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Minimal model program for log canonical
threefolds in positive characteristic

KENTA HASHIZUME, YUSUKE NAKAMURA, AND HIROMU TANAKA

Given a three-dimensional projective log canonical pair over a per-
fect field of characteristic larger than five, there exists a minimal
model program that terminates after finitely many steps.
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1. Introduction

Recently there have been large developments on the three-dimensional mini-
mal model program of characteristic p > 5. The first remarkable achievement
was made by Hacon and Xu. They proved the existence of minimal models
for terminal threefolds over an algebraically closed field k of characteristic
p > 5 [HX15]. Actually, they succeeded in establishing the so-called gener-
alised minimal model program for terminal threefolds X over k such that Kx
is pseudo-effective. Then Cascini, Xu and the third author dropped the as-
sumption that Kx is pseudo-effective [CTX15]. As a consequence, it turned
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out that an arbitrary terminal threefold over & is birational to either a min-
imal model or a Mori fibre space. Finally, Birkar and Waldron established
the minimal model program for klt threefolds over k [Birl6], [BW17].

The main objective of this paper is to give a generalisation of the three-
dimensional minimal model program over k to the log canonical case. Fur-
thermore, we treat perfect base fields, the relative setting and the non-Q-
factorial case. More specifically, our main theorem is as follows.

Theorem 1.1 (cf. Theorem . Let k be a perfect field of charac-
teristic p > 5. Let (X, A) be a three-dimensional log canonical pair over k,
where A is an R-divisor. Let f: X — Z be a projective k-morphism to a
quasi-projective k-scheme Z. Then there exists a (Kx + A)-MMP over Z
that terminates.

In particular, if X is Q-factorial, then there is a sequence of birational
maps of three-dimensional normal varieties:

Po P1 Pe—1
X=Xyg-—»X1 - -2 X,

such that if A; denotes the proper transform of A on X;, then the following
properties hold:

(1) For any i€ {0,...,0}, (X;,4;) is a Q-factorial log canonical pair
which is projective over Z.

(2) For any i € {0,...,0—1}, ¢; : X; --» X;41 is either a (Kx, + A;)-
divisorial contraction over Z or a (Kx, + A;)-flip over Z.

(3) If Kx + A is pseudo-effective over Z, then Kx, + Ay is nef over Z.
(4) If Kx + A is not pseudo-effective over Z, then there exists a (Kx, +
Ay)-Mori fibre space Xy —'Y over Z.

Remark 1.2. Theorem is known for the following cases:

(1) (X,A) is Q-factorial klt and A is a Q-divisor [GNT, Theorem 2.13].

(2) k is algebraically closed, Z is projective over k, and Kx + A =y D for
some effective R-Cartier R-divisor D [Wall8, Corollary 1.8].

To prove the main theorem (Theorem [1.1]), we also establish some fun-
damental results such as the cone theorem and the base point free theorem
under the same generality.
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Theorem 1.3 (cf. Theorem Theorem . Let k be a perfect field
of characteristic p > 5. Let (X, A) be a three-dimensional log canonical pair
over k, where A is an R-divisor. Let f : X — Z be a projective k-morphism
to a quasi-projective k-scheme Z. Then there exists a countable set {C;}icr
of curves on X which satisfies the following properties:

(1) f(C) is a point for any i € 1.
(2) NE(X/Z) = NE(X/Z) Ky +a20 + Xies R20[Cil-

(3) If Ais an f-ample R-Cartier R-divisor on X, then there exists a finite
subset J of I such that

NE(X/Z) = NE(X/Z)kx+a+450 + Y Ro[Cj].
jeJ
(4) If k is algebraically closed, then the set {C;}icr can be chosen so that
C; is a rational curve such that 0 < —(Kx + A)-C; <6 for anyi € 1.

Theorem 1.4 (cf. Theorem Theorem Theorem . Let
k be a perfect field of characteristic p > 5. Let (X, A) be a three-dimensional
log canonical pair over k, where A is an R-divisor. Let f: X — Z be a
projective k-morphism to a quasi-projective k-scheme Z. Let L be an f-

nef R-Cartier R-divisor on X. Assume that one of the following conditions
holds:

(1) L — (Kx + A) is f-semi-ample and f-big.
(2) L=Kx+ A and L is f-big.
(3) L=Kx+ A and A is an f-big R-Cartier R-divisor.
Then L is f-semi-ample.
Remark 1.5. Theorem [I.3]and Theorem [1.4(1)(2) are known for the case

when k is algebraically closed and Z is projective over k [Wall8, Theo-
rem 1.1, Theorem 1.2].

Although the main theorem (Theorem [1.1)) only asserts the existence of
a minimal model program that terminates, we also obtain several results on
termination of flips.

Theorem 1.6 (cf. Theorem 5.5, Theorem [6.11)). Let k be a perfect field
of characteristic p > 5. Let (X, A) be a three-dimensional log canonical pair
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over k, where A is an R-divisor. Let f : X — Z be a projective k-morphism
to a quasi-projective k-scheme Z. Then the following hold.

(1) If Kx + A =¢ D for some effective R-Cartier R-divisor D on X, then
there exists no infinite sequence that is a (Kx + A)-MMP over Z.

(2) Let A be an ample R-Cartier R-divisor. If Kx + A is f-pseudo-effective,
then there exists no infinite sequence that is a (Kx + A)-MMP over
Z with scaling of A.

We now summarise some known results related to this paper. Several
results toward the abundance conjecture for threefolds has been established
(IDW], [Wall7], [XZ], [Zhal). For threefolds of characteristic p > 5, the litaka
conjecture has been proven to be true if the generic fibre is smooth [EZ1§].
For three-dimensional log canonical pairs of characteristic p > 5, Das and
Hacon prove that minimal lc centres are normal [DHI6].
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2. Preliminaries
2.1. Notation

In this subsection, we summarise notation used in this paper.

e We will freely use the notation and terminology in [Har77] and [Kol13].

e For a scheme X, its reduced structure X,.oq is the reduced closed sub-
scheme of X such that the induced morphism X,.q — X is surjective.

e For an integral scheme X, we define the function field K(X) of X to
be Ox ¢ for the generic point £ of X.

e For a field k, we say that X is a wvariety over k or a k-variety if X
is an integral scheme that is separated and of finite type over k. We
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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 an k-variety of dimension
one (resp. two, resp. three).

Let f: X — Z be a projective morphism of noetherian separated
schemes, where X is an integral normal scheme. For a Cartier divi-
sor L on X, we say that L is f-free if the induced homomorphism
[ fOx(L) — Ox(L) is surjective. Let M be an R-Cartier R-divisor
on X. We say that M is f-ample (resp. f-semi-ample) if we can write
M =%, a;M; for some r > 1, positive real numbers a; and f-ample
(resp. f-free) Cartier divisors M;. We say that M is f-big if we can
write M = A + F for some f-ample R-Cartier R-divisor A and effective
R-divisor E. We define f-nef R-divisors in the same way as in [Koll3|
Definition 1.4]. We say that M is f-numerically trivial, denoted by
M =;0or M =30, if both M and —M are f-nef.

Given R-Cartier R-divisors D7 and D on X such that Dy + \gDs
is f-nef for some \g € R~q, the f-nef threshold of (D1, D2) is the non-
negative real number A defined by

A :=inf{p € R>o| Dy + puDy is f-nef}.

It is well-known that inf can be replaced by min in this definition if Z
is of finite type over a field.

Let A be an R-divisor on an integral normal separated noetherian
scheme and let A = Zie ;riD;i be its irreducible decomposition. We
define Azl .= Ziel,rizl riD; and AN = YoicrTiDi where 1] :=
min{r;, 1}. We also define A>! and A<! similarly. Furthermore, we
set {A}:=A—[A].

Let X be a normal variety X over a field and let X’ be a non-empty
open subset X’ of X. For a prime divisor F' on X', the closure F of
F'in X is the prime divisor on X whose generic point is equal to the
generic point of F. For an R-divisor D on X', the closure D of D
in X is defined as ) . ; riD;, where D = > icr iDi is the irreducible
decomposition of D.

Let k£ be a field and let f: X — Y be a birational k-morphism of
normal k-varieties. For a prime divisor F' on X, the push-forward f.F
of F by f (or to Y) is defined as follows: if F' C Ex(f), then f.F =0,
and if F ¢ Ex(f), then f.F is defined as the prime divisor whose
generic point is equals to the generic point of f(F'). For an R-divisor
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D on X, the push-forward f.D of D by f (or to Y) is defined as
Y icrTif«Di, where D =3, ;riD; is the irreducible decomposition
of D.

e Let k be a field and let f: X --» Y be a birational map. Let D be
an R-divisor on X. The proper transform D' of D on Y is defined as
fiD|x, where X’ denotes the maximum open subset X’ of X where
f is defined, and f’: X’ — Y is the induced birational morphism.

e Let D be a closed subset of a smooth scheme X over a perfect field
k and let Dq,...,D, be the irreducible components of D with the
reduced scheme structures. We say that D is simple normal crossing if
the scheme-theoretic intersection ﬂje 7 Dj is smooth over k for every
subset J C {1,...,n}. For a variety X over k and a closed subset Z
of X, we say that f:Y — X is a log resolution of (X,Z) if f is a
projective birational k-morphism from a smooth variety Y over k such
that Ex(f) U f~1(2) is purely codimension one and Ex(f) U f~1(2) is
simple normal crossing. In dimension three, there exists a log resolution
for such a pair (X, Z) by [CP08]. For a variety X over k and an R-
divisor A on X, a log resolution of (X, A) means a log resolution of

(X, Supp A).

2.2. Log pairs

We recall some notation in the theory of singularities in the minimal model
program. For more details, we refer the reader to [KM98, Section 2.3] and
[Kol13, Section 1].

We say that (X, A) is a log pair over a field k if X is a normal variety
over k and A is an effective R-divisor such that Kx + A is R-Cartier. For
a proper birational morphism f : X’ — X from a normal variety X’ and a
prime divisor F on X', the log discrepancy of (X, A) at E is defined as

ap(X,A) :=coeffp(Kx — f*(Kx + A)) + 1.

We say that a log pair (X, A) is log canonical if ag(X,A) > 0 for any
prime divisor E over X. Moreover, we say that a log pair (X, A) is kit, if
ag(X,A) > 0 for any prime divisor E over X.

We call a log pair (X, A) dit when all coefficients of A belong to [0, 1] and
there exists a log resolution f:Y — X of (X, A) such that ag(X,A) >0
for any f-exceptional divisor £ on Y.
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For a log pair (X, A), Nklt(X, A) denotes the closed subset of X consist-
ing of the non-klt points of (X, A). We equip Nklt(X, A) with the reduced
scheme structure.

Definition 2.1. Given a field k, a log pair (X,A) over k, and a projec-

tive k-morphisms X f—l> Z1 — Zs of quasi-projective k-schemes, we say that
fi: X = 7 is a (Kx + A)-Mori fibre space over Zs if dim X > dim Zj,
(f1)«Ox = Oz, p(X/Z1) =1 and —(Kx + A) is fi-ample. If Z5 = Spec k,
then f1 : X — Z; is simply called a (Kx + A)-Mori fibre space.

2.3. Log minimal models

Definition 2.2. Let k be a field and let Z be a quasi-projective k-scheme.
Let (X,A) and (Y, Ay) be log pairs over k that are projective over Z.

(1) We say that (Y, Ay) is a log birational model over Z of (X, A) if there
exists a birational map ¢ : X --+Y over Z such that Ay = A+ E,
where A denotes the proper transform of A on Y and E is the sum of
the prime divisors that are exceptional over X.

(2) We say that (Y, Ay) is a weak log canonical model over Z of (X, A) if
(a) (Y,Ay) is a log birational model over Z of (X, A),
(b) Ky + Ay is nef over Z, and
(¢c) for any prime divisor D on X that is exceptional over Y, it holds
that

ap(X,A) <ap(Y,Ay).

(3) We say that (Y, Ay) is a log canonical model over Z of (X, A) if

(a) (Y,Ay) is a weak log canonical model over Z of (X, A), and

(b) Ky + Ay is ample over Z.
(4) We say that (Y, Ay) is a log minimal model over Z of (X, A) if

(i) (Y,Ay) is a weak log canonical model over Z of (X, A),

(ii) (Y, Ay) is a Q-factorial dlt pair, and

(iii) for any prime divisor D on X that is exceptional over Y, it holds

that

CLD(X,A) < CLD(Y, Ay)

Remark 2.3. Let k be a field and let Z be a quasi-projective k-scheme. Fix
a log canonical pair (X,A) over k that is projective over Z. Let (Y1, Ay,)
and (Y2, Ay, ) be weak log canonical models over Z of (X, A). If g1 : W — Y
and go : W — Y5 are projective birational morphisms that commute with
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Y1 --» Ya, then it follows from the same argument as in [Birl2al Remark
2.6] that

g1 (Ky, + Ay,) = g5(Ky, + Ay,).

Moreover, if (Y2, Ay,) is a log canonical model of (X, A), then Ky, + Ay,
is semi-ample over Z and the birational map Y; --+ Y5 is a morphism. In
particular, if both (Y7, Ay,) and (Y2, Ay, ) are log canonical models of (X, A),
then the induced birational map Y; --» Y5 is an isomorphism.

2.4. Minimal model program

Let us recall construction of a sequence of steps of log canonical minimal
model program.

Definition 2.4 (cf. [Fujl7, 4.9.1]). Let k be a field. Let (X,A) be a
log pair over k and let f: X — Z be a projective k-morphism to a quasi-
projective k-scheme Z. Let g: X --+Y be a birational map over Z to a
normal k-variety Y projective over Z.

(1) We say that g is a (Kx + A)-divisorial contraction over Z if
) ¢ is a morphism,

) dimEx(g) = dim X — 1,

) —(Kx + A) is g-ample, and

(@) p(X/Y) = 1.

(a
(b
(c

(2) We say that g is a (Kx + A)-flipping contraction over Z if
) g is a morphism,
) dimEx(g) < dim X —1,
(¢c) —(Kx + A) is g-ample, and
)

(3) We say that g is a step of a (Kx + A)-MMP over Z if there exist
a (Kx + A)-divisorial or (Kx + A)-flipping contraction h: X — W
over Z and a log canonical model (Y = X+ A™T) of (X, A) over W such
that g = (h*)~! o h, where h* : X+ — W is the induced morphism. If
h is a flipping contraction, then any of h* and g is called a (Kx + A)-
flip over Z.

Definition 2.5. Let k be a field. Let (X, A) be a log pair over k and let
f: X — Z be a projective k-morphism to a quasi-projective k-scheme Z.
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(1) A (possibly infinite) sequence
X =Xy 2% X; s

is called a (Kx + A)-MMP over Z if any ¢; is a step of a (Kx + A)-
MMP over Z. If Z = Spec k, then a (Kx + A)-MMP over Z is simply
called a (Kx + A)-MMP.

(2) For an R-Cartier R-divisor C' on X, a (possibly infinite) sequence
X =Xy 2% X, s

is called a (Kx + A)-MMP over Z with scaling of C' if the sequence is
a (Kx + A)-MMP over Z and

i == min{\ € R>o | Kx, + A; + AC; is nef over Z}

exists and Kx, + A; + A\;C; is numerically trivial over Z;, where X; —
Z; is the associated divisorial or flipping contraction. In this case,
Ao, A1, - -+ are called the scaling coefficients. Note that we do not as-
sume that C is effective.

(3) We say that a (Kx + A)-MMP over Z terminates if the sequence is a
finite sequence:

® ® Pe-1
X =Xy-5X1 "5 "5 X,

such that either Kx, + Ay is nef over Z or there is a (Kx, + Ay)-Mori
fibre space over Z.

For later use, we now summarise known results from [Wall8] on three-
dimensional log canonical minimal model program in positive characteristic.

Theorem 2.6. Let k be an algebraically closed field of characteristic p > 5.
Let (X, A) be a three-dimensional log canonical pair over k and let f : X —
Z be a projective k-morphism to a projective k-scheme Z. If Kx + A 1is
f-nef and f-big, then Kx 4+ A is f-semi-ample.

Proof. See [Wall8, Theorem 1.1]. O

Theorem 2.7. Let k be an algebraically closed field of characteristic p > 5.
Let (X, A) be a three-dimensional log canonical pair over k and let f : X —
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Z be a projective k-morphism to a projective k-scheme Z. If A is an f-semi-
ample and f-big R-Cartier R-divisor such that Kx + A + A is f-nef, then
Kx + A+ A is f-semi-ample.

Proof. See [Wall8, Theorem 1.2]. O

Theorem 2.8. Let k be an algebraically closed field of characteristic p > 5.
Let (X, A) be a three-dimensional projective log canonical pair over k. Then
there exists a countable set {C;}icr of rational curves on X which satisfies
the following conditions:

(1) NE(X) = NE(X) ks 220 + Sies RoolCl
(2) 0<—(Kx+A)-C; <6 foranyiel.

(3) For any ample R-Cartier R-divisor A, there ezists a finite subset J of
I such that

NE(X) = NE(X)ky+ataz0+ Y Rx[C).
jeJ

Proof. See [Wall8, Theorem 1.7]. O

Theorem 2.9. Let k be an algebraically closed field of characteristic p >
5. Let (X,A) be a three-dimensional Q-factorial log canonical pair over k
and let f : X — Z be a projective k-morphism to a projective k-scheme Z.
Assume that there exists an effective R-divisor M on X such that Kx +
A =¢ M. Then there exists a (Kx + A)-MMP over Z that terminates.

Proof. See [Wallg, Corollary 1.8]. O
2.5. Compactifications of pairs

First we show the existence of a compactification of klt pairs.

Proposition 2.10. Let k be a perfect field of characteristic p > 5. Let
(X,A) be a three-dimensional quasi-projective Q-factorial kit pair over k
and let f: X — Z be a k-morphism to a quasi-projective k-scheme Z. Then

there exists an open immersion j: X — X over Z to a normal Q-factorial
threefold X projective over Z such that (X, A) is kit for the closure A of A.

Proof. Enlarging coefficients of A appropriately, we may assume that A is a
Q-divisor. Since X is quasi-projective over Z, there exists an open immersion
71 : X — X; over Z to an integral normal scheme X; projective over Z.
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Let ¢:V — X; be a resolution of singularities of X; such that
¢ 1(Supp A) UEx(¢) is a simple normal crossing divisor. Let E be the
reduced divisor on V' such that Supp £ = Ex(y). Fix sufficiently small € €
Qs0. Then it holds that (V,p;*A + (1 —€)E) is klt. Moreover, it follows
from [GNT), Theorem 2.13] that there exists a (Ky + ¢y 'A + (1 — €)E)-
MMP over X; that terminates. Let X be the end result. Then the negativity
lemma and the Q-factoriality of X imply that X — X is isomorphic over
X. Moreover, (X, A) is kit for the closure A of A in X. O

Using Proposition [2.10] and the ACC for log canonical thresholds, we
prove the existence of a certain compactification of log canonical pairs (Propo-

sition Proposition [2.12)).

Proposition 2.11. Let k be a perfect field of characteristic p > 5. Let
(X, A) be a three-dimensional quasi-projective Q-factorial log canonical pair
over k such that (X,{A}) is kit. Let f : X — Z be a k-morphism to a quasi-
projective k-scheme Z. Then there exists an open immersion j : X — X over
Z to a normal Q-factorial threefold X projective over Z such that (X, A) is
log canonical and (X, {A}) is kit, where A denotes the closure of A in X.

Proof. Since (X, {A}) is klt, also (X, A —e.AL) is kit for any € € R such
that 0 < e < 1. For a sufficiently small € € Ry, we apply Proposition [2.10]
to a Q-factorial klt pair (X, A —eLAL) and a morphism X — Z. Then we
get an open immersion j : X — X over Z to a normal Q-factorial threefold
X projective over Z such that (X, D) is kit for the closure D of A — eL AL
Since € € Ry is sufficiently small, it follows from the ACC for log canonical
thresholds [Bir16, Theorem 1.10] that (X, A) is log canonical for the closure
A of A. O

Proposition 2.12. Let k be a perfect field of characteristic p > 5. Let
(X, A) be a three-dimensional quasi-projective Q-factorial log canonical pair
over k such that X s klt. Let f: X — Z be a k-morphism to a quasi-
projective k-scheme Z. Then there exists an open immersion j : X — X over
Z to a normal Q-factorial threefold X projective over Z such that (X, A) is
log canonical and X is klt.

Proof. Since (X,0) is klt, also (X, (1 —€)A) is kit for any € € R such that
0 < e < 1. For a sufficiently small ¢ € R, we apply Proposition to
a Q-factorial klt pair (X, (1 —€)A) and a morphism X — Z. Then we get
an open immersion j : X — X over Z to a normal Q-factorial threefold X
projective over Z such that (X, D) is kit for the closure D of (1 — e€)A.
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Since € € R+ is sufficiently small, it follows from the ACC for log canonical
thresholds [Bir16, Theorem 1.10] that (X, A) is log canonical for the closure
A of A. O

2.6. Perturbation of coefficients

Lemma 2.13. Fiz K € {Q,R}. Let k be an infinite perfect field of char-
acteristic p > 5. Let (X,A) be a three-dimensional log pair over k and let
f:X — Z be a projective k-morphism to a quasi-projective k-scheme. Let
A be an f-semi-ample K-Cartier K-divisor on X. Then the following hold.

(1) If (X, A) is log canonical, then there exists an effective K-Cartier K-
divisor A’ such that A ~;x A" and (X, A+ A’) is log canonical.

(2) If (X,A) is kit, then there exists an effective K-Cartier K-divisor A’
such that A ~yx A" and (X, A+ A’) is klt.

Proof. First we prove (1). By standard argument, we may assume that A
is an f-semi-ample Q-Cartier Q-divisor (note that A could be still an R-
divisor). Taking a log resolution of (X, A), we may assume that X is smooth
over k and A is a simple normal crossing R-divisor. Hence, enlarging coeffi-
cients of A, the problem is reduced to the case when K = Q.

Since A is an f-semi-ample Q-divisor, there exist projective morphisms
of schemes

f: x5y 3Lz

and an h-ample Q-Cartier Q-divisor Ay such that Y is a normal variety
over k and A ~q g*Ay.

Fix an open immersion jz : Z < Z to a projective k-scheme. We can
find an open immersion jy : Y <+ Y over Z to a normal k-variety Y and
a globally ample Q-Cartier Q-divisor Ay such that Y is projective over
Z and Avly ~zq Ay. Applying Proposition m to a log canonical pair
(X,A) and a morphism X — Y, there exists an open immersion jx : X <
X over Z such that X is a Q-factorial threefold over k and (X, A) is log
canonical, where A denotes the closure of A in X. To summarise, we have
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a commutative diagram:

>

g

|7

7z 2.7

—

=l

x _ix
lg
y
lh

We apply [Tanl7, Theorem 1] to a log canonical pair (X, A) and a semi-
ample Q-divisor g* Ay-. Then there exists an effective Q-divisor B on X such
that g*Ay ~g B and (X, A + B) is log canonical. Set A’ := B|x. It holds
that (X, A + A’) is log canonical and

A" = Blx ~q (" Ay)|x ~z0 9" Ay ~z0 A.

We have proved (1).

Next we prove (2). Suppose that (X, A) is klt. We apply (1) to (X, A)
and 2A. Then there exists an effective K-Cartier K-divisor B such that
2A ~¢x B and (X, A + B) is log canonical. Set A’ := (1/2)B. Then we have
that A ~yx A" and (X, A + A’) is klt. O

Lemma 2.14. Let k be a perfect field. Let X be a quasi-projective Q-
factorial normal variety over k. Let A be an effective Q-divisor such that all
the coefficients of A are contained in [0,1]. Let A be an ample Q-divisor on
X. Then there exists an effective Q-divisor A" on X such that A" ~g A+ A
and all the coefficients of A" are contained in [0, 1].

Proof. There exists a positive real number € such that 0 < e < 1 and eA + A
is ample. After replacing A and A by (1 — €)A and €A respectively, we may
assume that there exists a positive real number € such that 0 < € < 1 and all
the coefficients of A are contained in [0,1 — €]. If & is an infinite field (resp.
a finite field), then [Sei50, Theorem 1] (resp. [Poo04, Theorem 1.1]) enables
us to find a positive integer n and a smooth divisor H on the smooth locus
Xgm of X such that

e 1/n < e, and

e nA is a Cartier divisor such that (nA)

Xsm ~ H'
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For the closure H of H in X, it holds that nA ~ H and H is a reduced
divisor. Then it holds that

1 1—
A+A=A+—-(nA)~gA+—H=:A
n n
and all the coefficients of A" are contained in [0, 1]. O
2.7. Non-vanishing theorem of relative dimension two

Lemma 2.15. Let k be a field of characteristic p > 0. Let (X, A) be a log
canonical pair over k and let f: X — Z be a projective k-morphism to a

quasi-projective k-variety such that f.Ox = Oz. Set Xk to be the generic
fibre of f. Assume that

(1) dim Xg <2, and
(2) (Kx + A)|x, is pseudo-effective.

Then there exists an effective R-Cartier R-divisor D on X such that Kx +
A ~ZR D.

Proof. By the non-vanishing theorem for surfaces (cf. [Tanl8bl, Theorem 1.1]
and [Tan, Theorem 1.1]), we obtain

(Kx 4+ A)|x, + Y _ridiv(e;) = E
=1

for some effective R-divisor £ on X, 7r1,...,7¢ € R, and ¢1,...,¢q €
K(Xk). By K(X) = K(Xk), we get ¢; € K(X). We define an R-Cartier
R-divisor F' by

a
Kx +A+ aniv(g@i) = F

i=1
We obtain F|x, = E. In particular, if F' = Fy — F, for effective R-divisors
Iy and F without any common irreducible components, then we get
f(Supp F») € Z. Since Z is quasi-projective over k, there exists an effec-
tive Cartier divisor Hz on Z such that f(Supp F») C Supp Hz. Hence, for
a sufficiently large positive integer m, it holds that mf*H; — Fy is an effec-
tive R-divisor. We have that

a
Kx + A+ ridiv(p) = F = Fy — Fy vz Fy + (mf*Hyz — Fy) > 0,
i=1
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as desired. O

3. MMP for the effective case

The purpose of this section is to establish the relative minimal model pro-
gram for log canonical threefolds with effective log canonical divisors (The-
orem . As a consequence, we obtain the existence of dlt modifications
(Proposition . We start with the following lemma on dlt modification.
Note that this result is known if the base field is algebraically closed [Birl6,
Theorem 1.6].

Lemma 3.1. Let k be a perfect field of characteristic p > 5. Let (X, A) be
a three-dimensional quasi-projective Q-factorial log canonical pair over k,
where A is a Q-divisor. Then there exists a projective birational k-morphism
f:Y = X from a normal threefold Y over k such that

(1) Y is Q-factorial,
(2) ap(X,A) =0 for any f-exceptional prime divisor F on'Y, and

(3) if Ay is the R-divisor defined by Ky + Ay = f*(Kx + A), then Ay
is effective and (Y,{Ay}) is kit (see Subsection [2.1] for the definition
Of {Ay})

Proof. Let ¢ : V. — X be a log resolution of (X, A). We can write

Ky +@'A+E=¢"(Kx +A)+ > _a;E,

7

where E; is a y-exceptional prime divisor, a; := ag, (X, A) € Q>¢ is the log
discrepancy, and F is the reduced divisor on V such that Supp E = Ex(y).
Fix a sufficiently small € € Q<o so that if a; > 0, then a; — e > 0. Since
;YA + (1 — €)E — §p* A is still effective for sufficiently small § > 0, [GNT),
Theorem 2.13] enables us to find a (Ky + ¢ 1A + (1 — €)E)-MMP over X
that terminates. Let g : Y — X be the end result. Then (1) holds. The neg-
ativity lemma implies that this MMP contracts all the prime divisors F;
satisfying a; = ag, (X, A) > 0. In other words, any g-exceptional prime di-
visor F' satisfies ap(X,A) = 0. Therefore, (2) holds. Furthermore, (3) holds
because being dlt is preserved under the MMP. O

Theorem 3.2. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional Q-factorial log canonical pair over k, where A is a
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Q-divisor. Let f: X — Z be a projective k-morphism to a quasi-projective
k-scheme Z. If Kx + A is f-big, then the graded ring

@ f*Ox(l_m(KX + A)_l)

m=0

is a finitely generated O z-algebra.

Proof. By standard argument, we may assume that k is algebraically closed
and f.Ox = Oy (cf. [GNT], Remark 2.7]). By Lemma the problem is
reduced to the case when

(1) (X, {A}) is klt.

Take an open immersion jz : Z — Z such that Z is a projective normal
threefold over k. Applying Proposition to (X,A) and X — Z, we may
assume that (1) and

(2) both X and Z are projective over k.

By Theorem there exists a (Kx + A)-MMP over Z that terminates.
Replacing (X, A) by the end result, we may assume that (2) and

(3) Kx + A is f-nef.
By Theorem the assertion in the statement holds. O

Proposition 3.3. Let k be a perfect field of characteristicp > 5. Let (X, A)
be a three-dimensional Q-factorial log canonical pair over k, where A is a
Q-divisor. Let f: X — Z be a projective k-morphism to a quasi-projective
k-scheme Z. Let L be an f-nef and f-big Q-Cartier Q-divisor such that
L — (Kx + A) is f-semi-ample. Then L is f-semi-ample.

Proof. We may assume that k is algebraically closed and f.Ox = Oz. By
Lemma[2.13] (1), we are reduced to the case when L = Kx + A. By Lemma
we may assume that (X, {A}) is klt.

Fix an open immersion jz : Z < Z such that Z is a normal variety
projective over k. It follows from Proposition that there exists an open
immersion j; : X < X; over Z to a Q-factorial threefold X; projective over
Z such that (X7,Ay,) is log canonical for the closure Ay, of A in Xj.
Let f1: X1 — Z be the induced morphism. Since Kx, + Ax, ~p g D for
some effective Q-divisor D, Theorem [2.9 enables us to find a (Kx, + Ax,)-
MMP over Z that terminates. Let X5 be the end result and let A x, be the
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push-forward of Ax,. Then Ky, + Ay, is fo-nef, where fo: Xy — Z is the
induced morphism. Since Kx + A is f-nef, the two morphisms f; and f
coincide over Z. In particular, there exists an open immersion jo : X — X
such that jo(X) = f51(Z). It follows from Theorem that Kx, + Ax, is
fo-semi-ample. Taking the restriction to X, we see that Kx + A is f-semi-
ample, as desired. O

Theorem 3.4. Let k be a perfect field of characteristic p > 5. Let (X, A) be
a three-dimensional Q-factorial log canonical pair over k and let f: X — Z
be a projective k-morphism to a quasi-projective k-scheme Z. Assume that
Kx +A=rr D for some effective R-divisor D on X. Then there exists a
(Kx + A)-MMP over Z that terminates.

Proof. Assuming that Kx + A is not f-nef, let us find a (Kx + A)-negative
extremal ray and its contraction. There exists an f-ample R-divisor A such
that Kx + A+ A is not f-nef.

Let us find an effective Q-divisor A’, an f-ample Q-divisor A} and an
f-ample R-divisor A’ such that

(1) Kx + A+ A=Kx +A + A} + A,
(2) all the coefficients of A" are contained in [0, 1], and
(3) Kx + A’ =¢¢g D' for some effective Q-divisor D'

We first take an ample Q-divisor A} on X such that A — 34} is f-ample.
Then there exists a Q-divisor A; on X such that 0 < A; < A and both A} +
(A —A;) and A} — (A — Ay) are f-ample. By Lemma there exists an
effective Q-divisor A’ such that A" ~g A; + A} and all the coefficients of
A’ are contained in [0,1]. Thus (2) holds. Then we obtain (3), since the
R-divisors appearing in the following:

(KXJFA,)*(KijA) ~fR A1+A/1*A:A,1*(A*A1)
are f-ample. Set A} := (Kx + A+ A) — (Kx + A’ + A)}). By the equations:

b=(Kx+A+A) — (Kx+A"+A))
= (A =347 + (A + (A = A1) + (4] + (A — A7),

it holds that A/ is f-ample, hence (1) holds.



1020 K. Hashizume, Y. Nakamura, and H. Tanaka

Applying [GNT, Lemma 2.2] to (X, A’) and A}, there exist finitely many
curves C1,...,C, on X such that

.
NE(X/Z) = NE(X/Z) ko a4 4330 + > Rs0[Cil.
i=1

Set R := R>¢[C}], which is a (Kx + A)-negative extremal ray. By Propo-
sition there exists a contraction ¢ : X — Y of R. If ¢ is a flipping
contraction, then Theorem implies that a flip of ¢ exists.

Therefore, it suffices to prove that there exists no infinite sequence that
is a (Kx + A)-MMP consisting of flips:

X:XQ——-)Xl = e

This follows from the ACC for log canonical thresholds [Bir16, Theorem 1.10]
and the assumption that Kx + A =¢r D > 0 ([Bir07, Lemma 3.2]). O

Now we prove the existence of dlt modifications (Corollary [3.6). First
we treat more general pairs in Proposition |3.5

Proposition 3.5. Let k be a perfect field of characteristicp > 5. Let (X, A)
be a three-dimensional quasi-projective log pair over k. Then there exists a
projective birational k-morphism f :Y — X from a normal threefold over k
that satisfies the following conditions:

(1) ap(X,A) <0 holds for any f-exceptional prime divisor F' on'Y .
(2) (Y,ApY) is a Q-factorial dit pair, where Ay is the R-divisor defined

by Ky + Ay = f*(Kx + A) (see Subsection for the definition of
(3) NkIt(Y, Ay) = f~1(Nklt(X, A)) holds.
Proof. The proof consists of two steps.

Step 1. There exists a projective birational morphism fi1:Y1 — X that
satisfies the conditions (1) and (2) in the statement.

Proof of Step[1. Let g : W — X be a log resolution of (X, A). Write
g (Kx +A) = Ky + Aw = Kw + A + E,

where A is the proper transform of A, and F := Ay — A. Hence, F is a g-
exceptional R-divisor. Set F' to be the reduced divisor such that Supp F =
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Ex(g). There exists a (Ky + A 4 F)-MMP over X that terminates (The-
orem . Let W --» Y7 — X be the end result. Since

Kw+AM 4+ F~yp —(A— AN+ E— F),

this MMP is also a —((A — A" + E — F)-MMP over X. Hence by the neg-
ativity lemma, the push-forward of (A — A™) + E — F on the end result Y;
is effective. This implies that the g-exceptional divisors E; with coeffp, ' < 1
are contracted in this MMP. Therefore the condition (1) holds. Since Ag!
is nothing but the push-forward of A" + F, the condition (2) follows be-
cause being dlt is preserved under an MMP. This completes the proof of
Step [I} O

Step 2. There exists a projective birational morphism f:Y — X that sat-
isfies the conditions (1)—(3) in the statement.

Proof of Step[3 The following argument is very similar to [{FKX17, Lemma

29]. By Step [1, we can find a projective birational morphism f; : Y7 — X

with the conditions (1) and (2). Define Ay, by f{(Kx + A) = Ky, + Ay,.
There exists a (Ky, + A;})—MMP over X that terminates (Theorem.

Let Y1 -—» Y5 £> X be the end result, and let Ay, be the push-forward of

Ay, on Ys. We obtain
(3.5.1) Supp(A7)) = Nklt(Y2, Ay,),

since (Ya, Af/zl) is klt.
Let us show the equation

(3.5.2) Nklt(Ya, Ay,) = f5 {(Nklt(X, A)).
By f5(Kx + A) = Ky, + Ay,, f2 induces a surjective morphism
Nklt(Y2, Ay,) — Nklt(X, A)
(cf. [KM98, Lemma 2.30]). In particular, the inclusion
Nklt(Yz, Ay,) C f5 (NKIt(X, A))

holds. Assuming that Nkit(Ya, Ay,) 7 f5 '(Nklt(X, A)), let us derive a con-
tradiction. Take a closed point y € f5 ' (Nklt(X, A)) \ Nklt(Ya, Ay,). Set x :=
f2(y). Then it holds that z € Nkit(X,A) and f, ' (z) ¢ Nklt(Yz, Ay,). Since
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NKklt(Y2, Ay,) — Nklt(X, A) is surjective, there exists a curve C, contained
in_f; (), such that C intersects but is not contained in Nklt(Ys, Ay,). By
(3.5.1), it holds that AT' - C > 0. On the other hand,

AT = —(Ay, - AF)) =5, Ky, + A

is fo-nef. This is a contradiction. Hence, holds.

Let h: (Y,Ay) — (Y2,Ay,) be a projective birational morphism satis-
fying (1) and (2), whose existence is guaranteed by Step 1. Since Y3 is Q-
factorial, Ex(h) is purely codimension one, and hence

NkIt(Y, Ay) = h~H(Nklt(Ya, Ay,))

holds. Therefore the composition f:= faoh:Y — X satisfies the condi-
tions (1)—(3). This completes the proof of Step O

Step [2] completes the proof of Proposition [3.5 ([

Corollary 3.6. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional quasi-projective log canonical pair over k. Then there
exists a projective birational k-morphism f 1Y — X from a normal threefold
Y over k that satisfies the following conditions:

(1) ap(X,A) =0 holds for any f-exceptional prime divisor F.

(2) (Y,Ay) is a Q-factorial dlt pair, where Ay is the R-divisor defined by
Ky + Ay = f*(KX + A).

(3) NkIt(Y, Ay) = f~1(Nklt(X, A)) holds.
Proof. The claim directly follows from Proposition 3.5 O

4. Cone theorem

The purpose of this section is to prove the cone theorem for log canonical
threefolds (Theorem Theorem . To this end, we start with a pro-
jective case (Subsection . Then we treat the dlt case (Subsection .
Finally, we will establish the cone theorem for log canonical threefolds (Sub-
section . As a consequence of the cone theorem, we obtain a result on
the Shokurov polytope (Subsection .
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4.1. Projective case

In this subsection, we prove Lemma [£.2] Let us start with a criterion to
deduce the cone theorem.

Lemma 4.1. Let k be a field. Let f : X — Z be a projective k-morphism
from a normal k-variety X to a quasi-projective k-scheme Z. Let A be an
R-divisor on X such that Kx + A is R-Cartier. Let A be an f-ample R-
Cartier R-divisor on X. For any ample R-Cartier R-divisor H, set ag to be
the f-nef threshold of (Kx + A + %A, H). Assume that there exist finitely
many curves Cp,...,Cn on X such that

(1) f(Cy) is a point for any i € {1,...,m}, and

(2) for any ample R-Cartier R-divisor H on X, it holds that (Kx + A +
3A+agH)-C; =0 for somei € {1,...,m}.

Then the following equation holds:

NE(X/Z) = NE(X/Z)ky+ataz0+ Y Rxo[Cil.
=1

Proof. We can apply the same argument as in [CTX15, Lemma 6.2]. O

Lemma 4.2. Let k be an algebraically closed field of characteristic p >
5. Let (X,A) be a three-dimensional log canonical pair over k and let f :
X — Z be a projective k-morphism to a projective k-scheme Z. Let A be an
f-ample R-Cartier R-divisor on X. Then there exist finitely many curves
Cyq,...,Cy on X such that

(1) f(C;) is a point for any i € {1,...,m}, and
(2) NE(X/Z) = NE(X/Z) k+at+4>0 + 222 Rx0[Ci.

Proof. Taking the Stein factorisation of f, we may assume that f,Ox = Oz.
Replacing A by A+ f*Az for some ample Cartier divisor Az on Z, the
problem is reduced to the case when A is ample. Let Hz be an ample Cartier
divisor on Z. By [Tanl7, Theorem 1], there exists an effective R-divisor M
such that M ~g 7f*H; and (X,A’ := A+ M) is log canonical. Applying
Theorem to (X, A) and %A, there exist finitely many curves Cq,...,Cy
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with the condition 0 > (KX + A+ %A) -(C; > —6 and

(4.2.1) NE(X) = NE(X) g 4atias0+ ZRZO[Cz‘]-

i=1

After permuting indices, we can find an integer m such that
e 0 <m < n,
e f(C,) is a point for any o € {1,...,m}, and
e f(Cg) is not a point for any S € {m +1,...,n}.

It is enough to prove that the curves C1,...,C), satisfy the condition (2).
Take an ample R-Cartier R-divisor H on X and let ay be the f-nef threshold
of (Kx + A"+ %A, H). Note that ag is equal to the nef threshold of (Kx +
A+ %A, H). Indeed, for any 8 € {m +1,...,n}, it holds that

1
(Kx—i-A/-l-zA—i-aHH) ‘Cﬁ

1
> <Kx+A+7f*Hz+2A> -C52—6+7:1.

Therefore, by 1| there exists i € {1,...,n} such that (Kx + A’ + %A +
agH) - C; = 0. By the inequality above, it holds that 1 < i < m, as desired.
O

4.2. DIt case

The purpose of this subsection is to prove the cone theorem for the dlt
case (Proposition 4.5)). To this end, we first find an extremal ray that can
be compactified (Lemma 4.3). We also need a basic fact on extremal rays

(Lemma [4.4)).

Lemma 4.3. Let k be an algebraically closed field of characteristic p >
5. Let (X,A) be a three-dimensional Q-factorial log canonical pair over k
such that (X,{A}) is kit. Let f: X — Z be a projective k-morphism to a
quasi-projective k-scheme Z. Let A be an f-ample R-divisor on X such that
Kx +A+ A is f-nef but not f-ample. Then there exists a commutative
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diagram of quasi-projective k-schemes:

X I, x

such that

(a) jx and jz are open immersions to projective k-schemes X and Z,

(b) (X,A) is a Q-factorial log canonical pair such that (X,{A}) is kit,
where A denotes the closure of A in X, and

(c) there is a (Kx + A)-negative extremal ray R of NE(X/Z) such that
for the contraction 1 : X —Y of R, its restriction ¢ : X —Y over Z
is not an isomorphism and Kx + A + A is ¢p-numerically trivial.

Proof. Fix an open immersion jz : Z — Z to a projective k-scheme Z. We
divide the proof into three steps.

Step 1. Assume that (X,A) is kit. Then there exist an open immersion
iU X s XU to a Q-factorial projective threefold XV, a projective mor-
phism O XU 5 Z and effective R-divisors AD and A® on X such
that

1) jzof=fWoi0,

(1)

(2) AW s the closure of A,

(3) AC |X ~zR A,

(4) (XM, AWM 4 A0 )) is klt, and
(5) Kxm —i—A( )+ AD s fDpef.

Proof of Step[1, By Lemma [2.13] (2), we may assume that A is effective
and (X,A+ A) is klt. By Proposition there is an open immersion
j: X — X over Z to a normal Q-factorial threefold X (9 projective over Z
such that (X, A + A©)) is klt, where A©®) and A(®) denote the closures
of A and A respectively.

It follows from [BWI7, Theorem 1.6] that there exists a (K y© + A©) +
AO)-MMP over Z that terminates with a log minimal model (X, A() 4
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AM), Since (Kxw + A0 + AO)|y = Kx + A+ A is nef over Z, the re-
striction of X(© -—5 X1 gver Z is an isomorphism. By construction, all the
properties (1)—(5) hold. This completes the proof of Step O

Step 2. The assertion of Lemma holds if (X,A) is klt and A is big
over Z.

Proof of Step[4 Take j() : X s X f1) . X1 7 A and AD as in
Step |1} By IBW17, Theorem 1.5], there exists a (Kxa) + AM)-MMP over
Z with scaling of A®) that terminates:

AN Xl(l) AN G Xél).

D _. xy®
xW = x§
For any i, we denote the associated morphism corresponding to the extremal
ray by 1, : XZ.(I) — Y. Then there are two possibilities as follows.

(A) For any i € {0,...,¢ — 1}, the restriction of ¢; over Z is an isomor-
phism.

(B) There exists i € {0,...,¢ — 1} such that the restriction of ¢; over Z is
not an isomorphism.

Assume that (A) occurs. Then we set (X, A) := (le”, Agl)). It follows
from the construction that (a) and (b) hold. In particular, K¥ + A is not
nef over Z, since its restriction (K% + A)|x = Kx + A is not nef over Z.
Hence, there is a (K% 4+ A)-negative extremal ray R of NE(X /Z) that cor-
responds to a (K5 + A)-Mori fibre space ¢ : X — Y over Z. It is clear that
the restriction of ¥ over Z is not an isomorphism, hence (c) holds.

Assume that (B) occurs. Then there is an index j € {0, ..., ¢} such that
the restriction of ¢; over Z is not an isomorphism and the restriction of
@j over Z is an isomorphism over Z for any j’' < j. In this case, we set
(X,A) := (Xj(l),Ag-l)), Y :=Y; and ¢ := ;. Then all the properties (a),
(b) and (c) hold by construction. This completes the proof of Step O

Step 3. The assertion of Lemmal{.3 holds without any additional assump-
tions.

Proof of Step[3. Pick a sufficiently small positive real number e such that
1A+ ¢€|A]is f-ample. Since (X, A — e[ A]) is klt, there exists an effective R-
divisor A’ ~¢r 1A + €| A] such that the pair (X, A’ := A — e[A] + A') is kit
by Lemma (2). Again by Lemma (2), there is an effective R-divisor
A" on X such that A” ~ g %A and (X, A’ + A”) is klt. By construction, A’
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is f-bigand Kx + A+ A ~sr Kx + A’ + A”. In particular, Kx + A’ + A”
is f-nef but not f-ample.

Applying Step [2[to f: X — Z, (X, A’) and A”, there exists a commu-
tative diagram of quasi-projective k-schemes:

>

Jx
—

X
|7
Z

N
T

Jjz
—
such that

(a) jx and jz are open immersions to projective k-schemes X and Z,

(b)” (X, A) is a Q-factorial klt pair, where A’ denotes the closure of A’ in

X, and
(c)” there is a (K + A’)-negative extremal ray R of NE(X/Z) such that

for the contraction ¥ : X — Y of R, its restriction ¢ : X — Y over Z
is not an isomorphism and Kx + A’ + A” is ¢)-numerically trivial.

It suffices to prove that (b) and (c¢) hold. We first show (b). By A’ = A —
€|A| + A’ we obtain A’ > A — e[ A]. Since X is Q-factorial and the log pair
(X, A7) is klt, we see that (X, A — ¢|A]) is klt. Hence, also (X, {A}) is klt.
Furthermore, the log canonical threshold let(X, {A}; |A]) is greater than
1 —e. As € > 0 was chosen to be sufficiently small, ACC for log canonical
thresholds implies that (X, A) is log canonical. Thus, (b) holds.

Let us show (c). Pick a curve C' on X contracted by 1, whose existence
is guaranteed by (c)’. Then C generates R and therefore we have (Kx +
A+ A").C=0and (Kx +A’)-C <0. Now recall that Kx + A+ A ~¢p
Kx+A' + A" and Kx + A+ 1A ~;r Kx + A, which imply (Kx + A +
A)-C=0 and (Kx +A)-C <0. Thus we see that Kx + A+ A is -
numerically trivial and R is a (K + A)-negative extremal ray of NE(X /Z).

Hence, (c¢) holds. This completes the proof of Step O
Step [3| completes the proof of Lemma O

Lemma 4.4. Let k be an algebraically closed field of characteristic p > 5.
Let (X,A) be a three-dimensional Q-factorial log canonical pair over k and
let f: X — Z be a projective k-morphism to a projective k-scheme. Let R
be a (Kx + A)-negative extremal ray of NE(X/Z) and let o : X — Y be the
contraction of R.
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(1) If ¢ is birational, then there exists a non-empty open subset Y' of
©(Ex(p)) such that for any closed point y € Y', there is a rational
curve C on X such that ¢(C) ={y} and 0 < —(Kx + A) - C <6.

(2) If ¢ is not birational, then for any closed pointy € Y, there is a ratio-
nal curve C on X such that o(C) = {y} and 0 < —(Kx + A)-C < 6.

Proof. We may assume that Z = Spec k. By the cone theorem, we can find
an ample R-divisor H such that NE(X)N (Kx + A+ H)t =R. If Kx +
A + H is not big i.e. ¢ is not birational, then the assertion follows from
[CTX15, Corollary 1.5]. Hence, we may assume that ¢ is birational. If
dim Ex(¢) = 1, then the assertion holds by Theorem Therefore, the
problem is reduced to the case when ¢ is a divisorial contraction. In this
case, we can apply the same argument as in [BWI17, the second paragraph
of the proof of Lemma 3.2] without any changes. O

Proposition 4.5. Let k be an algebraically closed field of characteristic
p > 5. Let (X, A) be a three-dimensional Q-factorial log canonical pair over
k such that (X,{A}) is kit. Let f : X — Z be a projective k-morphism to a
quasi-projective k-scheme Z. Then the following hold.

(1) If H is an ample R-divisor on X such that Kx + A+ H is f-nef but
not f-ample, then there exists a rational curve C such that f(C) is a
point, ( Kx + A+ H)-C=0and 0 < —(Kx +A)-C <6.

(2) If A is an f-ample R-divisor on X, then there exist finitely many
rational curves C1,...,Cy, such that

m
NE(X/Z) = NE(X/Z)krata20 + _ Rxo[Ci].

i=1
Proof. The assertion (1) follows from Lemma [4.3]and Lemma 4.4 We prove
(2). Let H be an f-ample R-divisor on X and let ag be the f-nef threshold
of (Kx + A+ A, H). By construction Kx + A+ (3A+apH) is f-nef but
not f-ample. By (1), there exists a rational curve Cy such that f(Cp)
is a point, (KX—I—A+%A—|—aHH)-CH:O and 0 < —(Kx + A)-Cy <6.
From this we have

0<A-Cyg<(A+2agH) Cyp=-2(Kx+A)-Cyg<6-2=12.

Therefore the subset {[Cy] € NE(X/Z)| H is f-ample} of NE(X/Z) is a fi-
nite set. In this way we can find finitely many rational curves Cy,,...,CqH

m

satisfying the conditions of Lemma Hence, (2) follows. O
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4.3. Log canonical case
Let us prove the main results in this section (Theorem Theorem [4.7]).

Theorem 4.6. Let k be an algebraically closed field of characteristic p > 5.
Let (X, A) be a three-dimensional log canonical pair over k and let f : X —
Z be a projective k-morphism to a quasi-projective k-scheme Z. Then there
exists a countable set {C;}ier of rational curves on X which satisfies the
following conditions:

(1) f(C;) is a point for any i € I.

(2) NE(X/Z) NE(X/Z)i 420 + Yier RoolC).

3) 0< —(Kx+A)-C; <6 forany i€ I.

(4) For any f-ample R-Cartier R-divisor A, there exists a finite subset J
of I such that

NE(X/Z) = NE(X/Z)kx+a+430 + ) Ro[C)]
J€J
Proof. The proof consists of two steps.

Step 1. If X is Q-factorial and (X, {A}) is klt, then there exists a countable
set {C;}ier of rational curves on X that satisfies the conditions (1)-(3) of
Theorem [.6

Proof. Take any f-ample R-Cartier R-divisor H. Then for any positive in-
teger n, Proposition enables us to find a finite set of rational curves
{Ci}ier, such that f(C;) is a point, —(Kx + A) - C; < 6, and

NE(X/Z) = ﬁ(X/Z)KijAjL}leo + Z R>o[C5].
=

Therefore I = J,,», In satisfies the conditions (1)~(3). This completes the
proof of Step O

Step 2. The assertion of Theorem [[.6 holds without any additional as-
sumptions.

Proof. Let g : Y — X be a projective birational morphism with the condi-
tions in Corollary We apply Step [1| to (Y, Ay) to conclude that there
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exists a countable set {C¥ };c; of rational curves on Y with the following
conditions:

e f(g(CY)) is a point for any i € J.

o NE(Y/Z) = NE(Y/Z)ky+ay20 + 2ic s R20[C7].

e 0< —(Ky+Ay)-CY <6 for each i € J.
Set C;:=g(CY) and I:={i € J|dimC; =1}. Then it is clear that (1)
holds. We get (2) by NE(X/Z) = g.(NE(Y/Z)). Tt follows from the pro-
jection formula that (3) holds. o

We now show (4). Let R be an extremal ray of NE(X/Z) which is (Kx +
A + A)-negative. By (1) and (2) we have already proved, we obtain R =

R>o[C] for some curve C such that f(C)isapointand 0 < —(Kx +A)-C <
6. Then it holds that

A'C<—(Kx—|-A)'C§6.

Hence, there are only finitely many extremal rays satisfying this property
(cf. [KM98|, Corollary 1.19 (3)]). Thus (4) holds. This completes the proof
of Step O

Step [2] completes the proof of Theorem O
Theorem 4.7. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional log canonical pair over k and let f : X — Z be a pro-
jective k-morphism to a quasi-projective k-scheme Z. Let A be an f-ample

R-Cartier R-divisor on X. Then there exist finitely many curves Cy, ..., Cp,
on X such that

(1) f(Cy) is a point for any i € {1,...,m}, and
(2) NE(X/Z) = NE(X/Z)ry+a+a>0 + 2210 Roo[Cy].
Proof. We may assume that
o f,.Ox =0y,
e [ is algebraically closed in K(Z), and

e both X and Z are geometrically integral and geometrically normal
over k.

Indeed, we may assume the first condition by taking the Stein factorisation
of f. Then, after replacing k by the algebraic closure of k in K(Z), the
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second condition holds. The third condition automatically follows from the
other two.
Let k be the algebraic closure of k. We set

fEXE%ZE

to be the base change f xj, k. Let Az and Az be the R-divisors defined as
the pullbacks of A and A respectively. Then (Xt, Ag, fr, Ar) satisfies the
assumptions listed in the statement. By Theorem there exist finitely
many curves C1,...,Cy, on X; such that

(i) fz(C7) is a point for any 4, and
(i) NE(X3/Zg) = NE(Xg/Zp) ke, +ap+1a,50 + 2im1 Rx0[C-

Let C; be the image of C/ for any ¢ € {1,...,m}. It follows from (i) that
the condition Lemma [4.1](1) holds. Therefore, it is enough to prove that also
Lemma[4.1|2) holds. Let H be an ample R-Cartier R-divisor on X and let ay
be the f-nef threshold of (Kx + A + A, H). We see that ay is equal to the
fr-nef threshold of (Kx_ + Ay + 3 Az, Hy) (cf. [Tanl8al Lemma 2.3]). Hence,
by (i), we get (Kx. + Ag + 3A; + agHg) - C/ = 0 for some i € {1,...,m},
which in turn implies (Kx + A+ 3A+apH) - C; = 0 (cf. [TanI8al, Lemma
2.3]). Therefore, Lemma [4.1|(2) holds, as desired. O

4.4. Shokurov polytope

As a consequence of the cone theorem, we obtain a result on the Shokurov
polytope. We first fix some terminologies.

Notation 4.8. Let k be an algebraically closed field of characteristic p >

5. Let X be a Q-factorial klt threefold and let f: X — Z be a projective
morphism to a quasi-projective k-scheme. Fix finitely many prime divisors

D1,..., D, and set
n
V:=(PR-D,
i=1

which is a subspace of the R-vector space of the R-divisors on X. For any
D =>"d;D; € V, we set ||D|| := maxi<i<n{|di|}. We see that

L:={A e V|(X,A) is log canonical }

is a rational polytope in V.
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Proposition 4.9. We use Notation[{.8 Fiz D € L. Then there exist pos-
itive real numbers o and 0 which satisfy the following properties.

(1) If T is an extremal curve of NE(X/Z) and if (Kx + D) -T >0, then
(Kx+D)-T>a.

(2) IfAe L, ||]A—-DJ|| <9, and (Kx +A) - R <0 for an extremal ray R
of NE(X/Z), then (Kx + D) - R <0.

(3) Let {Ri}ier be a set of extremal rays of NE(X/Z). Then the set
Np:={AeL|(Kx+A) R >0 foranyt € T}

is a rational polytope.

(4) Assume that Kx + D is f-nef, A € L and that
X:X1 ——-)XQ -

is a sequence of (Kx + A)-MMP over Z that consists of flips which
are (Kx + D)-numerically trivial. Then, for any i and any curve I" on
Xi whose image on Z is a point, if (Kx, +D;)-T' >0, then (Kx, +
D;)-T > «, where D; denotes the push-forward of D on X;.

(5) In addition to the assumptions of (4), suppose that ||A — D|| <. If
(Kx, +A;) - R <0 for an extremal ray R of NE(X;/Z), then (Kx, +
D;)- R =0, where A; denotes the push-forward of A on X;.

Proof. Since we have proved the cone theorem in the relative setting (The-
orem , we can apply the same argument as in [BW17, Proposition 3.8]
(cf. [Tanl8bl Proposition A.3]). O

Theorem 4.10. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional log canonical pair over k and let f: X — Z be a
projective k-morphism to a quasi-projective k-scheme Z. Let L be an f-nef
and f-big R-Cartier R-divisor such that L — (Kx + A) is f-semi-ample.
Then L is f-semi-ample.

Proof. We may assume k is algebraically closed. By Lemmam (1), we may
assume that L = Kx + A. By Corollary the problem is reduced to the
case when (X, A) is a Q-factorial dlt pair. Applying Proposition 3), we
can find effective Q-divisors A, ..., A, and positive real numbers 1, ..., r,
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such that (X, A;) is log canonical, Kx + A; is f-nef for any i € {1,...,n},

Zn:l, and Kx—I—A:ZT‘Z'(Kx—I—Ai).
=1 =1

Replacing A; and r; appropriately, we may assume that each Kx + A; is
f-big. Hence, each Kx + A; is f-semi-ample by Proposition [3.3| Therefore,
also L = Kx + A is f-semi-ample. H

Theorem 4.11. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional log canonical pair over k and let f: X — Z be a
projective k-morphism to a quasi-projective k-scheme Z. If Kx + A is f-
big, then there exists a log canonical model of (X,A) over Z.

Proof. By Corollary we may assume that (X, A) is a Q-factorial dlt
pair. Furthermore, by running a (Kx + A)-MMP over Z (Theorem [3.4),
we may assume that Ky + A is f-nef. Then Theorem [£.10] implies that
Kx + A is f-semi-ample. Let g: X — Y be the birational morphism g :
X — Y over Z with ¢.Ox = Oy induced by Kx + A. Then (Y, Ay := g, A)
is a log canonical model of (X, A) over Z. O

5. Base point free theorem

The purpose of this section is to prove the base point free theorem for log
canonical threefolds (Theorem. As a consequence, we obtain the contrac-
tion theorem (Theorem . We also establish the minimal model program
for effective log canonical pairs (Theorem , which is a generalisation of
Theorem B.4

Lemma 5.1. Let k be an algebraically closed field of characteristic p >
5. Let (X, A) be a three-dimensional projective Q-factorial dlt pair over k,
where A is a Q-divisor. Let A be an effective big Q-divisor on X such that
(X, A+ A) is log canonical. If Kx + A+ A is nef, then Kx + A+ A s
semi-ample.

Proof. The same argument as in [Wall8, Step 2-4 of the proof of Theorem
1.2] works without any changes. O

Theorem 5.2. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional log canonical pair over k and let f: X — Z be a
projective k-morphism to a quasi-projective k-scheme Z. Assume that there
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exist effective R-divisors Ay and Ag such that A = Ay + Ay and As is an f-
big R-Cartier R-divisor. If Kx + A is f-nef, then Kx + A is f-semi-ample.

Proof. By standard argument, the problem is reduced to the case when k is
algebraically closed and f,Ox = Oz. The proof is divided into three steps.

Step 1. The assertion of Theorem [5.3 holds, if Z is projective over k and
both A1 and Ag are Q-divisors.

Proof of Step[1. By Theorem we may assume that Z = Spec k. Apply-
ing Corollary to (X, A1), there exists a projective birational morphism
g :Y — X such that

e Y is Q-factorial, and

e if B is defined by Ky + B = ¢*(Kx + A1), then B is effective and
(Y, {B}) is Kt.

In particular, it holds that
e (Y,0) is klt, and

e if we define Ay by Ky + Ay = ¢*(Kx + A), then Ay is an effective
big Q-divisor such that (Y, Ay) is log canonical.

Therefore, Lemma [5.1] implies that Ky + Ay is semi-ample, hence so is
Kx + A. This completes the proof of Step O

Step 2. The assertion of Theorem holds, if both A1 and Ay are Q-
divisors.

Proof of Step[3. If Z = Spec k, then the assertion follows from Step[l} Hence,
we may assume that dim Z > 1. In particular, dim Xx < 2, where Xg de-
notes the generic fibre of f. Applying Corollary to (X, A1), we may
assume that X is Q-factorial and (X,0) is klt.

Take an open immersion Z < Z to a scheme Z projective over k. By
Proposition there exists an open immersion X < X1 over Z to a Q-
factorial threefold projective X() over Z and an effective Q-divisor AM) :=
A on XM such that (XM, AM) is log canonical and (X1, 0) is k.

Since dim Xx < 2 and K yo) + A is pseudo-effective over Z, it follows
from Lemma that Kyo + A0 = ¢ D for some effective R-divisor D
on XU, By Theorem there exists a (Kxa) + A(l))—MMP over Z that
terminates. Let (X, A®) be the end result. Since Kx + A is f-nef, there
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exists an open immersion X < X over Z such that A®)|x = A. Since
(X(Q),A(Q)) is log canonical, Ky + A® is nef over Z, and A@ is a Q-
Cartier Q-divisor which is big over Z, Step [1| implies that Ky + A®) is
semi-ample over Z. Restricting to X, it holds that Ky + A is semi-ample
over Z. This completes the proof of Step 0

Step 3. The assertion of Theorem holds without any additional as-
sumptions.

Proof of Step[3 We may assume that k is an algebraically closed field. Ap-
plying Corollary to a log canonical pair (X, A7), the problem is reduced
to the case when X is Q-factorial and klt. In particular, we may assume that
A1:0andA:A2.

Then Proposition [£.9] implies that there exist positive real numbers
r1,...,Tm and effective Q-divisors Aq,...,A,, on X such that

o Zﬁl Ty = 1a
e (X, A;) is log canonical, Kx + A; is f-nef, and
o Kx + A= Z?ilTi(KX +Al)

Replacing r; and A; appropriately, we may assume that A; is f-big for any
i €{1,...,m}. Hence, Step [2|implies that Kx + A; is f-semi-ample for any
i €{1,...,m}. Therefore, also Kx + A is f-semi-ample. This completes the
proof of Step O

Step [3] completes the proof of Theorem O

Theorem 5.3. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional log canonical pair over k and let f: X — Z be a
projective k-morphism to a quasi-projective k-scheme Z. Let L be an f-nef
R-Cartier R-divisor on X such that L — (Kx + A) is f-semi-ample and f-
big. Then L is f-semi-ample.

Proof. We may assume that k is an algebraically closed field. Furthermore,
Corollary reduces the problem to the case when X is Q-factorial. Lemma
2.13| (1) implies that there exists an effective R-Cartier R-divisor A such that
A~yr L — (Kx + A)and (X, A+ A) is log canonical. Since A + A is f-big,
the assertion follows from Theorem [5.2] O

Theorem 5.4. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional log canonical pair over k and let f: X — Z be a
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projective k-morphism to a quasi-projective k-scheme Z. Let R be a (Kx +
A)-negative extremal ray of NE(X/Z). Then,

(1) there exists a projective Z-morphism ¢r : X — Y such that
(1.1) Y is a normal variety over k projective over Z,
(1.2) (¢r)«Ox = Oy, and
(1.3) if C is a curve on X such that f(C) is a point, then ¢or(C) is a
point if and only if [C] € R.

Moreover, if o : X = Y is a projective Z-morphism satisfying the proper-
ties (1.1)-(1.3), then the following hold.

(2) FizK € {Q,R}. If L is a K-Cartier K-divisor on X such that L =,,, 0,
then there exists a K-Cartier K-divisor Ly on Y such that L ~fx
(¢r)"Ly.
p(Y/Z) = p(X/Z) - 1.
If X is Q-factorial and if either
(4.1) dim X > dimY, or
(4.2) ¢p is birational and dim Ex(¢R) = 2,
then Y is Q-factorial.

(3
(4

)
)

Proof. Let us show (1). By Theorem there exists an f-ample R-Cartier
R-divisor A such that L := Kx + A + Ais f-nefand NE(X/Z) N L+ = R. Tt
follows from Theorem [5.3|that there is a projective Z-morphism pp : X =Y
which satisfies (1.1)—(1.3). Hence, (1) holds.

Let us prove (2). We first treat the case when NE(X/Z)N L+ = R. In
this case, L or —L is f-nef, hence we may assume that L is f-nef. By
Theorem L—¢(Kx + A) is f-ample for some € € Q<. Thus, L is f-
semi-ample by Theorem In particular, L is ¢ r-semi-ample. Since L =,
0, we can find Ly as in the statement. By Theorem the general case is
reduced to the case when NE(X/Z) N L+ = R. Hence, (2) holds.

We now prove (3). Fix a curve I' contracted by ¢r. By (2), we have an
exact sequence:

0= N Y/Z)g = NYX/Z)g 5 Q — 0,

where

Pic X PicY
ICES)ZQ’ Nl(Y/Z)Q = ICE;@ZQ_

Then (3) holds by p(X/Z)=dimg N*(X/Z)q and p(Y/Z) =dimg N*(Y/Z)q.

NYX/Z)g :=
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The assertion (4) follows from the same argument as in [KM98, Corol-
lary 3.18]. O

Theorem 5.5. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional log canonical pair over k and let f : X — Z be a pro-
jective k-morphism to a quasi-projective k-scheme Z. Assume that Kx +

A=rr D for some effective R-divisor D on X. Then we can run an arbi-
trary (Kx + A)-MMP and it terminates.

Proof. By Theorem [£.7, Theorem and Theorem we can run an
arbitrary (Kx + A)-MMP. If X is Q-factorial, then any (Kx + A)-MMP
terminates by ACC for log canonical thresholds [Birl6, Theorem 1.10] and
the assumption Kx + A =¢r D > 0 (cf. [Bir07, Lemma 3.2]). The general
case can be reduced to this case by a standard argument (cf. [Birl2a, Re-
mark 2.9]). O

6. MMP for log canonical pairs

The purpose of this section is to prove the main theorem of this paper (Theo-
rem . We first check that we may run log minimal model programs with
scaling under mild conditions (Subsection . Second, we show that the ex-
istence of log minimal models implies the termination for certain sequences
of flips (Subsection . Third, we prove the existence of log minimal mod-
els (Subsection . Finally, we establish the main theorem of this paper

(Subsection [6.4)).
6.1. Existence of extremal rays for MMP with scaling

In this subsection, we check that we can run log minimal model programs
with scaling for any three-dimensional log canonical pairs (Theorem [6.2]).

Lemma 6.1. Let k be a perfect field of characteristic p > 5. Let (X, A) be a
three-dimensional geometrically integral log pair over k. Let f : X — Z be a
projective k-morphism to a quasi-projective k-scheme Z. Assume that there
exist an R-Cartier R-divisor C' on X and an effective R-Cartier R-divisor
C" on X3 :=X xy k such that if Az and Cf denote the pullbacks of A and
C to Xy respectively, then

(a) (X%, Ap+ C") is log canonical,
(b) Kx + A+ C is f-nef, and



1038 K. Hashizume, Y. Nakamura, and H. Tanaka

(C) CE ~ZR Cl.

Then Kx + A is f-nef or there exists a (Kx + A)-negative extremal ray R
of NE(X/Z) such that (Kx + A+ AC) - R =0, where X\ denotes the f-nef
threshold of (Kx + A, C).

Proof. By standard arguments, we may assume that f.Ox = Oz. We divide
the proof into three steps.

Step 1. If k is an algebraically closed field, then the assertion of Lemma
(6.1 holds.

Proof of Step[1. By Theorem the same argument as in [Fujl7, Theo-
rem 4.7.3] works without any changes. O

Step 2. There exists a curve G on X such that f(G) is a point, (Kx +
A)-G<0and (Kx +A+XC)-G=0.

Proof of Step[4 Let f : Xz — Zi be the base change f Xy, k. Applying Step
to fr: Xy — Zz, we can find a curve G’ on Xy such that fi(G') is a
point, (Kx_+ Ay) -G’ <0 and (Kx, + A; + ACg) - G' = 0. Note that the
Jz-nef threshold of (Kx_+ Ay, Cf) is A (cf. [GNT], Remark 2.7]). Let G
be the image of G’ on X. Then f(G) is a point, (Kx + A)-G <0 and
(Kx + A+ \C) -G =0 (cf. [TanI8al, Lemma 2.3]). Hence G is the required
curve. This completes the proof of Step O

Step 3. The assertion of Lemmal[6.1] holds without any additional assump-
tions.

Proof of Step[3 Let G be a curve as in Step 2} Let A be an f-ample R-
Cartier R-divisor on X such that (Kx + A+ A) -G < 0. By Theorem
there exist Gy € NE(X/Z) Ky +A+4>0, 715 - -, Tm € R>q, and curves Gy, .. .,
G generating (Kx + A + A)-negative extremal rays of NE(X/Z) such that
the equation

m

(G] = [Go] + >_rilGi]

i=1
holds in NE(X/Z). Since (Kx + A+ A)-G <0, there is j € {1,..., m}
such that r; > 0 and (Kx + A+ A) - G5 < 0. In particular, we get (Kx +
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A)-G; < 0. On the other hand, since Kx + A + XC is f-nef, the equa-
tion (Kx + A+ AC) - G = 0 implies that (Kx + A+ AC) - G; = 0. There-
fore G; generates a (Kx + A)-negative extremal ray R of NE(X/Z) such
that (Kx + A+ AC) - R = 0. This completes the proof of Step O

Step [3] completes the proof of Lemma [6.1 (]

By Lemma [6.1] we can run an MMP under the same assumption. How-
ever, for now, we do not know whether it terminates.

Theorem 6.2. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional geometrically integral log pair over k. Let f: X — Z
be a projective k-morphism to a quasi-projective k-scheme Z. Assume that
there exist an R-Cartier R-divisor C' on X and an effective R-Cartier R-
divisor C" on X3 := X Xy, k such that if Az and Cf; denote the pullbacks of
A and C to Xy respectively, then

(a) (X%, Ap+C") is log canonical,

(b) Kx + A+ C is f-nef, and

(c) Gy ~zr C".
Then there exists a (Kx + A)-MMP over Z with scaling of C
(6.2.1) X = Xg -+ X1 >

such that either

(1) terminates, or

(2) (6.2.1) is an infinite sequence.

Proof. The assertion follows from Theorem [£.1T, Theorem and Lemma
(cf. [Fuj17, 4.9.1]). O

Remark 6.3. Let k, (X,A) and f: X — Z be as in Theorem [6.2] If C' is
a sufficiently large multiple of an f-ample R-Cartier R-divisor on X, then
there exists C' on Xy that satisfies all the conditions (a), (b) and (c) of
Theorem [6.2]

6.2. Criterion for termination of flips

In this subsection, we prove that assuming the existence of log minimal
models, the termination holds for pseudo-effective minimal model programs
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with scaling whose scaling coefficients are strictly decreasing. The idea of
the proof can be found in the proof of [Birl2al, Theorem 4.1(iii)].

Proposition 6.4. Let k be an algebraically closed field of characteristic
p > 5. Let X be a Q-factorial normal threefold over k and let f: X — Z be
a projective k-morphism to a quasi-projective k-scheme Z. Let A and C be
effective R-divisors on X such that

(a) (X,A+C) is log canonical,
(b) Kx + A+ C is f-nef, and
(c) C is f-big.

Assume that the following holds:

(i) If (V,Avy) is a three-dimensional Q-factorial log canonical pair that is
projective over Z and Ky + Ay is pseudo-effecitve over Z, then there
exists a log minimal model of (V, Ay) over Z.

Then there exists no infinite sequence
(6.4.1) X = X() it 4 Xi = Ayl e

such that

(i) the sequence is a (Kx + A)-MMP over Z with scaling of C,
and

(iii) f Ao, A1, ... are the real numbers defined by
Ai ==min{p € R>o | Kx, + A; + puCj is nef},
then it holds that lim;_o \; # A; for any i.

Proof. Assume that there exists an infinite sequence ((6.4.1)) which satisfies
(ii) and (iii). Let us derive a contradiction.

Set Moo 1= lim;_,o0 A;. Replacing A and C by A + AoC and (1 — A\)C
respectively, we may assume that
(111)7 )\oo == llmzﬁoo )\z = 0, and
(iv) Kx + A is f-pseudo-effective.

It is clear that A9 > 0. By (i), there is a log minimal model (X', A") of
(X,A) over Z. Let g: Y — X be a log resolution of (X, A + C) such that
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the induced birational map h : Y --» X’ is a morphism. Set I' := g; A + E,
where E, denotes the reduced divisor on Y such that Supp E, = Ex(g). By
construction, (Y,I') is a log birational model over Z of (X,A) (cf. Defini-
tion and (Y, + g, 1C) is log canonical. Moreover, by a property of
weak log canonical model, we can write

Ky+F:h*(KX/+A/)+E

with an h-exceptional divisor £ > 0. It follows from Theorem [3.4]that there
exists a (Ky +I')-MMP over X’ that terminates with a log minimal model
(Y',T") over X'. The negativity lemma implies that Ky, +I" = h"™*(Kx/ +
A"), where b’/ : Y' — X’ denotes the induced birational morphism. In par-
ticular Ky + I is nef over Z.

Pick a sufficiently small € > 0 so that the MMP Y --» Y’ defined above
is a (Ky + T +eg;'C)-MMP over Z. Let C’ be the proper transform of
g-1C on Y'. Then (Y', T’ + €C') is a Q-factorial log canonical pair. Since
it follows from (iv) that Ky + T +eg; 'C is big over Z, so is Ky +I" +
eC’. Thus, again by Theorem there is a (Ky + I" + €C’)-MMP over Z
that terminates with a log minimal model (Y” T 4+ eC") over Z. As € is
sufficiently small, it follows from Proposition [4.9that the MMP Y’ --» Y is
(Ky: + I'")-numerically trivial. Therefore the R-divisor Ky~ 4+ I'” is also nef
over Z. Hence, we see that Ky + T + €/C” is nef over Z for any € € [0, €.

By (iii)’, there exists i > 0 such that 0 < \;;1 < A\; <e. By the con-
struction of (Y,I') and by the basic property of the log MMP, we see that
(Xit1, Ajr1 + NiCiy1) and (X1, Ajr1 + A\i+1Ci41) are weak log canonical
models over Z of (Y,T + \;jg; 'C) and (Y,T + \i119; 1C) respectively. On
the other hand, by the construction of (Y” ,T”) and by the choices of €
and i, we see that also (Y”, T” 4+ X\;C") and (Y",T” 4+ \;11C") are weak log
canonical models over Z of (Y, + X\jg;1C) and (Y, T + A\ 119, *C) respec-
tively. Now let ¢ : W — X;11 and ¢ : W — Y” be a common resolution of
Xit1 --» Y". Then it follows from Remark [2.3| that

¢ (Kx,, + A1 + MiCiy1) =97 (Kyr + T+ X,C")  and
O (Kx,,, +Aiv1 + Aip1Ci1) = " (Kyn +T" + X1 C").

By Ai # Ait1, we get

(p*(KXiJrl + A’H-l) - W(KY“ + F”)'



1042 K. Hashizume, Y. Nakamura, and H. Tanaka

Therefore, Kx,,, + Aj11 is nef over Z. Hence, the (Kx + A)-MMP (6.4.1))
terminates. This contradicts the fact that the sequence (/6.4.1) was chosen
to be an infinite sequence. O

6.3. Existence of log minimal models

In this subsection, we prove the existence of log minimal models (Theorem
. To this end, we first treat the projective case (Theorem . The proof
of Theorem [6.6|is similar to the one of [Bir12b, Corollary 1.7]. We start with
an auxiliary result, which is known to experts.

Lemma 6.5. Let k be an algebraically closed field of characteristic p > 5.
Let (X, A) be a three-dimensional Q-factorial terminal pair over k and let
f:X — Z be a projective k-morphism to a quasi-projective k-scheme Z.
Then there exists no infinite sequence

(6.5.1) X=X, 2 x; 2o
such that

(1) the sequence (6.5.1)) is a (Kx + A)-MMP over Z, and

(2) for any i, p;: X; --+ Xiy1 is a (Kx, + A;)-flip, where A; denotes the
proper transform of A to X;.

Proof. By the fact that the singular locus of X is zero-dimensional [Kol13),
Corollary 2.30], we can apply the same argument as in [KM98, Theorem
6.17]. O

Theorem 6.6. Let k be an algebraically closed field of characteristic p > 5.
Let (X, A) be a three-dimensional projective log canonical pair over k such

that Kx + A is pseudo-effective. Then there exists a log minimal model of
(X,A).

Proof. Set S := |A| and B := {A}. In particular, we have A = S + B. Tak-
ing a log resolution of (X, A), we may assume that

(1) (X,A) is a Q-factorial dlt pair.

If there exists a (Kx + A)-MMP that terminates, then there is nothing to
prove. Hence, the problem is reduced to the case when

(2) an arbitrary (Kx + A)-MMP does not terminate.
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We divide the proof into several steps.

Step 1. There exist an effective big R-divisor H on X and an infinite
sequence

(6.6.1) X=X, % x, Dy

such that
(3) Kx + A+ H is nef, (X,A+ H) is dlt,
(4) the sequence is a (Kx + A)-MMP with scaling of H, and

(5) limy,—00 Ay, = 0, where Ay, is the scaling coefficient.

Proof of Step[1. Pick an ample R-divisor H such that Kx + A+ H is nef
and (X, A + H) is dlt [BirI6, Lemma 9.2]. Hence, (3) holds. By Theorem|[6.2]
and (2), there exists an infinite sequence which is a (Kx + A)-MMP with
scaling of H:

fo fi
__9 ——+ ..

(6.6.2) (X,A)=(Xo,A0) (X1,4A1) cemr (X, AG) - e
Clearly, (4) holds.

It suffices to prove (5). Assuming that A := lim, o0 A, > 0, let us de-
rive a contradiction. The sequence isa (Kx+A+ %H )-MMP, thus
there exists a (Kx + A + %H)—MMP that does not terminate. On the other
hand, Kx + A + %H is big, hence any (Kx + A+ %H)—MMP terminates

by Theorem [5.5| This is a contradiction. Therefore, (5) holds. O

We denote the proper transforms of A, S, B and H on X; by A;,S;, B;
and H;, respectively. Note that even if we replace (X,A) by (X;, A;), the
properties (1)—(5) still hold. In particular, we may assume that

(7) for any i, X; --» X;4+1 is a flip, and

(8) for any i, Ex(f;) is disjoint from Supp S; (cf. [Birl6l, Proposition 5.5],
[Wall8, Proposition 4.2]).

Hence, (X;, B; + \;H;) is klt, because (X, B+ \;H) is klt and the MMP

X:X() ——->X1 ———>~--——-)XZ'
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is (Kx + B + A\;H)-non-positive. For any i > 0, let u; : (W3, ¥;) — (X, B; +
AiH;) be a projective birational morphism such that (W;, ¥;) is a Q-factorial
terminal pair and Kyw, +V; = puf(Kx, + B; + \iH;). Let g; : W -—-» Wiy
be the induced birational map. Since ap(X;, B; + \iH;) < ap(Xit1, Biy1 +
Ai+1Hiy1) for any exceptional prime divisor D over X, the induced bira-
tional map g, L. Wit1 --+ W; does not contract any prime divisor. Replac-
ing (X,A) by (X;, A;) for some i > 0, we may assume that

(9) gi : W; --» W41 is isomorphic in codimension one for any 4.

Set h; : Wy --+ W; to be the induced birational map. Then we get
o> b0y > >0 > >0

Therefore there exists an R-divisor ¥, on W such that ¥, = limiﬁoohi_*lllli.
Then (W, U) is a Q-factorial terminal pair. Set

Gi = M?Sz
Step 2. The following hold.
(i) (Wo,Go+ Vo) is log canonical.
(i) If there exists a log minimal model of (Wo, Go + V), then there exists

a log minimal model of (X, A).

Proof of Step[3. If we define Z; on Wy by Kw, + Z; = puy(Kx + B+ \H),
then =; > hl._*l‘lli by the negativity lemma. Since lim;_,,oA; = 0, we have
Ky, + Go + VYo < pus(Kx + A). Therefore (Wy, Go + Vo) is log canonical.

If (Wh,Go+ Vo) has a log minimal model, then Kx + A has a weak
Zariski decomposition in the sense of [Birl6, Section 8.1]. So we see that
(X, A) has a log minimal model by [Birl6l, Proposition 8.3]. O

Step 3. The following hold.
(i) Go = (hi); Gy for any i.
(i) Kw, + Go + Woo = limj o0 (M) H(Ew, + Gi + ;).
(iii) Kyw, + Go + Vo € Mov(X).
(iv) The stable base locus of (h;);  (Kw, +Gi+Y;) is disjoint from Supp Go.

Proof of Step[3. The assertion (i) follows from (8) and (9). Then (ii) holds
by (i).
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We now show (iii). Since Kx, + A; + A\;H; is nef and big, it follows from
Theorem that Ky, + A; + \;H; is semi-ample. Since

Kw, + Gi+ ¥ = i (Kx, + Si + Bi + \iH;) = pif (Kx, + A; + A\ H;),

also Ky, + G; + ¥, is semi-ample. Then (ii) implies (iii).

Let us prove (iv). Let ¢ : Y — Wy and ¢; : Y — W, be a common res-
olution of Wy and W;. Since Ky, + G; + V; is nef, the negativity lemma
induces an equation

05 ((he): (Kw, + Gi + 0)) = of (Kw, + Gi + ;) + F

for some @p-exceptional effective R-divisor F. Since Kw, + G; + ¥, is semi-
ample, the stable base locus of (h;); 1 (Kw, + G; + ¥;) is ¢o(Supp F). By (8),
there is an open set U; C X containing S such that the induced birational
map X --» X; is an isomorphism on U;. Restricting the above equation
to (1o 0 o) 1 (Us), the negativity lemma implies that F'|(, op0)-1(1;) = 0.
Thus we have ¢o(Supp F) N ug ' (U;) = 0. Since g ' (U;) contains Supp Go,
we see that the stable base locus of (h;); ' (Kw, + Gi + ¥;), which is equal
to ¢o(Supp F), is disjoint from Supp Gy. O

Step 4. There exists a log minimal model of (Wy, Gy + ¥oo).

Proof of Step[4} Let

(663) WO = ‘/0 —-——> ‘/1 —— e

be an arbitrary (K, + Go + Yoo )-MMP. It suffices to prove that the MMP
(6.6.3) terminates. By Step [3(iii), the MMP (6.6.3)) consists of flips. Fur-
thermore, Step [3[(ii)(iv) imply that the MMP (6.6.3)) occurs disjointly from

Supp Gp. In particular, the sequence (6.6.3)) is a (K, + Voo )-MMP. Since
(Wo, Uso) is a Q-factorial terminal pair, the sequence (6.6.3) terminates by

Lemma d
Step [2] and Step [ complete the proof of Theorem O

Proposition 6.7. Let k be an algebraically closed field of characteristic
p > 5. Let (X, A) be a three-dimensional Q-factorial log canonical pair over
k such that (X,{A}) is kit. Let f : X — Z be a projective k-morphism to a
projective k-scheme Z. Let C' be an f-ample R-Cartier R-divisor such that
Kx + A+ C is f-nef. Then the following hold.
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(1) There exists no infinite sequence that is a (Kx + A)-MMP over Z with
scaling of C.

(2) There exists a (Kx + A)-MMP over Z with scaling of C' that termi-
nates.

Proof. By Theorem [6.2] (1) implies (2).
Let us prove (1). Assume that there exists an infinite sequence

(6.7.1) X =Xp--+Xq -

that is a (Kx + A)-MMP over Z with scaling of C. Let us derive a contra-
diction. If the scaling coefficients satisfy € :=lim A; > 0, then the sequence
is a (Kx + A+ €C)-MMP with scaling of C. Since there exists an
effective R-divisor A’ such that A’ ~z g A + €C and (X, A’) is klt, it follows
from [BW17, Theorem 1.5] that the sequence terminates, which is a
contradiction. Hence, we may assume that lim \; = 0. By Theorem [6.6] the
sequence terminates by Proposition Therefore, we get a contrac-
tion in any case. Hence, (1) holds. O

Corollary 6.8. Let k be an algebraically closed field of characteristic p > 5.
Let (X, A) be a three-dimensional Q-factorial log canonical pair over k such
that (X, {A}) is klt. Let f: X — Z be a projective k-morphism to a quasi-
projective k-scheme Z. Then there exists a (Kx + A)-MMP over Z that
terminates.

Proof. The assertion follows from Proposition and Proposition [6.7, [

Theorem 6.9. Let k be an algebraically closed field of characteristic p > 5.
Let (X, A) be a three-dimensional log canonical pair over k and let f : X —
Z be a projective k-morphism to a quasi-projective k-scheme Z. If Kx + A
is f-pseudo-effective, then there exists a log minimal model of (X, A) over Z.

Proof. 1f (X, A) is Q-factorial dlt pair, then the assertion follows from Corol-
lary The general case is reduced to this case by Corollary O

Corollary 6.10. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional geometrically integral log pair over k. Let f : X — Z
be a projective k-morphism to a quasi-projective k-scheme Z. Assume that
there exist an R-Cartier R-divisor C on X and an effective R-Cartier R-
divisor C" on X3 := X Xy, k such that if Az and Cy; denote the pullbacks of
A and C to Xy respectively, then
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(a) (X%, Ap+ C") is log canonical,
(b) Kx + A+ C is f-nef,

(c) C is f-big, and
(d) Gy ~zr C.

Then there exists no infinite sequence

(6.10.1) X = Xg s> Xi o Xypq ——> -
such that

(1) the sequence (6.10.1) is a (Kx + A)-MMP over Z with scaling of C,
and

(2) if Ao, A1, ... are the real numbers defined by
Ai == min{p € R>o | Kx, + A; + pC;j is nef over Z},
then it holds that lim;_,oo A\; # A; for any i.
Proof. Under the additional assumption that

e [ is algebraically closed and X is QQ-factorial and klt,

the assertion immediately follows from Proposition and Theorem
Let us go back to the general situation. Let

X' =X -+ X[ -
be the sequence obtained by the base changes X! := X; xj, k to the algebraic

closure k of k. Then each birational map ¢} : X/ --» X/, | has a decomposi-
tion

such that

(i) Z!is a normal threefold projective over Z,

—(Kx/ + A}) is p-ample, and

)
(ii) ¢; and 1); are birational,
(iii)

)

(iv) (X{,1,Aj,) is a log canonical model of (Xj, A}) over Z.
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We apply Corollary to (X{, A}). Then we obtain a projective birational
morphism gg : Yy — X, satisfying the properties listed in Corollary In
particular, if we define Ay, by Ky, + Ay, = g§(Kx; + Af), then (Yp, Ay,)
is a Q-factorial dlt pair. Then there exists a (Ky, + Ay, )-MMP over Z, that
terminates. Let (Y7, Ay,) be the end result, which is a log minimal model
of (X(,A{) over Z{. By (iv) and Remark the induced birational map
g1:Y1 --» X{ is a morphism and Ky, + Ay, = g (Kx; + A}). Repeating
the same procedure, we obtain a sequence

Yo-—>»Y - Yy -,

which is a (Ky, + Ay,)-MMP over Z’' := Z x}, k. Furthermore, the MMP
Y; --» Yiq1 is (Ky, + Ay, + Aig/C!)-numerically trivial, where C is the pull-
back of C;. Therefore this sequence is a (Ky, + Ay, )-MMP over Z’ with
scaling of g;C{,. Hence, this terminates by the case treated above. O

6.4. MMP

The purpose of this subsection is to show Theorem We first treat the
minimal model program for the pseudo-effective log canonical pairs (Theo-
rem. In this case, any (Kx + A)-MMP with scaling of an ample divisor
terminates.

Theorem 6.11. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional geometrically integral log pair over k. Let f : X — Z
be a projective k-morphism to a quasi-projective k-scheme Z. Assume that
there exist an R-Cartier R-divisor C on X and an effective R-Cartier R-
divisor C" on Xy := X Xy, k such that if Az and Cy; denote the pullbacks of
A and C to Xy respectively, then

(a) Kx + A is f-pseudo-effective,
(b) (X7, Az + C') is log canonical,
(c
(d
(e
Then the following hold.

Kx + A+ C is f-nef,

)
)
) C is f-big, and
)

Cp~zr C.

(1) There exists no infinite sequence that is a (Kx + A)-MMP over Z with
scaling of C.
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(2) There exists a (Kx + A)-MMP over Z with scaling of C that termi-
nates.

Proof. By Theorem (1) implies (2). Hence it suffices to prove (1).
Assume that there exists an infinite sequence that is a (Kx + A)-MMP
over Z with scaling of C"

(6.11.1) X = Xg—-» X| —=» -e- .

Let us derive a contradiction. For the scaling coefficients Ag, A1, ..., we set
A= 1lim; oo Aj. If XA # \; for any 4, then the sequence (6.11.1]) terminates
by Corollary Hence, we may assume that A = \; for some 7. Then the
infinite sequence is a (Kx + A+ 5C)-MMP over Z. Let

XE = XO,E -—2 XI,E = e

be the infinite sequence obtained by applying the base change (—) x k to
1} Fix a projective birational morphism g : YO Xz = XO,E which
satisfies the properties listed in Corollary In particular, if Ay is the
R-divisor defined by Ky + Ay = ¢*(Kx. + Ag), then (YO, Ayw) is a
Q-factorial dlt pair. Set Cy© to be the pullback of C’ to y©), By stan-
dard argument, we can construct an infinite sequence that is a (Ky o +
Ay + 20y ©0)-MMP over Z. As Kx + A+ %C’ is big over Z, Ky +
Ay o + 5Cy is big over Zz. This contradicts Theorem Therefore, (1)
holds. O

Theorem 6.12. Let k be a perfect field of characteristic p > 5. Let (X, A)
be a three-dimensional log canonical pair over k. Let f: X — Z be a pro-
jective k-morphism to a quasi-projective k-scheme Z. Then there exists a

(Kx + A)-MMP over Z that terminates.

Proof. By standard argument, we may assume that f,Ox = Oz and k is
algebraically closed in K(X). In particular, X is geometrically integral over
k. Fix an algebraic closure k of k. Let f7 : X3 — Zz be the base change
f Xk E

If Kx + A is f-pseudo-effective, then the assertion follows from Theo-
rem Thus we may assume that Kx + A is not f-pseudo-effective. Fix
a projective birational morphism ¢ : Y — X which satisfies the properties
(1) and (2) of Corollary We prove the assertion of Theorem by
induction on p(Y/Z).
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If p(X/Z) <1, then the assertion holds. Indeed, if p(X/Z) =0, then
there is nothing to show. If p(X/Z) =1, then the Stein factorisation of
f:X = Zisa (Kx + A)-Mori fibre space over Z.

Therefore, we may assume that p(X/Z) > 1. Pick an f-ample R-Cartier
R-divisor C' on X and an effective R-Cartier R-divisor C' on X7 such that

(i) (X3, Ag + O) is log canonical, Kx + A + C'is f-nef, and

(ii) if we set
v=inf{p € R>o | Kx + A + uC'is f-pseudo-effevtive},

then Kx + A +vC #; 0.
(iii) C ~g,z_ Cy, where Cf denotes the pullback of C' to X7.

Note that 0 < v < 1. By Theorem there exists a (Kx + A + vC)-MMP
over Z with scaling of C that terminates:

(6.12.1) X=Xp-+X1 - - X=X

If A’ and C’ denote the proper transforms of A and C on X’ respectively,
then Ky + A’ +v(C’ is nef over Z. Moreover, by Theorem we see that
Kx + A’ + v(C’ is semi-ample over Z. We obtain projective morphisms:
x4

where f’ is the projective morphism over Z with f/Ox = Oy that is in-
duced by Kx + A’ +vC’, and 9 is the induced morphism. By the choice
of v, it holds that Kx: + A’ +vC’ is not big over Z. Therefore we get
dim X’ > dim Z’, which implies that Kx: + A’ =4 —vC’ is not f’-pseudo-
effective. Recall that g : Y — X is a projective morphism which satisfies the
properties (1) and (2) of Corollary Let Ay be the R-divisor defined by
Ky + Ay = ¢g*(Kx + A). Since the sequence is a (Kx + A)-MMP
over Z, we can construct ¢’ : Y/ — X’ and an R-divisor Ay on Y’ such that

(1) ¢’ and (Y’, Ay") satisfies the properties (1) and (2) of Corollary
and

(2) the induced birational map ¢ : Y --» Y’ is decomposed as a (Ky +
Ay )-MMP over Z:

Y — Y(O) ey e —— Y(m) = Y/,
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and ., Ay = Ay,

In particular, we have p(Y'/Z) < p(Y/Z).

We prove that p(Y'/Z") < p(Y/Z). When Kx: + A"+ vC’ #yop 0, there
is a curve on Z’' whose image on Z is a point. Therefore we get p(Y'/Z') <
p(Y'/Z)<p(Y/Z). When Kx/ +A'+vC" =405 0, the birational map X --»
X' contract a prime divisor E because Kx + A+ vC #¢ 0 by the above
property (ii). Then

aE(Y’, Ay/) = aE(X’,A’) > aE(X, A) = aE(Y, Ay)

Since Y =Y 5 ... 5 Y™ =Y is a (Ky + Ay)-MMP over Z, it con-
tracts g; ' E. Therefore we have p(Y'/Z") < p(Y'/Z) < p(Y/Z). In any case,
we obtain p(Y'/Z") < p(Y/Z).

We apply the induction hypothesis to (X', A’), f/: X' - Z’ and ¢ :
Y' — X'. Since Kx: + A’ is not f’-pseudo-effective, there is a (Kx/ + A')-
MMP over Z' that terminates:

(X/a A/) = (Xfu Aé) kg (Xf-‘rluAé-i-l) A 4 (XnyAn) == (X”7A//).

Then there is a (Kx» + A”)-Mori fibre space ¢ : X" — Z" over Z'. In par-
ticular, ¢” is a (Kx~ + A”)-Mori fibre space over Z. Hence, the sequence

(X,A) = (Xo,A0) ~=» -+~ (Xp,Ap) = (X//,A”)
is a (Kx + A)-MMP over Z that terminates. 0
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