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Preface

This dissertation deals with descent of singularities under pure ring homomorphisms.
A ring homomorphism R — S is said to be pure if for any R-module M, the natural
map M — M ®pg S is injective. Example of pure morphisms include faithfully flat
morphisms and split morphisms. Geometrically, when a linearly reductive group G
acts on a ring S, the inclusion S¢ < S from the ring of invariants S¢ to S is pure. It
is natural to ask what properties descend under pure morphisms R — S. We list some
known results below:

(1) Boutot [5] showed that if R and S are essentially of finite type over a field
of characteristic zero and if S has rational singularities, then R has rational
singularities.

(2) Schoutens [46] showed that if both R and S are Q-Gorenstein normal local do-
mains essentially of finite type over C and if S has log terminal singularities, then
so does R. On the other hand, Braun, Greb, Langlois and Moraga [6] showed
that if S is of klt type and a linearly reductive group G acts on S, then S¢ is
also of klt type. Here singularities of klt type are a natural generalization of
log terminal singularities to the non-Q-Gorenstein setting. Recently, Zhuang [67]
generalized the above two results: if S is of klt type, then R is of klt type.

(3) Godfrey and Murayama [17] showed that if R and S are essentially of finite type
over C, and if S has Du Bois singularities, then R has Du Bois singularities. This
is a generalization of a result of Kovécs [33], who showed the same result when
the morphism R — S splits.

Zhuang asked two questions in [67]. First, does log canonicity descend under pure
morphisms, and second, can his result be generalized to log pairs? Here a log pair is a
pair (R, A) consisting of a normal domain R and an effective Q-divisor A on Spec R.
We study these problems using the theory of F-singularities and ultraproducts.
F-singularities are singularities in positive characteristic defined in terms of the
Frobenius morphism. F-pure, F-injective and F'-regular singularities are major classes
of F-singularities. F-pure singularities, introduced by Hochster and Roberts [28], are
singularities defined by the purity of the Frobenius morphism. F-injective singularities
originate in the study of F-purity and rational singularities by Fedder [13]. F-regular
singularities, introduced by Hochster and Huneke [23], came from Hochster-Huneke’s
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tight closure theory. These classes of singularities became increasingly important be-
cause it was revealed that F-singularities are closely related to singularities in the
minimal model program. Based on this observation, these singularities are extended
by [21], [52], [56] and [57] to triples (R, A, a’) of rings R of positive characteristic,
effective Q-divisors A on Spec R and nonzero ideals a of R with real exponents ¢t > 0,
which is a setting often appearing in the minimal model program. In this dissertation,
we define an analogue of F-singularities in equal characteristic zero using ultraproducts
and give a new description of singularities in equal characteristic zero. As an applica-
tion, we show that some classes of singularities descend under pure morphisms, which
is an aim of this dissertation.

Ultraproducts are a fundamental notion in non-standard analysis. Using them,
Schoutens [46] gave a characterization of log terminal singularities and show that log
terminal singularities descend under pure mophisms if the varieties are Q-Gorenstein.
He [45] also gave an explicit construction of a big Cohen-Macaulay algebra B(R) for a
local domain R essentially of finite type over C: B(R) is described as the ultraproduct
of absolute integral closures of Noetherian local domains of positive characteristic. He
defined a closure operation associated to B(R) to introduce the notions of B-rationality
and B-regularity, which are closely related to BCM rationality and BCM regularity
introduced in [37], [43], and proved that B-rationality is equivalent to having rational
singularities. In this dissertation, we generalize his technique and give an affirmative
answer to his conjecture in [46] about B-regularity.

As a generalization of the result of Zhuang [67], we study the behavior of adjoint
ideals and related classes of singularities under pure morphisms. To do so, we use
techniques in the theory of BCM singularities, which is summarized as follows. Pérez
and R. G. [43] introduced the notion of the BCM test ideal 75(R) associated to a big
Cohen-Macaulay algebra B, which is a generalization and a characteristic-free analogue
of the classical test ideal defined by Hochster and Huneke [23]. Also, in order to study
singularities in mixed characteristic, Ma and Schwede [37] introduced BCM-regular
singularities, a characteristic-free analogue of F-regularity, and extended BCM test
ideals to pairs (R, A), consisted of complete Noetherian normal local domains R and
effective Q-divisors A on Spec R such that Kr + A are Q-Cartier. Furthermore, Ma,
Schwede, Tucker, Waldron and Witaszek [39] introduced BCM adjoint ideals, a mixed
characteristic analogue of adjoint ideals.

In Chapter 2, we focus on adjoint ideals. Let D be a reduced divisor on a normal
variety X and I' be an effective Q-Weil divisor on X that has no common component
with D. When Ky + D + I' is Q-Cartier, the pair (X, D + I') is said to be purely log
terminal (plt, for short) along D if its discrepancy at E is greater than —1 for every
prime divisor £ over X that is not the strict transform of a component of D. When
Kx+ D+T is not necessarily Q-Cartier, we say that (X, D+1T) is of plt type along D if
there exists an effective Q-Weil divisor A on X such that A has no common component
with D, Kx + D + T+ A is Q-Cartier and (X, D +T' + A) is plt along D. Note that
when D = 0, being of plt type along D is nothing but being of klt type. Our adjoint
ideal adj, (X, D+1") is a variant of multiplier ideals and defines the non-plt-type-locus



of the pair (X, D +1T") along D. The main theorem of Chapter 2 is the following. Since
adjp(X, D + I') is nothing but the multiplier ideal J(X,I") when D = 0, this is a
generalization of a previous result of the author of this dissertation [65, Theorem 1.2].

Theorem A (Theorem 2.5.7, Corollary 2.6.8, Theorem 2.6.10). Let R < S be a pure
ring extension of normal domains of finite type over C and f : Y := Spec S — X =
Spec R denote the corresponding morphism of affine varieties. Let D be a reduced
divisor and I" be an effective Q-Weil divisor on X such that D and I' have no common
components. Suppose that the Ox-algebra @, Ox(|—i(Kx + D + T)]) is finitely
generated and the cycle-theoretic pullback E := f'D of D is a reduced divisor on'Y
(see Definition 2.4.1 for the definitions of cycle-theoretic pullback and pullback).

(1) If f is faithfully flat, then

adjy (Y, E + f*T) C adjp(X, D + IOy

(2) Assume that E is a disjoint union of prime divisors and that one of the following
conditions holds.

(a) Kx + D + T is Q-Cartier.

(b) The Oy-algebra @, Oy (iB) is finitely generated for every Weil divisor B
on'Y (this condition is satisfied, for example, if Y is of kit type).

Then
adjp (Y, E+ f'T)NOx Cadjp(X,D+1).

As a corollary of this theorem, we can show the following, which answers Zhuang’s
question [67, Question 2.13] affirmatively.

Corollary B (Corollary 2.6.11). Let f : Y — X be a pure morphism between normal
quasi-projective complex varieties, D be a reduced divisor and I' be an effective Q- Weil
divisor on X that has no common component with D. Suppose that the cycle-theoretic
pullback E = f*D of D under f is a reduced divisor on'Y. If (Y, E + f*T) is of plt
type along E, then (X, D +T') is of plt type along D. In particular, if (Y, f*T") is of kit
type, then (X,I') is of kit type as well.

The main tool to show Theorem A is the theory of divisorial test ideals. Takagi
[59] introduced divisorial test ideals, a generalization of test ideals, to study adjoint
ideals. When Kx+ D+T1 is Q-Cartier, he showed that the adjoint ideal adj, (X, D+T)
of (X, D +T') coincides, after reduction to sufficiently large p, with the divisorial test
ideal 7p(X, D +T'). We generalize this coincidence to the case where Ky + D + T is
not necessarily Q-Cartier but the Ox-algebra ,., Ox (| —i(Kx + D +1T)]) is finitely
generated. Then, since flatness is preserved under reduction modulo p > 0, we can
reduce Theorem A (1) to a problem on divisorial test ideals.



The proof of Theorem A (2) is more complicated because purity is not preserved
under reduction modulo p > 0. Hence, we use ultraproducts rather than reduction
modulo p. The author of this dissertation [65] showed that the BCM test ideal 75(z)(R)
associated to B(R) is equal to the multiplier ideal [J(Spec R) if R is a Q-Gorenstein
normal local domain essentially of finite type over C. We introduce a new generalization
78,0(R, D+I") of the ideal 73 (R) for a prime divisor D and an effective Q-Weil divisor
[’ on X := Spec R that has no component equal to D, defined in a similar way to BCM
adjoint ideals in [39]. We then prove that if Kx + D+ is Q-Cartier, then this ideal is
equal to the adjoint ideal adj, (X, D +1T"). This characterization of adjoint ideals plays
a key role in the proof of Theorem A (2).

As an application of a result of the author of this dissertation [65, Theorem 1.2],
which is the prototype of Theorem A (2), we give a partial affirmative answer to
Zhuang’s question [67, Question 2.11] (cf. [6, Question 8.5]) of whether singularities of
lc type descend under pure morphisms.

Theorem C (Theorem 2.6.13). f : Y — X be a pure morphism between normal
complez affine varieties and suppose that X is Q-Gorenstein. Assume in addition that
one of the following conditions holds.

(i) There exists an effective Q-Weil divisor A on'Y such that Ky + A is Q-Cartier
and no non-klt center of (Y, A) dominates X.

(ii) The non-klt-type locus of Y has dimension at most one.
If Y is of lc type, then X has lc singularities.

As another application of Theorem A, we give an affirmative answer to a conjecture
proposed by Schoutens [46, Remark 3.10], which says that B-regularity is equivalent
to having log terminal singularities (see Theorem 2.7.2).

In Chapter 3, we devote our attention to singularities of dense F-pure type and
dense F-injective type. Here, for a given property P defined for schemes of positive
characteristic, a scheme X essentially of finite type over a field of characteristic zero
is said to be of dense P-type if its modulo p > 0 reduction X, satisfies P for infinitely
many primes p. Hara and Watanabe [20] showed that if a normal Q-Gorenstein variety
over a field of characteristic zero has singularities of dense F-pure type, then it has
log canonical singularities. Takagi [60] showed that the converse is also true if the
weak ordinarity conjecture, proposed by Mustata and Srinivas [41], holds true. As
an F-singularity theoretic analogue of Zhuang’s question on log canonicity, we discuss
whether being of dense F-pure type descends under pure morphisms. As one of the
main theorems in Chapter 3, we answer this question affirmatively when the singularity
is Q-Gorenstein:

Theorem D (Theorem 3.2.14). Let R — S be a pure local C-algebra homomorphism
between reduced local rings essentially of finite type over C, a be an ideal of R such that
anNR° # 0, where R° denotes the set of elements of R not in any minimal prime of R,



and t be a positive real number. Suppose that R is Q-Gorenstein normal and (S, (aS)?)
is of dense sharply F-pure type. Then (R, a') is of dense sharply F-pure type.

F-purity is generalized by Takagi [57] to pairs (R, a'), consisted of rings R of positive
characteristic and nonzero ideals a of R with real exponents ¢ > 0, and sharp F-purity
is a variant of Takagi’s F-purity introduced by Schwede [49], which behaves better in
a geometric setting.

To show Theorem D, we introduce the notion of ultra-F-purity, a variant of F-
purity in equal characteristic zero via ultraproducts, defined by the purity of the ultra-
Frobenii. We use the ultra-perfect closure R"! (see Definition 1.5.43), an analogue of
the big Cohen-Macaulay R-algebra B(R), to prove the equivalence of ultra-F-purity
and being of dense F-pure type when the ring is Q-Gorenstein. Since R"' is not
necessarily Cohen-Macaulay, we need to consider p-standard sequences introduced by
Kawasaki [31], instead of regular sequences.

In the latter half of Chapter 3, we consider a similar problem for F-injective sin-
gularities. We introduce the notion of ultra- F-injectivity, a variant of F-injectivity in
equal characteristic zero, defined in a similar way to ultra-F-purity. It follows from
a similar argument that ultra-F-injectivity is equivalent to being of dense F-injective
type if the residue field is isomorphic to C. This equivalence enables us to show that
singularities of dense F-injective type descend under strongly pure morphisms intro-
duced in [8]. Here a ring homomorphism R — S is said to be strongly pure if for any
prime ideal g of S, the induced morphism Rynr — Sy is pure.

Theorem E (Theorem 3.3.11). Let (R,m) — (S,n) be a strongly pure local C-algebra
homomorphism between reduced local rings essentially of finite type over C, a be an ideal
of R such that a N R° # () and t be a positive real number. Suppose that R/m = C.
If (S, (aS)") is of dense sharply F-injective type, then (R,a') is of dense sharply F-
mjective type.

Note that strong purity is strictly stronger than purity and F-injectivity does not
descend under pure morphisms (see [36, Example 8.6] and [63]). Schwede [50] showed
that if a scheme of finite type over a field of characteristic zero is of dense F-injective
type, then it has Du Bois singularities. The converse is equivalent to the weak ordinarity
conjecture (see [3]). Therefore, compared with the result of Godfrey and Murayama,
Theorem E can be regarded as an evidence of the weak ordinarity conjecture, which is
wide open.

A part of Chapter 1 is based on [65], Chapter 2 is based on joint work with Shunsuke
Takagi [62], and Chapter 3 is based on the preprint [66].
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Chapter 1

Preliminaries

This chapter provides preliminary results needed for the rest of the dissertation.

1.1

Adjoint ideal sheaves

In this section, we define multiplier ideal sheaves and adjoint ideal sheaves in the non-
Q-Gorenstein setting. Our main reference is [14], and we use the notation in [32] and
[35] freely.

Let X be a normal variety over an algebraically closed field k of characteristic zero,
D be a reduced divisor on X and A be an effective Q-Weil divisor on X that has no
common components with D. Let ¢ > 0 be a real number and a C Ox be a coherent
ideal sheaf such that no components of D are contained in the zero locus of a.

Definition 1.1.1. (1) Suppose that Kx + D + A is Q-Cartier, and take a log res-

olution 7 : X — X of (X, D + A, a) such that aOg = Ox(—F) for an effective
divisor F' on X and the strict transform 7;'D of D is smooth (but possible
disconnected). Then the adjoint ideal sheaf adjp(X,D + A, a') of the triple
(X, D+ A, a') along D is defined as

adjp(X, D+ A,a") =105 (Kg — [7*(Kx + D+ A) + tF| + 7, ' D).
The definition is independent of the choice of 7. When a = Oy, the ideal sheaf
adjp (X, D+ A, a') is simply denoted by adj, (X, D + A).
We say that the pair (X, D + A) is plt along D if adj, (X, D + A) = Ox.

If Kx + D+ A is not Q-Cartier, then the adjoint ideal sheaf adj,(X, D+ A, a)
of the triple (X, D 4+ A, a*) along D is defined as

ade(XaD +Aaat) = Zade(X7D+A+A/7at)v
A/

where A’ runs through all effective Q-Weil divisors on X such that D and A’
have no common components and Kx + D + A + A’ is Q-Cartier. When D = 0,
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it is denoted by J(X, A, a") and called the multiplier ideal sheaf of the triple
(X, A, a"). When a = Oy, the ideal sheaf adj, (X, D+ A, a') (resp. J(X, A, a'))
is simply denoted by adj, (X, D + A) (resp. J (X, A)).

We say that (X, D+ A) is of plt type along D if adj, (X, D+ A) = Ox. We also
say that (X, A) is of kit type if J(X,A) = Ox.

(3) The pair (X, A) is said to be of lc type if there exists an effective Q-Weil divisor
A’ on X such that Kx + A + A’ is Q-Cartier and the pair (X, A + A') is lc.

Proposition 1.1.2. There exists an effective Q- Weil divisor I' on X such that D and
I' have no common components, Kx + D + A + T is Q-Cartier and

adjp(X, D+ A,a") = adj,(X,D+A+T,a").
Proof. For every integer m > 2 such that m(Kx+D+A) is an integral Weil divisor, take
a log resolution 7 : Y — X of (X, Ox(—m(Kx + D + A))a) such that Ox(—m(Kx +
D + A))Oy = Oy(—G,,) and aOy = Oy (—F) for effective divisors F' and G,, on Y.
Then we define an ideal sheaf adjg”) (X,D+ A, a') as

m G _
adj" (X, D + A, a") = Oy (Ky — [+ tF] + 7' D).

Note that for every effective Q-Weil divisor A’ on X such that D and A’ have no

common components and m(Kx +D+A+A') is Cartier, G, < mr*(Kx+D+A+A")

and consequently,

adjp(X, D+ A+ A a') Cadily (X, D+ A, o).

The family {adj%n) (X, D+ A, a")},, of ideal sheaves has a unique maximal element,
which is denoted by adj’, (X, D+A, a’). By the above observation, we have an inclusion
adjp (X, D+ A, a") C adj,(X, D+ A, a’). On the other hand, it follows from a similar
argument to the proof of [14, Proposition 5.4] that there exists an effective Q-Weil
divisor I' on X such that D and I' have no common components, Kx + D + A +I"is
Q-Cartier and

adjp(X, D+ A, a") = adjp(X, D+ A+T,a") Cadjp(X, D+ A, a).
Thus, we have adjy(X, D + A, a') = adj, (X, D + A + T, af). O

Remark 1.1.3. When A is an R-Weil divisor, we can still define the adjoint ideal sheaf
adjp(X, D+ A, a") as follows:

adjp(X, D+ A,a') =Y adjp(X, D+ A+ A d),
N
where A’ runs through all effective R-Weil divisors on X such that Kx + D + A + A’
is R-Cartier. Then, by using essentially the same argument as the proof of Proposition
1.1.2, there exists an effective R-Weil divisor I' on X such that Ky + D + A + T is
Q-Cartier and
adjp(X, D+ A,a") = adjp(X, D+ A+ T, a).
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1.2 Test ideals along divisors

In this section, we recall the definition of test ideals along divisors.! The reader is
referred to [59] and [60] for details. We will freely use the notation in [61].

Suppose that R is a normal domain of characteristic p > 0 and D is a reduced
divisor on X := Spec R. Then R°P denotes the set of elements of R not in any
minimal prime of Ip := R(—D). Let A be an effective Q-Weil divisor on X that has
no common components with D, let a be an ideal of R such that a N R>” # () and
t > 0 be a real number. We assume that R is F'-finite, that is, the Frobenius map
F : R — R is finite. This is equivalent to saying that the Frobenius pushforward F,R
is a finitely generated R-module.

Remark 1.2.1. Every F-finite Noetherian ring is excellent (see [34]) and has a dualizing
complex (see [16, Remark 13.6], [36, Theorem 10.9]).

Definition 1.2.2 (cf. [60, Proposition 1.1]). The test ideal 7p(R, D + A, a’) of the
triple (R, D + A) along D is defined as the unique smallest ideal J of R satisfying the
following conditions:

(a) JN R £0.

(b) For every integer e > 0 and every ¢ € Homgp(F¢R([(p® — 1)(D + A)]),R) C
Homp(FR, R), one has o(F¢(al®®~11J)) C J.

It is simply denoted by 7p(R, D + A) when a = R.
Definition 1.2.3. Suppose that (R, m) is local of dimension d.

(1) For an R-module M, 052P+29) ig the submodule of M consisting of all elements
z € M for which there exists an element ¢ € R*P such that

Fe(ca™ @ 2=0¢e FCR((p° —1)D + [p°A]) ®p M
for all large e.

(2) The following ideals are equal to each other (cf. [23, Proposition 8.23]), and are
collectively denoted by 7p(R, D + A, a').

(a) M, Anng 052 (P+29) where M runs through all R-modules.

(b) Anng 02 PT2%) where E = Eg(R/m) is an injective hull of the residue
field R/m.

It is simply denoted by 7p(R, D) when A =0 and a = R.

Remark 1.2.4. The formation of test ideals along divisors commutes with localization
and completion (cf. [59, Corollary 3.6]). Therefore, by gluing, we can define test ideals
along divisors for any F-finite normal schemes.

!Test ideals along divisors are referred to as divisorial test ideals in [59].
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1.3 F-pure and F-injective singularities

This section includes the definitions of notions concerning F-pure and F-injective sin-
gularities.

Definition 1.3.1 ([28], [49], [57]). Let R be a Noetherian ring of characteristic p > 0,
a be an ideal of R such that an R° # (), where R° denotes the set of elements of R not
in any minimal prime of R, and ¢ be a positive real number.

(1) R is said to be F-pure if the Frobenius morphism F : R — F,R is pure.

(2) (R,a") is said to be sharply F-pure if for infinitely many e € N, there exists
f € al'®* =Dl such that -F°f : R — F°R is pure.

Remark 1.3.2. Schwede gave a refined definition of sharp F-purity in [51], which is
equivalent to the above definition if the ring R is local.

Definition 1.3.3. Let R be an F-finite reduced ring of characteristic p > 0, a C R be
an ideal such that a N R° # ), and ¢ be a positive real number. We define o(R, a’) as

follows:
o(R,a") => ") p(Feal™=bh),

ezl o

where ¢ runs through all elements of Homg(FFR, R).

Remark 1.3.4. This definition is different from more complicated one in [15]. ¢ in
loc. cit. was shown to be contained in a non-lc ideal for sufficiently large p > 0 after
reduction modulo p > 0.

Proposition 1.3.5. Let (R,m) — (S,n) be a flat local homomorphism between F -
finite reduced local rings of characteristic p > 0 such that the induced morphism R/m —
S/mS is a separable field extension. Suppose that a C R is an ideal such that anNR° # (),
and t is a positive real number. Then we have the following:

(1) (R, a') is sharply F-pure if and only if o(R,a') = R.

(2) For any p € Spec R, we have o(R,, (aR,)!) = o(R, a')R,.
(3) o(R, (aR)") = o(R, a")R.
(4) (3, (aS)) = o(R,a")S.

Proof. The conclusion follows from an argument similar to [15, Proposition 14.10] and
[55, Lemma 1.5]. O

Definition 1.3.6 ([13], [52, Definition 2.8]). Let (R, m) be a Noetherian local ring of
characteristic p > 0, a be an ideal of R such that a N R° # () and ¢ be a positive real
number.
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(1) R is said to be F-injective if for any ¢ € Z, F : H. (R) — H.(F,R) is injective.

(2) (R,a") is said to be sharply F-injective if for any i € Z and a nonzero element
n € Hi(R), for infinitely many e € N, there exists f € al*® =Y such that the
image of n under -F°f : H: (R) — H:(F°R) is nonzero.

Definition 1.3.7. With notation as in Definition 1.3.6, suppose that R is F- ﬁnlte and
w}, is the normalized dualizing complex of R. For i € Z, JF)mJ(wR,at) C h'wy is
defined to be

> > Im(h'RHomp(FYR,w}) — h™ RHomp(R, w})) |

e>1 fealte—1)]
where the above morphisms are induced by -F¢f : R — F¢R.

Proposition 1.3.8. Let (R,m) — (S,n) be a flat local homomorphism between F -
finite reduced local rings of characteristic p > 0 such that the induced morphism R/m —
S/mS is a separable field extension. Suppose that a C R is an ideal such that anNR° # (),
and t is a positive real number. Then we have the following:

(1) (R,a") is sharply F-injective if and only if for all i, Ug?mj(w]'%, a') = h™'wh,.

(2) For any i € Z and p € Spec R, we have aglnj(w}%p, (aR,)") = ag)mj(wR, a'),.

(3) For anyi € Z, o, (%, (aR))) = o1, (wh,a') @r R.

F-ing
(4) For any i € Z, O’F W(wg, (aS)") = ag?inj(u}]‘%, a') ®r S C h™'ws.

Proof. The conclusion follows from an argument similar to Proposition 1.3.5. Note
that since the morphism R — S is local flat and mS = n, wg = wy ®r S. We also refer
the reader to [50, Proposition 4.3] for details. ]

We explain the definition of models and reductions modulo p > 0.

Definition 1.3.9. Let R be a ring of finite type over C, a be an ideal of R and p be
a prime ideal of R.

(1) A quadruple (A, Ra,a4,pa) is said to be a model of the triple (R, a,p) if the
following conditions hold:
(a) A is a finitely generated Z-subalgebra of C.
(b) R4 is a finitely generated A-algebra such that R4 ®4 C = R.
(¢) a4 and py are ideals of R4 such that a = a4 R and p = paR.
(2) Let (A, Ra,a4,p4) be a model of the triple (R, a,p). For a maximal ideal p of

A, a quadruple (k(p), Ry, a,,p,) is said to be a reduction modulo p > 0 if the
following conditions hold:
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() Ry = Ra 4 5(1).
(c) ap=aaR,, p,=pal,.

Definition 1.3.10. Let R be a ring of finite type over C, a be an ideal such that
anNR® # 0, p be a prime ideal of R and ¢ be a positive real number. A pair (Ry, (aR,)")
is said to be of dense sharply F-pure (resp. dense sharply F-injective) type if there
exists a subset D of Spm A, the set of all maximal ideals of A, such that D is a dense
subset of Spec A and, for any u € D, p,, € Spec R, and the pair ((R,),,, (a,(R.)p,.)")
is sharply F-pure (resp. sharply F-injective). When a = R, we simply say that R, is
of dense F-pure (resp. dense F-injective) type if (R, Ry) is of sharply F-pure (resp.
sharply F-injective) type.

Remark 1.3.11. (1) This definition depends only on Ry, aR, and t and is independent
of the choice of models. We refer the reader to [41, Remark 2.5] for details.

(2) Hara and Watanabe [20] showed that singularities of dense F-pure type are log
canonical if the ring is Q-Gorenstein. Schwede [50] showed that if a ring of finite
type over a field of characteristic zero has dense F-injective type, then it has Du
Bois singularities. In [38], the result is generalized to the case of rings essentially
of finite type over a field of characteristic zero.

1.4 BCM singularities

In this section, we will briefly review the theory of BCM singularities. Throughout this
section, we assume that local rings (R, m) are Noetherian.

Definition 1.4.1. Let (R, m) be a local ring, and let @ = x1,...,z, be a system of
parameters. R-algebra B is said to be big Cohen-Macaulay with respect to « if  is a
regular sequence on B. B is called a (balanced) big Cohen-Macaulay algebra if it is big
Cohen-Macaulay with respect to « for every system of parameters .

Remark 1.4.2 ([7, Corollary 8.5.3]). If B is big Cohen-Macaulay with respect to x,
then the m-adic completion B is (balanced) big Cohen-Macaulay.

Let R be a domain with fractional field K. We fix an algebraic closure K of K.
The integral closure of R in K, denoted by R, is called an absolute integral closure of
R. Note that R* is independent, up to isomorphism, of the choice of K. We refer the
reader to [29] for an overview of the theory of absolute integral closure.

About the relation between absolute integral closures and big Cohen-Macaulay
algebras, the following result is known (see [2], [24]).

Theorem 1.4.3. If (R, m) is an excellent local domain of residue characteristic p > 0,
then the p-adic completion of an absolute integral closure R™ is a (balanced) big Cohen-
Macaulay R-algebra.
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Using big Cohen-Macaulay algebras, we can define a class of singularities.

Definition 1.4.4. If R is an excellent local ring of dimension d and let B be a big
Cohen-Macaulay R-algebra. We say that R is big Cohen-Macaulay-rational with re-
spect to B (or simply BCM g-rational) if R is Cohen-Macaulay and if H¢(R) — HZ(B)
is injective. We say that R is BCM-rational if R is BCM g-rational for any big Cohen-
Macaulay algebra B.

We explain BCM test ideals introduced in [37], [43].
Setting 1.4.5. Let (R, m) be a normal local domain of dimension d.
(1) A >0is a Q-Weil divisor on Spec R such that Kg + A is Q-Cartier.

(2) Fixing A, we also fix an embedding R C wr C Frac R, where wg is the canonical
module.

(3) Since Kr + A is effective and Q-Cartier, there exist an integer n > 0 and f € R
such that n(Kr + A) = div(f).

Definition 1.4.6. With notation as in Setting 1.4.5, if B is a big Cohen-Macaulay

R[f'/"]-algebra, then we define 0§;I§5;)A to be ker ), where v is the homomorphism

determined by the below commutative diagram:

fl/n
L HYB).

If R is m-adically complete, then we define

75(R,A) = Anng Ogﬁﬁ;ﬁ.
We call 75(R, A) the BCM test ideal of (R, A) with respect to B. We say that (R, A) is
R,A) =

big Cohen-Macaulay regular with respect to B (or simply BCMp regular) if 75(R, A)
R.

Proposition 1.4.7 ([37]). Let (R, m) be a complete normal local domain of character-
isticp > 0, A > 0 an effective Q- Weil divisor on Spec R and B a big Cohen-Macaulay
R*-algebra. Fiz an effective canonical divisor Kg > 0. Suppose that Kr + A is Q-
Cartier. Then

8(R,A) =T7(R,A).
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Now suppose that (R, m) is a complete Noetherian local domain and D is a prime
divisor on Spec R with defining ideal Ip = R(—D), and fix a Q-divisor A > 0 such
that Kr + D + A is Q-Cartier and no component of A is equal to D. Fix a canonical
divisor Kr = —D + G of Spec R such that G > 0 and G has no component equal to
D. Let f € R be an element such that div(f) = r(Kr + D + A) for some r € Z-q.
Moreover, we fix an algebraic closure K of K and an absolute integral closure Rt of
R. (R/Ip)* is defined in a similar way. We fix a prime ideal I}, of R* lying over Ip
such that R*/I}, = (R/Ip)*. This is an abuse of notation since I}, is not uniquely
determined by D. Assume that we have a commutative diagram

0 Ip T R/Ip —0
0 I RJ (R/Ip)™ —=0
0 I o B C 0,

where B and C are big Cohen-Macaulay R* (respectively (R/Ip)") algebras.

Remark 1.4.8. In [39], Ip_,c is defined in the derived category D°(R) when the mor-
phism B — C'is not surjective. As remarked there, if the residue characteristic of R is
p > 0, then we may simply let B be the p-adic completion of R™ and C be the p-adic
completion of (R/Ip)*. In this case, we do not need to work in D°(R).

Definition 1.4.9 ([39]). With notation as above, we define the BCM adjoint ideal
with respect to B, C, denoted adjgﬁc(R, D + A), to be

Annpg ker <Hﬁ(w3) AN Hfl(IBﬁc)) .
If R is of positive characteristic, we use 7, p(R, D+A) to denote adjg+_>(R/ID)+ (R, D+
A).

Proposition 1.4.10 ([39, Theorem 6.6]). With notation as above, suppose that R is
of characteristic p > 0 and F-finite. Then we have

(R, D + A) = adjh_ (R, D + A).

Let S be a module-finite extension of a normal domain R with S normal and
m : SpecS — Spec R denote a finite surjective morphism induced by the inclusion
R — S. The trace map Tr, of 7 is the map

wg = HOl’IlR(S, wR) — HOIHR(R, (,UR) =R

induced by the inclusion R — S.
We use the following proposition in Section 2.1.
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Proposition 1.4.11 (cf. [39, Proposition 6.4]). Suppose that (R,m) be an F-finite
complete normal local ring of characteristic p > 0. Let D be a prime divisor and A
be an effective Q-Weil divisor on X := Spec R such that Kx + D + A is Q-Cartier
and no component of A is equal to D. We fix a choice of I};. For every module-finite
extension S of R contained in R with S normal, the trace map Tr, induces a map

mws(Ds — |7 (Kx + D+ A)]) > R

and the ideal Tp(R, D + A) is contained in its image, where 7 : Spec.S — Spec R is a
finite surjective morphism induced by the inclusion R — S and Dg s the prime divisor
on Spec S such that I}, NS = S(—Ds).

Proof. By assumption, r(Kx + D + A) = div f for some integer » > 1 and a nonzero
element f € R. Let S < T be a module-finite extension of S contained in R* such
that T is a normal domain and fY" € T, and let ¢ : SpecT — Spec R denote the
morphism corresponding to the inclusion R < T'. Since the image of

TI'¢ . @ZJ*OJT(DT — L¢*(KX =+ D + A)J) — R,
where Dy is the prime divisor on Spec T such that I, N T = T(—Dry), is contained in
Zsp(R, D+ A) :=Im (Tr, : mws(Dsg — [7"(Kx + D+ A)]) = R),

we may assume that f'/7 € S. On the other hand, It follows from [39, Proposition 6.4]
that 7p(R, D + A) is contained in the BCM adjoint ideal 7 p(R, D + A). Therefore,
it suffices to show that 7 p(R, D + A) C Zg p(R, D + A). However, this is immediate
because

I&D(R, D + A) = AIlIlR ker <H$<WR) Lﬁ} H;j,‘(S(—Ds))>

by Matlis duality. O

1.5 Ultraproducts

1.5.1 Basic notions

In this subsection, we quickly review basic notions from the theory of ultraproduct.
The reader is referred to [44], [48] for details. We fix an infinite set W.

Definition 1.5.1. A non-empty subset F of the power set of W is said to be a non-
principal ultrafilter if the following four conditions hold.

(1) If A, B € F, then we have AN B € F.
(2) If Ae Fand AC B C W, then we have B € F.
(3) For any A C W, we have A€ For W\ A € F.
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(4) For any finite subset A C W, we have A ¢ F.

Proposition 1.5.2. For any infinite subset A of W, there exists a non-principal ul-
trafilter F on P such that A € F.

Proof. The conclusion follows from Zorn’s lemma. O]

Definition 1.5.3. Let A, be a family of non-empty sets indexed by W and F be an
ultrafilter on W. Suppose that a,, € A, for all w € W and ¢ is a predicate. We say
¢(ay,) holds for almost all w if {w € W|p(a,) holds} € F.

Definition 1.5.4. Let A, be a family of non-empty sets indexed by W and F be a
non-principal ultrafilter on W. The ultraproduct of A, is defined by

ulim A, = Ay := HAw/ ~,

where (a,) ~ (by) if and only if {w € W|a,, = b,} € F. We denote the equivalence
class of (a,) by ulim,, a,.

Example 1.5.5. We use *N and *R to denote the ultraproduct of |W| copies of N
and R respectively. *N is a semiring and *R is a field, see Definition-Proposition 1.5.6,
Theorem 1.5.15. *N is a non-standard model of Peano arithmetic. *R is a system of
hyperreal numbers used in non-standard analysis.

Definiton-Proposition 1.5.6. Let Ay, ..., Anw, By be families of nonempty sets
indezed by W and F be a non-principal ultrafilter. Suppose that f, @ Apy X -+ X
Apw — By is a family of maps. Then we define the ultraproduct fo, = ulim,, f, :
"4100>< XAnoo_>Boo Offw by

foo(Ulim @y, . . ., ulim ayy,) = ulim fi, (@1, - - -, Gnw)-
w w w

This is well-defined.

Corollary 1.5.7. Let A, be a family of rings. Suppose that B, is an Ay-algebra and
M,, is an A,-module for almost all w. Then the following hold:

(1) Ax is a ring.
(2) By is an A-algebra.
(3) My is an As-module.

Proof. Let 0 := ulim,0, 1 := ulim,1 in A, By and 0 := ulim,0 in M. By
the above Definition-Proposition, A, Bs have natural additions, subtractions and
multiplications and we have a natural ring homomorphism A., — B,,. Similarly, M
has a natural addition and a scalar multiplication between elements of M., and A,,. [



21

Proposition 1.5.8. Suppose that, for almost all w, we have an exact sequence
0—-L,—M,— N, —0
of abelian groups. Then

0 — ulim L,, — ulim M,, — ulim N,, — 0

is an ezact sequence of abelian groups. In particular, ulim,, : [[,, Ab — Ab is an ezact
functor.

Proof. Let f, : L, — M, and g, : M,, — N, be the morphisms in the given ex-
act sequence. Here we only prove the injectivity of ulim,, f, and the surjectivity of
ulim,, g,,. Suppose that ulim,, f,(a,) = 0 for ulim, a,, € ulim, L,. Then f,(a,) =0
for almost all w. Since f, is injective for almost all w, we have a,, = 0 for almost
all w. Therefore, ulim, a,, = 0 in ulim,, L,,. Hence, ulim,, f,, is injective. Next, let
ulim,, ¢,, be any element in ulim,, N,. Since g, is surjective for almost all w, there
exists b, € M, such that g, (b,) = ¢, for almost all w. Let b = ulim,, b,,. Then we
have (ulim,, g,,)(b) = ulimy, g,,(b,,) = ulim,, ¢,,. Hence, ulim,, g,, is surjective. The rest
of the proof is similar. Il

Lo$’s theorem is a fundamental theorem in the theory of ultraproducts. We will
prepare some notions needed to state the theorem.

Definition 1.5.9. The language L of rings is the set defined by
L£:={0,1,+,—,}.
Definition 1.5.10. Terms of L are defined as follows:
1

0,1 are terms.

(1)

(2) Variables are terms.

(3) If s, t are terms, then —(s), (s) + (t), (s) - (¢) are terms.
(4)

4) A string of symbols is a term only if it can be shown to be a term by finitely

many applications of the above three rules.
We omit parentheses and “” if there is no ambiguity.
Example 1.5.11. 1+ 1, z1(x9 + 1),—(—x) are terms.
Definition 1.5.12. Formulas of L are defined as follows:
(1) If s, t are terms, then (s = t) is a formula.

(2) If o, are formulas, then (¢ A ), (¢ V¥), (¢ — V), (—p) are formulas.
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(3) If ¢ is a formula and z is a variable, then Vxp, 3xp are formulas.

(4) A string of symbols is a formula only if it can be shown to be a formula by finitely
many applications of the above three rules.

We omit parentheses if there is no ambiguity and use #, 3 in the usual way.

13

Remark 1.5.13. ¢ A ¢ means “p and 1,” ¢ V ¥ means “p or ©,” ¢ — 1 means “p
implies ¢)” and —p means “¢ does not hold.”

Remark 1.5.14. Variables in a formula ¢ which is not bounded by V or 3 are called free
variables of ¢. If xy, ..., z, are free variables of ¢, we denote ¢(z1,...,z,) and we can
substitute elements of a ring for xy, ..., x,.

Theorem 1.5.15 (Lo$’s theorem in the case of rings). Suppose that p(x1,...,x,) is
a formula of L and A, is a family of rings indexed by a set W endowed with a non-
principal ultrafilter. Let a;, € Ay,. Then p(ulimy, @iy, . . ., uliny, ay,) holds in Ay if
and only if (a1, - .., any) holds in A, for almost all w.

Remark 1.5.16. Even if A, are not rings, replacing £ properly, we can get the same
theorem as above. We use one in the case of modules.

Example 1.5.17. Let A be a ring. If a property of rings is written by some formula,
we can apply Lo$’s theorem.

(1) Ais a field if and only if Va(z = 0 V Jy(zy = 1)) holds.
(2) Ais a domain if and only if VaVy(xy =0 — (z =0V y = 0)) holds.
(3) A is alocal ring if and only if
Vavy(Fz(zz = 1) A Pw(yw = 1) — Pu((z + y)u = 1))
holds.

(4) The condition that A is an algebraically closed field is written by countably many
formulas, i.e., the formula in (1) and for all n € N,

Vao Ce an,lflx(:c" + anflxnil +rFag = 0)

(5) The condition that A is Noetherian cannot be written by formulas. Indeed, if
W = N with some non-principal ultrafilter and A,, = C[z], then ulim,, ™ # 0 is
in N,m7, where my, is the maximal ideal of A,. Hence, A is not Noetherian.

Proposition 1.5.18 ([44, 2.8.2], see Example 1.5.17). If almost all K,, are algebraically
closed field, then K., is an algebraically closed field.
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Theorem 1.5.19 (Lefschetz principle, [44, Theorem 2.4]). Let W be the set of prime
numbers endowed with some non-principal ultrafilter. Then

ulim@ =~ C.
peEW

Proof. Let C' = ulim, F,. By the above theorem, C is an algebraically closed field.
For any prime number ¢, we have ¢ # 0 in F, for almost all p. Hence, ¢ # 0 in
C, i.e., C is of characteristic zero. We can check that C' has the same cardinality as
C. If two algebraically closed uncountable field of characteristic zero have the equal
cardinality, then they are isomorphic. Hence, C' = C (Note that this isomorphism is
not canonical). O

1.5.2 Non-standard hulls

In this subsection, we will introduce the notion of non-standard hulls along [44], [48].
Throughout this subsection, let P be the set of prime numbers and we fix a non-
principal ultrafilter on P and an isomorphism ulim, F, = C.

Let C[X1, ..., Xp|oo = ulim, F [ X7, ..., X,]. Then we have the following proposi-
tion.

Proposition 1.5.20 ([44, Theorem 2.6]). We have a natural map C[Xq,...,X,] —
Cl[X1, ..., Xnloo, which is faithfully flat.

Definition 1.5.21. The ring C[X}, ..., X,]« is said to be the non-standard hull of
ClX1,. .., Xnl

Definition 1.5.22. Suppose that R is a finitely generated C-algebra. Let
R=C[Xy,...,X,]/I
be a presentation of R. The non-standard hull R, of R is defined by
Ry :=C[Xy, ..., X0]o/IC[ X1, ..., Xnoo-
Remark 1.5.23. Let R be as above.
(1) The non-standard hull is independent of a presentation of R. If
R=C[Xy,...,X,|/I = C[Yy,..., Y]/ ],

then F,[ X1, ..., X,]/I, 2F,[Y1,..., Y]/ J, for almost all p, see Definition 1.5.26,
Definition 1.5.27.

(2) The natural map R — R is faithfully flat since this is a base change of the
homomorphism C[X;, ..., X,] = C[Xy,..., X,]x.
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Definition 1.5.24. Let a € C. Since ulim, F, 2 C, we have a family (a,), of elements
of F, such that ulima, = a. Then we call (a,), an approzimation of a.

Proposition 1.5.25. Let I = (fi,...,fs) be an ideal of C[Xy,...,X,] and f; =

Yoaw XV, Let Iy = (fip, - - s fsp)FplXa, .., Xu], where fi, = > aipX? and each (aip),
1s an approximation of a;,. Then we have

IC[Xy,..., X]eo = ulim I,
P

and o
Ro = ulim(F,[ Xy, ..., X,]/1,).
P

Definition 1.5.26. Let R be a finitely generated C-algebra.

(1) In the setting of Proposition 1.5.25, a fzinily (R,) is said to be an approzimation
of R if R, is an F-algebra and R, = F,[X;,...,X,]/I, for almost all p. Then
we have R = ulim, R,.

(2) For an element f € R, a family (f,) is said to be an approzimation of f if f, € R,
and f = ulim, f, in R. For f € R, we define an approzimation of f in the
same way.

(3) For an ideal I = (f1,...,fs) C R, a family ([,) is said to be an approzimation
of Iif I, is an ideal of R, and I, = (fip,..., fsp) for almost all p. For finitely
generated ideal I C R, we define an approximation of I in the same way.

Definition 1.5.27. Let ¢ : R — S be a C-algebra homomorphism between finitely
generated C-algebras. Suppose that R = C[X,...,X,]/I and S = C[Y,...,Y,]/J.
Let f; € C[Yy,...,Y,] be a lifting of the image of X; mod I under ¢. Then we define
an approximation p, : R, — S, of ¢ as the morphism induced by X; — f;,. Let
Yoo := ulim,, ¢, then the following diagram commutes.

R—2 .9

.y

Rm&)SOO

Proposition 1.5.28 ([44, Corollary 4.2],[48, Theorem 4.3.4]). Let R be a finitely gen-
erated C-algebra. An ideal I C R is prime if and only if I, is prime for almost all p if
and only if I Ry is prime.

Definition 1.5.29. Let R be a local ring essentially of finite type over C. Suppose
that R = S,, where S is a finitely generated C-algebra and p is a prime ideal of S.
Then we define the non-standard hull Ry, of R by

Roo = (Soo)pSoo-
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Remark 1.5.30. Since S — S is faithfully flat, R — R is faithfully flat.

Definition 1.5.31. Let S be a finitely generated C-algebra, p a prime ideal of S and
R g Sp-

(1) A family R, is said to be an approzimation of R if R, is an F,-algebra and
R, = (Sp)y, for almost all p. Then we have Ry = ulim, R,,.

(2) For an element f € R, a family f, is said to be an approzimation of f if f, € R,
for almost all p and f = ulim,, f, in Ry. For f € R, we define an approzimation
of f in the same way.

(3) For an ideal I = (f1,...,fs) € R, a family I, is said to be an approzimation
of Iif I, is an ideal of R, and I, = (fip, ..., fsp) for almost all p. For finitely
generated ideal I C R, we define an approximation of I in the same way.

Definition 1.5.32. Let 57,55 be finitely generated C-algebras and p1, po prime ideals
of 51,5, respectively. Suppose that R; = (S;)p, and ¢ : Ry — Ry is a local C-algebra
homomorphism. Let S; = C[Xy,...,X,]/I and f;/g; be the image of X; under ¢,
where f; € Sy, g; € S\ p2. Then we say that a homomorphism R;, — Ry, induced
by X; — fip/gjp is an approzimation of . Let ¢ := ulim, ¢,. Then the following
commutative diagram commutes:

R—% -5 .

.y

Rooﬂ)kgoo

Proposition 1.5.33 (|44, Theorem 4.7]). Let ¢ : R < S be an injective local C-algebra
homomorphism between local domains essentially of finite type over C. If (1, : R, — Sp)
is an approximation of v, then v, is injective for almost all p.

Definition 1.5.34. Let R be a finitely generated C-algebra or a local ring essentially
of finite type over C and let M be a finitely generated R-module. Write M as the
cokernel of a matrix A, i.e., given by an exact sequence

R" A R M =0,

where m, n are positive integers. Let A, be an approximation of A defined by entrywise
approximations. Then the cokernel M, of the matrix A, is called an approzimation of
M and the ultraproduct M., := ulim, M), is called the non-standard hull of M. M is
a finitely generated R..-module and independent of the choice of matrix A.

Remark 1.5.35. Tensoring the above exact sequence with R.,, we have an exact se-
quence

R™ & R® — M &g Roo — 0.
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Taking the ultraproduct of exact sequences
R B M, 0
P P p ’
we have an exact sequence
A
R — R, — M, — 0.

Therefore, M., = M ®pr Rs. Note that if m,n is not integers but infinite cardinals,
then the naive definition of an approximation of A does not work and the ultraproduct
of RY™ is not necessarily equal to RZ".

Here we state basic properties about non-standard hulls and approximations.

Proposition 1.5.36 ([44, 2.9.5, 2.9.7, Theorem 4.5, Theorem 4.6],[48, Section 4.3], cf.
(1, 5.1]). Let R be a local ring esseentially of finite type over C, then the following hold:

(1) R has dimension d if and only if R, has dimension d for almost all p.

(2) x = x1,...,2; is an R-regular sequence if and only if €, = x1p,...,Tip 1S an
Ry, -regular sequence for almost all p if and only if x is an R-regular sequence.

(3) x = x1,...,24 s a system of parameters of R if and only if x, is a system of
parameters of R, for almost all p.

(4) R is regular if and only if R, is regular for almost all p.
(5) R is Gorenstein if and only if R, is Gorenstein for almost all p.
(6) R is Cohen-Macaulay if and only if R, is Cohen-Macaulay for almost all p.

Proposition 1.5.37 ([64, Proposition 3.9]). Let R be a local ring essentially of finite
type over C. The following conditions are equivalent to each other.

(1) R is normal.
(2) R, is normal for almost all p.
(3) Rs is normal.

Definition 1.5.38. Let R be a normal local domain essentially of finite type over C
and A =) . a;A; a Q-Weil divisor on Spec R. Assume that A; are prime divisors and
p; is a prime ideal associated to A; for each 7. Suppose that p;, is an approximation of
p; and A, is a divisor associated to p;,. We say A, := > a;A;, is an approzimation
of A.

Remark 1.5.39. If A is an effective integral divisor, then this definition is compatible
with Definition 1.5.26 by [44, Theorem 4.4]. Hence, if A is Q-Cartier, then A, is
Q-Cartier for almost all p.
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We give the definition of ultra-Frobenii and ideals with a non-standard integer
exponent.

Definition 1.5.40 ([46, 3.2]). Let R be a local ring essentially of finite type over C
and € = ulim, e, be a non-standard integer (i.e. an element of *N). Then an wltra-
Frobenius F*¢ : R — R, associated to ¢ is defined to be the morphism determined by
x — ulim,, xgep. We use F; R, to denote the R-module such that F; R, is isomorphic
to R as an abelian group but, for any @ € R and b € R, the scalar multiplication

on FfR,, is defined by a - F:b = FZ(F¢(a)b).

Definition 1.5.41 ([64, Notation 5.1]). With notation as above, for any ¢ = ulim, e, €
*N and an ideal a of R, a° is defined to be

ulim a®».
P D

Remark 1.5.42. For any n € N, if v is the image of n under the diagonal embedding
N — *N, then we have a¥ = a"R..

Here we introduce a new notion, the ultra-perfect closure.

Definition 1.5.43. Let R be a reduced local ring essentially of finite type over C. The
ultra-perfect closure of R™' is defined to be ulim,, R,lg/ P

Proposition 1.5.44. Let R be a reduced local ring essentially of finite type over C.
Then we have

R =2 limy F: Ry

ee*N

Proof. Take p < v € *N and let v = ulim, n,,, 1 = ulim, m,,. Since m,, < n, for almost
all p, we have F"™ R, — F"™" R, — R,lg/ P for almost all p. Hence, we have

F'R. < F'Ry, — R

Therefore, we can define ligaae*N F: R and we have lignae*N FfR,, — R In order to

prove the surjectivity, take any x = ulimz, € R'"!. For any p, there exists e, € N such
that z, € Fi’R,. Let ¢ = ulime, € *N. Then we have z € ulim, F;"R, = F°R,,. [

Lastly, we will explain the relation between approximations and reductions modulo
p > 0.

Proposition 1.5.45 ([45, Lemma 4.10]). Let A be a finitely generated Z-subalgebra of
C. There exists a family (7,), which satisfies the following two conditions:

(1) 4, : A — T, is a ring homomorphism for almost all p.

(2) For any x € A, x = ulim, v, ().
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Proposition 1.5.46 (cf. [45, Corollary 4.10]). Let R be a finitely generated C-algebra
and let a = ay,...,q; be finitely many elements of R. Let R, be an approximation of
R. Then there ezists a model (A, Ra) which satisfies the following conditions:

(1) There exists a family (vy,) as in Proposition 1.5.45.

(2) a g RA.

(3) Ra ®AI[‘TP = R, for almost all p.

(4) For any x € Ra, the ultraproduct of the image of x under idg, ® a7, is x.

Proof. Let X = Xy,..., X, and R = C[X]/I for some ideal I C C[X]. Take any model
(A, R4) which contains a. Enlarging this model, we may assume that there exits an
ideal 14 C A[X] such that Ry = A[X]|/I4 and [4 ®4 C = I in C[X]|. Take (v,) as
in Proposition 1.5.45. Let I = (fi,..., fn). For f =3 ¢, X" € A[X] C C[X], by
the definition of approximations, f, := Y. 7,(c,) X" € F,[X] is an approximation of f.
Hence, by the definition of approximations of finitely generated C-algebras, R4 ® AIFT, =

Fo[X]/(fips - - - » foup)Fp[X] is an approximation of R. Since two approximations are
isomorphic for almost all p, R4 ®4F, = R, for almost all p. The condition (4) is clear
by the above argument. O]

Remark 1.547. Let p = (x1,...,2,) € R be a prime ideal. Enlarging the model
(A, R4), we may assume that z,...,7, € Ra. Let y, be the kernel of v, : A — F,,.
Then this is a maximal ideal of A and A/, is a finite field. p,,, = (21, ..., 2n)Ra/ppRa
is prime for almost all p since this is a reduction to p > 0. On the other hand,
P, = (21,...,2,)Ra @24 E C R, is an approximation of p. Hence, p, is prime for
almost all p. Here, (R,),, is an approximation of R,. Thus we have a flat local
homomorphism (Ra/pyRa)p,, — Ry with p,, R, = p,. Moreover, if p is maximal,
then p,, . p, are maximal for almost all p. Then, the map Ra/p,, — R,/p, = F, is a
separable field extension since R4/, is a finite field.

The next result is a generalization of [62, Theorem 4.6] from ideal pairs to triples.

Proposition 1.5.48 ([65, Proposition 5.5]). Let R be a normal local domain essentially
of finite type over C, A > 0 an effective Q- Weil divisor such that Kr+ A is Q-Cartier,
a a nonzero ideal andt > 0 a real number. Suppose that R,, A,, a, are approzimations.
Then 7(Ry, Ay, ab) is an approzimation of J(Spec R, A, a').

Proof. Let R = S,, where S is a normal domain of finite type over C and p is a prime
ideal. Let m be a maximal ideal containing p. Then there exists a model (A, S4)
of S such that the properties in Proposition 1.5.46 hold and S4 containing a system
of generators of J(Spec R, A,a") and Ay, as can be defined properly. Let p, be
maximal ideals of S as in Remark 1.5.47 and let m, ,p,, be reductions to p > 0.
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Since, for almost all p, (Sa/pp)m, — (Sm)p is a flat local homomorphism such that

My,
Sa/my,, — (S/m), =T, is a separable field extension, we have

t

T((SA/IMP)m,u;ﬂ A(SA/Mp)mp‘p ) aIéSA/MP)me )(Sm)p = T((Sm)p7 Amzﬂ amp)7

by a generalization of [55, Lemma 1.5]. Since the localization commutes with test ideals
([19, Proposition 3.1]), we have

T((SA//Lp)pupa A(SA/,U«p)p#p ) afSA/up)pHp )Rp = T<va AP’ a;;)

for almost all p. Since the reduction of multiplier ideals modulo p > 0 is the test ideal
([56, Theorem 3.2]), 7((Sa/tp)yp,, A(Sa/tn)op, a’ESA/Mp)pup) is a reduction of

J(Spec R, A, a')

to characteristic p > 0. Hence, 7(R,, A, al) is an approximation of J(Spec R, A, af).
]

1.5.3 Relative hulls

In this subsection we introduce the concept of relative hulls and approximations of
schemes, cohomologies, etc. We refer the reader to [44], [46], [47].

Definition 1.5.49 (cf. [47]). Let R be a local ring essentially of finite type over C.
Suppose that X is a finite tuple of indeterminates and f € R[X] is a polynomial such
that f =5 a, X", where v is a multi-index. If a,,, is an approximation of a, for each
v, then the sequence of polynomials f, := > a,,X" is said to be an R-approzimation
of f. It I := (f1,...,fs) is an ideal in R[X], then we call I, := (fip, ..., fop)Rp[X]
an R-approzimation of I, and if S = R[X]/I, then we call S, := R,[X]/I, an R-
approzimation of S.

Remark 1.5.50. Any two R-approximations of a polynomial f are almost equal. Simi-
larly, any two R-approximations of an ideal I are almost equal.

Definition 1.5.51 (cf. [47]). Let S be a finitely generated R-algebra and S, an R-
approximation of S, then we call So = ulim, S, the (relative) R-hull of S.

Definition 1.5.52 (cf. [46]). If X is an affine scheme Spec S of finite type over Spec R,
then we call X, := Spec S, is an R-approzimation of X.

Definition 1.5.53 (cf. [46]). Suppose that f : Y — X is a morphism of affine schemes
of finite type over Spec R. If X = SpecS,Y = SpecT and ¢ : S — T is the morphism
corresponding to f, then we call f, : Y, = X, is an R-approzimation of f, where f, is
a morphism of R,-schemes induced by an R-approximation ¢, : .S, = T},.
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Definition 1.5.54 (cf. [46]). Let S be a finitely generated R-algebra and M a finitely
generated S-module. Write M as the cokernel of a matrix A, i.e., given by an exact
sequence

Sm£>5"—>M—>O,

where m,n are positive integers. Let A, be an R-approximation of A defined by
entrywise R-approximations. Then the cokernel M, of the matrix A, is called an R-
approximation of M and the ultraproduct M., := ulim, M, is called the R-hull of M.
M. is independent of the choice of the matrix A and M, = M ®g So.

Remark 1.5.55. If M is not finitely generated, then we cannot define an R-approximation
of M in this way. It is crucial that any two R-approximations of A is equal for almost
all p.

Lemma 1.5.56. Suppose that S is a module-finite extension of R contained in RY.
Let (S,) be an R-approzimation of S, (M,) be a family of S,-modules indexed by P
and N be a finite S-module. Then

(ulim M,,) ®g N = ulim(M, ®g, N,).
p p
Proof. Take a finite presentation
m A n
S =85"=N—=0

of the S-module N, where m, n are positive integers and A is an n X m matrix with
entries in the maximal ideal m. Then we have an exact sequence

mAP n
Syt — Sy = Ny, =0

for almost all p, where N, and A, are approximations of N and A, respectively. Ten-
soring with M, yields the exact sequence

A
M) =5 M) — M, ®s, N, = 0
for almost all p. Taking its ultraproduct, we have an exact sequence
(ulim M,)™ 4, (ulim M,,)" — ulim(M, ®g, N,) — 0,
2 P 2
which induces the isomorphism

(ulli)m M,) ®¢ N = ul}i}m(Mp ®s, Np)-
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Definition 1.5.57 ([46]). Let X be a scheme of finite type over Spec R. Let i = {U;}
is a finite affine open covering of X and U;, be an R-approximation of U;. Gluing
{Uip} together, we obtain a scheme X, of finite type over Spec R,. We call X, an
R-approximation of X.

Remark 1.5.58. Suppose that {U;j;}x is a finite affine open covering of U; N U; and
vijk * Ouv v, = Ou;lu,, are isomorphisms. Then R-approximations ¢, : Oy, |u,;,, —
Ou,, v, are isomorphisms for almost all p (note that indices ijk are finitely many).
Hence, we can glue these together. For any other choice of finite affine open covering
I of X | the resulting R-approximation X;) is isomorphic to X, for almost all p.

Definition 1.5.59 (cf. [46]). Suppose that f : Y — X is a morphism between
schemes of finite type over Spec R. Let 4, U be finite affine open coverings of X and
Y respectively such that for any V' € 90, there exists some U € i such that f(V') C U.
Let &, ¥, be R-approximations of U, ¥ and (f|y), an R-approximation of f|,. We
define an R-approximation f, of f by the morphism determined by (f|v),.

Remark 1.5.60. In the same way as above Remark, (f|v), and (f|v/), agree on VNV’
for any two open subsets V, V' € ¥ for almost all p.

Definition 1.5.61 (cf. [46]). Let X be a scheme of finite type over Spec R and F a
coherent Ox-module. Let 4 be a finite affine open covering of X. For any U € 4, we
have an R-approximation M, of My such that My is a finitely generated Op-module

and VU = Fly. We define an R -approzimation F, of F by the coherent Ox, -module
determined by My,.

Definition 1.5.62 (cf. [46]). Let X be a separated scheme of finite type over Spec R
and F a coherent Ox-module. Then the ultra-cohomology of F is defined by

H! (X, F):=ulim H(X,,F,).
P

Remark 1.5.63. In the above setting, let 4l = {U;};,=1.., be a finite affine open covering

.....

of X, let
Cj(u7 f) = H -F(Ulolj)7
1< <1
where Uy i, :== Ui, N---NU;;, and let
(G F)y =[] (FUii))n
’i0<"'<’ij
where F(Uj,..i;)p is an R-approximation considered as an O(Uj,..;,)-module. Then

(C7 (4, F))y
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coincides with the j-th term of the Cech complex associated to Jp and &,. We have a
commutative diagram

G WU, F) C7 (4L, F) CTHH (Y, F)

ulim(C7~ (4, F)), — ulim(C? (U, F)), — ulim(C/H (L1, F)),.
p p p

Since ulim,(-) is an exact functor, we have the induced morphism

HI (U, F) — ulim HI (4L, F).
p

If X is separated, then X, is separated for almost all p. This can be checked by taking
a finite affine open covering and observing that if the diagonal morphism Ax/spec g is
closed immersion, then Ax,/specr, is also a closed immersion for almost all p. Hence,
we have the map

HI (84, F) — ul}i}m HI (8, F).

Note that this map may not be injective.

Similarly, we discuss ultraproduts of local cohomologies following Schoutens [47,
Section 5]. Let R be a local ring essentially of finite type over C of dimension d and
Z1,...,%q be a system of parameters for R. Suppose that M, is an R,-module for
almost all p and M, = ulim, M,,. Forn € Nand 1 <7; <--- <1, < d, there exists a
natural morphism

(Moo)a, s, — ulim(M,)

1.0 Tig,p
P d

Considering the Cech complexes associated to M., and M, for any p, we have a com-
mutative diagram

@ (Moo)acil...a:in - @ (Moo)acjl...xjnJrl

1<t << <d 1<ji<<Jn+1<d

| |

@ ulim(Mp)xil,pmxiM — @ ullijnl(Mp)wjhp,,.xjnH,p

. . p . .
1<i1 < <in<d 1<G1 < <jn+1<d

Hence, we have a natural morphism

H} (My) — ul]i?m H (M)
for any n € N. For an element 7 of Hi{ (M), a family (n,) of elements of Hy (M) is
said to be an approximation of n if ulimy, 7, is equal to the image of  under the above
natural morphism. In later chapters, we will show the injectivity of this map in some
situations, which plays an important role there.
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1.5.4 Singularities introduced by Schoutens

In this subsection, we provide a quick review on the definition of classes of singularities
introduced by Schoutens. Here we suppose that R is a (Q-Gorenstein normal local
domain essentially of finite type over C and fix a non-principal ultrafilter on the set P

of prime numbers and an isomorphism ulim, F, = C.

Definition 1.5.64 ([44, Definition 5.2],[47, Definition 3.1]). Let I C R be an ideal.
The generic tight closure I*8" of I is defined by

8" = (ulim 7,,)* N R.

p

Remark 1.5.65. The generic tight closure I*8" of I does not depend on the choice of
approximation of I since any two approximations are almost equal.

Definition 1.5.66 ([47, Definition 4.1, Remark 4.7],[45, Definition 4.3]). Let R be as
in the above.

(1) R is said to be weakly generically F-regular if [*8* = [ for any ideal I C R.

(2) R is said to be generically F-regularif R, is weakly generically F-regular for any
prime ideal p € Spec R.

Definition 1.5.67 ([46, Definition 3.3]). Let R be as above. R is said to be ultra-F -
reqular if, for each ¢ € R°, there exists € € *N such that

FE

R <5 R

is pure.

Proposition 1.5.68 ([46, Theorem A]). R is ultra-F-regular if and only if R has log
terminal singularities.

Definition 1.5.69 ([45, Definition 4.3]). Let R be as above.

(1) R is said to be weakly B-regular if R — B(R) is cyclically pure, i.e., for any ideal
I of R, we have IB(R)N R =1.

(2) R is said to be B-regular if every localization of R at a prime ideal is weakly
B-regular.

1.5.5 Big Cohen-Macaulay algebras in equal characteristic zero

Here we provide a brief overview of the canonical big Cohen-Macaulay algebra in equal
characteristic zero, constructed by Schoutens [45]. Suppose that (R, m) is a local
domain essentially of finite type over C and R, is an approximation of R.
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Definition 1.5.70 ([45, Section 2]). Suppose that R is a local domain essentially of
finite type over C. Then we define the canonical big Cohen-Macaulay algebra B(R) of
R by

B(R) := ulim R} .

p

Remark 1.5.71. (1) B(R) is an RT-algebra by [45, Proposition 3.2].

(2) R is BCMpp)-rational if and only if R has rational singularities. This follows
from [45, Theorem 4.2].

The following is a useful lemma to compare local cohomologies of B(R) and R} .
Lemma 1.5.72. The natural homomorphism HE(B(R)) — ulim, H,ﬁip (R}) is injective.

Proof. Let x = x1---xq be the product of a system of parameters and [%]| be an

element of HZ(B(R)) such that the image in ulim, Hﬁp(Rg ) is zero. Then there exists

sp € N such that x,7z € (a:i’;ft, . ,xfi’:rt)R;r for almost all p. Since R} is a big Cohen-

Macaulay R,-algebra for almost all p, z € (xﬁp, . ,xfip)R; for almost all p. Hence,
ze (¢f,...,2})B(R) and [%] = 0 in HL(B(R)). O



Chapter 2

On the behavior of adjoint ideals
under pure morphisms

2.1 Test submodules along divisors

In this section, we develop the theory of test submodules along divisors. Throughout
this section, we work with the following setting.

Setting 2.1.1. Let R be an F-finite normal domain of characteristic p > 0, D be a
reduced divisor on X := Spec R and I' be an effective Q-Weil divisor on X that has no
common components with D. We assume that F'w$ = w%, where F': X — X is the
Frobenius morphism and w$% is a normalized dualizing complex for X. This condition
is satisfied, for example, when R is essentially of finite type over an F-finite local ring
(see [4, Example 2.15]).

Definition 2.1.2. Let the notation be as in Setting 2.1.1. The parameter test submod-
ule Tp(wg, ') of the pair (R,I') along D is defined as the unique smallest submodule
M of wg(D) satistying the following conditions:

(a) M coincides with wr(D) at every generic point of D.

(b) For every integer e > 0 and every ¢ € Hompg(Ffwr(p*D+ [(p°—1)I']),wr(D)) C
Hompg(Ffwgr(D),wr(D)), one has p(FfM) C M.

Remark 2.1.3. Given an ideal a C R such that anR>P # () and a real number ¢ > 0, we
can define the parameter test submodule 7p(w, a*) of the pair (R, a*) along D similarly.
This is the unique smallest submodule M of wg(D) satisfying the following conditions:

(a) M coincides with wr(D) at every generic point of D.

(b’) For every integer e > 0 and every ¢ € Hompg(Ffwr(p®D),wr(D)), which is viewed
as an element of Hompg(Fwg(D),wr(D)), one has p(Feal®-VIN) C M.

35
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Lemma 2.1.4. With notation as in Setting 2.1.1, choose a canonical divisor Kx of
X := Spec R such that —(Kx + D) is an effective Weil divisor G with no common
components with D, and fix wg = R(Kx) to be the corresponding fractional ideal of R.
Then

TD(WR,F> = TD(R,D+F+G>

as fractional ideals of R. In particular, Tp(wg, ") exists.

Proof. By the definition of test ideals along D, we see that 7p(R,D + T + G) is a
submodule of wr(D) = R(—G) C R. Since

Hompg(FR([(p® — 1)(D + T + G)1), R) = Homg(Fwr(p°D + [(p® — 1)I']),wr(D)),

7p(R, D +T +G) is the smallest submodule M of wr(D) with M N R>P # () satisfying
the condition (b) in Definition 2.1.2. On the other hand, a submodule N of wr(D)
satisfies that N N R>P # () if and only if there exists an element ¢ € R>” such that
cwr(D) C N, which is equivalent to the condition (a) in Definition 2.1.2. Therefore,
Tp(R, D 4+ T'+ G) coincides with 7p(wg, ). O

Remark 2.1.5. Thanks to Lemma 2.1.4, several basic properties of 7p(wg,[') can be
deduced from the corresponding properties of 7 (R, A). For example,

(1) the formation of 7p(wg, ') commutes with localization,

(2) if (R, m) is local, then the formation of 7p(wg, ') commutes with m-adic comple-
tion, and

(3) if B is an effective Cartier divisor on Spec R such that B has no common com-
ponent with D, then 7p(wg, ' + B) = mp(wg, ') ®g R(—DB).

For each integer e > 1, let
R— F{R = F{R([(p" — 1)(D+1)]) (%)

be the composite of the e-times iterated Frobenius map R — F¢R and the pushforward
of the natural inclusion R — R([(p® — 1)(D +1T")]) by F*.

Definition 2.1.6. With notation as in Setting 2.1.1, suppose that (R, m) is local of
dimensional d. Tensoring () with I := R(—D) and taking local cohomology, one has
a map

Fpyy+ Hy(Ip) — Hy(Ip([(p° = DTT)),
where Ip([(p® — DI']) :== R(—D + [(p® — 1)I']). The submodule O%F(ID) of Hi(Ip)

consists of all elements z € HZ(Ip) for which there exists an element ¢ € R*P such
that

cFhr(2) =0 € Hy(Ip([(p* = 1)IT))

for all large e.
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Lemma 2.1.7. With notation as in Setting 2.1.6, let Er(R/m) be an injective hull of
the residue field R/m. Then

*DF

p(wgr,I') = Anng,p) O 1)

the annihilator of O;ﬁf( 7oy in wr(D) with respect to the duality pairing

D)
wr(D) x H.(Ip) = Eg(R/m).
Proof. This follows from an argument analogous to [51, Theorem 6.3]. O

In Proposition 2.1.8 and Lemma 2.1.9, we assume that D is a prime divisor for
simplicity. We then fix a choice of I}, and use the following notation. Given a module-
finite extension S of R contained in R* with S normal, we define the submodule
Zs(wr(D),T") of wr(D) as

Zs(wgr(D),T") = Im(Tr, : muws(Ds — |7 T']) = wr(D)),

where 7 : Spec S — Spec R is the finite surjective morphism induced by the inclusion
R < S and Dy is the prime divisor on Spec S such that I, NS = S(—Dg). When
I’ = 0, this submodule is simply denoted by Zg(wgr(D)).

Proposition 2.1.8. With notation as above and as in Setting 2.1.1, suppose that D
1s a prime divisor and ' is Q-Cartier.

(1) For every module-finite extension S of R contained in R with S normal, one
has
TD(wR7 F) g Is(wR(D), F)

(2) There exists a module-finite extension S of R contained in RY such that S is
normal, 71" is Cartier, and the equality holds in (1), that is,

p(wr,I') = Zs(wr(D),T').

Proof. (1) First note that the formation of Zg(wg(D),T") commutes with localization.
Therefore, by Remark 2.1.5 (1), we may assume that (R, m) is local. By the minimality
of 7p(wg,I'), it suffices to show that the submodule Zg(wgr(D),I") of wr(D) satisfies
conditions (a) and (b) in Definition 2.1.2.

To verify the condition (a), by localizing at the generic point of D, we may assume
that R is an F-finite DVR, S is a Dedekind domain and I' = 0. Let R denote the
completion of R, D denote the flat pullback of D via the canonical morphism Spec B —
Spec R, and set S := S ®g R. The R-algebra S is isomorphic to a finite product
S1 % -+ x S, of complete DVRs (S;,n;), and S(—Dg)S is a maximal ideal of S. After
reindexing, we may assume that S(—DS)§ >~y X S9 X ---x S,. Then one has

Ts(wr(D)) ®r R = Im (ﬂl*wsl(DSI) N wé(f))) n Z Im (m*wsi N wﬁ(f))> ,
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where 7; : Spec S; — SpeC}A% is the finite surjective morphism induced by R—S—
S; and Dg, is the prime divisor on Spec.S; corresponding to ny. To verify that
Zs(wr(D)) = wgr(D), it suffices to show that Im(m,ws, (Ds,) — wﬁ(ﬁ)) = wﬁ(f)).
Therefore, we can restrict our attention to the case where R and S are both complete
DVRs. It follows from Proposition 1.4.11 and Lemma 2.1.4 that 7p(wgr) € Zs(wr(D)).
Conversely, since R is an F-finite DVR and D is the divisor corresponding to the max-
imal ideal m, it is straightforward to check that 7p(wg) = wgr(D). Consequently, we
conclude that Zg(wgr(D)) = wgr(D).

It remains to verify that Zg(wg(D), ") satisfies the condition (b) in Definition 2.1.2.
For any nonzero element Ffc € F¢R, we have the following commutative diagram:

m Trpe (Ffe_)

Fimws(Dg — |71 |)— Fimwg(p°Ds — | 7))
FfTI‘ﬂ—l FfTrﬂ'i

Fiwr(D)S Fiwg(p°D)

W*wS(DS — L?T*FJ )

Trr \L

(UR(D).

TI‘Fe (chi)

Since
Hompg(Ffwr(p*D + [(p° — 1)), wr(D)) € Homg(Ffwr(p®D),wr(D))

and Hompg(Ffwr(p®D),wr(D)) is generated by Trpe : Ffwg(D) — wr(D) as an F¢R-
module, the commutativity of the above diagram ensures that Zg(wgr(D),I") satisfies
the condition (b).

(2) By [4, Lemma 4.15], there exists a finite separable extension R’ of R contained
in R* such that R’ is normal and v*I" is Cartier, where v : Spec R* — Spec R is the
finite surjective morphism induced by the inclusion R < R’. Since I" has no component
equal to D, the morphism v is étale over the generic point of D by its construction
(see the first paragraph of the proof of [39, Theorem 6.6]). Let D’ be the prime divisor
on Spec R’ such that I, R’ = R(—D'). It then follows from [39, Proposition 6.5] and
Lemma 2.1.4 that

p(wgr, ') = Tr, (Vi (wgr, v°T)).

On the other hand, for every finite surjective morphism p : Spec.S — Spec R’ with S
normal, one has

Tryop((v 0 p)aws(Ds — [(v 0 p)T])) = Tr, (nTr, (paws(Ds — [p"v'T1]))).

Therefore, replacing R with R’ and I' with I, we may assume that I' is a Cartier
divisor. Furthermore, by Remark 2.1.5 (3) and the projection formula, we can reduce
the problem to the case where I' = 0.

Finally, we will prove that there exists a module-finite extension S of R contained
in R™ such that S is normal and 7p(wgr) = Zg(wr(D)). It follows from repeated
applications of Lemma 2.1.9. O
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Lemma 2.1.9. With notation as in Proposition 2.1.8, let S be a module-finite exten-
sion of R contained in R* with S normal. Note that Tp(wgr) C Zs(wr(D)) by Propo-
sition 2.1.8 (1). If Tp(wr) # Zs(wgr(D)), then there exists a module-finite extension T
of S contained in R such that T is normal and

Supp Zr(wr(D))/7p(wr) & Supp Zs(wr(D))/Tp(wr).

Proof. Let n be a minimal prime of SuppZs(wr(D))/mp(wgr), and R,, S, and D,
denote the localization of R, S and D at 7, respectively, and let d = dim R,,. Note that
taking absolute integral closure commutes with localization, that is, (R¥), = (R,)" and
(I})y = I, . Since the formation of Zr(wg (D)) and 7p(wr) commutes with localization

(see Remark 2.1.5 (1)), we have the following sequence:

wsn (DST]) - IS’I’] (wRT] (Dn>>/TDn (an) — an (Dn)/TDn (an)
By Lemma 2.1.7, applying the Matlis dual functor ()" := Homg, (—, Er, (R,/nR;))
yields the sequence

*DnDn
Hy, (Sy(=Ds,)) < (Zs,(wr, (Dy)) /7D, (wr,))" « 0y (Iny)"

nRy

Here, to obtain the isomorphism (wg,(Dy)/7p,(wr,))" = OZ)JD(WID )
nRy n

fact that the formation of 7p, (wg,) commutes with completion (see Remark 2.1.5 (2)).
We will show below that there exists a module-finite extension 7" of S contained in
R* such that T is normal and the image of (Zs, (wg,(Dy))/Tp,(wr,))" vanishes in
Han (T,,(=Dr,)). By the commutativity of the diagram

, we utilized the

H: (S,(=Ds,)) <—(Ts, (wr, (Dy)) /70, (wr,))"

|

HYy (T,(—=Dr,)) <—(Zr, (wr, (Dy)) /7D, (wr,))"

this vanishing ensures that (Zr, (wr,(Dy))/7p,(Wr,))" = 0. Consequently, n does not
lie in the support of Zr(wgr(D))/Tp(wr), which implies the assertion of Lemma 2.1.9.
Set Ng := (Zs, (wr,(Dy))/Tp,(wr,))". The R,-module Ng has finite length by the
choice of n, and we have the following commutative diagram:
*p. D
A S Han(IDn)

d
H”IRn (ID”I )

|

Ng—— Hf;lR,,(Sn(_DSn)) - HgR,,<Sn)-

Hyg, (1)

. . *D’an
Since the image of 0 1y, (Ip,)

of Ng in H;fRn (S,) is also stable under Frobenius action. It then follows from the equa-

in Han(Rn) is stable under Frobenius action, the image

tional lemma [30, Lemma 2.2] (see also [4]) that the image of Ng vanishes in IL]f?an(R:]r ).
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Noting that Rf{ is a big Cohen-Macaulay R,-algebra, and therefore Hggi(R;“ ) =0, we
can consider the following commutative diagram with exact rows:

Hgﬁ,} (Sn/Sn(_DSn)) - HgR,I(Sn(_DSn)) - Han(Sn) —0

| | X

_ !
0 ——= Hyz ((Ry/Ip,)") Hyp (Ip,) ——= Hyp (Ry) —0.

Simple diagram chasing shows the existence of a finitely generated R,-submodule M
of Hglgj((Rn/IDn)J”) such that f(M,) = a(Ng). Since O*H%"D" is stable under the

Ry (UDy)
map Fp, : Han(]Dn) — H,‘fR"(]Dn), its image a(Ng) is also stable under the induced
map Han(Ign) — Hf]an(Ign). The injectivity of f consequently ensures that M, is
stable under Frobenius action. Applying the equational lemma again, we deduce that
a(Ng) = M, = 0. Thus, by the finite generation of Ng, there exists a module-finite
extension 7" of S contained in R™ such that 7" is normal and the image of Ng vanishes
in Han (T,,(=Dr,,)). O

Corollary 2.1.10. With notation as in Setting 2.1.1, suppose that D is a prime divisor
and Kx + D + T is Q-Cartier. Fiz a choice of I}).

(1) For every module-finite extension S of R contained in RY with S normal, one
has

(R, D +1T') C Im(Tr, : m.0y(Ky — |7 (Kx + D +1')] + Dg) - K(X)),

where Y := Spec S = X is the finite morphism induced by the inclusion R — S
and Dg is the prime divisor such that S(—Dg) =I5 N S.

(2) There exists a module-finite extension S of R contained in R™ such that S is a
normal domain and the equality holds in the inclusion in (1).

Proof. The assertion follows directly from combining Lemma 2.1.4 with Proposition
2.1.8. O

2.2 A generalization of plus closure

In this section, we introduce a generalization of plus closure to give another description
of test ideals along divisors. For the theory of classical plus closure, the reader is
referred to [24] and [53].

We work with the following setting.

Setting 2.2.1. Let R be a d-dimensional F-finite normal local domain, A be an effec-
tive Q-Weil divisor and D be a prime divisor on X := Spec R such that no component
of A is equal to D. We fix a choice of I};, and let A denote the set of module-finite
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extensions Ry of R, contained in R™, such that each Ry is a normal domain. When
Ry belongs to A, we write the morphism corresponding to the inclusion R < R) by
Ty - X)\ = SpecR,\ — X.

Definition 2.2.2. With notation as in Setting 2.2.1, for each Ry € A, let D, denotes
the prime divisor on Spec Ry such that Ry(—D,) = I}, N R,.

(1) The R*-module I}(D + A) is defined as

I5(D + A) = lim Ry(|73(D + A) = DyJ).

(2) Given an ideal J of R, the (D + A)-plus closure J*P(P+2) of J along D is defined
to be the ideal J(I}(D + A)) N R.

(3) Given an R-module M, the (D+ A)-plus closure OLD(DJFA) of the zero submodule
along D is defined to be the kernel of the natural map M — M ®g I}, (D + A).

Remark 2.2.3. An element z € R belongs to J+t2(P+2) if and only if Z does to OJI;/DJ(D+A),
where T is the image of x under the canonical surjection R — R/J.

Proposition 2.2.4. With notation as in Setting 2.2.1, suppose that Kx + D + A is
Q-Cartier, that is, r(Kx + D + A) = div f for some integer r > 1 and some nonzero
element f € R. Then

1
T

O = e bton) L5 1))

where HE(wp) AN He(1}) is a map induced by the multiplication by f+ .

Proof. By Corollary 2.1.10, there exists a module-finite extension Ry € A such that
7 € Ry and

(R, D+ A) = Im(Tr,, : 7, Ox,(Kx, — T(Kx +D+A)+D,) = Ox)

holds for all R, € A containing R,. Taking its Matlis dual, one has

1
Oty = et (Hﬁ(wR) — Hi(IDA)) :

Then taking its direct limit yields the desired equality

1
T

0yt = ker (H;i(wR) A H;i(lg)) .
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Lemma 2.2.5. In the setting of Proposition 2.2.4,

1
v

Hilwn ®r 15 (D + A)) 5 Hi(I)
s an isomorphism.

Proof. We consider only R, € A such that f% € Ry, that is, m}(Kx + D + A) is a
Cartier divisor on Spec Ry. A natural injection

WR QR R)\(W;i(D + A) — D)\) — R)\<7T;(KX + D+ A) — D)\)

is an isomorphism on the regular locus of X, that is, an isomorphism in codimension
one, which yields an isomorphism

Hi(wr ©r RA(TX(D + A) = Dy)) = Hy(Ra(m3(Kx + D + A) — Dy)).
Therefore, we have
Hyy(wr ®p I5(D + A)) 2 lim Hy(wg ©r Ra(m3(D + A) — Dy))
R
o~ héHﬁ(RA(ﬂi(KX + D+ A) — Dy))
Ry
= Hy(im(Ry (75 (Kx + D + A) = Dy)))
Ry

> HA(I} ®ry Ra(div f7))
=~ H(I}),

where the last isomorphism is induced by the multiplication by f 3 O

Proposition 2.2.6. With notation as in Proposition 2.2.4, we have

(R, D+ A) = [\(J : TP,
J

where J runs through all ideals of R.

Proof. By Proposition 2.2.4 and Lemma 2.2.5,

%&)A) ker(H%(wg) — H(wr @r I(D + A)))
= ker(Hﬁ(wR) — Hi(wR) ®r ]E(D —i—A))
+p(D+A)
HE (wr)

Since R is approximately Gorenstein, the assertion follows from an argument similar
to [12, Proposition 3.3.1 (4)] and [23, Proposition 8.23]. O
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2.3 A characterization of adjoint ideals via ultra-
products

In this section, we give a characterization of the adjoint ideal adj,(X, D + A) via
ultraproducts when Kx + D + A is Q-Cartier. We work with the following setting.

Setting 2.3.1. Let (R, m) be a d-dimensional normal local domain essentially of finite
type over C, A be an effective Q-Weil divisor and D be a prime divisor on X := Spec R
such that no component of A is equal to D. Let (R,)pep, (Dp)pep and (A,),ep be
approximations of R, D and A, respectively. Fix choices of I;;p, which is equivalent to

fixing local ring homomorphisms R} — (R,/Ip,)", for almost all p.

First we generalize Schoutens’ “canonical” big Cohen-Macaulay algebras B(R) to
the pair setting.

Definition 2.3.2. With notation as in Setting 2.3.1, the R*-algebra B(R) is defined
as
B(R) = ulim R

p

The B(R)-modules B(Ip) and B(Ip, D + A) are defined as

B(Ip) =ulim(I} ), B(Ip,D+ A)=ulim(I} (D,+ A,)),
p P P p

respectively.

Remark 2.3.3. Definition 2.3.2 is an abuse of notation since B(Ip) and B(Ip, D + A)
depend on the choices of (Izgp)pep and are not uniquely determined by Ip and D +
A. If o : B(R) — B(R/Ip) is the homomorphism induced by the fixed local ring
homomorphisms (R,)* — (R,/Ip,)", then

0 — B(Ip) = B(R) % B(R/Ip) — 0

is an exact sequence.

We define a closure operation in equal characteristic zero, using B(Ip, D + A).

Definition 2.3.4. (1) Given an ideal J C R, the ideal J8»(P+2) C R is defined to
be JB(Ip,D + A)NR.

(2) Given an R-module M, the submodule OZA?(DJFA) is defined to be the kernel of
the natural map M — M ®gr B(Ip, D + A).

(3) The following ideals are equal to each other (cf. [23, Proposition 8.23] and [12,
Proposition 3.3.1]), and are collectively denoted by 75 p(R, D + A).

(a) (N, Anng Of/f(DJFA), where M runs through all R-modules.
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(b) Anng Og’:’ (DH2) where E = Er(R/m) is an injective hull of the residue field
R/m.
(¢) N, (J : JBpP+A)) where J runs through all ideals of R.

In order to prove the main theorem in this section, we need the following two
lemmas.

Lemma 2.3.5. If Kx + D+ A is Q-Cartier, then (1p,(Rp, Dy +A,))pep is an approx-
imation of the adjoint ideal adj,(X, D + A).

Proof. When Kx + D 4+ A is Q-Cartier, modulo p reductions of the adjoint ideal
adjp (X, D + A) coincide with the test ideals 7p,(R,, D, + A,), where (R, D, Ay)
are modulo p reductions of (R, D, A), by essentially the same argument as the proof of

[59, Theorem 5.3]. The assertion then follows from an argument similar to Proposition
1.5.48. O

Lemma 2.3.6. With notation as in Setting 2.3.1, the natural map
Bp : HL(B(Ip)) — ulim Hy (If)
18 1njective.
Proof. As mentioned in Remark 2.3.3, the exact sequences
0= 15 — Ry = (Ry/Ip,)" —0
for almost all p induce the exact sequence
0— B(Ip) = B(R) = B(R/Ip) — 0.

Note that R} and (R,/Ip,)" are big Cohen-Macaulay algebras for almost all p by [24]
and that B(R) and B(R/Ip) are big Cohen-Macaulay R*-algebras by [45]. Thus, we

have the following commutative diagram with exact rows:

0 Hy ' (B(R/Ip)) Hy(B(R)) 0

Hy(B(Ip))

o Bp 24

0 ——ulim HE (R, /Ip,)") —ulim HE (I} ) ——ulim HZ (R) ——0.
P P p P D P D P

Since « and v are injective by Lemma 1.5.72; so is the homomorphism Sp. [
The main result in this section is now stated as follows.
Theorem 2.3.7. If Kx + D + A is Q-Cartier, then
Bp(D+A .
OHE((w;) ) = Annya . adjp (X, D+ A).

Taking the annihilator of both sides in R yields the equality
p(R, D+ A) =adjp(X, D+ A).
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BD((D+)A C Annyg .y adjp(X, D + A). Tt suffices to

show that 75 p(R, D+ A) D adj, (X, D+ A), that is, J : J82(P+2) D adj, (R, D + A)
for every ideal J C R. Fix x € J8»(P*2) and @ € adjp(R, D + A), and let (z,)pep and
(ap)pep be approximations of x and a, respectively. By the definition of JBP(P+2) "z

is contained in J, I}, (D,+A4,), that is, z, € Jp Foe(PrtAe) g0 almost all p. On the other
hand, by Lemma 2.3.5, a, is contained in 7p (R,, D, + Ap) for almost all p. It follows
from Proposition 2.2.6 that a,z, € J, for almost all p, which implies that az € J.
Thus, we have the desired containment.

Next we will prove the reverse containment. We may assume that d > 1. Take a
log resolution p : Y — X of the pair (X, D+ A) and let Z = y~*(m) denote the closed
fiber of u. Set

Proof. First we will prove that 0

L=0y(u(Kx+D+A)—pu;'D)

and let § : Hd(wgr) — HL(Y, L) be the map induced by the edge maps of the spectral
sequence H? (R, L) = HL(L). Let (Y,)pep, (Z,)pep and (L,),ep be approxima-
tions of Y, Z and L, respectively. Note that one has log resolutions p, : Y, = Spec R,
and Z, = pu,, '(m,) for almost all p. Then we have a commutative diagram

HH X\ {m}, wr) ——= Hy(wr)

¥ )

H (Y, £) —— H (V' \ Z,£) HE(Y, £)

e

HEYWY, L) == HEY Y\ Z,L),

where the top horizontal map is surjective and the middle row is exact (see Definition
1.5.62 for the definition of H.,). Similarly, we have the following commutative diagram
where the top horizontal map is surjective and the bottom row is exact for almost all
p:
d— d
HH (X, \ {my}, wr,) —= Hy (wr,)

i%} J{‘SP
HN (Y, £,) 2 HY(Y,\ 2, £y) HY (L,).

It is enough to show that kerd C Og’j (D+A because ¢ is the Matlis dual of the

inclusion adjp(X,D + A) — R and kerd = Anngg,,)adjp(X,D + A). Suppose
n € kerd and take an element ¢ € H4 (X \ {m}, wR) that maps to 1. Let (1,),ep
and (¢,)pep be approximations of n and (, respectively. By the commutativity of the
first diagram, u®~!(y(¢)) € Im p& !, which implies that 7,((,) € Im p?~* for almost all
p. Then by the commutativity of the second diagram, n, € kerd, for almost all p. It
follows from the dual form of Lemma 2.3.5, Proposition 2.2.4 and Lemma 2.2.5 that

*Dp Dp+Ap)
I;\;ﬁ ((pr) - ker(HglP (wRP) - Hg‘p (wRP ®Rp ]gp(Dp + Ap)))

kerd, =0



46

for almost all p. Therefore, the image of 7 vanishes in ulim, H;llp (Wr, ®r, Igp(Dp—f—Ap)).
Since Kx + D + A is Q-Cartier, r(Kx + D + A) = div f for some integer r > 1 and
some nonzero element f € R. Fix a module-finite extension S of R contained in R
such that S is normal and " € S, and let 7 : Spec.S — Spec R = X denote the
morphism corresponding to the inclusion R < S. We now consider a commutative
diagram

(en) alim H, (or,)
Hé(wr @R R:(D) ®r R(=D)) e
Hi (o ©r S(x* (D + A)) @ B(Ip) = HA(B(Ip)) —— 2 ulim 1, (I}, )
H(wr @r B(Ip, D + A)) ~|.fi/r
Hﬁ(ugm wr, Or, I}y (Dp+ Ap)) ulim Hy (wr, @R, Iy (Dp+ Ap)),

where (p is injective by Lemma 2.3.6 and the isomorphisms in the lower left and
lower right are consequences of Lemma 1.5.56 and Lemma 2.2.5, respectively. By the
commutativity of this diagram, the image of 1 has to be zero in Hé(wp @g S(7*(D +
A)) ®s B(Ip)). Thus,

nec ker(Hﬁ(wR) — Hﬁ(wR QR B(ID, D+ A)))

= ker(Hgl(wR) — Hﬁ(wR) QR B(ID, D+ A))

_ nBp(D+4)
~ VH(wgr)

2.4 Pullback of divisors

In this section, we discuss how to pullback Weil divisors. Our main reference is [14,
Section 2]. Although morphisms are assumed to be birational in loc. cit., essentially
the same arguments work in our setting.

Definition 2.4.1 (cf. [14, Section 2]). Let R < S be an injective homomorphism be-
tween Noetherian normal domains and ¢ : Spec S — Spec R denote the corresponding
morphism.
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(1) Suppose that D is a Weil divisor D on Spec R. The cycle-theoretic pullback "D
of D under ¢ is the Weil divisor

o*D => wp(R(-D))E,

where F runs through all prime divisors on Spec S and vg is the discrete valuation
associated to E.

(2) Suppose that I' is a Q-Weil divisor on Spec R. The pullback ¢*T" of I under ¢ is

the R-Weil divisor A r
T=Y (mf M) E.
E

m

where E runs through all prime divisors on Spec S and the infimum is taken over
all integers m > 1 such that mI' is an integral Weil divisor. If I' is Q-Cartier,
then this definition coincides with the classical definition of pullback.

Remark 2.4.2. (1) S(—¢'D) = (R(—D)S)**, where (—)** denotes the reflexive hull
as an S-module.

(2) If D; and D, are Weil divisors on Spec R, then (D) 4 Ds) < ¢?D; +¢°D; holds

and the inequality is strict in general.

(3) One generally has the inequality ¢*D < ¢*D. If ¢ is flat, then ¢*D = ¢*D,
which also coincides with the flat pullback of D under .

(4) Definition 2.4.1 can be generalized to the case of dominant morphisms ¢ : Y —
X between normal (not necessarily affine) varieties. If ¢ is a small birational
morphism, then ¢*D is nothing but the strict transform of D on Y (see [9,
Remark 2.12]).

Throughout this section, we work with the following setting.

Setting 2.4.3. Let k£ be an algebraically closed field. Suppose that R — S is an
injective k-algebra homomorphism between normal domains essentially of finite type
over k and ¢ : SpecS — Spec R is the corresponding morphism. Let A (resp. M)
be the set of module-finite extensions Ry (resp. S,) of R (resp. S), contained in R*
(resp. S*), such that each R, (resp. S,) is a normal domain. When R, (resp. S,)
belongs to A (resp. M), we write the morphism corresponding to the inclusion R < R)
(resp. S < S,) by m\ : Spec Ry — Spec R (resp. p, : Spec .S, — Spec 5).

Proposition 2.4.4. With notation as in Setting 2.4.3, take Ry € A and S, € M such
that Ry is contained in S, and let @), : Spec S, — Spec Ry denote the corresponding
morphism. For a Weil divisor D on Spec R, one has an inequality

phe'D = ¢, D

of Weil divisors on SpecS,,.



48

Proof. Let F}, be a prime divisor on Spec S, and F' = p,(F),) denote the image of F),
under p,. Then

ordp, (95, mD) = vr, ((IpRy)™) < vr, (Ip)
= UFM(IF)UF([D)
= ordg, (F) ordp(gohD)
= ordp, (p ' D),

where (IpRy)** is the reflexive hull of Ip Ry as an Ry-module. O

Remark 2.4.5. Cycle-theoretic pullback does not commute with finite pullback, that is,
the inequality in Proposition 2.4.4 is strict in general. For example, let S = Clz, v, 2]
be the 3-dimensional polynomial ring over C and R = Clzy?, zyz, v2%] be a subring of
S. Consider the module-finite extension Ry = C[\/xy,/zz] of R and the module-finite
extension S, = C[/z,y, 2] of S.

Spec C[Vz,y, 2] —“—~ Spec C[V/zy, V/a7]

Spec Clz, y, 2] ——= Spec Clzy?, zyz, 127

Let D be a prime divisor on Spec C[zy?, xyz, vz?] defined by the prime ideal (zy?, zyz)
of height one. Then 73D = div /zy and gpiuﬁf\D = div y/z+divy. On the other hand,
@'D = dive + divy and plp*D = 2div/z + divy.

Proposition 2.4.6. With notation as in Setting 2.4.3, suppose in addition that R — S
1s a pure local homomorphism. For a prime divisor D on Spec R, one has

S(—p'D)N R = R(-D).

Proof. First note that ¢ is surjective since R < S is pure. Pick a prime ideal ¢ of S
lying over R(—D). Let A and B be normal domains of finite type over k and let p
and q be prime ideals of A and B, respectively such that R = A,, S = B, and the
inclusion R — S is induced by a k-algebra homomorphism A — B. Take a minimal
prime divisor s of (Ip N A)B contained in v N B. It is easy to see from [40, Theorem
15.1] that hts = 1. Then sS is a height one prime of S and we have containments
IpS C sS C ¢, which implies that I :p C 55 and consequently I:p N R = Ip. O]

The following proposition is one of the key ingredients in the study of the behavior
of adjoint ideals under pure morphisms.

Proposition 2.4.7. With notation as in Setting 2.4.3, let D be a prime divisor on
Spec R, and suppose that the cycle-theoretic pullback E := ¢*D of D under ¢ is a
prime divisor and dominates D. Let T (resp. A) be an effective Q-Weil divisor on
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Spec R (resp. SpecS) that has no component equal to D (resp. E), and suppose that
A > p*T. Fiz choices of I}, and I}, such that the following diagram commutes:

0—>If —>R* (R/Ip)" —=0

L

0—>If —~8* (S/Ip)* —0

Then there exists a natural inclusion
IN(D+T) = IL(E+A).

Proof. Take A € A and p € M such that R, is contained in S,,, and let ¢, : Spec S, —
Spec Ry denote the corresponding morphism and D, (resp. E,) denote the prime
divisor on Spec Ry (resp. SpecS,) such that Ry(—Dy) = I}, N Ry (resp. S,(—FE,) =
I N S,). Tt suffices to show the inclusion

BA([my (D +T) = Di]) = Su(lpp(E+ A) = EL).

For any nonzero element f € Ry(|m3(D + I') — D,]) and any prime divisor F, on
Spec Sy, we will show that ordg,(divs, f + pj(E + A) — E,) > 0. First consider the
case where F), # E,,. By assumption,

. g, (R(—mTI . s .
%f W = ordp, (p,,¢*T") < ordp, (p,A),

where the infimum is taken over all integers m > 1 such that mD is an integral Weil
divisor. Since

J™Ry(=mD)" R(~mT) € Ry(~mDy) C 5,
for such m, one has

ordg, (divg, f + pZ(E +A) - E,) = ordp, (divg, [+ P B+ pZA)
ordg, (divg, f + (pi”ﬂ';D + 0, A)

>
20,

where the middle inequality follows from Proposition 2.4.4.

Next we treat the case where F), = E,. Since E' dominates D, the prime divisor
E,, dominates Dy. Also, ordp, m3I' = ordg, p;,A = 0 by assumption. Therefore, by
Proposition 2.4.4,

ordg, (divs, f + p, (£ + A) — E,) > ordg, (divs, f + QOE\MW;D) -1
rdp, (divg, f+m D) —1

(e}
OI‘dDA(diVR/\ f —+ W;(D -+ P) - D)\)
0

VoV

WV
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Cycle-theoretic pullback commutes with taking approximations.

Proposition 2.4.8. Suppose that R — S is an injective local C-algebra homomorphism
between normal local rings essentially of finite type over C and ¢ : Spec S — Spec R is
the corresponding morphism. Let D be a Weil divisor on Spec R and E := @D be the
cycle-theoretic pullback of D under . If (¢, : Spec S, — Spec R,,)pep, (Dy)pep, (Ep)pep
are approximations of ¢, D, E, respectively, then E, is the cycle-theoretic pullback of
D,, under ¢, for almost all p.

Proof. Suppose that py, ..., p, are all the minimal prime ideals of IpS. Let (9;p),ep be
an approximation of p; for each i = 1,...,n, and then by [44, Theorem 4.4], p1,, ..., Pnyp
are all the minimal prime ideals of Ip S, for almost all p. By reindexing, if necessary,
we may assume that htp, =1 fori=1,...,mand htp; > 2fori=m+1,...,n. Let
E; denote the prime divisor on Spec S defined by p; and /; denote the positive integer
such that IpS,, = t1S,,, where ; is a uniformizer of the DVR S,,, for i = 1,...,m. It
then follows from Remark 2.4.2 (1) that £ =}, . LiE;.

On the other hand, let Ej;, be the prime divisor on Spec S, defined by p;, for

i = 1,...,m and for almost all p. Since Ip,(Sp)p, = (IpSy,)p and htp; = htp;, for
almost all p (see [44, Theorem 4.5] for the second equality), the cycle-theoretic pullback
of Dy under @, is Y, ;.. liEp, for almost all p, which completes the proof. n

The pullback of an approximation of a Weil divisor can be estimated from above
by using an approximation of the pullback of this divisor.

Proposition 2.4.9. Suppose that R — S is an injective local C-algebra homomorphism
between normal local domains essentially of finite type over C and ¢ : Spec S — Spec R
1s the corresponding morphism. Let I' be an effective Q- Weil divisor on Spec R, and fix
an integer m = 1 such that mI' is an integral Weil divisor. Considering approzimations
of T, o*T and ©*mI, for every real number ¢ > 0, one has

(¢ T)p + 5(g0umI‘)p > QOZFP
for almost all p.

Proof. Fix a real number € > 0 and take a sufficiently large integer n so that

vg(R(—mnT))

< ordg(p'T + epiml)
mn

for all prime divisors £ on Spec S. Since vg, (R,(—mnl',)) = vg(R(—mnlI)) for almost
all p, where (E,),ep is an approximation of £, this inequality implies that

VE, (Rp(_mnrp))

mn < OrdEp((SO*F)p + S(gphmf‘)p)

ordg, ,I', <

for almost all p. O
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2.5 Faithfully flat descent of adjoint ideals

In this section, we prove the faithfully flat descent property of adjoint ideals. First,
following an idea from [9], we extend the correspondence between adjoint ideals and
test ideals along divisors to rings with finitely generated anti-canonical algebras.

Lemma 2.5.1. Suppose that X is an F'-finite normal integral scheme, D is a reduced
divisor and A is an effective Q- Weil divisor on X such that D and A have no common
components and the Ox-algebra @,-, Ox (| —i(Kx +D+A)]) is finitely generated. Let
a C Ox be an coherent ideal sheaf whose zero locus contains no components of D and
t > 0 be a rational number. Choose an integer m > 1 such that mt is an integer, mA is
an integral Weil divisor, and the m-th Veronese subring of @,-, Ox (| —i(Kx+D+A)])
18 generated in degree one. Then

(X, D+ A, ) = mp(wx, (O(=m(Kx + D+ A)a™)m).
For the definition of the right hand side, see Remark 2.1.3.
Proof. This follows from an argument similar to [9, Lemma 5.2]. O]

Lemma 2.5.2. Suppose that X is a normal complex variety, D is a reduced divisor and
A is an effective Q- Weil divisor on X such that D and A have no common components
and the Ox-algebra ®;>0O0x (| —i(Kx+D+A)]) is finitely generated. Let a C Ox be a
coherent ideal sheaf whose zero locus contains no components of D and t > 0 be a real
number. Let p: X' = Proj@,., Ox(|—i(Kx+D+A)|) = X be the Q-Cartierization
of —(Kx + D+ A). Then

ade(X7 D + A, at) = p*adjp*D(le p*(D + A)a (aOX/)t)'

Proof. An argument analogous to that in [9, Corollary 2.25] is applicable here, by
utilizing adj(Dm)(X, D+ A, a') in the proof of Proposition 1.1.2 instead of 7,,(X, A, a*).
[

We now briefly explain the method for reducing triples (X, D, a), consisting of
varieties, divisors and ideal sheaves, from characteristic zero to positive characteristic.
Our main reference is [26, Chapter 2]. For the case of local rings, see Definition 1.3.9.

Let X be a normal variety over a field k of characteristic zero, D = ). d,D; be
an Q-Weil divisor on X and a C Ox be a nonzero coherent ideal sheaf. Choosing a
suitable finitely generated Z-subalgebra A of k, we can construct a scheme X 4 of finite
type over A and closed subschemes D; 4 € X4 such that there exist isomorphisms

Xi>XA X Spec A Spec k

D; — Di,A X Spec A SPeC ka
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and set ay4 = p.anN Ox,, where p : X — X, is the projection. We can enlarge A
by localizing at a single nonzero element and subsequently replace X4 and D; 4 with
their corresponding open subschemes. This enables us to assume that X4, D; 4 and ay
are flat over Spec A due to generic freeness. Further enlarging A if necessary, we can
then assume that X4 is a normal integral scheme, D; 4 is a prime divisor on X4 and
aaOx = a. We refer to the triple (X4, D4 := >, d;D; a,a4) as a model of (X, D, a)
over A.

Given an closed point y1 € Spec A, let X, (resp. D;,) denote the fiber of X4 —
Spec A (resp. D; 4 — Spec A) over p, and set D), = Y. D; , and a, = a4Ox,. Then X,
is a scheme of finite type over the finite field A/p. Furthermore, X, is a normal variety
over A/p and D, is a Q-Weil divisor on X, for general closed points p € Spec A.

Theorem 2.5.3. With notation as in Lemma 2.5.2, suppose that t is a rational number.
Given a model over a finitely generated Z-subalgebra A of C, we have

adjp (X, D+ A, a"), = 7p, (X, Dy + A, afL)
for general closed points j € Spec A.

Proof. By virtue of Lemmas 2.5.2 and 2.5.1, this follows from an argument similar to
9, Theorem 6.4]. O

We remark that flatness is preserved under reduction modulo p.

Proposition 2.5.4. Let g : B — C be a C-algebra homomorphism between rings of
finite type over C, and q be a prime ideal of C. Moreover, set p = qN B, R = B,
and S = Cy, and suppose that the induced local ring homomorphism g, : R — S
is flat. Given a model over a finitely generated Z-subalgebra A of C, the local ring
homomorphism g, , : R, — S, is flat for general closed points u € Spec A.

Proof. Since the flat locus of g : B — (' is open, by localizing C' at a nonzero element
if necessary, we may assume that ¢ is flat. Then, enlarging A if necessary, we may
assume that TorP4(Ba/pa, Ca) = 0. It follows from [26, Theorem 2.3.5 ()] that
R, B,
Tor " (k(pp), Su) = Tor) " (B/pu, Cu) ®c, Sy

= Tory*(Ba/pa, Ca) @c, Sy

=0,
which implies that g, , : R, — S, is flat, for general closed points u € Spec A. O

The following lemma is seemingly well-known to experts. However, we include it
here due to the lack of a direct reference.

Lemma 2.5.5. R — S be a flat local ring homomorphism between Noetherian local
rings and M be an R-module. If R is complete, then we have

(Anng M)S = Anng(M ®g 5).



53

Proof. For each element x of M, tensoring the exact sequence
0 — Anngz - R 5 M

with S yield an exact sequence

0= (Annga)S — S % Mgy S,

which implies that (Anng 2)S = Anng(z ® 1). Therefore, we have

(Anng M)S = (ﬂ AnnRzz:) S = ﬂ ((Anng z)95)
= ﬂ Anng(z ® 1)

= Anng(M @z 5),

where the second equality follows from the fact that the homomorphism R — S is
intersection flat by [27, Proposition 5.7 (e)]. O

Proposition 2.5.6. Let (R,m) — (S,n) be a flat local homomorphism between F -
finite normal local rings of characteristic p > 0, and let ¢ : Spec S — Spec R denote
the corresponding morphism. Let D be a reduced divisor and I' be an effective Q-Weil
divisor on X := Spec R such that D and I" have no common components. Suppose that
the flat pullback E = ©*D of D under ¢ is a reduced divisor on'Y := SpecS. For any
tdeal a C R whose zero locus contains no components of D and for any real number
t >0, one has
82(S, E + ¢'T, (aS9)") C 7p(R, D + T, a")8S.

Proof. The inclusion R < S induces the flat injective local ring homomorphism R< S
(see, for example, [54, 0C4G]), and let @ : Spec.S — Spec R denote the corresponding
morphism. Then we have the commutative diagram

Spec S e Spec R

Spec S —2= Spec R,

where (g : Spec}AB — Spec R and (g : Spec§ — Spec S are the canonical morphisms,
and therefore, *1;,D = (5 E. Note that both ¢}, D and ({E are reduced divisors. Since
the formation of test ideals along divisors commutes with completion, we can reduce
the problem to the case where both R and S are complete.

For each integer e > 1, the inclusion R — S induces an inclusion

R((p° = 1)D + [pT]) = S((p° = )E+ [p°fT]).
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Additionally, it induces a containment R*P C S°¥. This follows from the fact that

every irreducible component of E dominates an irreducible component of D by the

flatness of . It is then easy to see that O;f[’(D+F’at) ®r S C ()}Fjggf B9 for all

R-modules M, which implies that
ﬂAnns(O}k\f(DJrr,at) ®rS) 2 ﬂ Anng 0’;\5®i;f T,(aS)t ))

) ﬂAHHS Oj\;;(E-i-f*F,(aS)t)
N

= TE(SaE+ f*F7 (aS)t)a

where M (resp. N) runs through all R-modules (resp. S-modules). On the other hand,
R — S is intersection flat by the completeness of R and [27, Proposition 5.7 (e)], and
consequently,

mAnng 0:2(PH0) g S) = ((Ann O*D(D+Fa))5>

(ﬂ Anng O*D (D+Ta )> S

= mp(R,D +T,a")S,

where the first equality follows from Lemma 2.5.5. Thus, we obtain the desired con-
tainment. O

Here is the main result of this section.

Theorem 2.5.7. Let f : Y — X be a faithfully flat morphism between normal complex
varieties. Let D be a reduced divisor and I' be an effective Q-Weil divisor on X such
that D and I have no common components. Suppose that the flat pullback E = f*D of
D under f is a reduced divisor on'Y" and the Ox-algebra @,., Ox (| —i(Kx + D+1T)])
is finitely generated. For any coherent ideal sheaf a C Ox whose zero locus contains
no components of D and for any real number t > 0, one has

adjz (Y, E + T, (aOy)") C adjp(X,D +T',a")Oy.

Proof. Take an effective Q-Weil divisor A on Y such that A and E have no common
components, Ky + E 4+ f*I" + A is Q-Cartier and

adjp(Y, E+ T, (aOy)") = adjz (Y, E + f*'T + A, (aOy)").

After a small perturbation, we may assume that ¢ is a rational number. Given that
the question is local, we can further assume that X = Spec R and Y = Spec S, where
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R and S are normal local rings essentially of finite type over C. Given a model over a
finitely generated Z-subalgebra A of C, it follows from Theorem 2.5.3 that

ade(Xv D + Fa at),u = TDM (X,LLJ D,u + F,uv CLZ),
adjp (Y, E+ [*T+ A, (aS))y = 76, (Y, Ep + [T+ Ay, (0,5,)°)

for general closed points p € Spec A. Therefore, it is enough to show that
TE, (Yw E,+ fu*ru + Ay, (ausu)t) C 7p, (Xu, Dy + T, aZ)Su

for general closed points p € Spec A. By observing that all assumptions are preserved
after reduction to characteristic p > 0, such as f, being flat for general closed points
1 € Spec A by Proposition 2.5.4, this is a direct consequence of Proposition 2.5.6. [

The assertion of Theorem 2.5.7 does not hold for pure morphisms.

Example 2.5.8. Let S = C[z,y, 2](z,4,.) be a localization of the three-dimensional
polynomial ring over the field C of complex numbers, equipped with an action of the
multiplicative group G = C* defined by

x — t2x
t: y»—>t_1y ,
2tz

where ¢ € G. Then the subring R := S¢ of invariants under the action of i is described
as

Clzy?, 222, 2y2) (12 w22 aye) = (Clu, v, w]/ (w0 — W) (4,0,0)-
Note that the inclusion R < S is pure and not flat. Writing X := Spec R, Y := Spec S,

and m for the maximal ideal of R, we observe that J(X,m) = m and J(Y,mOy) =
(xy, 2z)Oy, which implies that

J(Y,mOy)NOx C J(X,m), J(Y,mOy) < J(X,m)Oy.

2.6 The behavior of adjoint ideals under pure ex-
tensions

In this section, we study the behavior of adjoint ideals under pure ring extensions.
This gives a generalization of [65, Theorem 1.2].
In the first half of this section, we work with the following setting.

Setting 2.6.1. Let (R, m) be a d-dimensional normal local domain essentially of finite
type over C, A be an effective Q-Weil divisor and D be a prime divisor on X := Spec R
such that no component of A is equal to D. Let a be an ideal of R not contained in
R(—D) and t > 0 be a real number.
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First we generalize the definition of 75 p(R, D + A) to the case of triples.

Definition 2.6.2. (1) Given an R-module M, the submodule O%’(D+A’at) of M is
defined as N Bo(D+A+ L div f)
Bp(D , = div
UrAaE O I Ui ,
n>1 fEa[tn] ARe:D

where the first intersection is taken over all positive integers n and the second
intersection is taken over all nonzero elements f € al**l N R>P.

(2) The following ideals are equal to each other (cf. [23, Proposition 8.23]), and are
collectively denoted by 75 p(R, D + A, a').

(a) (N, Anng O%’(DJFA’“t), where M runs through all R-modules.

(b) Anng OED(DJFA’at), where £ = Eg(R/m) is an injective hull of the residue
field R/m.

Lemma 2.6.3. If Kx + D + A is Q-Cartier, then

1
din(X, D+ A, a") = djr (X, D+ A+ —di
aJD( ) + ,Cl) Z Z a“JD( ) + +7’L lVf),

n>1 feu[tn] ARe:D

where the first summation is taken over all positive integers n and the second summation
is taken over all nonzero elements f € al"l N R>P.

Proof. 1t is clear that the right hand side is contained in the left hand side. We will show
the reverse containment. First note that the filtration of adjoint ideals adj,(X, D +
A, a) is right continuous in ¢, that is, adj, (X, D + A, a") = adjp(X, D + A, a'*€) for
all 0 < ¢ < 1. Therefore, we may assume that ¢ is a rational number. Let fi,..., f;
be a system of generators for a such that f; ¢ R(—D) for each i = 1,...,[. Since the
adjoint ideal adj, (X, D + A, a') coincides after reduction to characteristic p > 0 with
the test ideal 7p(R, D 4+ A, a’) along D by [59], it follows from an argument similar to
the proof of [58, Theorem 3.2] that

adjip(X,D+Aa") = Y adjp(X, D+ A+ \divf+ -+ Adiv ),
AN =t

where the summation is taken over all nonnegative rational numbers A, ..., \; with
A + .-+ N = t. Fix such nonnegative rational numbers \q,...,\; and choose an
integer m > 1 so that mJ); is an integer for each i = 1,...,l. Then f := f{”’\l e lm’\l

is an element of a™ N R*” and % div f = A div f1 + -+ - + Ay div f;. Thus,

1
di (X, D+ A+ A, di crndiv ) YYD adp(X, D+ A+~ d
adjp(X, D+ A+ A div fi +- -+ N div f;) C adjp (X, D+ +n iv f),

n>1 f€aftn'| QRO,D

which completes the proof. O
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We can now generalize Theorem 2.3.7 to the case of triples.

Proposition 2.6.4. If Kx + D + A is Q-Cartier, then
TB’D<R, D+ A, Clt) = ade(X, D+ A, Clt).
Proof. Tt follows from Theorem 2.3.7, Lemma 2.6.3 and Matlis duality that

B A,at
m5.0(R, D+ A,a') = Anng ()Hg((f; =)

1
=Amg ([ () A, adip(X,D+A+ ~div f)

n>1 fealtninRo.D

1
:AHHRAHHH{%(UJR) E E adJD(X,D‘i‘A‘f—Elef)
n=1 f€a|’tn]mRo,D

= Anng Annya ) adjp (X, D + A, a’)
= ade(Xa D + Aa at)'

]

Theorem 2.6.5. With notation as in Setting 2.6.1, let R — S be a pure local C-
algebra homomorphism between normal local domains essentially of finite type over C,
and o 1Y := Spec S — Spec R = X denote the corresponding morphism. Suppose that
Kx + D + A is Q-Cartier and the cycle-theoretic pullback E := ©*D of D under ¢ is
a prime divisor. Then

adjp(V, E+ ¢"A,aS ) N R C adjp(X, D + A, a').

Proof. Choose an integer m > 1 such that mA is a Weil divisor. Note by Proposition
2.4.6 that ©'mA has no component equal to £. We take an effective Cartier divisor G
on Y whose support contains that of ©*mA and which has no component equal to E.
We also take an effective (Q-Weil divisor I' on Y such that no component of I' equal to
E, Ky + E+ ¢*A+ 1 is Q-Cartier and

adjp(Y, E + ¢*A,aS") = adjp(V, E+ ¢*A + T, aS").

Let (Ry)pep, (Dp)pep and (E,),ep be approximations of R, D and F, respectively. Fix
choices of I, and Ij; so that the diagram

01}, —= Rt ——(R/Ip)} —=0

p

L

01} —S; (S/Iz); —0

p
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commutes for almost all p. Considering approximations of A,I" and G, and applying
Proposition 1.5.33, Proposition 2.4.7 and Proposition 2.4.9, we find that the following
inclusion holds for any rational number £ > 0:

Igp(Dp +4,) = [Ep(Ep + (¢*A)p +eGp + 1)

for almost all p. Furthermore, for every nonzero element f € R>P and every rational
number s > 0, this inclusion induces an inclusion

If, (Dyp 4+ Ap + sdivg, f) = Iy (B, + (¢"A), + Gy, + T + sdivs, f)
for almost all p, and consequently, an inclusion
B(Ip,D+ A+ sdivg f) = B(Ilg, E+ ¢*A+eG +T' + sdivg f).
Given an R-module M, we now have the following commutative diagram:
Mc M ®r S

| |

M @gB(Ip,D+ A+ sdivg f) —= M @gr B(Ig, E + ¢*A + G + ' + sdivg f),

where the upper horizontal map is injective due to the purity of the inclusion R < S.
Therefore, Off’(D+A+8dlvR D can be viewed as a submodule of Offéi;w AteGilsdivs f),

When combined with Proposition 2.6.4, this yields

adjp(X, D+ A, a") = ﬂ Annp ﬂ ﬂ OZAZD(D+A+;divR )
M

n>1 f€a[tn] ARe.D

B (E+¢* A+eG+T+1 divg f)
=] GV N QI A
M n>1 fea(tn—\ NRo:D

B *A+eG L di
> ﬂAnnS m ﬂ ONE(E+<p +eG+T+:- divg f) n R,
N

n>1 fEaftnT NRo:D

where M and N run through all R-modules and all S-modules, respectively. On
the other hand, by an argument similar to the proof of [43, Proposition 3.9] (cf. [23,
Proposition 8.23]), we have

Br(E+e* A+eG+T+L divg f
Nams () () oo
N

n21 fealtn1inRo.D

Bp(E+¢*A+eG4T+1 divg f)
= Anng ﬂ ﬂ Ubte (ws) ’

n>1 fea(tn.\ ﬂRO’D
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where e = dim S, n is the maximal ideal of S and N runs through all S-modules. It
follows from Theorem 2.3.7 that

ﬂ m OBE(E+<p*F+aG+A+% divg f)
HE(ws)
n=1 fEa[tn] NRoD

1
- ﬂ ﬂ Annpe (o) adjp (Y, E + ¢*A+eG + T + - divg f)

nzl fealtnlnRe.D

: . L.
= Annge () Z Z adjp(Y, E + ¢ A—i—sG—i—F—kﬁleSf)

n=>1 fea[tn.\ NRoD
= Annye (g adjz (Y, E + " A+ eG4+ T, (aS)"),
with the last equality deduced from essentially the same argument as the proof of

Lemma 2.6.3 by noting that R>P C S>F. Summing up the above containments and
applying Matlis duality (see, for example, [18, Lemma 3.3]), we obtain

adjp (X, D + A,a") D (Anng Annge (e adjp (Y, E + " A+ G + T, (aS)")) N R
=adjg(Y,E+¢*A+eG+T1,(aS)") N R.

As € approaches zero, the limit results in the desired inclusion

adjp(X, D+ A,a") Dadjz(Y,E+*A+T,(aS))NR
=adjp(Y, E + ¢*A, (a9)") N R.

]

We now shift our focus to a global setting. First, we recall the definition of purity
in the non-affine context.

Definition 2.6.6 ([67, Appendix]). A morphism f : ¥ — X between Noetherian
schemes is said to be pure if for all x € X, there exists y € Y such that f(y) = x and
the local ring homomorphism Ox, — Oy, is pure.

Remark 2.6.7. If X = Spec A and Y = Spec B are affine schemes, then f : Y — X
is pure if and only if the induced ring homomorphism A — B is pure by [25, Lemma
2.2].

In the global setting, Theorem 2.6.5 can be reformulated as follows.

Corollary 2.6.8. Let f : Y — X be a pure morphism between normal complex vari-
eties, D be a reduced divisor and I' be an effective Q-Weil divisor on X that has no
common components with D. Suppose that Kx + D + " ws Q-Cartier and the cycle-
theoretic pullback E = f'D of D under f is a disjoint union of prime divisors on Y .
For any coherent ideal sheaf a C Ox whose zero locus contains no components of D
and for any real number t > 0, one has

f*ad.]E(Yv E+ f*Fa (aOY)t) N OX - ade(Xv D + Fa at)'
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Proof. Since F is a disjoint union of prime divisors, the same holds true for D. Con-
sidering that the question is local, we may assume that both X and Y are spectra of
local rings and that both D and E are prime divisors. The assertion is then simply
Theorem 2.6.5. O

Next we consider the case where Kx + D + I' is not necessarily Q-Cartier but the
log anti-canonical ring ,., Ox (| —i(Kx + D +1T')]) is finitely generated.

Lemma 2.6.9. Let Y be a normal affine variety such that the Oy -algebra @, O(iB)
1s finitely generated for every Weil divisor B on'Y and let V CY be an open subset.

(1) Let Vi = Spec H*(Oy). Then the natural morphism V — Vi is an open immer-
ston whose complement has codimension greater than or equal to 2.

(2) Suppose that E is a prime divisor and F is an effective R-Weil divisor on'Y such
that no component of F' is equal to E, with their strict transforms on Vi denoted
by Ey and Fy, respectively. Let b C Oy be an ideal not contained in Oy (—FE)
and t > 0 be a real number. For any element

c€adjg(Y,E + F,b"),

there exists an effective R-Weil divisor Ay on Vi such that Ky, + Ey + Fy + A
is Q-Cartier, no component of Ay is equal to Ey, and

¢ € adjp, (Vi, By + F1 + Ay, (bOy,)").

Proof. The assertion follows from an argument similar to that in [67, Lemma 2.6], but
we include the proof here for the reader’s convenience.

Let D be the divisorial part of Y \ V, considered as a reduced divisor on Y, and
then take the Q-Cartierization Y’ := ProjP,., Ox(iD) 2, Y of D. Since the strict
transform D’ := p;'D of D is p-ample, the complement Y’ \ D’ is affine. By the
choice of D, we note that V' = p~*(V') and p~'(V) is an open subset of Y’ \ D’ whose
complement has codimension greater than or equal to 2. Consequently, we obtain

Vi = Spec H(Oy) = Spec H(Oynp) =Y’ \ D'.

Therefore, the complement of the inclusion V = p=}(V) < Y’ \ D’ = V; also has
codimension greater than or equal to 2.

Choose an effective R-Weil divisor A on Y such that A has no component equal
to B, Ky + E+ F + A is Q-Cartier and adj,(Y, F + F,b") = adjp(Y, E + F + A, b").
Let E', F', and A" denote the strict transforms of E, F', and A on Y, respectively,
and take a log resolution 7 : Y — Y’ of (Y, E' + F' + A’, bOy~) such that the strict
transform 7, ' E’ of E' is smooth and bOy = (’);,(—E) is invertible. Then the condition
c € adj(Y, E + F,b") is equivalent to the inequality

Ky — |n"(Ky + E'+ F' + N') + tB] + 7. 'E' + divg ¢ > 0.
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Viewing V; as a open subset of Y, we set V := 7 (V;) and Ty o= Ty - V = Vi
Restricting the above inequality to V' yields the inequality

Ky — |75 (Ky, + By + By + Ay) +tBlp ] + 7, By + divp e > 0,
where A; is the strict transform of A on V. This implies that
¢ € adjg, (Vi, E1 + Fy + Aq, (60w,)") C adjg, (Vi, E1 + F1, (60y,)).
O

Theorem 2.6.10. Let f : Y — X be a pure morphism between normal complex
varieties, D be a reduced divisor and I be an effective Q-Weil divisor on X that has no
common components with D. Suppose that the Ox-algebra @,., Ox (| —i(Kx+D+T)])
1s finitely generated, the Oy -algebra 691‘20 Oy (iB) 1is finitely generated for every Weil
divisor B on'Y, and the cycle-theoretic pullback E = f°D of D is a disjoint union of
prime divisors on Y. For any coherent ideal sheaf a C Ox whose zero locus contains
no components of D and for any real number t > 0, one has

feadjp(Y, B+ fT, (aO0y)") N Ox C adjp (X, D + T, a).

Proof. Since the question is local, we may assume that X and Y are both affine and D
and F are both prime divisors. We use a similar strategy to the proof of [67, Lemma
2.8]. Take any nonzero element

¢ € adjg(Y, E+ f'T, (aOy)") N Ox.

Let 7 : X' := Proj@,., Ox([—i(Kx + D +T')]) — X be the Q-Cartierization of
—(Kx+D+T1), that is, a projective birational morphism such that the strict transform
of —(Kx + D +1T) is Q-Cartier and ample. By Lemma 2.5.2, we have

adjp(X, D +T,a") = madj (X', D'+ 1", (aOx)"),

where D’ and I are the strict transforms on X’ of D and I', respectively. Since
—(K% + D' +1") is ample, take an effective Cartier divisor G’ on X’ that is linearly
equivalent to —m(Kx:+ D'+T") for sufficiently divisible integer m > 0. Consequently,
U, = X'\ G' is an affine open subset of X’. As G’ varies, the corresponding U; cover
X'. Therefore, it suffices to show that ¢ € adjp, (Ur, (D' +1")|u,, (aOy,)h).

Set G := .G, U = X\ (Xang UG) and V := fHU) C Y, where X, is the
singular locus of X. By [67, Lemma 2.2], H°(Oy,) = H°(Oy) is a pure subring of
H°(Oy). By setting V; := Spec H(Oy), this inclusion induces the morphism of affine
varieties g : Vi — U;. Note that ¢*(D’|y,) is a prime divisor on V; and g*(I'|y,) has
no component equal to ¢*(D'|y,). Applying Lemma 2.6.9, one can find an effective
R-divisor A; on V; such that A; has no component equal to ¢*(D'|¢,), Kv, +¢* (D' +
I')u,) + Ay is Q-Cartier and

ce adjg*(D’|U1)<‘/lag*((D/ + 1_‘/)|U1) + A, (aovl)t)'

It follows from the definition of U; that Ky, + (D' + I")|y, is Q-Cartier. Thus, by
applying Corollary 2.6.8, we have ¢ € adjp, (U, (D" +1")|u,, (aOy,)"). O
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The following corollary generalizes Zhuang’s result [67, Theorem 2.10] and provides
an affirmative answer to his question [67, Question 2.13] in the klt case.

Corollary 2.6.11 (cf. [67, Theorem 2.10]). Let f : Y — X be a pure morphism
between normal complex varieties, D be a reduced divisor and I' be an effective Q-Weil
divisor on X that has no common components with D. Suppose that the cycle-theoretic
pullback E = f*D of D under f is a reduced divisor on Y. If (Y, E + f*T') is of plt
type along E, then (X, D +1T) is of plt type along D. In particular, if (Y, f*T") is of kit
type, then (X,T) is of kit type as well.

Proof. Given that Y is of kIt type, the Oy-algebra €, Oy (iB) is finitely generated for
every Weil divisor B on Y. The Ox-algebras @,., Ox (| —il']) and @, , Ox (| —i(Kx+
') |) are also finitely generated, as shown in [67, Lemma 2.7]. Note that f*I" is a Q-Weil
divisor due to the finite generation of the former graded ring. Since (Y, E + f*T) is of
plt type along E, which forces E to be supported on a disjoint union of prime divisors,
it follows from Theorem 2.6.10 that

adjp(X, D +1T) 2 fadjg(Y, £+ f*T) N Ox = f.Oy N Ox = Ox.
Thus, the pair (X, D +T') is of plt type along D. [

We conclude this section by focusing on the lc case. The following lemma gives a
characterization of lc singularities in terms of multiplier ideals.

Lemma 2.6.12 (cf. [57, Lemma 1.3]). Let X be a normal affine variety over an alge-
braically closed field of characteristic zero. Take a nonzero element f of the multiplier
ideal J(X). If X is of lc type, then f € J(X,(1—¢)div f) for every 0 < e < 1. When
X is Q-Gorenstein, then converse also holds.

Proof. The latter assertion follows immediately from [57, Lemma 1.3], and therefore,
we suppose that X is of lc type. By taking an m-compatible boundary of the pair
(X,div f) for sufficiently divisible m (see Definition 5.1 and Theorem 5.4 in [14] for
the definition and the existence of m-compatible boundaries), we can find an effective
Q-Weil divisor on X such that Ky +A is Q-Cartier, (X, A) islc and J(X) = J(X, A).
Let ¢ : Y — X be a log resolution of the pair (X, A + div f) with exceptional divisor
E =J, Ei. The containment f € J(X) = J(X,A) implies that

[Ky — p"(Kx +A)| +div f > 0.

On the other hand, since (X,A) is lc, ordg, (Ky — p*(Kx + A)) > —1 for all 4. If
ordg, (Ky — p*(Kx + A)) = —1, then by the above inequality, ordg, div f must be
positive. Therefore, for all 1 > ¢ > 0, one has

[Ky —pu" (Kx +A)— (1 —¢e)div f] +div f =[Ky — p*(Kx + A) + ediv f] >0,

which is equivalent to saying that f € J(X, A+ (1—¢)div f) C J(X,(1—¢)div f). O
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As an application of Corollary 2.6.8, which has its roots in [65, Theorem 1.2], we
can provide a partial affirmative answer to another question posed by Zhuang [67,
Question 2.11].

Theorem 2.6.13. Let f : Y — X be a pure morphism between normal complex
varieties, and suppose that X is Q-Gorenstein. Assume in addition that one of the
following conditions holds.

(i) There exists an effective Q-Weil divisor A on'Y such that Ky + A is Q-Cartier
and no non-kit center of (Y, A) dominates X.

(i) The non-klt-type locus of Y has dimension at most one.
If Y is of lc type, then X has lc singularities.

Proof. Since the question is local, we may assume that X and Y are both affine. First,
we consider case (i). This condition is equivalent to stating that J(Y) N Ox # 0, and
therefore, we take a nonzero element f € J(Y)NOx. Since Y is of lc type, by Lemma
2.6.12, f liesin J(Y, (1 —¢)div f) for all 1 > ¢ > 0. Applying Corollary 2.6.8, we have

ij(Y,<1—€)diVyf)ﬂOXgj(X,(l—E)diVXf>

for all 1 > ¢ > 0. Then, by Lemma 2.6.12 once again, we can conclude that X has
only lc singularities.

Next, we turn our attention to case (ii). If 7(Y)NOx # 0, then we can reduce this
to case (i). Thus, we may assume that J(Y) N Ox = 0. Given that J(Y) defines the
non-klt-type locus Z of Y, this implies that Z dominates X. However, by assumption,
Z has dimension at most one, which forces X to be the same. Therefore, X is smooth,
and in particular, has lc singularities. O]

2.7 B-regularity

In this section, as an application of Theorem 2.3.7, we prove the equivalence of some
classes singularities introduced by Schoutens (see Subsection 1.5.4 for their definitions).

Proposition 2.7.1. With notation as in Subsection 1.5.4, then we have

. L
B(R),Kr _ “B(®
OE - OE

where E is an injective hull of the residue field of R and the right hand side is defined
by

—

cl—
0p ™ =ker(E — E ®z B(R)).
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Proof. Let f € R be a nonzero element such that rKr = div(f) for some r € N and S
be a normal domain such that S is a finite extension of R in B(R) and contains f/".
Since the reflexive hull (S ®g wr)™ is equal to S(div(f7)), we have HL(S @ wg) =
H2(S(div(f+))). Hence, we have

B(R)®zE = B(R)®s Hy(S @r wr)
~ B(R) @5 HL(S(div(f+))).

Then there exists a commutative diagram

E = Hi(wg)

H(B(R) ®r wr)

where 1 is the second map of
7 Hy(B(R)) = Hy(B(R) @ wr) — Hy(B(R)).

The conclusion follows from the above commutative diagram. O]
Theorem 2.7.2. With notation as above. Then the following are equivalent:

(1) R has log-terminal singularities.

(2) R is ultra-F-regular.

(3) R is weakly generically F-regular.

(4) R is generically F-reqular.

(5) R is weakly B-regular.

(6) R is B-regular.

(7) R is BC’MB/(R\)—Tegular.
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Proof. The equivalence of (1) and (2) follows from Proposition 1.5.68 and the equiva-
lence of (1) and (7) follows from Theorem 2.3.7 (let D = A = 0). Since if R has log
terminal singularities, then every localization of R at a prime ideal is log terminal, it
is enough to show the equivalence of (1), (3) and (5). (1) is equivalent to (3) by [62,
Theorem 5.24, Proof of Theorem 5.25]. Lastly, we will show the equivalence of (5)
and (7). Let E be the injective hull of the residue field of R. By Proposition 2.7.1,

cl

we have OEB/@ = 0‘,3(3’“. Hence, E — B(R) ®g E is injective if and only if R is
BCM@—regular. R — B(R) is pure if and only if £ — B(R) ®g E is injective by [25,
Lemma 2.1 (e)]. R — B(R) is pure if and only if R — B(R) is cyclically pure by [22,

Theorem 1.7]. Therefore, (5) is equivalent to (7). O
Remark 2.7.3. For the equivalence of (5) and (7), see [37, Proposition 6.14].






Chapter 3

F-pure and F-injective singularities
in equal characteristic zero

3.1 p-standard sequences and ultraproducts

In this section, we define p-standard sequences following [31] and apply them to the
non-standard setting.

Definition 3.1.1 ([31, Definition 2.2]). Let R be a Noetherian ring, M be an R-module
and d be a positive integer. A sequence xi,...,r4 in R is said to be a p-standard
sequence on M if

(ZMA € )M = afizl’ = (23 A e A)M -z

for any positive integers ny,...,ng4, any subset A C {1,....d} and 7,5 € {1,...,d} \ A
such that ¢+ < J.

Given a Noetherian local ring (R, m), for a finitely generated R-module M, the
ideal a(M) is defined to be

a(M) = H Anng H. (R).

0<i<dim M

Definition 3.1.2 ([31, Definition 3.1]). Let R be a Noetherian local ring with a du-
alizing complex, M be a finitely generated R-module and d = dim M. A system of
parameters x1,...,xq for M is said to be a p-standard system of parameters for M if

T; € a(M/(xiJrla s 7$d)M)
for 1 <i<d.

The following are important properties of p-standard systems of parameters.

67
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Proposition 3.1.3. Suppose that R is a Noetherian local ring with a dualizing complex
and M s a finitely generated R-module.

(1) ([10, p. 482]) There exists a p-standard system of parameters for M.

(2) ([31, Theorem 3.3]) A p-standard system of parameters for M is a p-standard
sequence on M.

Lemma 3.1.4. Let R be a local ring essentially of finite type over C, and M and
N be finitely generated R-modules. Then (Extg,(M,, N,)), is an approzimation of
Extgr(M, N).

Proof. Comparing approximations with reductions modulo p, this follows from |26,
Theorem 2.3.5 (e)]. O

Proposition 3.1.5. Let (R,m) be a local ring essentially of finite type over C and
M be a finitely generated R-module of dims. If x1,...,xs is a p-standard system of
parameters for M, then xi,,...,xs, is a p-standard system of parameters for M, for
almost all p.

Proof. Since x1,...,x, is a system of parameters for M, x1,...,7, is a system of
parameters for M, for almost all p. Let (S, n) be a regular local ring essentially of finite
type over C such that R is isomorphic to a homomorphic image of S and ¢ = dim S.
By the local duality, we have

H! (M) = H.(M) = Homg(Exts (M, S), Es)
for 1 < i < t, where Eg is the injective hull of S/n as an S-module. Hence, we have
Anng H. (M) = Anng Ext (M, S).

Similarly, we have Anng, Hy, (M,) = Anng, Extg;i(Mp, Sp) for almost all p. By Lemma
3.1.4, (Extg;i(Mp, S,)) is an approximation of Ext%’(M,S). Given an element z of

Anng Exts (M, S), we have x, € Anng, Extg;i(Mp,Sp) for almost all p. Therefore,
Tip € A(My/(Tit1p,- .-, Tsp)M,p) for any 1 < ¢ < s for almost all p, which completes
the proof. n

Proposition 3.1.6. Let R be a reduced local ring essentially of finite type over C and
e € *N. A p-standard system of parameters x1,...,xq for R is a p-standard sequence
on FR., and R"™".

Proof. Take any ¢ = ulim, e, € *N. For any ny,...,nq € N, any subset A C {1,...,d}

and any i,j € {1,...,d} \ A such that i < j, take y € (23*|X € A)F:Ry : x}"x}’.

Suppose that y = ulim, y, = ulim, F”z,. Then we have x%pep x;ﬁ)p v Zp € (xq)f;?p ep|)\ e
A)R, for almost all p. Since z1,, ..., %4, is a p-standard sequence on R, for almost all

p by Proposition 3.1.3 and Proposition 3.1.5, x%p v zp € (7)) "IN e A)R, for almost

all p. Therefore, y, = Fi"z, € (z)}|A € A)FI'R, : 7 for almost all p. Hence,

y € (3 |A € A)FERy - ). Similarly, we can also show the result for R™". O
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Proposition 3.1.7. Let (R,m) be a Noetherian local ring of dimension d and M be
an R-module. Suppose that there exists a system of parameters xq,...,xq for R such
that xy,...,xq 1S a p-standard sequence on M. Then we have

Hi,, (M) = HY(H,, . (AD))

(T1,.051) (w1,...

forany 1 <t <dandi<t.

Proof. We work by induction on ¢. If t =1 and y € H(Oml)(M), then there exists n € N
such that 7y = 0. For any j > 1, we have a7z;y = 0. Since x1, ..., x4 is a p-standard
sequence on M, we have y € 0 :py 272; = 0 :ps x;. Hence, z;y = 0. Since x1,...,24 is
a system of parameters for R, we have y € HSI(H?II)(M)). Next, assume that ¢ > 1.

Take any n € N and consider an exact sequence
0— 0y a? — M M — M/z? — 0.

Since x1, ..., x4 is a p-standard sequence on M, (z1,...,24)(0 3y 27) = 0. Hence, we
get a long exact sequence

(M) —H,, o (M[27 M)

Ty Tt)

Hy (M) — H| (M) ——= Hy, o (M/27M)

(z1,yeeeyt)

For any i < t and for any n € H! (M), there exists n € N such that z'n = 0. If

(@1,.002t)

i = 0, then we have n € HY(H? (M)) since (z1,...,24)(0 :pr 27) = 0. If i > 0,

(z1,..,2t)

then there exists an element ¢ € H'"' (M /2?M) mapped to 1. By the induction

(Z‘l,...,.l’t)

hypothesis, there exists m € N such that m™¢ = 0. Hence, we have m™n = 0. [
The next corollary is a variant of the Nagel-Schenzel isomorphism.
Corollary 3.1.8. With notation as in Proposition 3.1.7, for any 0 <t < d, we have

Hy (M) = Hy(H (M)).

(1,-,m1)

Proof. Considering the spectral sequence

E;j — H% (H]

m (z1,-yt)

(M)) = E™ = H (M),

the conclusion follows from Proposition 3.1.7 and the proof of [42, Lemma 3.4]. O
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Proposition 3.1.9. Let (R, m) be a reduced local Ting essentially of finite type over C
and ¢ = ulimy, e, € *N. Then the morphisms

Hi (F°Ry) — ulim H, (FR,)
P P

and
H}(R™) — H}, (R)"™)

are injective for any i = 0.

Proof. Since the proofs are similar, we will only show that Hy, (F; Re) — ulimy, Hy, (F "R,)
is injective. We may assume 0 < ¢ < d. Let x41,...,24 be a p-standard system of pa-
rameters for R. By Corollary 3.1.8, we have

Hy (FZRo) = Hy(H{,, . (FiRx))

and
H, (FrR,) = Hy (H{, . (F7Ry))

2

for almost all p. Considering the Cech complex, any element 7 of H, (ixl,...,xi)(FfRoo) can
be represented by

_ ¥y

=)

where y € F7 R, and t € N. We show that

Hgl'l,...,z )(F:ROO) - U1]13m ngl,p,...,xi,p) (F*epRp)

K3

is injective. Suppose that the image of 7 in ulim,, H(im1 - xip)(Fprp) equals zero. Let

x' := x1---x;. Then there exiests s, €N suc;‘h that (z,)y, € (xif’;t, . ,xfﬁft)Fprp.
Hence, (2,)%P" 7™ € (xfzﬂ)p Yo EZ’HMD "R, for almost all p. Since xy,, . ..,2;, is
a p-standard sequence of R, for almost all p by Proposition 3.1.3 and Proposition 3.1.5,

we have (z,)P"y™ € (ng;rl)pep, . xl(f;rl)pEp) R, for almost all p by [31, Proposition
2.4]. Therefore we have xy, € (a1t),... 2t )F"R, for almost all p. Hence, we

» Yi,p ;
have 2y € (2} "M FER, and = 0 in H! 2 (FiRoo). Then the conclusion
follows from the following commutative diagram:

Hy\(Ff Roo) = H{ (F} Roo)

($17-"7$i)

ulim H}, (Ff R,)~— ulim H(ix V(FPRy)
p P p be

o Tip
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3.2 Ultra-F-purity

We introduce a new notion, ultra-F-pure singularities, and show that dense F-pure
type descends under pure ring extensions.

Setting 3.2.1. Let (R, a’) be a pair consisted of the following data:
(1) (R,m) a reduced local ring essentially of finite type over C of dimension d,
(2) a C R an ideal such that an R° # 0,
(3) t > 0 a real number.

Definition 3.2.2. With notation as in Setting 3.2.1, (R, a*) is said to be sharply ultra-
F-pure if for all ey € *N, there exist € > ¢y and f € a/"" =Dl such that fF: R — R
is pure. We simply say that R is ultra-F-pure if (R, R") is sharply ultra- F-pure.

Remark 3.2.3. (1) This definition depends on a choice of ultrafilter on P and iso-

morphism ulim, I, = C.
(2) R is ultra-F-pure if and only if R — R"! is pure by Proposition 1.5.44.

Example 3.2.4. Let R = (Clz,y,2]/(2® + v* + 2*))wyo)- I Ry = (Fplz,y, 2]/(2® +
Y? + 2°)) (w4, then (R,), is an approximation of R for any non-principal ultrafilter F
on P and any isomorphism ulimpE = C. We observe that R, is F-pure if and only if
p =1 (mod 3). Then R is ultra-F-pure if and only if {p € P|p=1 (mod 3)} € F (ct.

Proposition 3.2.6 and the proof of Proposition 3.2.13).

Lemma 3.2.5. Let F be a subfield of C such that F/Q is finitely generated field
extension. Given two field homomorphisms f,q : F' — C. Then there exists an field
automorphism « of C such that g = ao f.

Proof. Let {e;}I, be a transcendental basis of F'/Q. Take {ay},{br} C C such that
{f(e;)} U{ap} and {g(e;)} U {by} are transcendental bases of C/Q. Let 5 : C — C be
an automorphism of C such that 8(f(e;)) = g(e;) and B(ay) = by for any ¢ and \. We
define G to be Q(g(e1),...,g(en)). Then B(f(F))/G and g(F)/G are finite extensions
and go (Bo f)7: B(f(F)) — g(F) is an isomorphism which fixes G. Hence, there
exists an automorphism ~ of C such that v is an extension of g o (8o f)~'. Then
a =y o [ is a desired automorphism. O]

Proposition 3.2.6. With notation as in Setting 3.2.1, if (R,a") is of dense sharply
F-pure type, then there exist a non-principal ultrafilter F on P and an isomorphism

a :ulim, F, = C such that (R, a;) 18 sharply F-pure for almost all p.

Proof. Suppose that R is a localization of a finitely generated C-algebra S at a prime
ideal p, and b = anN S. Since (R, a’) is of dense sharply F-pure type, there exists
a model (A, S4,pa,04) such that there exists a subset D of Spm A such that D is
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dense in Spec A and for all u € Spec A, a pair (R, ai) is sharply F-pure. We define
¢ : SpmA — N by ¢(u) := char A/p and we can write A\ {0} = {x;}32, since A is
countable. Inductively take a sequence {y;}32, € D such that o(u;) > ¢(pi—1) and
T1,. .., Ti—1 & pi. Let p; := o(p;) and take a non-principal ultrafilter F on P such that
{pi|i € N} € F (see Proposition 1.5.2). For any i € N, we define ~,, : A — F,, to be
the composite morphism A — A/u; — IF_m. Note that «, is defined for almost all p in
this setting. Then we have a ring homomorphism ulim, v, : A — ulim,, E. Note that
ulim, 7, is injective since for any = € A\ {0}, there exists iy € N such that for any
i > g, x & p; by construction. Since ulim, F, = C, there exists an isomorphism « such

that the diagram
uhm:y \

ulim ]F
p

commutes by Lemma 3.2.5. Then (,), defined above coincides with one in [45, Lemma
4.9]. Hence, approximation S, of S with respect to F and « is isomorphic to S, ® I,
for almost all p. By Proposition 1.3.5 and the proof of Proposition 1.5.48, (R, ,ap ) is

sharply F-pure for all i. Hence, (R,,a}) is sharply F-pure for almost all p. ]

Proposition 3.2.7. With notation as in Setting 3.2.1, suppose that a = (f1,..., fn)

and (R, ap) is sharply F-pure for almost all p. Then for any ey € *N, there exist

e >=eq and piq, ..., ly € *N such that py + -+ p, = [t(7® = 1)| and fF*: R — Ry
is pure, where f =T[;_, fI*. In particular, (R,a") is sharply ultra-F-pure.

Proof. Take any gy = ulim,, eg,, € *N. Since (R, a) is sharply F-pure for almost all p,

we have
> ) e(FralV) = R,

ezeyp ©

for almost all p, where ¢ runs through all elements of Homp, (FZR,, R,). Hence, for al-

most all p, there exist ¢, € Nand ¢, € Hompg (Fi"R,, R,) such that gop(Fe”a[t(p " 1)]) =
R,. Since

pp(Fralf?" =Dl = > Po(F it fin Ry,

M1,y My,
mi+-+mp= ft(Pep 1)]

there exist my,, ..., my,, € N such that my , +--- +my,, = [t(p® — 1)] and
(Fepfmlp. fmnpR ) Rp

Let f, = m“’. frp®, f = ulim, f,, € := ulim, e, and p; := ulim, m;,. Then we
have f,F : R — R, is pure for almost all p. It is enough to show the cyclic purity
by [22]. Take any ideal I € R and x € R such that fF¢(z) € fF°(I])Rs. Then
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fpFr(z,) € pr,[)p "1 for almost all p. Since f,F'» : R, — R, is pure for almost all p,
x, € I, for almost all p. Then we have x € I = IR, N R since R — Ry is faithfully
flat, which completes the proof. Il

Definition 3.2.8. Let R be a local normal Q-Gorenstein domain and r be the minimum
positive integer such that rKr = div(f) is Cartier, and fix a canonical ideal R(KRr) =
wr € R. We define a canonical covering R of R to be a Z/rZ-graded R-algebra

@w l)tz

where wg) is the i-th symbolic power of wg and t" = 1/f.

Remark 3.2.9. A canonical covering R of R is a local normal quasi-Gorenstein domain.

Lemma 3.2.10. Let R be a Q-Gorenstein normal local domain essentially of finite

type over C. Let r be the minimum positive integer such that rKg is Cartier and let
R be a canonical cover of R. Then (R)s = Ry ®r R.

Proof. Let S be a normal Q-Gorenstein domain of finite type over C such that wg) is
free and p € Spec S such that R = S,. Let S = DB, ws)t’ such that (S)p >~ R. Take a
Z-subalgebra A of C such that there exist models (A, S4) and (A, S4) as in [64, Theorem
3.8]. Since (R), = ((§)p)pp for almost all p, it is enough to show (R)s = Ra ®g5 5.
This follows from the fact that the reductions modulo p > 0 of S as a finite S-module
coincide with those as a ring of finite type over C. O]

Proposition 3.2.11. With notation as in Setting 5.2.1, suppose that R is Q-Gorenstein
normal, (R,a") is sharply ultra-F-pure, and R is a canonical covering of R. Then
(R, (aR)") is sharply ultra-F-pure.

Proof. For any €y € *N, there exist ¢ = ulimye, € *N and f € al™*=D1 such that
JF® : R — Ry is pure. Let r be the minimum positive integer such that rKpg is
Cartier. Let z € S be a homogeneous element with degx = ¢ and ¢ € *N. Then
Fe(z) is a homogeneous element of degree i7® modr, where j = in® modr if and
only if 7 = 1p® modr for almost all p. Since p does not divide r for almost all p, if
1 Z 0 mod r, then we have i £ 0 mod r. Hence, we have the commutative diagram

~ FS

RELEER)..

Pro l l F¢ prg
FE

R—>F‘ER
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where pr, are the 0-th projections with respect to Z/rZ-grading induced by the defi-
nition of R and Lemma 3.2.10. Tensoring the above diagram with HZ(wg), we have

~ dQ(F: el S
Hi(wR) KR RM) Hi(wR) QR Fl‘< (Roo) .

| |

Note that Hﬁ(wR)®R}§ >~ H(wy). Taken € Hﬁ(w3)®3§ such that (Id®(-FZf))(n) =
0. Since Socg Hi(wr) = Socy He (wg) by [18, Lemma 2.3], we may assume that n €
Socg Hi(wg). Since fF° : R — R, is pure, the bottom horizontal morphism is
injective and we have n = 0. Hence, the top horizontal morphism is also injective. [

Proposition 3.2.12. With notation as in Setting 3.2.1, suppose that R — S is a pure
local C-algebra homomorphism between reduced local rings essentially of finite type over
C. If (S, (a,S,)") is sharply F-pure for almost all p, then (R, a') is sharply ultra-F-
pure.

Proof. By Proposition 3.2.7, for any ¢y € *N, there exist ¢ > ¢q and f € al“™ DI such
that fF¢:S — S is pure. Then we have a commutative diagram

R R

oy

S— S

Since R — S and fF¢: S — S are pure, fF° : R — R, is also pure. Therefore,
(R, a") is sharply ultra-F-pure. O

Proposition 3.2.13. With notation as in Setting 3.2.1, suppose that R is quasi-
Gorenstein and (R, a') is sharply ultra-F-pure. Then (R, a') is of dense sharply F-pure
type.

Proof. Suppose that (R,, ;) is not sharply F-pure for almost all p. Then, for almost all
p, there exists ep, € N such that for any e > ¢y, and any f € a;[t(pe_m, fFe:R— R
is not pure. Let gy := ulim,eq,. Since (R,a’) is sharply ultra-F-pure, there exist
e =ulim,e, > ¢p and f € al®™=D1 guch that fF°: R — R. is pure. Then we have a
commutative diagram

FLF

Hy(R)C Hu(F{Rs)

(ulim, F,? f,

ulim He (R,) - Lulim He (FeR,)
p P p P
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where the injectivity of the right vertical morphism follows from Proposition 3.1.9.
Let 7 be a nonzero element of Socg HE(R). Then 7, € Socg, Hﬁp(Rp) for almost
all p. Since f,F'” : R, — R, is not pure for almost all p, the image of ulim, 7,
in ulim, Hﬁp(Ff”Rp) is zero. This is a contradiction. Hence, (R,,a}) is sharply F-
pure for almost all p. Comparing approximations with reductions modulo p, (R, a)
is of dense sharply F-pure type (cf. Proposition 1.3.5 and the proof of Proposition

3.2.6). 0

Theorem 3.2.14. With notation as in Setting 3.2.1, suppose that R is Q-Gorenstein
normal, S 1s a reduced local ring essentially of finite type C, and R — S is a pure local
C-algebra homomorphism. If (S, (aS)") is of dense sharply F-pure type, then (R, a") is
also of dense sharply F-pure type.

Proof. If (S, (aS)?) is of dense sharply F-pure type, then there exist a non-principal
ultrafilter F on P and an isomorphism « : ulim,F, = C such that (S, (a,S,)!) is
sharply F-pure for almost all p by Proposition 3.2.6. Since R — S is a pure local
C-algebra homomorphism, (R, a’) is ultra-F-pure by Proposition 3.2.12. Let R be
a canonical covering of R. Then (é, (aé)t) is sharply ultra-F-pure by Proposition
3.2.11. Since R is quasi-Gorenstein and (R, (aR)") is sharply ultra-F-pure, (R, (aR)")
is of dense sharply F-pure type by Proposition 3.2.13. Since R — R is finite and split,
(R, a") is also of dense sharply F-pure type. Il

3.3 Ultra-F-injectivity

In this section, we discuss a non-standard variant of F-injectivity in the same setting
as Setting 3.2.1.

Definition 3.3.1. With notation as in Setting 3.2.1, (R,a’) is said to be sharply
ultra-F -injective if for any integer 4, for any nonzero element n € H:(R) and for any
o € *N, there exist ¢ > ¢y and f € al® ™ =D1 such that the image of 7 under the
following composite morphism

H(R) = Hy(F: Roe) = H,(F; Re)
is nonzero.
Remark 3.3.2. If a = R, then (R, a') is sharply ultra- F-injective if and only if
H}\(R) — H}(R™)
is injective for all + € Z. When this condition holds, we say that R is ultra-F-injective.

Proposition 3.3.3. With notation as in Setting 3.2.1, if (R, a") is of dense sharply F -
injective type, then there exist a non-principal ultrafilter F on P and an isomorphism
o : ulim, F, = C such that (R, a}) is sharply F-injective for almost all p.
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Proof. By Proposition 1.3.8, the conclusion follows from an argument similar to Propo-
sition 3.2.6. O

Proposition 3.3.4. With notation as in Setting 3.2.1, assume that a = (f,..., fn)
and (Ry, (a,)") is sharply F-injective for almost all p. Then for any i € Z, for any
nonzero elementn € H'(R) and for any g9 € *N, there existe > ¢ and py, . . ., p, € *N
such that py + - - -+ pp, = [t(7® — 1)] and the image of n under the following composite
morphism

HL(R) — Hi(FFRy) =% H (F*R..)

is nonzero, where f = [[/_, fi. In particular, (R, a") is sharply ultra-F-injective.

Proof. Take any i € Z, any nonzero element € H{(R) and any gy = ulim,eq, €
*N. Since Hy(R) — ulim, Hy, (R,) is injective by Proposition 3.1.9, n, € Hy, (R,) is
nonzero for almost all p. By the assumption, for almost all p, there exist e, > ey, and
M1 ps - -, My € Nsuch that my , +---+my,, = [t(p® —1)] and the image of 1, under

: ; T ; .
the morphism H, (R,) LAt/ H;p(Ff”Rp) is nonzero, where f, := fi')" -+ fup”. Let

¢ = ulimy e, and f = ulim, f,. Then the image of 1 under the morphism
i TF pri e
Hm(R) E— Hm(F* ROO)
is nonzero, which completes the proof. O

Definition 3.3.5 ([8, Section 2]). Let R be a ring and S be an R-algebra. A ring
homomorphism R — S is said to be strongly pure if for any q € Spec S, Ryng — Sy is
pure.

Remark 3.3.6. If R — S is faithfully flat, then R — S is strongly pure.

Since strongly pure morphisms are a somewhat limited class, we consider the fol-
lowing condition enough strong to show the descent of ultra-F-injectivity.

Definition 3.3.7. Let (R,m) be a local ring and S be an R-algebra. A ring homo-
morphism R — S is said to satisfy the condition (*) if there exists a prime ideal q of
S minimal among primes of S lying over m such that R — S; is pure.

Example 3.3.8. (1) Let R = (Clzy, 22])@y2), S = (Cl2, Y, 2]) (2,9,2), 1 = (2)S and
g2 = (y,2). Then N R = q2NR = (xy,xz)R. R — Sy, is not pure and R — S,
is pure. Hence, R — S satisfies the condition (*) but is not strongly pure.

(2) Let R = (Clzz, 2w, yz, yw)) (22 2w yzyw), S = (Cl2,y, 2, 0])(24,20)- Let q be a
prime ideal of S minimal among primes of S lying over m. Then we have q =
(z,y)R or q = (2,w)R. In both cases, R — S; is not pure. Hence, R — S is
pure but does not satisfy the condition (*).
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Proposition 3.3.9. With notation as in Setting 3.2.1, suppose that S is a reduced
local ring essentially of finite type over C, and a local C-algebra homomorphism R — S
satisfies the condition (*). If (S,, (a,Sp)") is sharply F-injective for almost all p, then
(R, a") is sharply ultra-F-injective.

Proof. We argue similarly to [11, Theorem 3.8]. Let q be a prime ideal that is minimal
among primes of S lying over m and such that R — S; is pure. Then R — 5, is
pure and S;/mS; is of dimension zero. Take any i € Z, any nonzero element 7 €
H!(R) and any g9 € *N. Since R — S, is pure, the image of  under the morphism
Hi(R) — Hﬁlsq(Sq) = Hisq(Sq) is nonzero. By Proposition 3.3.4, there exists € > ¢
and f € al®™ DI such that the image of n under the composite morphism

i i FEF O g B
Hm(R) — Hqu(SCI) — Hqu (F* (Sq)oo)

is nonzero. Considering a commutative diagram

o

H,(R) H;s,(Sq) Hys,(Sq)

J{'Fff i-Fff l-Fff
Hiy(F Rog) —= Hiys, (F (Sg)oe) —= Ho, (F(S)o)

the image of n under the morphism H{(R) LR H!(FfR.) is nonzero. Therefore,
(R, a) is sharply ultra- F-injective. O

Proposition 3.3.10. With notation as in Setting 3.2.1, assume that (R, a") is sharply
ultra-F-injective and R/m = C. Then (R,a') is dense sharply F-injective type.

Proof. Suppose that (R,, (a,)") is not sharply F-injective for almost all p. Then there

exists ¢ > 0 such that for almost all p, there exist e, € N and f, € a;[t(p D1 such that

; T P (e : L : :
H, (R,) RS/ H,, (Fi'R,) is not injective. Let € = ulim, e, € *N and f = ulim, f,.

Then we have a commutative diagram

Hy (R)

|

ulim H, (R,) —ulim H., (F*R,)
P P p

p

Hy(F{Rs)

where the vertical maps are injective by Proposition 3.1.9.
Claim. Socg H:(R) = Socg,, (ulimp anp(Rp)).

Proof of Claim. Take a regular local ring (S, n) essentially of finite type over C such
that R is a homomorphic image of S and let ¢ = dim S. Then

H!(R) =~ H\(R) = Homg(Extly"(R, S), Es),
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where Fg is the injective hull of R/m = S/n as an S-module. Hence, we have

Socs HL(R) = Socs(Homg(Exts (R, S), Es))
>~ Homg(Exts (R, S),S/n).

Therefore, ' '
lR(SOCR H:n(R)) = lR(Homg(Ext’;TZ(R, S), S/ﬂ))

On the other hand,
L (Homs (Exts (R, 5), 5/n)) = I, (Homs, (Ext5 (R, 5,), 5,/n,)
for almost all p. By a similar argument, we have
Ir(Sock HL(R)) = Ir,(Socr, H;p(Rp))

for almost all p. Hence, Socg,, (ulim, Hy, (R,)) = ulim,(Socg, Hy, (R,)) is a finite
Ro.-module of length Iz(Socg H:(R)). Since R/m = C by the assumption, we have
Re/mRy = C. Therefore, Socg,, (ulim, Hy, (R,)) is also a finite R-module of length
Ir(Socg Hy,(R)). By Proposition 3.1.9, Hy(R) — ulim, Hy (R,) is injective. Hence,
the morphism

Sock HL(R) — Soch(ulzi)m H;p(Rp))

is an isomorphism.
) Fe .
Since H} (R) EEEN H! (FfR«) is injective by the assumption,

. ; Ffp ;
ulgljm Hy (R,) — ul;rn Hy (FPRy)
is injective by the above claim. However, this is a contradiction. Hence, (R, (a,)")
is sharply F-injective for almost all p. Comparing approximations with reductions

modulo p > 0, (R, a’) is of dense sharply F-injective type. ]
Combining above propositions, we get the following theorem.

Theorem 3.3.11. With notation as in Setting 3.2.1, suppose that S is a reduced local
ring essentially of finite type over C, a local C-algebra homomorphism R — S satisfies
the condition (*) and R/m = C. If (S, (aS)") is of dense sharply F-injective type, then
(R, a") is of dense sharply F-injective type.

Proof. By Proposition 3.3.3, there exist a non-principal ultrafilter & on P and an
isomorphism ulim, F, = C such that (S, (a,S,)!) is sharply F-injective for almost
all p. By Proposition 3.3.9, (R, a’) is sharply ultra- F-pure. Since R/m = C, by
Proposition 3.3.10, (R, a') is of dense sharply F-injective type. ]

Remark 3.3.12. We expect that the conclusion holds even if we only suppose that
R — S is pure because it follows from the main result of Godfrey and Murayama [17]
and the weak ordinarity conjecture (see [3]).
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