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Preface

In this thesis, we consider some particular kind of singularities of algebraic
varieties in positive characteristic, the so-called F'-singularities. These singu-
larities include strongly F'-regular and sharply F'-pure singularities. Although
F-singularities are defined in terms of the Frobenius morphism which exists
only in positive characteristic, they have strong connections to some par-
ticular kind of singularities in characteristic 0 which arise in the minimal
model program. These connections sometimes give a new perspective on bi-
rational geometry in characteristic 0, which is one of the reasons why studies
on F-singularities are important.

The main object of this thesis is the F-pure threshold, which is defined
in terms of F-singularities and is an invariant measuring the singularities
of an ideal on a germ in positive characteristic. It is expected that F-pure
thresholds satisfy several important properties which hold for log canonical
thresholds, an invariant defined in terms of singularities in MMP. One of
such properties is the ascending chain condition (ACC in short). In this
thesis, motivated by the ACC for log canonical thresholds in characteristic 0
([HMX14]), we study the ACC for F-pure thresholds.

In Chapter 1, we state the main results of this thesis. In Chapter 2, as
preliminaries of this thesis, we recall some definitions and basic properties
about F-singularities and ultraproducts.

Chapter 3 is based on the preprint [Sat17]. In this chapter, we prove that
the set of all F-pure thresholds of all ideals on a fixed strongly F-regular
germ satisfies the ACC under some mild assumptions (Corollary C), which
gives an affirmative answer (Theorem A) to the conjecture given by Blickle,
Mustata and Smith ([BMS09]).

In Section 3.1, we define some variants of test ideals in terms of the
Grothendieck trace map for the Frobenius morphism and g-adic expansions
of a real number, where ¢ is a power of the characteristic. In Section 3.2, we
consider the rationality of the limit of F-pure thresholds. Blickle, Mustata
and Smith proved that the limit of any sequence of F-pure thresholds of
principal ideals on a regular germ is a rational number ([BMS09]). By using



the new ideals defined in Section 3.1, we generalize this result to the case
of non-regular germ and non-principal ideals under some mild assumptions
(Corollary 3.2.8). In Section 3.3, we verify the ACC for F-jumping numbers
with respect to a fixed m-primary ideal on a fixed germ under some mild
assumptions (Theorem B), which implies Corollary C.

Chapter 4 is based on the preprint [Sat18]. In this chapter, as an extension
of Corollary C, we verify the ACC for F-pure thresholds on sharply F-pure
germs with fixed embedding dimension (Main Theorem).

In Section 4.1, we consider the rationality of F-pure thresholds. Schwede
and Tucker proved that the F-pure threshold of any ideal on any strongly F-
regular log Q-Gorenstein pair is a rational number ([ST14]). By defining and
studying a variant of parameter test modules, we generalize this result to the
case of non-strongly F-regular pair under some mild assumptions (Theorem
E). In Section 4.2, by combining Corollary C and Theorem E, we prove the
main theorem. In Section 4.3, we prove the corollaries of the main theorem
(Corollary D), which are positive characteristic analogues of the results in
[dFEM10].
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Chapter 1

Introduction

In characteristic zero, Shokurov ([Sho92]) conjectured that the set of all log
canonical thresholds on varieties of any fixed dimension satisfies the ascending
chain condition (ACC in short). This conjecture was partially solved by de
Fernex, Ein, and Mustata in [dFEM10] and [dFEM11] using generic limit,
and finally settled by Hacon, M°Kernan, and Xu in [HMX14] using global
geometry.

In this thesis, we deal with a positive characteristic analogue of this prob-
lem. A scheme X of characteristic p > 0 is said to be F'-finite if the Frobenius
morphism F : X — X is finite and is said to be sharply F-pure if the mor-
phism F7# : F,Ox — Ox locally splits as an Ox-module homomorphism.

Suppose that X is a sharply F-pure normal variety over an F-finite field &
of characteristic p > 0. Then, for every coherent ideal sheaf a C Oy, we can
define the F-pure threshold fpt(X;a) € R-o in terms of Frobenius splittings
(see Definition 2.3.1 below). As seen in [TWO04], [MTWO05] and [BS15], the
F-pure threshold itself is an interesting invariant in both algebraic geometry
and commutative algebra in positive characteristic. Moreover, recent studies
([TW04], [Tak13], [HnBWZ16]) reveal that F-pure thresholds have strong
connections to log canonical thresholds in characteristic 0. Motivated by the
ACC for log canonical thresholds, Blickle, Mustata and Smith conjectured
the following.

Conjecture ([BMS09, Conjecture 4.4]). Fiz an integer n > 1, a prime num-
ber p > 0 and a set D} such that every element of Dy is an n-dimensional
F-finite Noetherian regular local ring of characteristic p. The set

T8 = A{fpt(A;a) | A€ D%, a C Ais a principal ideal}

n,p,pr n,p’

satisfies the ACC.



This problem has been partially considered by several authors ([BMS09],
[HnBWZ16] and [HnBW17]). We give an affirmative answer to this conjec-
ture in full generality.

Theorem A (Corollary 3.3.10). With the notation above, the set

= {fpt(4;a) | A€ D;% a C Ais an ideal}

n,p n,p?
satisfies the ACC.

In order to prove Theorem A, it is enough to show that the set of all
F-pure thresholds on a fixed F-finite Noetherian regular local ring satisfies
the ACC. We consider this problem in a more general setting.

Let (R, A) be a pair, that is, (R, m) is an F-finite Noetherian normal local
ring of characteristic p > 0 and A is an effective Q-Weil divisor on Spec R.
For a proper ideal a C R and a real number ¢ > 0, we consider the test
ideal 7(R, A, a"), which is defined in terms of the Frobenius morphism (see
Definition 2.1.2 below). Since we have 7(R,A,a") C 7(R, A, a®) for every
real numbers 0 < s < ¢, for a given m-primary ideal I C R, we define the
F-jumping number of (R, A;a) with respect to I as

fin’(R, A;a) :=inf{t > 0| 7(R,A,a") C I} € R.

We also define the set of all F-jumping numbers with respect to I as

FIN'(R,A) := {fin’(R,A;a) | a C R is an ideal} C Rs.
The following result is the main theorem of Chapter 3.

Theorem B (Theorem 3.3.9). Let (R,A) be a pair such that Kx + A is
Q-Cartier with index not divisible by p, where Kx is a canonical divisor of
X = SpecR and I C R be an m-primary ideal. Assume that T(R,A) is
m-primary or trivial. Then the set FIN'(R, A) satisfies the ACC.

A pair (R, A) is said to be strongly F-regular if we have 7(R,A) = R.
We note that strongly F-regular (resp. sharply F-pure) singularities can be
viewed as an F-singularity theoretic counterpart of klt (resp. lc) singularities
and that strong F-regularity is a stronger condition than sharp F-purity.

For a strongly F-regular pair (R, A), the F-jumping number fjn™ (R, A; a)
with respect to m coincides with the F-pure threshold fpt(R, A;a) and the
set FJIN™(R, A) coincides with the set of all F-pure thresholds

FPT(R,A) := {fpt(R,A;a) | a C R is an ideal}.

Therefore, as a special case of Theorem B, we have the following result.
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Corollary C (Theorem 3.3.9). Let (R, A) be a strongly F-reqular pair such
that Kx + A is Q-Cartier with index not divisible by p. Then FPT(R,A)
satisfies the ACC.

Since any F-finite regular local ring is strongly F-regular, Theorem A
follows from Corollary C.

In Chapter 4, we extend Corollary C to the case of non-strongly F-regular
pairs. Since Hacon, M°Kernan and Xu verified the ACC for all log canonical
thresholds on all log canonical pairs with fixed dimension ([HMX14]), it is
natural to ask whether the set of all F-pure thresholds on all sharply F-pure
pairs with fixed dimension satisfies the same property. As a partial answer
to this question, we verify the property for the set of all F-pure thresholds
on all sharply F-pure pairs with fixed embedding dimension.

Main Theorem (Theorem 4.2.5). Fiz a prime number p and positive in-
tegers e and N. Suppose that T is any set such that every element of T is
an F-finite Noetherian normal local ring (R,m,k) of characteristic p with
dimg(m/m?) < N. Let FPT(T,e) C R be the set of all F-pure thresholds
fpt(R, A;a) such that

e R is an element of T,
e a is a proper ideal of R, and

o A is an effective Q-Weil divisor on X = Spec R such that (R,A) is
sharply F-pure and (p¢ — 1)(Kx + A) is Cartier.

Then the set FPT(T, e) satisfies the ACC.

As a corollary of Main Theorem, employing the strategy in [dFEM10], we
can also verify the ascending chain condition for F-pure thresholds on tame
quotient singularities or on l.c.i. varieties with fixed dimension.

Corollary D (Proposition 4.3.2, Corollary 4.3.4). Fiz an integer n > 1 and
a prime number p > 0.

1. Suppose that D" is a set such that every element of D" is an n-
dimensional F-finite Noetherian normal local ring of characteristic p
with tame quotient singularities. The set

uot ,__ . uot : .
T.57 = {fpt(R;a) | R € DyY",a C R is an ideal }

n7p ’

satisfies the ACC.



2. Suppose that Difl;i' is a set such that every element of Diflf' is an n-
dimensional F-finite Noetherian normal local complete intersection ring
of characteristic p with sharply F-pure singularities. The set

l.ci. . . uot : :
Ty = {fpt(R;a) | R€ DY, a C R is an ideal}

n7p ’

satisfies the ACC.

In the process of proving the main theorem, we treat the rationality prob-
lem for F-pure thresholds. In characteristic 0, since log canonical thresholds
can be computed by a single log resolution, it is obvious that the log canonical
threshold of any ideal on any log Q-Gorenstein pair is a rational number. In
[dFEM10], they use the rationality to reduce the ascending chain condition
for log canonical thresholds on l.c.i. varieties to that on smooth varieties.

However, in positive characteristic, the rationality of F-pure thresholds
is a more subtle problem. In [ST14], Schwede and Tucker proved that the
F-pure threshold of any ideal on any log Q-Gorenstein strongly F-regular
pair is a rational number. In this paper, we generalize their result to the case
where the pair is not necessarily strongly F-regular, under the assumption
that the Gorenstein index is not divisible by the characteristic.

Theorem E (Corollary 4.1.10). Suppose that (R,m) is an F'-finite Noethe-
rian normal local ring of characteristic p > 0 and A is an effective Q- Weil
divisor on X = Spec R such that (R, A) is sharply F-pure and Kx + A is Q-
Cartier with index not divisible by p. Then the F-pure threshold fpt(R, A; a)
is a rational number for every proper ideal a C R.

Main Theorem follows from Theorem E and Corollary C.



Chapter 2

Preliminaries

2.1 Test ideals and parameter test modules

In this section, we recall the definitions and basic properties of test ideals
and parameter test modules.

A ring R of characteristic p > 0 is said to be F'-finite if the Frobenius
morphism F': R — R is a finite ring homomorphism. A scheme X is said
to be F-finite if for every open affine subscheme U C X, the ring H°(U, Oy)
is F-finite. If R is an F-finite Noetherian normal domain, then R is excellent
([Kun76]) and X = Spec R has a dualizing complex w%, a canonical module
wx and a canonical divisor Kx (see for example [ST17, p.4]).

Through this paper, all rings will be assumed to be F-finite of character-
istic p > 0.

Definition 2.1.1. A pair (R,A) consists of an F-finite Noetherian normal
local ring (R, m) and an effective Q-Weil divisor A on X. A triple (R, A, ale =
[T, a¥), consists of a pair (R, A) and a symbol at* = [[", ai, where m > 0
is an integer, ay,...,a,, € R are ideals, and ty,...,t, = 0 are real numbers.
When m = 1 (resp. m = 2), we simply denote the triple by (R, A, a’') (resp.

(R, A, a'al?)).

Definition 2.1.2. Let (R, A, al*) is a triple. The test ideal (R, A, ale) (resp.
the parameter test module T(wyx, A, al*)) is the unique smallest non-zero ideal
J C R (resp. non-zero submodule J C wy) such that

p(F (L e

for every integer e > 0 and every morphism ¢ € Homg(F¢R([(p*—1)A]), R)
(resp. ¢ € Homg(Ffwx([(p® — 1)A]),wx)).
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The test ideal and the parameter test module always exist ([Sch10, The-
orem 6.3] and [ST14, Lemma 4.2]). If a; = R for every i, then we write
7(R,A) (resp. T(wx,A)). If a; = 0 for some 4, then we define 7(wx, A, al*) =
(R, A, al) := (0).

Remark 2.1.3. Suppose that X is an F-finite Noetherian normal scheme, A
is an effective Q-Weil divisor on X, a; € Ox are coherent ideals and t; > 0
are real numbers.

1. ([HT04, Proposition 3.1]) Since test ideals and parameter test modules
are compatible with localization ([HT04, Proposition 3.1]), we can de-
fine the test ideal 7(X, A, al*) C Ox and the parameter test module
T(wy, A, al) C wy.

2. ([Tak04, p.9 Basic Property (ii)]) We can extend the definitions of test
ideals and parameter test modules to the case where A is not effective.

Proposition 2.1.4 ([ST14, Lemma 4.2]). Let (R, A, al) be a triple and fix
a canonical divisor Kx. We consider wx as the submodule Ox(Kx) of the
quotient field of R. Then we have the equation

T(Ra A? ato.) = T((‘UX7 KX + Aa Cli.)
as submodules of the quotient field of R.

Lemma 2.1.5. Let (R, A, a') be a triple such that A is Q-Cartier. Then the
following hold.

1 Ift<t,d Caand A< A, then T(wy, A, (a')) C 7(wx, A, ab).

2. ([ST14, Lemma 6.1]) There exists a real number € > 0 such that if
t <t <t+e, then T(wx, A, a”) = T(wx, A, ab).

3. ([ST14, Lemma 6.2]) There exists a real number ¢ > 0 such that if
t—e <t <t then T(wx, A, ") = 7(wx, A, a¥~%).

4. ([ST14, Lemma 4.4]) Suppose that Trg : Fuawx — wx is the Grothen-
dieck trace map ([BST15, Proposition 2.18]). Then we have

Trr(For(wx, A, a)) = 7(wx, A/p, at/P).

5. ([HT04, Theorem 4.2], cf. [BSTZ10, Lemma 3.26]) If a is generated by
| elements and | < t, then T(wyx, A, a'b®) = ar(wx, A, a'~1b%).

6. ([Schll, Lemma 3.1]) If b = (f) is a non-zero principal ideal, then we
have T(wx, A, a'b®) = 7(wx, A + sdiv(f), a’).
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7. For an integer r > 1, we have T(wx, A, a"™) = 7(wyx, A, (a")").

Proof. By Proposition 2.1.4, the assertions in (5) and (6) follow from the
same assertions for test ideals. The proof of (7) is similar to the proof of
(6). O

Definition 2.1.6. Let (X = Spec R, A) be a pair and e > 0 be an integer.
Assume that (p¢ —1)(Kx + A) is Cartier. Then there exists an isomorphism

Hompg(F{(R((p° — 1)A)), R) = F{ R

as ¢ R-modules (see for example [Sch09, Lemma 3.1]). We denote by ¢4 a
generator of Hompg(FE(R((p® — 1)A)), R) as an F¢R-module.

Remark 2.1.7. Although a map ¢ : FfR — R is not uniquely determined,
it is unique up to multiplication by FfR*. When we consider this map, we
only need the information about the image of this map. Hence we ignore the
multiplication by FfR*.

The following proposition seems to be well-known to experts, but difficult
to find a proof in the literature.

Proposition 2.1.8. Let (R,m) and (S,n) be F-finite Noetherian normal
local rings with residue fields k and 1, respectively. Let R — S be a flat
local homomorphism, Ax be an effective Q- Weil divisor on X = Spec R and
Ay be the flat pullback of Ax toY = Spec S. Assume that mS = n and that
the relative Frobenius morphism Ff, « Fk @ | — F{l is an isomorphism
for every e > 0. Then the following hold.

1. The morphism R — S is a reqular morphism, that is, every fiber is
geometrically reqular.

2. The relative Frobenius morphism Fg,p © FYR ®r S — FIS is an
1somorphism for every e = 0.

3. For every e > 0, we have

Homp(FER([(p* — A1), R) ®r S = Homs(F<S([(° — 1)Ay]), 9).

4. Let (R, Ax,al =[], a}) be a triple. We write (as-S)t := [],(a;9)".
Then we have

T(R, Ax, Cli') S = T(S, Ay, (Cl. . S)t').



5. If (p° —1)(Kx+Ax) is Cartier for some e > 0, then (p°—1)(Ky +Ay)
is also Cartier and ¢y : F;S — S coincides with the morphism
YA, OrS : FLR®RS — S wvia the isomorphism Fse/R FER®RRpS —
F£S.

Proof. Since the relative Frobenius morphism Fjy, @ Fik @, | — F.l is
injective, the field extension k C [ is separable by [Mat89, Theorem 26.4].
Then (1) follows from [Mat89, Theorem 28.10] and [And74].

We will prove the assertion in (2). Fix an integer e > 0. By (1), the
morphism R — S is generically separable. It follows from [Mat89, Theorem
26.4] that the relative Frobenius morphism Fgp: FYR®p S — F75 is
injective.

We next consider the surjectivity of the map F§ /R We denote the ring
FCR®pr S by R'. We consider the following commutative diagram:

Fes
F§ TFE

S/R
S——R

]

R— FiR

Since the morphisms Ff : R — FfR and S — R’ are both finite and
n N R = m, every maximal ideal of R’ contains the maximal ideal Ffm of
F¢R. Therefore, I := (Ffm)- R C R is contained in the Jacobson radical
of R'. On the other hand, since the finite morphism F§ : F¢S — S factors
through Fg R the morphism F§ /R 18 also finite. Then the morphism

Fgp @r (R/1) : R'/I — (F£S) @ (R/T)

coincides with the relative Frobenius morphism Ff/k c FPk @pl — FEI, and
hence it is surjective. Therefore, the map F§ /1S surjective by Nakayama.

We next prove the assertion in (3). Since S is flat over R and FER([(p® —
1)Ax]) is a finite R-module, we have

Hompg(F{R([(p® — 1)Ax]),R) ®r S = Homg(F{R([(p° — 1)Ax]) ®r S, 5).

By (1), the flat pullback of a prime divisor on X to Y is a reduced divisor.
Therefore, the Weil divisor [(p® — 1)Ay | coincides with the flat pullback of
[(p°—1)Ax]. Tt follows from (2) that FER([(p®—1)Ax])®rS = FES([p° —
1]Ay), which completes the proof of (3).



For (4), it follows from (3) that the test ideal 7(R, Ax,al) - S is uni-

formly (Ay, (aq - S)'*, F)-compatible and 7(S, Ay, (de - S)**) N R is uniformly
(Ax, als, F)-compatible. Therefore, we have

T(Sv AY? (Cl. ’ S)t

°) 7(R,Ax,al*) - S and
T(S7 AY? (a. . S)t.) N R

T(R, Ax, Clt'),

C
=

which complete the proof of (4).

For (5), we assume that (p°—1)(Kx +Ax) is Cartier. Since the canonical
divisor Ky coincides with the flat pullback of Kx ([Aoy83, Proposition 4.1],
see also [Sta, Lemma 45.22.1]), the Weil divisor (p® — 1)(Ky + Ay) is also
Cartier. The second assertion in (5) follows from (3). O

2.2 F-singularities

In this section, we recall the definitions and some basic properties of F-
singularities.

Definition 2.2.1. Let (R, A, al*) be a triple.

1. (R,A,al) is said to be sharply F-pure if there exist an integer e > 0
and a morphism ¢ € Homg(FfR([(p® — 1)A]), R) such that

@(Fe H a"—ti(pe_l).|> — R

i

2. (R,A,al*) is said to be strongly F-regular if for every non-zero el-
ement ¢ € R, there exist an integer e > 0 and a morphism ¢ €
Hompg(FfR([(p¢ — 1)Al), R) such that

p(Fe(e[Tal"™ ") = R.

Remark 2.2.2 ([Tak04, Corollary 2.10]). 7(R,A,al) = Ox if and only if
(R, A, al) is strongly F-regular.

Lemma 2.2.3. Let (R, A, al*) be a triple. Then the following hold.
1. If (R, A, al) is strongly F-reqular, then it is sharply F-pure.

2. Suppose that 0 < A" < A is an Q-Weil divisor and 0 < t; < t; are real
numbers. If (R, A, al) is strongly F-reqular (resp. sharply F-pure),
then so is (R, A, as).



3. If (R,A) is strongly F-reqular and (R, A,a") is sharply F-pure, then
(R, A, a%) is strongly F-reqular for every 0 < s < t.

4. Let R be the m-adic completion and A the flat pullback of A to Spec R.
Then, (R, A, 11, a;") is sharply F-pure (resp. strongly F-reqular) if and
only if so is (R, A, T[,(a;R)").
Proof. (1) and (2) follow from definitions. The proof of (3) is similar to that
of [TWO04, Proposition 2.2 (5)].

For (4), the case of strongly F-regular triples follows from Proposition
2.1.8 (4). We consider the case of sharply F-pure triples. , we define

[ = Zgo(F:’Ha“i(Pe‘m
I = Z¢ F@HaRW—l ) C R,

where e runs through all positive integers and ¢ (resp. 1/1) runs through all el-
ements in Hom(FfR([(p®—1)A]), R) (resp. in HomR(FeR( [(106 ~1)A1), R)).
Then the triple (R, A, ], a}') (resp. the > triple (R, A AL (R R)%)) is sharply

F-pure if and only if I = R (resp. I' = R) Since

R (
Homp(FER([(p° — 1)A)), R) = Hom(F{R([(p° — 1)A]), R) @ R,
we have I' =1 fi, which completes the proof. O

Suppose that R is a ring of characteristic p > 0, e > 0 is a positive integer
and a C R is an ideal. Then we denote by a?’! the ideal of R generated by
{fP" € R| f € a}. The following lemma is a variant of Fedder-type criteria.

Lemma 2.2.4 (cf. [Fed83], [HWO02, Proposition 2.6]). Suppose that (A, m)
is an F'-finite reqular local ring of characteristic p > 0, a C A is an ideal and
A =diva(f)/(p¢ — 1) is an effective Q-divisor with f € A and e > 0. Then,
the triple (A, A, a") is sharply F-pure if and only if there exists an integer
n > 0 such that

PR D) g gl

Proof. By the proof of [Sch08, Proposition 3.3], the triple (A, A, a’) is sharply
F-pure if and only if there exists an integer n > 0 and ¢ € Hompg(FA((p*" —
1)A), A) such that o(FaltP™"=D1) = A, Since

peT 1
(P — 1A =diva(f =1 ),
the assertion follows from [Fed83, Lemma 1.6]. O
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Lemma 2.2.5. Let (A, A, a") be a triple such that A is a regular local ring.

1. If (A, A, a) is sharply F-pure, then for any rational numbers 0 < e,&’ <
1, the triple (A, (1 — &)A, a1~ is strongly F-reqular.

2. If (p° — 1)A is Cartier for an integer e > 0 and (A, (1 — e)A,a') is
strongly F-reqular for every 0 < £ < 1, then the triple (A, A, a==)) is
sharply F-pure for every 0 < &' < 1.

Proof. For (1), we assume that the triple (A, A, a') is sharply F-pure. Since
A is strongly F-regular ([HH89]), it follows from Lemma 2.2.3 (2) and (3)
that (A, (1 —)A) is strongly F-regular for every 0 < & < 1. Then applying
Lemma 2.2.3 (2) and (3) again, we see that (A, (1 —¢)A, a!=¢") is strongly
F-regular for every 0 < e,¢’ < 1.

For (2), set ¢ := p® and suppose that A = div(f)/(¢ — 1) for some non-
zero element f € A. Take an integer [ > t such that a is generated by at
most [ elements and set a,, := (I —t)/(¢" — 1) for every integer n > 0. Since
for any triple, it is strongly F-regular if and only if the test ideal is trivial,
we have 7(A, ((¢" — 1)/q™)A/,a") = A for every integer n > 0.

Then it follows from Proposition 2.1.4 and Lemma 2.1.5 (4), (5) and (6)
that

A = T(Av ((qn - 1)/qn)A7 at>

Te (Fr (A, f(q"fl)/(qfl)atq”»
L T(A,ar"))

PR (Fenalt )

g021(F*encJ(t*an)(q”flﬂ ),

N 1N

which proves that (A, A, a'~%") is sharply F-pure for every integer n > 0.
Since lim,__, a, = 0, the triple (A, A, a?==)) is sharply F-pure for every
0<e <1 O

Suppose that X is an F-finite Noetherian normal connected scheme, A is
an effective Q-Weil divisor on X, a C Ox is a coherent ideal sheaf and ¢ > 0
is a real number. For any point z € X, we denote by A, the flat pullback of
A to Spec Ox .

Definition 2.2.6. With the notation above, we say that (X, A, a') is sharply
F-pure (resp. strongly F-regular) if (Oxz, Ay, al) is sharply F-pure (resp.
strongly F-regular) for every point z € X.

Remark 2.2.7. Suppose that X = Spec R is an affine scheme. Then, the
above definition differs from the one given in [Sch08]. See [Sch10b].
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2.3 [F-pure thresholds and F-jumping num-
bers

In this section, we recall the definitions and basic properties of F'-pure thresh-
olds and F-jumping numbers.

Definition 2.3.1. Suppose that X is an F-finite Noetherian normal con-
nected scheme and A is an effective Q-Weil divisor and a C Oy is a coherent
ideal sheaf. Assume that (X, A) is sharply F-pure. We define the F-pure
threshold of (X, A;a) by

fpt(X, A;a) :=inf {¢ > 0] (X, A, a") is not sharply F-pure} € R-o U {o0}.

When A = 0, we denote it by fpt(X;a). When X = Spec R is an affine
scheme, we denote it by fpt(R, A;a).

Lemma 2.3.2. With the notation above, assume that a # Ox. We have
fpt(X, A;a) = min {fpt(Ox ., Az;a,) | 2 € X}

Proof. We may assume that X = Spec R. For every ¢t > 0, we consider
=%, @(Feal=D1) C R as in the proof of Lemma 2.2.3 (4). Then, the
set

Zy:={x € X | (Ox.4, A, a.) is not sharply F-pure} C X

is a closed set defined by the ideal I;. Since R is Noetherian, there exists
a real number ¢ > 0 such that Z; is constant for all fpt(X,A;a) < t <
fpt(X, A;a)+e. Take a point x € Z; for such t. Then we have fpt(X, A;a) =
fpt(Ox x, Ay; a,), which completes the proof. O]

Proposition 2.3.3 (F-adjunction, [Sch09, Theorem 5.5]). Suppose that A
is an F-finite reqular local ring, R = A/I is a normal ring and Ag is an
effective Q-Weil divisor on Spec R. Assume that the pair (R, Ag) is sharply
F-pure and there exists an integer e > 0 such that (p° — 1)(Kx + Ag) is
Cartier. Then, there exists an effective Q-Weil divisor A4 on Spec A with
the following properties:

1. (p® —1)A4 is Cartier, and

2. Suppose that a C R is an ideal and a C A is the lift of a. Then we
have fpt(R, Ag; a) = fpt(A, A4;a).

Definition 2.3.4. Let (R, A) be a pair, a C R be a proper ideal and I C R
be an m-primary ideal.

12



1. A real number t > 0 is called a F-jumping number of (R, A;a) if
T(R,A,a"%) # 7(R, A, d"),
for all ¢ > 0.
2. We define the F-jumping number of (R, A;a) with respect to I as
fin' (R, A;a) := inf{t € Roo | 7(R, A, a") C I} € Ry,
We note that if (R, A) is strongly F-regular, then we have fpt(R, A;a) =
fin™(R, A; a).

Proposition 2.3.5 ([ST14, Theorem B|). Let (X = Spec R, A, a) be a triple
such that Kx + A is Q-Cartier. Then the set of all F-jumping numbers
of (R,A;a) is a discrete set of rational numbers. In particular, if (R,A)
is strongly F-regular, then the F-pure threshold of (R,A;a) is a rational
number.

2.4 Ultraproduct

In this section, we define the ultraproduct of a family of sets and recall some
properties. We also define the catapower of a Noetherian local ring and prove
some properties. The reader is referred to [Schol0] for details.

Definition 2.4.1. Let 4 be a collection of subsets of N. U is called an
ultrafilter if the following properties hold:

1. 0 ¢4

2. For every subsets A, B C N, if A € {and A C B, then B € il
3. For every subsets A, B C N, if A,B € i, then AN B € 4l

4. For every subset A C N, if A ¢ $I, then N\ A € &l

An ultrafilter i is called non-principal if the following holds:

5. If A is a finite subset of N, then A & Ll.

By Zorn’s Lemma, there exists a non-principal ultrafilter. From now on,
we fix a non-principal ultrafilter 1.

13



Definition 2.4.2. Let {7}, }men be a family of sets. We define the equiva-
lence relation ~ on the set [] .y T by

(@m)m ~ (by)m if and only if {m € N | a,, = b,,} € L.

We define the ultraproduct of {T,,}men as

wWimyen Ty := (H Tm> /~.
meN

If T is a set and T}, = T for all m, then we denote ulim,, 7;, by *T" and call
it the ultrapower of T'.

Let {T,,}men be a family of sets and a,, € T,, for every m. We denote
by ulim,, a,, the class of (a,)m in ulim,, T,,. Let {S,,}, be another family
of sets and f,, : T,,, — S,, be a map for every m. We can define the map

ulim,, f,, : ulim,, T,, — ulim,,, S,,

by sending ulim,, a,, € ulim,, T,, to ulim,, f,.(a,,) € ulim,, S,,. f T,,, = T,
S, =25, and f,, = f for every m € N, then we denote the map ulim,, f,, by
foT — *S.

Let {R,,}men be a family of rings and M,, be an R,,-module for every
m. Then ulim,, R,, has the ring structure induced by that of [[, R, and
ulim,,, M,, has the structure of ulim R,,-module induced by the structure of
I1,, Rm-module on [],, M,,. Moreover, if k,, is a field for every m, then
ulim,, &, is a field.

Proposition 2.4.3. We have the following properties.

1. Let R be a Noetherian ring and M be a finitely generated R-module.
Then we have *M = M ®pr *R

2. Let k be an F-finite field of positive characteristic. Then the relative
Frobenius morphism Ff(k) ®y *k — F(*k) is an isomorphism. In
particular, *k is an F-finite field.

Proof. For (1), we consider the natural homomorphism M ®g *R — *M.
Since the functors *(—) and (—) ®g *R are both right exact, we may assume
that M is a free R-module of finite rank. In this case, the assertion is obvious.

For (2), we consider the natural bijection *(F¢k) = F¢(*k). Combining
with (1), the relative Frobenius morphism F¢(k) ®x *k — Ff(*k) is an
isomorphism. Il

14



Let a,, € R,, be an ideal for every m. Then the natural map
ulim,,, a,, — ulim,,, R,,

is injective, and hence we can consider ulim,, a,, as an ideal of the ring
ulim,, R,,. Let b,, C R,, be another ideals. Then ulim,, b,, C ulim,, a,,, if
and only if

{meN]|b,, Ca,} el

Moreover, we have the equation
(ulim,, a,,) + (ulim,, b,,) = ulim,, (a,, + b,,).

Lemma 2.4.4. Let {R;,}men be a family of rings, an,, b, C R, be ideals
for every m. Assume that there exists an integer | > 0 such that the number
p(ay,) of minimal generator of the ideal a,, satisfies p(a,,) <1 for every m.
Then we have

(ulim,, a,,) - (ulim,, b,,) = ulim,, (a,, - b,,).

Proof. Let a = ulim,, a,, € ulim,, a,, and g = ulim,, b,, € ulim,, b. Then
we have « - 8 = ulim,,(a;,by,) € ulim,,(a,, - b,,). This shows the inclusion
(ulim,y, a,,) - (ulim,, b,,) € ulimy, (a, - b,,).

We consider the converse inclusion. By the assumption, there exist
fmis -y fmi € @, such that a,, = (fiu1,- .-, finy). Then we have a,, - b, =
> fmi - by, and hence we have

ulim,, (a,, - b,,) = Z fooi - (ulimy, b,y,),

where fo,; := ulim,, f,,; € ulim,, a,, for every ¢, which complete the proof
of the lemma. O

Proposition-Definition 2.4.5 ([Gol98, Theorem 5.6.1]). Let {a, }men be
a sequence of real numbers such that there exist real numbers My, M which
satisfies M < a,, < M, for every m € N. Then there exists an unique real
number w € R such that for every real number € > 0, we have

{meN||w—a,| <e} el
We denote this number w by sh(ulim,, a,,) and call it the shadow of ulim,, a,,.

Let (R,m, k) be a local ring. Then, one can show that (*R,*m,*k) is a
local ring. However, even if R is Noetherian, the ultrapower *R may not be
Noetherian because we do not have the equation N,en(*m)™ = 0 in general.
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Definition 2.4.6 ([Schol0]). Let (R,m) be a Noetherian local ring and
(*R,*m) be the ultrapower. We define the catapower R, as the quotient
ring

Ry = *R/(Nu("m)™).

Proposition 2.4.7 ([Schol0, Theorem 8.1.19]). Let (R, m, k) be a Noethe-

rian local ring of equicharacteristic and R be the m-adic completion of R.
We fix a coefficient field k C R. Then we have

Ry 2 R ®,(°k).

In particular, if (R,m) is an F-finite Noetherian normal local ring, then so
18 R#

Let (R, m) be a Noetherian local ring, R, be the catapower and a,, € R
for every m. We denote by [a|m € R4 the image of ulim,, a,, € *R by the
natural projection *R — Ry4. Let a,, C R be an ideal for every m € N.
We denote by [ap,]m € Ry the image of the ideal ulim,, a,, C *R by the
projection *R — Ry.

Lemma 2.4.8. Let (R,m) be a Noetherian local ring, a,,,b,, C R be ideals
for every m € N. If we have [ay]m C [6m]m, then for every m-primary ideal
q € R, we have

{meN|a, Cb,+q} il

Proof. By the definition of the catapower, if [a,], C [0/)m, then we have
ulim,, a,, C ulim,, b,, + (*m)".

for every n.
On the other hand, it follows from Lemma 2.4.4 that (*m)" = *(m").
Therefore we have

ulima,, C (ulimb,,)+ *(m")
= ulim(b,, +m"),

which is equivalent to
{meN|a, Cb+m"} il

This implies the assertion in the lemma. O
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Chapter 3

ACC for F-jumping numbers
on a fixed germ

3.1 Variants of test ideals

In this section, we introduce some variants of test ideals by using the trace
maps for the Frobenius morphisms and the g-adic expansion of a real number
(Definition 3.1.3 and 3.1.10). We also introduce the stabilization exponent
(Definition 3.1.7).

Definition 3.1.1 (c¢f. [HnBWZ16, Definition 2.1, 2.2]). Let ¢ > 2 be an
integer, t > 0 be a real number and n € Z be an integer. We define the n-th
digit of t in base g by

t™ = [tg" — 1] — q[t¢" ' — 1] € Z.
We define the n-th round up and the n-th truncation of t in base ¢ by

O™ = [tq"]/¢" € Q, and
(thng = [tg"—11/¢" € Q,

respectively.

Lemma 3.1.2. Let ¢ > 2 be an integer, t > 0 be a real number and n € 7Z
be an integer. Then the following hold.

1. 0 <t < q.
2. t™ s eventually zero for n < 0 and is not eventually zero for n > 0.

8.t =3 ,tm . g™
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4' <t>n,q = Zmén t(m) g

5. The sequence {{t)™} ez is a descending chain which convergences to
t.

6. The sequence {(t)nq}tnez is an ascending chain which converges to t.

Proof. These all follow easily from the definitions. For the assertion in (2),
we note that if ¢ = s/¢™ for some integers s and m, then we have ™ = ¢—1
for all n > m. O

Definition 3.1.3. Let (X = Spec R, A, al* = [, a}’) be a triple such that
t; > 0 for all i and e > 0 be an integer such that (p° —1)(Kx +A) is Cartier.
For every integer n > 0, we define

TR A ) = R (EN (@l (R, A))) € R and
TR A a) = X (F T T 2(R,A))) C R

Example 3.1.4. Let (X = Spec R, A, a') be a triple such that ¢ > 0 and that
a is a principal ideal and let e be a positive integer such that (p€—1)(Kx+A)
is Cartier. Then it follows from [BSTZ10, Lemma 5.4] that

T(R,A ") = (R, A, aP"") and
(R, A at) = 7(R,A,abma),
By Proposition 2.3.5, the sequence {7¢"(R, A, a*)},, is an ascending chain

of ideals which converges to 7(R, A, a’) and the sequence {7°"(R, A, a")}, is
a descending chain of ideals which eventually stabilizes.

The following lemma is well-known to experts, but we prove it for conve-
nience.

Lemma 3.1.5. Let R be a Noetherian ring of characteristicp > 0, leta C R
be an ideal, and let a,b,n and e be non-negative integers.

1. If n > p°(ur(a) — 1), then we have
at = (afn/Pe1—#R(a)>[P€] . P (In/p*l=nr(a)

In particular, if b > p®(ugr(a) — 1), then we have a®*+b = (a®)P1. gb,

2. Assume that there exist ideals ay, . .., a,, C R and integers My, ..., M,
such that a = a™ + -+ +aMm. Set | := > ur(a;). If n > p(l — 1),
then we have

a = (a(n/pﬂ—l)[?e] . qnPe(n/p1=0).

In particular, if b > p*((3°, pr(a;)) — 1), then we have a®“+b = (q2)P*l.

al.
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Proof. The proof of (1) is straightforward by taking a minimal generator of
a. For (2), we first consider the case when m = 1. If M; = 1, then the
assertion in (2) is same as that in (1). If [ = pugr(a;) = 1, then the assertion
holds because a is a principal ideal. Therefore, we may assume that M; > 2
and [ > 2. In this case, it follows from (1) that

a = a?Ml _ (agan/Pﬂ—l)[pe] _a;lM1—pe(an1/Pﬂ—l)
(ai\Jl(fn/Pﬂ*l))[pe] . a?;M1*peM1(fn/pe1*l)

_ (a(n/p"ﬂ—l)[pe] . qnPe(n/p1=0).

N

We next consider the case when m > 2. Set b; Miand I; == pg(ay).
Then we have
-2 [Tor
..... Nm, 1=1

where n; runs through all non-negative integers such that ) .n;, = n. Fix
such integers n; and set s; := max{0, [n;/p®] — [;}. Then it follows from the
first case that b} = (b")lPT. b7 for every integer i. Therefore, we have

e = qTo ILe

7 7

- (aZ'Ls)[p 1. a21(nl_p 51)’
C (@M1 gnep (/D).
which completes the proof of (2). O

Proposition 3.1.6 (basic properties). Let (R, A, al*) and e be as in Defini-
tion 3.1.3. Then the following hold.

1. ([BSTZ10, Lemma 3.21]) The sequence {7{"(R, A, al)}nso is an as-
cending chain which converges to the test ideal T(R, A, al*).

2. If ty > 1, then we have
TR, A alt - calm) Dy - TR, Al T alm).
Moreover, if t; > ug(ay), then we have

TR, A Al alm) = ap - 7R, A e T alm).

3. 4 (Fe(ren(R, A, ar“+))) = 7" (R, A als), where we set ab™'s =
I, C‘Ziﬂ :

19



Proof. The proof of (1) follows as in the case when m = 1, see [BSTZ10,
Lemma 3.21]. If ¢; > pg(ay), then by Lemma 3.1.5 (1), we have a{tlpen-‘ _

a%’ 1. a{“l‘”p 1. which proves (2). The assertion in (3) follows from the fact
that %" = % o Feo% ([Sch09, Theorem 3.11 (e))). O

Definition 3.1.7. Let (R, A, al*) and e be as in Definition 3.1.3. We define
the stabilization exponent of (R, A, al*;e) by

stab(R, A, alr;e) == min{n > 0 | 7" (R, A, al*) = 7(R, A, al*)}.

Proposition 3.1.8 (basic properties). Let (R, A, alr = [, a¥*) and e be as
in Definition 3.1.53. Then the following hold.

1. If ty > pr(ay), then we have

Stab(R> A, a? S 6) < Stab(R7 A, a?_l ceabms 6).

m )

2. We have
stab(R, A, al*; e) < stab(R, A, al " ¢) + 1.

3. Ift; > pgr(a;) and (p°—1)t; € N for every i, then for any integer n > 0,
the inequality n > stab(R, A, ale; e) holds if and only if

TR, A ale) = TTY(R A, ale).

Proof. The assertions in (1) and (2) follow from Proposition 3.1.6 (2) and
(3), respectively.
For (3), it follows from Proposition 3.1.6 (2) and (3) that
TR A 08) = AR (R Ao a )
= QAP (@ TV el I (R, AL aL))).

Therefore, if 7¢"(R, A, ale) = Tj(n—H)(R, A, al), then we have
TR A ar) = (R ALY,
which completes the proof. ]

Proposition 3.1.9. Let (X = SpecR,A,a, = [[;a;) be a triple, e be a
positive integer such that (p® — 1)(Kx + A) is Cartier. We define

%(R,A,a.;e) = sup {stab(R, A, al;e)},

t1,..., tm



where every t; runs through all positive rational numbers such that (p¢—1)t; €

N. Then we have s/tELT)(R,A, a.;€) < 00. Moreover, for every integer | = 0
and rational numbers ty, ... t, > 0 such that p°(p® — 1)t; € N, we have

stab(R, A, al*: ) < stab(R, A, a;€) + L.
Proof. By Proposition 3.1.8 (1), we have
s/t\a/b(R,A,a.;e) = sup {stab(R, A, al;e)},

t1,eeey tm
where every t; runs through all positive rational numbers such that (p¢—1)¢; €
N and ¢; < pgr(a;). Hence we have stab(R, A, d,;€) < o00.
The second statement follows from Proposition 3.1.8 (2). [

We next consider the sequence of ideals {7"(R, A, al*)},. In general,
the sequence {7°"(R, A, al*)}, may not be a descending chain. In order to
make a descending chain, we mix the definitions of 7, and 7_, and define
the new variants of test ideals as below. In fact, we later see that we can
make a descending chain by using these ideals under some mild assumptions
(Proposition 3.1.12).

Definition 3.1.10. Let (R, A,al =[], a’) and e be as in Definition 3.1.3,
q € R be an ideal, and n,u > 0 be integers. We define

U (R A, al) = o (R (@I L),
When q = 7(R, A), we denote it by 777%(R, A, al*).
Proposition 3.1.11 (basic properties). Let (X = Spec R, A, al» = [, a%)

i=1""

be a triple such that t; > 0 for every i and (¢ — 1)(Kx + A) is Cartier for

some q =p°, q € R be an ideal and n,u > 0 be integers. Then the following
hold.

1. For real numbers 0 < s; < t;, we have 7/ (R, A, a3*) 2 /%R, A, alr).
Moreover, if (ti)nq < si < t; for every i, then we have T0'(R, A, a3*) =
T (R A ag).

2. For ideals b; C a; and q' C q, we have 7.3/ (R, A, by) C 7704 (R, A, agr).

3. If a; = by mod J for some ideal J and a; = b; for every i > 2, then we

have
TR, A al) = 7R, A bl) mod 7 (R A T T af).
1=2

If = q mod J for some ideals q' and J, then we have
o (R A ag) = 700 (R A ag) mod 7. (R, A ag).
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4. Ifq= aiffn“qn*ﬂT(R, A), then we have

m+1

TR A ale) = 7R A, T el

5. Ifty > 1, then we have T,

en (RAQ)Dal nu(RAatll "Cltm).
Moreover, if t; > ug(a) + ( /q"),
t.)

m
then we have

(R, A a T (R, A e T alm),

6. A (FL(ml (R, A, al’te))) = TQ;_LU(R,A,C(?).

7. The sequence {T"(R, A, al*) }uen s an ascending chain of ideals which
converges to T(R, A, T, a§ti>n,q).

8 Ifu> stab(R A, a.;€), then we have

(R A a) = (R A T o)

for every n.

9. Assume that ¢"~* > pugr(a;) and the n-th digit t;") of t; in base q is
non-zero for every i. Then we have 7' (R, A, ap) = 7.\ LR, A, als),

where q' = @4 (F<( ia?u't"(n)q))-

Proof. The assertions in (1), (2), (3), (4) and (8) follow easily from the
definitions. The assertions in (5), (6) and (7) follow from Proposition 3.1.6.
The assertion in (9) follows from Lemma 3.1.5 (1). O

Proposition 3.1.12. Let (X = Spec R, A, al*) be a triple such that t; > 0
for every i and (¢ —1)(Kx + A) is Cartier for some g = p®, and u > 0 be an
integer such that "' > max; up(a;). Assume that q(q — 1)t; € N for every

i. Then the sequence {7"“(R, A, al*)},>1 is a descending chain of ideals.

Proof. Since q(q — 1)t; € N, the n-th digit t ) of ¢; in base ¢ is constant for
n > 2. By Lemma 3.1.2 (2), it is non-zero. Therefore, the assertion follows
from Proposition 3.1.11 (2) and (9). O

Definition 3.1.13. Let (X = Spec R, A, a’) be a triple with ¢ > 0, let I be
an m-primary ideal, b C R be a proper ideal, and let e be a positive integer
such that (p°® — 1)(Kx + A) is Cartier. Then we define

fin?™*(R, A, a’; b) := inf{s > 0 | 7""(R, A, a'b®) C I} € Ry,.
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Proposition 3.1.14. With the above notation, the following hold.
1. 0 < fin ™" (R, A, a';b) < Ler(R/1) + pr(b).
2. p - finl™"(R, A, a*; b) € Z.

Proof. By Proposition 3.1.11 (5), we have

(R, A, athR(R/IHuR(b)) —  pUrEB/D) TR, A, a%mz("))
C bMR(R/I) C [’
which proves the assertion in (1).
The assertion in (2) follows from Proposition 3.1.11 (1). O

Let (R,m) be a Noetherian local ring. For an R-module M with finite
length, we denote by ¢r(M) the length of M as an R-module and define

Ur(M) :=min{n > 0| m"M = 0}.

Proposition 3.1.15. Let (X = Spec R, A) be a pair such that (p°—1)(Kx +
A) is Cartier for some positive integer e, let t > 0 be a rational number, and
let M, >0 and u > 2 be positive integers. Assume that

1. ¢ > p+emb(R), and
2. ¢™(q — 1)t € N for some integer m.

Then, there exists a positive integer ny such that for every ideal b C R, if b =
a+mM for some ideal a C R with pug(a) < i, then we have T*(R, A, b') =
TR, A, bY) for every n > ny.

Proof. By Proposition 3.1.11 (6), it is enough to show the assertion in the
case when t > ;1 +emb(R) and (p® — 1)t € N. Set n; 1= lp(7(R,A)/(mMIt].
7(R,A))). We will prove that the assertion holds for this constant n;.

Let @ € R be an ideal such that pgr(a) < p and set b := a + mM.
We consider the sequence of ideals {7™“(R, A, b")},>1. As in the proof of
Proposition 3.1.12, by using Lemma 3.1.5 (2) instead of Lemma 3.1.5 (1), the
sequence {7™*(R, A, b")},, is a descending chain. Moreover, since b O m#,
we have

"R, A, bY)

VARGV
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Since we have
7(R,A) D 7F*(R, A6 D 72(R, A6 D - DmMIT L (R A,
there exists an integer 1 < m < ny such that
TR, ALY = TR (R, AL BY.

On the other hand, as in the proof of Proposition 3.1.11 (5), by using
Lemma 3.1.5 (2) instead of Lemma 3.1.5 (1), we have

(R, AR = b7 (R, ALY

for any real number ¢’ > p + emb(R). Then, as in the proof of Proposition
3.1.8 (3), we have 7/""%(R, A, a') = 7"2%(R, A, a'), which completes the
proof. O]

3.2 Rationality of the limit of F-jumping
numbers

In this section, we give uniform bounds for the denominators of F-jumping
numbers (Proposition 3.2.1) and for the stabilization exponents (Proposition
3.2.3) of m-primary ideals with fixed colength. By using these bounds, we
will verify the rationality of the limit of any sequence of F-pure thresholds
(Corollary 3.2.8).

Proposition 3.2.1. Let (X = Spec R, A) be a pair such that (p°—1)(Kx+A)
is Cartier for some integer e > 0 and M > 0 be an integer. Then there exists
an integer N > 0 such that for any ideal a C R, if a O m™, then any
F-jumping number of (R, A;a) is contained in (1/N) - Z.

Proof. Set | := (r(R/mM) + pp(m™) and n := lp(r(R,A)/7(R, A, mM)).
We note that the module 7(R, A)/7(R, A, m*!) has finite length because the
test ideals commute with localization ([HT04, Proposition 3.1]). Let a C R
be an ideal such that m™ C a and let B C R+ be the set of all F-jumping
numbers of (R, A;a).

Since we have p(a) < I, it follows from [BSTZ10, Corollary 3.27] that for
every element b € BNR.;, we have b—1 € B. It also follows from [BSTZ10,
Lemma 3.25] that for every element b € B, we have p°b € B. Moreover, since
7(R,A) D 7(R,A,a') D 7(R, A, mM") for every ¢t < [, the number of the set
BnNI0,!] is at most n. Then the assertion follows from the lemma below. [J
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Lemma 3.2.2. Let [,n > 0 and ¢ > 2 be integers. Then there exists an
integer N > 0 with the following property: if B C Ry is a subset such that

1. for every element b € B, if b > [, then we have b—1 € B,
2. ifbe B, thenq-b€e B, and

3. the number of the set BN [0,1] is at most n,
then we have B C (1/N) - Z.

Proof. The proof is essentially the same as that of [BMS08, Proposition 3.8].
Set N := ¢"(¢" — 1), where n! is the factorial of n.
For every element b € B and every integer m > 0, we define b,, € BN|0, ]
by
by = (¢"b— |¢"b]) + min{l — 1, |¢"b]}.
Ifb & (1/N)-Z, then by, by, ..., b, are all distinct and hence contradiction.
O

Proposition 3.2.3. Let (X = Spec R, A) be a pair such that (p°—1)(Kx+A)
is Cartier for some integer e > 0 and M > 0 be an integer. Then there exists
ug > 0 such that for every ideals a O m™ | we have

st/;aﬁa(R,A, a;e) < up.

Proof. Set | := (r(R/mM) + up(m™) and take an integer ny > 0 such that
pe0=D > | Let a C R be an ideal such that a O m™ and ¢ > 0 be a rational
number such that (p¢ — 1)t € N.

We first consider the case when [ < t < [p®*°. In this case, by Proposition
3.1.6 (1), the sequence {7¢"(R, A, a")},0 is an ascending chain such that

7(R,A) 2 7¢"(R,A,a") D 7Y(R, A d") = al" - 7(R,A) D m™™ . (R, A)

for every n. Therefore, there exists an integer 0 < n < (g(7(R, A)/(mMP™ .
7(R,A))) such that

TR, A db) = 7XTY(R, A at).
By Proposition 3.1.8 (3), we have
stab(R, A, a5 e) < n < Lp(7(R, A)/(mMP™ . 7(R, A))).

We next consider the case when ¢ < [. Since [ < tp® < [p®, it follows
from Proposition 3.1.8 (2) that

stab(R, A, a';e) < stab(R,A,a?";¢) + ny
< Lr(T(R,A) /(w7 (R, A))) + no.
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Therefore, ug := (r(T(R, A)/(m™MP™ . (R, A))) + ng satisfies the property.
[

Proposition 3.2.4. Let (X = Spec R, A) be a pair such that (p°—1)(Kx+A)
is Cartier for some integer e > 0, {a,, }men be a family of ideals of R and
t > 0 be a real number. Fiz a non-principal ultrafilter 2. Let (Ryu, my)
be the catapower of the local ring (R, m), Ay be the flat pullback of A to
Spec Ry and 0o := [ay)m € Ry. If there exists a positive integer M such
that a,, O m™ for every m, then we have

T(R#’ A#’ uio) = [T(Ra Aa afn)]m g R#

Proof. We first consider the case when ¢ is a rational number. By enlarging
e, we may assume that p(p® — 1)t € Z for some integer n > 0. Take a
positive integer u as in Proposition 3.2.3. Then we have

(R, A, af ) = Tj_ "R, A, at ),

for every m. By enlarging u, we may assume that
T(Ry Ay, all) = 75" (Ry, Ay, aly).
Since pg(an,) < lr(R/mM) + pr(m™) for every m, it follows from Lemma

2.4.4 that
(a00)® = [(am)"]m
for every integer s > (. Combining with Proposition 2.1.8 and 2.4.3, we have
e el
T—l—l(R#a A#a af)o) = QOA#(F ( tp -l (
e e el

= oa, (F a1 7(R, )]m)

_ [goel(Fel<u[tp6l] (
= [F(R,A a),)ln QR

for every integer [. Therefore, we have
T(R#7 A#’ aio) = [T(Ra A) afn)]m g R#

We next consider the case when ¢ is not a rational number. For sufficiently
large integer n, we have

T(Ry, Ay, al) = 77 (Ry, Ay, al)
= [TJern(Rv Av ain)]m
C [T(R, A, len)]m Q R#.
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For the converse inclusion, by Proposition 2.3.5, we can take a rational num-
ber ¢’ such that ¢' < ¢ and 7(Ry, Ay, al)) = 7(Ry, Ay, a’). Then, we have

T(Ry, Ap,al)) = 7(Ry,Ay.al)
[T(R, A, al)]m
[T(R, A, a,)]m,

V)

which completes the proof. ]

Proposition 3.2.5. With the notation above, let I C R be an m-primary
ideal. Assume that m™ C a,, C m for every m. Then there exists T € $l
such that for all m € T, we have

fin' (R, Asa,,) = fin’ # (Ry, Ay, as).

Proof. Set t := fin” ™ (Ry, Ayias) € Rog. If 7(R,A) C I, then we have
fin’ (R, A; a,,) = 0 for every m € N and fin” ##(Ry, Ay, as) = 0. Therefore,
we may assume that 7(R,A) € I. Since ay # (0), it follows from Lemma
2.1.5 (2) that t > 0.

It follows from Proposition 3.2.4 that we have

[T(R, A, afn)]m = T(R#, A#, Clio) g I- R#

Since I is m-primary, it follows from Lemma 2.4.8 that there exists S; € U
such that 7(R,A,at) C I for every m € S;. Therefore fin!(R, A;a,,) <
fin"# (Ry, Ay, as) for every m € .

On the other hand, by Proposition 3.2.1, there exists 0 < t’ < ¢ such that
for every ideal b O m™ if ¢’ < fin’(R, A;b), then t < fjn’(R, A;b). Since
t' < t, we have

[T(R7 Av af—:z)]m = T(R#7 A#? atolo) ,@ I- R#

Hence, we have

ulim,, 7(R, A, ab) Z *1I.

Therefore, there exists Sy €  such that 7(R, A, a’) € I for every m € Ss.
Then T := S; N Sy satisfies the assertion. O

Lemma 3.2.6 ([BMS09, Lemma 3.3]). Let (X = Spec R, A) be a pair such
that Kx + A is Q-Carter, I be an m-primary ideal, a,b C R be proper ideals.
Then we have

fin' (R, A;a+b) < fin! (R, A;a) + fin’ (R, A; b).
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Proof. As in the proof of [Tak06, Theorem 3.1], for every real number ¢ > 0,
we can show that

T(R,A (a+b)) = Y 7(RAa"").

u,v=20,utv=c
Set ¢ := fin’ (R, A; a) and s := fjn’ (R, A; b). Then we have

(R, A, (a+ b)) = > T(RA ")
u,v20,utv=s+1

C 7(R,Aa")+7(R,A,0°) C 1.
O

Theorem 3.2.7. Let (X = Spec R, A) be a pair such that (p¢ — 1)(Kx + A)
is Cartier for some integer e > 0, (R, my) be the catapower of (R,m), Ay
be the flat pullback of A to Spec Ry, I C R be an m-primary ideal, {a,, }men
be a family of proper ideals and as = [ap)m C Ry. Then we have

sh(ulim,, fin’ (R, A; a,,)) = fin’ % (Ry, Ay, as) € Q.
In particular, if the limit lim,, . fjnI(R, A;a,,) exists, then we have

mli;noo fin’ (R, A; a,,) = fjnI'R#(R#, Ay, ).
Proof. The proof is essentially the same as the proof of [BMS09, Theorem
1.2]. If 7(R,A) C I, then the assertion in the theorem is trivial. Therefore,
we may assume that 7(R,A) < I.
For every integer M > 0, we set booar = s + (my)™ and by, =
A, +mM for every integer m. We write s := fin’ f# (R, Ay;my)
By Lemma 3.2.6, we have

M

G077 (Ry, Ags; aoo) — fin" ™ (Ry, Ay boo )| < s/M (3.1)

for every M.
By Proposition 2.1.8 (4), we have s = fjn’(R, A;m). Therefore, it follows
from Lemma 3.2.6 that

fin” (R, A; a,) — fin’ (R, A; byar)| < /M (3.2)

for every m and M.
On the other hand, since b pr = [0y.1)m, it follows from Proposition
3.2.5 that there exists Tj; € U such that

£/ (Ryp, Ay boe ar) = fin (R, Ay ) (3.3)
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for every m € T)y;.
By combining the equations (3.1), (3.2), and (3.3), we have

|fjnI'R#(R#, Ay ) — fjnl(R’ Ajan)| < 2s/M

for every m € Ty;.
It follows from the definition of the shadow that

sh(ulim,, fin’ (R, A; a,,)) = fin” % (Ry, Ay; aso),
which completes the proof. O

Since we have fpt(R, A;a) = fin™(R, A; a) for a strongly F-regular pair
(R, A), the following is a special case of Theorem 3.2.7.

Corollary 3.2.8 (cf. [BMS09, Theorem 1.2]). With the notation above, we
further assume that (R, A) is strongly F-reqular. Then we have

sh(ulim,, fpt(R, An; a,)) = Ipt(Ry, A, 0s) € Q.
In particular, if the limit lim,, o fpt(R, An; a,y,) exists, then we have

lim fpt(R, Am; am) = fpt<R#7 Aom aoo)-

m—r0o0

3.3 ACC for F-jumping numbers

In this section, we introduce Condition (x) (Definition 3.3.2) which plays the
key role in the proof of the main theorem and we prove some properties of
Condition (%) (Proposition 3.3.4 and Proposition 3.3.6). By combining them
with Proposition 3.1.15 and Theorem 3.2.7, we give the proof of the main
theorem of Chapter 3 (Theorem 3.3.9).

Observation 3.3.1. Let X be a normal variety over a field k of characteristic
zero, A be an effective Q-Weil divisor on X such that Kx + A is Q-Cartier,
a C Ox be a non-zero coherent ideal sheaf, ¢ > 0 be a rational number,
x € X be a closed point and m, C Ox be the maximal ideal at . We
consider the log canonical threshold

let, (X, A, a";m) :=inf{s > 0] (X, A, a'm®) is not log canonical at z}.

By considering a log resolution of (X, A), a and m, we can show that
there exist a real number ¢’ < t and rational numbers a, b such that

let, (X, A a’;m) =as+b (3.4)
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for every t' < s < t.

Assume that there exist integers ¢ > 2 and m > 0 such that ¢" (¢ — 1)t €
N. Then for every n > m, the n-th digit of ¢ in base ¢ satisfies t™ = [ for
some constant [ > 0. Set N := —al/q. Then we have

lety (X, A, aln+ia:m) = let, (X, A, am:m) — N/g" (3.5)
for sufficiently large n.

Motivated by the observation above, we define the following condition.

Definition 3.3.2. Let (X = Spec R, A, a’) be a triple such that ¢ > 0 and
(p° — 1)(Kx + A) is Cartier for some integer ¢ > 0, I C R be an m-primary
ideal and u, N > 0 be integers. We say that (R, A, a', I, e,u, N) satisfies
Condition (x) if for every n > 0, we have

finl (R A abym) > finl (R, A, ab;m) — N/p.
Remark 3.3.3. If we have u > s/t?an(R, A, a,m;e), then we have
;™ (R, A, a';m) = (fin' (R, A, a7;m))™,

where we write ¢ := p®. Therefore, Condition (x) can be regarded as an
analogue of the equation 3.5 in Observation 3.3.1. See also Corollary 3.3.5
below.

We also note that the equation 3.4 in Observation 3.3.1 may not hold for
F-pure thresholds (cf. [Pér13, Example 5.3]).

We first give a sufficient condition for Condition (x).

Proposition 3.3.4. Let (X = Spec R, A, a') be a triple such that t > 0 and
(p°—1)(Kx+A) is Cartier for some e > 0, let I C R be an m-primary ideal,
let 0 <l < p® be a positive integer and let ng = 0 and u > 2 be integers. Set
¢ (¢"*® — 1)emb(R)

q=7p° N:=¢"Pemb(R), t;:= , and M, :=
qg—1 g—1

Assume that
1. q > pg(a),
2. q>Ugr(R/I),
3. the n-th digit of t in base q satisfies t'") =1 for every n > 2, and

4. Trorbe(ROA alto) + mMo . (R A) D ot (R A, alto).
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Then, (R,A,a', I, e,u, N) satisfies Condition (%)
Proof. By induction on n > 0, we will show the inequality
fin "R A alym) > finl ™ (R, A, ab;m) — N/¢". (3.6)
Step.1 We consider the case when n < ng + 2. In this case, we have
N/q" = q-emb(R) > llg(R/I) + emb(R).
By Proposition 3.1.14 (1), we have
fin2 " (R, A, a';m) < Lr(R/I) 4 emb(R).

Hence we have
finl™*(R, A, a';m) — N/q" <0,

which implies the inequality 3.6.
Step.2 From now on, we assume n = ng + 3. Set

ro=q" - finl™"(R, A, a';m).
By Proposition 3.1.14, we have r € Z. We first consider the case when
r < ¢" - emb(R).
In this case, we have
finl ™ (R, A, a'sm) — N/g" <0,

which shows the inequality 3.6. Therefore, we may assume r > ¢ - emb(R).
Step.3 Set s := [r/q"™] —emb(R) — 1 and s := [(s + My)/¢*].
In this step, we will show the inclusion

TR, A, atm/) C (R A afm® /4T

!/ m—n (37)
+ Ten—no—272(R7 A, atms /q 0+2)'

By the assumption (3), a := tg" ™ — Ity = ¢*[tqg" ™2 —1] is an integer.
It follows from Proposition 3.1.11 (1), (5), and (6) that

T:’H(R, A, atmr/qn) _ SOeA(n—no)(Fe(n—no) (Tno,u(R7 A7 atqn—no mr/an)))

e

C SOeA(nfno)(Fe(n—no)(aamsTeno,u(R’ A, alto)))‘
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Similarly, we have

Ten—H’u(R, A, atms/q”—”0> _ <IOeA(n—no)(Fe(n—no)(7_:0—1-1,u(R7 A, atq"—"oms)))
o) SDeA(n—no) (Fe(n—no)(aamsTeno-l—l,u(R’ A, Cllto))).

On the other hand, it follows from the definitions that

sz(n—no) (Fe(n—nO) (aocr.aq2 (5’_1)7—(R’ A)))
> SOeA(n—no)(Fe("—”o)(aams+MOT(R7 A)))

_ _ !/ n—npg—2
7o Q’Q(R,A,atms /q 0 )

€

By combining them with the assumption (4), we have the inclusion 3.7.
Step.4 In this step, we will show the inclusion

Tn_n0_2’2(R,A, ath'/qnfnofz) cI. (3.8)

e =

It follows from the induction hypothesis that

n—1
N
finl ™ (R, A, a'ym) > fin[ "0 (R A ahm) — (Y =),
i:nfnonq

Therefore, we have the inequality

s’ < s+ My < r/q" —emb(R) — 1+ M,

2 = qn—ng = qn—no

—emb(R) — 1 4+ M,
qnfno
“—~ N. —emb(R)—1+ M,

> fjné,nfnonu(R’ A, at;m) — ( Z E) + gm0
2

i=n—ng—

> fin!"mo 2 (ROA alm).
Since we have u > 2, It follows from Proposition 3.1.11 (7) that
TR (RN, atm ) C r o2 (RA afm /) C
Step.5 It follows from Proposition 3.1.11 (1) that
TR, A a'm) Z T

Combining it with the inclusions 3.7 and 3.8, we have

TR, A et/ T
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Hence, we have

ol (R, Al m) >
qnfn
< r/q" —emb(R) — 1
= qn—no
_ (R A, ot m) — emb(R) +1
e ) Y ) qn*no

> fjng’”’“(R, A, at;m) — ﬁ

which completes the proof of the proposition. n

Corollary 3.3.5. Let (X = Spec R, A,a") be a triple such that t > 0 is a
rational number and (p¢ — 1)(Kx + A) is Cartier for some integer e > 0
and I C R be an m-primary ideal. Then, there exist integers €', ug, N > 0
such that for every u > ug, (R,A,a",1,¢,u, N) satisfies Condition (x). In
particular, there exists an integer N' > 0 such that if we write q := p®, then

fin' (R, A, anrra;m) > fin’ (R, A, a9 m) — N'/¢"
for every integer n > 0.

Proof. Take an integer m > 0 such that ¢ := p®™ satisfies the assumptions
(1), (2), and (3) in Proposition 3.3.4.

Set I = t® and ¢, := ¢%/(¢ — 1). Then it follows from Proposition 2.3.5
that there exists an integer ng > 0 such that

T(R’ A7 a<lt0>n0#]) = T(R, A’ a<lt0>("0+1>vq)'

Set € := em, ug := S/t;aJTD(R, A, a;e’) and N := ¢™"3 . emb(R). Then the
first assertion follows from Proposition 3.3.4.

Set N’ := N + 1. Then the second assertion follows from Remark 3.3.3.

m

Proposition 3.3.6. Suppose that (R, A,a'), ¢ = p°, u, and N satisfies the
conditions of Proposition 3.3.4. We further assume that ¢ > Ur(R/I) +
pr(a) +emb(R). Then for every n > 1, we have

fin?™*(R, A, a;m) = fin)™"“(R, A, b';m),
where b :=a+md" N In particular, for every n, we have

7"(R, A, a") C I if and only if 7/*(R, A, b") C 1.
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Proof. Set M := ¢“*> . N, M’ := ¢"t' . N, s, := fin/™*(R, A, a*;m), and
On := q"s, for every integer n. By Proposition 3.1.14 (2), we have §,, € N. It
is enough to show the following claim.

Claim. For every n > 1 and every ideal ¢ C m™ax{0¢®0n=M"} . 7(R A) we
have

TR, A at) = 7R, A, bY) (mod I).
In fact, if the claim holds, then it follows from Proposition 3.1.11 (4) that

(R, A b TE) = YR A a'm® ) (mod 1)

e

-
I

N

for every real number 0 < ¢ < 1/¢". Therefore we have
finl (R, A, a';m) > fin)™"*(R, A, b';m).
Similarly, if s, > 0, then we have

(R, A, b'me) (R, A, a'm®) (mod I)

= 7,
< I,
which shows finl™*(R, A, a*;m) < fin/™*(R, A, b*;m). Since this inequality
also holds when s,, = 0, we complete the proof of the proposition.

O

Proof of Claim. We use induction on n.
Step.1 We first consider the case when n = 1. It follows from Proposition
3.1.11 (3) that

TR, A al) = TR A B (mod 7 (R A)).

e,q-mM

Since we have q - mM C ma*[a@r(F/Dremb(R)=1] . (R A) it follows from
Proposition 3.1.11 (2), (4) and (5) that

™ (R,A) C mrED C

e,qmM

Therefore, the assertion holds when n = 1.

Step.2 From now on, we consider the case when n > 2. Set ¢’ :=
PA(Fe(a™ " q)) and q" := i (FE(0"1"q)).

Then it follows from Proposition 3.1.11 (9) that

R, A ') =70 (RA ). (3.9)
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Similarly, by using Lemma 3.1.5 (2) instead of (1), we have
TR, ALY = 700 (R ALY, (3.10)
Step.3 In this step, we will show the equation
T (RA o) = 70 (R, A al) (mod 1), (3.11)

Set J 1= ¢4 (F¢(mMq)), then we have q’ = q”(mod J). By Proposition
3.1.11 (3), it is enough to show that

TR, A ) C I
Since we have 6,, > qd,,_1 — ¢, it follows from Lemma 3.1.5 that

J S A (mT MM (R, A))

-
g m(qu6n+M7M/)/qfemb(R) . T(R, A)
-

Therefore, it follows from Proposition 3.1.11 (2) and (4) that
T PR A a) SR, A, atmen-1+HU/a ) 1)

which shows the equation 3.11.
Step.4 In this step, we will show the equation

o (RN a') =770 (R, AL BY) (mod ). (3.12)

As in Step 3, we have

A C AU O (R, A))
C mmax{(],q“_lEn—(M’/q)—ernb(R)} . T(R, A)
C mmax{U,q“én_1fM/} . T(R, A)

By induction hypothesis, we get the equation 3.12.
By combining the equations 3.9, 3.10, 3.11 and 3.12, we complete the
proof of the claim.

Corollary 3.3.7. Let (X = Spec R, A) be a pair such that (p¢ —1)(Kx + A)
is Cartier for some integere > 0, I C R be an m-primary ideal, [, ng > 0 and
u > 2 be integers and t > 0 be a rational number such that p®(p® — 1)t € N.
We set | := 1%ty := p**/(p® — 1) and My = (p°™+% —1)-emb(R)/(p° — 1).
Then there exists an integer nqy > 0 with the following property: for any ideal
a C R such that
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1. p® > ug(a) + r(R/I) + emb(R), and
2. hotlu(R A al) + mMo. (R, A) D rrou(R, A, alto)

we have
(R, A, a") C I if and only if 77*(R,A,a") C I

for every integer n = ny.

Proof. By Proposition 3.3.4 and Proposition 3.3.6, b := a 4+ m?"" " emb(R)
satisfies
T"(R, A, a") C I'if and only if 7""(R, A, b') C 1.

for every integer n.

On the other hand, it follows from Proposition 3.1.15 that there exists
an integer ny > 0 which depends only on p := ¢ — emb(R) — 1, M :=
q“T™Pemb(R), e, u, and t such that for every integer n > n;, we have

(R, A,b") C I if and only if 7""*(R, A, b") C I,
which completes the proof. O]

By using the method of ultraproduct, we can apply Corollary 3.3.7 to
infinitely many ideals simultaneously.

Proposition 3.3.8. Let (X = Spec R, A) be a pair such that (p¢—1)(Kx+A)
is Cartier for some integer e > 0, I C R be an m-primary ideal, {0, }men be
a family of ideals of R, t > 0 be a rational number, and Y be a non-principal
ultrafilter. Assume that

1. 7(R,A) is m-primary or trivial,
2. p° > pgr(ay,) +Ug(R/I) + emb(R) for every m, and
3. p°(p¢ — 1)t € N.

Then for any sufficiently large integer u > 0, there exist an integer nq and
T € U such that

7R, A at,) C T if and only if 777"(R, A, al,) C T

for every integer n = mny and m € T.
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Proof. Set ty := p*/(p® — 1). Since p°(p® — 1)t € N, there exists an integer
0 < I < p° such that t™ = [ for every n > 2. By Corollary 3.3.7, it is enough
to show that for any sufficiently large integer v > 0, there exist an integer
ng and T € 4 such that for every m € T, we have

ot (ROA, alo) 4 mMo. T(R,A) D 77%(R, A, alfo),

e

where My := (p°"*+% — 1)emb(R)/(p® — 1).

Let (R4, my) be the catapower of (R,m), Ay be the flat pullback of A
to Spec Ry and ay, be the ideal [a,,],, € Ry. It follows from Lemma 2.4.4
that for every integers u,n > 0 we have

Ten’u(R#v A#v al.to) = [TeTL’u(Rv A? a%0>]m~

o0

By Proposition 2.3.5, there exists an integer ng > 0 such that
T(Ry, Ay, al™07) = 7(Ry, Ay, 0l 007 0)

On the other hand, by Proposition 3.1.11 (8), there exists an integer ug
such that for every integers u > ug and n > 0, we have

T (R Ay, all?) = T(Ry, Ay, al0me).

[e.e]

Therefore, we have
(720 (R A, )] = (72 (R A, 0] © Ry

Since m™o . 7(R,A) C R is an m-primary ideal, it follows from Lemma
2.4.8 that there exists T' € 4 such that for every m € T, we have

0N (R A, @) © (R A a,0) + w7 (R A,

which completes the proof.
[

Theorem 3.3.9 (Theorem B, Corollary C). Let (X = Spec R, A) be a pair
such that T(R, A) is m-primary or trivial and that (p°—1)(Kx+A) is Cartier
for some integer e > 0, and let I C R be an m-primary ideal. Then, the set

FIN'(R,A) == {fin"(R,A;a) | a C R}

satisfies the ascending chain condition. In particular, if (R, A) is strongly
F-reqular, then the set

FPT(R,A) := {fpt(R,A;a) | a C R}

satisfies the ascending chain condition.
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Proof. We assume the contrary. Then there exists a family of ideals {a,, }men
such that {fin’(R, A; a,,) }men is a strictly ascending chain. Set
t:= lim fin'(R,Asa,,).
m—r00
It follows from Proposition 2.3.5 and Theorem 3.2.7 that t € Q<.

Let Y be a non-principal ultrafilter, R4 be the catapower of R, Ay
be the flat pullback of A to Spec Ry, and ay = [a)m € Ry. Take ele-
ments fi,..., f; € Ry such that as, = (f1,..., fi). Since the natural map
[L.cn 9m — [am]m is surjective, there exists f,,; € a,, for every m € N such
that f; = [fim.i}m-

Set al, == (fmas---» fmi) C ap. Since we have [a ], = a, it follows
from Theorem 3.2.7 that sh(ulim,, fin’(R, A;da/)) = t. On the other hand,
since we have fin’(R, A;a!) < fin’(R,A;a,,) < t, by replacing by a sub-
sequence, we may assume that the sequence {fin’(R,A;a’ )} is a strictly
ascending chain. By replacing a,, by a/,, we may assume ug(a,,) < [ for
every m.

By enlarging e, we may assume that ¢ = p© satisfies the following prop-
erties:

1. g(¢—1)t € N and
2. ¢ > Ug(R/I)+ 1+ emb(R).

It follows from Proposition 3.3.8 that there exist integers u,n; > 0 and
T € U such that

(R, A, al ) C I if and only if 7"*(R,A,a! ) C I

for every integer n > ny and m € T'. By enlarging u, we may further assume
that u > stab(Rx, Ay, a0 €)
For every m € N and for every sufficiently large n > 0 we have

(R, A ah) CT(R, A, afme) C 1

Therefore we have 770*(R, A, al,) C I for every m € T.
On the other hand, since (t),, , < t = fin" ™ (R4, Ay; a.,), we have

[ (R A oy )l = 70" (R, Ay ag)
= T(R#,A#,aﬁﬁ"”)
¢ I-Ry.

Therefore, there exists a set S € 4 such that

TR A el ) LT
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for every m € S. Since SN T # (), we have contradiction.
O

Corollary 3.3.10 (Theorem A). Fiz an integer n > 1, a prime number
p > 0 and a set DS such that every element of Dy is an n-dimensional
F-finite Noetherian reqular local ring of characteristic p. The set

= {fpt(A;a) | Ae D8 a C A},

np n.p’
satisfies the ascending chain condition.

Proof. We assume the contrary. Then there exists a sequence {A,,}nmen in
T, and ideals a,, C Ay, such that the sequence {fpt(A,,;a,)} is a strictly
ascending chain.

Since test ideals commute with completion([HT04, Proposition 3.2]), we
may assume that A, = k,[[x1,...,2,]] for some F-finite field k,,. Take an
F-finite field k such that k,, C k for every m. Let (A,m4) be the local
ring k[[z1,...,x,]]. Then it follows as in the proof of [BMS09, Theorem 3.5
(i)] that fpt(A;(anA)) = fpt(Am;a,). Therefore, we have fpt(A,,; a,,) €
FJN™4(A,0) for every m, which contradicts to Theorem 3.3.9. ]

We conclude Chapter 3 with a natural question as below.

Question 3.3.11. Does Theorem A give an alternative proof of [dFEMI10,
Theorem 1.1]7 Moreover, does Theorem B imply that the set of all jumping
numbers of multiplier ideals with respect to a fixed m-primary ideal on a log
Q-Gorenstein pair over C satisfies the ascending chain condition?

We hope to consider this question at a later time.
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Chapter 4

ACC for F-pure thresholds
with fixed embedding
dimension

4.1 Rationality of F-pure thresholds

In this section, we define a variant of parameter test modules (Definition
4.1.5). By considering the jumping numbers associated to these new modules,
we prove the rationality of F-pure thresholds (Corollary 4.1.10).

Proposition 4.1.1. Let (X = Spec R, A, a") be a triple such that A = sD
for some Cartier divisor D and t = s = 1/(p® — 1) for some integer e > 0.
Then 1(wx, (s—e) D, a") is constant for all sufficiently small rational numbers
0<ex .

Proof. The proof is essentially the same as that of [ST14, Lemma 6.2]. We
may assume that a # 0. Set ¢ = p°. For every integer [ > 0, we define the
[-th truncation of s in the base ¢ by
¢ -1
S ¢'(q—1) €@

Since the sequence {(s);,}ien is a strictly ascending chain which converges to
s, it is enough to prove that 7(wx, (s)14- D, a') is constant for all sufficiently
large (.

Take the normalized blowup 7 : Y — X along a. Let G be the Cartier
divisor on Y such that Oy (—G) = a-Oy. Take the Grothendieck trace maps
Tr, @ mwy — wx, Trx : Fiwxy — wx and Try : Fiwy — wy. As in
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[BST15, p.4], we have Trx o F.(Tr;) = Tr, o m.(Try) and Tr, is injective. In
particular, we may consider m,wy as a submodule of wy.

By [ST14, Theorem 5.1], for every integer [ > 0, there exists an integer
m,; such that

T(wx, (s)g - D, a') = T (B w7 (wy, ¢ ((s)g - 7D + 1G)))) - (4.1)

for all m > my.

By Lemma 2.1.5 (3) and (6), there exists Iy such that 7(wy, (s)4- 7D +
tG) is constant for all I > ly. For every integer [ > 0, it follows from Lemma
2.1.5 (4) that the morphism

B ="Tr5 : F{(T(wy, ¢(($)iq - ™D +tQ)))) — T(wy, ($)14 - 7D + tG)

is surjective. We denote the kernel by N;. Since N is constant for all [ > [,
and —@ is m-ample, there exists an integer m’ such that

R'm. (N, ®0, Oy (—=MG)) =0

for all integers [ > 0 and M > (¢™ —1)/(q — 1).
Take integers m,n > 1 and consider the surjection

Y = T+ FE (g™ (g7 D + G)
— 7(wx, qm’1(<s>n7q7r*D +tQ)).

By Lemma 2.1.5 (5) and (6), ¥pm coincides with 3,_,, ® Oy (—(¢™ —1)/(¢ —
1)-(m*D+@G)) if m < n and with By®@Oy (—¢™(s)n*D—(¢"—1)/(¢—1)-G)
if m > n. Therefore, 7,7, ,, is surjective if m > m/.

Combining with the equation (4.1), we have

’

T(wx, (shq - D, a') = T (F" o (r(wy, 4" ((s)iq - 7°D +1G))))

for every [. By the definition of [y, the right hand side is constant for all
{ 2 l() + m. ]

Corollary 4.1.2. Let (X = Spec R, A, a") be a triple such that t € Q and A
is Q-Cartier. Then T(wx, (1 —e)A, a') is constant for all 0 < e < 1.

Proof. By Lemma 2.1.5 (4) and (7), we may assume that there exists an
integer e > 0 such that (p® — 1)A is Cartier and t = 1/(p® — 1). Then the
assertion follows from Proposition 4.1.1. ]

We define the new variant of the parameter test module as the left limit
of the map s — 7(wx, sA, a) at s = 1.
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Definition 4.1.3. Let (X = Spec R, A, a’) be a triple such that ¢ € Q and
A is Q-Cartier. Then we define the submodule 7(wx,A_g,a') C wx by
T(wx, (1 —¢e)A, a') for sufficiently small 0 < ¢ < 1.

Lemma 4.1.4. Let (X = Spec R, A, a") be a triple such that t € Q and A is
Q-Cartier. Then the following hold.

1. 7(wx, A, ") C T(wx, Ay, at) for any rational number t < t'.

2. For any real number s > 0, there exists 0 < e such that the module
T(wx, A_g, a*') is constant for every rational number s < s' < s+ €.

3. For any rational number s > 0, there exists 0 < € such that the module
7(wx, A_g,a%) is constant for every rational number s —e < s’ < s.

4. If a is generated by | elements and t > 1, then we have T(wx, A_g,a') =
ClT(OJX, A_D, Clt_l).

5. Trx (Fu(m(wx, Ao, a'))) = T(wx, (A/p) _,, a/?).
6. If rA is Cartier, then we have

T(WX> (T + 1)A_07 at) = 7—<WX7 A—O, Clt) X Ox(—’l“A).

Proof. (1), (4), (5) and (6) follow from Lemma 2.1.5. (2) follows from (1)
and the ascending chain condition for the set of ideals in R.

For (3), we take a positive integer r such that rs is integer and rA is
Cartier. By Lemma 2.1.5 (3), there exists § > 0 such that the parameter
test module 7(wx, (a"*Ox (—rA))1=9)/7) is constant for all rational numbers
0 < e < 9. We denote this module by M.

It follows from Lemma 2.1.5 (6) and (7) that for every rational number
0 < e < 4§, we have

T(wx, (1 — 5)A7 as(l—a)) _ T(WX, aS(l_E)OX<_TA)(1_a)/T)
= T(wX, (arsOX(_TA))(l—s)/fr)
= M.

By Lemma 2.1.5 (1), 7(wx, (1 — &)A,a*=%)) = M for every 0 < ¢,&’ < 6.
Therefore, we have 7(wx, A_g, a*1=)) = M for every rational number 0 <
€ < 9. O

Definition 4.1.5. Let (X = Spec R, A, a") be a triple such that ¢ is not a
rational number and A is Q-Cartier. By Lemma 4.1.4 (2), there exists ¢ > 0
such that the submodule 7(wx, A_p,a*) C wy is constant for every rational
number ¢ < s < t + . We denote this submodule of wx by 7(wx, A_g, a’).
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We note that even if ¢, ¢/, s, and s’ are not rational, the same assertions
as in Lemma 4.1.4 (1), (2), (4), (5) and (6) hold.

Definition 4.1.6. Let (X = SpecR,A,a) be a triple such that A is Q-
Cartier. A real number ¢ > 0 is called an F'-jumping number of (wx, A_g; a)
if one of the following hold:

1. for every € > 0, we have T(wx, A_g,a') C 7(wx, A _o,a"%), or
2. for every € > 0, we have 7(wx, A_g,a') 2 7(wx, A_g, a"™e).

Lemma 4.1.7. Let ¢ > 2 and | > 1 be integers and B C R>q a subset. B s
a discrete set of rational numbers if the following four properties hold:

1. Foranyx € B, qx € B.
2. Foranyx € B, ifx > 1, thenx —1 € B.

3. For any real numbert € R, there exists € > 0 such that BN (t,t+¢) =
0.

4. For any rational number t € Qo, there ezists € > 0 such that BN (t —
g, t)=10.

Proof. Let D be the set of all accumulation points of B. By [BSTZ10, Propo-
sition 5.5], we have D = (). This proves that B is a discrete set. If B con-
tains a non-rational number, then by the assumptions (1) and (2), we have

infinitely many elements in BN [l —1,!], which contradicts to the discreteness
of B. O

Corollary 4.1.8. Let (X = Spec R, A, a) is a triple such that A is Q-Cartier.
Then the set of all F-jumping numbers of (wx, A_g;a) is a discrete set of
rational numbers.

Proof. 1t follows from Lemma 4.1.4 (5) that if ¢ is an F-jumping number of
(wx,A_p;a), then pt is an F-jumping number of (wy, (pA)_g; a). Therefore,
we may assume that there exists an integer e > 0 such that (p® — 1)A is
Cartier.

Let [ be the number of minimal generators of a and B be the set of all
F-jumping numbers of (wx, A_g;a). Then it follows from Lemma 4.1.4 that
B, q = p°® and [ satisfy the assumptions in Lemma 4.1.7. Il

Proposition 4.1.9. Suppose that (X = Spec A, A) is a sharply F-pure pair
such that A is reqular and (p® — 1)A is Cartier for some e > 0, and a C A
is a non-zero proper ideal. Then the F-pure threshold fpt(A, A;a) coincides
with the first jumping number of (wx,A_g;a). In particular, it is a rational
number.
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Proof. 1t is enough to show the equation
fpt(A, Asa) =sup{s > 0 | 7(wx,A_p,0°) =wx}. (4.2)

Set t := fpt(A, A;a). Since A is regular local, we may identify wy with A.
By Lemma 2.2.5 (1), we have 7(wy, A_g, atl=)) = wx for every 0 < ¢ < 1.
On the other hand, take any rational number s such that 7(wx, A_g, a®) =
wx. It follows from Lemma 2.2.5 (2) that (A, A, a*=) is sharply F-pure
for every 0 < e < 1, which proves the equation (4.2). ]

Corollary 4.1.10 (Theorem E). Suppose that (R,A) is a sharply F-pure
pair such that (p° — 1)(Kgr+ A) is Cartier for some integer e > 0 and a C R
is an ideal. Then the F-pure threshold fpt(R, A;a) is a rational number.

Proof. By Lemma 2.2.3 (4), we may assume that R is a complete local ring.
By Proposition 2.3.3, we may assume that R is a regular local ring. Hence,
the assertion follows from Proposition 4.1.9. O]

4.2 Proof of Main Theorem

In this section, as a variant of Corollary 3.2.8, we prove that the shadow of any
sequence of F-pure thresholds of ideals on sharply F-pure pairs coincides with
the F-pure threshold on the catapower under some assumptions (Theorem
4.2.3). By combining the rationality of F-jumping numbers, we give the
proof of the main theorem (Theorem 4.2.5).

Lemma 4.2.1. Suppose that A is an F-finite reqular local ring, f € A is a
non-zero element, a C A is an ideal, e > 0 is an integer and t = u/v > 0
is a rational number with integers u,v > 0. Set b := fv.a®P* "V C A
and A = diva(f)/(p® — 1). Assume that (A, A) is sharply F-pure. Then
t < fpt(A, Asa) if and only if 1/(v(p® — 1)) < fpt(A;b).

Proof. We may assume that a # (0). First, we assume that ¢ < fpt(A4, A;a).
By Lemma 2.2.5 (1), the triple (4, (1 —¢)A, a’=9)*) is strongly F-regular for
every 0 < ¢ < 1. Tt follows from Lemma 2.1.5 (6) that (A4, b1=2)/(F"=1)) jg
strongly F-regular, which proves the inequality 1/(v(p® — 1)) < fpt(A4;b).
On the other hand, we assume that 1/(v(p®—1)) < fpt(A4;b). By Lemma
2.2.3 (3) and (4), the triple (4, (1 — ¢)A,al=9%) is strongly F-regular for
every 0 < & < 1. It follows from 2.2.3 (2) that the triple (A, (1 —¢)A, all==)%)
is strongly F-regular for every 0 < ¢ < &’ < 1. By Lemma 2.2.5 (2), we have
t < fpt(A, Asa). O
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Proposition 4.2.2. Suppose that A is an F-finite regular local ring, e > 0
is an integer, A, = diva(fm)/(p° — 1) is an effective Q-divisor on Spec A
for every m € N and a,, C A is a proper ideal for every m € N. Fiz a
non-principal ultrafilter 4. Let Ay be the catapower of A and ao := [a]m C
Ay, Assume that (A, A,,) is sharply F-pure for every integer m. Then the
following hold.

1. foo := [fimlm € Ay is a non-zero element.
2. Set Do :=diva, (foo)/(p° —1). Then, (Ay, Au) is sharply F-pure.

3. For every rational number t > 0, we have t < fpt(Ay, Ay a) if and
only if {m € N |t < fpt(A, A a,,)} € 4

Proof. By Lemma 2.2.4, we have f,, € mPl for every m. It follows from
Lemma 2.4.8 that f,, & m%’ which proves (1) and (2). For (3), take integers
u,v > 0 such that t = u/v and set b, :== f7 - a? =Y for every m € NU{oo}.
It follows from Lemma 4.2.1 that {m € N | t < fpt(A4, A,;; a,,)} € Y if and
only if {m € N | 1/(v(p®—1)) < fpt(A; b,,)} € Y. We first assume that {m €
N | 1/(v(p® —1)) < fpt(A;b,,)} € 4L Since we have sh(ulim,, fpt(4;b,,)) =
fpt(Ag; by ) (Corollary 3.2.8), we have 1/(v(p®—1)) < fpt(Ay; bo). Applying
Lemma 4.2.1 again, we have ¢t < fpt(Ay, Ax; as).

For the converse implication, we assume that {m € N | 1/(v(p® — 1))
fpt(A; b,,)} & 4L In this case, we have {m € N | 1/(v(p°—1)) > fpt(A4;b,,)}
40 and hence we have 1/(v(p® — 1)) = fpt(Ay; bo). If 1/(v(p® — 1))
fpt(Ag; by ) = sh(ulim,, fpt(A4; b,,)), then by replacing by a subsequence, we
may assume that the sequence {fpt(A;b,,)}., is a strictly ascending chain,
which is contradiction to Theorem 3.3.9. Therefore, we have 1/(v(p®—1)) >
fpt(Ay; by ), which proves ¢ > fpt(Ay, A too)- ]

<
€

The following result is a generalization of Corollary 3.2.8 to the case where
the pair is not necessarily strongly F-regular.

Theorem 4.2.3. With the notation above, we have
sh(ulim,, fpt(A, A, an)) = pt(Ag, A, ) € Q.
In particular, if the limit lim,, . fpt(A, A,,; a,,) exists, then we have

lim fpt(A, A an) = pt(Ag, A, as)-

m——>00

Proof. We first note that the shadow always exists because we have

fpt(A, A, a) < fpt(A;m) =dim A
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for all m. For any rational number ¢ > 0, it follows from Proposition 4.2.2
that ¢ < sh(ulim,, fpt(A4, A,,; a,,)) if and only if ¢ < fpt(Ay, As; as), which
completes the proof. O

Corollary 4.2.4. Suppose that e > 0 is an integer and (A, m) is an F-finite
reqular local ring of characteristic p > 0. Then the set

FPT(A,e) := {fpt(A,A; a)

(A, A) is sharply F-pure,
(p® —1)A is Cartier, a C A

satisfies the ascending chain condition.

Proof. We assume the contrary. Then there exist sequences {A,,},, and
{a;,} such that {fpt(A, A,,; am) bmen is a strictly ascending chain. Set t :=
lim,, fpt(A, A,; a,,). By Corollary 4.1.10 and Corollary 4.2.3, we have t =
fpt(Ay, Axax) € Q.

Since t is rational and fpt(A, A,,; a,,,) < t for all m, it follows from Propo-
sition 4.2.2 that fpt(A, As;as) < t, which is contradiction. O

For a Noetherian local ring (R, m), we denote by emb(R) the embedding
dimension of R.

Theorem 4.2.5 (Main Theorem). Fiz a prime number p and positive in-
tegers e and N. Suppose that T s any set such that every element of T
is an F-finite Noetherian normal local ring (R,m) of characteristic p with
emb(R) < N. Let FPT(T,e) be the set of all F-pure thresholds fpt(R, A; a)
such that

e R is an element of T,
e a is a proper ideal of R, and

o A is an effective Q-Weil divisor on X = Spec R such that (R,A) is
sharply F-pure and (p¢ — 1)(Kx + A) is Cartier.

Then the set FPT(T, e) satisfies the ascending chain condition.

Proof. Take an F-finite field k such that for every (R, m) € T, there exists
a field extension R/m C k. Set A := k[[z1,...,zy]]. Then it follows from
Lemma 2.2.3 (4), Lemma 2.2.4 and Proposition 2.3.3 that we have the inclu-
sion FPT(T,e) C FPT(A,e), which proves that the set FPT(T,e) satisfies
the ascending chain condition. O]

Corollary 4.2.6. Suppose that X is a normal variety over an F-finite field.
Fizx an integer e > 0. Let FPT(X, e) be the set of all fpt(X, A;a) such that
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e a is a proper coherent ideal sheaf on X and

o A is an effective Q-Weil divisor on X such that (X, A) is sharply F-
pure and (p¢ — 1)(Kx + A) is Cartier.

The set FPT(X, e) satisfies the ascending chain condition.

Proof. Set T :={Ox, | * € X}. It follows from Lemma 2.3.2 that we have
FPT(X,e) C FPT(T,e), which completes the proof. H

4.3 Proof of Corollary D

In this section, as a corollary of Main Theorem, we verify the ascending
chain condition for F-pure thresholds on tame quotient singularities or on
l.c.i. varieties with fixed dimension.

First, we recall the definition and properties of tame quotient singularities.
Let (R, m, k) be a Noetherian local ring of equicharacteristic. Then (R, m)
is said to be a quotient singularity if there exist a regular affine variety U =
Spec A over k, a finite group G with a group homomorphism G — Aut,(U),
and a point x of the quotient V = U/G := Spec(A%) such that there exists
an isomorphism R = 6‘/\3; as rings. Moreover, if |G| is coprime to char(k),
then we say that (R, m) is a tame quotient singularity.

Lemma 4.3.1. Let (R,m, k) be a tame quotient singularity of dimension n.
Then, there exists a finite group G C GL, (k) with the following properties.

1. |G| is coprime to char(k).

2. The natural action of G on the affine space A} has no fized points in
codimension 1.

3. Let V := A} /G be the quotient and x € V' be the image of the origin of
A}, Then we have R = Oy,.

Proof. The proof follows as in the case when char(k) = 0 (see [dFEM10,
p.15]), but for the convenience of reader we sketch it here.

Since R is a tame quotient singularity, there exists a regular affine variety
U, a finite group G which acts on U such that |G| is coprime to char(k), and
a point x € V such that R 6‘/:

Take a point y € U with image x. By replacing G by the stabilizer
subgroup G, C G, we may assume that G acts on the regular local ring
(A,my) := (Opy,my). Since |G| is coprime to char(k), it follows from
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Maschke’s theorem that the natural projection my — m4/m?% has a sec-
tion as k[G]-modules. This section induces k[G]-algebra homomorphism
Grm,(A) — A, where Gry,(A) is the associated graded ring of (A, my).
Therefore, by replacing U by Spec(Gry,(A4)), we may assume that U = A}
and G C GL, (k).

Let H C G be the subgroup generated by elements g € G which fixes
some codimension one point of U. Since |G| is coprime to char(k), it follows
from Chevalley-Shephard-Todd theorem (see for example [Ben93, Theorem
7.2.1]) that U/H = A}. By replacing U by U/H and G by G/H, we complete
the proof of the lemma. Il

Proposition 4.3.2 (Corollary D (1)). Fiz an integer n > 1, a prime number
p >0 and a set Dg%’t such that every element of Dg%’t s an n-dimensional
F-finite Noetherian normal local ring of characteristic p with tame quotient
singularities. The set

Tt .= {fpt(R;a) | R € DI a C R is an ideal}

np T np
satisfies the ascending chain condition.

Proof. The proof is essentially the same as [dFEM10, Proposition 5.3]. Let
(R,m, k) be a local ring such that R € Di%" and a C R be an ideal of R.
Let G, V, and = be as in Lemma 4.3.1. Consider the natural morphism
m: U := A} — V. Since G is a finite group, the morphism 7 is a finite
surjective morphism with deg(7) coprime to char(k). Since G acts on U with
no fixed points in codimension one, the morphism 7 is étale in codimension
one. R

Set W := Spec(R) and U’" := U xy W. Since U is a regular scheme and
W — V is a regular morphism, each connected component of U’ is a regular
scheme. Fix a connected component U” C U’.

Since the morphism 7 : U” — W is finite surjective, étale in codimension
1 and deg 7 is coprime to p, it follows from [HT04, Theorem 3.3] that

fpt(W, a(’)w) = fpt([]//7 aOU//).

On the other hand, since the test ideals commute with completion ([HT04,
Proposition 3.2]), we have

fpt(R; a) = fpt(W; aOw).

Therefore, it follows from Corollary 3.3.10 that the set 7,4 satisfies the
ascending chain condition.

]
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We also verify the ascending chain condition for F'-pure thresholds on
l.c.i. varieties with fixed dimension.

Lemma 4.3.3 (cf. [dFEM10, Proposition 6.3]). Let (R,m) be an F-finite
Noetherian normal local ring of dimension d. If R is a complete intersection
and sharply F-pure, then emb(R) < 2d.

Proof. Set N := emb(R) and ¢ := N — d. There exists an F-finite regular
local ring A and a regular sequence fi,..., f. € A with f; € m? such that
R = A/(f1,...,[f.). By [HWO02, Proposition 2.6], we have (f,--- f.)P~! &
mlP!

Since f; € m? for every i, we have (fi---f.)P~' € m>®=Y Tt follows
from the inclusion mN®=D+1 C mlPl that we have 2¢ < N, which proves
N < 2d. O

Corollary 4.3.4 (Corollary D). Let p be a prime number and n > 1 be
an integer. Suppose that T is any set such that every element of T is an
n-dimensional Noetherian normal connected l.c.i. scheme of characteristic p
which is sharply F-pure. Then, the set

[fpt(X;a) | X € T,a C Ox)
satisfies the ascending chain condition.

Proof. 1t follows from Lemma 4.3.3 that emb(Ox ;) < 2n for every X € T
and every x € X. Since every X € T is Gorenstein, we apply the main
theorem. L
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