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SLOPE INEQUALITIES FOR KSB-STABLE AND K-STABLE FAMILIES

GIULIO CODOGNI, LUCA TASIN, AND FILIPPO VIVIANI

ABSTRACT. We prove some higher dimensional generalisations of the slope inequality originally due to
G. Xiao, and to M. Cornalba and J. Harris. We give applications to families of KSB-stable and K-stable
pairs, as well as to the study of the ample cone of the moduli space of KSB-stable varieties. Our proofs
relies on the study of the Harder-Narasimhan filtration, and some generalisations of Castelnuovo’s and
Noether’s inequalities.

INTRODUCTION

The first slope inequality was proven at the same time by G. Xiao in [Xia87] and by M. Cornalba and
J. Harris in [CH88]. They were looking at a non-constant morphism f: S — T from a smooth projective
minimal surface to a smooth projective irreducible curve, whose general fibre has genus g at least 2.
They showed that

—1
(0.1) Kr > 497 deg f.05(Ks)r).

Since then, the name slope inequalities has been used for inequalities of the form
L™ > Cdeg f.Ox (L)

where f: (X, L) — T is a polarized family over a projective curve satisfying convenient hypotheses, and
C' is a constant which depends just on the general fiber of f.

In the present work, we prove some new slope inequalities and we give some applications to the
study of the ample cone of moduli spaces. Before presenting our main results, let us comment on the
motivations and techniques used in the above mentioned works [Xia87] and [CH88], and that served as
inspiration for this paper.

The two original papers about the slope inequality (0.1) had rather different motivations and proofs.
M. Cornalba and J. Harris were interested in showing the ampleness of some natural line bundles on the
moduli space of stable curves (so interpreted f as a family of curves), a program that was completed
in [Cor93] (see also [AFS17] for some modern developments). They deduced their result from the GIT
stability of the fiber of f, by reducing the slope inequality to the non-negativity of a Hilbert-Mumford
weight. Let us stress that pluricanonical smooth curves are GIT stable and that the moduli space of
stable curves can be constructed using GIT on the Hilbert or Chow scheme of pluricanonical curves.
From [CHS88], we retain the motivation, i.e. applying slope inequalities to produce ample line bundle on
moduli spaces, and the idea that slope inequalities should hold under the same stability assumption used
to construct moduli spaces.

G. Xiao’s goal was to understand the geometry of surfaces fibred over a curve. From his work, we
retain the scheme of proof, which we now briefly recall. He starts off considering the Harder-Narasimhan
filtration {€,} of the push-forward f.Os(Kg,r), and bounds the degree of KE/T using the slopes of the
filtration. As f.Os(Kg/r) is nef, all the slopes are non-negative, and he uses this non-negativity to
handle the above mentioned bound. Restricting one &; to a fiber, Xiao obtains a linear subsystem of the
canonical linear system. He applies Clifford’s theorem to this linear system to compare its degree with
its rank, and ultimately get the desired slope inequality. Among the novelties that we introduce in this
paper, in Section 2 we prove various generalisations of Noether and Castelnuovo inequalities which are
then used in place of Clifford’s theorem.

We now present the main results that we obtain in this paper, and that can be divided in three
categories: slope inequalities for families of KSB-stable (canonically polarized) pairs, slope inequalities
for families of K-stable (log Fano) pairs and slope inequalities for arbitrary polarized families.
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Slope inequalities for KSB-stable families. In this subsection, we collect the slope inequalities that
we prove on families of KSB-stable pairs, i.e. pairs with slc singularities and ample log-canonical divisor.

Our first result is a general existence result, which says that the slope of KSB-stable families is bounded
away from zero by a constant that only depends on the relative dimension and the coefficient set of the
boundary.

Theorem A (Existence of slope inequalities). Fiz an integer n > 1 and a subset I of [0,1] satisfying
the DCC' (=descending chain condition). Then there exists a constant s(n,I) > 0 such that

(Koxjr + A)" > s(n, 1) deg £.Ox (Kx/r + A)

for every KSB-stable family f: (X, A) — T over a smooth, irreducible, projective curve T such that the
relative dimension of f is n and the coefficients of A belong to I.

The above Theorem A is a special case of Corollary 5.7 where the same result is proved more generally
for generic slc families (i.e. such that Kx/7 + A is Q-Cartier and the general fiber (F, Ar) is slc, see
set-up 5.1) such that Kx,7 + A is f-semiample and f-big. Let us stress that, even though n and I are
fixed, the volume of the fibers of the families are not fixed, hence the fibers of the families considered in
the statement vary in an unbounded set. As explained in the proof of Corollary 5.7, the constant s(n, I)

can be taken equal to
1

b(n, )™’
where b(n, I) > 0 is the constant, whose existence is guaranteed by Hacon-McKernen-Xu [HMX14], such
that b(n, I)(Kz + Az) gives a birational map for all lc pairs (Z, Az) such that the dimension of Z is n,
the coefficients of Az belong to I, and Kz + Ay is big. Example 8.2.3 shows that the constant s(n, ()
decays at least double exponentially in n.

The second result provides some explicit lower bounds on the slope of KSB-stable families, depending
on the geometry of the family (such as the volume of the irreducible components or the Cartier index of
the general fiber).

s(n,I) =

Theorem B. Let f: (X,A) = T be a KSB-stable family over a a smooth, irreducible, projective curve
T and denote by (F,Ar) the general fiber of f.

(1) Assume that there exists m € Nsg such that at least one of the following conditions hold true
o m(Kx,r + A) is Cartier and f-globally generated;
e A is a reduced Weil divisor and m(Kp + Ar) is Cartier and globally generated.
Let w € Qs such that the volume of the pull-back of Kr + Ap to any irreducible component of
the normalisation of F is at least w. Then

2um™
n+1 n+1
(2) Fiz m € Nsq such that m(Kx p + A) is Cartier and f-globally generated. Then
m" TN (Kx/r + A" > deg f.Ox (m(Kx 1 + A)).
(8) Assume that A is a reduced Weil divisor and let m,q € Nsq such that at least one of the following

conditions holds true

® Ong(Kp+ap) 18 generically finite;

e mq(Kp + Af) is Cartier.
Then

wer - dog F.Ox(m(Exyr +4))
qn
(4) Assume that Kx;r + A is nef and let ¢ € Nso such that either (Kr + Af) is Cartier or
Gy(Kp+ar) 18 generically finite. Then

m" " (Kxr + A)

Koy + Ay > 48 (-0x (Kxyr +8))
> -

The above Theorem B is a special case of Theorem 5.6 which proves similar slope inequalities for
generic slc families (i.e. such that X is deminormal, K p+ A is Q-Cartier and the general fiber (¥, Ar)
is sle, see set-up 5.1). Theorem 5.6 is reduced, by taking the normalisation of X, to Proposition 5.5 in
which we prove similar slope inequalities for generic lc families f: (X, A) — T (i.e. such that X is normal,
Kx/r+ A is Q-Cartier and the general fiber (F, Ar) is Ic, see set-up 5.1). We use the condition of being
generic lc family through the results of O. Fujino [Fuj18] (see also Theorem 5.2 and Corollary 5.3), which
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guarantee the nefness of the relative log-canonical bundle and of the push-forwards of pluri-log-canonical
bundles.

As an application of our slope inequalities for KSB-stable families, we can describe a portion of the
ample cone of the proper DM-stack M,, ,, (which, by definition, is equal to the ample cone of its projective
coarse moduli space M, ,) of n-dimensional KSB varieties of volume v. We denote by Acas the Chow-
Mumford Q-divisor, which is ample by [PX17], and by A, the m-th determinant Q-divisor, which are nef
for any m big and divisible enough by [Fuj18] (the definitions are recalled in Section 5.2). The following
result describes infinitely many 2-dimensional subcones of the ample cone of M,, .

Theorem C (Ample cone of KSB moduli spaces). Fiz n € Nsg and v € Qso.

(1) Consider a positive integer m such that mKy is Cartier and globally generated for any V. € My, 4
and let w € Qs such that the volume of the pull-back of K to any irreducible component of the
normalisation of V' is at least w. Then the Q-divisor

)\CM - E)\m

) mn Tl wmn +n
(2) Consider two positive integers m and q such that, for every V.e€ M,, ,,, either mqKy is Cartier
or Gmqry 15 generically finite. Then the Q-divisor

is ample on M, ,, for every rational number € in [0 1 Zwm )

)\CM - E)\m
is ample on M,, ,, for every rational number € in [0, qnm—lnﬂ)

Theorem C follows from the ampleness of Ao together with the nefness of the divisors considered
in Theorem 5.11. We also establish a variant of Theorem 5.11, namely Theorem 5.9, in which we prove
that some divisors of M,, , are “nef away from the boundary”, i.e. it intersects non-negatively all the
projective integral curves of M,, , whose generic point parametrises a normal KBS-stable variety.

In dimension 7 = 1 (in which case M1 o4—2 is the moduli stack of stable curves of genus g > 2), some
of the divisors appearing in Theorem 5.11 are nef but not ample, which implies that the right extremes
of the intervals appearing in above Theorem are sharp. More precisely, part (1) is sharp if m = w =1
and part (2) is sharp if m = ¢ = 1 (see Remark 5.12).

At the end of Section §5, we introduce the lambda nef cone Nef* (M) as the intersection of the nef
cone Nef(M,, ,) with linear subspace of the rational Neron-Severi vector space spanned by the Chow-
Mumford line bundle Acas and the classes A, for any m > 1, and we ask for which moduli spaces M,
Theorem C, together with the nefness of \,,, is sufficient to describe NefA(./\/lnyv). This is indeed the case
in dimension n = 1 (see Remark 5.12), and it was one of the original motivation of Cornalba-Harris’s
paper [CHSS].

Slope inequalities for K-stable families. In this subsection, we collect the slope inequalities that
we prove on families of K-(semi-,poly-)stable log Fano pairs.

Recall that K-polystability is a stability condition for log Fano pairs equivalent to the existence of a
Kahler-Einstein metric; it also allows the construction of projective moduli spaces. It is worth recalling
that the study of the Harder-Narasimhan filtration, so important for the proof of our slope inequalities,
plays also a crucial role in the proof of the projectivity of this moduli space, see [CP21a, CP21b, Pos22,
X720].

In this case, as opposite to the KSB-stable case, the push-forward of the pluri-anti-canonical bundle
is not nef, see Remark 6.3. Its negativity can be however bounded in terms of the stability threshold
§(F, Ar) of the generic fiber of the family. This threshold is a numerical invariant which measure the
stability of a log Fano pair: it is the first time that such an invariant plays a role in a slope inequality.

Let us recall here one of our inequalities, which holds just when the general fiber is K-stable, referring
to Section 6 for the notations and some variants.

The result is formulated in terms of an auxiliary line bundle H¢o; using the projection formula as
shown after the statement of Theorem 6.4 one can get the slope inequality for the anti-canonical line
bundle.

Theorem D (see Theorem 6.4). Let f: (X,A) — T be a fibration from a normal projective irreducible
variety X of dimension n+1 to a smooth projective irreducible curve T' such that —K x 7 — A is Q-Cartier
and f-ample.
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Assume that the there exists a K-stable geometric fiber (F,Ap), i.e. §(F,Ap) > 1. Let v:=(—Kp —
Ap)" = ((=Kx/r — A)|p)". For any rational number C > 1 consider the Q-Cartier Q-divisor on X

5(Fa AF)
(0(F,Ar) —Dov(n+1)
(1) Let g > ﬁ be a positive integer such that gHc is Cartier. Then
¢"THET > deg £.Ox (qHo).

(2) Let g > ﬁ be a positive integer such that ¢He is Cartier and —q(Kp+ Afp) gives a generically
finite map. Then

He = 7KX/T*A+C f*/\CM(X/T).

n
deg f.Ox (qHc).

hO(F,q(—Kr — Ar)) —
n+1Hn+1 > 9 9
e S TTRO(F (K — Ap))

(3) Letq > ﬁ be a positive integer such that ¢He is Cartier and —q(Kp+Ar) is globally generated.
Then N
nigntl >0 LY g ,0x(qHe) .
q ¢ 225 eg f+Ox(qHc)

When the generic fiber is K-polystable but not K-stable, we show in Theorem 6.7 the statement of
Theorem D holds true up to a finite base change and a birational modification (which does not change the
general fiber) of the original family and up to replacing §(F, Ar) with the T-twisted stability threshold
or(F,Ar), for some maximal torus T C Aut(F,Ar). In Example 6.8, we show that such a birational
modification is necessary.

In Theorem 6.9, we apply the slope inequality of Theorem D in order to prove that some divisors
on the moduli stack M,If » of K-semistable Fano varieties with dimension n and volume v are nef away
from the strictly K-polystable locus, i.e. they intersect non-negatively the curves that are generically
contained in the open Deligne-Mumford substack M5 € MK parametrizing K-stable Fano varieties.

Slope inequality for arbitrary divisors. All the previous results follow from some general slope
inequalities for a Q-Cartier Q-divisor L on the total space of a family of n-dimensional varieties f: X — T
(with dim T = 1), as in set-up 3.1. In this case, we do not assume any stability condition, but we rather
make some semi-positivity assumptions: namely the nefness of L and f.Ox(L). This semi-positivity
is usually implied by a suitable stability condition, e.g. KSB-stability or K-stability. For these results,
we need to assume that the total space X is normal, contrary to the KSB case where deminormality is
enough. Note that for the applications to families of KSB-stable or K-stable varieties, it is crucial to
work with Q-Cartier Q-divisors, rather than just Cartier or Weil divisors.

The first type slope inequalities that we prove in this general context involve the numerical invariants
of the polarized general fiber (F, Lr), and more specifically either L7 or h°(F, Lr).

Theorem E (see Corollaries 4.2, 4.3, 4.7 and 4.8). Let f : X — T be a fibration , where X is a normal
projective variety of dimension n+ 1 and T is a smooth projective curve, and let ' be the general fiber

of f.
Let L be a Q-Cartier Q-divisor on X ; denote by Lp its restriction to F' and by ¢r, the rational map
induced by Lp. Assume that L and f.Ox (L) are nef.

(1) If ¢, is generically finite, then
AP Lr)—n deg f.Ox (L) if either dim F > 2 and x(F) > 0,

hO(F,LF)
L > or dimF =1 and Lr s special,
2% deg f.Ox (L)  otherwise.

(2) If Lg is Cartier, globally generated and big, then
4%_%271 deg f+Ox (L) if either dim F' > 2 and k(F) > 0,
Lt > or dimF' =1 and L is special,
2% deg f.Ox (L)  otherwise.
(8) Suppose that ¢y, is birational and n > 2. Assume that the singularities of the general fibre F
are canonical and let s € N such that Kp — sLp > 0. Then
ho (F, LF) —n —

hO(F, Lr)
4

2
> 2(n+s) deg f.Ox (L).




(4) Suppose that Lp is Cartier, globally generated, ¢y, . is birational and n > 2. Assume that the
singularities of the general fibre F' are canonical and let s € N such that Kp — sLrp > 0. Then

L
Ly +(n+s)(n+2) deg f-Ox (L).

Note that both part (1) and (2) reduce to (0.1) if n = 1 and L = Ky, under the further assumption
that the total space is smooth and the general fiber F' has genus at least two. However, while the
inequality (0.1) is sharp (see also Remark 4.4), we do not know if the above inequalities in Theorem E
are sharp for n > 2 (see also Remark 4.5).

Moreover, the special cases of part (1) and (2) for n = 2 and L = Kx,p were proved by, respectively,
Ohno [Ohn92, Prop. 2.1(1)] and Hu-Zhang [HZ21, Thm. 1.7], with the further assumption that X has
terminal singularities (which implies that F' is smooth of general type) but without assuming that ¢,
is generically finite (see Remark 4.5). Notice, however, that if F' is singular the assumption that ¢k, is
generically finite cannot be dropped, see Example 8.2.5.

The second type slope inequalities that we prove in this general context are independent of the
numerical invariants of the polarized general fiber (F, Lr).

Theorem F (see Theorem 4.9). Let f : X — T be a fibration as in Theorem E and let L be a Q-Cartier
Q-divisor on X. Assume that L and f.Ox (L) are nef.

(1) Assume that there exists a ¢ € N such that at least one of the following two conditions holds
true
® g, is generically finite;
e gLp is Cartier and big.
Then

L™ > 2(n + s)

Ln-‘,—l > deg f*OX (L) .
=
(2) Assume that there exists a ¢ € Nsg such that ¢qr.,. is generically finite, and either n = dim F' > 2
and kK(F) >0 ordim F =1 and |qLr] is special. Then

[t s 2degf*(9X(L).
=T
In particular, if the assumptions of either item (1) or item (2) hold and deg f.Ox (L) > 0, then L is
big.

The proof of the above Theorem is inspired by [BarPhD, Page 69, Claim]| (see however Remark 4.10).
In Examples 4.11 and 8.1, we show that the inequalities in Theorem F are sharp, at least for g = 1.

Plan of the paper. The paper is organized as follows.

In Section 1, we discuss some technicalities on rational maps associated to Q-divisors (not necessarily
integral nor Cartier) on normal or deminormal varieties.

In Section 2, we establish several Noether type inequalities (Propositions 2.1, 2.3, 2.7 and 2.9) and
Castelnuovo type inequalities (Propositions 2.13 and 2.14), which are crucial in proving our slope in-
equalities and also interesting in their own (as we believe).

In Section 3 we study the Harder-Narasimhan filtration of f.Ox (L) and the properties of the induced
chains of sub-divisors of L (see Propositions 3.5 and 3.6). Moreover, we prove the numerical Lemma 3.7
(see also Corollary 3.8 and Remark 3.9) that is used to bound from below the top self-intersection of L.

In Section 4 we prove the slope inequalities stated in subsection for an arbitrary Q-Cartier Q-divisor
L on the total space of a family of n-dimensional varieties. Note that Theorem E is a consequence of
Theorems 4.1 and 4.6, which establish some slope inequalities for the relatively globally generated part
M, of L. We think that this result is interesting on its own.

Section 5 is divided in two subsections: in subsection 5.1, we apply the results of Section 4 to get slope
inequalities for the relative log canonical divisor on families which are generically lc or slc, e.g. families
of KSB-stable pairs (see Proposition 5.5 and Theorem 5.6); in subsection 5.2, we interpret the slope
inequalities for families of KSB-stable varieties as the nefness (or nefness away from the boundary) of
suitable Q-divisors on the moduli stack M,, , of KSB-stable varieties of dimension n and volume v (see
Theorems 5.9 and 5.11). We end subsection 5.2 with some speculations on the structure of the lambda
nef cone NefA(Mn,U) of My, ».

Section 6 is divided in two subsections: in subsection 6.1, we prove the slope inequality for Q-
Gorenstein families of anti-canonically polarized pairs with general fiber which is K-stable (see Theorem
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6.4) or K-polystable (see Theorem 6.7); in subsection 6.2, we apply the slope inequalities for families of
generically K-stable varieties to prove the nefness, away from the strictly K-polystable locus, of some
divisors on the moduli stack M, of K-semistable Fano varieties with dimension n and volume v (see
Theorem 6.9).

In Section 7 we survey and make some comments on a positivity notion introduced and studied by M.
Barja and L. Stoppino ([BS09, BS14, BS16, RS21]), namely the f-positivity (see Definition 7.1), which
is the strongest slope inequality one can hope for (see Proposition 7.3) and that it holds if either the
general polarized fiber (F, L) is GIT-stable (see Theorem 7.5) or f,Ox (L) is semistable (see Theorem
7.6).

In Section 8 we compute the slope of some natural divisors on interesting families of polarized varieties,
namely families of varieties of minimal degree and polarized hyperelliptic varieties (see §8.1) and families
of hypersurfaces in weighted projective spaces (see §8.2), and we show that some of our slope inequalities
are sharp.

Acknowledgments. We thank M. Barja, O. Fujino, Zs. Patakfalvi, A. Petracci, T. Sano, L. Stoppino
and R. Svaldi for useful conversations. We also thank the referee for several useful comments.

Giulio Codogni is funded by the MIUR “Excellence Department Project” MATHQTOV, awarded
to the Department of Mathematics, University of Rome Tor Vergata, CUP E83C18000100006, and the
PRIN 2017 “Advances in Moduli Theory and Birational Classification”.

The authors are members of the GNSAGA group of INdAM.

CONVENTIONS

We always work over an algebraically closed field k of characteristic zero. By variety we mean a
reduced scheme of finite type over k, not necessarily irreducible.

1. SOME PRELIMINARY RESULTS ON (Q-DIVISORS

We briefly collect some facts and notations which are standard for Cartier divisors, but slightly less
standard for Weil divisors or Q-divisors.

1.1. Normal case. Given a normal projective variety W and a divisor (sometimes called Weil divisor
or Z-divisor or integral divisor) D we define the coherent sheaf Oy (D) by

Ow(D)(U) = {f € K(U)|(f) + D)ju > 0} for any open U C X.

Note that Ow (D) is a rank one reflexive sheaf and it is invertible if and only if D is Cartier.

The global non-zero sections H(W, Ow (D)) (which we will also denote by H°(W, D)) modulo scalars
form the complete linear system | D|, which can be identified with the projective space of effective divisors
linearly equivalent to D. Note that the non-Cartier locus of D is always included in the base locus of
|D|: indeed if p is a point of D such that there exists a divisor E linearly equivalent to D which does
not pass through p, the difference D — E is Cartier (as it is the divisor of a rational function), and since
FE is trivial around p, D is Cartier at p.

Whenever h®(W, Ow (D)) > 1, we can consider the rational map associated to D

1) ¢p: W - PH(W, Oy (D))" =: P

' p= [f = f(p)]

The above definitions can be extended to a Q-divisor D on W by setting Ow (D) = Ow(|D]),
|D| = ||D]| and ¢p = ¢|p|, where [D] is the round down of D. We denote by {D} := D — | D] the
fractional part of D, which is always an effective Q-divisor.

Assume now that D is a Q-Cartier Q-divisor. We can extend the rational map ¢p over the codimension
1 points, and then take a resolution of indeterminacy p: V. — W of ¢p, i.e. a birational projective

morphism p: V' — W such that the composition ¢p := ¢p o : V — P is a regular morphism.
We want to compare the pull-back p*(D), which is a well-defined Q-Cartier Q-divisor on V', with the

pull-back H via QA{D of any hyperplane divisor on P, which is Cartier and base point free divisor on V
(well-defined up to linear equivalence).
Lemma 1.1. Keep the above notation.
(i) The natural map Ow (D) — p.Ovy (u* D) is an isomorphism. In particular, we have an isomorphism
w* : HO(W, 0w (D)) = HO(V, Oy (u* D)), which implies that ¢p = GuD-
6



(i) We have a decomposition
|W'D| = |H| + F,
with F an effective divisor. In particular, ¢p = ¢ and we have that
wD~H+E,
where E = F + {p*(D)} is an effective Q-Cartier Q-divisor.

Proof. Part (i) is [Nak, Lemma 2.11], so we only prove (ii).
By (i) the map associated to |u* D] is a morphism and so we have a decomposition

WD = [H[ + F
where F' is an effective divisor which is the fixed part of |p*D|. We conclude that
wD=|wD|+{u'D}~H+F+{y*D}=H+E.
(]

1.2. Deminormal case. Let X be a deminormal (i.e. S and nodal in codimension one) variety. Let D
be Q-divisor on X such that the support of D contains no irreducible component of the conductor. Then
there exists a closed subset Z C X of codimension at least 2 such that X° = X \ Z contains only regular
and normal crossing points, and [ D ||xo = | D|xo] is a Cartier divisor. The sheaf Ox (D) = i.Oxo(D|x0)
is reflexive, where i : X% < X is the inclusion (see [Koll, Section 5.6]), and it induces a map ¢p.

Let n : W — X be the normalisation of X, and set W° = W\ n~1Z. Note that = Z has codimension
at least 2 in W, as 7 is finite. We have a natural injection

HO(X®, | Dixo]) = HO (W, 0" | Dxo])

induced by pull-back of sections.
Assume that D is Q-Cartier and let j : W < W be the inclusion. Then Ow (n* D) = j.Oyo(n* (D) x0))
(they are both reflexive sheaves and they coincide on W9) and so

H°(X,D) = H(X", Dxo) = H*(W°,n*(Dx0)) = H*(W, 7" D).
We conclude that ¢p on factors through ¢,«p. In particular, the following holds.

Lemma 1.2. If ¢p is generically finite, then ¢,~p is generically finite.

2. NOETHER AND CASTELNUOVO INEQUALITIES

2.1. Noether inequalities. Noether’s inequality states that, on a smooth minimal projective surface
of general type S, one has

K32 >2h%(S,Ks) — 4.
In this section, we prove a number of generalisations of this formula, which we will later apply to the
fibers of our families of varieties.

Proposition 2.1 (Noether inequality I). Let F' be a normal irreducible projective variety of dimension
n > 2 such k(F) > 0. Suppose that we are given
(i) a nef Q-Cartier Q-divisors H such that dim ¢ (F) =k for some 0 < k <mn;
(i) nef Q-Cartier Q-divisors Liy1, ..., Ly such that dim ¢r,(F) > i (for any k+1<i<n).
Then
Ly - Lpyr - H* > 20%(F, | H|) — 2k > 2.

Recall that the Kodaira dimension «(F') of F is defined as the Kodaira dimension of any projective
smooth model of F.

Proof. The last inequality follows from the fact that if ¢ (F) C P(H°(F,|H])V) has dimension k then
it must hold that h°(F,|H|) > k + 1. Let us focus now on the first inequality.

First of all, we make the following

Reduction: we may assume that F is smooth and H, Li41,. .., L, are base point free (Cartier) divisors.

In fact, take a common resolution 7 : F/ — F of ¢+p and ¢g+p, (for any k+1 < ¢ < n) with F’
smooth. By Lemma 1.1, we can write

7"H~H +D andn*L; ~ L, + E;,
7



where H' and L, are base point free Cartier divisors and D and F; are effective Q-divisors, in such a
way that ¢p o™ = ¢z = ¢n and ¢, o™ = ¢r-1, = ¢r;. In particular, we have that

(2.1) dim ¢y (F') = dim ¢y (F) =k  and dim ¢ (F') =dim ¢y, (F) > i.

Moreover, Lemma 1.1 gives also that the pull-back via 7 gives an isomorphism

(2.2) 7™ H(F,|H|) = H(F',H').

Finally, we compute

(23) Ly Lgpr-HY =n"Ly 7" Ligq -7 (H)* = (L), + Ep) -+ (L} + Egy1) - (H + D)F >
>Ly - Ly - (H')

where the last inequality follows by the fact that D and E; are effective and 7*H and 7*L; are nef (see

also [BFJ09, Prop 2.3]). Combining (2.1), (2.2) and (2.3), if we prove the result for the base point free

Cartier divisors H' and L} on F’, then the result follows for the nef Q-Cartier Q-divisors H and L; on

F'. Hence, the reduction is complete.

We now distinguish two cases.

I Case: k = n.

We proceed by induction on n > 2. The base case n = 2 is proved by Shin in [Shi08, Theorem 2].
Assume that the result is true in dimension n — 1 and let us prove it in dimension n. Let D C F be a
general divisor of |H|. Observe that D is a smooth irreducible variety of dimension n — 1 (by Bertini
theorem), and the restriction H)p is base point free with the property that dim ¢, (D) =n —1, which
follows from our assumptions on H and the fact that D is general. As mKp = (mKx + mH)|p by
adjunction, mKp is effective for m >> 0 (since k(X) > 0 by hypothesis) and D is general in |H|, we
also have k(D) > 0. By the induction hypothesis, we have that

(2.4) H" = (Hjp)"~' >2r°(D,Hp) —2(n—1).
From the exact sequence
0— H(-D)=0x -2 H — Hp — 0,
we deduce that
(2.5) h’(D,Hp) > h°(F,H) — h°(F,Op) = h®(F,H) — 1.

We conclude by putting together (2.4) and (2.5).

II Case: 0 < k < n.

Consider the morphism ¢ : F — B C P" =~ P(H"(F, H)"), where r = h°(F, H) — 1. The image of a
complete base point free linear system is a non-degenerate integral variety and hence we have (see e.g.
[EHR7])

(2.6) degB>r—dimB+1=hrF H) - k.

Let ¢ : I Y. B ™ B be the Stein factorisation of ¢, where ¢ : F — B has connected fibres and
m: B — B is a finite map and let G be a general fibre of 1. Note that

(2.7) Ly Lisy - H* = deg(m) deg(B)(Lo)jc -+~ (Lis1) -

The general fibre G of ¢ is smooth (by Bertini’s theorem), connected, of dimension n — k > 1 and, for
any k + 1 < i < n, the divisor L;| is base point free with dim quHG(G) =dim¢p,(F)—k >i—k, as
it follows from the assumption that dim ¢r,(F) > ¢ and the fact that the fibers of ¢ cover the entire
variety F' (and G is a general fiber of ¢)). Moreover, as G is general, it is not contained in the base locus
of mKpr with m any fixed integer; hence the hypothesis x(F) > 0, together with the adjunction formula
mKp = (mKx +mH)|p, implies that x(G) > 0. Now, Lemma 2.2 below implies that

(2.8) (Ln)ig - (Lk+1)ja > 2.
We conclude by combining (2.6), (2.7) and (2.8). O

Lemma 2.2. Let G be a smooth projective irreducible variety of dimension m > 1 such that K(G) > 0.
Let Ly, ..., Ly, be base point free divisors such that dim ¢r,(G) > i for any i =1,...,m. Then we have
that
Ly, ---Ly >2.
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Proof. The proof is by induction on m > 1.

If m = 1, then deg L; > 2, for otherwise G’ would be isomorphic to P! via ¢, which contradicts the
assumption that x(G) > 0.

Assume now that m > 2 and that the statement is true in dimension m — 1. Let D be a connected
component of a general element of |L;|, which is smooth by Bertini’s theorem. As D is general, it is not
contained in the base locus of mK¢g with m any fixed integer; hence the hypothesis k(G) > 0, together
with the adjunction formula mKp = (mKg + mD)|p, implies that x(D) > 0. Moreover, since the
elements of |L;| cover X and dim ¢, (G) > i, we have that dim ¢z, ,(D) >i—1foranyi=2,...,m—1.
Hence we can apply induction to the variety D and the divisors La|p, ..., Ly p and we get

Ly Li=(Lm)p-(L2)p = 2.
O

Proposition 2.3 (Noether inequality Ibis). Let F' be a normal irreducible projective variety of dimension
n > 1. Let k and h two natural numbers such that h + k < n. Suppose that we are given
(i) a nef Q-Cartier Q-divisor H such that dim ¢y (F) = k;
(ii) nef Q-Cartier Q-divisors Lyy1,. .., Liyn such that dim ¢y, (F) >4 for any k+1<i <k+h;
(i1i) a nef and big Cartier divisor M.
Then
MR R Lgn e Lyyy - HF > hO(F, |H|) — k.

Proof. First of all, with the same proof of the reduction step in Proposition 2.1, we can make the following
Reduction: we may assume that F' is smooth, H, Ly41, ..., Lyt+n are base point free (Cartier) divisors
and M is a big and nef (Cartier) divisor.

Consider the morphism ¢g : F — B CP" = P(HO(F,H)V), where r = h°(F, H) — 1. Since the image
of ¢p is a non-degenerate integral variety, then we have (see e.g. [ET87])
(2.9) degB>r—dimB+1=hr"F H) - k.
Let ¢ : I Y. B ™ B be the Stein factorisation of ¢, where ¢ : F — B has connected fibres and
m: B — B is a finite map and let G be a general fibre of 1. Note that
(2.10) M™ R Ly - Liga - HY > deg(m) deg(B) (M) ™"~ - (Lin)ja - - (Lit1) o
If k = n then we conclude using (2.9) and (2.10). If £ < n then consider the general fibre G of ) which

is smooth (by Bertini’s theorem), connected (and hence irreducible) of dimension n — k > 1. Using the
fact that the fibers of ¢ cover the entire variety F' (and G is a general fiber of ¢), we have that

e for any k+1 < i <k + h, the divisor L;¢ is base point free with
dimquHG(G) =dim¢r,(F) —k >i—k,
e Mg is nef and big.

Now, Lemma 2.4 below implies that

(2.11) (Mp)" ™" " (Lisn) g+ (Lis1)jp 2 1.
We conclude by combining (2.9), (2.10) and (2.11). O
Lemma 2.4. Let G be a smooth projective irreducible variety of dimension m > 0. Let Ly,..., Ly be

base point free divisors, for some 0 < h < m, such that dim ¢y, (G) > i for anyi=1,...,h and let M
be a nef and big divisor. Then we have that

M™ L, Ly > 1.

Proof. The proof is by induction on m > 1.

If m = 1, then we conclude since either deg L; > 1 (because ¢y, is generically finite) or deg M > 1
(because M is big).

Assume now that m > 2 and that the statement is true in dimension m — 1. If A = 0 then we have

M™>1

since M is a nef and big divisor. If h > 1, then we let D to be a connected component of a general

element of |Lq|, which is smooth by Bertini’s theorem. Moreover, since the elements of |L1| cover X, we

will have that L; p is base point free with dim ¢, ,, (D) >i—1foranyi=2,...,h and that M|p is nef
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and big. Hence we can apply induction to the variety D and the divisors La|p, ..., Lnp, M|p and we
get

M L Ly = Ml(g_l)‘(h_l) (Lw)p -+ (L2)jp > 1.

O

Corollary 2.5. Let F be a normal irreducible projective variety of dimension n and let H be a nef
Q-Cartier Q-divisor on F such that ¢ is generically finite.

(i) We have that
H" > hO(F,|H|) —n.
(i) If, furthermore, n =dim F > 2 and x(F) > 0, then
H" >2h°(F,|H|) — 2n > 2.

Special cases of the above Corollary for H an integral Cartier divisor are known: part (i) is classical (see
[EH87]); part (ii) was proved by Kobayashi in [Kob92, Proposition 2.1] under the stronger assumption
that py(F) > 0 and by Shin in [Shi08, Theorem 2] for n = 2.

Proof. Part (i) follows Proposition 2.3 with &k = n and h = 0; part (ii) follows from Proposition 2.1 with
k=n. O

Remark 2.6. The inequalities in Corollary 2.5 are sharp and the cases where equalities holds are
classified, at least if H is an integral Cartier divisor. Indeed:

(i) If (F, H) is a pair as in Corollary 2.5 with H integral and Cartier for which H" = h®(F, H) — n
then H is base point free and the image of F' under ¢y is a a non-degenerate normal irreducible
n-dimensional projective variety Z C PA(F.L)=1 of minimal degree, i.e. degZ = h%(Z,0z(1)) — n
(see [EH8T]).

(ii) Kobayashi proved in [Kob92, Prop. 2.2] that if (F, H) is a pair as in Corollary 2.5 with H integral
and Cartier for which H™ = 2h°(F, H) — 2n then H is base point free and one of the following two
conditions are satisfied:

(a) ¢g is birational;

(b) ¢ is a generically finite double cover of a non-degenerate normal irreducible n-dimensional
projective variety Z C PP (F:L)=1 of minimal degree.

Both cases do indeed occur (see [Kob92, Ex. 2.3]): case (iia) occurs for example if F'is a K3 surface

and H is a non-hyperelliptic big and nef divisor (we are not aware of similar examples in higher

dimensions); case (iib) includes the hyperelliptic polarized varieties studied by T. Fujita in [Fuj83].

Proposition 2.7. (Noether inequality II) Let F' be a normal irreducible projective variety of dimension
n=dmF > 1. Let L and M two Cartier divisors on I such that

o L is base point free (hence nef) and ¢y, is generically finite;
e M is nef;
o L — M is effective and L™ — L™™1 . M > 1.

Then we have that

L’n,fl.M>

2h0(F, M) — 2 if dimF > 2 and k(F) > 0;
hO(F, M) —1 otherwise.

Proof. We first make the following

Reduction: we may assume that F'is smooth.

In fact, let m : F/ — F be a resolution of singularities. Then 7*L and 7*M are nef Cartier divisors
on F' such that 7*L is base point free and 7*L — 7* M is effective. Moreover, ¢« is generically finite
and h°(F',7* M) = hO(F, M) (cf. the reduction step in the proof of Proposition 2.1). Since (7*L)" = L™
and (7*L)"~ 1. 7m*M = L™~ . M, the reduction is complete.

The proof is now by induction on n. The base cases are n = 2 for the first case and n = 1 for the
second case. We need to distinguish the base cases from the inductive step.

Base case for the second inequality: n =1

If F' is a curve, then we have that h°(F, M) < deg M + 1 (see e.g. [Har, Exercise IV.1.5]).

Base case for the first inequality: n = 2

10



Consider a general divisor D € |L|. By Bertini theorem (using that L is base point free and
dim ¢, (F) =2 > 1), we get that D is a smooth and connected curve. From the exact sequence

0 — Op(M — D) -2 Op(M) — Op(Mp) — 0

and the fact that M — D ~ M — L is non effective (since L"~!- (M — L) < 0 and L is nef by assumption),
we deduce that

(2.12) h°(D, Mp) > h°(F, M).

Consider now the divisor Mp on D which has degree degMp = M - L > 0. If Mp is special, then
Clifford’s theorem gives

(2.13) M - L =deg Mp > 2h°(D, Mp) — 2.
If Mp is not special, then, using Riemann-Roch and the adjunction formula, we compute

L2+KF-L<L~M deg Mp
2 -2 2

where in the inequality we used that Kr - L > 0 since Kp is Q-effective and L is nef, and L? =
L- M+ (L-M))>L-Msince L—M >0 and L is nef.

We now conclude using (2.12) and either (2.13) or (2.14).

Inductive step

Assume that the statement is true in dimension n — 1 (which is at least 2 in the first case and at least
1 in the second case) and let us prove it in dimension n. Take a general element D € |L|, which is a
smooth connected variety of dimension n — 1 by Bertini’s theorem (using that L is base point free and
dim ¢y, (F) = n > 1). Since D is general, the restrictions Lp and Mp will satisfy the same assumptions
of L and M. Moreover, if k(F) > 0, then x(D) > 0. Hence, we can apply the induction hypothesis to
the line bundles Mp and Lp on D in order to deduce that

(2.14) RO(D,Mp)=1+L-M—g(D)=1+L-M —1—

2h9(D, Mp) — 2 if K(F) > 0;

2.15 Lt M=L%? Mp>
(2.15) p b= {hO(D, Mp) —1 otherwise.

We conclude using this and observing that (2.12) holds true also in the present case (with the same
proof). O

Remark 2.8. Both the inequalities in Proposition 2.7 are sharp, as we now show for any n > 2 (for

n =1 it is obvious).

(A) Let F =P! x P! (with n > 2) and denote by p; and py the two projections. Given a divisor D on
P! of positive degree, set M := p;D < L := p{D + p5H where H is a hyperplane divisor on P?~1.
Then M is base point free (and hence nef), L is very ample and we have that

L"=ndegD > L" ' M =deg D =h°(P', D) — 1 = h°(F,M) — 1.

(B) Let 7 : F — P! x P"~! (with n > 2) be a finite double cover ramified along a smooth divisor
in [2(m1p}(p) + mapi(H))|, with m; > 3 and ma > n + 1, where p is a point of P! and H is a
hyperplane divisor on P*"~! and p; and p, are the two projections of P! x P"~1. Note that

Kp = 7" (Kpixprn-1 +mapi(p) + map5(H)) = (my — 2)77p + (m2 — n)m3 H,

where 7; = p; o for ¢ = 1,2. This shows that Kr is ample, so that F' is a variety of general type.
Given a divisor D on P! of positive degree, set M := 7} D < L := 7fD + 75 H. Then M is base
point free (and hence nef), L is ample and base point free and we have that

L" =2ndegD > L"" - M = 2deg D = 2[h°(P', D) — 1] = 2[h°(F, M) — 1].

The above two examples will be generalized in Example 8.1.

The following result is not used in the current manuscript as it does not cover the case L"—L" "' M = 1,
but we believe it is interesting and can be applied in situations similar to the one of this work.

Proposition 2.9. (Noether inequality I1I) Let F be a normal projective irreducible variety of dimension
n > 2 with k(F) > 0.
Let L and M be nef Cartier divisors on F such that |M| is base point free. Assume that ¢p is
generically finite and that L — M is effective. Then
11



1> 2hO(F,M)—2 if L"—L"'. M >2,
“\20%(F, L) —2n if L™ — L" ' M =0.

Proof. We distinguish two cases.
First case: L" —L" 1. M > 2.
Since L and M are nef and L > M, we have the following inequalities
(2.16) L">M-L" ' >M?*.L" 2> .. >M" . L>M"
The Hodge index theorem [BS, Prop. 2.5.1] says that (for any k=1,...n —1)
(Mk . Lnfk)Q 2 (Mk+l . Lnfkfl)(Mkfl . Lnkarl)7
or in other words that the intersection numbers in (2.16) form a log-concave sequence.
Let 0 < ¢:=dim¢p (F) < n.
Note ¢ = 0 implies M ~ 0 and so
M- L't =0=2hr(F,M) -2,

and we are done. Hence, in what follows, we can assume that ¢ > 1.
By applying Proposition 2.1 to L and M (using n > 2), we get

(2.17) M€ L™ ¢ > 2h°(F, M) — 2¢ > 2.

By applying Lemma 2.10 to the log-concave sequence (2.16) truncated up to the term M€ . L™ ¢ > 2
and using the assumptions L™ — L™ ! - M > 2 and ¢ > 1, we get

(2.18) M-L" ' > M- L™+ 2(c—1).
We now conclude putting together (2.17) and (2.18).
Second case: L™ = L"~!. M. By applying Proposition 2.1 to L (using n > 2), we get

L' M =L">2h°(F,L) — 2n.

The following elementary lemma about log-concave sequences was used in the above proof.
Lemma 2.10. Let
dnzdn7122d022

be a sequence of positive integers such that n > 2 and d? >dit1di—1 forany0<i<n. Ifd,—d,—1 > 2,
then d; —d;_; > 2 for any 1 <1i < n. In particular,

dpn_1>do+ 2(7’L - 1).

Notice that the above Lemma is false without the assumption that dy > 2, e.g. do =4 > dy =2 >
do = 1.

Proof. The proof is by descending induction on i. Assume by contradiction that d; — d;—; < 1 for some
i€{l,...,n—1}. Then

d? > diyrdiy > (di +2)(d; — 1) = d? +d; — 2,

which gives d; = 2 (since d; > 2 for any 7). We then have 4 > 4d;_; and so d;—; = 1, which contradicts
do > 2. O
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2.2. Castelnuovo inequalities. Let C be an irreducible non-degenerate curve in PV of degree d. Catel-
nuovo inequality says that

A
(2.19) py(C) < (2><N S 1) A,
where
d—1

Building on this classical result, we are going to prove some new inequalities that we will later apply
to the fibers of our families.

Lemma 2.11. Let C be a smooth irreducible curve and let L be a Cartier divisor on C such that ¢y, is
birational. Let p € N such that K¢ —pL > 0. Then

deg L > (p+ 1)(h°(C, L) — 2) + 2.

Note that the above inequality is sharp (at least) in the following cases: (1) if p = 0, C is an elliptic
curve and L is a line bundle on C of degree at least 3 (so that ¢z (C) C P4 L~1 is an elliptic normal
curve); if p = 1, C is a non-hyperelliptic curve and L = K¢; if p = 2 and L is a theta-characteristic on
C such that g(C) = 3[h°(C, L) — 1] (such a theta characteristic exists on any hyperelliptic curve C of
genus g divisible by 3 by [Mum?71, p. 191]).

Proof. Consider the map ¢, : C — PV, where N = h°(C, L) — 1. Since ¢, is birational, the degree d of
#1,(C) in P is at most deg L. Hence, it is enough to prove that

(2.21) d>{p+1)(N-1)+2.
Using the assumption Ko — pL > 0 and (2.19), we get that
d deg L deg K, A
(2.22) N C+1pg(0)§<2)(N1)+A€.

Substituting d = A(N — 1) + ¢ + 1 into (2.22), we arrive at the inequality
(2.23) p+2< AN —-1)(A—1-p)+ (24 —p)e.
Assume now by contradiction that (2.21) does not hold, i.e. that d < (p + 1)(N — 1) + 2, which in
terms of (2.20) is equivalent to
(2.24) either A<p orA=p+1lande=0.

In the first case A < p, the inequality (2.23), together with the fact that 2A—p < Aand 0 <e < N—1,
gives that
PH2< AN -—1)(A—1-p)+ (2A—ple < —AN — 1)+ Ae = A(e — N +1) <0,

which is absurd. In the second case A = p+ 1 and & = 0, the inequality (2.23) gives the same absurd
p+2<0.
Hence, the inequality (2.21) must hold, and we are done.
O

The following inequality generalises the bound obtained by J. Harris in [Har81, Page 44].

Lemma 2.12. Let F' be a smooth irreducible variety of dimension n > 1 and L a Cartier divisor on F
such that ¢, is birational. Let p € N such that Kp — pL > 0. Then

(2.25) L" > (n+p)(h°(F,L) — 1 —n) + 2.

Proof. Up to resolving the map ¢y, we can assume that L is base point free.

Let C be the curve obtained intersecting n — 1 general element of |L|. Then C' is a smooth irreducible
curve and K¢ = (Kr + (n — 1)L)|¢. In particular K¢ — (p+mn — 1)Le > 0. Since ¢r is birational
(because C' is general), Lemma 2.11 implies that

L" =degLc > (n+p)(h°(C, L) — 2) + 2.

The conclusion follows from the fact that h°(C, Lo) > h°(F, L) — (n — 1). O
13



Proposition 2.13. Let F' be a smooth irreducible projective variety of dimension n > 2. Let L and M
two nef Cartier divisors on F such that

e ¢ s birational;

o M is base point free and dim¢p(F) =k < n;

e Krp —pL >0 for somep e N.
Then we have that

L% M* > (n+p—k+2)(h°(F, M) — k).

Proof. Consider the morphism ¢ : ' — B C P" 2 P(H°(F, M)"), where r = h%(F, M) — 1. Since the
image of ¢ is a non-degenerate irreducible variety of dimension k, then we have (see e.g. [EH87])

(2.26) degB>r —k+1=h%F M) —k.

Let on 2 F % B T B be the Stein factorisation of ¢, where 1 : F — B has connected fibres and
m: B — B is a finite map and let G be a general fibre of .
Using (2.26), we get that

(2.27) L™ F . M* > deg(r) deg(B) - Ly F > LEF(h°(F, M) — k).

Since G is a smooth irreducible variety of dimension n — k > 0 with K¢ — pLg > 0 and ¢, is
birational, by Lemma 2.12 we obtain that

(2.28) LYk > (n—k+p)(h°(G,Lg) —1— (n — k) +2.

Moreover, since ¢, is birational (onto its image) and G is not rational because K¢ > pLg > 0, we
have

(2.29) (G, Lg) >n—k+2.
The conclusion follows by putting together (2.27), (2.28) and (2.29). O

Proposition 2.14. Let F' be a smooth irreducible projective variety of dimension n = dim F > 2. Let
L and M be two base point free Cartier divisors on F such that
e ¢ is birational;
o L — M is effective and L™ — L™ . M > 1;
e Kp —pL >0 for somep e N.
Then we have that
L' M > (n+p)(h°(F, M) — 2) +2.

Proof. If dim ¢ (F) = 0, then h°(F, M) = 1 and the statement is trivial.

If dim ¢ps(F) = 1, then by Proposition 2.13 we have
L' VM >m+p+1)(h°(F,M) —1) > (n+p)(h°(F,M) — 2) + (n+p) > (n+p)(h°(F,M) — 2) + 2.

Assume dim ¢pr(F) > 2 and let C be the smooth irreducible curve obtained as intersection of n — 1
general elements of |L|.

We show by induction on n that ¢, is birational. Assume first n = 2. In this case ¢s is generically
finite. Let {p1,...,pr} be a generic fiber of ¢y, and suppose that C' contains p; for some i. Then C
does not contain any other point p; because ¢y, is birational hence a generic section which vanish at p;
does not vanish at p;. To treat the inductive step, we have to show that dim ¢/ (D) > 2 for a generic
section D of L. As ¢y, is birational, a generic section of L will intersect properly a generic fiber of ¢,
hence the generic fiber of ¢, restricted to D will have dimension one less than the generic fiber of ¢,,.

Therefore, using that

Ke—(n+p—1)Mc=(Krp+(n—-1)L)c—(n+p—1)Mc > (n+p—1)(Lc — Mc) >0,
we can apply Lemma 2.11 to M¢ and conclude that
L' M =degM¢c > (p+n)(R°(F, M¢c) —2) + 2.
The result follows from the above inequality and the fact that h°(C, M¢) > h°(F, M), which one can
prove using inductively the exact sequence
0— Op(M — D) 2 Op(M) = Op(Mp) =0

and the fact that M — D ~ M — L is non effective (since L"~!- (M — L) < 0 and L is nef by assumption).
(]
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3. HARDER-NARASIMHAN FILTRATION

Assume we are in the following

Setup 3.1.

e Let T be a smooth projective irreducible k-curve, X a normal projective irreducible k-variety
of dimension n 4+ 1 and f: X — T a fibration, i.e. a (projective) morphism with f,Ox = Or.
In particular, f is flat and with connected fibers. We denote by F a general fiber of f (i.e. the
fiber over a closed point of a conveniently small open subset of T'), which is a normal projective
irreducible k-variety of dimension n.

o Let L be a Q-Cartier Q-Weil divisor on X, and we denote by Ox (L) its associated reflexive
sheaf as discussed in Section 1. We will always assume that the sheaf f,Ox (L) (which is always
locally free since T' is a smooth curve) is non zero.

Consider the Harder-Narasimhan(=HN) filtration of f.Ox(L):
(3.1) 0=6CE CEC...C&=f.Ox(L),

where ¢ > 1 is the length of the filtration. Note that ¢ =1 if and only if f.Ox (L) is semi-stable.

For any 1 < i < ¢, we denote by p; := u(&;/€i—1) € Q the slope of the semistable locally free sheaf
Ei/&i—1 and by r; :=1k(&;) € N the rank of &;.

By definition of the HN filtration, we have

(3.2) 1 (FOX(L)) = 1 > . > e 1= p_(£.0x (L))

(3.3) O=ro<r; <...<rg.

By Hartshorne’s theorem on the characterisation of nef vector bundles on smooth, projective irre-
ducible curves [Laz2, Thm. 6.4.15] (which requires char(k) = 0), it follows that

(3.4) & isnef < p; > 0.
By generic base change, the rank of f.Ox (L) is equal to
(3.5) K(F,Ox (L)) = rk f.Ox (L) = r¢.
Lemma 3.2. For a general fiber F', we have
(3.6) Ox(L)|r = Or(Lp).
where F' is a general fibre of f and Lg is the restriction of L to F' as Q-Cartier divisor.

Proof. Both reflexive sheaves and divisors are determined by their restrictions to codimension one points,
hence we can prove the statement after removing a codimension two subscheme from X. As the total
space X is normal, its singularities are in codimension two and we can therefore assume that both X and
the general fibers are smooth. After this reduction, it is enough to show that restricting L to a general
fiber commutes with taking the round down. Write L = Y a;D;, where a; are rational numbers and D;
are prime divisors. By Bertini Theorem, the restriction of every D; to a general fiber is reduced, hence
restriction commutes with round down. (I

The degree of f.Ox (L) is determined by the numbers p;’s and r;’s as in the following

Lemma 3.3. With the notation as above (and the convention that pe+1 = 0), we have that

14
> ripi = pig1) = pa(ri — rio1) = deg f.Ox(L).
1=1

=1

Proof. The first equality is just a rearrangement of the terms using that ro = 0 and pey1 = 0.
The second equality follows from the fact that p;(r; — r;-1) is the degree of &;/&;—1 and that

L
deg f*OX (L) = Z deg(é‘i/&_l).
i=1
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Variants of the following construction have appeared in many papers, for instance, under the assump-
tion that L is Weil and Q-Cartier, it is discussed in [Ohn92, Lemma 1.1]. For any 1 < ¢ < ¢, the morphism
f € — f*f.Ox(L) = Ox (L) induces a rational map ; : X --+ Pr(&;) over T. By Hironaka’s theorem
on resolution of singularities (since char(k) = 0), we can pick a birational morphism 4 : X — X with
X a smooth projective irreducible k-variety in such a way that 1/11 =)o X - Pr(&;) is a regular
morphism. On X , we define the Cartier divisor

M; == ¢ L, ,
where Lg, is any tautological divisor on Pr(&;), i.e. any divisor such that Op,.(¢,)(Le;) = Op,(e,)(1).
As the sheaf Ox (L) equals Ox (| L]), the divisor M; depends only on the round down |L|. If this
round down is Cartier, then M, is the relative free part of the liner system; if it is just Weil, then M} is
some Cartier divisor smaller than |u*L].
The inclusion &; C &;41 implies that M, — M; is effective. To summarise, we have a non-decreasing
chain of divisors

(3.7) My <My <...<M;<|p'L] <u*(L),
and a non-increasing chain of effective integral divisors

(3.8) W >Zo>...2 72> 0.

such that

(3.9) M; ~q u*(L) — Z; for everyi=1,...,¢.

Remark 3.4 (Relative base loci). Each piece &; of the Harder-Narasimhan filtration of f.Ox (L) defines
a relative base locus B;. The resolution X makes this base loci divisorial. During the proofs of Section
4, we will intersect this divisorial base loci with nef line bundles, and then just discard them (these
computation are often carried out using Lemma 3.7 and its corollaries). It would be interesting to study
the features of these relative base loci, and let them playing a more prominent role in the slope inequality
via asymptotic invariants similar to the p-invariant introduced in [XZ20, Definition 4.1].

We will denote by f = fopu: X — T the induced fibration. A general fiber F of f is a smooth
projective irreducible k-variety of dimension n, and it is endowed with a birational (projective) morphism
Bp = yE F — F onto a general fiber of f, which is a resolution of singularities.

We will consider the Cartier divisors P; := (Mi)‘ 7 on F' (well-defined up to linear equivalence), which,
by (3.7), form a non-decreasing chain
(3.10) Py §P2§---SPZSM*(L)@:M}(LF)-

We collect the properties of the divisors M; and their restrictions P; in the following

Proposition 3.5. Let 1 <i < /.

(i) The divisor M; is f—globally generated. In particular, P; is globally generated.
(ii) The restriction of & to t induces a sub-linear series of |P;| on F; in particular we have that
hO(ﬁ7 Pz) Z Ti.
(i11) If & is nef, then M; is nef.
(iv) The pull-back along pz induces an isomorphism

(3.11) e HY(F,Lp) = HO(F, Py),

In particular, hO(Fv,Pg) =71y and ¢p, = Pr O Uf.
(v) If L is Cartier and globally generated, then Py = (ug)*(Lr) (up to linear equivalence). In partic-
ular, P;' = L.

Proof. By the definition of M;, we have the following commutative diagram

X— % e

(3.12) N /

a'ndO( ) wOPT () wOPT (5)
Part (i) follows from the fact that OPT(&.)( ) is pg,-globally generated.
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Part (ii): by the definition of M;, it follows that we have an inclusion of torsion-free coherent sheaves
on Pr(&;):

Opr(e)(1) = (¥0)«(47 (Opr(e) (1)) = (¥i)« (O (Mi)).
By taking the push-forward via pg, we get the inclusion of locally free sheaves on T'
(3.13) i = (Pe)+(Opr(e) (1) = (pe,)«(¥i)«(Mi)) = fo(O 5 (My)).
By taking ranks, we get
ri ==1k(&;) <1k(f. 05 (M;)) = h'(F, ).

Part (iii): by the definition of the M;, we have a surjection of locally free sheaves on X
from which the conclusion follows.

Part (iv): since My ~g p*(L) — Z; and Zp > 0 by (3.9) and (3.8), we have an injection

Ox(Me) = O (u(L)).
By taking the pushforward along f: fou, we get

(3.14) F05 (M) = f.Ox(u"(L)) = f.0x(L),
where in the last equality we used that 1,0 (u* (L)) = Ox (L), which follows from [Nak, Lemma 2.11].
Recalling that & = f.Ox (L), by combining (3.13) and (3.14) we deduce that

F.05 (M) = £.0x(L).
By generic base change and (3.6), we conclude that we have the isomorphism (3.11), which implies the
last two assertions.

Part (v): by assumption, and using the generic base-change and Lemma 3.2, one has that the evalua-
tion morphism f*& = f*f.Ox (L) — Ox(L) is surjective over I and Ox (L)|r = Op(LF) is line bundle.
This implies that the induced rational map v, : X --» Pp (&) is regular over F, and hence that (up to
linear equivalence)

Py = (M) g =i (Le,) 7 = w5((Cep)" (Le,)) = p5(Lr).
The last assertion follows from the projection formula. (I

We now want to show that the slopes of the HN filtration of f.Ox (L) bound the nefness threshold of

M; with respect to a general fiber F. More precisely, consider the (Q-Cartier) Q-divisors N; := M; *Miﬁ
(for 1 <4 </{)on X. By (3.2) and (3.7), the Q-line bundles N; form a non-decreasing chain

(3.15) Ny <Ny <...< N,
Note that (3.4) implies that
(316) 51' is nef < N; < M;.

Note that (Ni)u; = (M), = P; (up to linear equivalence).

|F
Proposition 3.6. For any 1 <i < ¢, the Q-divisor N; is nef.

Proof. Observe that, up to linear equivalence, INV; is the pull-back via zzl of the Q-divisor Lg, — uipgil (t)
on Pr(&;), where t is a general point of T (see diagram (3.12)). Hence it is enough to show that
Lg, — uipgil(t) is nef on Pr(&;).

This follows from the Miyaoka’s lemma (see e.g. [Ful, Lemma 2.1]). For the reader’s convenience, we
also include a direct elementary proof.

Let 7: T — T be finite cover whose degree is a multiple of tk(&;/&;—1). By e.g. [Laz2, Lemma 6.4.12],
the HN filtration of 7*&; is the pull-back of the HN filtration of &, i.e.

0C&CECS...C&LCE,

and the slopes get multiplied by deg(7). In particular, using that the nefness of a Q-divisor can be
checked after a finite cover, we can assume, up to replacing 7" with 77, that p; = u(&;/Ei—1) = p—(&) is
an integer. The divisor Lg, — uipgil (t) is now Cartier, and the corresponding sheaf is a quotient of the
locally free sheaf pg &;(—p;t). Since

p—(Ei(—pit)) = p— (&) — pi = 0,
17



the sheaf & (—p;t) is nef on T by Hartshorne’s theorem ([Laz2, Thm. 6.4.15]). We conclude that also
Lg, — Mpgil(t) is nef . O

We now prove some numerical inequalities that will be crucial in what follows.

Lemma 3.7. Fiz the above notation. Assume that we have clwsen a nef Q-divisor Nyy1 on X and a
rational number poi1 such that Zpyq := p*(L) — Noy1 — pep1 F < Zy. Set Ppyq = (N€+1>|i~ Then for
any q € {1,...,£} and any two sequences of integers
1<s1 <. <8< 8g41 =0+1,
{1=mo§m1§---§mn§mn+1=q+1,

we have that
n Mmip1—1

R L [

i=0 j=m;

In the above result, if m;+1 —1 < m; and hence j belongs to the empty set, by convention the sum is
zero. Note that Lemma 3.7 is a generalisation of [Kon96, Lemma 2.2] and [BarPhD, Prop. 1.11], which
in turn build on [Xia87, Lemma 2].

Proof. We are going to use several times that the Q-divisors { N, h}fj;ll are nef, which follow from Propo-
sition 3.6 if 1 < h < ¢ and from the assumption on N4 if h =0+ 1.

The Lemma is obtained by summing the following numerical inequalities for any 0 <7 <n
(3.17)

mi4y1— 1
i+1 i+1 k i—k _
(Nsmi+1 a NSmi) . (NSmi+1 ”'NSm”) ( Z (ZN N51+1> ’ (Nsmi+1 "'Nsmn) ('usj - 'usj+1) -
j=m;
mi41— 1
k pi—k
=S () () )
j=m;
and using that Ny, ... Ns, >0 because the divisors { N} are nef.

The inequality (3.17) follows, using that {N; Ns,,. } are nef, by the following inequality of

Mgy
(i + 1)-codimension cycles on X

mip1—1
318) GRS E SR 0 SE 2 IR

j=m;
The previous inequality (3.18) follows in turn by summing the following inequalities of (i+1)-codimension
cycles on X for m; <j<mjy —1

(3.19) NI N > F- <Z NE N;ﬁ’j) [s; — Hsji)-
In order to prove inequality (3.19), we write
i+1 i+l _ k ari—k
(3.20) st+1 - ng' = (Nsj 1 = Ngy) - (Z N31N51+1> ’
k=0

Observe that we have
(3.21) Ny, ~q p*(L) — Zp, — pnF forany 1<h <41,

which follows from the definition Ny := Mj, — Mhﬁ and (3.9) if 1 < h < ¢, and from the definition of
Zps1 if h = ¢+ 1. By taking the differences of the relations (3.21) for h = s;41 and for h = s;, we get
that

(3.22) Ny,oy = Ns; ~q (Zs; = Zsy) + (ps; — fis; 40 ) F-

Combining (3 20) and (3.22) and using that Z,, > Z, ., (by (3.8), and the assumption Z,;1 < Z;) and
that {N;, } are nef, we get the 1nequahty of cycles (3.19), and we are done. O

é j+1
We now collect in the following result some special cases of the above Lemma.

Corollary 3.8. Notation as in Lemma 3.7.
18



(1) For any sequence of integers 1 = mo < my < ...<my, < mpp1 =€+ 1, we have that

n Mmit1—1

Ngl—:rll = Z Z <Z P]kP;_‘_f) (P -+ Pn) (1 = pg41)-
k=0

i=0 j=my
In particular, we have that
n L n—
(A) NJE > 305 (P + P PRyt (g — py);
n 4 n n—
(B) Ne.;il > Z_j:l (Ek:o ngpj-i-lk) (,Uj - MjJrl)-
(2) For any sequence of integers 1 < s1 < ... < 8q < g1 =¢+ 1 with 1 < g < ¢, we have that

a
n+1 n—1
Ny > E :(st + Py )Pl (Hsy — Hsyin)-
=1

Note that (2) is a special case of [Ohn92, Lemma 1.2] (which generalizes [Xia87, Lemma 2] from n = 1
to an arbitrary n > 1).

Proof. Part (1) follows from Lemma 3.7 by setting ¢ = ¢, which then forces s; = j for every 1 < j < /+1.

Part (1A) follows from (1) by setting 1 = mo =m1 < mg = ... = my41 = £+ 1, while part (1B) follows
from (1) by setting 1 =mp=...=m, < mp41 =L+ 1.
Part (2) follows from Lemma 3.7 by setting 1 =mo=m; <ma =...=m, =q+ 1. O

Remark 3.9. The inequalities in Lemma 3.7 and Corollary 3.8 depend upon the choice of a nef Q-divisor
Nyy1 on X and a rational number po41 subject to the condition Zyy1 := pu*(L) — Noy1 — pe1 F < Z,.
Some natural choices of (Nyg41, tte41) are as follows:
(i) Ngt1:= Np (which is nef by Proposition 3.6) and ps41 = pe, which implies that Z, 11 = Zy;
(ii) under the assumption that L is nef: Nyiq := p*(L) and peq1 = 0, which implies that Z,1; = 0;
(iii) under the assumption that f.Ox (L) is nef: Nyyq := M, (which is nef by Proposition 3.5(iii)) and
te+1 = 0, which implies that Z,11 = Z,.

Many of our slope inequalities will depend on the nefness of L, together with the nefness of f.Ox (L)
(see the previous Remark 3.9). In the following result, we give a criterion that guarantees the nefness of
L together with a numerical consequence of the nefness of L and of f,Ox(L).

Lemma 3.10. Assume that f.Ox (L) is nef.

(i) Assume that L is Cartier, f-nef and generically f-globally generated (i.e. Lp is globally generated),
then L is nef.
.. . n n+1
(ii) If L is nef, then L™ > M}* .

Proof. Part (i): as L is f-nef, it is enough to show that given a horizontal integral curve C, we have
L-C > 0. Let p be the restriction of f to C. As L is generically f-globally generated, the evaluation
map

eve: p* fuOx (L) = Ox(L)|c
is generically surjective, so we can write L|c = Q + F, where O¢(Q) is a quotient of p* f.Ox (L) and E
is effective. As f.Ox(L) is nef, @ is nef and hence L|¢ is nef, i.e. L-C > 0.

Part (ii): first of all, note that L"* = (u*L)"*1. As p*L ~q My + Z, with Z; effective by (3.9)
and (3.8), L (and hence also p*L) is nef by assumption and My is nef by Proposition 3.5(iii) (using the
assumption that f,Ox (L) is nef), we have that (see also [BFJ09, Prop 2.3])

(L) MPT = (WD) (M + Zp) - M > (uF L) M for every 1< i < n+ 1.

We conclude by putting together all the above inequalities for every 1 <¢ <n + 1.

4. SLOPE INEQUALITIES

In this section, we assume that we are in the set-up (3.1), and our goal is to prove some slope
inequalities, i.e. inequalities of the form

L' > Cdeg f.Ox (L),

for some positive constant C', which depends just on the polarized general fiber of f. In all our results, we
will need to assume that f,Ox (L) and L are both nef, so both L"*! and deg f.Ox (L) are non-negative.
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Moreover, depending on the different slope inequalities that we get, we will need to make some extra
assumptions that can be of two types.

The first kind of assumptions concerns the ¢-th multiple of the Q-Cartier divisor Ly on F (for some
integer ¢ > 1) and its associated rational morphism ¢z, : F --+ P(H?(F,qLp)*) (we refer to [Nak,
Chapter II] or §1 for basic properties of morphisms associated to Q-divisors which are not Cartier), and
they assume the following possible forms

(Ag) qLp is Cartier, globally generated and ¢gr,,. is generically finite, or equivalently gLy is Cartier,

globally generated and big;

(Bg) ¢qr is generically finite;

(Cq) gL is Cartier and big.

Note that (A4,) implies (By) and (Cy), while (B,) and (Cy) are independent of each other.

The other kind of assumptions is on a general fiber F' and they assume the following possible forms
(a) A general fiber F of f has dimension n > 2 and k(F) > 0, i.e. it has non-negative Kodaira dimension.
(by) A general fiber F of f has dimension n =1 and |qLp] is special, i.e. h'(F, |[gLp]|) # 0.

The assumption (a) is relevant in order to apply some of the Noether inequalities of §2, while the
assumption (b,) will allow to apply Clifford’s theorem which says that degqLp > 2h°(F, |qLF|) — 2.

The first slope inequality that we prove involves the numerical invariants of the polarized general fiber
(F, Lr), and more specifically either L% or h°(F,Lr), under the assumption that ¢, is generically
finite.

Theorem 4.1. Assume we are in the set-up (3.1) and suppose that f.Ox (L) is nef and that ¢r,,. is
generically finite, then we have that

pr RO(F,P) —n
41 MM >92"L  deo f,Ox(L)>2——"2" " deg f.Ox(L).
(4.1) N s g f+Ox (L) > ) g f+Ox (L)

If n > 2 and the first inequality is an equality, then pu_(f«Ox (L)) =0, and hence f.Ox (L) is not ample.
Suppose moreover that one of the following two conditions are satisfied:
e dimF > 2 and k(F) >0, i.e. (a) holds true;
e dim F =1 and | Lr] is special (which implies that k(F) = 1 since ¢, is generically finite), i.e.
(b1) holds true.
Then we also have that

pr RO(F,P)) —n
4.2 MMl >4——L  deg f,Ox (L) > 44— deg f.Ox(L).

If n > 2 and the first inequality is an equality, then p_(f+Ox (L)) = 0, and hence f.Ox (L) is not ample.

Proof. First of all, note that the (Cartier) divisor Py on F is globally generated (and hence nef) by
Proposition 3.5(i) and with generically finite associated morphism ¢p, by Proposition 3.5(iv) together
with assumption that ¢ ,. is generically finite. Therefore, the second inequality in (4.1) follows from the
inequality

(4.3) P} > hO(F,P) —n,
which holds by Corollary 2.5(i). Similarly, the second inequality in (4.2) is a consequence of the inequality
(4.4) P} > 2h°(F, P;) — 2n,

which follows from Corollary 2.5(ii) if dim F' > 2 and «(F') > 0, and from Clifford’s theorem if dim F = 1
and |Lp| is special (using that P, < |Lp]).

Let us focus on the first inequalities in (4.1) and (4.2).

We first apply Corollary 3.8(1A) with Nyy1 := Ny = M, — Wﬁ and g1 = pe, and we get

‘ 1
(4.5) Ny = MpH = (n+ )Pl > Z(Pz + Pr1) P (i — prigr) = Z(R + P ) P (i — pri)-
i=1 i=1
This inequality implies that
-1
(4.6) M >N (P4 P )PP (i — pat) + 2P
i=1

with the equality that can occur only if either n =1 or n > 2 and u, = 0.
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In order to give a lower bound on the right hand side of (4.6), we define
p=min{i € {1,....¢} | P/ = P"'- P, =0}.
Observe that, since the intersection numbers

PP — PPN P= PPN (2 2o

are non-increasing in i (because P, is nef by Proposition 3.5(i), Z; — Zi4+1 > 0 by (3.8), and F is a general

fiber of f), we have that
Pr—pPr P> 1if i < p,
(4.7) ot _
PP -P,=0if p <i.
In order to treat the two inequalities (4.1) and (4.2) simultaneously, we define
)2 ifeither dimF > 2 and x(F) >0, or dimF =1 and |Lp] is special.
|1 otherwise.
Claim: We have that
hO(F,P) —1] > e[ri—1 if1<i<
€W (F,P))—n]>¢€lri—n+(l—1)] ifp<i<l.
Indeed, if p < i < ¢, which implies that P}’ — Plnf1 - P, =0 by (4.7), then (4.3) and (4.4) give
PP = PP > e[hO(F, Py) — ).
If, instead, 1 < i < p, which implies that P} — P*"'P; > 1 by (4.7), then we get
PPt P> eh°(F, P) — 1],
by applying
e when (a) holds true: Proposition 2.7 with L := P, which is nef and with generically finite
associated map ¢p, and M := P, which is nef by Proposition 3.5(i) and such that P, — P; > 0

by (3.7);
e when (b1) holds true: Clifford theorem to P; which is special since P; < Py < |Lp].

We conclude in both cases using that hO(F, M;|z) > r; by Proposition 3.5(ii) and (for the second case)
the fact that ;41 > r; + 1 by (3.3).

By substituting the inequalities given by the above Claim into (4.6) and dividing out by €, we get

Ml p—2
L > Z(Tz =1+ ripr — D (i — piv1) + (rp—1 = 14+1p —n+ (€ —p))(pp—1 — pp)+
i=1

€

-1
+> (=4 (=) +riga —n+ (C—i— 1) (s — piga) +2(re — n)pe
i=p

p—2
> > (@2r = V(i — pasa) + rpo1 — n+ L= p)(pp-1 — )+
Tit12>27i+1 i=1
-1
(4.9) +2> (ri =+ (€= 0) (i — prir) + 2(re — n)pe
i=p
= 2deg f*OX(L) - ,u/l + //[/p—l + (_n + [ _p)(,u/p—l - //[/p)"'
Lemma 3.3
+2(-n+Ll—plp — 2ppy1 — ... = 2pp =
=2deg fLOx(L) —p1+ (L =n+L—=plup—1+ (=1 + L= p)pp = 2pp41 — ... — 2
> 2deg fuOx(L) — 1 + (1 = n)pr + (€ = p)pp—1 + (=n+ € = p)pp — 2(€ — p)pup
i 2 M1

= 2deg fuOx (L) — np1 — npy + (€ = p)(pp—1 — tip) = 2deg f.Ox (L) — n(p1 + pp)-

Hp—12Hyp
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Note that in the above inequalities we have used that p, > 0 by (3.4) and the assumption that f,Ox (L)
is nef. _

We next apply Corollary 3.8(2) with Nyy1 := Ny = My — weF, pes1 = pe, and either ¢ = 2 and
s1=1<so=p<sg=L+1ifl<porg=lands;=1=p<so=~L+1ifp=1:

(410) NP = MPT = (et DuePP > PP+ o) — ) + (B + Py — 1e)] =

= PP P — pp) + P (o + iy — 240) = PP (pa + pip — 2p00),
where we used in the second equality that P;fle = P} by the definition of p, and in the last inequality
that Pen_lPl(ul — pp) > 0 since P, and P; are nef by Proposition 3.5(1) and g1 > pp, by (3.2). The
inequality (4.10) implies that

(4.11) MP 2 PP + ),

with the equality that can occur only if either n =1 or n > 2 and u, = 0.
Now we conclude as follows:

o 2edeg f.Ox (L)

edeg f.Ox
< —_ - 7

pat iy = Py +en

then the conclusion follows from (4.9);
o if

2edeg f.Ox (L)
> - -~ 7

pat iy = Pl +en

then the conclusion follows from (4.11).

Corollary 4.2. Suppose that L and f.Ox (L) are nef, and that ¢ .. is generically finite. Then
gP(FLp)—n deg f.Ox (L) if either dim F > 2 and x(F) > 0,

hO(F,Lp)
Il > or dimF =1 and LLFJ is special,
2%7?51 deg fxOx (L)  otherwise.

For n > 2, if the above inequalities are equalities, then p_(fOx(L)) = 0 and hence f.Ox (L) is not
ample.
Proof. This follows from the second inequality in Theorem 4.1, using that L"+! > M, ;H by Lemma
3.10(ii) and that h®(F, Lr) = h(F, P;) by Proposition 3.5(iv). O
Corollary 4.3. Suppose that L and f.Ox (L) are nef, and that Lp is Cartier, globally generated and
big. Then
4% deg f.Ox (L) if either dim F > 2 and x(F) > 0,
Lt > or dimF =1 and |Lr| is special,

2 L?F-:-n deg f.Ox (L) otherwise.

For n > 2, if the above inequalities are equalities, then p_(fOx(L)) = 0 and hence f.Ox (L) is not
ample.

Proof. This follows from the first inequality in Theorem 4.1, using that L is nef, and hence that L+ >
M} by Lemma 3.10(ii), and that L. = P}* by Proposition 3.5(v). O

Note that the assumptions of Corollary 4.3 are stronger than the assumptions of Corollary 4.2 but,
at the same time, the conclusion is also stronger by Corollary 2.5.

Remark 4.4. If f : X — T is a family of curves such that a general fiber F' is a smooth projective
irreducible curve of genus g > 2 and L = Kx/r, both Corollaries 4.2 and 4.3 reduces to the Xiao-
Cornalba-Harris inequality (see [Xia87, Thm. 2] or [CH88, Prop. 4.3] %)

49— 4
(4.12) K37 > ~2 " deg f.Ox (K x/7).

Lthis result is stated in [CHS88, Prop. 4.3] under the further assumption that f is a family of stable curves. However,
the proof can be easily adapted to the general case of a fibration with normal total space.
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Moreover, the slope inequality (4.12) is sharp since it is attained for non-isotrivial families of hyperelliptic
stable curves such that every node of each fiber of f is non-separating (and indeed these are the only
families of stable curves attaining the equality in (4.12)), see [CH88, Thm. 4.12].

Remark 4.5. In the special case n = 2 and L = Kx/,r, and under the assumptions that X has
terminal singularities (and hence isolated singularities since dim X = 3) and a general fiber F' (which is
automatically smooth) is of general type, then

(i) the slope inequality in Corollary 4.2 was proved by Ohno [Ohn92, Prop. 2.1] without the assumption
that ¢k, is generically finite;

(ii) the slope inequality in Corollary 4.3 was proved by Hu-Zhang [HZ21, Thm. 1.7] without the
assumption that Kp is globally generated, using methods of positive characteristics (and indeed
[[Z21, Thm. 1.7] holds also in positive characteristics).

Moreover, in this special case, Ohno proved in [Ohn92, Prop. 2.1] that the equality in Corollary 4.2
cannot occur unless f is isotrivial, see Proposition 5.5(1) for a generalisation.

The second slope inequality that we prove is a refinement (at least for n > 3) of the one obtained in
Theorem 4.1, under the stronger assumption that Ly gives a birational map and it is subcanonical (on
a resolution of singularities).

Theorem 4.6. Assume we are in the set-up (3.1) and suppose that f.Ox (L) is nef, ¢r, is birational
andn > 2. Let s € N such that Kz — sP; > 0. Then

P KO(F,P) —n
P+ (n+s)(n+2) hO(F, P,)
If n > 2 and the first inequality is an equality, then u_(fOx (L)) =0 and hence f.Ox (L) is not ample.

(4.13) Mt >2(n+s) —2 deg f.Ox(L).

deg f,Ox (L) > 2(n + s)

Proof. First of all, note that the (Cartier) divisor Py on F is globally generated (and hence nef) by
Proposition 3.5(i) and with birational associated morphism ¢p, by Proposition 3.5(iv) together with
assumption that ¢r,,. is birational. Therefore, the second inequality in (4.13) follows from the inequality
(4.14) P> (n+s)(h°(F,P) —n—1)+2,
which holds by Lemma 2.12. N

We first apply Corollary 3.8(1A) with Nyy1 := Ny = My — peF and pp41 = pe, and we get

‘ -1
(4.15) NJ*' = M7H = (4 D)o > Y (Pt Pip) Pl (i —psa) = Y (Pt Pipa) P (i — i)
=1 =1
This inequality implies that
-1
(4.16) MPHE >N (P4 P )PP (i — pat) + 2P
i=1

with the equality that can occur only if either n =1 or n > 2 and u, = 0.
In order to give a lower bound on the right hand side of (4.16), we define

p=min{i € {1,....¢} | P/ = P"'- P, =0}.
Observe that, since the intersection numbers
Pln - Penfl . ]Dz — Penfl . (Zz o Z@)

are non-increasing in ¢ (because Py is nef by Proposition 3.5(i), Z; — Z;1+1 > 0 by (3.8), and Fisa general

fiber of f), we have that
P} — Pt P >1ifi<p,
(4.17) o nrel
P =P -P=0ifp <i.
Claim: We have that

(418) Prl.p > (n+s)(h (Zz,Pl) 2)+2>(n+s)(ri—2)+2 - %fl _z.<p,
m+8)(h(F,P)—n—-1)+2>n+8)ri+{—i)—n—-1+2 ifp<i<L

Indeed, if p < i < ¢, which implies that P}’ — Plnf1 - P, =0 by (4.17), then (4.14) gives

PP =P > (n+s)(hO(F,P) —n—1) +2.
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If, instead, 1 < ¢ < p, which implies that P> — Pen_lPZ- > 1 by (4.7), then we get
PP > (n48)(WO(F, P) — 2) + 2,

by applying Proposition 2.14. We conclude in both cases using that ho(ﬁ , M;| ) > r; by Proposition
3.5(ii) and (for the second case) the fact that r;41 > 7; + 1 by (3.3).

By substituting the inequalities given by the above Claim into (4.6), we get

(4.19)
p—2

MPF > S ((n+ 8)(rs — 24+ i — 2) + 4 (i — i) + [0+ 5)(rpo1 =2+ 75+ L= p—n— 1)+ 4 (p 1 — i)+
i=1

-1
# 3 M+ s) s ==L (=) + risa =0 = L (=i = 1) + 4] — i) + 200+ 9)(re = n = 1) + 2y

p—2
> [(n+8)(2ri = 3) + 4] (i — piv1) + [(n+5)2rp—1 =1+ L—p—n—1) +4](tp—1 — pp)+
T¢+12T¢+1i 1

-1
+ 22[(n+ $)ri—mn—14+€—49)+2](tt; — thiv1) +2[(n+ 8)(re —n — 1) + 2)pe

= 2+ s)deg fOx(L) = B(n+s) = 4)(u1 = pp—1) + [(n 4+ 8)(€ —p =1 = 2) + 4] (pp—1 — 1p)+

Lemma 3.3

+2[(n+s)(l —p—n—1)+2Jup —2(n+ s)ppt1 — ... — 2(n+ 5) e

2 (n+s)[2deg fuOx (L) = 3p1 + 3pp—1+ (L =p—n—=2)pp—1 — (L —p—n—2)pp

+2(0=p—n—1)pp — 2pipr1 — ... — 244

= (n+s)[2deg frOx(L) =3+ (L —p—n+Dpp—1+ (€ —p—n)up — 20p+1 — ... — 2/i(]
2 (nt9)[2deg fLOx (L) = 3pa + (=1 + Dptp—r + (€ = p)pip + (€ = p = n)ptp — 2(C = p)iiy)

i 2 i1

= (n+s)[2deg f.Ox (L) = 3p1 + (—=n + 1) ptp—1 — nopup]
2 (et 9)2deg £OX(D) (0 + 2)(un + )

H12Pp—12Hp

Note that in the above inequalities we have used that p, > 0 by (3.4) and the assumption that
f+Ox (L) is nef.

We next apply Corollary 3.8(2) with Nyy; := Ny = My — Wﬁ, ler1 = pg, and either ¢ = 2 and
s1=1<so=p<sg=F+1ifl<porg=lands;=1=p<sg=~(+1ifp=1:

(4.20) Ny = MPH — (4 Ve > PP [(Pr+ Pp) (i — pip) + (Pp + Po)(pp — )] =

= PP P — pp) + P (i + iy — 2p0) = PP (pa + pp — 2p00),

where we used in the first equality that Penfle = P} by the definition of p, and in the last equality that
PlnflPl (1 — pp) > 0 since Py and P; are nef by Proposition 3.5(i) and p1 > py, by (3.2). The inequality
(4.20) implies that
(4.21) MPH > P+ ),
with the equality that can occur only if either n =1 or n > 2 and u, = 0.

Now we conclude as follows:

o if

2(n + s)deg f,Ox (L)
P+ (n+s)(n+2)

then the conclusion follows from (4.19);
o if

1+ pp <

2(n + s)deg f+Ox (L)
P+ (n+s)(n+2)
then the conclusion follows from (4.21).

1+ pp >
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O

Corollary 4.7. Suppose that L and f.Ox(L) are nef, ¢, is birational and n > 2. Assume that the
singularities of the general fibre F are canonical and let s € N such that Kp — sLp > 0. Then

RO(F,Lr) —n

hO(F,LF)

If n > 2 and the inequality is an equality, then pu_(f.Ox(L)) =0 and hence f.Ox (L) is not ample.

-2
> 2(n+s) deg f.Ox (L).

Proof. By Equation (3.10) we know that Z := u*Lpr — P, is effective. Since the singularities of F are
canonical, we get
Ki—sPh=p'Kp+FE—s(uLp—2)=p" (Kr—sLp)+E+sZ>0.
We can hence apply Theorem 4.6, using that L"*! > M;"*! by Lemma 3.10(ii) and that h°(F, Lr) =
h°(F, P;) by Proposition 3.5(iv). O
Corollary 4.8. Suppose that L and f.Ox (L) are nef, Ly is Cartier, globally generated, ¢r.,. is birational

and n > 2. Assume that the singularities of the general fibre F' are canonical and let s € N such that
KF — SLF Z 0. Then
L deg f.Ox (L)
L+ (n+s)(n+2) * '
If n > 2 and the inequality is an equality, then pu_(f.Ox(L)) =0 and hence f.Ox (L) is not ample.

L™ > 2(n +s)

Proof. Since the singularities of the F' are canonical, we can apply Theorem 4.6 (see the proof of Corollary
4.7), using that L is nef, and hence that L"*1 > M;H by Lemma 3.10(ii), and that L% = P} by
Proposition 3.5(v). O

The third (and last) slope inequality that we prove is independent of the numerical invariants of the
polarized general fiber (F, Lr), and it is contained in the following

Theorem 4.9. Assume we are in the set-up (3.1) and suppose that L and f.Ox (L) are nef.
(1) Assume there exists a ¢ € Nsg such that at least one of the following two conditions holds true
® Pqr. is generically finite, i.e. condition (By) holds true;
e gL is Cartier and big, i.e. condition (Cy) hods true.
Then
Ln—i—l > deg f*OX(L) )
qn
(2) Assume that there exists a ¢ € N5 such that ¢qr,,. is generically finite (i.e. condition (By) holds
true), and either n = dim F' > 2 and x(F) > 0 (i.e. condition (a) holds true) or dim F' =1 and
qLF is special (i.e. condition (by) holds true), then

deg f.Ox (L)
"

In particular, if the assumptions of either item (1) or item (2) hold and deg f+Ox (L) > 0, then L is
big.

LnJrl Z )

The proof of the above Theorem is inspired by [BarPhD, Page 69, Claim]| (see however Remark 4.10).
Proof. With the notation of §3, we define a partition of the set [¢] := {1,...,¢} as it follows
Ai={jell] : dimqﬁpj(ﬁ) =i} forany 0<i<n.
Define the sequence of integers 1 =mo <my < ... <m, <mypy1 =€+ 1by

(4.22) — min{j € A;} if A; # 0,
| | min i A; = 0.

Equivalently, the above sequence of integers is such that
Ai={my,...,mip1 —1} forany 0 <i<n.
We now apply Corollary 3.8(1) to the above sequence of inﬁcvegers 1l=mg<m < ...<m, <
Mp41 := £+ 1 by choosing the nef Q-divisor Nyyq := p*(L) on X (which implies that Ppyq = ,u%(LF))
and pp41 = 0 (which satisfy the assumptions of loc. cit. by Remark 3.9 since L is nef by hypothesis),

we thus have
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n Mmip1—1
(4.23) pL)" =N =YY <ZP’“P}+{°>- (Pross = P ) (15 = 1y11).
i=0 j=m;

Note that pg > pe+1 = 0 by (3.4) and the assumption that f.Ox (L) is nef.

We now want to prove a lower bound on the right hand side of (4.23). Using that the line bundles
{P1,..., P} are nef by Proposition 3.5(i) and they form a non-decreasing sequence by (3.10), we get the
inequalities of cycles Pkp?*f > P?' for any 0 < k < 4, which then imply the following inequality

(4.24) <Z Pkp;+f> mips Pmy) = (4 1P (P, o P -

We now make the following B
Claim: For any m; < j <m;;1 — 1 (or equivalently j € Ay, i.e. dim¢p,(F') = i), we have that

_ ho(FifJ)ﬂ if we are in case (1) of the theorem;
(4.25) sz ’ (Pmi+1 o 'Pmn) > 2}#(% P;)—2i
= if we are in case (2) of the theorem.

Indeed, if we set 0 < d := dim ¢p, (F F) < n, then it follows from the definition (4.22) of the integers
m; that

(4.26) {P dim ¢p,, ( )>z if 1 <d,

:Pmn+1 *PeJrl *uﬁ(LF) if’l;>d.

Therefore, if d = n (which happens precisely when ¢y,,. is generically finite by Proposition 3.5(iv)),
we get that

2h0(F, P;) — 2i if either dim F > 2 and x(F) > 0,
(4.27) Pl (P Pry) > or dimF =1 and |Lr] is special,
hO(F, P;) — i otherwise.

by applying

o if dimF > 2 and x(F) > 0: Proposition 2.1 with k =i, H = P;, Ly = P, for any k+ 1 =
i+1<t<mn,

e if dimF =1 and |Lp] is special: Clifford’s theorem for P,,, if i = 0 or P; if ¢ = 1, using that
Py, P < Py < |Lr] < q|Lr]| are special;

e otherwise: Proposition 2.3 with k =7, h=n—1i, H = P;, L; = Pp,, forany k+1=¢+1<t<n
(and any big and nef Cartier divisor M).

On the other hand, if d < n (i.e. if ¢, is not generically finite), then using (4.26), we get that

; ) _a B Py Pny) 5 (qLp)" e
..pmn) = pjz . (pmi+1 ...pmd) 'Nﬁ(LF)n d_ _J +1 qn_dd F )

(4.28) P! (P,

i miy1 "

We can now apply
o if dimF > 2 and x(F) > 0: Proposition 2.1 with k =i, H = P;, Ly = P, for any k+ 1 =
i+1§t§dandLS:u*ﬁ(qLF) forany d+1<s<m;
e if dim F" =1 and [¢Lr] is special: Clifford’s theorem for 4% (¢LF)| = [¢Lr];
e Proposition 2.3 with k =4, h=d —i, H = P;, Ly = Py, for any k+1<t<k+h=dand
M = qp% (Lp) = s (¢LF), if ¢LF is Cartier and big;
e Proposition 2.3 with k = i, h = n—4, H = P;, Ly = Py, forany k+1 <t < d and
L, = qu%(LF) = u%(qLF) for any d +1 <t <, if ¢qr,. is generically finite;
in order to get that

(4.29) ) )
/)L 5 9RO i either dim F > 2 and (F) > 0,
pji ) (pml_+l ...pmd) .M%(LF)”*CI > or dimF =1 and |¢Lp] is special,
ho(féljﬂ)ii > ho(i’fj)fi otherwise.

By putting together (4.27), (4.28) and (4.29), the Claim follows.
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Finally, observe that for any m; < j < m;41 — 1 (or equivalently j € A;), we have that
(4.30) (i + D)[RO(F, Py) — i) = BO(F, Py) +i[h°(F, Py) —i — 1] > h°(F, P;) > 15,

where the first inequality follows from the fact that dim ¢p, (F) = i (since j € A;) and the second
inequality follows from Proposition 3.5(ii).
We are now ready to conclude. If we set

q% if we are in case (1) of the theorem;
e =

2 if we are in case (2) of the theorem.
then, by putting together the inequalities (4.23), (4.24), (4.25), (4.30), we get

n Mmit1—1

Lt — n+1 > Z Z <Z Pkpszrf (Piys ,_,pmn) (1 — pj+1)

=0 j=m,

n Mmit1—1
EZ (i+1)P;'(Pmi+1"'Pmn) (:uj*MjJrl)
1=0 j=m;
n Mmit1—1 _
>y e(i+ 1)[W°(F, i) — i (1j — pj1)
1=0 j=m;
n Mmit1—1 l
2 Z erj(pj — tj+1) ezrj — pj+1) = edeg f.Ox(L),
i=0 j=m; j=1

where we have used p; — pi+1 > 0, per1 = 0, and, in the last equality, Lemma 3.3. Remark that, in
particular, for ¢ = ¢, we are using that g > 0, which is equivalent to f.Ox (L) being nef. O

Remark 4.10. When ¢ = 1, Theorem 4.9(1) was asserted in [BarPhD, Page 69, Claim], without any
assumption on Lr. However, consider a fibration f : X — T as in 3.1 such that L is nef and L is not
big. In particular, also L is not big, and then L"*! = 0. Let A be an ample divisor on 7" and consider
the divisor Ly = L + qf*A for ¢ € N. Then L, is a nef divisor on X, (Ly)r = Lp, L}*! =0 and

deg f.Ox(L,) = deg f.Ox (L) + h°(F, Lr)qdeg A > 0

for ¢ > 0, which shows that the bigness assumption on Lp is necessary. In works such as [Bar00, BS14],
[BarPhD, Page 69, Claim] is applied only for divisors L which are f-ample, so the lack of convenient
assumptions on L in [BarPhD, Page 69, Claim| does not affect the applications.

The inequalities in Theorem 4.9 are sharp in any relative dimension n > 1. Let us first examine the
well-known case of families of curves.

Example 4.11.

(1) Let (f : X — T, 0) be a normal family of stable curves of genus g = 2 (over a smooth projective
irreducible curve T') such that every node of each fiber of f is non-separating and consider
L = Kx;r. Then it follows from [CHS88, Thm. 4.12] that

49 —

K27 = 292 deg £.Ox (K x/r) = 2deg £.Ox (K x/z),
which shows that this example realises the equality in Theorem 4.9(2).

(2) Let (f : X — T, 0) be a family of stable elliptic curves (over a smooth projective irreducible curve
T),ie. f:X — T is a family of nodal integral curves of arithmetic genus one and o : T' — X
is a section of f such that o(s) is a smooth point of the fiber X, := f~(s) for any s € T. Let
D :=1Im(c), and consider the Cartier divisor L := Kx/7 + D on X. Note that Lp is a divisor of
degree one on a general (and indeed any) fiber F of f, and hence L is Cartier and big but ¢y,
is not generically finite. As explained in [ACG2, Chap. XIII, Example 7.11] and [ACG2, Chap.
X1V, Cor. 5.14], both L and f.Ox(L) are nef and we have that

= deg f.Ox (Kx,r) = deg f.Ox (L),

which shows that this example realises the equality in Theorem 4.9(1) for ¢ = 1.
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Remark 4.12. The inequalities in Theorem 4.9 are sharp in any relative dimension n > 1 (at least for
g = 1) as it follows from Example 8.1. It would also be interesting to find examples attaining the equality
in Theorem 4.9(1) and with the property that ¢, is not generically finite, generalising Example 4.11(2)
from n = 1 to higher dimension.

Remark 4.13 (Nef sub-bundles). With the same spirit of [BS08, BS14], the proofs of this section can
be adapted to the case where f.Ox (L) is not nef, but it does contain some non-trivial nef subsheaf G.
The slope inequalities obtained in this way will involve invariants of G. We do not purse this direction
as we do not have any new geometrical application to propose.

5. CANONICALLY POLARIZED VARIETIES

5.1. Slope inequalities for generic slc families. The aim of this subsection is to obtain some slope
inequalities for certain fibrations whose generic fiber is semi-log canonical and whose relative dualizing
divisor satisfies some positivity property. A special case of such families are the families of KSB stable
pairs over curves. We refer to [Koll] for the definition of singularities that we are going to introduce.

Setup 5.1. Let X be a deminormal (i.e. S and nodal in codimension one) projective variety of equidi-
mension n + 1.

Let f: X — T be a fibration (i.e. f.Ox = Or), where T is a smooth projective irreducible curve
such that every irreducible component of X is dominant onto 7'. In particular, f is projective, flat and
with connected fibers, and X is connected. Let A be an effective Q-divisor on X such that no irreducible
component of the support of A is contained in the singular locus of X.

We say that f : (X,A) — T is a generic lc-family (resp. generic canonical family, resp generic
Kit-family) if X is normal (hence irreducible), Kx,7 + A is Q-Cartier, and the general fiber (F,Ap) is
log canonical (resp. canonical, resp. klt).

We say that f : (X,A) — T is a generic slc-family if Kx,r + A is Q-Cartier, and the general fibre
(F, Ap) is semi-log canonical.

We say that f: (X,A) = T is a KSB-stable family if Kx /7 + A is Q-Cartier and relatively ample, A
does not contain any irreducible component of X; and none of the irreducible components of X;Nsupp(A)
is contained in the singular locus of X; for any ¢ € T' (so that the restriction A; := A|x, is well-defined
for any t € T'), and any fiber (X¢, A;) is semi-log canonical.

Note that if f: (X, A) — T a generic le-family then, for a general fiber (F, Ar), we have that
(5.1) (m(Kx;r + A))p = m(Kr + Ar) for any m € N.

Indeed, the above equality holds on the smooth locus of X, and then it extends to X since X is normal.
For generic slc families, there are powerful results of Fujino [Fuj18], which determine the nefness of
the push-forward of the powers of the relative dualizing sheaf.

Theorem 5.2 ([Fujl8, Theorems 1.10 and 1.11]). Let f: (X,A) — T be a generic sle-family as in 5.1.

(1) Assume that A is a reduced Weil divisor. Then f.Ox(Kx/p + A) is nef.

(2) Assume that A is a reduced Weil divisor and that K x/p+A is f-semiample. Then f.Ox(m(Kx,r+
A)) is nef for all integers m > 1.

(3) Assume that m(Kx,r+A) is Cartier and f-globally generated for some positive integer m. Then
[+Ox (m(K x/r + A)) is nef.

Corollary 5.3.
(1) Let f: (X,A) =T be a generic lc-family as in 5.1. Then f.Ox(Kx,r + A) is nef.
(2) Let f: (X,A) =T be a generic slc-family as in 5.1 such that Kx;p + A is f-semiample. Then
Kx/r + A is nef.

Proof. Proof of (1). When A is integral and reduced, this is exactly Theorem 5.2(1). An easy case is
when Kx/p + |A] is Q-Cartier restricted to the generic fiber and the coefficients of A are at most 1:
in this case, f: (X,[A]) — T is a generic lc family, and we can apply Theorem 5.2(1) to prove that
[+Ox (Kx,r + |A]) is nef. This last sheaf is equal to f.Ox(Kx/r + A) as Kx/r is integral. We now
give an argument to reduce the general case to Theorem 5.2(1).

First we reduce to the case where all coefficients of A are at most one. As the family is generically lc,
the divisor Asj is vertical. We thus have an inclusion

[+Ox(Kx + A<y) — fLOx(Kx + A),
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which is an isomorphism on an open dense subset of T'. By the well-know [Fuj18, Lemma 2.2], if the left
hand side is nef, the right hand side is nef too, so we can assume without loss of generality that all the
coefficients of A are smaller than or equal to one.

Let h: Z — X be a log-resolution of (X, A) so that Ay := h; ' A+ E is simple normal crossing, where
E is the reduced exceptional divisor of h. Let U be the open dense subset of T' over which (X, A) is lc.
We have a natural inclusion

i f*h*OZ(Kz/T + LAZJ> — f*OX(KX/T + LAJ)

which is an isomorphism over U by [Koll, Proposition 2.18].
Since (Z, Az) — T is a generic le-family, we can apply Theorem 5.2(1) to conclude that f.h.Oz (K 77+
|Az]) is nef.

Proof of (2). Let k be a positive integer such that Ox (k(Kx/7 4+ A)) is a locally free and f-globally
generated. Then the evaluation map f*f.Ox (k(Kx/r + A)) = Ox(k(Kx,r + A)) is surjective. Since
J+Ox (k(Kx/r + A)) is nef by Theorem 5.2(3), we conclude that Kx p + A is nef. O

Under a stronger assumption on the singularities, we also have the following positivity result.

Theorem 5.4 ([KP17, Theorem 7.1]). Let f: (X,A) = T be a generic kit family as in 5.1. If f is not
isotrivial, then, for all sufficiently divisible positive integers m, the vector bundle f.Ox(m(Kx p + A))

is ample®, i.e. p_(f.Ox(m(Kx,r+ A))) > 0.

Theorem 5.4 is false if one replaces klt with lc, see [KP17, Examples 7.5, 7.6 and 7.7].
We now combine the results of Section 4 with the above nefness results of Fujino in order to obtain
some slope inequalities for generic lc families.

Proposition 5.5. Let f: (X,A) = T be a generic le-family as in 5.1.

(1) Assume that there exists m € Nsg such that at least one of the following conditions holds true
e m(Kx,r +A) is Cartier, f-globally generated and f-big;
o Kx,r+Ais f-semiample, A is a reduced Weil divisor and m(Kp+ Ar) is Cartier, globally
generated and big.

Then
K A deg £, Ox (m(Kxyr +A)) if either dim F > 2 and x(F) > 0,
m" (K xp+A)" > or dimF =1 and Ap =0,
% deg frOx(m(Kx/p +A))  otherwise.

If n > 2, the family is generically klt, and one of the above inequalities is an equality for all m
divisible enough, then f is isotrivial.
(2) (a) Assume that there exist m,q € Nxq such that Kx,p+A is f-semiample, A is a reduced Weil
divisor and gk p+ay) 15 generically finite. Then

2degf*ox(72,(bKX/T+A)) if either dim F' > 2 and k(F') > 0,
mn+1(Kx/T —+ A)n+1 Z or dlmF =1 cmd AF = 0,
deg f+ Ox (m(Kx/r+4)) otherwise
qr ’

(b) Assume that there exists m,q € Nsg such that at least one of the following conditions holds
true
o m(Kx,r + A) is Cartier, f-globally generated and f-big;
o Kx/r+ A is f-semiample, A is a reduced Weil divisor and mq(Kr + Ar) is Cartier,
globally generated and big.
Then
w1 - deg [Ox(m(Kxyr + &)

qn

m" (K xr + A)

(3) Assume that Kx /7 + A is nef.

2The statement of [KP17, Theorem 7.1] claims bigness rather than ampleness. The definition of big vector bundles used
in loc. cit. is sometimes referred to as V-bigness, or Viehweg-bigness in the literature. On a curve, V-big is is equivalent
to ample, i.e. V-big is equivalent to the strict positivity of all the slopes of the Harder-Narasimhan filtration.
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(a) If ¢ € Nxg is such that gk .+ y) is generically finite then

gdeg f*qu(f(x/TJrA). if either dim F' > 2 and k(F) > 0,
(Kx/r + A"+ > or dimF =1 and Arp =0,
deg f*OX(TLKX/T—i_A) otherwise.

q
(b) If g € Nsg is such that ¢(Kp + Ap) is Cartier and big then

deg f.Ox (Kx/7 + A
(Kx/r+A)"H > % [-OxKxyr +4)
qn

Proof. Proof of (1). Note that we are in the set-up 3.1 with L = m(Kx,p + A) and we can apply either
Theorem 5.2(2) or Theorem 5.2(3) to get that f.Ox (L) is nef and Corollary 5.3(2) to get that L is nef.
The conclusion follows then from Corollary 4.3, using (5.1). The equality case follows from the above
mentioned results combined with Theorem 5.4.

Proof of (2). We are in the set-up 3.1 with L = m(Kx,r+A) and we can apply either Theorem 5.2(2)
or Theorem 5.2(3) to get that f.Ox (L) is nef and Corollary 5.3(2) to get that L is nef. The conclusion
follows then from Theorem 4.9, using (5.1).

Proof of (3). We are in the set-up 3.1 with L = Kx /7 + A and we can apply Corollary 5.3(1) to get
that f.Ox(Kx 7 + A) is nef. The conclusion follows then from Theorem 4.9, using (5.1). O

We now extend some of the above slope inequalities from generic lc families to generic slc families.

Theorem 5.6. Let f: (X,A) = T be a generic sle-family as in 5.1.

(1) Assume that there exists m € Nsg such that at least one of the following conditions hold true
e m(Kx,r +A) is Cartier, f-globally generated and f-big;
o Kx,r+Ais f-semiample, A is a reduced Weil divisor and m(Kp + Ar) is Cartier, globally
generated and big.
Let w € Qs such that the volume of the pull-back of Kr + Ap to any irreducible component of
the normalisation of F is at least w. Then

2um"

m" T (Kxp + A)" T >

deg (fOx (m(Kx 1 + A))) .

wm™ +n
(2) Assume there exist m,q € Nsq such that at least one of the following conditions holds true
e m(Kx,r +A) is Cartier, f-globally generated and f-big.
o Kx/p+Ais f-semiample, A is a reduced Weil divisor and either ¢gpm (i o+, 15 generically
finite or gm(Kr + Ap) is Cartier, globally generated and big.
Then
wit - deg LOx(m(Kxyr +A))
> 0
(3) Assume that Kx,r + A is nef and let ¢ € Nsg such that either ¢(Kr + Ap) is Cartier and big
OT Py(Kp+ap) 18 generically finite. Then

ntl 5 deg (f*OX(KX/T + A)) )
q"
Proof. We first make some considerations useful for all the three cases, and then we focus on the specific
inequalities.
Let v: Y — X be the normalisation of X and set g: Y %5 X ENGY We have that

(52) V*(Kx/T+A) :Ky/T+A/,

mn+1 (KX/T + A)

(Kx/r +A)

for some boundary Q-divisor A’ on Y with the property that g : (Y, A’) — T is a disjoint union of generic
le-families g; : (Y3, A;) — T, see [Koll, Section 5.1 and Definition-Lemma 5.10]. The divisor Ky, + A
is nef either by assumption or by Corollary 5.3(2); combining this with (5.2) we obtain that Ky, 7 + A;
is nef for every i. Moreover, if A is integral, A’ is integral too.

By (5.2) and the projection formula, we have that

(5.3) (KX/T +A)n+1 _ (Ky/T + A/)nJrl _ Z(KYi/T JrAZ_)nJrl.

%
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Using the natural injection Ox < v,Oy coming from the normalisation map v and (5.2), we get the
following injection of reflexive sheaves on X

By taking the push-forward along f, we get the following injection of locally free sheaves on T'

V= £.Ox(m(Kx/p +A)) = W = @gm (Oy, (m(Ky, 7 + A2))) -

The locally free sheaf W is nef in each of the cases we are considering by either Theorem 5.2 or Corollary
5.3(1) (see also the proof of Proposition 5.5); hence also the quotient W/V is nef and it has non-negative
degree. Therefore, by taking degrees in the previous inclusion we get that

(5.4) deg f.Ox (m(Kx/r +A)) < Zdeggi* (Oy, (m(Ky, 1 + A:))) -

Part (1) follows now from Proposition 5.5(1) applied to the generic le-families g; : (Y;, A;) — T, noting
that
2m™(Kp, + Ap,)" S 2m"w
m™"(Kp, + Ap,)" +2n — m"w + 2n’
where (F;, Ap,) is a general fiber of g; : (Y;, A;) — T.

Part (2) follows from Proposition 5.5(2) applied to the generic le-families g; : (Y, A;) — T, and using
that if ¢,k 1a) 1S generically finite, the same is true for ¢,, (k. +a,) by Lemma 1.2.

Part (3) follows from Proposition 5.5(3) applied to the generic le-families g; : (V;, A;) — T O
An interesting consequence of the above results is the following

Corollary 5.7 (Existence of slope inequalities). Fiz an integer n > 1 and a subset I of [0,1] satisfying
the DCC, then there exists a constant s(n,I) > 0 (which depends only on n and I) such that

(Kx/r + A)" > s(n, 1) deg f.Ox (Kx/r + A)
for every generic sle family f: (X,A) — T such that dim X = n + 1, the coefficients of A<y belong to I
and Kx,p + A is f-semiample and f-big.

Proof. We can assume, without loss of generality, that I contains 1. By [HMX14, Theorem 1.3], there
exists a constant b(n,I) > 0 (which depends only on n and I) such that b(n,I)(Kz + Ayz) gives a
birational morphism for all lc pairs (Z, Ayz) such that the dimension of Z is n, the coefficients of Ay
belong to I, and Kz 4+ Ay is big. We claim that we can take

1
b(n, 1)

Indeed, let f: (X,A) — T be a generic slc family as in the statement. Following the construction
of the first part of the proof of Theorem 5.6, consider the lc families g;: (Y;,A;) — T obtained by
normalising X. Since g;. (OYi (Ky, 7 + Az)) is nef by Corollary 5.3(1), by arguing as in the proof of
Theorem 5.6, we get that

(5.5) deg £.Ox (Kx/r + A) <Y deggin (Ov.(Ky, 1 + A))) -

s(n,I) =

Similarly, we get that
(5.6) (Kx/r + A"+ = Z(Km-/T + A"

3
As f is a generically slc family, the coefficients of Asy are vertical, hence, if we restrict A; to a
generic fiber of g;, we obtain a boundary divisor with coefficients in I (we had to make sure that 1 is
in I, as A; might contain divisors with coefficients one coming from the conductor). By assumption,
b(n, I)(Ky,r + A;) gives a birational morphism when restricted to a generic fiber of g;. Moreover,
Ky, ;r + A; is nef by Corollary 5.3(2) and the assumption that Kx,7 + A is f-semiample. Hence, we
can apply Proposition 5.5(3) in order to get that

deg gix (Oy, (Ky, 1 + Ai))
. Ky AT > . - .
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We conclude by putting together (5.5), (5.6) and (5.7). O
We conclude with an application of Theorem 4.6 to generic canonical families with no boundary.

Corollary 5.8. Let f: X — T be a generic canonical family such that Kx,r is f-semiample, ¢rp is a
birational map and n > 2. Then

R(F,Kr) —n—2

n+1 9

If, furthermore, Kr is Cartier and globally generated, then we have
Ky

KL >2(n+1)

X/T = deg f.Ox (Kx/T).

K4+ (n+1)(n+2)
Proof. The divisor K x /7 and the vector bundle f.Ox (K x/r) are nef by Corollary 5.3. We conclude by
applying Corollaries 4.7 and 4.8 with L = Kx/7 and s = 1. (I

5.2. Application to the moduli space of KSB stable varieties. Let M,, , be the Deligne-Mumford
algebraic stack of KSB stable varieties of dimension n and volume v, i.e. varieties V with slc singularities,
ample dualizing Q-divisor Ky, dimension n and volume v := Ky € Q0. We denote by M7 , the open
substack of M,, , parametrizing normal stable varieties. We refer to [Kol2] for the definition and main
properties of families of KSB stable varieties.

Using the universal family 7: &, , — M,, ,,, we can define the following Q-Cartier Q-divisors (well-
defined up to Q-linear equivalence) on M,, ,:

e the Chow-Mumford divisor Acas := m K2
e the determinant divisors A\, = c¢;(det (7. Ox(mK;))) for any m > 0.

Recall that Acps is ample on M, ,, by [PX17], while A, are nef on M,, ,, for any m big and divisible
enough by [Fujl8] (see also Theorem 5.2). The nefness of A, combined with Kollar’s ampleness lemma
[K0l90], shows that A, is ample on M,, ,, if m is big and divisible enough. Let us stress that for low
values of m, A\, does not need to be ample: for instance, when n = 1, A\, is ample for m > 2, but just
semi-ample for m = 1. For n > 2, we are not aware of any effective lower bound on m that guarantees
the ampleness of \,;,.

The aim of this section is to determine some explicit rational functions f(m) € Q(m) for which the
Q-divisor m" Tt \aar — f(m) Ay, is nef on M, ,, i.e. it intersects non-negatively all the projective curves
of My, ., or nef on My, away from the boundary, i.e. it intersects non-negatively all the projective
curves of M,, , not entirely contained in the boundary OM,, , == M, , \ M?, . The same definitions
can be given for any closed substack of M,, ,, for example for any irreducible or connected component.

Let us first describe some Q-divisors of the form m"*'A\cys — f(m)A,, that are nef on M, ,, away
from the boundary.
Theorem 5.9. Fixn € Nyg and v € Qsg. Let m and q be two positive integers.

(1) Assume that mKy is Cartier and globally generated for any V € My, .. Then:
e [feithern>2orn=m=1 then

4om™
n+1/\ o=
m CM om” + o m
is nef on My, ,, away from the boundary;
o Ifn=1 and m > 2, then
2om™
77,+1)\ eV e
mn oM vmn +n

s nef on M, , away from the boundary
(2) If dmqrc,, is generically finite for any V€ M2 and either n > 2 orn=q=m =1, then

n,v
A
anrl)\CM - 2—:

is nef on My, ,, away from the boundary.
(3) If either mgKy is Cartier or ¢mqr, 15 generically finite for any Ve M9, then

n,v’
Am

mn-‘rl)\CM -=

is nef on My, , away from the boundary.
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The same conclusions hold if we replace M,, , by any closed substack, for example any irreducible or
connected component.

Proof. We have to prove that the degree of the given divisors are non-negative on any irreducible smooth
projective curve ' C M,, , not entirely contained in M, .

Let f : X — T be the restriction of the universal family = : A, , - M, to T. By assumption, a
general fiber F' of f is normal (because it belongs to Mj, ), which implies, using that all the fibers of f
are reduced, that X is normal. Moreover, the divisor Ky, is Q-Cartier by [Kol2, Theorem 2.3]. Hence
the fibration f is a generic lc-family as in 5.1.

Now observe that

(5.8) { deg(Aon)ir = Kijr.

deg(/\m)\T = deg f.Ox (mKx/T),

where in the second equality we have used the base change property m.Ox, ,(¢Kx)|r = f«Ox(¢Kx/1),
which follows, using the Kolldr condition on families of KSB stable varieties, from the fact that 7.Ox,, , (¢/Kr)
is locally free (see [Fujl8, Rmk. 3.4] for ¢ > 2 and [Kol2, Corollary 2.71] for ¢ = 1).
The results follow by applying Proposition 5.5 with A = 0 and using that Ky, is f-semiample (being

f-ample) and K is big (being ample). More precisely:

e part (1) follows from Proposition 5.5(1);

e part (2) follows from Proposition 5.5(2a);

e part (3) follows from Proposition 5.5(2b).

O

Remark 5.10. Some of the results of Theorem 5.9 are sharp for the moduli space ﬂg(: M 9g-2) of
stable curves of genus g > 2. Indeed, it follows from [CH88, Prop. 4.3, Thm. 4.12] that
— 4g — 4
(5.9) Acm — s is nef on My away from the boundary < s < g )
g

This shows that if n = 1 then

e Theorem 5.9(1) is sharp if m =1 (for any volume v);
e Theorem 5.9(2) is sharp if m = ¢ =1 and v = 2 (i.e. genus g equal to 2).

We now describe some Q-divisors of the form m" ™ Aoy — f(m)A,, that are nef on M,, ,.

Theorem 5.11. Fizn € Nyg and v € Qs¢. Consider two positive integers m and q.

(1) Assume that mKy is Cartier and globally generated for any V.€ My, and let w € Qso such
that the volume of the pull-back of Kr to any irreducible component of the normalisation of V
is at least w. Then the Q-divisor

2um™

n+1/\ LY
m CM wm” +n m
is nef on My, .
(2) If either mqKy is Cartier or ¢mqr, s generically finite for any V€ M, ., then the Q-divisor
A
mn+1)\CM . q_?:
is nef on My, 4.

The same conclusions hold if we replace M,, ,, by any closed substack, for example any irreducible or
connected component.

Proof. Tt is enough to prove that the degree of the given divisors are non-negative on any irreducible
smooth projective curve ' C M,, ,.

Let f: X — T be the restriction of the universal family = : X, = M,, to T.. By [Kol2, Theorem 2.3],
X is deminormal and the divisor Kx,r is Q-Cartier. Hence, the fibration f is a generic slc-family as in
5.1.

Now observe that

deg(\ =KL
- {5

deg(/\m)\T = deg f.Ox (mKx/T),
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where in the second equality we have used the base change property m.Ox, ,(¢Kx)|r = f«Ox(¢Kx/7)
(see the proof of Theorem 5.9).

The results follow by applying Theorem 5.6(1) or 5.6(3) with A = 0 and using that Kx,r is f-
semiample (being f-ample) and K is big (being ample). O

Remark 5.12. Some of the results in Theorem 5.11 are sharp for the moduli space ﬂg (= My 29-2) of
stable curves of genus g > 2. Indeed, it follows from [CH88, Prop. 4.3, Thm. 4.12] that

(5.11) Aoy — aXp is nef on M, < a < 1.

This shows that if n = 1 then

e part (1) is sharp if m = 1 and w = 1, which is also the minimum possible value of w that satisfies
the assumptions of part (1) for m = 1, since the volume (=degree) of the canonical divisor of a
stable curve C' is 1 on any elliptic tail of C.

e part (2) is sharp if m = ¢ = 1.

Remark 5.13. For m very large, the results of Theorem 5.11 are far from being sharp. Indeed, let us
define

(5.12) s(m) :=sup{t € R>g : m" ™ A\car — tAn  is nef on M, , }.

By applying the Grothendieck-Riemann-Roch formula to the universal family = : &), , = M,, ,, it can
be shown (see [PX17, Sec. 2.3] or [CP21a, Lemma A.2]) that
n+1 n

(5.13) Am ~0 ( n

CE 2—71') Aear + P"7H(m)  for all sufficiently divisible m € N,

where P"~!(m) is a polynomial of degree at most n — 1 in m with coefficients being Q-divisors on M, .
The divisibility condition on m is needed to guarantee that the relative canonical bundle m K is Cartier,
and we do not know if it is really necessary.

Hence, from the above asymptotic formula for A,,, it follows that

(5.14) s(m) ~ 2n £ 1)tm

Dy ~(n+1) asm — oo and m is sufficiently divisible

However, note that the asymptotic formula (5.14) is not effective while the results of Theorem 5.11,
although asymptotically worse, are however effective.

Let us define the lambda Neron-Severi space NS@ (M,,.) as the linear subspace of the rational Neron-
Severi vector space NSg(M,, ) spanned by the Chow-Mumford line bundle Acas and the classes Ay, for
any m > 1, and consider the lambda nef cone Nef*(M,,,) C NS@(/\/lW,)7 which is the closed convex
cone equal to the intersection of the nef cone Nef(M,, ,) C NSg(M,,,,) with NS@(MW,).

In the case of the moduli space of stable curves, i.e n = 1, the following facts are well-known:

e the space NS(% (M) is two dimensional: a basis is given by Acar and Aq, while the other classes
are equal to (see [ACG2, Chap. XIII, Thm. (7.6)])

Am = (?) Acm + A

e the two extremal rays of the two dimensional cone Nef? (M,, ) are spanned by, respectively, A1,
which is semi-ample and gives the map towards the Satake compactification (see [ACG2, pages
435-437]), and Acpr — A1 (which is the class given by either Theorem 5.11(1) with m = w =1 or
Theorem 5.11(2) with m = ¢ = 1), which is semi-ample and it gives the morphism toward the
moduli stack of pseudo-stable curves (see [HH09, Thm. 1.1]).

Let us conclude this section with the following two questions.
Question 5.14. Is the dimension of NS@(Mnyv) equal to n + 17

Note that, if relative canonical divisor K, of the universal family 7 : &), , — M, , is Cartier, then
formula (5.13) implies that NS@(MH,U) has dimension at most n + 1.

Question 5.15. For which values of n and v, do the classes A, and the classes from Theorem 5.11 give
all extremal rays of Nef? (My)?
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6. FANO VARIETIES

6.1. Slope inequalities for families of K-stable and K-polystable log-Fano pairs. In this subsec-
tion we prove some slope inequalities for families of Fano variety. We will need some stability assumption
on the general member of the family.

We refer to [CP21a, XZ20], to the survey [Xu21] and the recent breakthrough [LL.XZ22] for background
results about K-stability, and a comprehensive bibliography, here we recall just some notations and
properties.

Setup 6.1. Let f: X — T be a fibration from a normal projective irreducible variety X of dimension
n + 1 to a smooth projective irreducible curve T'.

Let A be a divisor on X such that —Kx/r — A is Q-Cartier and f-ample. We say that f is a Q-
Gorenstein family of anti-canonically polarized pairs of dimension n. We denote by (X, A;) the fiber of
fovert €T, and we denote by v := (-Kx, — Ax,)" = ((—Kx/r — A)|x,)" the relative volume of f.

If the generic fiber of f has klt singularities, then f is a generic Q-Gorenstein family of log-Fano pairs.
If all fibers of f has klt singularities, then f is a Q-Gorenstein family of log-Fano pairs.

The Chow-Mumford (CM) Q-divisor on T is defined (up to Q-linear equivalence) as

Aem(X/T) = —fuo(—Kx/r — A)" L

For a log-Fano pair (F,Ar), we denote by 6(F,Ar) its stability threshold. A log-Fano pair is K-
semistable if 6(F, Ap) > 1, it is K-stable if §(F, Ar) > 1. Both K-semistability and K-stability are open
properties in families.

K-semistability implies that the pair is klt, so a Q-Gorenstein family of anti-canonically polarized
pairs with K-semistable generic fiber is a generic Q-Gorenstein family of log-Fano pairs.

If the generic fiber of f : X — T is K-semistable, then we have

deg )\C]M(X/T) = _(_KX/T — A)n+1 Z 0.

Remark 6.2. A K-semistable log-Fano pair, contrary to a KSB stable pair, is always klt and hence
normal. Therefore, a family of anti-canonically polarized pairs with reduced fibers and K-semistable
generic fiber has automatically normal total space. In other words, assuming that X is normal, we are
not ruling out any Q-Gorenstein family of K-semistable log-Fano pairs.

Remark 6.3 (Negativity in the Fano case). Observe that, by [CPZ19, Theorem A.13], if —Kx,r — A is
nef, then f is locally étale isotrivial. Combining this result with Lemma 3.10(i), if f is not locally étale
isotrivial, then f.Ox (m(—Kx,r — A)) is not nef for all m sufficiently divisible. This means that we do
not expect to apply our results to —Kx 7 —A. However, assuming K-stability of the general fiber, we can
prove some slope inequalities for convenient line bundles. The coefficients in these inequalities involve
the delta invariant §(F, Ar) of (F,Ar), which provides a quantitative description of the negativity of
JOx(m(~Kx/r — A)).

Theorem 6.4. Let f be a Q-Gorenstein family of anti-canonically polarized pairs as in the set-up 6.1,
assume that a geometric fiber (F, Ap) is K-stable, i.e. § := 6(F,Ap) > 1.
For any rational number C' > 1 consider the Q-Cartier Q-divisor on X

(6.1) He:=-Kx/;r—A+C [ Aem(X/T).

)
(0 —Dv(n+1)
(1) Let g > ﬁ be a positive integer such that gH¢ is Cartier. Then
T HE > deg f.Ox (qHc).

(2) Letq > ﬁ be a positive integer such that ¢He is Cartier and —q(Kp+ Afp) gives a generically
finite map. Then

hO(F q(,KF — AF)) —n
nHlgEtt > 9 deg f.Ox (¢Hc).
T e = TTW(F g(—Kr — Ap)) g f«Ox(qHc)
(8) Letq > ﬁ be a positive integer such that gHe is Cartier and —q(Kp+AFr) is globally generated.
Then
gt s 0 T g £, 0y (¢He) .
q ¢ 225 eg f+Ox(qHc)
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Before giving the proof, let us remark that one could rephrase the above results as inequalities between
(—=Kx/r—A)""! and deg f.Ox(—q(Kx;r + A)), at least if ¢ is sufficiently divisible, using the following
formulas
ni10(C—=1)+1

0—1 ’
gh°’(—q(Kr + AF)) 6
v(n+1) d—1

qn—i—ngJrl — 7qn+1(7KX/T o A)

deg f.Ox (q¢Hco) = deg f.Ox (—q(Kx/r + A)) = C (—Fx/r — &)™,
where in the second formula we assumed that ¢ is sufficiently divisible so that ¢C m)\c Mm(X/T)
is integral (and hence Cartier since T is smooth).

Remark 6.5 (Stability threshold in families). The stability threshold of the fiber is a lower-semicontinuous
function on the base. A priori, it can take countably many values. This means that, at least if the base
field is uncountable, the maximum value of § (which gives also the best slope inequality) is obtained tak-
ing a very general fiber. If the base field is countable, to obtain the best slope inequality, we can make
a base field extension and then choose a very general fiber over the greater field. The slope inequality
obtained in this way holds true also for the family over the original field. The recent result [LXZ22
Corollary 3.7] shows that the minimum between the stability threshold and (n + 1)/n is constructible
for families over a normal base, hence it attains a minimum.

Proof. The Q-divisor H¢ is nef by [CP21a, Thm 1.20] (or [XZ20, Prop. 4.9], or [CP21b, Thm 1.3]) and
the fact that Acar(X/T) is nef. Moreover, from [CP21a, Prop. 6.4] we infer that f.Ox(qHc¢) is nef since
qHc is Cartier and the divisor

qHC*KX/T*A: (qul)(*KX/T*A)JFqC [ Aem(X/T) =

)
(6 —1Dovn+1)
qC )
g+1(0—1Dov(n+1)
is f-ample (because —Ky,r — A is f-ample) and nef by [CP21a, Thm 1.20] (or [XZ20, Prop. 4.9], or
[CP21b, Thm 1.3]), using the assumption that ¢ > w7 and the fact that Acas(X/T) is nef.

Hence, by applying Theorems 4.9(1), Corollary 4.2 and Corollary 4.3 to f : X — T with L = ¢H we
obtain, respectively, the inequalities in (1), (2) and (3). O

=(q+1) |-Kx/r—A+

f Aem(X/T)

Remark 6.6. We do not know if items (2) and (3) of Theorem 6.4 holds without the assumption that
gHc is Cartier, and if we can replace in item (1) the assumption that ¢H¢ is Cartier with the weaker
assumption that ¢(—Kp — Ap) is Cartier or with the alternative assumption that —q(Kp + Ap) gives
a generically finite map. We do use the assumption that ¢H¢ is Cartier when we apply [CP21a, Prop.
6.4].

Theorem 6.4 can be extended to the case when there is a geometric fiber (F, Ar) which is only
K-polystable, provided that we slightly modify the family, as we know briefly indicate.

The stability threshold of a K-polystable log-Fano pairs is always equal to one. Given a maximal torus
T in Aut(F, Ar), we can however introduce a twisted stability threshold or(F, Ar), so that (F,Ap) is
K-polystable if and only if é7(F, Ap) > 1, see [XZ20, Appendix A] (in loc. cit. the authors speak about
reduced uniform K-stability, which by now is known to be equivalent to K-polystability, see [.XZ22]).
K-polystable log-Fano pairs have a reductive automorphism group, so all maximal tori are conjugate
and, in for K-polystable log-Fano pair, the twisted stability threshold does not depend on the choice of
T.

Theorem 6.7. Keeping the notation as in Theorem 6.4, assuming that a geometric fiber (F, Ar) is K-
polystable rather than K-stable. Let T be a maximal torus in Aut(F,A), and assume that T acts fiberwise
on (X,A). Replacing the stability threshold & with the twisted stability threshold o1 := ér(F, Ap), the
same inequalities of Theorem 6.4 hold up to a base change, and up to a birational modification of X
which does not modify (F,Ar).

Proof. Following [X720, Section 5], for every one parameter subgroup & of T, we can define a new family
fe o (Xe,A¢) — T, which is Zariski locally isomorphic to f : (X,A) — T, and it is called the twist of
(X, A) by £ In particular, gH¢e remains Cartier on the new family.
From [X7Z20, Remark A.2, Proposition 4.5 and its proof], after a base change, we can see that there
exists a & such that the Harder-Narasimhan filtration of the family twisted by & has non-negative s,
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invariant (we refer to [XZ20] for the definition of this invariant). We can now start arguing as in the
proof of Theorem 6.4. The nefness of H¢, with § replaced by dr and the original family replaced by the
twisted one, is now guaranteed by [XZ20, Proposition 4.9] rather than [CP21a, Theorem 1.20]. From
now on, the argument is verbatim as in the proof of Theorem 6.4. (I

If T acts only on (F,Ar) but not on (X,A), arguing similarly to [LX14, Thm. 6], one can make a
base change and a birational modification to construct a new family as in the set-up 6.1 where T acts
on all fibers. After these operations, ¢H¢ remains Q-Cartier but might stop being Cartier, so one might
have to increase ¢ before start arguing as in the proof of Theorem 6.4.

The following example shows that the conclusion of Theorem 6.4 may fail if (F,Ap) is only K-
polystable but not K-stable, and that indeed the birational modification in Theorem 6.7 is sometimes
unavoidable.

Example 6.8. Consider the Hirzebruch surface F, (for e > 0), with its natural projection f, : F, — P!
(and take A = 0). The fibers of this family are isomorphic to P!, which is K-polystable but not K-stable.
For every e > 0, we have
deg‘ )\CM(IFS/Pl) = 7(7K]Fe/IP’1)2 =0.
In particular, for any rational C' > 1 the Q-divisor H¢ of (6.1) is equal to —Kp, /p1.

If e = 0, i.e. Fy is the trivial family P! x P!, then deg f.Ox (—¢Kp, jp1) = 0 for every ¢ > 1, and hence
Theorem 6.7 holds true without the need of a twist.

On the other hand, if e > 1, the degree of the locally free sheaf f.Ox(—qKp, /p1) is strictly greater
than zero for every ¢ > 1 (more precisely, fixed ¢, it tends to infinity when e grows). This shows that
the twist in Theorem 6.7 is in this case necessary, and indeed fo : Fg — P! is a twist of f. : F, — P! for
every e > 1, see [XZ20, Example 5.2].

6.2. Application to the moduli space of K-semistable Fano varieties. Let M,Ifm be the algebraic
stack of K-semistable Fano varieties with dimension n and volume v. Note that ./\/l,[f » is an Artin stack

of finite type. Let 7: X, , — M be the universal family. Define the Chow-Mumford (CM) Q-divisor
(well-defined up to Q-linear equivalence)

Aem = —mu(—Kx, ,mi )"
This Q-divisor is Q-Cartier and nef by [CP21a, Theorem 1.1(a)].

Let M5 the open Deligne-Mumford substack of M, parametrizing K-stable Fano varieties. The
stability threshold is a lower semi-continuous function, strictly greater than 1 on ./\/lff »7, which in principle
can assume countably many values. We can however consider as invariant the minimum between the
stability threshold and (n 4 1)/n. This second invariant is lower semi-continuous and constructible for
the Zariski topology by [LXZ22, Corollary 3.7], and we call 8, > 1 its minimum on M5 (we apply

[LXZ22, Corollary 3.7] to the normalisation of an atlas of M%),
Theorem 6.9. With the above notations, let T' be a normal projective curve in M,, ,, intersecting ij

For any rational number C > 1 consider the Q-Cartier Q-divisor on X, ,

671,71
(Oppw —Dv(n+1

He = 7KXn,u/MnK,U +C )W*/\CM-

(1) Let g > ﬁ be a positive integer such that qHc is Cartier. Then

" (HET) — amOx,  (He)

intersects non-negatively T'.
(2) Let g > ﬁ be a positive integer such that qgHco is Cartier and —qKFg is globally generated for
any F € M[S5. Then
n

+1 n+1 qv

amOx, ,(qHc)

intersects non-negatively T'.

Proof. Let f: X — T be the pull-back of the universal family. Note that: X is normal since all the fibers
of f are normal (being K-semistable Fano varieties), —Kx,r is Q-Cartier and f-ample by the Kollar
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condition on families of K-semistable Fano varieties and a general fiber F' is K-stable by the assumption
that T intersects M[ 5. Hence, the results follows from Theorem 6.4 (with A = 0) using that

T (HET) T = HEFY
Clﬂ*OXn’v (qHC) T = deg f*OX (qHC)v

In the second equality we have used the base change property m.Ox, ,(¢Hc)r = f«Ox(qHc), which
holds because all fibers of 7 are Fano varieties with klt singularities and then by Kawamata vanishing
we have R'm. Oy, ,(qHc) = 0 for all i > 0.

(6.2)

O

The coarse moduli space of the DM stack ./\/lffj is a quasi-projective variety that it is not proper in
general. However, if V C ./\/lffvs is a proper (and hence projective) closed subscheme, then the Chow-
Mumford Q-divisor Acps is ample on V' (see [CP21a, Theorem 1.1] and [XZ20, Theorem 1.1]), and
Theorem 6.9 provides new nef line bundles on V.

It is worth mentioning that M has a projective good moduli space M, , but neither det (7. Ox (¢Hc))

n,v’

nor det (W*OX(—qKX/Mffv)) descend, in general, to Q-line bundles on MX : hence we do not see how

n,v’
to use slope inequalities to construct nef Q-line bundles on va. On the other hand, the Chow-Mumford
Q-divisor Acps descends to an ample Q-Cartier Q-divisor on Mf:v, see [X720, LXZ22].

7. SLOPE INEQUALITIES UNDER OTHER STABILITY CONDITIONS

The aim of this section is to collect some slope inequalities that are true under GIT or slope (semi)stability
conditions. These slope inequalities are formulated in term of the following notion of positivity for divi-
sors on the total space of a fibration over a curve (as in the setup 3.1), which was studied in detail by
Barja and Stoppino in a series of papers [BS09, BS14, BS16].

Definition 7.1. ([BS09, Def. 1.3]) Assume that we are in the set-up 3.1. We say that the divisor L is
f-positive if

n

The above notion can be slightly rephrased if f.Ox(L) has positive degree. More precisely, if
deg f.Ox (L) # 0, then we define the slope of L to be

LnJrl
s(L) = —————.
L) = S r.ox @)
Then, under the assumption that deg f,Ox (L) > 0, we have that
Ln
7.1 L is f-positi L)>BS(Lr) = D e —
(7.1) is f-positive <= s(L) > BS(LF) := (n+ )hO(F,LLFJ)’

where BS stands for the Barja-Stoppino invariant of the Q-Cartier Q-divisor Ly on F.
Under some positivity assumption on Lg, the Barja-Stoppino invariant of Ly admits the following
lower bounds, which should be compared with the slope inequalities in Corollaries 4.2 and 4.3.

Remark 7.2. Assume that we are in the setup 3.1 and that Lg is nef and with generically finite
associated map ¢r, ..

(1) We have that

L hO(F,| L) —n
BS(Lp)> (n+1)—E— > (n4+1)—21——2r
) = e Vs = O D (L)
with equalities if and only if L% = h(F, | Lr]|) — n.
This follows from the fact that L% > h%(F, |Lr]) — n, see Corollary 2.5(i).
(2) If, moreover, either dim F' > 2 and x(F) > 0 or dim F' =1 and Lp is special, then we have that

WO(F,|Lr]) —n

> (n+1) L% +n
F

)

n 0 —-n 0 Fl)—n
BS(Le) > 20+ 1) g > 200+ ) g Lt 5 ) R

with equalities if and only if L% = 2h°(F, |Lr]) — 2n.
This is a consequence of the inequality L% > 2h°(F, | Lg|) — 2n, which follows from Corollary
2.5(ii) if dim F' > 2 and from Clifford’s theorem if dim F' = 1.
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If we modify L by the pull-back of more and more positive divisors from the base, then the slope of
L will become closer and closer to BS(Lp), as we now show.

Proposition 7.3. Assume that we are in the setup 3.1 and that deg f,Ox (L) > 0. Let A be an ample
divisor on T'. Then the slopes s(L + qf*A) converge monotonically to BS(Lr) as N> ¢ — +o0.

Proof. Using that (f*A)? = f*(A?%) = 0 since A is a divisor on a curve and the projection formula, we
compute

(L+qf*A)" =L + g(n+ 1)L} deg A,
fOx(L+qf*A) = f.Ox(L) ® Or(qA) = deg f.Ox(L + qf*A) = deg f.Ox (L) + gh°(F, | Lr]) deg A.

From the above formulas we get that

S(L+af*A) = BS(Lp) = o ;leé i*((zﬁ(/;;%) [s(L) ~ BS(Lr)],
egA-h°
(L4 a* ) - s(t) =SB T L 51 - ().

Hence, we conclude that

72 {s(L) < BS(Lp) = s(L) < s(L+qf*A) <BS(Lp),
' <

BS(Lp) < s(L) = BS(Lp) < s(L+qf*A) < s(L).
Formulas (7.2) imply that the sequence s(L+qf*A) converges monotonically to BS(Lr) as ¢ — +o00. O

Remark 7.4. The above Proposition shows that the lower bound s(L) > BS(Lp) (i.e. the f-positivity
of L) is the best possible lower bound we can hope for s(L) in terms of numerical invariants of the general
fiber F.

However that there are examples of fibrations f endowed with (sufficiently positive) divisors L that
are not f-positive: for example, Hu-Zhang have constructed in [[1Z21, §2.1, §2.4, §3] families of smooth
canonically polarized varieties of any dimension n > 2 such that the relative canonical bundle is not
f-positive.

In subsection 8.1, we investigate the f-positivity for families of polarized varieties of minimal degrees
and polarized hyperelliptic varieties.

The f-positivity of L holds true provided that either (F, L) is Chow semistable (e.g. if it is Hilbert
semistable) or f,Ox (L) is semistable.

Theorem 7.5. ([Bos94, Thm. 3.3]) Assume that we are in the set-up 3.1 and that, moreover, L is f-nef.
If Lr is a globally generated Cartier divisor and the cycle (¢1,.)«(F) C P(H°(F,Lr)Y) is Chow
semistable then L is f-positive.

The special case of the above result when L is f-ample, Ly is a very ample Cartier divisor and the
subvariety ¢r,,.(F) C P(H°(F, Lr)V) is Hilbert semistable was proved earlier by Cornalba-Harris [CHSS,
Thm. 1.1] (see also [BS09, Cor. 2.3])

Theorem 7.6. Assume that we are in the set-up 3.1 and that, moreover, L is f-nef and Lg is Cartier
and globally generated.
If f.Ox (L) is semistable of non-negative degree then L is f-positive.

The above result was proved for a Cartier divisor L in [BS14, Thm.1.3] under the further assumption
that either L is f-globally generated or L is nef.

Proof. Denote by
deg f.Ox (L) _ deg f.Ox(L)
= «Ox (L)) = =
the slope of the locally free sheaf f,Ox(L). Using that F? = 0, we compute that

L’n
L—pF)"*tt = — 1)~ deg f.Ox(L).
In particular
(7.3) L s f-positive <= (L — uF)"! > 0.
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Using the notation of §3 (with £ = 1 since f.Ox(L) is semistable) and the fact that f,Ox (L) is nef
since it is semistable of non-negative degree (see (3.4)), our assumptions imply that

M — puF is nef by Proposition 3.6 = 0 < (M — pF)" "' = M — (n+ 1)uP},
(7.4) L™ > M by Lemma 3.10(ii),
L% = P' by Proposition 3.5(v).
By putting together the above formulas (7.4), we get that
(L — pF)"™ > (My — pF)" >0,
and hence that L is f-positive by (7.3). O

Remark 7.7. When L is f-globally generated, so that My, = L, and f.Ox (L) is semistable, the proof of
Theorem 7.6 shows that the nef threshold of L with respect to a fiber F is at least the slope u(f.Ox (L))
of f,Ox(L). It is worth recalling that [Xia87, Remark 2, Section 4] gives an example where f,Ox (L) is
not semistable, L — u(f«Ox (L))F is not nef, but still the family is f-positive.

8. EXAMPLES

In this section we will compute the slope of some natural families of polarised varieties. At the end of
each example, we will discuss why it is relevant for the purposes of this paper.

8.1. Families of varieties of minimal degree and of polarized hyperelliptic varieties. In this
subsection, we are going to compute slopes of several natural families of

o varieties of minimal degree, i.e. polarized varieties (F, Lr) such that Lp is very ample and it
embeds F as a (non-degenerate) variety in P(H(F, Lr)V) of degree deg F' = codim F + 1 (see
[EH87]). Note that, for any such family, we have that L% = h®(F, Lp) — n, where n = dim F, so
that all the inequalities in Remark 7.2(1) are equalities.

e hyperelliptic polarized varieties, i.e. polarized varieties (f, L r) such that L r is base point free
and it induces a double finite cover of a variety of minimal degree (see [Fuj83]). Note that, for any
such family, we have that Z;a = 2h0(ﬁ, L r) — 2n, where n = dim ﬁ, so that all the inequalities
in Remark 7.2(2) are equalities.

In all the examples, we will use the following notation. Given a locally free sheaf E of rank r
on a scheme S, we will denote by 7 : Pg(E) — S the projective bundle of quotients of F and by
H = Hpg any tautological divisor on Pg(FE), i.e. any effective Cartier divisor on Pg(E) such that
Opg(p)(HE) = Opg(p)(1). With these convention, we have that

Sym?(E) for any d > 0,

T.O0py(p)(dHE) = { 0 for any d < 0.

(8.1)
H™ =) (-1)"'n"(ci(E)H ™" € A" (Ps(E)).
i=1
Moreover, we are going to use frequently the following two nefness results. Let F be a locally free

sheaf on an irreducible smooth and projective curve T and denote by u_(F) the lowest slope in the
Harder-Narasimhan filtration of E. Then we have that (see [Ful, Lemma 2.1] and [Laz2, Thm. 6.4.15]):

Eisnefon T < pu_(FE) >0 [Hartshorne’s theorem],

8.2
(82) dHg + f*(A) is nef on Pr(FE) < d > 0 and du—(E) + deg A > 0 [Miyaoka’s theorem].

Example 8.1. [Families of projective spaces and their double covers]

Let T be a smooth irreducible projective curve and let E be a nef locally free sheaf on T of rank n+ 1
and of positive degree.

Family of projective spaces

Consider the projective bundle f : X := Pr(E) — T and let L := H be any tautological divisor on
Pr(FE). Note that L is nef since F is nef and its restriction to a general (and indeed any) fiber F = P"
is a hyperplane divisor, and hence it is very ample. Using (8.1), we compute

{f*OX(L) =F (= f«Ox(L) is nef),

L™ = deg(E),
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from which we deduce that
(8.4) s(L) =1=BS(Lp).

Note that this example realises the equality in Theorem 4.9(1) with ¢ = 1 and also it provides an example
where the f-positivity is sharp (see (7.1)).

Double covers

Fix now an integer m > 2 and a divisor A on T such that

|2(mH + f*A)| # () and the general element R € |2(mH + f*A)| is smooth.

Take a general effective smooth divisor R € |[2(mH + g*A)| and denote by 7 : X — X = Pp(E) the

finite double cover ramified along R and set f : X 5> X L, 7. Consider the nef divisor L = 7 (L) on X.
Note that a general polarized fiber (F, Lr) of f is a double finite cover of (P™, Hpn) ramified along a
smooth hypersurface of degree 2m > 4, and hence

(8.5) BS(Lr) = 2BS(Lp) = 2.
Using (8.3), the projection formula and the formula 7,0 = Ox ® Ox(—mH — f*A), we compute:
5.6) {fi;og(i) = form* Ox (L) = fo (Ox (L) ® Ox(H —mH — f*A)) = E (= f.O%(L) is nef),
LTt =21 = 2deg F,
from which we deduce that
(8.7) s(L) =2 =BS(Lp).
Note that example realises the equality in Theorem 4.9(2) with ¢ = 1 and also it provides an example

where the f-positivity is sharp (see (7.1)).

Example 8.2. [Families of Veronese surfaces and their double covers]

Let T be a smooth irreducible projective curve and let E be a nef locally free sheaf on T of rank 3
and of positive degree.

Families of Veronese surfaces

Consider the projective bundle f : X := Pr(E) — T and set L := 2H where H is any tautological
divisor on Pp(E). Note that L is nef since F is nef and a general (and indeed any) fiber (F,Op(Lp)) is
isomorphic to the Veronese surface (P2, Opz2(2)).

Using (8.1), we compute

f(Ox(L)) = Sym*(E) = deg f.(Ox(L)) = deg Sym*(E) = 4 deg E,
L} = (2H)? = 8deg(F),

(8.8)

from which we deduce that
(8.9) s(L) =2 =BS(Lp).

Double covers
Fix now an integer m > 3 and a divisor A on T such that

|2(mH + f*A)| # 0 and the general element R € [2(mH + f*A)] is smooth.

Take a general effective smooth divisor R € |[2(mH + g*A)| and denote by 7 : X — X = Pp(E) the

finite double cover ramified along R and set f : X 5> X L, 7. Consider the nef divisor L = 7*(L) on X.

Note that a general polarized fiber (F,Lg) of f is a double finite cover of (P2, 2Hpz) ramified along
a smooth hypersurface of degree 2m > 6, and hence

(8.10) BS(Lr) = 2BS(Lp) = 4.
Arguing as in Example 8.1 and using (8.8), we get that

{ﬁog(i) = f.Ox(L) =Sym*E, .

8.11 ~ = s(L) =4 =BS(Lp).
(810 L' = 21" = 16deg(E), ( (

Note that these families provide examples where the f-positivity is sharp (see (7.1)).
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Example 8.3. [Families of Quadrics and their double covers]
Let T be a smooth irreducible projective curve, let E be a nef locally free sheaf on T' of rank n + 2
and of positive degree, and let H be a tautological divisor on the projective bundle h : Pr(E) — T.
Families of Quadrics
Consider a divisor A on T such that

*) |2H + h* A| # () and the general element in |2H + h*A] is normal.
Take a general divisor X € |2H + h*A| and let f : X — T be the restriction of h, which is a fibration
of quadric hypersurfaces in Pr(E). Let L := H|x which is a nef Cartier (since £ is nef) divisor on X.

Note that a general fiber F of f : X — T is a quadric inside P*"*! and Lp is a hyperplane divisor on
F', and hence

L% 2 2
8.12 BS(Lp) = )—=~ — = )—— =2- :
(8.12) (Lr) = (n+ )hO(F,LF) (n+1)75 nt2
The top-self intersection of L on X can be compute inside Pr(E) as it follows (using also (8.1))
(8.13) L= gttt X = g (2H + bt A) = 2H™T? + H' . h* A = 2deg E + deg A.
In order to compute the degree of f.Ox (L), consider the exact sequence of the divisor X C Pr(F)
tensored by Op,(g)(1):
0— OPT(E)(fH — h*A> = OPT(E)(l)(fX) — OIP’T(E)(1> — OIP’T(E)(l)\X = Ox(L) — 0.
By taking the pushforward along h and using that h,Op,.(g)(—H —h*A) = R'h,Op,. () (—H —h*A) = 0,
we get the isomorphism

(8.14) E = h.Op,(5)(1) = f.Ox(L).

In particular, f,Ox (L) is nef by our assumption on E. From (8.13) and (8.14), we get that
deg A

8.15 L)y=2 .

(815) (D) =2+ g

Note that

deg F
tk B

s(L) > BS(Lp) & deg A > —2u(F) = -2
Double covers
Fix now an integer m > 2 and a divisor B on T such that

(**) [2(mL + f*B)| # 0 and the general element in |2(mL + f*B)| is smooth.

Take a general effective smooth divisor R € [2(mH + f*B)| and denote by 7 : X — X the finite double

cover ramified along R and set f: X = X L, 7. Consider the nef divisor L := * (L) on X.

Note that a general polarized fiber (ﬁ , L F) of J?is a finite double cover of (F, L) ramified along a
divisor of |2mLp| (with m > 2), and hence

~ 4
8.16 BS(Lr) =2BS(Lp) =4 — .
(.16) (Lr) =2BS(Lr) =4~
Arguing as in Example 8.1 and using formulas (8.13) and (8.14), we get that
.}?*O~ z = f*o L) = E, ~ d A
(8.17) _ x(h) x(5) = s(I) =4+2-82
L' = 2L+ = 2(2deg E + deg A), deg

Examples of small slopes
In order to obtain examples of small slope, we can take 7" = P! and

E=05"""30p(d)* with3<r<n+2andd>1 and degA = —2d.
With these choices, the general element X of
12H + h*(A)| = P(H°(P', Sym*(E) ® Op1(A)))

is a family of quadrics over T' of generic rank r (and hence it is normal since r > 3) and, using (8.15),
its slope is

2d
- =
with equality if and only if 7 = n + 2, i.e. the family f : X — P! is generically smooth. And the same
thing is true for a double finite cover ]?: X = T of f: X — T as above.
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In particular, this example shows that Theorem 7.5 can fail without the Chow semistability of the
general fiber and that Theorem 7.6 can fail without the slope semistability of f.Ox (L).

Example 8.4. [Families of Rational Normal Scrolls and their double covers]

Let T be a smooth irreducible projective curve, let F be a locally free sheaf of rank 2 on T" and denote
by u—(FE) the smallest slope in the Harder-Narasimhan filtration of E. Consider the projective bundle
h:S:=Pr(FE)— T and let Hg be a tautological divisor on S. Fix a n-tuple of integers d; > ... > d, >0
and an n-tuple {A1, ..., A,} of divisors on T of degree a; := deg A; subject to the following assumptions

) a; +dip—(E) >0 for any 1 <i < n.

Consider the projective bundle g : Pg (), Os(d;) ® h*Op(A;)) — S and let H be a tautological divisor
on it.

Families of rational normal scrolls

Consider the polarized family

fe PS<@OS ) ® h*Or(A ))::X&SQTanszﬂ.

Note that L = H is nef on X since, for each 1 <4 < n, the line bundle Og(d;) ® h*Or(A;) is nef on S
by Miyaoka’s theorem, using the assumption ().
The general (and indeed any) fiber of f is the rational normal scroll

F =Pp (EB Op1 (di)>
i=1
and L is a tautological divisor on F'. Hence we have that

(8.18) BS(Lr) = (n + 1)% —(n+ 1)%_

We now compute the sheaf f,Ox (L) using (8.1) as it follows

F+0x (L) = ha (9. (Ox (L <EB Os(di) @ h*Or(A ) @sym ) ® Or(4;).

Since p_ (Sym% (E) @ Or(A;)) = dipi_(E) 4+ a; > 0 because of the assumption (1), we conclude that
f+Ox (L) is nef by Hartshorne’s theorem. Moreover, taking the degree in the above formula, we get

(8.19)
deg f.Ox (L Z: [deg Sym% (E) + (rkSym® (E)) deg OT(Ai)} = z_: {(dz; 1) deg E + (d; + 1)a;

Observe that, using the above formula, the assumption (f) and the fact that deg £ > 2u_ with equality
if and only if E is semistable, we deduce that deg f.Ox (L) > 0 if and only if either E is not semistable
or one of the inequalities in (1) is strict.

Let us now compute the top self-intersection of L. The non-zero Chern classes of the locally free sheaf
V=@,0s(di) ® h*Or(A;) on S are

= (diHs +h*4;) € AY(S),
i=1

> (didjdeg E + dia; + dja;) € Z = A*(S),
1<i<j<n
where we used the formula H2 = deg E (see (8.1)). Using the above formulas and by applying (8.1) first
to the projective bundle g : Pg(V) — S and then to its restriction to the divisors Hg and h*(A;) of S,
we get that

L' = H" = g*(er(V)) - H" = g*(ca(V)) - H" ! = Z 9" (diHs +h"A;) - H"] — c2(V) =

=Y di(Hgeny)" +Z Hge (e (a,)" = c2(V

i=1 =1

“;H
& M:
I
=
Q
<
195}
=
+
.
HM:
o
S
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=
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N
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n

= Z d; Z (dj degE + aj) + ZZaidj — Z (didj degE + diaj + djai) =

i=1 j=1 i=1 j=1 1<i<j<n

(8.20) = idﬂ > did, degE—i—ZQdaz—i— > dia;.
=1

1<i<j<n 1<i#j<n
From (8.19) and (8.20), we get that (assuming deg f.Ox (L) > 0)

(Zz 47+ Zl<z<]<n did; ) deg B+ 371, 2d;a; + Zlgi;&jgn dia;
S () deg B+ 0L, (di + 1)as

(8.21) s(L) =

Double covers
Fix now two integers «, 8 such that a > 2 and ad,, + 8 > 0, and a divisor B on T such that

(M |2(aL + Bg*Hg + f*B)| # (0 and the general element in |2(aL + Bg*Hg + f*B)| is smooth.

Note that the above assumption is realised by a sufficiently positive divisor B on T since the divisor
aL 4+ fg*Hg is f-relatively very ample under the above assumptions on «a and 8 (see [Fuj83, (5.7)]).
Take a general effective smooth divisor R € |2(aH + Sg*Hs + f*B)| and denote by 7 : X — X the finite

double cover ramified along R and set f X & X L 7. Consider the nef divisor L := 7 *(L) on X.

Note that a general polarized fiber (F,Lr) of f is a finite double cover of (F, Ly) ramified along a
divisor of |2(aLr + B(Hs)|r)|, and hence

> di

(8.22) BS(Lr) = 2BS(Lp) = 2(n+ 1)m.

Arguing as in Example 8.1 and using formulas (8.19), (8.20) and (8.21), we get that

(8.23) {f*o (B =L0x(D), 5
Ln+1 Ln+1
Special cases
Note that if either d; = ... = d,, := d (which implies that (F, Lr) is Chow stable) or deg E = 2u(FE)
and a; + d;u—(F) = C for some positive constant C' and any 4 (which is equivalent to the semistability
of f,Ox (L)), then we have that (for all choices of a; subject to (}))

s(L) = (n+1)—— = BS(Lp).

d+1
In particular, we get examples where Theorem 7.5 and Theorem 7.6 are sharp. And the same thing
is true for a double finite cover f X =T of f: X — T as above.
On the other hand, if not all the integers d; are equal among themselves then, by fixing some numbers
{az,...,a,} subject to (1) and letting a1 — +00, we get that

ai1—+oo dl +sz Z d

L 1)==>—— =BS(L
(L) T e e = B (L),
where we used that d; > EZ * (which follows from the fact that d; > ... > d,, and that not all of the
d;’s are equal). As anextreme case,if dy :=d>2>dy = ... —dn—Oand as =...=ay, = 0 then we
have that
d? deg E + 2da, d
s(L) = =2 <(n+1 = BS(LF).
2 (dgl)degEqL(dJrl)al d+1 ( )d—i-n (Lr)

In particular, this example shows that Theorem 7.5 can fail without the Chow semistability of the
general fiber and that Theorem 7.6 can fail without the slope semistability of f,Ox(L). And the same
thing is true for a double finite cover f: X — T of f: X — T as above.
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8.2. Families of hypersurfaces in weighted projective spaces. The aim of this subsection is to
compute the slope of families of hypersurfaces inside a weighted projective space over P!,

Let a = (ag,...,an+1) be a collection of positive natural numbers (for some n > 1) and consider the
(n + 1)-dimensional weighted projective space P(a) := ProjS(a), where S(a) is the graded polynomial
algebra k[Xo, ..., Xn+1] such that X; has weight a;. Without loss of generality (see [Dol82, Sec. 1.3]),
we can assume that a is reduced (or well-formed), i.e.

1=ged(ag, .-, @Gi—1,Qit1s-- . any1) forany 0<i<n+1.

Denote by H, any tautological divisor, i.e. Weil Q-Cartier divisor such that Op(q)(Hy) = Op(q)(1). For
any m > 0, denote by S(a)., the (finite dimensional) k-vector space of homogeneous elements of S(a) of
degree m. Set |a| ==, a;.
Recall the following well-known facts (see [Dol82, Sec. 1.4, Sec. 2.1]):
1
Hn+1 _
“ [T ai’
dim S(a),, if 0 =71,
(8.24) H'(P(a), Op(a)(m)) = 0 #O0<i<n+l,
dim S(a)_y—jq ifi=n+1,
mH, is Cartier < mH, is Cartier and base point free < lem(ag, ..., an+1)|m,
Kp(a) = —|a|Hy-

Consider P(a) x P!, denote by p; : P(a) x P! — P(a) and ps : P(a) x P! — P! the two projections, and
set Hy := p{H, and by Hs the pull-back of a tautological divisor on P! (i.e. a fiber of ps). Fix integers
d,e,h > 0 and [ > 0 such that

(8.25) { dim S(a). — dim S(a)e_q > 0,

lem(ag, ..., ant1)ld.
From the second assumption in (8.25), the divisor dH; + [Hs is Cartier and base point free; hence,
the general divisor in |dH; + [Hs| is normal and connected by Bertini’s theorems. Fix now a normal

connected hypersurface X € |dHy + lHs|, which is endowed with the fibration f = (p2)|x : X — P
Consider the ample Q-Cartier Weil divisor L := (eH; + hHs)|x on X.

Remark 8.5.
(1) The general fiber F' of f is a normal connected n-dimensional hypersurface in P(a) which is a
general element of the linear system |dH,| and the restriction of the polarisation L is equal to
Lr = (eHy)|r. By our assumptions (8.25) on d, F' is well-formed [IaF100, 6.10] and quasi-smooth
[[aF100, Thm. 8.1]; hence by the adjunction formula for F' C P(a) (see [[aF100, 6.14]) and (8.24),
the canonical divisor of F' is equal to
(8.26) Kp = (Kp) + F)r = (d—|a|)(Ha) -
In particular, we have the following trichotomy
F is Fano <= d < |q|,
Fis CY < d = |a],
F is canonically polarized <= d > |a].
(2) By the adjunction formula for X C P(a) x P! and (8.24), the relative canonical divisor of f is
equal to
(827) KX/PI = (Kp(g)xpl/[pl + X)\X = ((d - |Q|)H1 + lH2)|X .
Hence we have that
L=Kxp <= e=d—|a| and h = L.
In particular, in this case the general fiber F' is canonically polarized.
We now compute the numerical invariants of L, i.e. L™ and deg f.Ox(L). Using that H3 = 0 and
H' . Hy = Hg“ and formula (8.24), we compute the top self-intersection of L as it follows
e" T + (n+1)e™hd
[L; ai .

(8.28) L' = (eHy + hHo)" ™' - (dHy +1Hs) = [" T + (n+1)e"hd|H" - Hy =
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In order to compute f,Ox (L), we take the exact sequence of X C P(a)xP!, we twist by Op(ayxpr (eH1+
hHjy) and then take the reflexive hulls to get the exact sequence:

0— Op(g)xpl((e — d)Hl + (h — l)HQ) — Op(g)xpl (6H1 + hHg) — Op(g)xpl (eH1 + hHQ)‘X = Ox(L) — 0.

By taking the push-forward along f of the above exact sequence, we get the following exact sequence of
locally free sheaves on P':

0 — Op1(h — )™ S@e—a _, Op, (R)dMS@e 5 £ Op(Lp) — 0,

from which we deduce that
(8.29)
deg f.Ox (L) = deg Op: (h) "™ 5@ — Opa (h— 1)1 S @We=t — h(dim 5(a) —dim S(a)e—q) +1 dim S(a)c—q-

In particular, by the assumptions (8.25), we have that deg f.Ox (L) > 0, and the slope of L is equal to

e" T + (n+1)e™hd
[L; @i - [A(dim S(a)e — dim S(a)e—q) + 1 dim S(a)e—a]

(8.30) s(L) =
Remark 8.6. The divisor L is f-positive if and only if
d
(8.31) dim S(a). > {1 +(n+ 1)—} dim S(a)c—g.
e
In order to show that, let us compute the Barja-Stoppino invariant of Lr. The top-self intersection
of Ly is equal to (using (8.24))
ed
[L;ai
Arguing similarly to the above computation of deg f.Ox (L), it follows that
(8.33) hO(F, Lp) = h°(P(a), Op(a)(e)) — h°(P(a), Opa) (e — d)) = dim S(a)e — dim S(a)e—q.

(8.32) n= (eH,)" - dH, =

Hence we get that

Ly (n+1)e™d
RO(F,Lr) [, ai-[dimS(a)e — dim S(a)e—d)”
By combining the formulas (8.30) and (8.34), we get (8.31).

We finally note that Inequality (8.31) is trivially true if e < d, while we don’t know if it always true
for e > d.

(8.34) BS(Lr) = (n+1)

The above formula (8.30) simplifies if we are in the following

8.2.1. Special case: 1 =e < d.

Indeed, by the first assumption in (8.25), we must have that dim S(a); > 1, which implies that some
of the weights a; must be equal to one. If we define the natural number 0 < w:={i:a; =1} -1 <n+1,
then we have that dim S(a); = u + 1. Substituting into (8.30), we get that the slope of L in this special
case is equal to

n L
(8.35) s(L) = %

We now consider examples of fibrations of small slopes.

8.2.2. Fxample I. Take
a=(1L1a,...,a) witha>2 d=ma withm>1.

Note that assumptions (8.25) hold true and that, by Remark 8.5(1), the general fiber F' is canonically
polarized (resp. of non-negative Kodaira dimension) if m > n + 2 (resp. m > n + 1). Formula (8.35)
gives that
1 1
s(p) = It bmat g 0 ifn>2

2an a——4o00

This example shows that in Theorem 4.9(2) (resp. Theorem 4.9(1)) the hypothesis that ¢r,,, is generically
finite (resp. or that Lp is Cartier) cannot be dropped.
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Remark 8.7. The construction above gives examples of families in any fixed dimension n > 2, in which
the Gorenstein index of the general fibre goes to infinity. For simplicity, let us take m = n + 1. Then
for any odd integer o bigger than 2, the Cartier index of Kp = (o — Q)Hlu? is a. In fact, on the one

hand aK is Cartier and on the other hand K% = (o — 2)™/a™ and we conclude since o and o — 2 are
coprime.

8.2.3. Ezample II. Consider the Sylvester sequence {sy }nen (see the sequence [OEIS, A000058]) defined
inductively as s, = 1 + szol s; with the initial condition sg = 2. Define b; := H0<j#<n_1 s; for every
0<7<n-—1, and take T

n—1
a = n—1 = o(sp — = S; e = = > 0.
(1,1,3bg,...,3by_1), d=3( D =1]]s: 1, h=1>0
1=0

Note that assumptions (8.25) hold true and that we have
1+ ]a|=3+3bp+...+3bp—1 =3(sn— 1) =d,

which is proved by induction on n using the formula s, = s2_; — s,_1 + 1. By Remark 8.5(2), we have
that L = Kx/p1. Formula (8.35) gives that

3n+1)(sn—1)+1
2-37(s, —1)n—1 7

S(KX/IPI) =

which is smaller than 1 if n > 2 and it decays double exponentially as n — 400 since s, grows doubly
exponentially in n (see loc. cit.). We expect that lower slopes are possible using examples of varieties of
general type with small volume as constructed in [BPT13] and [TW21].

This example shows that in Theorem 4.9(2) (resp. Theorem 4.9(1)) the hypothesis that ¢, is
generically finite (resp. or that Lp is Cartier) cannot be dropped even under the assumption that
Lp = Kp.

8.2.4. Example III. Take
a=(1,1,...,1,2)n+3) withe=1, d=2(n+3) and h=1>0.

By Remark 8.5(2) we have that L = Kx/p and the general fibre F' of f : X — P! is a canonically
polarised variety of dimension n. By (8.35) we get

1+ (n+1)2(n+3) 1 n+1
D= —ntsm  mmis  w

When n is even, X is smooth and this shows that for families f : X — T with smooth general fibre
the minimum slope tends to 1 when n grows. In [HZ21, Theorem 1.5] it is shown that for n = 2 the
sharp slope is 4/3.

8.2.5. Example IV. Take
a=(1,1,8,12) withe=2, d=24 andh=1>0.

By Remark 8.5(2) we have that L = Kx/p1 and the general fibre F of f : X — P! is a canonically
polarised (singular) surface.
Note that dim S(a)2 = 3 and so
RO(F,Lp)—2 4

4d—— = .
hO(F, LF) 3

By (8.30) we obtain
9343.22.24 1 4
o2 t32rea 14
s(L) 8123 T3 3

This shows that the assumption that ¢, is generically finite in Corollary 4.2 can not be dropped.
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8.2.6. Example IV. Take
a=(1,1,ak,Bk) withe=k, d=afk andh=1>0.

where «, 8 > 2 and k are positive integers.
Note that dim S(a)r = k£ + 1 and so

W(F,Lp) -2  4(k—1)
W(F, Lg)  k+1

4

By (8.30) we obtain

K343k aBk k 3k
s(L) = ok _ + .

aBbk?(k+1) afk+1)  k+1

If a, B and k are pairwise coprime, then Lg is Cartier. For «, 8,k > 0 we have
hO(F, L) —2

hO(F, LF)

This shows that the assumption ¢y, generically finite in Corollary 4.2 can not be dropped in general,
even if L is Cartier.

s(L) <4
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