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Abstract

In this dissertation we explore the birational geometry of higher-dimensional algebraic
varieties in positive characteristic, with a special emphasis on the study of varieties of
Fano type and the singularities of the Minimal Model Program.

In the first two chapters we prove that many classical statements of the Minimal Model
Program do not hold in characteristic p > 0 by exhibiting explicit counterexamples: we
construct a klt del Pezzo surface violating the Kawamata-Viehweg vanishing theorem and
Kawamata log terminal threefold singularities which are not rational in characteristic three,
purely log terminal pairs with non-normal centres and terminal Fano varieties with non-
vanishing intermediate cohomology in all positive characteristic.

Then, we discuss a joint work with H. Tanaka where we study the geometry of threefold
del Pezzo fibrations in positive characteristic. This is done by carrying out a detailed
analysis of surfaces of del Pezzo type over an imperfect field k: we bound the torsion index
of numerically trivial line bundles and we show geometric integrality of such surfaces in
characteristic at least seven. On the arithmetic side, we show that a surface of del Pezzo
type over a Cq-field admits a closed point with purely inseparable residue field of bounded
degree.

Finally, in the last chapter we prove a refinement of the Base point free Theorem for nef
Cartier divisors of numerical dimension at least one on Kawamata log terminal threefolds

in large characteristic.
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Introduction

The discipline of Algebraic Geometry, whose origin can be traced back to the work on conics
of Apollonius of Perga in the hellenistic period, studies the possible shapes of algebraic

varieties - geometric objects defined by polynomial equations.

The ultimate goal of Algebraic Geometry lies in finding a classification theorem for
algebraic varieties. As Hartshorne points out in the introduction of his influential book
[Ha77, Section I.8] one can split the classification problem in two parts. First, we want
to achieve a birational classification. This means to construct a ‘minimal’ representative
in each birational equivalence class. The adjective minimal suggests that the internal
geometry of the variety constructed should be as simple as possible. Once this is achieved,

one can hope to construct a ‘moduli space’ parametrising minimal varieties.

In this thesis, we will mostly concentrate on the birational aspect of the classification
problem, especially from the modern point of view of the Minimal Model Program. The
first step in the birational classification of algebraic varieties were established by the Italian
school of Algebraic Geometry of Castelnuovo, Enriques and Severi (whose period span the

years 1885-1935), who completely settled the case of algebraic surfaces.

Despite the very early results on algebraic surfaces, it was not until the work of S.
Mori in the eighties that a general framework to deal with the higher dimensional case was
established. The basic idea is that most of the information on the birational geometry of
an algebraic variety X is encoded in the positivity properties of the canonical line bundle
wx = Ox(Kx) = /\dimXQ}(, where Qk is the cotangent bundle of X. The Minimal
Model Program (in short, MMP) is an algorithm which uses Ky as a compass to construct
the desired simple birational representative: starting from a smooth projective variety,
the MMP performs birational transformation which increase the positivity of Kx. The

following is the leading conjecture in modern birational geometry:

11



12 Chapter 1. Introduction

Conjecture 1.1 (Minimal Model Conjecture). Let W be a smooth projective variety over
an algebraically closed field k. Then there exists a birational contraction map ¢: W --» X
to a projective variety with ‘mild’ (terminal) singularities such that one of the following

alternative holds.

1. There ezists a projective morphism f: X — Z with connected fibres such that dim(Z) <
dim(X), —Kx is f-ample and the relative Picard rank p(X/Z) is one. In this case

we say f is a Mori fibre space.
2. The canonical divisor Kx is nef. Then one of the following alternatives hold:

(a) there ezists a projective morphism f: X — Z with connected fibres such that
dim(Z) < dim(X) and Kx ~q f*A for an ample divisor A on Z. In this case
we say that f is a Calabi-Yau fibre space;

(b) there exists a projective birational morphism f: X — Xcan such that Xcan has
canonical singularities and Kx_,, s ample. We say that Xcan s a canonically

polarised variety.

The conjecture can be thought as a uniformisation statement for higher dimensional
algebraic varieties. It essentially states that that every algebraic variety can be birationally
constructed starting from three type of building blocks with pure geometry: Fano varieties
(for which Kx is negative), Calabi-Yau varieties (for which Kx is trivial) and canonically
polarised varieties.

The minimal model conjecture for varieties of dimension three was solved in the eighties
by Mori and later generalised to the logarithmic case (see [Moar8g|, [Sho93] and the book
[Kol™92]). However, Mori’s proof relied on special properties of three-dimensional varieties
and his approach revealed to be difficult to generalise to higher dimension. In 2006, in
the seminal article [BCHNMIO| Birkar, Cascini, Hacon and M°Kernan proved the minimal
model conjecture in the case of varieties of general type over any field of characteristic zero,
building on earlier work of Shokurov and Hacon-M¢Kernan (see the monograph [Cor(7|).

All the results explained in the previous paragraph have been obtained for varieties
over fields of characteristic zero. So, what happens for fields of positive characteristic?
Answering this question is particularly interesting because, while later developments in
the MMP in characteristic zero relied on the Kodaira vanishing theorem, the first results
in Mori theory (such as the cone theorem for smooth varieties) were obtained using the
bend-and-break technique, which ultimately depends on reduction to positive characteristic
and the use of the Frobenius morphism.

In recent years, starting from the work of Keel [Kee99|, it has been realised that the
Frobenius morphism can sometimes act as a replacement to the failure of vanishing theo-
rems. More precisely, techniques from the theory of F-splitting have merged in the field
of birational geometry with tremendous success. In [TanTd, TanTH, TanlXd], Tanaka de-
veloped the full machinery of the logarithmic MMP for surfaces over excellent schemes.

In [HXTH]|, the authors proved the existence of the flips for threefolds in characteristic
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p > 5 using tools from the theory of F-singularities. This was the starting point for
the development of the threefold logarithmic MMP in characteristic at least five (see
[CTXT5, Birld, BWI7, HNTTA|).

Motivated by these recent developments, my Ph.D. research focused on reaching a bet-
ter understanding of the birational geometry of threefolds and higher-dimensional varieties

in positive characteristic. I was particularly motivated by the following questions:

1. Which classical statements of the Minimal Model Program over the complex numbers

are still valid in positive characteristic?
2. Which pathological phenomena can appear on threefolds in low characteristic?

3. Which properties of the singularities of the Minimal Model Program are still true in

positive characteristic?

4. What can we say about the structure of the end-products of the MMP? For example,
can we classify the bad behaviour of fibres of Mori fibre spaces and of Calabi-Yau

fibre spaces for threefolds?

The above problems are all strictly connected to properties of varieties of Fano type in
positive characteristic. In the following sections, we summarise our own original contribu-

tion to the theory of minimal models in positive characteristic.

1.1. Fano varieties and singularities of the MMP in character-

istic p > 0

The Kodaira vanishing theorem, together with its vast generalisation known as Kawamata-
Viehweg vanishing theorem, is ubiquitous in the modern approach to birational geometry

over a field of characteristic zero. The most important results of the Minimal Model

of the canonical ring and the existence of flips (|[BCHMTI(]) all rely on intensive applications
of vanishing theorems.

Unfortunately, Raynaud showed in [Ray78] that vanishing theorems a la Kodaira do
not hold in general for varieties over fields of positive characteristic. This failure is one of
the main obstacle to the implementation of the MMP algorithm in positive characteristic.
Since Raynaud’s example, a lot of research in positive characteristic birational geometry
focused on constructing examples of pathological varieties violating vanishing theorems
and on studying their geography (see for example [Eke8R, SB91, MukT3, ACETH]).

In this context, varieties of Fano type over fields of characteristic p > 0 violating

Kodaira-type vanishing theorems revealed to be so elusive to construct that Kollar even

varieties violating the Kodaira vanishing theorem has wide-ranging consequences: it has
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been long understood that vanishing theorems for Fano varieties are strictly intertwined
with the study of the singularities of the MMP and with extension theorems.

In Chapters B and B, we investigate these ideas by constructing Fano varieties that
violate vanishing theorems. Then, we use such examples to exhibit pathological behaviour

of singularities and the failure of extension theorems in positive characteristic.

1.1.1. Varieties of Fano type and Kodaira vanishing in positive charac-
teristic

In the recent article [TofT7|, Totaro constructs a striking sequence of examples of smooth
Fano varieties violating the Kodaira vanishing theorem in every positive characteristic.
Before Totaro’s examples, very few classes of varieties of Fano type violating Kawamata-
Viehweg vanishing had been constructed and exclusively in small characteristic (see [LRY7,
CTl, BerI?, KovIg]).

An important feature of Totaro’s examples is that the dimension of the Fano varieties

he constructs grows with the characteristic. Thus it is natural to ask the following

Question 1.2 ([TofT7, Section 6]). Fiz a natural number d. Does it exist a positive integer
po(d) such that varieties of Fano type of dimension d over a perfect field k of characteristic
p > po(d) satisfy Kawamata-Viehweg vanishing?

The above question seems to be strictly related to the boundedness problem for Fano
varieties over Spec(Z). While in higher dimension Question 2 is widely open, the case of

surfaces has been settled by a recent work of Cascini-Tanaka-Witaszek.

Theorem 1.3 (cf. [CTWI7, Theorem 1.2|). There exists a positive integer po(2) such
that the following hold. Let X be a surface of del Pezzo type over a perfect field k of
characteristic p > po(2). Let B be a boundary divisor such that (X, B) is kit and let D be
a Weil Q-Cartier divisor such that D — (Kx + B) is big and nef. Then

H'(X,0x(D)) = 0.

We actually know more in the case of surfaces: the Kawamata-Viehweg vanishing holds
for smooth del Pezzo surfaces over any perfect field (see [CTIR, Appendix A|) and even
for regular del Pezzo surfaces over an imperfect field of characteristic p > 3 (see [Das,
Theorem 1.1]).

Unfortunately, the costant py(2) obtained in I3 is not explicit since it is constructed
using boundedness results for surfaces of del Pezzo type in mixed characteristic and Noethe-
rian induction.

In [CT], Theorem 4.2], the authors construct a family of klt del Pezzo surfaces in
characteristic two violating Kawamata-Viehweg vanishing, thus showing pg(2) > 2. In
|[BerTd|, we produce a counterexample in characteristic three. It was the first example in
literature of a variety of Fano type violating Kawamata-Viehweg in characteristic larger

than two.
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Theorem 1.4 (Theorem Bl). Over any field k of characteristic three, there exists a pro-

jective normal k-surface T such that
1. T has klt singularities and — K7 1s ample;
2. p(T)=1;
3. there exists an ample Q-Cartier Weil divisor A on T such that H (T, Op(—A)) # 0.

Another well-known property of varieties of Fano type X in characteristic zero is the
vanishing of H(X,0x) for i > 0 (and thus yx(X,0x) = 1). However, the vanishing
of the coherent cohomology of the structure sheaf of varieties of Fano type in positive
characteristic (especially of the first cohomology group) is still an open question.

The only known result in all dimensions is the beautiful theorem of Esnault [Esn03],
where she proves that smooth Fano varieties in positive characteristic satisfy the vanishing
of Witt-vector cohomology H*(X,WOxg) = 0 for i > 0. This vanishing was extended
to the case of threefolds of Fano type in characteristic at least five by Gongyo-Nakamura-
Tanaka (see [GNT]|). As for coherent cohomology, it is well-known that surfaces of del Pezzo
type have vanishing cohomology group and if X is a smooth Fano threefold, Shepherd-
Barron shows in [SBY7] that H*(X,Ox) = 0 for i > 0.

We prove that there exists mildly singular Fano varieties with non-vanishing interme-

diate cohomology:

Theorem 1.5 (Theorem B). Let k be a field of characteristic p > 3. Then there exists a

Fano variety W with terminal singularities of dimension 2p 4+ 2 over k such that
H*(W,Ow) # 0.

Let us remark that the existence of smooth Fano varieties with non-vanishing interme-

diate cohomology is still unknown.

1.1.2. Singularities of the MMP in positive characteristic

We shift our attention to the study of singularities of the Minimal Model Program in
positive characteristic.

One of the most important applications of Kawamata-Viehweg vanishing in charac-
teristic zero is the proof, originally due to Elkik [EIk&T], that Kawamata log terminal
singularities (in short, klt) are Cohen-Macaulay and rational (see also [KMYY, Theorem
5.22]). In characteristic p > 0, due to the failure of vanishing theorems, general cohomo-
logical properties of klt singularities are still largely unknown. However, according to a
local-global principle, they are expected to be strictly related to vanishing theorems for

varieties of Fano type.

log terminal threefold singularities are Cohen-Macaulay and rational over perfect fields of
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characteristic p > p(2) as a consequence of the Kawamata-Viehweg vanishing theorem for
log del Pezzo surfaces.

As for low characteristic, in [CT, Theorem 1.3] the authors give an example of a klt
not Cohen-Macaulay threefold in characteristic two. Building on Theorem I and using a
cone construction (see Section EZ3), we find the first examples of threefold klt singularities

which is not rational in characteristic larger than two:

Theorem 1.6 (Theorem B2). Let k be a field of characteristic three. Then there exists a
Q-factorial kit threefold singularity X which is not Cohen-Macaulay.

In [TofT7, Corollary 2.2|, Totaro shows that there exists (not Q-factorial) terminal
singularities which are not Cohen-Macaulay in every positive characteristic by taking the
cone over the Fano varieties he constructs. Recall that rational singularities implies Cohen-
Macaulay, thus the above examples show also that klt singularities are not necessarily
rational in positive characteristic.

Another important property of singularities in characteristic zero due to Kawamata-
Viehweg vanishing is the normality of the centre S of a purely log terminal (plt) pair
(X,S + B) (see [KMYR, Proposition 5.51]). The normality of plt centres is a crucial
ingredient in the proof of the existence of pl-flips in characteristic zero (see [HMO7| and
[BCHNMTO]). It is also one of the key step for the MMP for threefolds: in [HXTH, Theorem
3.1.1 and Proposition 4.1] the authors show the normality of plt centres for threefolds
over an algebraically closed field of characteristic p > 5 using tools from the theory of
F-singularities. This is the first step of their proof of the existence of pl-flips for threefolds
(|[HXTH, Theorem 4.12]).

One might thus be led to conjecture that plt centres are normal also in positive char-
acteristic. Unfortunately, this is not the case: in [C1, Theorem 1], Cascini and Tanaka
construct an example of a plt threefold with non-normal centre in characteristic two. In-
spired by their work, in [BerI8| we use Totaro’s examples to construct non-normal plt

centres for every prime p > 3

Theorem 1.7 (Theorem BA). Let k be any field of characteristic p > 3. Then there exists
a log pair (Z,S) such that

1. Z is an affine variety over k with terminal singularities of dimension 2p + 2 and S

s a prime divisor,
2. (Z,8) is a purely log terminal pair with Kz + S Cartier,
3. S is not normal.

In Corollary R we show that the above theorem shows that the ‘Main lifting lemma’
of Hacon and M°Kernan (see [HM0O7, Theorem 5.4.21]) may fail in positive characteristic.
In Section B, we present a further pathology for singularities in positive characteristic.

Over a field of characteristic zero, a well-known result of Ambro and Fujino asserts that
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the base of a Mori fibre space has klt singularities (see [En99, Corollary 4.6] and [Amb0H,
Theorem 0.2]). Their proof uses positivity theorems which are obtained via Hodge theory.
One might thus wonder if a similar statement hold in positive characteristic. Recently
Tanaka showed in [Tana, Theorem 1.1] that the answer is negative: he constructs examples
of klt varieties admitting a Mori fibre spaces onto a basis with non-klt singularities in
characteristic two and three. Building on work on wild quotient singularities of Yasuda

([YasI7]), we construct examples in larger characteristic:

Theorem 1.8 (Theorem BTT). Let k be a field of characteristic p > 5. Then there exists

a projective contraction f: X — 'Y of normal k-varieties such that
1. X is a Q-factorial terminal quasi-projective variety of dimension p + 3;
2. Y is a Q-factorial affine variety of dimension three which is not log canonical;

3. p(X/Y) =1 and —Kx is f-ample, equivalently f is a Mori fibre space.

1.2. Generic fibres of del Pezzo fibrations in positive charac-

teristic

The minimal model conjecture predicts that an arbitrary variety is birational to either a
Mori fibre space, a Calabi-Yau fibre space or a canonically polarised variety. Thus, from
the point of view of the classification theory of varieties, it is particularly important to
understand the properties of Mori fibre spaces and Calabi-Yau fibre space.

In positive characteristic, the study of fibre spaces has an additional difficulty: the
failure of the generic smoothness theorem. Indeed, given a fibration f: V. — B (i.e.
a proper morphism between algebraic varieties such that f,Oy = Op and dim(B) <
dim(V')), the general fibre of f may be non-normal or even non-reduced. Such fibrations
are often called in literature wild fibrations.

One can interpret the bad behaviour of the general fibres of fibrations f in terms the
geometric properties of the generic fibre Vy gy := V x g Spec(K (B)), which is now a variety
defined over an tmperfect field. Let us recall here the difference between regular and smooth
varieties over non-perfect fields and let us explain why it is important to consider regular
varieties. We say that a variety V of dimension n is regular if for all points z in V' the
local rings Oy, are regular, i.e. dimk(x) my,/ mg%, = dim Oy, where m,, is the maximal ideal
of Oy,. If V is a smooth variety over k, then V' is regular but the converse is true only
when k is a perfect field. However regularity is preserved by localisation and thus if V' is a
k-smooth variety admitting a fibration f: V' — B, the generic fibre Vjp) remains regular.

The following shows exactly an example where Vj(p) is not smooth.

Example 1.9. Let us show with a concrete example how general fibres of a fibration

between smooth varieties can have wild behaviour in positive characteristic. Let k£ be an
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algebraically closed field of characteristic p > 0 and consider the p-Fermat hypersurface
(see [MSD3, Sch1(]):

V.= {woy§+m1yff+...xnyg =0} C P2 x }P’Z.

The variety V' is smooth over k£ and the generic fibre Vjpn) is a regular variety. However,
all the fibres of the projection 7, : V' — P? are non-reduced and the geometric generic fibre

Vm is a non-reduced scheme.

One can hope to bound the possible pathological behaviour to small characteristic if
further geometric conditions are imposed on the generic fibre. This is suggested by our
experience with the classification theorem for algebraic surfaces over algebraically closed

fields of positive characteristic (see [BM76]):

Theorem 1.10. Let k be an algebraically closed field of characteristic p > 0. Let S be a

projective surface over k and let w: S — C' be a projective contraction onto a normal curve
C. Then the following hold.

1. If m: § — C is a Mori fibre space, the general fibre of m is a smooth rational curve.

2. Ifm: S — C is a Calabi- Yau fibre space, then the general fibre is either a smooth ellip-
tic curve or it is a cuspidal cubic. The latter case, known as quasi-elliptic fibrations,

can happen only if p € {2,3}.

The proof of Theorem 10 can be divided in two steps. First, one proves that the
generic fibre is geometrically integral (see for example |[Bad(l, Corollary 7.3|). Then the
Tate’s genus-change formula for curves (see |[TafhZ, Sch09]) gives a bound on the wild
behaviour of the generic fibre. For a more detailed, yet concise, discussion of the proof we
refer to [Liel3, Section 5.1J.

After the development of the MMP for threefolds, it is natural to look for a char-
acterisation analogue to Theorem IO on wild fibres of threefold Mori fibre spaces and
Calabi-Yau fibre spaces.

Recently, Tate’s formula has been generalised to the higher dimensional case as an
adjunction formula for the canonical divisors under purely inseparable base change of the
base fields (see [TanI8H, PW, [Tank]). One can thus hope to generalise the strategy of the
proof of Theorem IO to the higher dimensional case. The case of threefold Mori fibre
spaces has especially received particular attention in recent work (see [PW, FSTIR, BTTY]).
Let us summarise the results in the literature and explain our own contribution.

In the case of a Mori fibre spaces of relative dimension one (the so-called conic bundles)
the characterisation of wild fibres is classical: either the general fibre is a smooth rational
curve or it is a double conic and the latter case can happen only for p = 2.

In the case of a contraction m: V' — B of relative dimension two (the so-called del
Pezzo fibrations), the situation is much more subtle. In [Kol91, Remark 1.2.1], Kollar

asks whether the general fibre of a threefold del Pezzo fibration is normal. Since terminal
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to show geometric normality of regular del Pezzo surfaces over imperfect fields.
As a first positive result on Kollar’s question, Patakfalvi and Waldron show that no

pathologies can appear on regular del Pezzo surfaces in sufficiently large characteristic.

Theorem 1.11 ([PW), Theorem 1.5]). Let k be a field of positive characteristic p > 5. Let
X be a reqular projective del Pezzo surface over k such that H*(X,Ox) = k. Then X is

geometrically normal.

In a recent article, Fanelli and Schréer completely settle Kollar’s question, proving that

the general fibre of a Mori fibre space onto a curve is normal also in low characteristic.

Theorem 1.12 (|ESTR, Theorem 14.1]). Let k be a field of positive characteristic p > 0, let
k be an algebraic closure of k. Suppose such that [k : kP] < p, where kP = {x €k|aPe k:}
(e.g. k is the function field of a curve over an algebraically closed field). Let X be a reqular
projective del Pezzo surface over k such that H(X,0x) = k. If p(X) = 1, then X is

geometrically normal, i.e. X xj k is normal.

In both of the above results, the regularity (or at least the Gorenstein) assumption on
X plays a crucial role. However, from the perspective of the log MMP, it is natural to
investigate the properties of general fibres of (K x + A)-Mori fibre spaces, where (X, A) is
a Kawamata log terminal threefold pair. In the log case, more pathologies on general fibres
have been constructed in literature: in [Sch07| and |[Tana| the authors exhibit surfaces of
del Pezzo type with non-vanishing irregularity over any imperfect field of characteristic
p=2,3.

Motivated by the previous results, in a joint work with H. Tanaka (see [BTTY|), we
carry a systematic study of the possible pathological behaviour on surfaces of del Pezzo
type over imperfect fields. The following is the main result of Chapter B. Let us stress
that the most interesting case covered by the following result is when k is not perfect or

X does not admit a smooth birational model.

Theorem 1.13 (Theorem B3, Theorem B4, Theorem B). Let k be a field of positive
characteristic p > 0. Let X be a surface of del Pezzo type over k such that k = H°(X, Ox).
Then the following hold.

1. Let p > 7. Then X is geometrically integral and H'(X,Ox) = 0. If k is a C-field,

then X has a k-rational point.

2. Let p € {3,5}. If L is a Cartier divisor on X such that L =0, then pL ~ 0. If k is
a C1-field, then X has a kYP-rational point.

3. Let p=2. If L is a Cartier divisor on X such that L = 0, then 4L ~ 0. If k is a
C\-field, then X has a kY*-rational point.

In Chapter B, we also present various applications to the global geometry of del Pezzo

fibrations. More precisely, we prove a bound on the torsion index of relatively numerical
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trivial Cartier divisors on del Pezzo threefold fibration and the existence of a purely insep-
arable section of bounded degree (see Theorem 5 and Theorem 532). Unfortunately, we
still do not whether the general fibre of klt del Pezzo fibration is normal in characteristic

at least seven.

1.3. On the base point free theorem for threefolds in large

characteristic

Let X be a normal projective variety over k and let L be a nef Cartier divisor on X. One of
the central questions in birational geometry is to find sufficient conditions on L to ensure
it is semi-ample.

Over a field of characteristic zero, the most important semi-ampleness statement is the

Base point free theorem developed by Kawamata, Kollar, Mori, Reid and Shokurov:

Theorem 1.14 (|KMY8, Theorem 3.3]). Let (X, A) be a projective Kawamata log terminal
pair over a field of characteristic zero. Let L be a nef Cartier divisor such that nL — (K x +
A) is a big and nef Q-Cartier Q-divisor for some n > 0. Then the complete linear system

|mL| has no base points for m > 0.

The proof uses heavily vanishing theorems that are not in general available over fields
of positive characteristic. Since the base point free theorem is the first step needed in
order to run the MMP, it is a natural question to ask whether it remains valid in positive
characteristic.

In [Kee99|, using special properties of the Frobenius morphism, Keel proves a base
point free theorem for big and nef Cartier divisors on threefolds in positive characteristic,
but working in the category of algebraic spaces (see [Kee9d, Theorem 0.5]).

Using the Minimal Model Program for threefolds in characteristic p > 5, Birkar and
Waldron extend Keel’s result to nef (but not necessarily big) divisors and show that the

contraction morphism is also projective:

Theorem 1.15 (|[BWI7, Theorem 1.2|). Let k be a perfect field of characteristic p > 5.
Let (X,A) be a projective Kawamata log terminal threefold pair over k. Let L be a nef
Cartier divisor on X and assume that nL — (Kx + A) is a big and nef Q-Cartier Q-divisor
for some n > 0. Then |mL| has no base points for m sufficiently large and sufficiently

divisible.

Let us note that Theorem P is weaker than the classical base point free theorem: a
priori we have to impose m to be sufficiently divisible to conclude that |mL| is base point
free. This divisibility condition is indeed necessary in general as shown by Tanaka in [Tanal,
Theorem 1.2].

However Tanaka’s examples are in characteristic two and three and thus one can ask if
the divisibility condition of Theorem Z3 can be removed for threefolds defined over fields

of large characteristic. This is especially interesting if one is interested in effectivity results.
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In Chapter B, we use the Kawamata-Viehweg vanishing theorem for log del Pezzo
surfaces (see Theorem [23) and techniques from the Minimal Model Program to prove the
stronger form of the base point free theorem for nef Cartier divisors of numerical dimension

at least one in large characteristic.

Theorem 1.16 (Theorem E). There exists an integer po > 5 such that the following
holds. Let k be a perfect field of characteristic p > po. Let (X,A) be a projective kit
threefold log pair over k. Let L be a nef Cartier divisor on X such that nL — (Kx + A) is
a nef and big Q-Cartier Q-divisor for some n > 0. Suppose that the numerical dimension

v(L) is at least one. Then the linear system |mL| is base point free for m > 0.






Preliminaries

2.1. Notations and conventions

Throughout this thesis, & will denote an arbitrary field.

e For a field k, we denote k (resp. k°°P) an algebraic closure (resp. a separable closure)
of k. If k is of characteristic p > 0, then we set k¥/P™ = |J22, k¥/?" = U2 {z €
k|xP" €k}

e We say X is a k-variety, or simply a wvariety whenever the field k is clear from the
context, if X is an integral scheme that is separated and of finite type over k. We
say that X is a curve over k or a k-curve (resp. a surface over k or a k-surface, resp.
a threefold over k) if X is a k-variety of dimension one (resp. two, resp. three). We
denote by K(X) its field of rational functions.

e Let f: X = Y be a projective morphism between normal varieties. We say that f

is a contraction if f,Ox = Oy.

e For a scheme X, its reduced structure X,¢q is the reduced closed subscheme of X such

that the induced morphism X,.q — X is surjective.

o If k£ C K is a field extension and X is a k-scheme, we denote X Xgpec 1 Spec k' by
X % K or X

e Let X be a scheme of finite type over a field k and let k& C k' be an algebraic field
extension. We denote by X (k') the subset of X consisting of the closed points  such
that there is a k-algebra homomorphism k(x) — k'

23
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Let X be a normal variety over k. We denote by Kx the canonical divisor class of
X (for a more detailed discussion of canonical class on singular varieties see [Koll3,

pages 7-8|).

We say (X, A) is a log pair if X is a normal variety, A is an effective Q-divisor and
Kx + A is a Q-Cartier Q-divisor.

We say that a normal variety X is Q-factorial if for any Weil divisor D there exists

an integer m such that mD is a Cartier divisor.

Let (X,A) be a log pair. Let f: Y — X be a proper birational morphism, where Y’

is a normal variety. Then we have

Ky + Ay = f*(Kx + A), where Ay = f,'A = >~ a(E;, X,A)E;
E;| f—except.

for some a(E;, X,A) € Q. The coefficients a(E;, X, A) are called the discrepancies
of the pair (X, A) and they can be considered as a measure of the singularities of
the pair (X, A). We say that (X, A) is Kawamata log terminal (for short klt) if for
every birational morphism f: Y — X we have |Ay | < 0 (or equivalently |[A] <0
and a(E;, X,A) > —1). We say that the pair is terminal if a(E;, X, A) > 0. For a
more detailed discussion on the singularities of the MMP we refer to [KolT3, Section
2.1].

We say that X is a variety of Fano type if there exists an effective Q-divisor A such
that (X, A) is a log Fano pair, i.e. (X,A) has Kawamata log terminal singularities
and —(Kx + A) is ample. If X has dimension two, we say that it is a surface of del
Pezzo type and the pair (X, A) is said to be a log del Pezzo pair.

For an F,-scheme X we denote by F'x: X — X the absolute Frobenius morphism.
The absolute Frobenius morphism acts on the scheme X as the identity on the
topological space and as the p-th power map on the structure sheaf. For a positive

integer e we denote by F5: X — X the e-th iterated absolute Frobenius morphism.

In a few occasions we will also need some notions from the theory of F-singularities.
Let X be a normal scheme over a field k of characteristic p > 0 and suppose that the
absolute Frobenius F': X — X is a finite morphism. Let A be an effective Q-divisor
on X. We say that (X,A) is F-pure if there exists e > 0 such that the morphism

Ox = F{Ox — F;Ox([(p® — 1)A])

locally splits in the category of Ox-modules homomorphisms. We say that (X, A)
is strongly F-regular if for any effective divisor £ on X there exists e > 0 such that
the morphism

Ox — F{Ox <= F{Ox([(p° —1)A] + E)
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locally splits in the category of Ox-modules homomorphisms.

e Let X be a normal variety and let L be a reflexive sheaf on X. We denote by
LM .= (L®™)YWV. If L is a reflexive sheaf of rank one, we say that L is a Weil
divisorial sheaf. In this case, there exists a Weil divisor D on X such that L ~ Ox (D)
and L™ ~ Ox(mD). We say that L is Q-Cartier if there exists an m such that L™

is an invertible sheaf (or equivalently mD is a Cartier divisor).

e We recall some notions of positivity that appear frequently in birational geometry.
Let f: X — Y be a proper morphism between integral schemes and let L be an
invertible sheaf on X. We say tha L is f-semi-ample if there exists a positive integer

m > 0 such that the canonical map
frfl®m — L®™ (2.1)

is surjective. We say moreover it f-ample if the natural morphisms of schemes over
Y

X Py (f, L®™) (2.2)

N

is an embedding. We say that L is f-big if if there exists a positive integer m > 0

such that the canonical map of Equation P is generically surjective and the natural
map of schemes over Y

X > Py (f. L®™) (2.3)

is generically an embedding. We say that L is f-nef if L - C > 0 for any integral
curve C' € X such that f(C) is zero dimensional. When Y = Spec(k) is the spectrum
of a field, we say that the invertible sheaf L is semi-ample, ample, nef or big with no
reference to the structure morphism f: X — Spec(k). For more details and results

on positivity in algebraic geometry we refer to the books [Laz04a| and [Laz04H].

e Let L be a Cartier divisor on a variety X over k. We define the base locus Bs(L) of
L by
Bs(L):= () {z€X|sl.=0}.
s€HO(X,L)

In particular, Bs(L) is a closed subset of X.

e We recall the basic definition of the contractions that appear when running the
Minimal Model Program. Let f: X — Y be a projective contraction between quasi-
projective normal varieties. Let (X, A) be a klt pair. We say that f is a (Kx + A)-
extremal negative contraction if p(X/Y) =1 and —(Kx + A) is f-ample. When the
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pair (X, A) is clear from the context, we will simply say it is an extremal negative
contraction. If dim(Y) < dim(X) we say that f: X — Y is a Mori fibre space. If
dim(Y’) = dim(X) and the exceptional locus Ex( f) has pure codimension one, we say
that f is a divisorial contraction. If the codimension of the exceptional locus Ex(f)
is bigger than one we say that f is a flipping contraction. In the latter case, we say
that f7: XT — Y is the flip if it is a projective birational morphism between normal
varieties such that the exceptional locus Ex(f*) has codimension at least two and
the divisor Kx, + A" is an fT-ample Q-Cartier Q-divisor, where A™ is the strict
transform of A. These notion can be extended to the dlt or log canonical setting.
For more details on the MMP we refer to [KMY8] and [BCHMIO]|.

e Let k be an algebraically closed field. For a normal surface X over k and a canonical

15-17] for the list of equations of type A,, D) and E)". For example, we say that
x is a canonical singularity of type A, if the henselisation of Ox , is isomorphic to
k{z,y,2}/(z""1 + xy), where k{x,y, 2} denotes the henselisation of the local ring of

klz,y, z] at the maximal ideal (z,y, z).

2.2. The Minimal Model Program in positive characteristic

In this section, we recall the results we will need from the Minimal Model Program for

surfaces and threefolds. These will be used in Chapters B and B.

2.2.1. Minimal model program for excellent surfaces

In [TanTRa|, Tanaka proves the minimal model conjecture for surfaces over excellent base
schemes. Since the proofs in minimal model theory often rely on induction on the dimen-
sion, this can be thought as a first step towards establishing both the MMP for arithmetic
threefolds and the MMP for threefolds over imperfect fields.

For a reference to excellent schemes we refer to [Liul2, Section 8.2.3]. For us we will
need the case where the excellent scheme B is either the spectrum of a local ring obtained
by localising an algebraic variety over a possibly non-closed point or the spectrum of a
(possibly imperfect) field.

Let us summarise some of Tanaka’s results we will use in the following.

Theorem 2.1 (MMP for excellent surfaces, cf. [TanIRa, Theorem 1.1]). Let B be a regular
excellent scheme of finite type. Let m: X — S be projective B-morphism from a integral
normal quasi-projective B-scheme X of dimension two to a quasi-projective B-scheme S.
Let A be an effective R-divisor. Assume that the pair (X, A) is log canonical. Then there

exists a sequence of birational projective S-morphisms:

X=X 2% x, & 2L X, =Y,
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and divisors A\; and Ay such that
Ag = A A = (pim1):Ai1, Ay = A,

for which the following hold:

1. each X; is an integral normal scheme,
2. p(Xi/Xit1) =1 and —(Kx,/p + A;) is p;-ample.
3. (Y, Ay) satisfies one of the following:

(i) Ky;p+ Ay is nef over S,
(ii) There is a projective S-contraction p:Y — Z such that dim(Z) < dim(Y'),
p(Y/Z) =1 and —(Ky g + A) is p-ample.

The main ingredient in developing the minimal model program is the following base

point free theorem on excellent surfaces.

Theorem 2.2 (Base point free theorem for excellent surface, cf. [TanI8a, Theorem 4.2]).
Let B be a regular excellent separated scheme of finite dimension. Let m: X — S be a
projective B-morphism from a quasi-projective normal B-surface to a quasi-projective B-
scheme. Assume that there are a effective Q-divisor A on X and a nef Cartier divisor D

on X which satisfy the following properties:

1. (X,A) is a Kawamata log terminal pair,
2. D~ (Kx/p+A) is m-nef and m-big, and

3. if T is the affine spectrum of a field of positive characteristic k for the Stein factori-
sation w: X =T — S of w, then either k is a perfect fied or D % 0.

Then there exists a positive integer by such that |bD| is w-free for any integer b with b > by.

Remark 2.3. The remaining case where k is an imperfect field and D = 0 will be settled
in Theorem B33.

Comment 2.4. Let us explain why, even if one is exclusively interested in birational ge-
ometry over algebraically closed fields of positive characteristic, it is natural to discuss
birational geometry over more general base schemes. The reasons for this degree of gener-

ality are mainly the following two.

1. Singularity theory: it is often convenient to localise at non-closed point of a variety
to prove statements in singularity theory. For example, the fact that terminal (resp.
canonical) singularities are regular (resp. Gorenstein) in codimension two is due to
the statement on terminal (resp. canonical) singularities of excellent surfaces (see
[KolT3, Theorem 2.29 and Theorem 2.30]). Another example is the proof that general
hyperplane sections of klt threefolds singularities are still klt in characteristic p > 5

(see [STT7, Main Theorem]). We will use this principle in the proof of Theorem E22.
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2. Fibrations in positive characteristic: if one is interested in properties of the generic
fibres of fibre spaces (and deduce some properties of general fibres), one has to study

varieties defined over imperfect fields.

2.2.2. Minimal model program for threefolds in characteristic p > 5

In recent years, starting from the ground-breaking result of Hacon and Xu ([HXTH|) on
the existence of dlt flips for threefolds log pairs (X, A) with standard coefficients over
an algebraically closed field k of characteristic p > 5, the Minimal Model Program for
threefolds over fields of characteristic at least five has undergone a major development (see
CTXT5, Birl6, BWI7, GNT, HNTTY])

Here we summarise the results of the Minimal Model Program for threefolds in charac-
teristic p > 5 that are known in the literature. We start from the base point free theorem

for klt pairs.

Theorem 2.5 (|BWI7, Theorem 1.2|). Let k be a perfect field of characteristic p > 5. Let
(X, A) be a kit threefold pair over k. Let L be a nef Cartier divisor on X and assume that
L — (Kx + A) is big and nef. Then L is semi-ample.

Next, we recall the existence of flips:

k be a perfect field of characteristic p > 5. Let (X, A) be a log canonical threefold pair over
k. Let f: X — Z be a (Kx + A)-negative flipping contraction. Then its flip exists.

We now discuss the problem of termination of sequence of flips. The most general

results are the following two:

Theorem 2.7 (Special termination, cf. [GNT, Theorem 2.6|, [Birl6, Proposition 5.5]).
Let k be a perfect field. Let Z be a quasi-projective variety over k. Let (X,A) be a Q-
factorial dlt threefold pair, projective over Z. Then every sequence of (Kx + A)-flips over

7 terminates around A=1L.

The following theorem shows the termination for a special type of MMP, called MMP
with scaling. This is an MMP where divisorial and flipping contraction are chosen with
the aid of an additional effective divisor H, which act as a compass in the choice of the
contractions. For an explanation of the algorithm of the MMP with scaling, we refer to
[BCHMTIO, Section 3.10].

Theorem 2.8 (Termination of MMP with scaling, cf. [BWI7, Theorem 1.6], [HNTTY,
Theorem 6.12|). Let k be a perfect field of characteristic p > 5. Let (X,A) be a threefold

log pair over k. Let f: X — Z be a projective k-morphism to a quasi-projective k-scheme
Z. Then

1. If (X, A) is kit and H is an ample divisor, then any (Kx + A)-MMP over Z with

scaling of H terminates.

2. If (X, A) is log canonical, then there exists a (Kx + A)-MMP which terminates.
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2.3. Cone constructions

Taking cones over normal projective varieties will be the main technical tool used in Chap-
ters B and @ to construct pathological examples of singularities of the MMP in positive
characteristic. The main idea to construct such pathologies consists in considering a log
Fano variety X for which some form of Kodaira vanishing fails and then taking the cone

over X.

2.3.1. Cones of Q-Cartier Weil divisors

For the theory of cones on polarised algebraic varieties (X, L) where X is a projective

Chapter B, we need to deal with a generalisation, originally due to Demazure [Dem&8§|, of
the cone constructions to the case of ample Q-Cartier Weil divisors. We thus extend some
of the results explained by Kollar to this setting.

Let (X, A) be a log pair of dimension n and let L be an ample Q-Cartier Weil divisorial
sheaf on X. We denote by

Co(X, L) := Specy, Z HO(x, Lm)

m2>0

the cone over X induced by L. The point defined by the ideal ), -, H 0(X, L") is called

the vertex of the cone and we denote it by v. Over X we consider the affine morphism:

m: BCo(X, L) := Specy » LM — X

m>0

The morphism 7 comes with a natural section X~ defined by the vanishing of the ideal
sheaf D, -, L™, The open subset of BC,(X, L)

Specy » LM = BC,(X,L)\ X~
meZ

is isomorphic to C} (X, L) := Cu(X, L) \ v. We have the following diagram:

BC,(X,L) =X (2.4)

The birational morphism f contracts exactly the section X~ of 7 with anti-ample Q-
Cartier divisorial sheaf Ox-(X~) ~ LY. Given a Q-Cartier Q-divisor D on X, we can
construct a Q-divisor D¢, (x,1) = f«m*D on Cy(X, L).

The following result (originally due to [Wat&1]|) describes the divisor class group of the

cone and the condition under which the log canonical class is Q-Cartier.
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(23), we have
1. Pic(Co(X, L)) =0,

2. Cl(Ca(X, L)) = CUX)/(L),

8. m(Ke,(x,n) + Ac,(x,r)) is Cartier if and only if there exists 1 € Q such that
Ox(m(Kx + A)) ~ L™ Moreover,

Kpe,x,p) + T A+ (1+7)X" = (K, x,0) + Acu(x,1))- (2.5)

Proof. Let Z be the locus where L is not a Cartier divisor and denote the open set
V= X\ Z. Since X is normal, Z has codimension at least two and thus Cl(V') ~ Cl(X)
and Pic(V) ~ Pic(X). By construction, 7: 7~1(V) — V is an Al-bundle and thus
Cl(z=1(V)) ~ CI(V) and Pic(r~*(V)) ~ Pic(V). Since 7 is equi-dimensional, we con-

clude that the codimension of 771(Z) is at least two and thus
CI(BC,(X, L)) ~ Cl(m~}(V)) ~ CI(V) ~ CI(X),

and analogously we have Pic(BCy (X, L)) ~ Pic(X).

We prove (1). Let M be a line bundle on C, (X, L). Then f*M is trivial on X, thus
concluding that M is trivial on Cy(X, L).

We prove (2). Since v has codimension at least two in C, (X, L), we have C1(C, (X, L)) ~
Cl(C#(X,L)). Thus we have

Z[X "] = CI(BC,(X, L)) — CL(C*(X,L)) — 0.

Since Ox— (X ™) ~ LY, we conclude (2).

We prove (3). We have 7~1(V)\ X~ — V is a G,,-bundle. Thus there is a natural linear
equivalence K -1y + X~ [-1(y) ~ 7" Ky which extends to a natural linear equivalence
Kpe,x,p) + X~ ~ 7" Kx. Thus Ko, (x,1) + 7 A+ X~ ~ 7" (Kx +A). By assertion (2),
the divisor mK¢, (x,1) + mAc,(x,r) 1s Cartier if and only if mKex(x,1) + mAcs(x 1) 18
linearly equivalent to zero. This is equivalent to m(Kx + A) ~ rmL for some r € Q. As

for the last equality, we have
Kpc,x,p) t T A+ (1 +a)X™ = f"(Kg,x,0) + Ac,(x,1)):
for some a. By restricting to X~ we have
0~q (Kpo,x,p) +mA+(1+a)X7)|x- ~Kx +A+aX [x- ~qrLl—al,

thus concluding. O

From the point of view of the singularities of the MMP we have the following
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Proposition 2.10 (cf. [KalT3, Lemma 3.1]). With the same notation as in diagram (23),
let us assume that Kx + A ~q rL.

1. If L is Cartier, then the pair (Co(X, L), Ac,(x,1)) is terminal (resp. kit) if and only
if the pair (X, A) is terminal (resp. klt) and r < —1 (resp. v <0).

2. If L is Cartier, then the pair (Co(X, L), Ac,(x,1)) s dlt if the pair (X, A) is dlt and
r <0.

8. If X is Q-factorial and char(k) = 0, then (Co(X, L), Ac,(x,r)) is kit if and only if
(X,A) is kit and r < 0.

Proof. Assertions (1) and (2) are proven in [KolT3, Lemma 3.1]. We prove assertion (3).
Since (X, A) is klt, we conclude by inversion of adjunction (see [KMIR, Theorem 5.50])
that the pair (BCy(X, L), 7*A 4+ X ) is plt and the unique plt centre is X . Since r < 0,
we have (BCy(X, L), 7*A+ (14 7)X ™) is kit and thus by Proposition 29 we conclude the
proof. O

Comment 2.11. Proposition 210 is probably the most evident instance of the general

principle that klt singularities should correspond to a local analogue of varieties of Fano

type.

We will be interested in understanding whether the singularity at the vertex of the cone

is Cohen-Macaulay or not.

For this reason, we show that the local cohomology at the vertex of the cone is controlled

by the cohomology groups of L:

Proposition 2.12. Fori > 2,

H}(Ca(X,L),0c,x.1)) ~ € H™H(X, LIM).
MmeEZ

Proof. Since Co(X, L) is affine, the cohomology groups H'(Cy(X, L), O, (x,r)) vanish for
i > 1. Thus, by the long exact sequence in local cohomology (see [Ha77, Chapter III, ex.
2.3]), we have

H.(Ca(X,L),00,(x.1)) =~ H (U, Op) for i > 2.

Since f is affine, we have

H™YU,0p) = HM(X, £.0y) = @ H(X, LIM),
meZ

thus concluding. O
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2.3.2. Projective cones

Let X be a normal variety over k and let L be an ample Q-Cartier Weil divisor on X. We

Cp(X, L) =Proj, > (O H(X, L),

m>0 r=0

It contains as an open dense subset Cy (X, L). The following result, which shows how to
compute the cohomology of the structure sheaf of Cy,(X, L), is probably well-known to

experts. We include a proof for sake of completeness.

Proposition 2.13. Fori > 2,

Hl(CP(X7 L)aoop(X,L)) = @ Hz_l(X7L[m])

m>0

Proof. We denote by v the vertex of Co(X,L) C Cp(X, L) and we consider the natural

inclusion

V= Ca(X,L) \v=Specy Y L™ CSpecy > LI" = Cp(X, L)\ v=T.

meZ m<0

Considering the long exact sequences in local cohomology (see [Ha74, Chapter 111, Ex 2.3])
we have the following natural commutative diagram

: i . .
L. Hlil(U, OU) —_— H;(Cp(XaL)aOC,,(X,L)) —_— Hl(Cp(X, L)von(X,L)) —_— ...

b :

i ——= H7Y(V,0y) —"= Hi(Ca(X, L), Oc, (x.1)) — H (Ca(X, L), O¢, (x.0)) — - -
where by 7 we mean the natural inclusion maps. It is easy to see that the diagram

Hi(U,0p) H(V,0v)

- -

eamfo Hiil(X7 L[m]) - @mez Hiil(Xa L[m])

commutes where the bottom arrow is the natural inclusion, thus showing that ¢* is
injective. Since H*"1(C,(X, L), Oc,(x,r)) = 0 for i > 2, we have that the maps 7; are
isomorphisms and thus we conclude that J; are injective. Therefore we have the following
commutative diagram of short exact sequences:

; b i i
0 ———H"'(U,0p) H,(Cp(X,L),0¢,(x,0)) — H'(Cp(X, L), O¢,(x,0)) —0

: w :

00— P, co HHX, LM) —— P, o, H(X, LIM) —— H'(C,(X, L), Oc,(x,1)) —=0,
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which concludes the proof. O

2.4. Vanishing theorems in positive characteristic

We collect the two main tools that we use to discuss vanishing theorems on log del Pezzo
surfaces. The first one comes from a blending of Ekedahl’s cyclic construction and Bend
and Break and it has already been successfully applied to the study of varieties in positive

characteristic.

Theorem 2.14 (|Kol96, Theorem I1.6.2, Remark I1.6.7.2]). Let k be a perfect field. Let
X be a normal variety over k. Let L be an ample Weil Q-Cartier divisor on X such that
HY(X,LV) # 0. Assume that X is covered by a family of curves {D;} such that X is

smooth along the general curve Dy and such that
(p—1)L—Kx)-Dy>0.

Then for every point x € X there exists a rational curve Cy, passing through x such that

L- Dy

L -C,<2dimX )
((p— 1)L—KX)‘Dt

Remark 2.15. If dim(X) = 2, the same statement holds if L is assumed to be big and

nef.

The second tool we use is a Kodaira vanishing type theorem for varieties in positive

characteristic without irregularity.

Proposition 2.16 (|C1, Lemma 3.2]). Let k be a perfect field. Let X be a normal variety
over k such that H*(X,0x) = 0 and let A be an effective Weil divisor. Then the natural
map

HY(X,0x(—A)) = H (X, F.Ox(—pA))
18 1njective.
As a direct consequence we have

Theorem 2.17. Let k be a perfect field. Let X be a Cohen-Macaulay normal variety over
k of dimension n > 2 such that H'(X,Ox) = 0 and let A be an ample (if n = 2 it is
sufficient big and nef) and effective Cartier divisor. Then

HY(X,0x(—A)) =0.

Proof. By Proposition 218 we have that h'(Ox(—A)) < h'(Ox(—p*A)) for every k > 1.
By Serre duality we have h'(Ox(—pFA)) = i1 (Ox(Kx + p*A)), which vanishes for k
sufficiently large by Serre vanishing (resp. see [Kol96, Chapter II, Remark 6.2.4]). O
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2.5. Geometry over imperfect fields

In this section, we summarise some results on varieties defined over imperfect fields. For
us, the main motivation to consider such varieties lies in understanding the geometry of

fibrations in positive characteristic.

2.5.1. Behaviour of the canonical class under base change

Let k be an imperfect field and let X be a normal proper variety over k. Assume that k is
integrally closed in K (X), equivalently k = H°(X,Ox). Let k C k" a non-separable field
extension. Then the base change X could be non-reduced or non-normal. We consider

the natural induced morphism
Y = (Xk’)fr\éd — X,

where (X,/) is the normalisation of (X, )yed. For applications to birational geometry it
is particularly important to understand the relation between Ky and Kx. The following

is the higher-dimensional generalisation of Tate’s genus change formula for curves:

Theorem 2.18 ([TanT8hE, Theorem 4.2], [PW, Theorem 1.1|, [TanB, Theorem 3.16]). Let k
be an imperfect field and let X be a normal proper variety over k such that k = H°(X, Ox).
Let k C k' be a field extension. LetY be the normalisation of the reduced scheme (X;/)red
and let f:Y — X be the natural morphism. Then there exists an effective Weil divisor C
on'Y such that

Ky + (p— 1)0 ~ f*Kx.

Moreover C' can be chosen to be non-zero if and only if Xy is not normal.

The above theorem have been successfully used to show global properties of wild fibra-
tions: rational chain connectedness of fibres of Mori fibre spaces (|[TanT8H, Theorem 1.4]),
uniruledness of Calabi-Yau fibre spaces with non-normal general fibres (|[TanI8H, Theorem

1.3]), smoothness of the normalisation of the general fibres ([PW, Theorem 1.4]).

2.5.2. Frobenius length of geometric non-normality

In [Tank], H. Tanaka introduces four invariants to measure the possible bad behaviour
of varieties over imperfect fields when passing to some inseparable extension. In Chapter
B, we will study geometric non-normality of varieties over imperfect fields. Recall that a
variety X over a field k is said to be geometrically normal over k if X xj, k is normal. We
start by recalling the definition of Frobenius length of geometric non-normality (Definition
Z19) and some fundamental properties (Remark 2Z20).

Definition 2.19. Let k£ be a field of characteristic p > 0. Let X be a proper normal
variety over k such that k = H°(X, Ox). The Frobenius length of geometric non-normality
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lp(X/k) of X/k is defined by
lp(X/k) :==min{l € Z>¢ | (X xy, kl/Pf)ﬁd is geometrically normal over kl/pg}.

Properties 2.20. Let k£ and X be as in Definition Z19. Set ¢ := (p(X/k). Let (K',Y)
be one of (kY/P7, (X xj kYP7)N ) and (k, (X xi k)N,). Let f: Y — X be the natural

morphism. We summarise some results from [Tanh, Section 5.

1. The existence of the right hand side of Definition 219 is assured by [Tanh, Remark
5.2].

2. If X is not geometrically normal, then / is a positive integer [Tanh, Remark 5.3] and

there exist nonzero effective Weil divisors Dy, ..., Dy such that

l
Ky +(p—1)) Di~ f*Kx,
=1

where f: Y — X denotes the induced morphism |[Tanhb, Proposition 5.11].

3. The ¢-th iterated absolute Frobenius morphism F)l}xk  factors through the induced
morphism Y — X Xy k' [TanB, Proposition 5.4 and Theorem 5.9]:

Fiwuw : X xp k' =Y = X 5 k.

2.5.3. Geometrically klt singularities

The purpose of this subsection is to introduce the notion of geometrically klt singularities

and its variants.

Definition 2.21. Let (X,A) be a log pair over a field k such that k is algebraically
closed in K(X). We say that (X, A) is geometrically kit (resp. terminal, canonical, lc) if
(X xp k, A xp k) is kIt (resp. terminal, canonical, Ic).

Lemma 2.22. Let k be a field. Let X and Y be varieties over k which are birational
to each other. Then X is geometrically reduced over k if and only if Y is geometrically

reduced over k.

Proof. Recall that for a k-scheme, being geometrically reduced is equivalent to satisfy
Serre’s condition S7 (i.e. for any local ring of the variety there exists a regular element)
and geometrically Ry (i.e. X is regular at its generic point). Since both X and Y are
S1, the assertion follows from the fact that being geometrically Ry is a condition on the

generic point. O

We prove a descent result for such singularities.

Proposition 2.23. Let (X,A) be a geometrically kit (resp. terminal, canonical, lc) pair
such that k is algebraically closed in K(X). Then (X, A) is kit (resp. terminal, canonical,

lc).
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Proof. We only treat the klt case, as the others are analogous. Let 7: Y — X be a
birational k-morphism, where Y is a normal variety and we write Ky + Ay = 7*(Kx +A).
It suffices to prove that |Ay | < 0. Thanks to Lemma =22, Y is geometrically integral.
Let v: W — Y X} k be the normalisation morphism and let us consider the following

commutative diagram:

w

‘|

Y xp k —2— Y

gl g
X xpk —— X

Denote by 9 := m o v and h := g o v the composite morphisms. We have
Kw + Aw = ¢"(Kx, + Ap) = h'n"(Kx + A) = h*(Ky + Ay).
By |TanT8H, Theorem 4.2|, there exists an effective Z-divisor D such that
W (Ky + Ay) = Kw + D + h*Ay,

and thus Ay = D + h*Ay > h*Ay. Since (X3, Ag) is klt, any coefficient of Ay is < 1.
Then any coefficient of Ay is < 1, thus (X, A) is klt. O

Proposition 2.15|. However, over imperfect fields, being geometrically klt is a strictly
stronger condition. Let us show with the following examples how bad singularities can

appear after base change, even if the variety we are considering is geometrically normal.
Example 2.24. We fix k to be an imperfect field of characteristic p > 0.

1. Consider the log pair (A}, %P), where P is a closed point whose residue field k(P) is

a purely inseparable extension of k of degree p. This pair is kIt over k, but it is not

geometrically log canonical.

2. Let t € k\ kP. Let q := p° for some e > 0 and consider the following surface
X := Speck[z,y, 2]/ (t + 7 + y?T1 4 2911

The surface X is regular, and thus klt. Let us consider the base-change to the

algebraic closure: X7. A simple substitution w := x + 1/ defines an isomorphism
X7 ~ Speck[w, y, 2]/ (w? + y? 4 2911).

The surface X7 is normal with a unique singular point of multiplicity q at the origin.

Thus X is geometrically normal but not geometrically log canonical if ¢ > 3.



KV vanishing fails for log del Pezzo

surfaces 1in characteristic three

3.1. Introduction

In this chapter we show counterexamples to the Kodaira vanishing theorem on surfaces of
del Pezzo type and to the rationality of klt threefold singularities in characteristic three.
These examples answers questions of Hacon-Witaszek ([HWI7, Question 5.4]) and Kovécs
(G==E))

Inspired by an example of Keel and M“Kernan (see [KMY9Y, Section 9] and [C1, Section
4]), we construct a log del Pezzo surface violating the Kawamata-Viehweg vanishing in

characteristic three:

Theorem 3.1 (See Theorem BTA). Over any field k of characteristic three, there exists a

projective normal k-surface T such that

1. T has klt singularities and — K7 is ample;
2. p(T) =1;
3. there exists an ample Q-Cartier Weil divisor A on T such that H (T, Op(—A)) # 0.

Using the cone construction of Section and Theorem B we show:

Theorem 3.2 (See Theorem BT1). Let k be a field of characteristic three. Then there exists

a Q-factorial Kawamata log terminal threefold singularity X which is not Cohen-Macaulay.

In the last paragraph of the section, we present a Kodaira-type vanishing theorem for
big and nef Cartier divisors on log del Pezzo surfaces of characteristic p > 5, which partially

answers a question of Cascini and Tanaka (see [CTIR, Remark 3.2]).

37
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Theorem 3.3 (See Theorem BZ2). Let X be a log del Pezzo surface defined over an
algebraically closed field k of characteristic p > 5 and let A be a big and nef Cartier

divisor. Then,

HY(X,0x(A)) =0.

3.1.1. Frobenius splitting and liftability

We fix a perfect field &k of characteristic p > 0. For the convenience of the reader we recall
the definition of F-splitting.

Definition 3.4. Let X be a projective variety over k. We say that X is globally F-split if
for some e > 0 the natural map
Ox 25 FeOyx

splits as a homomorphism of Ox-modules.

Remark 3.5. In the definition of F-splitting for a variety X one can equivalently ask that
for all e > 0 the Ox-module homomorphism Ox — FfOx splits.

Being globally F-split implies powerful vanishing results for the cohomology of ample
divisors on X. We will need the following result, which is a mild generalization of [BK03,

Theorem 1.2.9] to Q-Cartier Weil divisors on surfaces:

Proposition 3.6. Let X be a normal projective surface over k. If X 1is globally F-split,
then for any ample Q-Cartier Weil divisor A

HY(X,0x(—A)) =0.
Proof. By Remark B3 we know that for any large g > 0 there exists a splitting:
Ox — FJ0x — Ox.
Restricting to the regular locus U and tensoring by Oy (—A) we have the following splitting:
Oy(—A) = FIOy(—p?A) — Oy(—A).

Since X is a normal variety and each sheaf in the sequence is reflexive we deduce that the
splitting holds on the whole X:

Ox(—A) — FfOX(—pgA) — Ox(—A).
Passing to cohomology, we have an injection:
HY(X,0x(=A)) = H (X, Ox(—p? A)).

Let m be the Cartier index of A and let us write m = p/h where ged(p, h) = 1. Then for
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large enough and sufficiently divisible e we have that m divides pf (p® — 1) and thus
p’ (p® — 1)A is Cartier.
Now consider g = f 4+ e. We have
—p'A=—@p —pha—p/A

Since X is a normal surface, any divisorial sheaf is Cohen-Macaulay and thus we can apply
Serre duality (see [KMY8, Theorem 5.71]) to deduce

HY(X,0x(—p?A)) ~ H' (X, Homo, (Ox(—p?A), Ox (Kx)))*.

Being X normal, we have Homp, (Ox(—p?A),Ox(Kx)) ~ Ox(Kx + p?A) since both
sheaves are reflexive and they are isomorphic on U. Therefore

H'(X,0x(~p*A)) = H'(X, Ox (Kx +p?A))" = H'(X,Ox (Kx +p' A) @ Ox ((** — p7)4))".

By choosing e sufficiently large and divisible we conclude that the last cohomology group

vanishes by Serre vanishing criterion for ample line bundles. O

We recall the definition of liftability for log pairs to Wa(k).

Definition 3.7 (cf. [EVY2, Definition 8.11]). Let X be a smooth variety over a perfect
field k of characteristic p > 0. Let D = . D; be a snc divisor on X. We say that the
log pair (X, D) lifts to Wa(k) if there exists a flat family X — Spec(Wa(k)) and divisors
D; C X such that

1. the induced morphism D; — Spec(Wa(k)) is flat,

2. (X, Zz DZ) ~ (X XWg(k) k,zi D; XWg(k) k)

Log pairs in positive characteristic admitting a resolution satisfy strong vanishing the-

orems:

2. Let (X,A) be a kit log pair of dimension two. Suppose there exists a log resolution
7: V — X such that (V,Ex(r) + [uy1A])) lifts to Wa(k). Let D be a Weil divisor such
that D — (Kx + A) is ample. Then H*(X,0x (D)) = 0.

3.2. Keel-M°Kernan surface in characteristic three

In this section and in the following we fix k£ to be a field of characteristic three. We prove
Theorem B by constructing a log del Pezzo surface of Picard rank one not satisfying the

Kawamata-Viehweg vanishing theorem.
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3.2.1. Construction of Keel-M°Kernan surface in characteristic three

In [KM99, Section 9], the authors construct a family of log del Pezzo surfaces in charac-
teristic 2 violating the Bogomolov bound on the number of singular points. In [CT] it
was noted that their example gives various counterexamples to the Kawamata-Viehweg
vanishing theorem. We adapt their construction to the characteristic 3 case.

Let us consider the smooth rational curve C inside P x IP’?IJ defined by the equation:

C = {([z1: ma], [y1 : o)) | w2yl — 215 =0}

We denote by m,: P x IP’;/ — P the natural projection onto the first coordinate and we
say F, = m;1(p) for p € P is the vertical fibre over p.

The main property of C' is that the morphism 7,|c: C' — PL is the relative Frobenius
morphism. Geometrically, the curve C' has the following “funny” property: every vertical
fibre F), is a triple tangent to C.

Fix a closed point p; on C and consider the vertical fiber F} passing through this point.
Since such a fiber is a triple tangent to C' at the point p; we perform three successive blow-
ups starting from P x IP’; to separate C' from Fj. The order of the blow-ups is as follows:
at each step we blow-up the intersection point of the strict transform of F; and the strict
transform of C. After these birational modifications the strict transforms of C' and F;
(which, by abuse of notation, are denoted by the same letter) and the exceptional divisors

FEq,G1, Hy are in the following configuration:

e

/_/

C F
/
FE

\

1
where all the curves are smooth and rational with the following intersection numbers:
H?=-2G?= 2 F}=-3,E?=-1,C-E,=1,E, -F,=1,E,-H =1,H -G, = 1.

Note that the self-intersection of C' has dropped by 3. Performing the same operation with
other two points pa, p3 on the curve C' we construct a birational morphism f: S — PL x ]P’?IJ
where the strict transform of C' has become a (—3)-curve. Over each point p; we have
the exceptional curves H;, G;, E; and the strict transform of the fibre F; in the same
configuration as the one described above for p;.

On S there are the (—3)-curves Fi, Fy, F3 and three cycles of type As of (—2)-curves
formed by H; and G; for i = 1,...,3. Let ¢v: S — T be the birational contraction of the
curves F;, H;, G; for i € {1,2,3} and C. We can construct ¢ by running a suitable MMP
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(see |[TanTd|) with respect to the pair

3 3
2 1 2
(S, A = Z S+ Z 5 (Hi+Gi) +20),
=1 i=1
which at each step of the MMP we contract exactly one of the curves appearing in Supp(A).
We denote, with a slight abuse of notation, the pushforward of a divisor D via ¢ with the
same letter D.

On T we have the following configuration of curves and singular points:

» = Ar-type singular point

e = A;-type singular point

Ey FEy Ej

Remark 3.9. The singularity at the points of type Ay (resp. Ajp) is formally isomorphic to
the quotient of AZ by the action of the group scheme 3 with weights (1,2) (resp. (1,1)).

The following proposition justifies why this surface is a generalization of Keel-M°Kernan

construction in characteristic three:

Proposition 3.10. The surface T is a kit del Pezzo surface of Picard rank one. Moreover,

— K is numerically equivalent to Ey.

Proof. Tt is straightforward to see that p(T") = 1. Indeed, p(S) = 10 and the morphism
contracts nine exceptional curves. Since we contract only cycle of (—2)-curves and (—3)-
curves, T has klt singularities. We are only left to show that — K7 is an ample divisor. By

an explicit computation we have
211
*Kp ~q K -F+=C. 3.1
V' K1 ~q s+;3 it3 (3.1)

Since p(T') = 1 it is enough to prove that the anticanonical divisor has the same intersection
with an effective curve as Ej.
Let F), be the fibre of the the map 7, o f: S — PL over a general point p € PL. By the

projection formula we have:
1
—KT~1p*Fp:—w*KT-Fp:—KS~Fp—§C~Fp:1. O

We also have .
El’w*szw*El’szgc’szl-

Remark 3.11. It is possible to perform a similar construction for higher characteristic,

but the resulting surface has ample canonical divisor class.
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Remark 3.12. In [KMYY, Section 9] the authors prove the Bogomolov bound: a log del
Pezzo surface of Picard rank one over an algebraically closed field of characteristic zero
has at most six singular points. The bound was later improved to four singular points in
characteristic zero in [Bel0Y]. The surface T has seven singular points and thus shows that
the Bogomolov bound cannot hold in characteristic 3. It is an open question whether the

Bogomolov bound holds for large characteristic.

We show that there are no anticanonical sections on 71"
Proposition 3.13. HY(T,Op(—Kr)) = 0.
Proof. By formula (B7) we have

3
HY(T,0r(~Kr)) = H°(S,05(-Ks — Y _ F, - C)).
i=1
A direct computation shows
3
—Kg — ZFZ- —C ~ [*(—Kpixp) — ZF C) + Z (Gi + 2H; + 3E;).
=1 i=1

Therefore

HY(T,Op(—Kr)) = HO(P; x By, O(—Kpy xpy — ZF C)) = H(PL x P}, O(-2,-1)) = 0.

3.2.2. Failure of Kawamata-Viehweg vanishing theorem on T

We show that various Kawamata-Viehweg vanishing theorem fails on the surface T

We consider the following ample Q-Cartier Weil divisor
A:=Fy+ E3 — Ej.

Theorem 3.14. The Kawamata-Viehweg vanishing theorem fails for the Weil divisor A;
ie.

H(T, Or(~A)) £0.
Proof. The strategy is to pull-back the divisor to the minimal resolution S and compute
there the cohomology groups. Let us consider the pull-back of A to S as a Q-divisor:

— 1 2 1 1 1 2 1 1 1 2 1 1
_'l/J A - E1+§F1+§H1+§G1+§C E2 gFQ §H2 gGQ gC E3 §F3 gHg gGg gC,
thus
L*’QZ)*AJ :E1*EQ*FQ*HQ*GQ*Eg*Fg*Hg*Gg*C.
We have

:0s([—¢"A]) = Or(=A).
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Indeed, it is immediate to see that 1,Og(|—¢*A|) C Or(—A) and we only need to check
equality. Let U be an open set of T and f € k(T) be a rational function such that
divp(f) > Es + E3 — E; over the open set U. Therefore it is straightforward to check that
divg(*f) > Eq + Fo + Ho + G2 + E5 + Hs + G3 + E3 + F3 + C — Ej, thus showing that
f € Os([=v"A])(U).

We now compute the cohomology group H'(Or(—A)) using the Leray spectral sequence

By’ = H(T, R'.0s(|—* Al)) = H™(S,05(| —* A))). (32)
We show that R, Og(|—1*A|) = 0 for i > 0. By the Kawamata-Viehweg vanishing

to check that | —1*A] is ¢p—nef:

L‘WKAJ O = 27
AL Fy = 1[0 A] Hy =1, |07 A] - Gy =0,
|~ A| - F, =2, |—0"A| - Hy = 0, |~ A] - Gy = 1 for i = 2,3.

Therefore the Leray spectral sequence (B2) degenerates at the E2 page and we have for
all i > 0:
H'(T,Op(—A)) =~ H'(S,0s(|~¢" A])).

By a direct computation we have
Kg-|—¢*A] = =2 and |—¢*A]* = —6.
Therefore, by the Riemann-Roch theorem on S, we deduce
X(T, Or(=A)) = x(5, Os([—¢"A])) = -1,

which implies hY(T, Or(—A)) # 0. O

We now conclude that the surface T' gives a generalization to [CTWI7, Theorem 1.3]

to characteristic three.

Corollary 3.15. Over any algebraically closed field k of characteristic 3 there exists a
log del Pezzo surface T which is not globally F-split and such that for any log resolution
w: S — T the log smooth pair (S,Exc(u)) does not lift to Wa(k).

Proof. The surface T constructed above is not globally F-split by Proposition B8 and
Theorem BT4.

we have

HYT,O7(Kr + A)) # 0.
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If the pair (S, Exc(u)) lifted to Wa(k), we could apply Proposition B8 to the Z-divisor
D := K7 + A, thus getting a contradiction with the non-vanishing above. O

3.3. A klt not Cohen-Macaulay threefold singularity in char-

acteristic three

In this section we prove there exists klt not CM threefold singularities in characteristic
three. With the same notation as in Section =3, let us consider the cone over the log del
Pezzo surface T":

X 1= Co(T,0r(4)),

and denote the vertex by v.

We prove that X has klt singularities. If we were working over a field of characteristic
zero we would conclude immediately by Proposition 2I0. However, since we are working in
positive characteristic, we cannot apply Inversion of Adjunction and thus we need to further
study the singularities of X to conclude it is klt. We start by studying the singularities of

its partial resolution:

Y = Specy ) ,,50 Or(mA) o x.

The exceptional locus of the birational morphism 7 is the prime divisor £, which is isomor-
phic to T'. We denote by f the natural affine map 7: Y — T. We thus have the following
diagram:

Y —"=T

|

X

Proposition 3.16. The variety Y is a Q-factorial threefold with isolated singularities and
the pair (Y, E) is toroidal (hence log canonical).

Proof. To check that Y is Q-factorial it is sufficent to work in an analytic neighbourhood

Thus we can reduce to study the preimage 7=1(U) C Y of an analytic neighbourhood U
of the singular points of T' because outside the preimage of those points the pair (Y, E) is
log smooth.

As explained in Remark B, there are two different types of singular points in 7. We
show the result is true for the As-type singular points; for the Ai-type singular points the
computation is similar.

Let us consider a singular point p € T', which is formally isomorphic to the quotient of

A2, by the group ps with weight (1,2). In local coordinates,
V= Az?v // 13 = Specy, k[u3, v3, uv] ~ Specy, k[z, v, 2]/ (23 — xy),

and the Weil divisorial sheaf Or(A) is isomorphic to the Weil divisorial ideal Oy (—D) :=
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(x,z). In this case we have to compute the local equations for the variety:

Specy, Z Oy (—mD).
k>0

We have
Ov(=D) = (z,2), Oy(=2D)= (x,2%), Oy(-3D) = (x)

and these generate the Oy-algebra » ;- Oy (—mD). If we set
OV(_D) = (SL’,Z) = ((I, b) OV(_QD) = (l’,ZQ) = (C¢ b2) Ov(—3D) = (LL‘) = (d)7

one can write the relations between the generators and show that

Specy, Z Oy (—mD) ~
k>0

klx,y,z,a,b,c,d]

~8 .
PECk (23 — xy,a® — cx,ab — cz,a3 — dx?, ac — dx, b3 — dy, bc — dz)

The fibration f corresponds to the natural morphism

klx,y,z,a,b,c,d klx,y, 2]

(23 —wy)’

Specy, — Specy,

(23 — xy,a? — cx,ab — cz,a® — dx?,ac — dx, b3 — dy, bc — dz)

and the section F is the subvariety defined by the ideal (a,b, ¢, d).

A more conceptual way to understand the A'-fibration Y — T and its singularities is
to see it locally as a quotient of the trivial Al-bundle over A%. Let us consider the line

bundle

L := Specye Z(u)k ~ Specy, k[u, v, s]
k>0

together with the section S = (s = 0). We have a natural action of u3 on L of weight

(1,2,1) and we can construct the quotient

p: L =L/ ps.

A direct computation shows that the quotient pair (L // us,p(S)) is isomorphic to (Y, E).
With this description, we deduce that Y is a Q-factorial variety by [KMY8, Lemma 5.16]
and that the singularities of Y are isolated.

Moreover we have shown that, near the preimage via f of the singular points of T,

canonical singularities. d

Theorem 3.17. The variety X has kit singularities and it is not Cohen-Macaulay.
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Proof. By Proposition 212 and Theorem B4 we deduce

HY(X,0x) ~ Y HYT,0r(mA)) #0,
MmEeZ

thus proving X is not Cohen-Macaulay. We are left to check it is klt. We have —K7 ~g A
by Proposition B10. Thus by Proposition 29, Kx is Q-Cartier and Ky ~q f*Kx.

By Proposition B8, Y is a Q-factorial variety, the pair (Y, E) is toroidal and thus Y
is klt. This concludes that X has klt singularities. O

3.4. Kodaira-type vanishing for log del Pezzo surfaces in char-

acteristic p > 0

Throughout this section, k is an algebraically closed field of characteristic p > 0. The aim
of this section is to collect some Kodaira-type vanishing results for big and nef line bundles

on klt del Pezzo surfaces for arbitrary p > 0 and to prove Theorem B33.

Lemma 3.18. Let X be a surface of del Pezzo type over k. Then X is a rational surface
and H{(X,0x) =0 fori > 0.

Proof. The surface X is rational by [Tanld, Fact 3.4 and Theorem 3.5]. Let Y be the
minimal resolution. By the Kawamata-Viehweg vanishing theorem for birational morphism
between surfaces, we have H'(X,Ox) ~ H(Y,Oy). Since Y is a smooth rational surface

we conclude. ]

We start by discussing the case of log del Pezzo surfaces with at worst canonical sin-

gularities.

Proposition 3.19. Let A be a big and nef Cartier divisor on a kit del Pezzo surface X
such that | — Kx|# 0. Then
HY(X,0x(A)) =0.

Proof. Since A is effective, the divisor A — Kx is effective and ample by hypothesis and

thus by an application of Serre duality we have
(X, 0x(A)) = h'(X,0x(Kx — A)),

which is zero by Theorem ET4. O

Proposition 3.20. Let X be a kit del Pezzo surface over k with at most three singular non
du Val singular points. Suppose that all of them are formally isomorphic to the quotient of
Ai by the action of a group scheme p, for some m > 0. Then for any big and nef Cartier
divisor A

HY(X,0x(A)) =0.
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Proof. Let us recall that given a Weil divisor D on a surface X with only p,,-quotient

singularities we have

1
(X, 0x(D)) =x(X,0x) + ;D - (D~ Kx)+ > ep(D),
PeNotCart(D)

where cp(D) is a rational number depending on the type of singularity of the pair (X, D)
near P (for more details see [Rei¥7]). In [PV0O7, Corollary 4.1], the authors prove that
cp(—Kx) > —1 (let us note that the assumption on the characteristic of the base field is

unnecessary). Applying the Riemann-Roch formula we have

1
R(Ox(A=Kx)) = 1+5(A2 =34 - Kx +2KX)+ > cp(—Kx)
PeNotCart(Kx)

>3+ K% —-3>0.

Thus by Proposition 217 we conclude h!' (X, Ox(Kx — A)) = 0 and thus, by Serre duality,
R (Ox(A)) = 0. O

Remark 3.21. By [PVU7, Corollary 4.1], we have that cp(—Kx) > —1 if the singularity
P is formally a quotient of Az by ps. Then the same proof of the previous Proposition
shows that on a log del Pezzo surface X with at most four non du Val singular points
which are formally quotients by the group scheme u3, then any big and nef Cartier divisor
A satisfies H'(X,Ox(A)) = 0. In particular vanishing theorems for Cartier divisors hold
on the surface T we constructed in Section B2, which explains why we had to look for a

Q-Cartier Weil divisor violating the vanishing theorem.

We now deduce an effective vanishing for the H' of a positive line bundle on a log del

Pezzo surface, thus answering a question of Cascini and Tanaka (see [CTTR, Remark 3.2|).

Theorem 3.22. Let X be a kit del Pezzo surface over k and let A be a big and nef Cartier

divisor. Then
1. HY(X,0x(—A)) = 0;
2. If p>5, then H'(X,0x(A)) =0;
3. If p=3, then H'(X,0x(24)) = 0;
4. If p=2, then H'(X,0x(4A)) = 0.

Proof. To prove (1), it is enough to show that H%(X, A) # 0 because we can thus consider
an effective divisor D linearly equivalent to A and apply Theorem ET4. So denoting by

f:Y — X the minimal resolution, we have

HY(X,0x(A)) = H(Y, Oy (f* 4)).
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Since Y is a rational surface we have h2(Y, Oy (f*A)) = hO(Y, Oy (Ky — f*A)) = 0 and

therefore
1 1
RO(Y, Oy (f*A)) > 1+ S FFA-Ky) =1+ 5(A2 — Kx-A) > 0.

To prove (2), let us note that if H'(X,Ox(A)) # 0 we have H' (X, Ox(Kx — A)) # 0 by
Serre duality. Let us define a Weil Q-Cartier ample divisor

L::A—Kx.

Consider a covering family {D;} of curves for X belonging to a very ample linear system.

Since L and —Kx are ample we have that

Therefore we can apply Theorem P14 for every point z € X we can find a curve C,, passing
through x such that

L-D, 4
L.C, <4 .
TSt DL D —Kx D, “p-1

Moreover, if x € X is chosen to be generic we have that A - C, > 1 since A is big Cartier
divisor and therefore

L-Co=A-Cp—Kx-Cyp>1.

Thus concluding that p < 5.
In the case where p = 3, we apply the same proof to L = 24 — Kx with the same
notation to the curves D;. In this case by Theorem ETI4 we can find that for any point x

there exists a rational curve C, passing through x such that

L‘Cx<i:2.
p—1

However choosing x generic enough we have
L-C,=2A-C, — Kx-Cy > 2,

thus getting a contradiction. The proof for the case p = 2 is analogous. O

Remark 3.23. In the proof of assertions (2)-(4) the assumption that the singularities of
X are klt is superfluous. Indeed the same proof works for projective normal surfaces with

ample Q-Cartier anti-canonical divisor.

We conclude by discussing the special case where the linear system induced by A is

birational.

Proposition 3.24. Let (X, A) be a log del Pezzo pair over k. Let A be a big and nef Cartier
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divisor such that the linear system |A| is base point free and the morphism associated is

birational onto the tmage. Then
HY(X,0x(A)) =0.

Proof. Let f: Y — X be the minimal resolution and consider the effective divisor Ay such
that:
Ky + Ay = f*(Kx + A).

Since kit surface singularities are rational, we have R! f,Oy (f*A) = R f.0y ®Ox(A) = 0.
Thus we deduce

H'(Y,Oy(f*A)) = H'(X,0x(A)).

By hypothesis, there exists an irreducible section C' € |f*A|. The curve C is Gorenstein
with dualizing sheaf:
wo = Oy(KY + C) ® Oc¢.

Consider the following short exact sequence:
0— Oy = Oy (C) = Oc(C) — 0.

By Lemma B8 we have H'(Y,Oy) = 0 for i = 1,2. Thus taking the long exact sequence

in cohomology we have
H'(Y, Oy (f*4)) = H'(Y, Oy (C)) = H'(C, 0c(C)).
Now, using Serre duality on C' we have
H'(C,00(C)) ~ H'(C,we ® Oc(—Ky|c))) ~ H*(C, Oc(Ky|c))*.
It is easy to see that Ky |¢ is an anti-ample divisor because
Ky - C=(f"(Kx+A)—Ay) - ffA=(Kx+A)-A— Ay - ffA<O.

Therefore H*(C, Oc(Ky|c)) = 0, thus concluding the proof. O






Pathologies in positive characteristic

birational geometry

4.1. Introduction

Singularities play a crucial role in the recent development of the Minimal Model Program.
Most of the results in the study of singularities in characteristic zero, such as normality
of plt centres and klt-ness of the base of Mori fibre spaces, rely on subtle applications of
the Kawamata-Viehweg vanishing theorem and semi-positivity theorems, which originate
from Hodge theoretic methods. One may thus ask whether such results still hold true in
positive characteristic.

In this chapter we show various counterexamples in positive characteristic to some
of the by now classical results on singularity theory for varieties in characteristic zero,
extending previous work of Cascini and Tanaka (|CT] and |[Tana]). Let us summarise the

properties of our pathological examples:
Theorem 4.1. Let k be a perfect field of characteristic p > 3. Then

1. There exists a purely log terminal pair (Z,S) of dimension 2p+ 2 such that S = | S|
is not normal (see Theorem G3);

2. there exists a terminal Fano variety W of dimension 2p+2 such that H*(W, Ow) # 0
(see Theorem [-3);

3. if p > 5, there exists a Mori fibre space f: X — Y, where X s a terminal variety of
dimension p+ 3 and Y is a threefold which is not log canonical (see Theorem G-11).

o1
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4.2. Non-normal purely log terminal centres

In this section, we construct examples of non-normal purely log terminal centres in all
positive characteristic p > 3.

The main ingredient is the following

Theorem 4.2 ([TofT7, Theorem 2.1]). Let k be a field characteristic p > 3. Then there
exists a smooth Fano variety X over k of dimension 2p + 1 with a very ample Cartier
divisor A such that

2. —Kx =2A and
8. HY(X,Ox(A)) #0.

Remark 4.3. The Fano varieties constructed above are homogeneous spaces under the
action of SL, with non-reduced stabilizers. They have already been a prolific source of
examples of ‘pathologies’ in positive characteristic: by taking cones over X, Totaro shows
that for every p > 3 there exists a terminal not Cohen-Macaulay singularity in dimension
2p+2 ([Tof17, Corollary 2.2]). In [AZ17] the authors construct smooth Calabi-Yau varieties
in positive characteristic which are not liftable to characteristic zero by considering general
anticanonical sections of X and double covers along a general member of the linear system
| —2Kx]|.

To prove the main result we consider a cone over the Fano variety X constructed by
Totaro and we show that the prime divisor induced on the cone by a smooth section E € |A|

is not normal.

Theorem 4.4. Let k be any field of characteristic p > 3. Then there exists a log pair
(Z,S) such that

1. Z is an affine variety over k with terminal singularities of dimension 2p + 2 and S

18 a prime divisor,
2. (Z,5) is a purely log terminal pair with Kz + S Cartier,
3. S is not normal.

Proof. Let us fix a field k of characteristic p > 3. Let us consider the smooth Fano variety
X with the ample divisor A of Theorem E2. Since A is very ample, by Bertini theorem
there exists a smooth divisor E € |A|. We define the pair

(Zv S) e (Ca(Xa OX(A))v ECG(X,(’)X(A)))'

Since (X, F) is log smooth and Kx +FE ~ —A we conclude by Proposition 29 that Kz + .S
is Cartier and by Proposition 210 that the pair (Z,.S) is dlt. Since S is the only irreducible
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component in the boundary, the pair (Z, S) is actually plt. We denote by (Y, SY) the pair
given by (BC.(X, Ox(A)), [71S).

We check that S is not normal. The subvariety S can be written as

S = Spec, Y Im(H(X,0x(mA)) — H(E, Op(mA)).

m>0

Let us consider the short exact sequence
0— Ox(—E) = Ox — O — 0,

and tensor it with Ox (nA), where n is a positive integer. Taking the long exact sequence

in cohomology we have
H°(X,0x(nA)) — H°(E,Op(nA)) — H'(X,0x((n - 1)A)) = H'(X, Ox(nA)).

Since A is ample and H'(X,O(A)) # 0, we can consider, by Serre vanishing, the largest
n > 2 such that H'(X,0x((n —1)A)) # 0 and H'(X,Ox(nA)) = 0. Thus the morphism

HY(X,0x(nA)) — H°(E,O(nA))
is not surjective and therefore the morphism
v: SY:=Cu(E,Ox(A)|g) = S,
induced by the natural injection of k-algebras

> Im(H(X,0x(mA)) — HY(E,0g(mA)) C Y H(E,0g(mA))

m>0 m2>0

is not an isomorphism. The morphism v is finite and it is birational since for m > n
we have HY(E, Op(mA)) = Im(H°(X,0x(mA)) — H°(E,Og(mA)). Thus we conclude
that the variety S is not normal and that v is the normalisation morphism, since S is

normal. O

Remark 4.5. We note that, since p(X) = 2, the affine variety Z is not Q-factorial by
Proposition 24.

Remark 4.6. We point out that S is regular in codimension one and thus by Serre’s
criterion we deduce that S does not satisfy the Sy condition. In general, plt centres satisfy

the R; condition also in positive characteristic as explained in [GNT, Lemma 2.5].

Remark 4.7. The normalisation morphism v: S¥ — S is a universal homeomorphism
since the morphism SY — S has connected fibers. In [GNTI, Theorem 3.15], the authors
prove, assuming the existence of pl-flips, that this is always the case for plt centres on

threefolds in any characteristic.
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We show that the lifting lemma of Hacon-M“Kernan (see [HMO7, Theorem 5.4.21]) fails

over fields of positive characteristic:

Corollary 4.8. With the same notation as in Theorem [.4, there exists a projective bira-
tional morphism f: (Y,SY) — (Z,S) such that

1. (Y,SY) is log smooth and S is a prime divisor,
2. —Exc(f) is an f-ample divisor,
3. Ky 4+ SY is semiample and big, and

4. for every m > 0, the restriction map
H'(Y, Oy (m(Ky + 5Y))) — H*(SY, Oy (mKgv)),
18 not surjective.

Proof. By construction, the pair (Y,SY) is an Al-bundle over a log smooth pair. Thus
property (1) is immediate. To show property (2) we note that the divisor —X ~ is f-ample
over the affine variety Z, thus it is ample. We have, by formula (Z33) of Proposition 279,
that

Ky +8Y = f*(Kz + S),

and since Kz + S is ample on Z we conclude property (3) holds.

We now show property (4). Since S is not normal we have that the morphism
f*OY — f*OsY (41)

is not surjective. Indeed, since S¥ — S¥ is a surjective birational projective morphism

between normal varieties, we have by Zariski’s main theorem the following commutative

diagram:
Oy Os
~ Uy OSV
f+Oy —— [ OSY

Since Og — v, Ogv is not surjective, we conclude that the bottom arrow is not surjective.
By Proposition 29 we have that Kz + 5 ~ 0 and thus, using the projection formula,

we have

£ Oy (m(Ky +8Y)) = f.(ffOz(m(Kz + S))) = f.Oy,

and in the same way

f*OsY (mKsY) = f*OsY.
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Since Z is affine, we have therefore that the morphism in (B-I) is not surjective if and only
if
HO(Y, Oy (m(Ky + SY))) = H(SY, Ogv (mKgv)),

is not surjective for any integer m > 0, thus concluding the proof. ]

4.3. Terminal Fano varieties with H*(Oy) # 0

In this section we construct Fano varieties with terminal singularities and non-vanishing
intermediate cohomology.

We recall the Euler sequence on a projective vector bundle. Let E be a vector bundle
of rank r + 1 on a smooth variety X and let m: Px(FE) — X be the associated projective

bundle, then we have the following short exact sequence:
0— Q]%D(E)/X — Op(p)(—1) @ T*E — Op) — 0,
which shows Kp(py = Op(g)(—r — 1) @ 7" (Kx ® det E).

Theorem 4.9. Let k be a field of characteristic p > 3. Then there exists a Fano variety

W with terminal singularities of dimension 2p + 2 over k such that
H2(W, Oy) # 0.

Proof. Let us fix a field k of characteristic p > 3 and let us consider the Fano variety
X with the ample divisor A of Theorem B. We define the projective variety W :=
Cp(X,0x(4)). Since HY(X,Ox(A)) # 0, we conclude H*(W,Ow) # 0 by Proposition
ZT3. The variety W has terminal singularities since the only singular point is the vertex
of the cone C,(X,O0x(A)).

We are only left to prove that W is a Fano variety. For this it is sufficient to check that
the projective bundle 7: Y := Px(Ox @& Ox(—A)) — X is Fano. On Y there is a unique
negative section X~ such that Oy (X 7)|x- ~ Ox(—A) and there is also a positive section
X such that Oy (X )| x+ =~ Ox(A) (which shows X is a big and nef divisor on Y). A
simple computation shows X ~ X~ + 7*A. We note that

Oy (1) = Oy(X7),
and by the relative Euler sequence we have
Ky = Oy(=2) @ " (Kx — A).
Thus we have that the anticanonical class

— Ky =2X~ +7*(34) =2XT + %4, (4.2)
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is a big and nef divisor. To conclude that —Ky is ample, we show that the null locus
Null(—Ky) (see [Laz04h, Definition 10.3.4]) is empty. By equation (E2), the null locus
must be contained in X, but since —Ky|y- = A is ample we conclude it must be

empty. O

4.4. Singularities of the base of Mori fibre spaces in positive

characteristic

The aim of this section is to construct further examples of klt varieties admitting a Mori
fibre space over a base with non-klt singularities in higher characteristic. Since our con-
struction is based on the work of Yasuda on wild quotient singularities (see [YasT4, Yas17])
we start by recalling some of his results.

We fix a field k of characteristic p > 0 and the cyclic group G := Z/pZ. Let us recall
that for every integer 1 < ¢ < p we have a unique indecomposable representation of G over

k on a k-vector space of dimension ¢ denoted by V;, which is given by the following matrix

(1 x 7):
1 0 0 0
0 0
0 O 1
0o ... ... 1 1
o o0 ... ... 0 1

Let V' be a G-representation and consider the quotient V' — X := V/G. The representation

V' decomposes into sum of indecomposable ones
!
V= @ Va,

A=1

with 1 < dy < p and we introduce the following invariant for X:
l
dx(dy —1)
Dy = R el

Theorem 4.10 (|YasI?|). Suppose Dy > 2. Then the quotient X is terminal (resp.
canonical, log canonical) if and only if Dy > p (resp. Dy >p, Dy >p—1).

We can now construct new examples of Mori fibre space with bad singularities on the

base.

Theorem 4.11. Let k be a field of characteristic p > 5. Then there exists a projective

contraction f: X —'Y of normal k-varieties such that

1. X is a Q-factorial terminal quasi-projective variety of dimension p + 3;
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2. Y is a Q-factorial affine variety of dimension three which is not log canonical;
3. p(X/Y)=1 and —Kx is f-ample, equivalently f is a Mori fibre space.

Proof. Consider the indecomposable representation of G' on the three-dimensional space
V3. Since Dy, = 3 < p — 1 we have by Theorem BT0 that the quotient Y := V3/G is not
log canonical.

Now we consider the space (P!)?P with the following G action:

T(([‘Tl : yl]? [332 : yQ]? ER) [xp : yp])) = ([xp : yp}v [‘771 : y1]7 RN [mp—l : yp—l])'
Now we consider the space (P1)? x V3 and we let G act diagonally.
Claim. The quotient X := ((P')? x V3)/G has terminal singularities.

Proof. Consider the affine charts U, := {z; # 0} C (P1)? and U, = {y; # 0} C (P})?.
These affine charts are isomorphic to Aﬁ. The fixed locus of T' is contained in U, U U, and
T(Uz) C Uy (resp. T(Uy) C Uy). So we only need to understand the action of G on U, x V3
and U, x V3. Since the situation is symmetric it is sufficient to understand the action on
U, x V3. Since the action of G on U, x V3 is the sum of the irreducible representations
Vp @ V3 and since Dy, gy, = p(p2—1) + 3 > p+ 1 we conclude it is terminal by Theorem

BT O

We are only lef to prove that X — V3/G is a Mori fibre space. Consider now the

following diagram
(PP x V3 —= X

|

V3 Y

We are only left to check that X — Y is a Mori fibre space. It is sufficient to check that
p(X/Y) =1 and this is immediate since Pic(X) < (Pic((P1)? x V3))¢ = Z. O

Let us note that in Theorem E-I1, the relative dimension of the fibration increases with

the characteristic p. Thus we are led to consider the following

Conjecture 4.12. Let n and d be positive integers. Does there exists po(d) such that if
f: X =Y is a Mori fibre space where X is a kit Q-factorial variety of dimension n and
dim(X) — dim(Y') = d, then Y has kit singularities? In particular, does there exist po(1)?

Even in the case of threefold conic bundles, we have very little evidence for the above
conjecture. Let us note that Kollar proves that the base is smooth if the total space is
smooth (see [Kol9T, Complement 4.11.2]). In [N, Theorem 3.8] the authors prove that
the base of a threefold conic bundle has W O-rational singularities for p > 5 (recall that
klt surface singularities are rational and in particular W O-rational).

In the remaining part of the chapter, we present a partial positive result on the descent

of singularities of a Mori fibre space onto the base if the total space has Gorenstein canonical
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singularities. To achieve it, we will use some notions from the theory of F-singularities of

which we now recall the basic definitions.

Lemma 4.13. Let k be a field of characteristicp > 0. Let f: X — Y be a finite morphism
of normal k-schemes of degree n such that p t n. Then if X is F-pure (respectively, it is
strongly F-regular), then'Y is F-pure (respectively, it is strongly F-regular).

Proof. The statement is local, so we can suppose that X is an affine globally F-split (resp.
globally F-regular) scheme. Choose a splitting v of the Frobenius morphism Ox — F.Ox

in the category of Ox-modules. We have the following commutative square:

Oy— Y k0o,
f#l F f#
LOx I p ROy

Since p { n, we have that %Tracex/y: f.Ox — Oy is a splitting for f#. Thus a splitting
of Fy is given by %TraceX/Y o fu) o Fy f#.
For the case of strongly F-regular singularities, we fix D an effective Cartier divisor on

Y and we consider the natural commutative diagram for any integer e > 0:

Oy F:Oy (D)

f:Ox ——= [ F{Ox(f*D)

The same argument as before shows that a splitting of Ox — FfOx(f*D) in the category
of Ox-modules induces a splitting of Oy — FfOy (D) in the category of Oy-modules. [

Proposition 4.14. Let k be an algebraically closed field of characteristicp > 5. Let X be a
Q-factorial normal quasi-projective threefold over k with kit singularities and let f: X — S
be a Mori fibre space of relative dimension one. If p does not divide the Cartier index of
Kx (e.g. X has canonical Gorenstein singularities), then the surface S is Q-factorial and

has klt singularities.

Proof. The Q-factoriality of the base S of a Mori fibre space in characteristic p > 5 is
proven in [HNTTY, Theorem 5.4].

We are left to prove that S is klt. Since a general fibre F is P}, we have by adjunction
that —Kx - F = 2. Let us denote by i the Cartier index of Kx. Consider L a sufficiently
ample Cartier divisor on S such that A := —iKx + f*L is an ample Cartier divisor on
X. This implies that there exists ng such that for any n > ng, the linear system |nA|
is very ample. Let us choose n such that p { n. By [ST17, Main Theorem|, we deduce
that a general section H of [nA| has kit singularities. Since H - F' = 2in, the morphism
H — S is finite of degree 2in. Since p > 5, the singularities of H are strongly F-regular by
[Ha9g]. Since the degree of the finite morphism H — S is not divisible by p, we conclude
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by Lemma B3 that the singularities of S are strongly F-regular. Since S is Q-factorial,

we conclude it is klt. O

Let us note however that Conjecture -T2 cannot be extended to the case of le-trivial (or
log Calabi-Yau) fibrations in positive characteristic. Indeed, over a field of characteristic

zero, we have the following stronger statement on singularities due to Ambro:

Theorem 4.15 ([Amb05, Theorem 0.2]). Let k be a field of characteristic zero. Let (X, A)
be a mnormal quasi-projective kit pair over k. Let f: X — Y be a contraction between

normal varieties such that Kx + A ~¢q 0. Then there exists a boundary Ay on'Y such
that (Y, Ay) is a kit pair.

Unfortunately in characteristic p > 0, one cannot hope to bound the singularities of
the base of a log-canonical trivial fibration even in large characteristic as we show in the
following example, based on a generalisation due to Lorenzini and Schréer (|LST8]) to large

characteristic of the Z/27Z-wild quotients in characteristic two due to Artin (see [Arf73])

Proposition 4.16. Let k be a perfect field of characteristic p > 5. Then there exists a

projective contraction f: X — S of normal k-varieties with the following properties.
1. X is a smooth threefold,
2. S is a surface that is not log canonical.
3. Kx ~g0.

Proof. Let us consider the ring
A = E[z, y)[u,v)/(uP — 2P u — 2, 0P — yP 1o — ).
Let us consider the (Z/pZ)-action
o:(r,y,u,v) — (z,y,u+ a,v+b)

on A. By the Jacobi’s criterion, the ring A is regular. As explained in [LSIR, Theorem

7.5], the invariant ring under the action of o is
APIPE = K,y 2] /(20 — 2Py e = aPy + yP),

where z = yu —vz. For p > 5, the multiplicity at the origin multo(z? — 2P~ 1yP~ 1z — 2Py +
yPx) > 5 and thus the singularity is not log canonical.

Let E be an ordinary elliptic curve and consider a non-zero p-torsion point a € E[p]. We
have a natural (Z/pZ)-action on E given by the translation 7,. So we have the equivariant
(Z/pZ)-morphism p;: Spec(A) x E — Spec(A). Let us consider the induced morphism
f: X := (Spec(A) x E)/(Z/pZ) — Spec(A%/P). We have the following commutative
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diagram:

Spec(4) x E —T= X

;)

Spec(A) Spec(AZ/PL)

Since the action of (Z/pZ) has no fixed points on Spec(A4) x E we conclude that X
is a regular scheme. Moreover 7T*(KX/ SpeC(AZ/pZ)) ~ 0, implies KX/ Spec(AZ/pZ) ~Q 0, thus

concluding. O



On del Pezzo fibrations in positive

characteristic

Based on joint work with H. Tanaka.

5.1. Introduction

The minimal model conjecture predicts that an arbitrary algebraic variety is birational to
either a minimal model or a Mori fibre space w: V — B. A distinguished property of Mori
fibre spaces in characteristic zero is that any relative numerically trivial line bundles is
automatically trivial (cf. [KMMS7, Lemma 3.2.5]). Let us recall that given a morphism
7:V — B aline bundle L on V is said to be m-torsion if there exists a positive integer
m > 0 such that mL ~; 0. The smallest integer m for which mL is trivial is called the
torsion index of L. In [Tana, Theorem 1.4], Tanaka constructs counterexamples to the
same statement in positive characteristic. More specifically, if the characteristic is two or
three, then there exists a Mori fibre space 7: V' — B and a line bundle L on V such that
dimV =3,dimB =1,L =; 0, and L %, 0. Then it is tempting to ask how bad the torsion
indices can be.

One of the main results of this chapter is to give such an explicit upper bound of torsion

indices for three-dimensional del Pezzo fibrations.

Theorem 5.1 (Theorem B2M). Let k be an algebraically closed field of characteristic p > 0.
Let w: V. — B be a projective k-morphism such that 7,0y = Op, where V is a three-
dimensional Q-factorial normal quasi-projective variety over k and B is a smooth curve
over k. Assume there exists an effective Q-divisor A such that (V,A) is kit and w: V — B
is a (Ky + A)-Mori fibre space. Let L be a m-numerically trivial Cartier divisor on V.

61
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Then the following hold.
1. If p> 7, then L ~ 0.
2. If p € {3,5}, then p?L ~ 0.
3. If p=2, then 16L ~ 0.

We also prove a theorem of Graber—Harris—Starr type for del Pezzo fibrations in positive

characteristic.

Theorem 5.2 (Theorem 669). Let k be an algebraically closed field of characteristic p > 0.
Let m: 'V — B be a projective k-morphism such that 7,0y = Op, V is a normal three-
dimensional variety over k, and B is a smooth curve over k. Assume that there exists an
effective Q-divisor A such that (V,A) is kit and —(Ky + A) is w-nef and w-big. Then the
following hold.

1. There exists a curve C on V such that C — B is surjective and the following prop-
erties hold.

(a) If p> 7, then C — B is an isomorphism.
(b) If p € {3,5}, then K(C)/K(B) is a purely inseparable extension of degree < p.
(c) If p=2, then K(C)/K(B) is a purely inseparable extension of degree < 4.

2. If B is a rational curve, then V is rationally chain connected.

Theorem B2 can be considered as a generalisation of classical Tsen’s theorem, i.e.
the existence of sections on ruled surfaces. Tsen’s theorem was used to establish the log
minimal model program in characteristic p > 5 [BWI1, Section 3.4]. Also, Tsen’s theorem
was used to show that H'(X,WOx g) = 0 for threefolds X of Fano type in characteristic
p > 5 when i > 0 (cf. [GNT, Theorem 1.3]).

The proofs of Theorem Bl and Theorem B3 are carried out by studying the generic
fibre X := V xp Spec K(B) of m, which is a surface of del Pezzo type defined over an
imperfect field. Roughly speaking, Theorem B and Theorem hold by the following

two theorems.

Theorem 5.3 (Theorem 52H). Let k be a field of characteristic p > 0. Let X be a k-
surface of del Pezzo type. Let L be a numerically trivial Cartier divisor on X. Then the

following hold.
1. If p > 7, then L ~ 0.
2. If p € {3,5}, then pL ~ 0.
3. If p=2, then 4L ~ 0.

Theorem 5.4 (Theorem BBH). Let k be a Cy-field of characteristic p > 0. Let X be a
k-surface of del Pezzo type such that k = H°(X,Ox). Then
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1. If p>17, then X (k) # 0;
2. If p € {3,5}, then X (kY/P) # 0;

3. Ifp=2, then X(k'/*) # 0.

5.1.1. Sketch of the proof of Theorem

Let us overview some of the ideas used in the proof of Theorem BZ3. By considering the
minimal resolution and running a minimal model program, the problem can be reduced by
|[TanTRa, Theorem 4.4(3)| to the case when X is a regular surface of del Pezzo type which
has a K x-Mori fibre space structure X — B. In particular, it holds that dim B = 0 or
dim B = 1.

The case when dimB =0

Assume that dim B = 0. In this case, X is a regular del Pezzo surface. We first classify
Y = (X xx k)N, (Theorem EH). We then compare X xk with Y = (X x k)% (Theorem

Theorem 5.5 (Theorem B333). Let k be a field of characteristic p > 0. Let X be a
projective normal surface over k with canonical singularities such that k = H°(X,Ox) and
—Kx is ample. Then the normalisation Y of (X X k)req satisfies one of the following

properties.

1. X xy k is geometrically normal over k. Moreover, X X}, k has at worst canonical

singularities. In particular, Y ~ X x, k and —Ky is ample.
2. Y is isomorphic to a Hirzebruch surface, i.e. a P'-bundle over P'.

3. 'Y is isomorphic to a weighted projective surface P(1,1,m) for some positive integer

m.

Theorem 5.6 (cf. Theorem B33). Let k be a field of characteristic p > 0. Let X be a
projective normal surface over k with canonical singularities such that k = H°(X,Ox) and

—Kx is ample. Let Y be the normalisation of (X X k)req and let
M Y - X xg k
be the induced morphism.

1. If p > 5, then p is an isomorphism and Y has at worst canonical singularities.

2. If p =3, then the absolute Frobenius morphism FXxkE of X x k factors through ju:

Fy, 5 Xxik—=Y 5 X xk,
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3. If p = 2, then the second iterated absolute Frobenius morphism F)z(X E of X x1 k
k
factors through p:
2 ) . H T
FXng-Xka%Y%Xka-
Note that Theorem B3 shows that Y = (X x k)Y, is a rational surface. In particular,
any numerically trivial line bundle on Y is trivial. By Theorem BB, if L’ denotes the
pullback of L to X xj k, then it holds that L™ ~ Oy, 5 in the case (3). Then the flat

base change theorem implies that also L* is trivial.

We now discuss the proofs of Theorem B3 and Theorem BH. Roughly speaking, we
apply Reid’s idea ([Rei94, cf. the proof of Theorem 1.1]) to prove Theorem B33 by combining
with a rationality criterion (Lemma BZ32). As for Theorem 5@, we use the notion of
Frobenius length of geometric normality ¢r(X/k) introduced in [Tanh| (cf. Definition
219, Remark 220). Roughly speaking, if p = 2, then we can prove that {r(X/k) < 2 by
computing certain intersection numbers (cf. the proof of Proposition b=34). Then general
result on ¢r(X/k) (Remark 220) implies (3) of Theorem B58.

The case when dimB =1

Assume that dim B = 1, i.e. m: X — B is a Kx-Mori fibre space to a curve B. Since X
is of del Pezzo type, we have that the extremal ray R of NE(X) that is not corresponding
to m : X — B is spanned by an integral curve I', i.e. R = R>¢[I']. In particular, I' — B
is a finite surjective morphism of curves. If Kx - I' < 0, then the problem is reduced to
the above case (1) by contracting I'. Even if Kx -T' = 0, then we may contract I' and
apply the same strategy. Hence, it is enough to treat the case when Kx -I' > 0. Note
that the numerically trivial Cartier divisor L on X descends to B, i.e. we have L ~ n*Lp
for some Cartier divisor Lp on B. Then, a key observation is that the extension degree
[K(T') : K(B)] is at most five (Proposition b49). For example, if p > 5, then I' — B
is separable. Then the Hurwitz formula implies that —Kp is ample, hence Ly ~ 0. If
K(I')/K(B) is purely inseparable of degree p®, then it hold that ng ~ 0, since —Kpn
is ample. For the remaining case, i.e. p = 2, [K(I') : K(B)] = 4, and K(I')/K(B) is
inseparable but not purely inseparable, we prove that H°(B, L%) # 0 by applying Galois
descent for the separable closure of K(I')/K(B) (cf. the proof of Proposition 644).

5.1.2. Sketch of the proof of Theorem

Let us overview some of the ideas used in the proof of Theorem B4. The first step is the
same as Subsection B, i.e. considering the minimal resolution and running a minimal
model program, we reduce the problem to the case when X is a regular surface of del Pezzo

type which has a Kx-Mori fibre space structure X — B.
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The case when dimB =0

Assume that dim B = 0. In this case, X is a regular del Pezzo surface with p(X) = 1. Since
the p-degree of a Ci-field is at most one (Lemma 554), it follows from [FST8 Theorem
14.1] that X is geometrically normal. Then Theorem B3 implies that the base change
X x, k is a canonical del Pezzo surface, i.e. X xj, k has at worst canonical singularities
and _KXxkE is ample. In particular, we have that 1 < Kg( < 9. Note that if X is smooth,
then it is known that X has a k-rational point (cf. [Kal96, Theorem IV.6.8]). Following
the same strategy as in [Kal96, Theorem IV.6.8], we can show that X (k) # 0 if K% < 4
(Lemma B358). For the remaining cases 5 < K% < 9, we use results established in [Sch0g],
which restrict the possibilities for the type of singularities on X xj k. For instance, if
p > 11, then [SchlR, Theorem 6.1] shows that the singularities on X x k are of type
Ape_1. However, such singularities cannot appear, because the minimal resolution V' of
X x k satisfies p(V) < 9. Hence, X is actually smooth if p > 11 (Proposition 5247). For
the remaining cases p < 7, we study the possibilities one by one, so that we are able to

deduce what we desire. For more details, see Subsection B61l.

The case when dimB =1

Assume that dimB = 1, i.e. m: X — B is a Kx-Mori fibre space to a curve B. Then
the outline is similar to the one in (BcI). Let us use the same notation as in (B11). The
typical case is that —Kp is ample. In this case, B has a rational point. Then also the fibre
of 7 over a rational point, which is a conic curve, has a rational point. Although we need
to overcome some technical difficulties, we may apply this strategy up to suitable purely
inseparable covers for almost all the cases (cf. the proof of Proposition EG3). There is one
case we can not apply this strategy: p =2, Kx-I' > 0, and K(I')/K(B) is inseparable and
not purely inseparable. In this case, we can prove that —Kp is actually ample (Proposition

5T2).

5.1.3. Large characteristic

Using the techniques developed in this paper, we also prove the following theorem, which
shows that some a priori possible pathologies of log del Pezzo surfaces over imperfect fields

can appear exclusively in small characteristic.

Theorem 5.7 (cf. Corollary b550 and Theorem B52). Let k be a field of characteristic
p > 7. Let X be a k-surface of del Pezzo type such that k = H°(X,Ox). Then X is
geometrically integral over k and H'(X,Ox) = 0 for any i > 0.

As a consequence, we deduce the following result on del Pezzo fibrations in large char-

acteristic:

Corollary 5.8. Let k be an algebraically closed field of characteristicp > 7. Letw: V — B

be a projective k-morphism of normal k-varieties such that 7,0y = Op and dim V —
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dim B = 2. Assume that there exists an effective Q-divisor A on V' such that (V,A) is
kit and —(Ky + A) is w-nef and w-big. Then general fibres of m are integral schemes and
there is a non-empty open subset B' of B such that the equation (Rim.Ov)|p = 0 holds
for any i > 0.

The authors do not know whether surfaces of del Pezzo type are geometrically normal
if the characteristic is sufficiently large. On the other hand, even if p is sufficiently large,
regular surfaces of del Pezzo type can be non-smooth. More specifically, for an arbitrary
imperfect field k of characteristic p > 0, we construct a regular surface of del Pezzo type
which is not smooth (Proposition 551).

5.2. Preliminaries

5.2.1. Surfaces of del Pezzo type

In this subsection, we summarise some basic properties of surfaces of del Pezzo type over
arbitrary fields. For later use, we introduce some terminology. Note that del Pezzo surfaces

in our notation allow singularities.

Definition 5.9. Let k be a field. A k-surface X is del Pezzo if X is a projective normal
surface such that —Kx is an ample Q-Cartier divisor. A k-surface X is weak del Pezzo if

X is a projective normal surface such that —Kx is a nef and big Q-Cartier divisor.

We study how the property of being of del Pezzo type behaves under birational trans-

formations.

Lemma 5.10. Let k be a field. Let X be a k-surface of del Pezzo type. Let f 1Y — X be

the minimal resolution of X. Then Y is a k-surface of del Pezzo type.

Proof. Let A be an effective Q-divisor such that (X, A) is a log del Pezzo pair. We define
a Q-divisor Ay by Ky + Ay = f*(Kx + A). Since f: Y — X is the minimal resolution
of X, we have that Ay is an effective Q-divisor. The pair (Y, Ay) is klt and —(Ky + Ay)
is nef and big. Thus there exists E effective divisor such that for all 0 < ¢ < 1 the divisor
—(Ky + Ay) —eF is ample. If ¢ is sufficienly small, then (Y,I" := Ay + ¢F) is kit by the
existence of log resolution for excellent schemes (see [Lip7g|). Therefore the pair (Y,I') is

klt and —(Ky +I') is ample, i.e. it is a log del Pezzo pair. O

Lemma 5.11. Let k be a field. Let (X,A) be a two-dimensional projective klt pair over
k. Let H be a nef and big Q-Cartier Q-divisor. Then there exists an effective Q-Cartier
Q-divisor A such that A ~g H and (X, A+ A) is klt.

Proof. Thanks to the existence of log resolutions for excellent surfaces [Lip78|, the same

proof of [GNTI, Lemma 2.8| works in our setting. O
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Lemma 5.12. Let k be a field. Let X be a k-surface of del Pezzo type. Let f: X — Y be
a birational k-morphism to a projective normal k-surface Y. Then Y is a k-surface of del

Pezzo type.

Proof. Let A be an effective Q-divisor such that (X,A) is a log del Pezzo pair. Set
H := —(Kx + A), which is an ample Q-Cartier Q-divisor on X. By Lemma BT, there
exists an effective Q-Cartier Q-divisor A such that A ~g H and (X, A + A) is klt. Then
the pair (Y, feA + f,A) is kit and Kx + A+ A ~q f*(Ky + fx A + fiA) ~g 0. It follows
from [TanTIRa, Corollary 4.11] that Y is Q-factorial. By Nakai’s criterion, the Q-divisor
f«A is ample. In particular (Y, f,A) is a log del Pezzo pair. O

5.2.2. Geometrically canonical del Pezzo surfaces
In this subsection we collect results on the anti-canonical systems of geometrically canonical
del Pezzo surfaces we will need later.

Canonical del Pezzo surfaces over algebraically closed fields

We verify that the results in [Kol96, Chapter III, Section 3| hold for del Pezzo surfaces

with canonical singularities over algebraically closed fields.

Proposition 5.13. Let X be a canonical weak del Pezzo surface over an algebraically
closed field k. Then the following hold.

1. H*(X,0x(—mKx)) = 0 for any non-negative integer m.

2. H(X,Ox) =0 for any i > 0.

3. HY(X,0x(—Kx)) #0.

4. HY(X,O0x(mKx)) =0 for any integer m.

5. h(X,0x(-mKx)) =1+ W(#H)Kg( for any non-negative integer m.

Proof. The assertion (1) follows from Serre duality. We now show (2). It follows from
[TanT4, Theorem 5.4 and Remark 5.5] that X has at worst rational singularities. Then the
assertion (2) follows from the fact that X is a rational surface |[TanTd, Theorem 3.5].

We now show (3). By H?(X,0x(—Kx)) = 0 and the Riemann-Roch theorem, we
have h(X, Ox(—Kx)) > 1+ K% > 0. Thus (3) holds.

We now show (4). By (3), there exists an effective Cartier divisor D such that D ~
—Kx. In particular, D is effective, nef, and big. It follows from [T, Proposition 3.3] that

HY(X,0x(—nD)) = H'(X,0x(Kx +nD)) =0

for any n € Z~¢. Replacing D by —Kx, the assertion (4) holds. Thanks to (1) and (4),

assertion (5) follows from the Riemann—Roch theorem. O
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Lemma 5.14. Let Y be a canonical weak del Pezzo surface over an algebraically closed
field k. If a divisor Y;_, a;C; € | — Ky| is not irreducible or not reduced, then every C; is

a smooth rational curve.

Proof. Taking the minimal resolution of Y, we may assume that Y is smooth. Fix an index
1 <49 < r. By adjunction, we have
a; Ajq — 1
2pa(Ciy) —2 = —Cjy - —C; | =

a; a;
itig O 0

Cip - (—Ky). (5.1)

Note that both the terms on the right hand side are non-positive.

Since Y is smooth and ), a;C; is nef and big, it follows from [Tanl5, Theorem 2.6]
that H1(X,-nY",a;C;) = 0 for n > 0. Hence, Y, a;C; is connected. Therefore, if
>, a;C; is reducible, the first term in the right hand side of (B) is strictly negative, hence
1a(Ciy) < 0.

If a;, > 2 and Cj, - Ky < 0, then the second term in the right hand side of (B is
strictly negative, hence p,(C;,) < 0. If C;, - Ky = 0, then C; is a smooth rational curve
with C2 = —2. O

Proposition 5.15. Let Y be a canonical weak del Pezzo surface over an algebraically closed
field k. Let Bs(—Ky) be the base locus of —Ky, which is a closed subset of Y. Then the
following hold.

1. Bs(—Ky) is empty or dim(Bs(—Ky)) = 0.
2. A general member of the linear system | — Ky| is irreducible and reduced.

Proof. Taking the minimal resolution of Y, we may assume that Y is smooth. Using
Proposition 613, the same proof of [Doll2, Theorem 8.3.2.i] works in our setting, so that
(1) holds and general members of | — Ky | are irreducible.

It is enough to show that a general member of | — Ky| is reduced. Suppose it is not.
Then there exist a > 1 such that a general member is of the form aC € | — Ky | for some
curve C. In particular, C is a smooth rational curve by Lemma BT4. Recall that we have

the short exact sequence
0— H(Y,O0y) — H(Y,0y(C)) = H*(C,0c(C)) — 0.

Since H(Y, Oy) = 0 (Proposition B13), we have that h%(Y, Oy (C)) = 1 + h°(C, Oc(C)).
As C is a smooth rational curve, we conclude by the Riemann-Roch theorem that h°(Y, Oy (C)) =
2+ C2.

We now consider the induced map

H°(Y,0y(C)) = H(Y, Oy (aC)) = H(Y, Oy (- Ky))

a

¥ = ¥
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Since a general member of | — Ky| is of the form aD for some D > 0, 6 is a dominant

morphism if we consider 6 as a morphism of affine spaces. Therefore, it holds that
K (Y, Oy (—Ky)) < h(Y,0¢(C)) =2+ C? = -Ky - C < K},
which contradicts Proposition b13. ]

Anti-canonical systems on geometrically canonical del Pezzo surfaces

In this section, we study anticanonical systems on geometrically canonical del Pezzo sur-
faces over an arbitrary field £ and we describe their anti-canonical model when the anti-
canonical degree is small.

We need the following results on geometrically integral curves of genus one.

Lemma 5.16. Let k be a field. Let C be a geometrically integral Gorenstein projective
curve over k of arithmetic genus one with k = H°(C,0¢). Let L be a Cartier divisor on
C and let R(C, L) := D,,>¢ HO(C,mL) be the graded k-algebra. Then the following hold.

(i) If degi(L) = 1, then Bs(L) = {P} for some k-rational point P and R(C,L) is
generated by @1§j§3 H°(C,jL) as a k-algebra.

(ii) If deg,(L) > 2, then L is globally generated and R(C, L) is generated by H°(C, L) @
HY(C,2L) as a k-algebra.

(iii) If deg, L > 3, then L is very ample and R(C, L) is generated by H°(C,L) as a
k-algebra.

Proof. See |[Tanh, Lemma 11.10 and Proposition 11.11]. O

Proposition 5.17. Let k be a field. Let X be a geometrically canonical weak del Pezzo
surface over k such that k = H°(X,Ox). Let R(X,—Kx) = D,>0 HY(X,0x(-mKx))
be the graded k-algebra. Then the following hold.

1. If m is a positive integer such that ngf > 2, then | — mKx| is base point free.
2. If K% =1, then Bs(—Kx) = {P} for some k-rational point P.
8. If K% =1, then R(X,—Kx) is generated by Di<j<s H(X,—jKx) as a k-algebra.

4. If K% = 2, then R(X,—Kx) is generated by H*(X,—Kx) & H*(X,—2Kx) as a
k-algebra.

5. If K% >3, then R(X,—Kx) is generated by HY(X,—Kx) as a k-algebra.
In particular, if —Kx is ample, then | — 6K x| is very ample.
Proof. Consider the following condition.

(2)’ If K% =1, then Bs(—Kx) is not empty and of dimension zero.
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Since K% = 1, (2) and (2)’ are equivalent. Note that to show that (1), (2)’, and (3)—(5),
we may assume that k is algebraically closed.
From now on, let us prove (1)—(5) under the condition that k is algebraically closed. It
follows from Proposition B13 that a general member C of | — Kx| is a prime divisor.
Since C' is a Cartier divisor and X is Gorenstein, then C' is a Gorenstein curve. By
adjunction, C' is a Gorenstein curve of arithmetic genus p,(C) = 1. By Proposition 513,

we have the following exact sequence for every integer m:
0— H'(X,—(m - 1)Kx) = H(X,-mKx) = H*(C,—mKx|c) — 0.

By the above exact sequence, the assertions (1) and (2) follow from (3) and (2) of Lemma
bh 18, respectively.

We prove the assertions (3), (4) and (5). By the above short exact sequence, it is
sufficient to prove the same statement for the k-algebra R(C,Oc(—Kx)), which is the
content of Lemma BT8. Ul

Theorem 5.18. Let k be a field. Let X be a geometrically canonical del Pezzo surface
over k such that H°(X,Ox) = k. Then the following hold.

1. If Ki =1, then X is isomorphic to a weighted hypersurface in Pr(1,1,2,3) of degree

S1T.

2. If Kg( = 2, then X is isomorphic to a weighted hypersurface in Pr(1,1,1,2) of degree

four.
3. If K% =3, then X is isomorphic to a hypersurface in IP’% of degree three.

4. If K)z( =4, then X is isomorphic to a complete intersection of two quadric hypersur-

faces in IF’% .

Proof. Using Proposition b1, the proof is the same as in [Kol96, Theorem I11.3.5]. O

5.2.3. Mori fibre spaces to curves

In this subsection, we summarise properties of regular curves with anti-ample canonical

divisor and of Mori fibre space of dimension two over arbitrary fields.

Lemma 5.19. Let k be a field. Let C' be a projective Gorenstein integral curve over k.

Then the following are equivalent.
1. wal 18 ample.
2. HY(C,0¢) = 0.
3. C is a conic curve of P2, where K := H(C,O¢).

4. deg,we = —2dimy(H°(C, O¢)).
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Proof. 1t follows from [TanI8a, Corollary 2.8| that (1), (2), and (4) are equivalent. Clearly,
(3) implies (1). By [KoIT3, Lemma 10.6], (1) implies (3). O

Lemma 5.20. Let k be a field and let C' be a projective Gorenstein integral curve over k
such that k = H°(C,O¢) and wal is ample. Then the following hold.

1. If C is geometrically integral over k, then C' is smooth over k.
2. If the characteristic of k is not two, then C' is geometrically reduced over k.
3. If the characteristic of k is not two and C is regular, then C' is smooth over k.

Proof. By Lemma 519, C is a conic curve in P%. Thus, the assertion (1) follows from the
fact that an integral conic curve over an algebraically closed field is smooth.
Let us show (2) and (3). Since the characteristic of k is not two and C'is a conic curve
in IP’%, we can write
C = Proj k[z,y, 2]/(az? + by* + c2?)

for some a, b, c € k. Since C is an integral scheme, two of a, b, ¢ are not zero. Hence, C' is
reduced. Thus (2) holds. If C' is regular, then each of a, b, ¢ is nonzero, hence C' is smooth
over k. O

Proposition 5.21. Let k be a field. Let m : X — B be a Kx-Mori fibre space from a
projective reqular k-surface X to a projective regular k-curve with k = H°(B,Opg). Let b
be a (not necessarily closed) point. Then the following hold.

1. The fibre Xy is irreducible.

2. The equation k(b) = H°(Xy, Ox,) holds.

Co

The fibre Xy is reduced.

~

. The fibre Xy is a conic in Pi(b).

v

. If char k # 2, then any fibre of w is geometrically reduced.
6. If chark # 2 and k is separably closed, then 7 is a smooth morphism.

Proof. If Xj is not irreducible, it contradicts the hypothesis p(X/B) = 1. Thus (1) holds.

Let us show (2). Since 7 is flat, the integer
X = dimyp) H* (X, Ox,) — dimy ) H' (X3, Ox,) € Z

is independent of b € B. Since H(Xy, Ox,) = 0 for any b € B, it suffices to show that
dimy,) H 9(Xp,Ox,) = 1 for some b € B. This holds for the case when b is the generic
point of B. Hence, (2) holds.

Let us prove (3). It is clear that the generic fibre is reduced. We may assume that

b € B is a closed point. Assume that X} is not reduced. By (1), we have X; = mC' for
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some prime divisor C' and m € Zx3. Since —Kx ) Xp = 2, we have that m = 2. Then

we obtain an exact sequence:
0— Ox(—-C)|c = Ox, = Oc — 0.

Since C? = 0 and wal is ample, we have that Ox (—C)|c ~ O¢. Since H(C,O¢) = 0, we

get an exact sequence:
0— H%C,0c) — H°(Xy, 0x,) — H°(C,0¢) — 0.

Then we obtain dimy,;,) H%(Xp, Ox,) > 2, which contradicts (2). Hence (3) holds.

We now show (4). By [Tani8a, Corollary 2.9], degyy)ywx, = (Kx + Xp) k@) Xp» < 0.
Hence (4) follows from (2) and Lemma 5T9.

The assertions (5) and (6) follow from Proposition 521 O

5.2.4. Twisted forms of canonical singularities

The aim of this subsection is to prove Proposition b=30.
The main idea is to bound the purely inseparable degree of regular non smooth points
on geometrically normal surfaces according to the type of singularities. For this, the notion

of Jacobian number plays a crucial role.

Definition 5.22. Let k be a field of characteristic p > 0. Let R be an equi-dimensional
k-algebra essentially of finite type over k. Let Jg/; be its Jacobian ideal of R over k (cf.
[HS06, Definition 4.4.1 and Proposition 4.4.4]). We define the Jacobian number of R/k as
v(R) = v(R/k) := dimy(R/Jp/). Note that v(R/k) < oo if R/Jg/y is an artinian ring

and its residue fields are finite extensions of k.

Remark 5.23. Let k& C k' be a field extension of characteristic p > 0 and let R be an
equi-dimensional k-algebra essentially of finite type over k. Then the following hold.

1. By [HSOS, Definition 4.4.1], we get
Tk - (R@Ok k') = Jrew /i

In particular, if R/Jg/; is an artinian ring and its residue fields are finite extensions
of k, then we have v(R/k) = v(R ® k' /K').

2. Assume that k is a perfect field. By [HSOH, Definition 4.4.9], Spec (R/Jg/;) set-

theoretically coincides with the the non-regular locus of Spec R.

3. Assume that R is of finite type over k. Then (1) and (2) imply that Spec (R/Jg/;)
set-theoretically coincides with the the non-smooth locus of Spec R — Spec k.

Remark 5.24. In our application, R will be assumed to be a local ring Ox ; at a closed

point x of a geometrically normal surface X over k. In this case, (3) of Remark 523 implies
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that R/Jg/j is an artinian local ring whose residue field is a finite extension of k. Hence,

v(R/k) = dimy(R/Jg;) is well-defined as in Definition 522

To treat local situations, let us recall the notion of essentially étale ring homomor-

phisms. For its fundamental properties, we refer to [Fulh, Subsection 2.8|.

Definition 5.25. Let f: R — S be a local homomorphism of local rings. We say that f
is essentially étale if there exists an étale R-algebra S and a prime ideal p of S such that

p lies over the maximal ideal of R and S is R-isomorphic to Sy.

In the following we will use some basic properties of Jacobian ideals, that rely on the
fact that they are Fitting ideals. Let us recall the definition of Fitting ideals for a finitely

presented module M over a ring R. Let us choose a presentation
RE™ A ROy £ 0,

and define the k-th fitting ideals Fity (M) as the ideal generated by that (n — k) x (n — k)-
minors of the matrix A. By [SP, [lag 07Z8)|, this ideal Fity (M) is indipendent on the choice
of the presentation.

If R is an equi-dimensional k-algebra essentially of finite type over k of dimension n,

then as explained in [HSO06, Discussion 4.4.7] we have the equality

Tk = Fitn(Qp 1.)-

Lemma 5.26. Let k be a field. Let f: R — S be an essentially étale local k-algebra
homomorphism of local rings which are essentially of finite type over k. Let mp and mg be
the mazimal ideals of R and S, respectively. Set k(R) := R/mp and k(S) := S/mg. Then
the following hold.

1. If M is an R-module of finite length whose support is contained the maximal ideal

mpg, then the equation
dimg(M ®@p S) = [k(S) : k(R)] dimg M

holds.

2. Suppose that R is an integral domain, R/Jg, is an artinian ring, and k(R) is a

finite extension of k. Then the equation
v(S/k) = [k(R) : k(S)|v(R/k)

holds.

Proof. Let us show (1). Since M is a finitely generated R-module, there exists a sequence
of R-submodules M =: My D My D --- D M, = 0 such that M;/M;;1 ~ R/p for some
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As R — S is flat, the problem is reduced to the case when M = R/mpr = k(R). In this

case, we have
E(R) ®r S = (R/mp) ®r S ~ S/mpS = S/mg = k(9),

where the equality S/mprS = S/mg follows from the assumption that f is a localisation
of an unramified homomorphism. Hence, (1) holds.

Let us show (2). Set n := dim R. We use the description of the Jacobian of R via
Fitting ideals : Jp/, = Fitn(Q}Q/k) and Jg/i, = Fitn(Qg/k). We have

Jse = Fitn(2)4) = Fitn (g4 ®r S) = Fitn(Qg 1) = Jr/iS,

where the third equality follows from (3) of [SP, [l'ag 07ZAl|. As f : R — S is flat, we
obtain S/Jg, =~ (R/Jgx) ®r S. By (1) and Definition b2, the assertion (2) holds. [

Example 5.27. Let k be a field of characteristic p > 0. Let X = Spec R be a surface

over k such that
(i) X xx k = Spec (R ®}, k) is a normal surface,
(i) X xy k has a unique singular point z, and z is a canonical singularity of type Ayn_1.

We prove that v(R/k) = p". By Remark 523, we have v(R/k) = v(R®y k/k). In order to
compute V(R ®y, k/k), it is sufficient to localise at the singular point by [HS0S, Corollary
4.4.5]. Thus we can suppose that k is algebraically closed and R is a local k-algebra.

By [At£77, pages 16-17] (cf. Section 10, the henselisation R" of R is isomorphic to

k{x,y,z}/(z"" + zy).

In particular there exist essentially étale local k-algebra homomorphisms R — S and
klz,y,2]/(z"" — xy) — S. A direct computation shows v(k[z,y, 2]/(2*" — zy)) = p". Thus

by Lemma B28, we have
v(R) = v(S) = v(k[z,y,2]/(z"" — xy)) = p".
The following is a generalisation of [FSIR, Lemma 14.2].

Lemma 5.28. Let k be a field of characteristic p > 0. Let X = Spec R, where R is an
equi-dimensional local k-algebra of essentially finite type over k. Let x be the closed point

of X. Suppose that R/Jgy is a local artinian ring and its residue field k(x) is a finite
extension of k. Then [k(x) : k] is a divisor of v(R/k).

Proof. Let R/Jgy, =: Mo D My D --- D M, = 0 be a composition sequence of R/Jp/-
submodules (cf. [Maf89, Theorem 6.4]). Since R/Jg, is an artinian local ring, it holds
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that M;/M;11 ~ k(x) for any i. We have

n—1

V(R/k) = dimg(R/Jry) = Y _ dimg(M;/M; 1) = ndimy, k(z) = nlk(z) : k].
i=0
We thus conclude that [k(z) : k| is a divisor of v(R/k). O

Lemma 5.29. Let X be a regular variety over a separably closed field k. Suppose that
Xz = X X k is a normal variety with a unique singular point y. Let x be the image of y
by the induced morphism X3 — X. Then the following hold.

1. [k(z) : k] is a divisor of v(Ox ).
2. X Xy k(z) is not regular.

Proof. Since k is separably closed, the induced morphism X7 — X is a universal home-
omorphism. Note that the local ring Ox , is not geometrically regular over k. Applying
Lemma to the local ring Ox ;, we deduce that [k(x) : k] is a divisor of v(Ox ). Thus
(1) holds. Consider the base change m: X X k(x) — X. Let 2’ be the point on X xj k(x)
lying over x. Note that 2’ is a k(z)-rational point of X Xy k(x) whose base change by
(=) Xg(z) k is not regular. By [ESIR, Corollary 2.6], we conclude that X xj k(z) is not

regular at x’. O

We now explain how the previous results can be used to construct closed points with
purely inseparable residue field on a regular surface. This will be used in Section Bd to

find purely inseparable points on regular del Pezzo surfaces.

Proposition 5.30. Let X be a regular surface over k. Suppose that Xz = X Xy k is
a normal surface over k with a unique singular point y. Assume that y is a canonical
singularity of type Apn_1. Let z be the image of y by the induced morphism Xz — Xp1/m =
X xi, KYP" . Then z is a kY/?P" -rational point on Xp1/om .

Proof. Set R := Ox,, where z is the unique closed point along which X is not smooth.
Let k°°P be the separable closure of k. For Ryser := R ®p k*°P, it follows from Example
B27 that v(Rgser) = p". Lemma implies that k%P C k(z) is purely inseparable and
[k(2) : k*°P] is a divisor of p™. In particular, k(z) C (kS°P)1/P",

Consider the Galois extension k/?" c (k*P)!/P" and denote by G its Galois group. For
X gsepyr/om = X X (ksP)1/P" | G acts on the set X (gsery1 /o7 ((k%P)1/P"). The unique singular
(kseP)1/P" _rational point on X (ksepy1/pn 1 fixed under the G-action. Thus it descends to a

kY/P" rational point on Xp1/pm - O

5.3. Behaviour of del Pezzo surfaces under base changes

In this section, we study the behaviour of canonical del Pezzo surfaces over an imperfect

field k& under the base changes to the algebraic closure k.
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5.3.1. Classification of base changes of del Pezzo surfaces

In this subsection, we give classification of base changes of del Pezzo surfaces with canonical
singularities over imperfect fields (Theorem BZ33). To this end, we need two auxiliary
lemmas: Lemma BZ30 and Lemma B232. The former one classify Q-factorial surfaces over
algebraically closed fields whose anti-canonical bundles are sufficiently positive. Its proof
is based on a simple but smart idea by Reid (cf. the proof of [Rei9d, Theorem 1.1]). A
similar idea has also been used by I. Cheltsov in [Ched6|. The latter one, i.e. Lemma B232,

gives a rationality criterion for the base changes of log del Pezzo surfaces.

Lemma 5.31. Let k be an algebraically closed field. Let Y be a projective normal Q-
factorial surface over k such that —Ky = A+ D for an ample Cartier divisor A and a
pseudo-effective Q-divisor D. Let p: Z — 'Y be the minimal resolution of Y. Then one of

the following assertions holds.

1. D=0 and Y has at worst canonical singularities.
2. 7 is isomorphic to a P*-bundle over a smooth projective curve.
3. 7 ~ P2,
Proof. Assuming that (1) does not hold, let us prove that either (2) or (3) holds. We have

Kz +FE=p"Ky
for some effective u-exceptional Q-divisor £ on Z. In particular, it holds that
Kz;+ E+p*(D)=p"(Ky + D) =—p*A.
Since (1) does not hold, we have that D # 0 or E' # 0. Then we get
Kz +pA=—-E— (D) #0,

hence Kz + p*A is not nef. By the cone theorem for a smooth projective surface [KM98,
Theorem 1.24], there is a curve C that spans a (Kz + p*A)-negative extremal ray R of
NE(Z). Note that C is not a (—1)-curve. Indeed, otherwise u(C) is a curve and we obtain

p*A - C > 0, which induces a contradiction:
(Kz+p*A)-C>—-14+1=0.

It follows from the classification of the Kz-negative extremal rays [KM9Y, Theorem 1.28]
that either Z ~ P? or Z is a P'-bundle over a smooth projective curve. In any case, one
of (2) and (3) holds. O

Lemma 5.32. Let (X, A) be a projective two-dimensional klt pair over a field of charac-
teristic p > 0 such that —(Kx + A) is nef and big. Assume that k = H°(X,Ox). Then

(X Xp k)rea is a rational surface.
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Proof. See [N, Proposition 2.20]. O

We now give a classification of the base changes of del Pezzo surfaces with canonical

singularities.

Theorem 5.33. Let k be a field of characteristic p > 0. Let X be a canonical del Pezzo
surface over k with k = H°(X,Ox). Then the normalisation Y of (X X, k)eq Satisfies

one of the following properties.

1. X x3 k is geometrically canonical over k. In particular, Y ~ X x3 k and —Ky is

ample.

2. X is not geometrically normal over k and Y is isomorphic to a Hirzebruch surface,

i.e. a Pl-bundle over PL.

3. X s not geometrically normal over k and Y 1is isomorphic to a weighted projective

surface P(1,1,m) for some positive integer m.

Proof. Replacing k by its separable closure, we may assume that k is separably closed. Let
f:Y — X be the induced morphism and let p : Z — Y be the minimal resolution of Y.
By [TanI8H, Theorem 4.2], there is an effective Z-divisor D on Y such that

e Ky +D = f*Kx, and
e if X x} k is not normal, then D # 0.

Since —Kx is an ample Cartier divisor, so is —f*Kx. Moreover, it follows from [TanI&h,
Lemma 2.2 and Lemma 2.5] that Y is Q-factorial. Hence, we may apply Lemma BEX1 to
—Ky =—-f*Kx + D.

By Lemma B32, Y is a rational surface. Thus, if (2) or (3) of Lemma 6231 holds, then
one of (1)—(3) of Theorem B33 holds, as desired. Therefore, let us treat the case when (1)
of Lemma B=3T holds. Then it holds that D = 0 and Y has at worst canonical singularities.
In this case, we have that Y = X x; k and X is geometrically canonical. Hence, (1) of
Theorem b33 holds, as desired. O

5.3.2. Bounds on Frobenius length of geometric non-normality

In this subsection, we give an upper bound for the Frobenius length of geometric non-

normality for canonical del Pezzo surfaces (Proposition 6234).

Proposition 5.34. Let k be a field of characteristic p > 0. Let X be a canonical del Pezzo
surface over k with k = H°(X,0x). Let Y be the normalisation of (X X k)req and let

f:Y — X be the induced morphism. Assume that the linear equivalence

T
Ky +ZCz‘ ~ [*Kx
i1
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holds for some prime divisors C1, ...,C, (not necessarily C; # Cj for i # j). Then it holds
that r < 2.

Proof. Set C :=3%":_; C;. We have Ky +C ~ f*Kx. If C' = 0, then there is nothing to
show. Hence, we may assume that C' £ 0. In particular, X is not geometrically normal. In
this case, it follows from Theorem B=33 that Y is isomorphic to either a Hirzebruch surface
or P(1,1,m) for some m > 0.

We first treat the case when Y ~ P(1,1,m). If m = 1, then the assertion is obvious.
Hence, we may assume that m > 2. In this case, for the minimal resolution g : Z — Y, we
have that

Kz + L_QF =g"'Ky
m

where T is the negative section of the fibration Z — P! such that I'> = —m. Note that m
is the Q-factorial index of Y, i.e. mD is Cartier for any Z-divisor D on Y. We have that

m — 2 m— 2
Kz =" T~ ¢'Ky = T+ ¢°C — ¢ f*Kx
m m

Consider the intersection number with a fibre F; of Z — P

m— 2 m
2:(mI‘—|—g*C’—g*f*KX>-FzZ +C - g.(Fy)+ 1.

Thus we obtain
2>C - (mg.(Fz)) >,

where the last inequality holds since mg.(Fz) is an ample Cartier divisor. Therefore, we
obtain r < 2, as desired.
It is enough to treat the case when Y is a Hirzebruch surface. For a fibre F of 7:Y —
P!, we have that
—24C-F=(Ky+C)-F=f'Kx-F<-1,

hence C' - F < 1. There are two possibilities: C'- FF=1or C'- F = 0.
Assume that C' - F = 1. Then there is a section ' of 7 and a m-vertical Z-divisor C’
such that C =T + C’. Consider the intersection number with I':

—24T1-C'=(Ky+T+C) - T=(Ky+C) T'=fKx-I'<-1.

Therefore, we have I' - C’ < 1. This implies that either C’ = 0 or C’ is a prime divisor. In
any case, we get r < 2, as desired.

We may assume that C'- F' =0, i.e. C is a w-vertical divisor. Let I be a section of 7
such that T2 < 0. We have that

—24C - T=(Ky+T+0C) T<(Ky+C)-I'=fKx -T<-1.

Hence, we obtain C - T" < 1, which implies » < 1. O
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Theorem 5.35. Let k be a field of characteristic p > 0. Let X be a canonical del Pezzo
surface over k such that k = H°(X,Ox). Let Y be the normalisation of (X Xp k)rea and
let

p:Y = X xi k

be the induced morphism.

1. If p > 5, then X is geometrically canonical, i.e. p is an isomorphism and Y has at

worst canonical singularities.

2. If p=3, then {p(X/k) <1 and the absolute Frobenius morphism Fy 3 of X xi k
factors through p:

Fy i Xxik—=Y 5 X xk,

3. If p =2, then Lp(X/k) < 2 and the second iterated absolute Frobenius morphism
F;X E of X xy, k factors through fu:
k

Fi 5  Xxpk—=Y = X xk.

Proof. The assertion follows from Remark and Proposition b=34. O

5.4. Numerically trivial line bundles on log del Pezzo surfaces

The purpose of this section is to give an explicit upper bound on the torsion index of
numerically trivial line bundles on log del Pezzo surfaces over imperfect fields (Theorem
6543). To achieve this result, we use the minimal model program to reduce the problem to
the case when our log del Pezzo surface admits a Mori fibre space structure 7 : X — B.
The cases dim B = 0 and dim B = 1 will be settled in Theorem and Proposition b-44,

respectively.

5.4.1. Canonical case

In this subsection, we study numerically trivial Cartier divisor on del Pezzo surfaces with

canonical singularities.

Theorem 5.36. Let k be a field of characteristic p > 0. Let X be a canonical weak del
Pezzo surface over k such that k = HY(X,0x). Let L be a numerically trivial Cartier
divisor on X. Then the following hold.

1. If p> 5, then L ~ 0.
2. If p=3, then 3L ~ 0.

3. If p=2, then 4L ~ 0.
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Proof. We first reduce the problem to the case when —Kx is ample. It follows from
[TanTRa, Theorem 4.2| that —Kx is semi-ample. As —Kx is also big, | — mKx| induces
a birational morphism f : X — Y to a projective normal surface Y. Then it holds that
Ky is Q-Cartier and Kx = f*Ky. In particular, Y has at worst canonical singularities.
Then |TanI8a, Theorem 4.4] enables us to find a numerically trivial Cartier divisor Ly on
Y such that f*Ly ~ L. Hence the problem is reduced to the case when —Kx is ample.
Let us discuss the case where p > 5. In this case by Theorem b33, X7 is a del Pezzo
surface with canonical singularities. Set £ := Ox (L) and let L3 be the pull-back to Xz.
Since X7 is a rational surface, we have HO(XE, L7) # 0. By base change we thus have

HY(X,L) @ k ~ H (X7, L) # 0,

thus concluding.
We only treat the case when p = 2, as the case p = 3 is analogous. By Theorem b=33,

the second iterated absolute Frobenius morphism
2 ) A A
FXXkE-Xka_)Xka
factors through the normalisation (X X E)gd of (X Xk k)red:

F;M X Xk = (X xp BNy B X %k,

where £ denotes the induced morphism. Set £ := Ox (L) and let £; be the pullback of £
to X xj k. Since (X x %)f\e[d is a normal rational surface by Lemma B=32, any numerically
trivial invertible sheaf is trivial: pu*Ly ~ O(Xxkﬁ)ﬁd' As F)Z(xkE factors through p, we have
that

4 2 *
L5 = Fx 1) L7 = Ox &

Then it holds that
HO(X, LY @k~ HY(X xp k, L7) ~ H(X x4 k, Oy 7) #0.
Hence we obtain H°(X, £*) # 0, i.e. 4L ~ 0. O

5.4.2. Essential step for the log case

In this subsection, we study the torsion index of numerically trivial line bundles on log del

Pezzo surfaces admitting the following special Mori fibre space structure onto a curve.
Notation 5.37. We use the following notation.
1. k is a field of characteristic p > 0.

2. X is a regular k-surface of del Pezzo type such that k = H°(X,Ox) and p(X) = 2.

3. B is a regular projective curve over k such that k = H°(B, Op).
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4. m: X — B is a Kx-Mori fibre space.

5. Let R = R[] be the extremal ray which does not correspond to w, where I'
denotes a curve on X. Note that m(I') = B. Set dr := dimy H°(I',Or) € Z~¢ and
mr = [K(T') : K(B)] € Z~o. We denote by 7 : I' — B the induced morphism.

6. Assume that Kx -I' > 0.
Lemma 5.38. We use Notation B=32. Then the following hold.
(7) T? <0.

(8) There exists a rational number o such that 0 < a < 1 and (X,al") a log del Pezzo

pair.

Proof. The assertion (7) follows from Lemma below. Let us prove (8). By Notation
637(2), there is an effective Q-divisor A such that (X, A) is a log del Pezzo pair. We
write A = oI’ + A’ for some rational number 0 < o < 1 and an effective Q-divisor A’ with
[' ¢ Supp(A’). Since NE(X) is generated by I' and a fibre F' of the morphism 7 : X — B,
we conclude that any prime divisor C' such that C' # I' is nef. In particular, A’ is nef.
Hence, (X, al') is a log del Pezzo pair. Thus, (8) holds. O

Lemma 5.39. Let k be a field. Let X be a projective Q-factorial normal surface over k
Let R = Rxo[l] is an extremal ray of NE(X), where T is a curve on X. IfT? > 0, then
p(X)=1.

Proof. We may apply the same argument as in [TanT4, Theorem 3.21, Proof of the case
where C% > 0 in page 20]. O

The first step is to prove that mp < 5 (Proposition 549). To this end, we find an upper
bound and a lower bound for o (Lemma 540, Lemma B4T).

Lemma 5.40. We use Notation B=31. Take a closed point b of B and set Fy, := 7*(b). Let
k(b) be the residue field at b and set d(b) := [k(b) : k]. Then the following hold.

1. Kx - Fy, = —2d(b).
2. T F, = mpd(b).
3. If a is a rational number such that —(Kx + oI') is ample, then amp < 2.
Proof. Let us show (1). We have that
degpwp, = (Kx + F) -, F = Kx - F, < 0.
Hence, Lemma B9 implies that

KX 'k Fb = degk Wr, = —2d(b).
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Thus (1) holds. Clearly, (2) holds.
Let us show (3). Since —(Kx + oI) is ample, (1) and (2) imply that

0> (KX + CYF) 1 By = —2d(b) + Oémrd(b).

Thus (3) holds. O
Lemma 5.41. We use Notation B=31. Then the following hold.
1. (KX —I—F) . I'= —=2dr < 0.

2. For a rational number B with 0 < 8 < 1, it holds that

(Kx + L) I' = dp(1 - 35).

3. If a is a rational number such that 0 < o < 1 and —(Kx + al') is ample, then it
holds that 1/3 < «.

Proof. We fix a rational number « such that 0 < o < 1 and —(Kx + al') is ample, whose
existence is guaranteed by Lemma B=33.
Let us show (1). It holds that

(Kx+1) I <(Kx+al')I'<0,

where the first inequality follows from I'? < 0and 0 < a < 1, whilst the second one
holds since —(Kx + al') is ample. Therefore, by adjunction and Lemma 519, we deduce
(Kx +7T) - T' = deg;, wr = —2dr. Thus (1) holds.
Let us show (2). For kp := H°(T', Or), the equation dr = [kr : k] (Notation 5232(5))
implies that
Kx -+ I' = degy(wx|r) = dr - degy. (wx|r) € drZ.

Combining with Kx -, I" > 0 (Notation b237(6)), we obtain Kx - I' > dr. Hence, it holds
that
(Kx+pD) 4+ I'=1-8)Kx x ' +B(Kx +71) T
=(1-8)Kx '+ B(-2dr) > (1 — B)dr + B(—2dr) = dr(1 — 35).

Thus (2) holds. The assertion (3) follows from (2). O

Proposition 5.42. We use Notation B=34. It holds that mp < 5.

Proof. We fix a rational number « such that 0 < o < 1 and —(Kx + aI') is ample, whose
existence is guaranteed by Lemma b=38. Then the inequality mr < 6 holds by
2 1

— > > -
mrp 37
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where the first and second inequalities follow from Lemma b20 and Lemma B2, respec-
tively. O

To prove the main result of this subsection (Proposition b44), we first treat the case

when K (I')/K(B) is separable or purely inseparable.

Lemma 5.43. We use Notation B=31. Let Lp be a numerically trivial Cartier divisor on
B. Then the following hold.

1. If K(T')/K(B) is a separable extension, then wy' is ample and L ~ 0.

2. If K(I')/K(B) is a purely inseparable morphism of degree p¢ for some e € Zq, then
p°Lp ~ 0.

Proof. We first prove (1). Assume that K (T')/K(B) is a separable extension. Let TN — T
be the normalisation of T'. Set mpn : 'V — B to be the induced morphism. Since wp?
is ample, so is w;;% Hence we obtain H'(I'V, Opn) = 0 (Lemma 519). Thanks to the
Hurwitz formula (cf. [Lin02, Theorem 4.16 in Section 7]), we have that H'(B,Op) = 0,
thus wgl is ample (Lemma BT9). In particular, the numerically trivial Cartier divisor Lp
is trivial, i.e. Lp ~ 0. Thus (1) holds.

We now show (2). Since K(I')/K(B) is a purely inseparable morphism of degree p°,
the e-th iterated absolute Frobenius morphism F5 : B — B factors through the induced
morphism v : TV — B:

Fg:B>TN I B

It holds that 7fy Lp ~ 0, hence p°Lp = (F)*Lp ~ 0. Thus (2) holds. O

Proposition 5.44. We use Notation B230. Let L be a numerically trivial Cartier divisor
on X. Then the following hold.

1. Ifp>17, then L ~ 0.
2. If p € {3,5}, then pL ~ 0.
3. If p=2, then 4L ~ 0.

Proof. By |TanI8a, Theorem 4.4], there exists a numerically trivial Cartier divisor Lp on
B such that 7*Lp ~ L. If K(I')/K(B) is separable, then Lemma BZ3(1) implies that
L ~ 0. Therefore, we may assume that K (I')/K(B) is not a separable extension. Thanks

to Proposition b42, we have
[K(T'): K(B)] =mp <5.

Let us show (1). Assume p > 7. In this case, there does not exist an inseparable
extension K(I')/K(B) with [K(T") : K(B)] < 5. Thus (1) holds.
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Let us show (2). Assume p € {3,5}. Since K(I')/K(B) is not a separable extension
and [K(I') : K(B)] < 5, it holds that K(I')/K(B) is a purely inseparable extension of
degree p. Hence, Lemma BZ3(2) implies that pL ~ 0. Thus (2) holds.

Let us show (3). Assume p = 2. Since K(I')/K(B) is not a separable extension and
[K(T') : K(B)] <5, there are the following three possibilities (i)—(iii).

(i) K(I")/K(B) is a purely inseparable extension of degree 2.
(i) K(T')/K(B) is a purely inseparable extension of degree 4.
(iii) K(I')/K(B) is an inseparable extension of degree 4 which is not purely inseparable.

If (i) or (ii) holds, then Lemma BZ3(2) implies that 4L ~ 0. Hence we may assume that
(iii) holds. Let 'V — I" be the normalisation of I'. Corresponding to the separable closure
of K(B) in K(T') = K(I'N), we obtain the following factorisation

N - B, - B

where K (I'V)/K(Bj) is a purely inseparable extension of degree two and K (B;)/K(B) is
a separable extension of degree two. In particular, K(B;)/K(B) is a Galois extension. Set
G = Gal(K(B1)/K(B)) = {id,c}. Since Lg|p~y ~ L|py ~ 0 and the absolute Frobenius
morphism Fp, : By — Bj factors through 'V — By, it holds that 2Lp|p, ~ 0. In
particular, we have that H°(By,2Lg|p,) # 0. Fix 0 # s € H°(By,2Lp|p,). We obtain

0 # so(s) € HY(By,4Lg|p,)°.
As so(s) is G-invariant, so(s) descends to B, i.e. there is an element
t € H'(B,4Lp)

such that t|p, = so(s). In particular, we obtain ¢ # 0, hence 4Lp ~ 0. Therefore, we have
4L ~ 0. O

5.4.3. General case

We are ready to prove the main theorem of this section.

Theorem 5.45. Let k be a field of characteristic p > 0. Let X be a k-surface of del Pezzo
type. Let L be a numerically trivial Cartier divisor on X. Then the following hold.

1. Ifp>17, then L ~ 0.
2. If p € {3,5}, then pL ~ 0.

3. If p=2, then 4L ~ 0.
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Proof. Let us consider the Stein factorisation X — Spec(H%(X,Ox)) — Spec(k). Since
we only need to check that for a given m the space of global sections H(X, mL) does not
vanish we can replace k with H°(X, Ox) without any loss of generality.

Furthermore, replacing X by its minimal resolution, we may assume that X is regular
by Lemma bT0. We run a Kx-MMP:

p: X=Xg—=>X; == X,.

Since —Kx is big, the end result X, is a Kx, -Mori fibre space. It follows from [TanI8a,
Theorem 4.4(3)] that there exists a Cartier divisor L,, with ¢*L,, ~ L. Since also X, is of
del Pezzo type by Lemma BT2, we may replace X by X,,. Let 7 : X — B be the induced
K x-Mori fibre space.

If dim B = 0, then we conclude by Theorem b=38. Hence we may assume that dim B =
1. Since X is a surface of del Pezzo type, there is an effective Q-divisor such that (X, A)
is klt and —(Kx + A) is ample. Hence any extremal ray of NE(X) is spanned by a curve.
Note that p(X) = 2 and a fibre of 7 : X — B spans an extremal ray of NE(X). Let
R = R>¢[I'] be the other extremal ray, where I' is a curve on X. To summarise, (1)—(5) of
Notation b=37 hold. There are the following three possibilities:

(i) T2 > 0.
(i) I? < 0and Kx - T <0.
(iii) I? <0 and Ky - T > 0.

Assume (i). In this case, any curve C' on X is nef. Since —(Kx + A) is ample, also
—Kx is ample. Therefore, we conclude by Theorem h=38.

Assume (ii). In this case, —Kx is nef and big. Again, Theorem implies the
assertion of Theorem hZA.

Assume (iii). In this case, all the conditions (1)-(6) of Notation 6231 hold. Hence the
assertion of Theorem B4A follows from Proposition b4, O

5.5. Results in large characteristic

In this section, we prove the existence of geometrically normal birational models of log
del Pezzo surfaces over imperfect fields of characteristic at least seven (Theorem 549). As
consequences, we prove geometric integrality (Corollary B50) and vanishing of irregularity
for such surfaces (Theorem B52).

5.5.1. Analysis up to birational modification

The purpose of this subsection is to prove Theorem b49. To this end, we establish auxiliary

results on Mori fibre spaces (Proposition 544, Proposition 548) We start by recalling the
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following well-known relation between the Picard rank and the anti-canonical volume of

del Pezzo surfaces.

Lemma 5.46. Let Y be a smooth weak del Pezzo surface over an algebraically closed field
k. Then p(Y) =10 — K2. In particular, it holds that p(Y') < 9.

Proof. Let Y =1 Y] = Yo — --- = Y, = Z be a Ky-MMP, where Z is a weak del Pezzo
surface endowed with a Kz-Mori fibre space Z — B. It is sufficient to prove the relation
p(Z) =10 — K%, which is well known (cf. [KMY8, Theorem 1.28]). O

Proposition 5.47. Let k be field of characteristic p > 11. Let X be a regular del Pezzo
k-surface such that k = H°(X,Ox). Then X is smooth over k.

Proof. By Theorem 533, X x}, k has at most canonical singularities. By [SchU8, Theorem
6.1] such singularities are of type Aye_1. Since X xy k is a canonical del Pezzo surface, its

minimal resolution 7: Y — X X} k is a smooth weak del Pezzo surface and we have

9> p(V)2p(X )+ Y -n> 3w,
2€Sing(X X k) 2€Sing(X X k)

where the first inequality follows from Lemma BZ8 and the last inequality holds by p > 11.
Thus, we obtain Sing(X xj k) = (), as desired. O

Proposition 5.48. Let k be field of characteristic p > 0. Let X be a reqular k-surface
of del Pezzo type such that k = H°(X,Ox). Assume that there is a Kx-Mori fibre space
m: X — B to a projective reqular k-curve B. Let I' be a curve which spans the extremal

ray of NE(X) not corresponding to w. Then the following hold.

1. If Kx -T' < 0 (resp. <0), then —Kx 1is ample (resp. nef and big). If p > 5, then

wgl 18 ample and B is smooth over k.
2. If Kx -I'>0 andp > 7, then wgl is ample and B is smooth over k.

3. If Kx-I' >0, p>7, and k is separably closed, then I" is a section of w and 7 is

smooth. In particular, X is smooth over k.

Proof. The first part of assertion (1) follows immediately from Kleimann’s criterion for
ampleness (resp. [Laz04a, Theorem 2.2.16]). Assume p > 5. The anti-canonical model Z
of X is geometrically normal by Theorem 538 and thus H!(Z, Oz) = 0. This implies that
HY(X,0x) =0 and H'(B,Op) = 0. Hence, the assertion (1) holds by Lemma 519 and
Lemma b210.

Let us show (2). The field extension K(I')/K(B) corresponding to the induced mor-
phism 7p : I' — B is separable (Proposition 642). Thus B is a curve such that wgl is
ample (Lemma 543). Since p > 2, B is a k-smooth curve by Lemma 520. Thus (2) holds.

Let us show (3). It follows from Proposition B20(6) that 7 is a smooth morphism.

Hence it suffices to show that mp : I' — B is a section of 7. Since K(I') is separable
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over K (B) and B is smooth over k, K(I') is separable over k, i.e. K(I') is geometrically
reduced over k. Hence also I' is geometrically reduced over k. Since X7 is a smooth
projective rational surface with p(Xz) = 2, Xt is a Hirzebruch surface and m : Xi — By
is a projection. Since the pullback I'; of I' is a curve with I‘% < 0 by Lemma B39, I'; is
a section of 7z : Xz — Bz. The base change I'y — By is an isomorphism, hence so is the
original one 7p : I' — B. Thus (3) holds. O

Theorem 5.49. Let k be a separably closed field of characteristic p > 7. Let X be a
k-surface of del Pezzo type such that k = H°(X,Ox). Then there exists a birational map
X --»Y to a projective normal k-surface Y such that one of the following properties holds.

1. Y is a reqular del Pezzo surface such that k = H°(Y,Oy) and p(Y) = 1. In particu-
lar, Y 1is geometrically canonical over k. Moreover, if p > 11, then Y is smooth over

k.

2. There is a smooth projective morphism w : Y — B such that B ~ IP’}C and the fibre
771(b) is isomorphic to IP’,lv(b) for any closed point b of B, wherefk(b) denotes the
residue field of b. In particular, Y is smooth over k and Y Xy k is a Hirzebruch

surface.

Proof. Let f: Z — X be the minimal resolution of X. By Lemma BT, Z is a k-surface
of del Pezzo type. We run a Kz-MMP:

Z=1y—=>7Z1 = —Ly=:Y.

By Lemma BT2, the surfaces Z; are of del Pezzo type. The end result Y is a Ky-Mori
fibre space 7 : Y — B. If dim B = 0, then Y is a regular del Pezzo surface, hence (1) holds
by Theorem B33 and Proposition bZ4. If dim B = 1, then Proposition b24¥ implies that
(2) holds. O

Corollary 5.50. Let k be a field of characteristic p > 7. Let X be a k-surface of del Pezzo
type such that k = H°(X,Ox). Then X is geometrically integral over k.

Proof. We may assume k is separably closed. It is enough to show that X is geometrically
reduced [Tan18H, Lemma 2.2|. By Lemma P22, we may replace X by a surface birational
to X. Then the assertion follows from Theorem bhZ9. O

5.5.2. Vanishing of H'(X, Ox)

In this subsection, we prove that surfaces of del Pezzo type over an imperfect field of

characteristic p > 7 have vanishing irregularity.

Lemma 5.51. Let k be a field of characteristic p > 0. Let X be a k-surface of del Pezzo
type such that k = H%(X,Ox). If X is geometrically normal over k, then it holds that
HY(X,0x) =0 fori>0.
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Proof. The assertion immediately follows from Lemma b=32. O

Theorem 5.52. Let k be a field of characteristic p > 7. Let X be a k-surface of del Pezzo
type such that k = H°(X,Ox). Then H/(X,0Ox) =0 fori > 0.

Proof. We may assume that k is separably closed. Let X --» Y be the birational morphism
as in the statement of Theorem 529. Lemma 551 implies that H (Y, Oy) = 0 for i > 0.
Let o : W — X and ¥ : W — Y be birational morphisms from a regular projective
surface W. Since both Y and W are regular, we have that H*(W, Oy/) = 0 for i > 0. Then
the Leray spectral sequence implies that H'(X,Ox) = 0. It is clear that H/(X,0x) =0
for j > 2. O

In characteristic zero, it is known that the image of a variety of Fano type under a
surjective morphism remains of Fano type (cf. [EGI2, Theorem 5.12]). The same result is
false over imperfect fields of low characteristic as shown in |Tana, Theorem 1.4]. We now

prove that this phenomenon can appear exclusively in low characteristic for surfaces.

Corollary 5.53. Let k be a field of characteristic p > 7. Let X be a k-surface of del Pezzo
type such that k = H°(X,0x) and let m: X — Y be a projective k-morphism such that
1.Ox = Oy. ThenY is a k-variety of Fano type. Furthermore, if dimY =1, then Y is

smooth over k.

Proof. We distinguish two cases according to dimY. If dimY = 2, then 7 is birational and
we conclude by Lemma BT, If dimY = 1, then thanks to the Leray spectral sequence,
we have an injection:

HY(Y,0y) = HY(X,0x),

where H'(X,Ox) = 0 by Theorem 552, Therefore w;* is ample by Lemma 519 and Y is
smooth over k by Lemma b21. 0

5.6. Purely inseparable points on log del Pezzo surfaces

The aim of this section is to construct purely inseparable points of bounded degree on log
del Pezzo surfaces X over Ci-fields of positive characteristic (Theorem BBH). Since we
may take birational model changes, the problem is reduced to the case when X has a Mori
fibre space structure X — B. The case when dim B = 0 and dim B = 1 are treated in
Subsection b5 and Subsection b2, respectively. In Subsection BB-3, we prove the main
result of this section (Theorem B63).

5.6.1. Purely inseparable points on regular del Pezzo surfaces

In this subsection we prove the existence of purely inseparable points with bounded degree
on geometrically normal regular del Pezzo surfaces over Cq-fields. If Kg( < 4, then we

apply the strategy as in [Kol96, Theorem IV.6.8] (Lemma B56). We analyse the remaining
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cases by using a classification result given by [Sch0R, Section 6] and Proposition 5b230. We
first relate the C,-condition (for definition of C,-field, see [Kol96, Definition IV.6.4.1]) for

a field of positive characteristic to its p-degree.

Lemma 5.54. Let k be a field of characteristic p > 0. If r is a positive integer and k is a
Cy-field, then p-deg(k) < r, where p-deg(k) := log,[k : kP]. In particular, if k is a Cy-field,
then p-deg(k) < 1.

Proof. Suppose by contradiction that [k : kP] > p"*l. Let 51,...,8pr+1 be elements of
k which are linearly independent over kP. Let us consider the following homogeneous
polynomial of degree p:
p+1
P = Z sixf = slxﬁ’ + -4 Spr+1l’£r+1 € klzy,... ,:rprﬂ}.
k=1
Since $1, ..., spr41 are linearly independent over kP, the polynomial P has only the trivial

solution in k. In particular k is not a Ci-field. O

We then study rational points on geometrically normal del Pezzo surfaces of degree < 4
(compare with [Kol96, Exercise IV.6.8.3]). We need the following result.

Lemma 5.55 (cf. Exercise IV.6.8.3.2 of [Kol96|). Let k be a Cy-field. Let S be a weighted
hypersurface of degree 4 in Pr(1,1,1,2). Then S(k) # 0.

Proof. Let us recall the definition of normic forms (|Kal96, Definition IV.6.4.2]). A homo-
geneous polynomial h € k[yi, ..., ym] of degree m is called a normic form if h = 0 has only
the trivial solution in k. If £ has a normic form of degree two, then the same argument as
in the proof of [Kol96, Theorem IV.6.7| works.

Suppose now that k does not have a normic form of degree two. We can write
Pir(1,1,1,2) = Proj klxo, 1, z2,x3], where degxy = degz1 = degxa = 1 and degxs = 2.
Let

F(-ZUO,.CL'I,.CL‘Q,.T}QJ,) = C.ZU% + f($07$17x2)x3 + g(.’L'(),.’El,xQ) € k[$07x17x2a 1'3]

be the defining polynomial of S, where ¢ € k and f(zo,x1,x2), g(x0, 21, x2) € k[z1, 22, x3)].
If ¢ = 0, then F(0,0,0,1) = 0. Thus, we may assume that ¢ # 0. Fix (ag, a1, a2) € k3 \
{(0,0,0)}. Set a := f(ag,a1,a2) € k and B := g(ag,a1,az2) € k. Since h(X,Y) := cX? +
aXY + BY? is not a normic form, there is (u,v) € k2 \ {(0,0)} such that h(u,v) = cu® +
auv + Bv? = 0. Since ¢ # 0, we obtain v # 0. Therefore, it holds that F(ag, a1, as,u/v) =
c(u/v)? + a(u/v) + B = 0, as desired. O

Lemma 5.56. Let X be a geometrically normal reqular del Pezzo surface over a C1-field
k of characteristic p > 0 such that k = H°(X,Ox). If K% <4, then X (k) # 0.

Proof. Since X is geometrically normal, then it is geometrically canonical by Theorem
b33. Thus we can apply Theorem BTI8 and we distinguish the cases according to the
degree of Kx.
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If Kg( = 1, then X has a k-rational point by Proposition 6T4(2). If Kg( = 2, then X can
be embedded as a weighted hypersurface of degree 4 in Px(1,1,1,2) and we apply Lemma
bh3 to conclude it has a k-rational point. If Kg( = 3, then X is a cubic hypersurface in
IP’% and thus it has a k-rational point by definition of Cj-field. If K% = 4, then X is a
complete intersection of two quadrics in P* and thus it has a k-rational point by [Lan52,

Corollary in page 376]. O

We now discuss the existence of purely inseparable points on geometrically normal

regular del Pezzo surfaces over C}-fields.

Proposition 5.57. Let X be a reqular del Pezzo surface over a Cq-field k of characteristic
p > 7 such that k = H°(X,Ox). Then X (k) # 0.

Proof. If X is a smooth del Pezzo surface, we conclude that there exists a k-rational point
by [Kol96, Theorem IV.6.8]. If p > 11, then X is smooth by Proposition 527 and we
conclude.

It suffices to treat the case when p = 7 and X is not smooth. By Theorem B33(2),
X is geometrically canonical. By [Sch08, Theorem 6.1, any singular point of the base
change X7 = X xy k is of type Apn_q. It follows from Lemma B28 that X7 has a unique
Ag singular point. Thus by Lemma EZ8 we have Kgg < 3, hence Lemma implies

X (k) # 0. 0

Proposition 5.58. Let X be a reqular del Pezzo surface over a Ch-field k of characteristic
p € {3,5} such that k = HO(X,Ox). If X is geometrically normal over k, then X (k'/P) #
0.

Proof. 1t is sufficient to consider the case when X is not smooth by [Kol96, Theorem
IV.6.8]. By Theorem B33, X7 has canonical singularities.

If p=>5 and X is not smooth, then the singularities of X7 must be of type A4 or Eg
according to [SchOR, Theorem 6.1 and Theorem 6.4|. If X5 has one singular point of type
Eg or two singular points of type A4, then K§< = 1 by Lemma b23. Thus we conclude
that X has a k-rational point by Lemma B58. If X7 has a unique singular point of type
Ay, it follows from Proposition 530 that X (k'/7) # ().

If p=3 and X is not smooth, then the singularities of X7 must be of type Az, As, EY
or EJ according to [Sch08, Theorem 6.1 and Theorem 6.4]. If one of the singular points
is of the type As, EJ and EJ, then K% < 3 by Lemma 528 and we conclude X (k) # 0
by Lemma b558. Thus, we may assume that all the singularities of X7 are of type A. If
there is a unique singularity of type Az on X7, then it follows from Proposition 5230 that
X (k:l/ 3) # (. Therefore, we may assume that there are at least two singularities of type
Az on X7.. Then it holds that K?% < 5. By [Dal12, Table 8.5 in page 431], we have that
K% #5, hence K% < 4. Thus Lemma implies X (k) # 0. O

Proposition 5.59. Let X be a reqular del Pezzo surface over a Ch-field k of characteristic
p =2 such that k = HO(X,0x). If X is geometrically normal, then X (kY/*) # 0.
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Proof. 1t is sufficient to consider the case when X is not smooth by [Kol96, Theorem
IV.6.8]. The singularities of X7 are canonical by Theorem 5-33. Hence, by [Sch¥, Theorem
in page 57|, they must be of type A;, Az A7, DY with 4 <n < 8 or E? forn =6,7,8. We

distinguish five cases for the singularities appearing on X7.
1. There exists at least a singular point of type A7, DO with n > 5 or E? for n = 6,7, 8.
2. There are at least two singular points with one being of type As.
3. There exists at least one singular point of type DY.
4. There is a unique singular point of type As.

5. All the singular points are of type Aj.

In case (1), it holds that K% < 4. Hence, we obtain X (k) # () by Lemma 558. In
case (2), if K% < 4, then Lemma again implies X (k) # (. Hence, we may assume
that Kg( = 5. Then there exist exactly two singular points P and @ on X7 such that P is
of type Az and @ is of type A;. However, this cannot occur by |[DalT2, Table 8.5 at page
431].

In case (3) we have that Kg( < 5. However a DY singularity cannot appear on a
del Pezzo of degree five according to [DolT?, Table 8.5 at page 431]. Thus K% < 4 and
Lemma implies X (k) # (. In case (4), we apply Proposition 530 to conclude that
X (kY% £ 0.

In case (5), consider X (jsepy1/2. By Proposition b330, on X jepy1/2 there are singular
points {P;}", of type A; such that k(P;) = (k*P)'/2 and their union [[; P; is the non-
smooth locus of X(kscp)l/z. Let Y = BlHi PiX(kscp)1/2 be the blowup of X(kscp)m along
[[; ;. Since each P; is a (ksP)1/2_rational point whose base change to the algebraic
closure is a canonical singularity of type Ap, the surface Y is smooth. Since the closed
subscheme [[; P; is invariant under the action of the Galois group Gal((kS°P)Y/2/k!/2),
the birational (k:sel’)l/ 2_morphism Y — X (ksep)1/2 descends to a birational kY2-morphism
Z = X k’m, where Z is a smooth projective surface over k'/2 whose base change to the
algebraic closure is a rational surface. It holds that Z(k'/2) # () by [Kal96, Theorem
IV.6.8], which implies X (k'/2) # 0. O

5.6.2. Purely inseparable points on Mori fibre spaces

In this subsection, we discuss the existence of purely inseparable points on log del Pezzo
surfaces over C1-fields admitting Mori fibre space structures onto curves. We start by

recalling auxiliary results.

Lemma 5.60. Let k be a C-field and let C' be a regular projective curve such that k =
H%(C,0¢) and —Kc¢ is ample. Then it holds that C ~Pj. In particular, C(k) # 0.

Proof. Since C is a geometrically integral conic curve in IP’% (Lemma BT9), the assertion
follows from definition of C-field. ]
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Lemma 5.61. Let X be a regular projective surface over a Cy-field k of characteristic
p > 0 such that k = H°(X,0x). Let m: X — B be a Kx-Mori fibre space to a regular
projective curve B. Then the following hold.

1. Let k C K be an algebraic field extension. If B(k') # 0, then X (k') # 0.
2. If —Kp is ample, then X (k) # (.

Proof. Let us show (1). Let b be a closed point in B such that k& C k(b) C k’. By
Proposition BE201, the fibre X} is a conic in Pz(b)' By [Can52, Corollary in page 377, k(b)
is a C1-field, hence we deduce Xy (k(b)) # 0. Thus, (1) holds. The assertion (2) follows

from Lemma and (1) for the case when k' = k. O

To discuss the case when p = 2, we first handle a complicated case in characteristic

two.

Proposition 5.62. Let k be a field of characteristic two such that [k : k?] < 2. Let X be a
reqular k-surface of del Pezzo type and let m: X — B be a Kx-Mori fibre space to a curve
B. Let I be a curve which spans the Kx-negative extremal ray which does not correspond

to w. Assume that

1. Kx-T'>0, and

2. K(I')/K(B) is an inseparable extension of degree four which is not purely inseparable.
Then —Kp is ample.

Proof. We divide the proof in several steps. Let us note that since 7: X — B is a Mori
fibre space we have that p(X) = 2.

Step 1. In order to show the assertion of Proposition B83, we may assume that
3. B is not smooth over k,
4. p-deg(k) =1, i.e. [k:k?] =2, and
5. the generic fibre of m is not geometrically reduced.

Proof. If (3) does not hold, then B is a smooth curve over k. Since (X7)req is a rational
surface by Lemma B32, By is a smooth rational curve. Then —Kp is ample, as desired.
Thus, we may assume (3). From now on, we assume (3).

If (4) does not hold, then k is a perfect field. In this case, B is smooth over k, which
contradicts (3). Thus, we may assume (4).

Let us prove the assertion of Proposition B62 if (5) does not hold. In this case, the
generic fibre X (p) of 7 : X — B is a geometrically integral regular conic over K (B). Thus
it is smooth over K(B) by Lemma B20. We use notation as in Notation b=374. Lemma
B33(8) enables us to find a rational number a such that 0 < o < 1 and (X, oI) is a log del

Pezzo pair. Then Lemma B520(3) implies that ampr < 2. Since our assumption (2) implies
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mp = [K(I") : K(B)] = 4, we have that a < 1/2. By the assumption (2) and o < 1/2,
the induced pair (X@, al'| XW) on the geometric generic fibre is F-pure. It follows
from [Eji, Corollary 4.10| that —Kp is ample. Hence, we may assume that (5) holds. This

completes the proof of Step . O

From now on, we assume that (3)—(5) of Step 0 hold.

Step 2. X and B are geometrically integral over k. X is not geometrically normal over

k.

Proof. Since [k : k?] = 2, it follows from [SchT0, Theorem 2.3] that X and B are geomet-
rically integral over k (note that logy[k : k2] is called the degree of imperfection for k in
[SchT0, Theorem 2.3|). If X is geometrically normal over k, then also B is geometrically
normal over k, i.e. B is smooth over k. This contradicts (3) of Step M. This completes the
proof of Step B. O

We now introduce some notation. Set ki := k'/2. By Step B, X xj, k; is integral and
non-normal (cf. [Tanh, Proposition 2.10(3)]). Let v : X1 := (X x3 k)N — X x3 k1
be its normalisation. Let X; — Bj be the Stein factorisation of the induced morphism

X1 — X — B. To summarise, we have a commutative diagram

XléXka‘l—>X

! ! !

B1 _— Bxkkzl — B.

Let C C X Xy k1 and D C X be the closed subschemes defined by the conductors for v.
For K := K(B), we apply the base change (—) xp Spec K to the above diagram:

\ %] ——— VgL —— %4

! | |

Spec K1 —— Spec L —— Spec K,

where V := X xp K, L := K(B xk1) = K(B)®k1, and K; = K(B1). Since taking Stein
factorisations commute with flat base changes, the morphism V; — Spec K coincides the

Stein factorisation of the induced morphism V; — Spec K.

Step 3. C' dominates B.

Proof. Assuming that C' does not dominate B, let us derive a contradiction. Since B is
geometrically integral over k (Step B), we can find a non-empty open subset B’ of B such
that B’ is smooth over k and the image of C' on B is disjoint from B’. Let Bf, X', and X}

be the inverse images of B’ to By, X, and X, respectively. Then the resulting diagram is
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as follows N
X{ — X' xp kg —— X’

I I |

B} —— B'xyky —— B
Since X| ~ X’ xj k1 = X' X}, k'/? is normal, it holds that X" is geometrically normal over
k.

Let W/E : Xé — B,E be the base change of 7/ to the algebraic closure k. Since X' is
geometrically normal over k, Xé is a normal surface. Note that B/E is a smooth curve.
Since general fibres of 7T/E : X% — B,E are K X/E—negative and (W’E)*OX% = OB/E’ general
fibres of W’E are isomorphic to IP’% Then the generic fibre of Tr’E : Xé — B/E is smooth, hence
so is the generic fibre of 7 : X — B. This contradicts (5) of Step M. This completes the
proof of Step B. O

Step 4. The following hold.

(i) L/K is a purely inseparable extension of degree two.

(i) V is a regular conic curve on ]P’%( which is not geometrically reduced over K.
(11i) Vi — V X L is the normalisation of V X g L.

(iv) V X L is an integral scheme which is not regular.

(v) The restriction D|y, of the conductor D to Vi satisfies Dy, = Q, where Q is a

Ki-rational point.
(vi) Vi is isomorphic to P .
(vii) K1/L is a purely inseparable extension of degree two, and K = K/2.

Proof. The assertions (i)—(iii) follows from the construction. Step B implies (iv). Let us

show (v). For the induced morphism ¢ : V; — V| we have that
Ky, + Dlv;, ~ ¢"Ky.
Since — Ky is ample, it holds that
0 > degy, (Kv;, + Dlv;,) > =2 + degg, (D),

which implies degy, (D]y;) < 1. Step B implies that Dly; # 0, hence Dly; consists of a
single rational point. Thus, (v) holds.

Let us show (vi). Since Vj has a Kj-rational point around which Vj is regular, V;
is smooth around this point. In particular, Lemma P22 implies that V; is geometrically
reduced. Then Vi is a geometrically integral conic curve in IP%G. Therefore, V7 is smooth

over K. Since Vi has a Kj-rational point, V; is isomorphic to P}(l. Thus, (vi) holds.
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Let us show (vii). The inclusion K; € K2 which is equivalent to K7 C K, follows
from the fact that K is algebraically closed in K (V') and the following:

K} c K(V1)?=K(V xg L)? = (K(V)®K L)> C K(V).

It follows from [BM40, Theorem 3| that the p-degree p-deg(K) is two, i.e. [KY2 :
K] = 4 (note that the p-degree is called the degree of imperfection in [BM40]). Hence, it
is enough to show that K; # L. Assume that K; = L. Then Vj is smooth over L by (vi).
Hence, V x i L is geometrically integral over L. Therefore, V' is geometrically integral over
K, which contradicts (5) of Step 0. This completes the proof of Step M. O

Step 5. Set-theoretically, C' does not contain I' Xy k1.

Proof. Assuming that C' contains I' X k1, let us derive a contradiction. In this case, the
set-theoretic inclusion
FU) C v @) = D

holds, where f : X; — X is the induced morphism. Since By — B is a universal homeo-
morphism and the geometric generic fibre I' x 3 Spec K of I' — B consists of two points,
the geometric generic fibre of D — B contains two distinct points. In particular, it holds
that degy, (D]v;) > 2. However, this contradicts (v) of Step B. This completes the proof
of Step B. O

Step 6. —Kp, is ample.

Proof. 1t follows from Lemma B=38(8) that there is a rational number o such that 0 < o < 1
and (X, al') is a log del Pezzo pair. Consider the pullback:

Kx, +D+af'l'= f*(Kx +al).

Take the geometric generic fibre W of 7 : X1 — By, i.e. W = V) Xk, Spec K ~ P%l
(Step B(vi)). It is clear that —(Kw + (D + af*I')|w) is ample. Since D|y; = @ is a
rational point (Step B(v)), its pullback D|w =: Qw to W is a closed point on W. As
—(Kw + (D 4+ af*T')|w) is ample, all the coefficients of B := (af*I')|;r must be less than
one. Therefore, Step B implies that (W, (D + af*T)|w) is F-pure. It follows from [Eii,
Corollary 4.10] that —Kp, is ample. This completes the proof of Step B. [

Step 7. —Kpg is ample.

Proof. As —Kp, is ample (Step B), Lemma BT9 implies that H'(By,0p,) = 0. Since
K(By) = K(B)Y? (Step B(vii)), the morphism B; — B coincides with the absolute Frobe-
nius morphism of B. Hence, B; and B are isomorphic as schemes. Thus, the vanishing
HY(B;1,0p5,) = 0 implies H'(B,0p) = 0. Then —Kp is ample by Lemma 5ET9. This
completes the proof of Step M. O
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Step [@ completes the proof of Proposition bG2. O

Proposition 5.63. Let X be a reqular k-surface of del Pezzo type over a Ci-field k of
characteristic p > 0 such that k = HY(X,0x). Let m: X — B be a Kx-Mori fibre space

to a reqular projective curve. Then the following hold.
1. If p>7, then X (k) # 0.
2. If p={3,5}, then X (kY/P) # 0.
3. If p =2, then X (kY*) # 0.

Proof. Since X is a surface of del Pezzo type, the cone theorem tells that NE(X) is rational
polyhedral and the extremal rays are generated by curves. Since p(X) = 2, there are only
two extremal rays and let R = R[] be the extremal ray of NE(X) not corresponding to
7 : X — B. In particular, we have 7(I') = B. We distinguish two cases:

(I) Kx-T' <0;

(I) Kx -T' > 0.
Suppose that (I) holds. In this case, —Kx is nef and big. If p > 2, then the generic
fibre X (p) is a smooth conic. In particular, the base change X@ is strongly F'-regular.

By [Eii, Corollary 4.10], —Kpg is ample. Hence, Proposition 663 implies X (k) # 0.

We now treat the case when (I) holds and p = 2. Then —Kx is semi-ample and big.
Let Z be its anti-canonical model. In particular, Z is a canonical del Pezzo surface. By
Theorem B35, we have (r(Z/k) < 2. Therefore, for ky := k'/* and W := (Z xy, kw)Ny,
W is geometrically normal over kyy. In particular, HO(W, Ow) = ky = k'/*. We have the

following commutative diagram

Y 2 X xkYVtY — X

7| l !

W A Zx kYA — Z

! | !

Spec k'/* ——— Spec k'/* ——— Spec k,

where p and v are the normalisations. It follows from Theorem b=33 that W is geometrically
klt and H'(W,Ow) = 0. Since the morphism Y — W is birational and W is klt by
Proposition 223, it holds that H'(Y, Oy) = 0.

Consider the Stein factorisation 71: Y — Bj of the induced morphism ¥ — X 5 B.
Since HY(Y,Oy) = 0, we conclude that H'(By,Op,) = 0. In particular, since ky is a
C1-field, it holds that By ~ IP’llﬁW (Lemma B60). Thanks to [Tan18H, Theorem 4.2], we can
find an effective divisor D on Y such that Ky + D = f*Kx. Since —Kx is big, also —Ky
is big. Fix a general kyy-rational point ¢ € By and let F, be its mi-fibre. Since we take ¢

to be general, F,. avoids the non-regular points of Y. By adjunction, w}cl is ample. This
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implies that F' is a conic on ]P’%W. Hence, Y (k'/*) = Y (kw) # 0. Therefore, we deduce
X (KM% # 0.

We suppose (II) holds. We have [K(T") : K(B)] < 5 by Proposition b42. If K(I")/K(B)
is separable, then —Kp is ample (Lemma 523). Then Proposition 563 implies X (k) # (.
Hence, we may assume that K(I')/K(B) is inseparable. If K(I')/K(B) is not purely
inseparable, then —Kp is ample by Proposition b62. Again, Proposition BG3 implies
X (k) # 0. Hence, it is enough to treat the case when K (I')/K(B) is purely inseparable.
Since [K(T) : K(B)] < 5, it suffices to prove that X (k'/P°) # () for the positive integer e
defined by [K(T) : K(B)] = p°. Set C :=T'V. Since wy' is ample, also —K¢ is ample.
Hence Proposition 563 implies C(k) # 0, where k' := H°(C,O¢). Since

E? ¢ K(I')*" ¢ K(B),

it holds that k’?° C k. Therefore, we obtain X (k'/7°) # (), as desired. O

5.6.3. General case

In this subsection, using the results proven above, we prove the main result in this section
(Theorem BTGH) We present a generalisation of the Lang—Nishimura theorem on rational
points. Although the argument is similar to the one in [RY0U, Proposition A.6|, we include

the proof for the sake of completeness.

Lemma 5.64 (Lang-Nishimura). Let k be a field. Let f : X --» Y be a a rational map
between k-varieties. Suppose that X is reqular and Y is proper over k. Fix a closed point
P on X. Then there exists a closed point Q on'Y such that k C k(Q) C k(P), where k(P)
and k(Q) denote the residue fields.

Proof. The proof is by induction on n := dim X. If n = 0, then there is nothing to show.

Suppose n > 0. Consider the blowup 7 : BlpX — X at the closed point P. Since X is
-1
(P)
1.19]. Consider now the induced map f : BlpX --» Y. By the valuative criterion of

-1
(P)

divisor £. Then by the induction hypothesis Y has a closed point () whose residue field is
contained in k(P). O

regular, the m-exceptional divisor F is isomorphic to Py, by [Cin02, Section 8, Theorem

properness, the map f induces a rational map £ = P} ) --» Y from the 7-exceptional

Theorem 5.65. Let k be a Cy-field of characteristic p > 0. Let X be a k-surface of del
Pezzo type such that k = H°(X,Ox). Then the following hold.

1. If p>7, then X (k) #0;
2. If p € {3,5}, then X (kY/P) # (;

3. Ifp=2, then X (k%) #0.
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Proof. Let Y — X be the minimal resolution of X. We run a Ky-MMP Y =:Yy; —» Y] —
-+ =Y, =: Z. Note that the end result is a Mori fibre space. Thanks to Lemma b64, we

may replace X by Z. Hence it is enough to treat the following two cases.
(i) X is a regular del Pezzo surface with p(X) = 1.
(ii) There exists a Mori fibre space structure 7: X — B to a curve B.

Assume (i). By Lemma B54, we have p-deg(k) < 1. Therefore X is geometrically
normal by [ESTR, Theorem 14.1]. Thus we conclude by Propositions 557, Proposition
658, and Proposition Bhd. If (ii) holds, then the assertion follows from Propositions
h63. O

5.7. Pathological examples

In this section, we collect pathological feature appearing on surfaces of del Pezzo type over
imperfect fields.

5.7.1. Summary of known results

We first summarise previously known examples of pathologies appearing on del Pezzo
surfaces over imperfect fields.

Geometric properties

We have shown that if p > 7 and X is a surface of del Pezzo type, then X is geometrically
integral (Corollary 550). We have established a partial result on geometric normality
(Theorem B49). Let us summarise known examples in small characteristic related to these

properties.
1. Let F be a perfect field of characteristic p > 0 and let k := F(¢1,t2,t3). Then
X = PI“Oj /{T[IL‘(), T1,T2, :Eg]/(l'g + tlxlf + tgl'g + t3:13§)

is a regular projective surface which is not geometrically reduced over k. Since X is

an hypersurface in ]P’z of degree p we have
HO(IP%? OIP%) - HO(X’ OX) - Hl(Pza OP%(_p)) =0,

thus showing that H°(X,Ox) = k. If the characteristic of k is two or three, then

—Kx is ample, hence X is a regular del Pezzo surface.

2. There exist a field of characteristic 2 and a regular del Pezzo surface X over k such
that H°(X,Ox) = k, X is geometrically reduced over k, and X is not geometrically

normal over k (see [MadT#, Main Theorem]).
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3. If k is an imperfect field of characteristic p = 2,3 there exists a geometrically nor-
mal regular del Pezzo surface X of Picard rank one which is not smooth (see [FSIR,
Section 14, Equation 27]). In [ESIR, Theorem 14.8|, an example of a regular geomet-
rically integral but geometrically non-normal del Pezzo surface of Picard rank two is

constructed when p = 2.

4. If k is an imperfect field of characteristic p € {2, 3}, then there exists a k-surface X
of del Pezzo type such that H*(X,Ox) = k, X is geometrically reduced over k, and

X is not geometrically normal over k (|Tanal).

Vanishing of H!(X,Ox)

We have shown that if X is a surface of del Pezzo type over a field of characteristic p > 7,
then H'(X,Ox) =0 for i > 0. Let us summarise known examples in small characteristic
which violate the vanishing of H*(X, Ox).

1. If k is an imperfect field of characteristic 2, then there exists a regular weak del Pezzo
surface X such that H'(X,Ox) # 0 (see [Schi]).

2. There exist an imperfect field of characteristic 2 and a regular del Pezzo surface X
such that HY(X,Ox) # 0 (see [MadTf, Main theorem]).

3. If k is an imperfect field of characteristic p € {2, 3}, then there exists a surface X of
del Pezzo type such that H'(X,Ox) # 0 (see [Tana]).

Remark 5.66. Since h' (X, Ox) is a birational invariant for surfaces with klt singularities,
the previous examples do not admit regular k-birational models which are geometrically

normal. This shows that Theorem BZ9 cannot be extended to characteristic two and three.

5.7.2. Non-smooth regular log del Pezzo surfaces

In this subsection, we construct examples of regular k-surfaces of del Pezzo type which are
not smooth (cf. Theorem b29).

Proposition 5.67. Let k be an imperfect field of characteristic p > 0. Then there exists

a k-reqular surface X of del Pezzo type which is not smooth over k.

Proof. Fix a k-line L on }P’i. Let @ € L be a closed point such that k(Q)/k is a purely
inseparable extension of degree p whose existence is guaranteed by the assumption that k

is imperfect. Consider the blow-up 7 : X — ]P’i at the point ). We have
Kx =m'Kp +E and L+E=n"L,

where E denotes the m-exceptional divisor and L is the proper transform of L. Since LUE

is simple normal crossing and the QQ-divisor

—(Kx+L+¢E)=n"(Kx+L)—¢E
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is ample for any 0 < € < 1, the pair (X, L+ eE) is log del Pezzo. Hence, X is of del Pezzo
type.

It is enough to show that X is not smooth. There exists an affine open subset
Spec klz,y] = A of P? such that @ € Spec k[z,y] and the maximal ideal correspond-
ing to @ can be written as (2P — o, y) for some a € k\ kP. Let X’ be the inverse image of
Spec k[x,y] by m. Since blowups commute with flat base changes, the base change X/E is
isomorphic to the blowup of Spec k[z,y] along the non-reduced ideal ((x — )P, y), where
B € k with P = a.

Let us make the following change of coordinates over k:
=z By =y

In this new coordinates, Xé is the blowup of A% = Spec k[z',1/] along the ideal (2’7, y’). We
can directly check that Xé contains an affine open subset of the form Spec k[s,y, u]/(st —

uP), which is not smooth. O

Remark 5.68. The surface X constructed in Proposition 664 is del Pezzo (resp. weak
del Pezzo) if and only if p = 2 (resp. p < 3). Indeed, —E? = [k(Q) : k] = p implies
Kx +E=(Kx+FE)yE— E? = —2p+p = —p. Thus the desired conclusion follows from

KX‘kz:KX‘kﬂ'*L—KX‘kE:—3+p.

5.8. Applications to del Pezzo fibrations

In this section, we give applications of Theorem bZ3 and Theorem BB on log del Pezzo
surfaces over imperfect fields to the birational geometry of threefold fibrations. The first

application is to rational chain connectedness.

Theorem 5.69. Let k be an algebraically closed field of characteristic p > 0. Let w:V —
B be a projective k-morphism such that 1.0y = Op, V is a normal threefold over k, and

B is a smooth curve over k. Assume that there exists an effective Q-divisor A such that
(V,A) is klt and —(Ky + A) is w-nef and w-big. Then the following hold.

1. There exists a curve C on V such that C — B is surjective and the following prop-
erties hold.

(a) If p> 7, then C — B is an isomorphism.
(b) If p € {3,5}, then K(C)/K(B) is a purely inseparable extension of degree < p.
(c) If p=2, then K(C)/K(B) is a purely inseparable extension of degree < 4.

2. If B is a rational curve, then V is rationally chain connected.

Proof. Let us show (1). Thanks to [Kol96, Ch. IV, Theorem 6.5|, K(B) is a C;-field.
Then Theorem B6A implies the assertion (1). The assertion (2) follows from (1) and the

fact that general fibres are rationally connected (see Lemma B237). O
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The second application is to Cartier divisors on Mori fibre spaces which are numerically

trivial over the bases.

Theorem 5.70. Let k be an algebraically closed field of characteristicp > 0. Letw: V — B
be a projective k-morphism such that m,Oy = Op, where X is a Q-factorial normal quasi-
projective threefold and B is a smooth curve. Assume there exists an effective Q-divisor
A such that (V,A) is kit and m: V — B is a (Ky + A)-Mori fibre space. Let L be a

m-numerically trivial Cartier divisor on V. Then the following hold.
1. If p> 7, then L ~ 0.
2. If p € {3,5}, then p?L ~ 0.
3. If p=2, then 16L ~ 0.

Proof. We only prove the theorem in the case when p = 2, since the other cases are similar
and easier. Since the generic fibre Vi (p) is a K (B)-surface of del Pezzo type, we have by
Theorem b<Z3 that 4L|VK< By ™ 0. Therefore, 4L is linearly equivalent to a vertical divisor,

i.e. we have .
AL ~ ) 4Dy,
=1

where ¢; € Z and D; is a prime divisor such that 7(D;) is a closed point b;.

Since p(V/B) = 1 and V is Q-factorial, all the fibres of 7 are irreducible. Hence, we
can write 7*(b;) = n;D; for some n; € Z~o. Let m; be the Cartier index of D, i.e. the
minimum positive integer m such that mD; is Cartier. Since the divisor 7*(b;) = n;D; is
Cartier, then there exists r; € Z~¢ such that n; = r;m;.

We now prove that r; is a divisor of 4. Since K(B) is a C-field and the generic fibre
is a surface of del Pezzo type, we conclude by Theorem BB3 that there exists a curve I' on

V such that the degree d of the morphism I' — B is a divisor of 4. By the equation
T - (szz) -TI'= nZ-Di -I'= ﬂ*(bl) -T'= d,

r; 1s a divisor of 4.
Therefore, it holds that 4m;D; ~ 0. On the other hand, the divisor 4L = >\, ¢;D;

is Cartier, hence we have that ¢; = s;m; for some s; € Z. Therefore it holds that
T T
i=1 =1

as desired. O






On the base point free theorem for

klt threefolds in large characteristic

6.1. Introduction

The base point free theorem is one of the cornerstones of the Minimal Model Program
(MMP for short) over a field of characteristic zero. Due to the failure of the Kodaira
vanishing theorem and its generalisation, it is not known whether it still holds for varieties
over fields of positive characteristic.

However, in the case of threefolds the base point free theorem has been established
with increasing generality in recent years. In the seminal article [Kee94|, Keel proved
that if L is assumed to be big and nef, then it is endowed with a map (EWM) without
any restriction on the characteristic. After the development of the MMP for threefolds
([HXTH]), in [Xuld, Theorem 1.1, [Birl6, Theorem 1.5 and [BWI7, Theorem 1.2] the
authors prove with increasing generality that the linear system |mL| is base point free for
sufficiently large and sufficiently divisible m > 0 over perfect fields of characteristic p > 5.

Let us recall that over a field of characteristic zero, the divisibility condition on m
is indeed superfluous (see [KMYS8, Theorem 3.3]). Thus one may wonder whether we
can remove it also in characteristic p > 0. Unfortunately, this is not possible in low
characteristic: in [Tana, Theorem 1.2|, Tanaka showed that the divisibility assumption is
indeed necessary over fields of characteristic two and three when the numerical dimension
of L is one.

The aim of this section is to present a refinement of the base point free theorem for
threefolds by proving that we can remove the divisibility assumption if the characteristic

is sufficiently large.

103
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Theorem 6.1 (Theorem B24). There exists a constant pg > 5 such that the following
holds. Let k be a perfect field of characteristic p > po. Let (X,A) be a projective kit
threefold log pair over k. Let L be a nef Cartier divisor on X such that

1. the numerical dimension v(L)1 is at least one;
2. nL — (Kx + A) is a big and nef Q-Cartier Q-divisor for some n > 0.

Then there exists an integer mo > 0 such that the linear system |mL| is base point free for

all m > my.

Let us recall that the numerical dimension of a nef Cartier divisor on a normal projective

variety is defined as follows:
(L) = max{k € Zso | LF 2 o} .

Remark 6.2. The author does not know whether Theorem ET can be extended to the
case where v(L) = 0. This is related to understanding the torsion of the Picard group of

threefolds of Fano type in positive characteristic.

Apart from the intrinsic interest of understanding the differences between characteristic
zero and characteristic p birational geometry, Theorem Bl is important if one desires to
obtain effective statements in positive characteristic. Indeed, if the divisibility required on

m is arbitrarily large, there is no hope that the Effective base point free theorem of Kollar

Theorem B is a consequence of the following descent result for numerically trivial
Cartier divisors under (K x + A)-negative birational contractions, which is the main tech-

nical result of this paper.

Theorem 6.3 (Theorem 619). There exists a constant pg > 5 with the following property.
Let k be a perfect field of characteristic p > pg. Let m: X — Z be a projective contraction
between quasi-projective normal varieties. Suppose that there exists an effective Q-divisor
A > 0 such that

1. (X,A) is a klt threefold log pair;
2. —(Kx + A) is w-big and 7-nef;
3. dim(Z) > 1.

Let L be a Cartier divisor on X such that L =; 0. Then there exists a Cartier divisor M
on Z such that L ~ 7M.

Remark 6.4. The constant pg in Theorem Bl and Theorem 623 comes from the Kawamata-
Viehweg vanishing theorem for log del Pezzo surfaces in large characteristic (see |[CTWIT,
Theorem 1.2]).
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6.1.1. Sketch of the proof

The proof of Theorem B3 is divided in two steps: first we discuss Cartier divisors which
are numerically trivial for pl-contractions over surfaces and threefolds (see Theorem BE171).
Then we prove the general case (see Theorem G19).

Let us overview the case of pl-contractions treated in Section B3. Let (X,A) be a
Q-factorial dlt threefold pair and let S be a prime divisor in |A]. Let m: (X,A) - Y
be a (Kx + A)-negative contraction where S is a prime divisor which is m-anti-nef and
dim(Y) > 2. Let L be a m-numerically trivial Cartier divisor. We aim to prove that L
is m-trivial over a neighbourhood of 7(S). Since L|g is 7|g-trivial (Proposition E3), it is
sufficient to lift sections from S to prove that L is w-trivial. In order to do so, we show
that the higher direct image R'm.Ox (L — S) vanishes. First we prove the vanishing in
the case where the fibres of m are at most one dimensional (Proposition E13), for which
we generalise a vanishing theorem of Das and Hacon (see Proposition 612). To prove

the general case of pl-contractions in Theorem B4, we use some techniques developed by

The main ingredient for proving the vanishing of R, Oy (L—S) is the Kawamata-Viehweg
vanishing theorem for surfaces of del Pezzo type in large characteristic (see [CTWIT7|) and
the aforementioned case of pl-contractions whose maximum dimension of the fibres is one.

In Section B4, we prove Theorem B3. First in Subsections 6471, G4 we discuss with
the case where dim(Z) > 2. The idea is to use the MMP and by replacing a fibre of
m: X — Z with a surface of del Pezzo type by Proposition 610, we can apply Theorem
BT to conclude the descent. For the case where dim(Z) = 1, we blend the previous cases

with some results on del Pezzo fibrations proven in [BTTY].

6.2. Preliminaries

6.2.1. Numerically trivial Cartier divisors on excellent surfaces

We will need descent results for numerically trivial Cartier divisors on excellent surfaces.
Thus we recall the the base point free theorem for excellent surfaces proven by Tanaka (see
[TanTRal).

Proposition 6.5. Let B be a reqular excellent separated scheme of finite dimension. Let
m: X — 8 be a projective B-morphism of normal quasi-projective B-schemes. Suppose
(X, A) is a Q-factorial surface log pair where A is a boundary. Let L be a m-nef Cartier
divisor on X and suppose that L — (Kx + A) is w-ample. Then the following hold.

1. Suppose that L £, 0. Then there exists by such that for all b > by, bL is w-free. In
particular, there exists a factorisation m: X ~% T 2y S such that L ~ mi H for a

g-ample Cartier divisor H on T.

2. Suppose that (X,A) is dit and L =, 0 and the Stein factorisation of X — S is
X — Spec(k) — S, where k is a perfect field. Then L ~ 0.
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Proof. Since X is Q-factorial, we can perturb the boundary A and assume that |A| =
0. We show (1). The first part of the statement is [TanI8, Theorem 4.2|. As for the
remaining part, there exist Hp, and Hp,y; Cartier divisors on T such that bgL = 7} Hy,
and (bp + 1)L = 7] Hpy41. In particular, L = 7} (Hpy+1 — Hp,), thus concluding.

We show (2). Since v(L) = 0, then (X, A) is a log del Pezzo pair over a perfect field. By
the Riemann-Roch formula, we have h®(L) > 1. Since v(L) = 0, we conclude L ~ 0. [

6.2.2. Pl-contractions

We introduce the notion of (weak) pl-contractions, which is a natural generalisation of the

notions of pl-divisorial contractions and pl-flipping contractions (see [GNTI, Definition 3.2|)

EE—]

to the case of contractions of fibre type.

Definition 6.6. Let k be a field. Let (X, A) be a dlt pair over k& and let S be a prime
divisor contained in |A]. Let 7: X — Y be a projective k-morphism between quasi-
projective normal varieties. We say that 7 is a (Kx + A, S)-pl-contraction (resp. a weak
(Kx + A, S)-pl-contraction) if

1. =(Kx + A) is m-ample,
2. —S is m-ample (resp. m-nef).
We collect some properties of weak pl-contractions for later use.

Lemma 6.7. Let k be a field. Let X be a normal variety over k and let S be a Q-Cartier
prime divisor. Let m: X — Y be a proper contraction between normal varieties such that

—S is m-nef. Then for all closed points x € 7(S), we have 7~ 1(x) C S.
Proof. Immediate since —S' is m-nef. O

Lemma 6.8. Let k be a perfect field of characteristic p > 5. Let (X, A) be a Q-factorial
threefold dlt pair over k and let S be a prime divisor contained in |A|. Let m: X — Y be

a weak (Kx + A, S)-pl-contraction. Then —S is w-semi-ample.

Proof. We write —S = Kx + A — (Kx + A + S). Thus we conclude —S is m-semi-ample
by the relative base point free theorem (see [GNT, Theorem 2.9]). O

Lemma 6.9. Let k be a perfect field of characteristic p > 5. Let (X, A) be a Q-factorial
threefold dlt pair over k and let S be a prime divisor contained in |A]. Letm: X —Y be a
weak (Kx + A, S)-pl-contraction. Let m: X 5 71 v be the relative semi-ample fibration

associated to —S given by Lemma B8. Assume
1. =S is not w-ample over any neighbourhood of w(S),
2. dim(Y) > 2.

Then the dimension of the fibres of g is at most one in a neighbourhood of g(S).
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Proof. The dimension of the image of S is either a surface, a curve or a point. In the first
two cases, by a dimension argument the fibres of the morphism S — 7(S) must be at most
one dimensional. Thus we can assume that 7(.5) is a closed point. Since dim(Y") > 2, there
is a neighbourhood U of y such that the dimension of the fibres of m over U \ y is at most
one. If S gets contracted to a point by g, we have that h is an isomorphism over an open

neighbourhood of y, thus contradicting assumption (1). O

The following extraction result, which motivated the definition of weak pl-contraction,
will be used repeatedly in the following. It is essentially stating that given a (Kx + A)-
negative contraction from a threefold onto a variety of positive dimension we can replace,

after some birational modification, a fibre with a surface of del Pezzo type.

p>5. Let m: X — Z be a projective contraction of normal quasi-projective varieties over

k with the following properties:
i) (X,A) is a kit threefold log pair,
ii) —(Kx + A) is w-big and m-nef.
iii) 0 < dim(Z) < 3.
Fix a closed point z € Z. Then there exists a commutative diagram of quasi-projective

normal varieties

W—w——>Y

o] E
X = Z
and an effective Q-divisor Ay on Y such that

1. (Y, Ay) is a Q-factorial plt pair;

2. 8 = (97%(2))req is an irreducible component of | Ay | and g is a weak (Ky + Ay, S)-

pl-contraction;
3. W is a smooth threefold and ¢ and 1 are projective birational morphisms.

In particular, S is a surface of del Pezzo type by adjunction.

6.2.3. Vanishing for pl-contractions with one dimensional fibres

In this subsection, we present a generalisation of a relative vanishing theorem of Kodaira
type in positive characteristic due to Das and Hacon (see [DHT6]). This will be used in
Proposition B3 to prove a descent result for numerically trivial Cartier divisors on pl-
contractions with one-dimensional fibres. We refer to [Sch14| for a thorough treatment of

the trace map of the Frobenius morphism on log pairs.



108  Chapter 6. On the base point free theorem for klt threefolds in large characteristic

Proposition 6.11 (cf. [DHI6, Proposition 3.2]). Let k be a perfect field of characteristic
p > 5. Let (X,A =S+T) be a Q-factorial threefold plt pair where S is a prime Weil
divisor and |T'| = 0. Suppose that there exists an integer f > 0 such that (p? —1)(Kx +A)
1s an integral divisor. Then there exists e > 0 such that the morphism induced by the trace

map of Frobenius
Une: FI°Ox (1 —p")(Kx +T) —p"*mS) — Ox(—mS).

18 surjective for all n > 1 and for all m > 1 at all codimension two points of X contained

m S.

Proof. By the proof of [DHI6, Proposition 3.2], we obtain that there exists an integer e > 0

such that the natural morphism
F¥Ox((1 - p")(Kx +T)) = Ox

admits a splitting in the category of Ox-modules at all codimension two points of X
contained in S for all n > 1 (cf. [DHIH, Equations 3.4, 3.5]). By tensoring with Ox (—m.S)

and considering reflexive hulls, we thus deduce that
FOx (1 =p")(Kx +T) = p"“mS) = Ox(—mS)

is surjective at all codimension two points of X contained in S. O
The following vanishing theorem is an easy generalisation of [DHT6, Theorem 3.5].

Proposition 6.12. Let k be a perfect field of characteristic p > 5. Let (X,A) be a Q-
factorial threefold dlt pair and let S be a prime divisor contained in |A|. Assume there
exists e > 0 such that (p® — 1)(Kx + A) is integral. Let m: X — Y be a projective

contraction between normal quasi-projective varieties such that
1. the maximum dimension of the fibres of ™ is one;
2. mis a weak (Kx + A, S)-pl-contraction.

Let L be a Cartier divisor on X such that L is w-nef. Then for all m > 0 we have
R'7,0x(L —mS) =0

in a neighbourhood of m(S).

Proof. We follow the proof of [DHTI6, Theorem 3.5] and we show how to adapt their
arguments in order to prove the desired vanishing theorem.

Let us write A = S+ A’. Since X is Q-factorial we can slightly perturb the boundary
A’ in order to find a boundary I' such that (X, S +T) is plt and (1 — p/)(Kx + S +T) is

Cartier and m-ample for some f > 0.
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If 7 is birational, then by Lemma B4 we can suppose Ex(7) C S. If dim(Y) = 2, then
by Lemma B2 S is a vertical divisor for 7 (i.e. 7(.S) is an irreducible curve in Y'). Moreover,
by localising at codimension one points of Y and applying the relative Kawamata-Viehweg
vanishing theorem for excellent surfaces (see [TanI8a, Theorem 3.3]), we can suppose that

R'7t,Ox (L —mS) is supported on a finite number of closed points of 7(S).
Consider now e > 0 given by Proposition BE. Using the trace map of the Frobenius
morphism for all n > 1 we have the exact sequence

0 = ker(thne) = FI°Ox (1= p")(Kx +T) 4 p"°L — p**mS) 225 Ox (L — mS).
Now let us split the sequence in two short exact sequences:
0 — ker(¢ne) = FI°Ox((1 —p")(Kx + 1) + p"L — p"*mS) — im(¢ne) — 0;  (6.1)

and
0 — im(¢Ype) = Ox (L —mS) — Gpe — 0. (6.2)

Consider the long exact sequence in cohomology obtained by applying the push-forward .,
to the short exact sequence (B1). Since the fibres of 7 are at most one dimensional, we have
R%7m, ker(¢).) = 0. Let us denote H = —(Kx+mS—L+T) = —(Kx+S+T)+(L—(m—1)5)
and let r be the Cartier index of H. Since L and —S are m-nef, we have H is m-ample for
all m > 0. Write (p"° — 1) = r-a + b for some positive integer a,b such that 0 < b < r.

Thus we have

R'm (F*Ox((1 = p")(Kx +T) +p"°L = p"mS)) =
= F*(R'm.Ox(raH — b(Kx +T' +mS — L) + L —mS)),

which vanishes for sufficiently large n > 0 by Serre vanishing. Therefore we conclude
Rlm.im(¢ne) = 0.

Since Yy, is surjective at codimension two points contained in S by Proposition BT,
we have G, is supported on a finite number of points. Therefore R'7,G,. = 0 and thus
we conclude R'm,Ox (L —mS) = 0. O

6.3. Numerically trivial Cartier divisors on pl-contractions

In this section, we prove a descent result for numerically trivial Cartier divisors on three-
folds under weak pl-contractions over surfaces and threefolds (see Theorem G117).

First, in Subsection EZ31 we discuss the case of a weak pl-negative contraction with
fibres whose maximum dimension is one. In this case the main tool we use is the vanishing
theorem proven in Proposition EI2.

In Subsection B232 we discuss the general case. Our strategy is based on techniques

rational in large characteristic. The main ingredient in the proof of Theorem BEI7 are
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Proposition 613 and the Kawamata-Viehweg vanishing theorem for log del Pezzo surfaces

in large characteristic ([CTWI7, Theorem 1.2]).

6.3.1. Descent for pl-contractions with one dimensional fibres

We apply the vanishing theorem of Proposition B2 to discuss descent of numerically trivial

Cartier divisors in the case of pl-contractions with one-dimensional fibres.

Proposition 6.13. Let k be a perfect field of characteritic p > 5. Let (X,A) be a Q-
factorial dlt threefold pair over k and let S be a prime divisor contained in |A]. Let

m: X =Y be a projective k-morphism between quasi-projective normal varieties such that
1. the maximum dimension of the fibres of  is one;
2. mis a weak (Kx + A, S)-pl-contraction.

Let L be a Cartier divisor on X such that L =, 0. Then L ~; 0 over a neighbourhood of
7(S).

Proof. Since the question is local over the base, we can assume Y to be affine. By [GNT],
Theorem 2.11] S is a normal variety. Moreover by adjunction the pair (S, Diff g(A")) is dlt
where

(KX + A)’S =Kg+ Diffs(A/),

where A’ = A — S. Let us denote by w|g: S — T the restricted morphism. Since
—(Ks + Diffg(A")) is m|s-ample, Proposition 63 implies L|s ~r|4 0.
By Lemma B for any y € T := 7(S) we have 7 (y) C S. Since L|g ~

g 0, 1t is

sufficient to prove that the morphism
mOx (L) = (7]5)«Os(L)

is surjective to prove that L ~, 0 over a neighbourhood of T'. By Proposition EI2 we have
the vanishing Rlﬂ'*OX<L — 8) = 0 and thus we conclude. O

6.3.2. Descent for pl-contractions over threefolds and surfaces

We begin by recalling the Kawamata-Viehweg vanishing theorem for log del Pezzo surfaces
in large characteristic (see [CTWI7, Theorem 1.2]), which plays a key role in the proof of
Theorem BT4.

Theorem 6.14. There exists a constant pg > 0 with the following property. Let k be a
perfect field of characteristic p > pg. Let (S, A) be a dit surface log pair over k such that
—(Kg + A) is ample. Let B be an effective Q-divisor such that (S, B) is dlt and let L be
a Weil divisor such that L — (Kg + B) is ample. Then H'(S,L) = 0.
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is Q-factorial, we have that for 0 < ¢ < 1 the pair (X, A’ := (1 —¢)A™! + A<!) is kit and
—(Kx + A’) remains amples. Similarly we can perturb B to B’ such that (S, B) is klt and
L — (Ks + B’) is a Q-Cartier Q-ample divisor. We thus conclude by Theorem [CTWI7,
Theorem 1.2]. O

Remark 6.15. We do not know an explicit bound on py. However the examples con-
structed in [CT, Theorem 4.2] and [Berl?, Theorem 1.1] show that pg > 3.

We recall the restriction short exact sequence constructed in [HWT7|.

Proposition 6.16. Let k be a perfect field of characteristic p > 5. Let (X, A) be a Q-
factorial dit threefold log pair defined over k. Let S be an irreducible component of |A]
and let A = A"+ S. Let D be a Weil divisor on X. Then for all n € Z>q there exists a

short exact sequence
0= Ox(—(n+1)S+ D) = Ox(—nS + D) = Os(G,) — 0,

where Gy, ~g —nS|s + D|s — A, and A,, < Diffg(A).

Proof. Since X is Q-factorial, the pair (X, S) is plt and we can apply [HWT7, Corollary
3.7]. Since A,, < Diffg(0) < Diffg(A’) we conclude. O

We are now ready to prove the main result of this section.

Theorem 6.17. There exists an integer pg > 5 such that the following hold. Let k be a
perfect field of characteritic p > pg. Let (X,A) be a Q-factorial dlt threefold log pair over
k, and let S be a prime Weil divisor contained in |A]. Let m: X — Y be a projective

contraction between quasi-projective normal varieties such that
1. mis a weak (Kx + A, S)-pl-contraction;
2. dim(Y) > 2.

Let L be a Cartier divisor on X such that L =; 0. Then L ~; 0 over a neighbourhood of
7(S).

Proof. Consider pg > 5 for which the statement of Theorem B4 holds. As in the proof of

Proposition B3, we write adjunction
(KX + A)‘S =Kg+ Diﬁs(A/)

where A’ = A — S and we have L|g ~r|s 0 by Proposition EA. Since by Lemma B for

any y € T := 7(S) we have 77 1(y) C S, it is sufficient to prove that the morphism

.0x(L) — (n]5).0s(L)
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is surjective. To prove the surjectivity, we show the vanishing of R'7,Ox (L — S).

Let n > 0 and let us consider the following exact sequence given by Proposition E18:
0— Ox(—(n+1)S) = Ox(—nS) — Os(G,) — 0,

where G,, ~g —nS|s — A, for some A, < Diffg(A’). We tensor with L and we consider

the following exact sequence of Oy-modules:

0— mOx(L—(n+1)5)) = mOx(L —nS) — (n]5)+Os(L + Gy) —
— R'm,0x (L — (n+1)9)) = R'm.0Ox(L —nS)) = R (7|s).Os(L + Gy,).

Thus in order to prove R'm,Ox (L — (n+1)S) = 0 for all n > 0 it is sufficient to prove

the following two vanishing results in cohomology:
(i) RY(7|$)«Os(L + Gy) = 0 for every n > 0.
(i) R'm.Ox (L —mS) = 0 for m > 0 and sufficiently divisible.
To prove (i) let us note that
L|s + Gy, ~¢ (Ks + Diffs(A") — A,,) + L|s — nS|g ~q (Ks + B) + A4,

where (S, B := Diffg(A") — A,,) is klt and A is (7g)«-ample. If dim(7) > 1, we conclude by
the relative Kawamata-Viehweg vanishing (see [TanI&a, Proposition 3.2]). If dim(7T") = 0,

we have

RY(7|s)+O5(L + Gy) = HY(S,0s(L + G,,)).

Since (S, Diff g(A’)) is a dlt pair such that —(Kg + Diff g(A’)) is an ample Q-Cartier Q-
divisor, we conclude H'(S,Os(L + G,,)) = 0 by Theorem EI4.

We now prove (ii). If —S is m-ample over a neighbourhood of 7" we conclude by
the relative Serre vanishing theorem. Thus we can suppose —S is not m-ample over any
neighbourhood of T. By Lemma B we can consider the semi-ample fibration over Y

associated to —S:
mXxLzhy

and let us consider an integer k£ > 0 such that —kS = ¢*H for a h-ample Cartier divisor
on Z.

Since by Lemma B the fibres of g are at most one dimensional, we can apply Propo-
sition EI2 to deduce that Rg,Ox(L —mS) = 0 for i > 0 and m > 0. By Proposition
B3 we have L = g* M for some Cartier divisor M which is h-trivial. By the Grothendieck
spectral sequence, we thus deduce R'7,Ox (L — mkS) = R'h.Oz(M + mH). Since H is
g-ample, we apply relative Serre vanishing to R'h.Oz(M + mH) to conclude that for all
m sufficiently large we have R'm,Ox (L — mkS) = 0. O
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6.4. The base point free theorem in large characteristic

The aim of this section is to prove Theorem GZ3. For this we discuss first descent of
numerically trivial Cartier divisors in the birational case (see Subsection 641) and in the
case of conic bundles (see Subsection EZ472). In these cases, the main techniques used
are the MMP for threefolds and Proposition B0 to reduce to the case of pl-contractions
proven in Theorem BGT4.

In subsection B2=3, we combine these results together with results on del Pezzo fibra-

tions from [BTTY| to prove Theorem G23.

6.4.1. Birational case

In this subsection, we prove descent of numerically Cartier divisors under (Kx + A)-
negative birational contraction of threefolds in large characteristic.
We need the following easy lemma on birational maps which are isomorphisms in codi-

mension one.

Lemma 6.18. Let k be a field. Let f: X — Z be a proper contraction of normal varieties

over k. Let us consider the following commutative diagram

L]

Z

)

where p: X — W and q:' Y — W are small proper birational contractions between normal
varieties. Let L be a Cartier divisor on X and suppose that there exists a Cartier divisor
M on W such that L ~ p* M. Then p,L is a Cartier divisor. Moreover, the following are

equivalent:
(i) there exists a Cartier divisor H on Z such that L ~ f*H
(ii) there exists a Cartier divisor H on Z such that M ~ n*H,
(1ii) there exists a Cartier divisor H on Z such that oL ~ g*H.

Proof. Since ¢, L and ¢*M are both Weil divisors on a normal variety and they coincide
outside a codimension two subset, we conclude that ¢,L ~ ¢*M. In particular, @, L is
Cartier.

We now prove that (i) is equivalent to (ii). Obviously, (ii) implies (i). If (i) holds, then
L~ f*H ~ p*n*H ~ p*M implies M ~ 7*H. We can repeat the same proof using the
equality @.L ~ ¢*M to conclude (ii) is equivalent to (iii). O
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Theorem 6.19. There exists a constant pg > 5 with the following property. Let k be a
perfect field of characteristic p > py. Let m: X — Z be a projective birational morphism

between quasi-projective normal varieties. Suppose that there exists an effective Q-divisor

A such that
1. (X, A) is a kit threefold log pair,
2. —(Kx + A) is w-big and w-nef.
Let L be a Cartier divisor such that L =, 0. Then L ~ 0.

Proof. Fix py > 5 for which Theorem B4 holds. Since the question is local over the base,
we can assume Z to be affine and we fix z € Z a closed point. By Proposition 610, there
exists a birational morphism g: Y — Z such that there exists an effective Q-divisor Ay
such that

(i) (Y,Ay) is a Q-factorial plt pair,

(i) S := (g71(2))red is an irreducible component of |Ay | and g is a weak (Ky + A, S)-

pl-contraction.
Let us consider the following diagram

W —5 Y
of e
X "5 Z

where ¢ and ¢ are log resolution. Denote by f := 7o .
In order to prove the theorem, it is sufficient to prove ¢*L ~ 0. We first prove that
¥*L descends to a Cartier divisor M on Y. To accomplish this, we apply Theorem BG4

inductively.

Claim 6.20. There exists a Cartier divisor M on'Y such that *L ~ ©*M.

Proof. Since Y is Q-factorial variety with klt singularities, we have

Kw + ZEZ ~Q (p*Ky + Z(l + ai)Ei,
i€l iel

where | J;c; Ei = Supp(Ex(¢)) and 1 +a; > 0 for all i € I. In particular,

Ky + ZEz ~Q,y Z(l + a;)E;.

iel el
By [HNTTY, Theorem 1.1] we can run a (Kw + >, E;)-MMP over Y

he W o Wy =2 o o5 W, = T,
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which terminates with a morphism p: 7" — Y such that ) .(1 4 a;)h.E; is p-nef. By
negativity lemma, this implies that all the divisors E; are contracted by h. Thus p: T' = Y
is a small morphism. Since Y is Q-factorial, we conclude p is an isomorphism. Since we run
a (>_;(1+ a;)E;)-MMP, each step is a pl-divisorial contraction or a pl-flip. Thus we can
apply Theorem BI7A and Lemma EIX inductively to conclude that there exists a Cartier
divisor M on Y such that ¢*L ~ ¢@*M. O

We can now apply Proposition BT once more to shows that there exists a Cartier
divisor N on Z such that M ~ ¢g*N, thus concluding the proof. O

As a corollary, we obtain a descent result for numerically trivial Cartier divisors on

threefolds admitting a birational morphism over a kit pair.

Corollary 6.21. There exists a constant po > 5 with the following property. Let k be a
perfect field of characteristic p > pg. Let m: X — Z be a projective birational morphism
between quasi-projective normal varieties. Suppose that there exists a Q-divisor B > 0 such
that (Z, B) is a kit threefold. Let L be a Cartier divisor on X such that L =, 0. Then
L ~;0.

Proof. Without any loss of generality, we can assume that 7: X — Z is a log resolution

for the pair (Z, B). Thus we can write

Kx+m'B+Y Ei=7"(Kz+B)+ > (1+a)E;
el el
Consider 0 < € < 1 such that 1 +a; —e > 0 for any i € I. By [GN1, Theorem 2.13] we
run a (Kx + m, !B+ Y. ;(1 — ) E;)-MMP over Z:

fiX-2X1-->- - X, =Y,

which ends with a relative minimal model ¢g: Y — Z. By applying Lemma ETI8 and
Theorem B9 at each step of the MMP inductively, it is sufficient to prove that any
Cartier divisor N on Y which is numerically g-trivial then it is g-trivial. By negativity
lemma g is a small birational morphism and thus we have (Y, g; ' B) is klt and (Ky +g; ' B)
is g-trivial. In particular, —(Ky +g; ! B) is g-big and g-nef and thus we can apply Theorem

B9 once more to conclude. O

6.4.2. Conic bundles

In this section we prove descent of numerically trivial Cartier divisors under (Kx + A)-

negative contraction of relative dimension one (also known as conic bundles).

Theorem 6.22. There exists a constant pg > 5 with the following property. Let k be a
perfect field of characteristic p > po. Let m: X — Z be a projective contraction between
quasi-projective normal varieties. Suppose that there exists an effective Q-divisor A such
that
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1. (X, A) is a kit threefold log pair,
2. —(Kx + A) is w-big and m-nef,
3. dim(Z) = 2.
Let L be a Cartier divisor on X such that L =, 0. Then L ~, 0.

Proof. By Proposition B3, there exists open subset U C Z such that L|W71(U) ~r; 0 and
Z \ U has codimension two. Let z be a closed point in Z \ U. By Proposition B0, there
exists a birational morphism ¢g: Y — Z and an effective Q-divisor Ay on Y such that

(i) (Y,Ay) is a Q-factorial plt pair (in particular, Y is klt),

(i) S := (g71(2))red is an irreducible component of |Ay | and g is a weak (Ky + A, S)-

pl-contraction.

Let us consider the following diagram

W -5y

wl lg

X - Z

where ¢ and 9 are log resolution. Since L is w-trivial outside z, to prove the statement it is
sufficient to prove p*L is (wo1)-trivial over a neighbourhood of z. By Corollary 6221 there
exists a Cartier divisor M on Y such that ¥*L = @*M. It is thus sufficient to prove that
the Cartier divisor M on Y is g-trivial over a neighbourhood of z. This is a consequence
of Theorem BET4. O

6.4.3. General case

We prove now the main theorem of this chapter. To deal with the remaining case of
(Kx + A)-negative contractions of relative dimension two, we combine Theorem E19 and
Theorem B222 with a result on relatively numerically trivial Cartier divisors on del Pezzo
fibrations (see [BTTY, Theorem 1.1]), on the image of surfaces of del Pezzo type over
imperfect fields of characteristic at least seven (see [BTTY, Corollary 5.8|) and the MMP

for Q-factorial surfaces (see |[TanT&al).

Theorem 6.23. There exists a constant pg > 5 with the following property. Let k be a
perfect field of characteristic p > pg. Let (X, A) be a kit threefold log pair and let m: X — Z

be a projective contraction between quasi-projective normal varieties. Suppose that
1. —(Kx + A) is w-big and 7-nef,
2. dim(Z) > 1.

Let L be a Cartier divisor such that L =, 0. Then L ~ 0.
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Proof. We can assume k is algebraically closed by a base change to an algebraic closure. By
taking a Q-factoralization (|Birlf, Theorem 1.6]) we can further assume X is Q-factorial.
If dim(Z) > 2, we conclude by Theorem 619 and Theorem B=22.

Xo=X - X1 -5 - X, = Y.

Y

which terminates with a Mori fibre space g: Y — T over Z and let us denote by f: Y — Z
the natural morphism. Let us note that since Xj(z) is a surface of del Pezzo type over
k(Z), we deduce that also the generic fibre Yi(z) 1s a surface of del Pezzo type over k(Z)
by [BTTY, Lemma 2.9].

By Corollary 2211 it is now sufficient to prove that given M a Cartier divisor on Y such
that M =y 0, then M ~ 0. We subdivide the proof according to the dimension of T'. If
dim(7) = 1, then T'= Z and thus we conclude by [BTT19, Theorem 1.1].

If dim(7T") = 2, we have a factorisation Y 51 L 7 and by Theorem 622 there exists
a Cartier divisor N on T such that N =; 0. Note that T is a Q-factorial surface by
[HNTTY, Theorem 5.4]. Since Yy is a surface of del Pezzo type, we deduce that the
generic fibre T}, is a Fano curve over k(Z) by [BTTY, Corollary 5.8]. In particular Kz
is not pseudoeffective over Z. Since T is Q-factorial, we can run a Kp-MMP over Z by
[TanTRa, Theorem 1.1

YTy =T —-T1 —>To—---=>T,=V

which terminates with a Mori fibre space p: V. — Z. By Proposition 633 we show that
there exists a Cartier divisor D on V such that ¥*D = N. Again by Proposition B3 there
exists a Cartier divisor E on Z such that D = p*FE, thus concluding that M = f*E. 0O

We now show our improvement of the base point free theorem in large characteristic.

Theorem 6.24. There exists a constant py > b such that the following holds. Let k be a
perfect field of characteristic p > po. Let (X,A) be a quasi-projective kit threefold log pair
over k and let m: X — Z be a projective k-morphism of quasi-projective normal varieties.
Let L be a w-nef Cartier divisor on X such that

1. dim(Z) > 1 or dim(Z) =0 and v(L) > 1;
2. nL — (Kx + A) is a w-big and m-nef Q-Cartier Q-divisor for some n > 0.
Then there exists mg > 0 such that mL is w-free for all m > myg.

Proof. By the relative base point free theorem for threefolds (|[GNT, Theorem 2.9]|), L is
m-semi-ample. Let us denote by m: X i> Y % Z be the semi-ample fibration over Z given

by L. Since L = 0, we deduce by Theorem ET9 that there exists a g-ample Cartier divisor
H on Y such that L ~ f*H. Thus we conclude. O
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