + D+ f*M) + T + 7B + (7.D')y)) >

since £ is birational
> h? (q (K)?/Y/ +0"D+ 0" f*M+ B + (%D’)v)) =
by Lemma 9.13 and the choice of T’
> h’ (q (K;z/w + (D) + 0" f*M + 7B + (’Y*D')v)> =

(v+D")j, < ¢* D because (v+D')y,

is the horizontal part of o* D’
=h"(q(Kx/ vy + D' + flr*M + B'))

(1D Vn + (= D)o = 4D’ and v Kx1 /v = Kz vy
In particular, by (9.C.6),
K (C*(KX/Y +D+ f*M+ B)) > n 4+ max{Var fean, (M)} =
=k (Kx, + Dy) + max{Var fean, s(M)}.
Hence, since Kodaira-dimension of a line bundle is invariant under finite pullback

[Uen75, Thm 5.13], (9.C.3) holds. O

10. ALMOST PROPER BASES

Lemma 10.1. Consider the following commutative diagram of normal, irreducible
varieties, where
(1) Y and Y’ are projective

) (LG, vl
over k
lT lT (2) T is generically finite,
vy (3) Y =7171Y,
Ye——Y (4) Y is a big open set of Y,

Let 4 be a big vector bundle on Y’ and assume that there is a vector bundle F on
Y, such that 7 F ~4|y,. Then .F is big as well.
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Proof. Choose ample line bundles .7 and < on Y and Y, respectively. Let b > 0
be an integer such that there is an injection 7*.# — 7®. Since ¢ is big, there is an
integer @ > 0 such that Sym®(¥)®.e7 ! is generically globally generated. Hence, so
is Sym® (4)®.47 . So, by the embedding Sym® (%)®.47 " < Sym®*(4)@7* ¢ 1,
the latter sheaf is generically globally generated as well. In particular, so is

Symab(g) ®?*%ﬂ_1‘y/ ~ Symab(T*f) ® T*th_,l.

Let

vy Yoz Py

be the Stein factorization of 7. Then since v is birational,
vo (Sym™ (" F) @~ H|5") = Sym™ (o F) @ o A7

is also generically globally generated. Then [VZ02, Lem 1.3] shows that Sym®®(.#)®
1]y is generically globally generated, and hence .# is big indeed. ]

Using Lemma 10.1 and Corollary 6.18 immediately follow versions of point (2)
of Theorem 7.1 and of Theorem 8.1 for the almost projective base case.
Corollary 10.2. If f : (X, D) — Y is a family of stable log-varieties of maximal
variation over a normal almost projective variety, then
(1) for every sufficiently divisible ¢ > 0, det f.Ox (q(Kx + A)) is big.
(2) f+Ox(q(Kx/y + D)) is big for every sufficiently divisible integer q¢ > 0,
provided that (X, D) has kit general fibers over Y.

REFERENCES

[Abr97] D. ABRAMOVICH: A high fibered power of a family of varieties of general type domi-
nates a variety of general type, Invent. Math. 128 (1997), no. 3, 481-494.

[AH11] D. ABRAMOVICH AND B. HASSETT: Stable varieties with a twist, Classification of
algebraic varieties, EMS Ser. Congr. Rep., Eur. Math. Soc., Ziirich, 2011, pp. 1-38.

[Ale94] V. ALEXEEV: Boundedness and K2 for log surfaces, Internat. J. Math. 5 (1994),
no. 6, 779-810.

[Ale96] V. ALEXEEV: Moduli spaces Mg n(W) for surfaces, Higher-dimensional complex va-
rieties (Trento, 1994), de Gruyter, Berlin, 1996, pp. 1-22.

[AT16] K. ASCHER AND A. TURCHET: A fibered power theorem for pairs of log general type,

Algebra Number Theory (2016), to appear, also available as arXiv:1506.07513.
[BPVdAV84] W. BartH, C. PETERS, AND A. VAN DE VEN: Compact complez surfaces, Ergebnisse
der Mathematik und ihrer Grenzgebiete (3), vol. 4, Springer-Verlag, Berlin, 1984.
[Bir09] C. BIRKAR: The Iitaka conjecture Cy m in dimension siz, Compos. Math. 145 (2009),
no. 6, 1442-1446.
[BCHM10] C. BIRKAR, P. Cascini, C. D. HACON, AND J. MCKERNAN: Ezistence of minimal
models for varieties of log general type, J. Amer. Math. Soc. 23 (2010), no. 2, 405-468.
[BGMR11] P. Bravi, J. GANDINI, A. MAFFEI, AND A. Ruzzi: Normality and non-normality of
group compactifications in simple projective spaces, Ann. Inst. Fourier (Grenoble) 61
(2011), no. 6, 2435-2461 (2012).

[CP16] J. CAao AND M. PAUN: Kodaira dimension of algebraic fiber spaces over abelian
varieties, Invent. Math. (2016), doi:10.1007/s00222-016-0672-6.

[CH11] J. A. CHEN AND C. D. HACON: Kodaira dimension of irregular varieties, Invent.
Math. 186 (2011), no. 3, 481-500.

[CZ13] Y. CHEN AND L. ZHANG: The subadditivity of the Kodaira dimension for fibrations

of relative dimension one in positive characteristics, arXiv:1305.6024 (2013).



60

[Con00]
[Con05]

[DCO4]

[DM69)

[EV90]

[Fle77]
[Fujo3)]

[Fuj12]
[Fuj13]

[Fuj14a)
[Fuj14b)

[Fuj15]

[GieT7]
[EGA-1V]
[HMX14]
[Har77]

[Har80]
[Has03]

[HHO09]
[HH13]
[HKO04]

[1it82]
[Kaw07]

[Kaw81]
[Kaw85]
[Kee99)

[KeM97]

[Knu83]

[KSBSS]

SANDOR J KOVACS AND ZSOLT PATAKFALVI

B. CONRAD: Grothendieck duality and base change, LNM, vol. 1750, Springer-Verlag,
Berlin, 2000.

B. CONRAD: The Keel-Mori theorem via stacks,
http://math. stanford.edu/~conrad/papers/coarsespace.pdf (2005).

C. DE CoNcINI: Normality and non normality of certain semigroups and orbit clo-
sures, Algebraic transformation groups and algebraic varieties, Encyclopaedia Math.
Sci., vol. 132, 2004, pp. 15-35.

P. DELIGNE AND D. MUMFORD: The irreducibility of the space of curves of given
genus, Inst. Hautes Etudes Sci. Publ. Math. (1969), no. 36, 75-109.

H. ESNAULT AND E. VIEHWEG: Effective bounds for semipositive sheaves and for the
height of points on curves over complex function fields, Compositio Math. 76 (1990),
no. 1-2, 69-85.

H. FLENNER: Die Sdtze von Bertini fir lokale Ringe, Math. Ann. 229 (1977), no. 2,
97-111.

O. FuJiNo: Algebraic fiber spaces whose general fibers are of maximal Albanese di-
mension, Nagoya Math. J. 172 (2003), 111-127.

O. FuJiNo: Semi-positivity theorems for moduli problems, arXiv:1210.5784 (2012).
O. FusiNno: On mazimal Albanese dimensional varieties, Proc. Japan Acad. Ser. A
Math. Sci. 89 (2013), no. 8, 92-95.

O. FuJiNO: Notes on the weak positivity theorems, arXiv:1406.1834 (2014).

O. FuiiNo: On subadditivity of the logarithmic Kodaira dimension, arXiv:1406.2759

(2014).
0. FuJiiNo: Subadditivity of the logarithmic Kodaira di-
mension for morphisms of relative dimension one revisited,

https://www.math.kyoto-u.ac.jp/ fujino/revisited2015-2.pdf (2015).

D. GIESEKER: Global moduli for surfaces of general type, Invent. Math. 43 (1977),
no. 3, 233-282.

A. GROTHENDIECK: Eléments de géométrie algébrique IV., Inst. Hautes Etudes Sci.
Publ. Math. (1964-1967), no. 20, 24, 28, 32.

C. D. Hacon, J. McKERNAN, AND C. Xu: Boundedness of moduli of varieties of
general type, arXiv:1412.1186 (2014).

R. HARTSHORNE: Algebraic geometry, Springer-Verlag, New York, 1977, GTM, No.
52.

R. HARTSHORNE: Stable reflexive sheaves, Math. Ann. 254 (1980), no. 2, 121-176.
B. HASSETT: Moduli spaces of weighted pointed stable curves, Adv. Math. 173 (2003),
no. 2, 316-352.

B. HASSETT AND D. HYEON: Log canonical models for the moduli space of curves: the
first divisorial contraction, Trans. Amer. Math. Soc. 361 (2009), no. 8, 4471-4489.
B. HASSETT AND D. HYEON: Log minimal model program for the moduli space of
stable curves: the first flip, Ann. of Math. (2) 177 (2013), no. 3, 911-968.

B. HASSETT AND S. J. KovAcs: Reflezive pull-backs and base extension, J. Algebraic
Geom. 13 (2004), no. 2, 233-247.

S. IitakaA: Algebraic geometry, GTM, vol. 76, Springer-Verlag, New York, 1982.

M. KAWAKITA: Inversion of adjunction on log canonicity, Invent. Math. 167 (2007),
no. 1, 129-133.

Y. KAWAMATA: Characterization of abelian varieties, Compositio Math. 43 (1981),
no. 2, 253-276.

Y. KAWAMATA: Minimal models and the Kodaira dimension of algebraic fiber spaces,
J. Reine Angew. Math. 363 (1985), 1-46.

S. KEEL: Basepoint freeness for nef and big line bundles in positive characteristic,
Ann. of Math. (2) 149 (1999), no. 1, 253-286.

S. KEEL AND S. MORL: Quotients by groupoids, Ann. of Math. (2) 145 (1997), no. 1,
193-213.

F. F. KNUDSEN: The projectivity of the moduli space of stable curves. III. The line
bundles on Mg n, and a proof of the projectivity of Mg,n in characteristic 0, Math.
Scand. 52 (1983), no. 2, 200-212.

J. KOLLAR AND N. I. SHEPHERD-BARRON: Threefolds and deformations of surface
singularities, Invent. Math. 91 (1988), no. 2, 299-338.



PROJECTIVITY OF MODULI AND SUBADDITVITY OF LOG-KODAIRA DIMENSION 61

[Kol87]

[Kol90]

[Kol96]

[Kol0g]
[Kol13a]

[Kol13b]

[Kol14]
[KK10]

[KMOS]

[Laill]

[LMBOO0]

[Laz04a)
[Laz04b]
[Nak04]
[Pat14]
[Pat16a)
[Pat16b)]
[PS14]
[PX15]

[SB83]

J. KOLLAR: Subadditivity of the Kodaira dimension: fibers of general type, Algebraic
geometry, Sendai, 1985, Adv. Stud. Pure Math., vol. 10, North-Holland, Amsterdam,
1987, pp. 361-398.

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

J. KOLLAR: Rational curves on algebraic varieties, Ergebnisse der Mathematik und
ihrer Grenzgebiete. 3. Folge. A Series of Modern Surveys in Mathematics [Results in
Mathematics and Related Areas. 3rd Series. A Series of Modern Surveys in Mathe-
matics], vol. 32, Springer-Verlag, Berlin, 1996.

J. KOLLAR: Hulls and husks, arXiv:0805.0576 (2008).

J. KOLLAR: Moduli of varieties of general type, Handbook of moduli. Vol. II, Adv.
Lect. Math. (ALM), vol. 25, Int. Press, Somerville, MA, 2013, pp. 131-157.

J. KOLLAR: Singularities of the minimal model program, Cambridge Tracts in Math-
ematics, vol. 200, Cambridge University Press, Cambridge, 2013, with the collabora-
tion of SANDOR J KOVAcs.

J. KOLLAR: Moduli of higher dimensional varieties: book in preparation, manuscript
(2014).

J. KoLLAR AND S. J. KovAcs: Log canonical singularities are Du Bois, J. Amer.
Math. Soc. 23 (2010), no. 3, 791-813.

J. KoLLAR AND S. MORI: Birational geometry of algebraic varieties, Cambridge
Tracts in Mathematics, vol. 134, Cambridge University Press, Cambridge, 1998, With
the collaboration of C. H. Clemens and A. Corti, Translated from the 1998 Japanese
original.

C.-J. LAL: Varieties fibered by good minimal models, Math. Ann. 350 (2011), no. 3,
533-547.

G. LAUMON AND L. MORET-BAILLY: Champs algébriques, Ergebnisse der Mathematik
und ihrer Grenzgebiete. 3. Folge. A Series of Modern Surveys in Mathematics [Re-
sults in Mathematics and Related Areas. 3rd Series. A Series of Modern Surveys in
Mathematics], vol. 39, Springer-Verlag, Berlin, 2000.

R. LAZARSFELD: Positivity in algebraic geometry. I, Ergebnisse der Mathematik und
ihrer Grenzgebiete. 3. Folge., vol. 48, Springer-Verlag, Berlin, 2004.

R. LAZARSFELD: Positivity in algebraic geometry. 11, Ergebnisse der Mathematik und
ihrer Grenzgebiete. 3. Folge., vol. 49, Springer-Verlag, Berlin, 2004.

N. NAKAYAMA: Zariski-decomposition and abundance, MSJ Memoirs, vol. 14,
Math. Soc. Japan, 2004.

7S. PATAKFALVI: Semi-positivity in positive characteristics, Ann. Sci. Ec. Norm.
Supér. (4) 47 (2014), no. 5, 991-1025.

Z. PATAKFALVL: Fibered stable varieties, Trans. Amer. Math. Soc. 368 (2016), no. 3,
1837-1869.

7S. PATAKFALVI: On subadditivity of Kodaira dimension in positive characteristic
over a general type base, to appear in the Journal of Algebraic Geometry (2016).
7S. PATAKFALVI AND K. SCHWEDE: Depth of F-singularities and base change of rel-
ative canonical sheaves, J. Inst. Math. Jussieu 13 (2014), no. 1, 43-63.

7S. PATAKFALVI AND C. XU: Ampleness of the cm line bundle on the moduli space of
canonically polarized varieties, to appear in Algebraic Geometry (2015).

N. I. SHEPHERD-BARRON: Degenerations with numerically effective canonical divisor,
The birational geometry of degenerations (Cambridge, Mass., 1981), Progr. Math.,
vol. 29, Birkh&auser Boston, Boston, MA, 1983, pp. 33—84.

[StacksProject] STACKS PROJECT AUTHORS: Stacks project, http://stacks.math.columbia.edu.

[Tim03]

[Uen75]

[Vie83a]

D. A. TiMASHEV: Equivariant compactifications of reductive groups, Mat. Sb. 194
(2003), 119-146.

K. UeNo: Classification theory of algebraic varieties and compact complex spaces,
Lecture Notes in Mathematics, Vol. 439, Springer-Verlag, Berlin, 1975, Notes written
in collaboration with P. Cherenack.

E. VIEHWEG: Weak positivity and the additivity of the Kodaira dimension for certain
fibre spaces, Algebraic varieties and analytic varieties (Tokyo, 1981), Adv. Stud. Pure
Math., vol. 1, North-Holland, Amsterdam, 1983, pp. 329-353.



62

[Vie83b]

[Vie95]

[VZ02]

[WX14]

SANDOR J KOVACS AND ZSOLT PATAKFALVI

E. VIEHWEG: Weak positivity and the additivity of the Kodaira dimension. II. The
local Torelli map, Classification of algebraic and analytic manifolds (Katata, 1982),
Progr. Math., vol. 39, Birkh&user Boston, Boston, MA, 1983, pp. 567—-589.

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

E. VIEHWEG AND K. ZUO: Base spaces of non-isotrivial families of smooth minimal
models, Complex geometry (Gottingen, 2000), Springer, Berlin, 2002, pp. 279-328.
X. WANG AND C. XU: Nonezistence of asymptotic GIT compactification, Duke Math.
J. 163 (2014), no. 12, 2217-2241.
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